Jefferson Lab PAC16

Proposal Cover Sheet

JLABj

USER GROUP i@

This document must Experimental Hall: B
be received by close

of business Thursday,

Days Requested for Approval: __5$5

June 8, 1999 at:

Jefferson Lab

User Liaison,

Mail Stop 12B
12000 Jefferson Ave.
Newport News, VA
23606

| O Proposal Title:

’chP!l] \ll("l"h\-( E[f(j‘ﬂ?fbclu(}im ‘%' VCUIM’ Mesons

Spokespecsons : M. Guiddd | C. Macchind 5. Smith

Proposal Physics Goals
indicate any experiments that have physics goals similar to those in your proposal.

Approved, Conditionally Approved, and/or Deferred Experiment(s) or proposals:

Contact Person
Name: M. Gwudal

Institution: 'I‘nsl—i‘"u*' de Th‘{SiW Nuc/éd}t‘e
Address:  Bat 100 - Ml

Address:
H City, State, ZIP/Country: Orsay, Frence.  F- Qr{ole
| Phone: 33 “0lbq - 15332 Fax: 33 - olbd - (B30
] E-Mait: 3\“41:& @ iPno nzp3. fr
R TN i CO i e £ A e DI L O

R I e R T R T

Jefferson Lab Use Only

Receipt Datj /ﬂ/y/ 99 9? - /Qﬁf
By:
d




Jefferson Lab PAC16

Proposal Cover Sheet

JLAB

USER GROUP

This document must  [E
be received by close
of business Thursday,

June 8, 1999 at:

Experimental Hall: B

Days Requested for Approval 55

Jefferson Lab

User Liaison,

Mail Stop 12B
12000 Jefferson Ave.
Newport News, VA
23606

 Proposal Title:
| N* Excitadons of Hﬁh Q% i the ’Fffr“’ pry, end
1 nn* Chamels
iplopasas: 1D Bukyd, . Hndhurt, 7. Skl 1 Taich

Proposal Physics Goals
Indicate any experiments that have physics goals similar to those in your proposal.

Approved, Conditionally Approved, and/or Deferred Experiment(s) or proposals:

Contact Person

Name: N Burkerd

Institution: Jleo

Address:

Address:
4 City, State, ZIP/Country:
Phone: xIHe Fax:
| E-Mail twkeﬂr @A.b oy

/P27 Jefferson Lab Use Only
Receipt Date j ]‘?2/;/ qq ) /0 7

By:




Jefferson Lab PAC16

Proposal Cover Sheet

JLABp

USER GROUP B

This document must Experimental Hall: g
be received by close

of business Thursday,
June 8, 1999 at:

Days Requested for Approval: _ 55

Jefferson Lab

User Liaison,
Maii Stop 12B

12000 Jefferson Ave,
Newport News, VA
23606

# 1 Proposal Title:

N* Excifabons aof Hﬁh Q% i the Two- Pin
Channe|
gpo\q_sm . 'E;?a.ru , LD 'Burke/l"

e P A £ E ko A ol SED A RE R El

Proposal Physics Goals
Indicate any experiments that have physics goals similar to those in your proposal.

Approved, Conditionally Approved, and/or Deferred Experiment(s) or proposals:

Contact Person

Name: N Burker b

Institution: Tlabo

Address:

Address:

City, State, ZIP/Country:

Phone: ¥ 3540 Fax:
E-Mail: ‘ourku/# @ \;h.‘o oy

Jefferson Lab Use Only
(] 5199

99-/0F

By:

Qe
O




JLAB&

USER GROUP I

This document must
be received by close |4
ofbusiness Thursday, |-

June 8, 1999 at:

Jefferson Lab PAC16

Proposal Cover Sheet

Experimental Hall: B

_ 35

Days Requested for Approval:

Jefferson Lab =
User Liaison,

Mail Stop 12B
12000 lefferson Ave.
Newport News, VA r
23606

O Proposal Title:

Srokcsterms :

Measucement- ,,l ’l ElfCMFmdMoAOA,

T. A Mueller

F- T Klan

Proposal Physics Goals

Indicate any experiments that have physics goals similar to those in your proposal.

Approved, Conditionally Approved, and/or Deferred Experiment(s) or proposals:

Contact Person

Name: T  Kan
Institution:  JLobo

Address:

Address:

City, State, ZIP/Country:
Phone: r 3151

Jefferson Lab Use Only

P10

Receipt Datey Aﬁ/?/9?
By: p)jazf/z/ I




Jefferson Lab PAC16

Proposal Cover Sheet

USER GROUP &

This document must Experimental Hall: B
be received by close

of business Thursday,
June 8, 1999 at:

Days Requested for Approval:

5

lefferson Lab -I (1 Proposal Title:

Exclusive Kam E ICCJN/JNMLAM.

User Liaison,
Mail Stop 12B

12000 lefferson Ave.
Newport News, VA

23606 Spokespersons + DS, Carman, K. Too, L. Kramer, B.A. Faue

Proposal Physics Goals
indicate any experiments that have physics goals similar to those in your proposal.

Approved, Conditionally Approved, and/or Deferred Experiment(s) or proposals:
hop. E®1-043, ET3- 030, El5-003 C77-006  E18-(0f

Contact Person

Name: . S, Carman

Institution: C,am:_&ie, MeMon Ud\i\l(,(ﬁl'vl

Address:

Address:

City, State, ZIP/Country:

Phone: » FHY Fax:
ub. o A

Jefferson Lab Use Only

I;jf:emtj;& f/;/c/f:/gq ' QQ_ //O




Jefferson Lab PAC16

Proposal Cover Sheet

JLAB

USER GROUP

This document must Experimental Hall: B

be received by close
of business Thursday,

June 8, 1999 at:

Days Requested for Approval: _ 55

Jefferson Lab

User Liaison,

Mail Stop 12B
72000 lefferson Ave.
Newport News, VA
23606

7] O Proposal Title:

Hf]h Q* Qb' Meson deucfl[iw\,

SPokcsPcfsms W. Brooks K, Fusten

Proposal Physics Goals
indicate any experiments that have physics goals similar to those in your proposal.

Approved, Conditionally Approved, and/or Deferred Experiment(s) or proposals:

APF- Eq3- 022

R ] d LB s B R B LT e v LA A et ]

Contact Person

Name: 8. Fansten

Institution: Tt Colh.y, of Wolliam  gnd Maml

1| Address: ‘Dc,Fo,r-‘—MM(— o} ?‘“{EJOS

£| Address: VWil amslotr NA L 239

| city, State, ZIP/Country:

Phone: (35%) - 221- 3515 Fax:  (35%) - z2(- 35%0
E-Mail: {:\ms-\-m @ d\b_‘n ore

Jefferson Lab Use Only

Ej?eipt}%t@:%(ﬂ//fl/?? 99__///
J




Jefferson Lab PAC16

Proposal Cover Sheet

JLAB

USER GROUP

This document must Experimental Hali: £

be received by close
of business Thursday,

June 8, 1999 at:

: Days Requested for Approval: _ 55

PR T s U (TR P R ik e - - =
ERL e b UL 3 L,
& ISR - ,‘.,"E‘c B P A RN . i

Jefferson Lab

User Liaison,
Mail Stop 12B

12000 Jefferson Ave.
Newport News, VA
23606

7 O Proposai Title:

Search ﬁr TP |t Exohic Mesons

T. Azasuryan, K. Fusten, S, fhf?an e
R |

Proposal Physics Goals
Indicate any experiments that have physics goals similar to those in your proposal.

Approved, Conditionally Approved, and/or Deferred Experiment(s) or proposals:

clA  EH- I8

Contact Person

Name: S, 5’*‘1?&“‘10\1\
Institution: 3{.b

Address:

Address:

City, State, ZIP/Country:

Phone: *Hib Fax:
E-Mail: S‘\'L\DM 0. © d\pb orq

ERREE C T R
L R

Jefferson Lab Use Only

E;;Ceipt Dj;@’{ﬂﬁ/é}/gg ?9,_//02




Jefferson Lab PAC16

Proposal Cover Sheet

JLAB,

USER GROUP|

This document must Experimental Hall: 8

be received by close
of business Thursday,

June 8, 1999 at:

Days Requested for Approval: _5%

lefferson Lab = O Proposal Title:
User Liaison, B
Forwacd  Pseudoscalan. Meson Ele cﬁaPan

Mail Stop 12B
Aoove  Me  Resmance Ke gq oir

12000 Jefferson Ave.
Newport News, VA
L_pokes cr;m B. B. Nicgyporuk, F.T. Klein

23606

Proposal Physics Goals
Indicate any experiments that have physics goals similar to those in your proposal.

Approved, Conditionally Approved, and/or Deferred Experiment(s) or proposals:

N T G A R o T Y e AT e SRR TR T e T e e it e g e

Contact Person
Name: T1B.B, Nic zf?oru.k

institution: T ,lo

Address:

Address:

City, State, ZIP/Country:

Phaone: * 3251\ Fax:

boﬁdan @ ,;\o.b org

/ &/ Jefferson Lab Use 0"';\1
Receipt y? //fé/ f[ 99 99— //\JQ

By:

+




HAZARD IDENTIFICATION CHECKLIST

JLab Proposal No.:

(For CEBAF User Liaison Office use only.)

Check all items for which there is an anticipated need.

Date: o819

- Cryogenics Electrical Equipment n/A Radioactive/Hazardous Materials
beamline magnets cryofelectrical devices | List any radioactive or hazadorous/
analysis magnets capacitor banks toxic materials planned for use:

W4 target high voltage N/A
type: _ Rl exposed equipment
flow rate: _standacd
capacity: _studecd
Pressure Vessels nlA Flammable Gas or Liquids Other Target Materials
inside diameter type: NIA —__Beryllium (Be) KA
operating pressure flow rate: __ Lithium (Li)
window material capacity: — Mercury (Hg)
window thickness __ Lead (Pb)
Drift Chambers . Tungsten (W)
type: Arlco, ___ Uranium (U)
flow rate: standerd __ Other (list below)
capacity: stuadacs
Vacuum Vessels N{A Radioactive Sources  N/A Large Mech. Structure/System
inside diameter permanent installation lifting devices  H{A
operating pressure temporary use motion controllers
window material type: scaffolding or
window thickness strength: elevated platforms
Lasers Hazardous Materials n/A General:
type: stundacd ___ cyanide plating materials
wattage: stardact. __ scintillation oil (from) Experiment Class:
class: ___ PCBs
__  methane <« Base Equipment
Instaliation: _ TMAE Temp. Mod. to Base Equip.
permanent _ TEA Permanent Mod. to
temporary ___ photographic developers Base Equipment
____other (list below) Major New Apparatus
Use:
calibration Other:
alignment




BEAM REQUIREMENTS LIST

Lab Proposal No.: Date: of 8(2
fall: B Anticipated Run Date: PAC Approved Days:
spokesperson; Hall Liaison:  Berahacd  Mecking
hone: ~
i-mail:

List all combinations of anticipated targets and beam conditions required to execute the experiment.
(This list will form the primary basis for the Radiation Safety Assesment Document (RSAD) calculations that
must be performed for each experiment.)

Condition Beam Men Beam Polarization and Other Target Material Material Est. Beam-On
No. Energy Current Special Requirements (use muluple rows for Thickness Time for Cond.
(MeV) {nA) {e.g., time structure) complex targets — (mg/cm?) No. (hours)

e.g., w/windows)

\ booo WY | 10 nA Hi,‘us" "POSSI‘H[ ?aladz&& At 3o ™lem” | 00 howrs

The beam energies, E; _ , available are: E, .=NxE_ whereN=1,23,4,o0r5. E, ..=800MeV ie,
available E___are 800, 1600, 2400, 3200, and 4000 MeV. Other energies should be arranged with the
Hall Leader before listing.



LAB RESOURCES LIST

JLab Proposal No.: Date o813

(For JLab ULC use only.)

List below significant resources — both equipment and human — that you are
requesting from Jefferson Lab in support of mounting and executing the proposed
experiment. Do not include items that will be routinely supplied to all running
experiments such as the base equipment for the hall and technical support for
routine operation, installation, and maintenance.

M;':IJOI' Installations (either your equip. or new Major Equipment Cnlmdad )

equip. requested from JLab)
Magnets.

Power Supplies;

Targets:
New Support Structures: Detectors.
Electronics.
Data Acquisition/Reduction Computer Hardware:
Computing Resources: )—J—mhf[ Hal B
m & Other:
- Ml touice  Jlab  cusomys ’.("4
reduction of ~20 Thybes of date
¥ 2 '
Other:

New Software:




Electroproduction of Hadrons at 6 GeV
using the
CEBAF Large Acceptance Spectrometer

Collaboration List

D.S. Carman, R.A. Schumacher
Carnegie Mellon University, Pittsburgh, PA 15213

E. Anciant, G. Audit, N. D’'Hose, M. Garcon, P. Guichon, J.M. Laget, C. Marchan
CEA/Saclay, DAPNIA/SPhn, Gif-sur- Yvette Cedex, France F-91191

H. Funsten
The College of William and Mary, Williamsburg, VA 23187

L.H. Kramer, B.A. Raue
Floride International University, Miami, FI. 33198

5.P. Barrow, L. Dennis
Florida State University, Tallahassee, FL 32306

1. Strakovsky
The George Washington University, Washington, DC 20052
M. Ripani, M. Taijuti
INFN-Sezione di Genova, Genova, Italy I-16146

J.P. Didelez, M. Guidal, E. Hourany
Institut de Physigue Nucléaire, Orsay, France F-91406

S.V. Boiarinov

ITEP, Moscow, Russia 117259

W. Brooks, V.D. Burkert, D. Cords, A.P. Freyberger, F.J. Klein,
M.D. Mestayer, B.B. Niczyporuk, E.S. Smith, A. Yegneswaran
Jefferson Lab, Newport News, VA 23606

K.H. Hicks, G. Niculescu
Ohio University, Athens, OH 45701

A. Empl, P. Stoler
Rensselaer Polytechnic Institute, Troy, NY 12180

M. Vanderhaeghen
University of Mainz, Mainz, Germany D-55099

J.A. Mueller
University of Pittsburgh, Pittsburgh, PA 15260

K. Joo, R. Minehart
University of Virginia, Charlottesville, VA 22901

I. Aznauryan, S. Stepanyan
Yerevan Physics Institute, Yerevan, Armenia 375036

*and the CLAS collaboration



Contents

1

Physics Motivation - Experiment Overview
1.1 Introduction . . . . . . . ..
1.2 Deeply Virtual Meson Electroproduction
1.3 The N* 6 GeV Program . . . . ... ... ... .. ... ... ...
1.4 Exclusive Kaon Electroproduction
1.5 High @* ¢-Meson Production . . . ... .. ... ... ... ... . ... ..
1.6 Search for JP¢ = 1% Exotic Mesons . . . . . . . . ... ... .. ... ...
1.7 Forward Pseudoscalar Meson Electroproduction Above

the Resonance Region

....................

........................

..............................

Beam Time Request

Performance of CLAS at 6 GeV
3.1 CLAS Kinematic Acceptances
3.2 Charged-Particle Identification . . . . .. ... .. ... ... .. .. ... ..
3.3 Separation of Exclusive Channels
331 ep—enmt oL
3.3.2 ep—epn® epn
333 ep— €KY .
3.4 Electron/Pion Separation
3.5 Luminosity Considerations

..........................
........................
..............................

............................

............................

Deeply Virtual Meson Electroproduction

4.1 Introduction . . . . . . .. L

4.2 The Physics Case . . . . . . .. ... . .. .. ..

4.3 Deeply Virtual Electroproduction of Vector Mesons . . . .. .. . ... ...

4.4 Deeply Virtual Electroproduction of Pseudoscalar Mesons
441 ep—entn .o
442 ep—e'(n® n)p

The N* 6 GeV Program
5.1 Introduction . . . . . ... ..o
5.2 Physics of the N* Program with the CLAS ...................
9.3 N* Excitations at High Q? in the pn°, pn, and nat Channels
5.3.1 Preliminary CLAS Results at Lower Q?
3.3.2  Preliminary Results at High Energy
5.3.3 Proposed Measurements . . . ... . ... ... ... ... . ... ..
5.3.4 Expected Statistical Accuracy
5.3.0 Data Analysis
9.3.6 Summary . ... .
5.4 N* Excitations at High ©? in the Two-Pion Channel
5.4.1 CLAS Data from the 1998 4 GeV Electron Run . . . . . ... .. . .
3.4.2 CLAS Data from the 1999 5.56 GeV Electron Run
5.4.3 Data Analysis
5.44 Summary . ... L
2.5 Measurement of 7/ Electroproductlon

.................

...................

........................

...............................

.............

...............................

......................

W W oo e ~ ur

10



8.5.1 Physics Motivation . . . . .. .. oL L
5.5.2 Baryon Resonances Coupling to
5.5.3 Previous Experiments
5.5.4 Experimental Method . . . . ... ... 0 oL
5.5.56 Identifying n' in the el data at 4.0 GeV . . . . . . . ... .. ... ...
5.5.6 Backgrounds. . . . . . ... L o
5.5.7 Angular Distributions
5.5.8 Expected Rates . . . . . . . . . ... L
5.5.9 Summary of " Proposal

..........................

.........................

6 Exclusive Kaon Electroproduction

6.1
6.2

6.3

6.4
6.5
6.6
6.7

Introduction . . . . . . . . L
Physics Analyses . . . . . . . . .
6.2.1 Structure Function Extraction
6.2.2 X°/A Production Ratios . . . . . . ... ... ... . .........
6.2.3 A Polarization Measurements
6.2.4 Missing N* Resonances . . . . . . . . . .. ... oo
6.2.5 Excited-State Hyperon Production
6.2.6 Neutral Kaon Production
Theoretical Approaches . . . . . . . . . ... ... .
6.3.1 Hadrodynamical Models . . . . . . . . ... . ... ... . ... ...
6.3.2 Quark Models . . . . . . . .. ...
6.3.3 Regge-Exchange Models
Monte Carlo Studies
Statistical Errors
Systematic Errors
Summary

...................

.........................

...............................

.................................

.................................

" 7 High @Q? ¢-Meson Production

7.1
7.2
7.3
7.4
7.5
7.6
7.7

8.1
8.2

8.3
8.4
8.5

Vector Meson Electroproduction . . . . . ... ... ... .. ... .....
Models of Transverse-Size Shrinkage with
Data Analysis Techniques
Existing Data . . . . . . . . . . . .
Extension of ¢ Electroproduction to 6 GeV
Estimation of Measurement Uncertainties
Possible Future Additional Measurements
7.7.1 L, T ¢ Polarization Measurements . . . . . . . . . ... ... .....
7.7.2 Semi-Exclusive 6 GeV Measurements
7.7.3 Gluon Condensation

..................

....................

...........................

Search for J¥¢ = 1-+ Exotic Mesons

Introduction . . . . . . . Lo
Theoretical Predictions and Existing Data . ... ..
821 Theory . . . . . . .,
8.2.2 Existing Data
Proposed Experiment . . . . . .. . . ... L
Acceptance Simulations . ... .. L
Cross Section and Counting Rates

........................

......................................



8.6 Background . . . ... 99
8.7 Summary . . . ... 100
Forward Pseudoscalar Meson Electroproduction Above the Resonance Re-

gion 102
9.1 Imtroduction . . . .. . .. ... 102
9.2 Physics Motivations . . . . .. ... ... 103
9.3 CrossSection . . .. ... .. ... 104
9.4 Simulation . . . . ... 105
9.5 Particle Identification . . . . . ... ... 106
9.6 Analysis of Reconstructed Events . . . . . . .. .. ... ... .. ... . .. 106
97 Summary . ... 107
9.8 Conclusions . . .. ... ... 108



1 Physics Motivation - Experiment Overview

This section contains a summary of the physics motivation for cach of the individual
contributions contained in this package, with references to the already approved or condi-

tionally approved proposals, extensions of already approved experiments to 6 GeV, and the
list of new proposals.

1.1 Introduction

For decades electron scattering has been utilized as the major tool for probing the
structure of nucleons in inclusive reactions. Unpolarized and polarized quark and gluon
structure functions have been studied in these experiments over many years. Studies of
exclusive reactions are needed to understand the dynamics of production processes through
resonance decays, quark fragmentation, or hard processes. Unfortunately, little is known
about exclusive hadron production in inelastic electron scattering. One of the main reasons
for this lack of knowledge has been technical in nature. The low production rates and the need
to cover a large phase space in the final state, made it necessary to employ large-acceptance
detectors with sufficient resolution to isolate exclusive channels. Furthermore, these detectors
had to operate in an electron beam environment with high luminosity. These requirements
could not be met at electron accelerators with low-duty cycles. As a consequence, only the
- simplest reactions were studied, often in a very limited kinematical regime, and most often
with insufficient statistics.

The CLAS detector, operated at the CEBAF CW electron machine for the past 18
- months, has quickly proven that these technical obstacles have been overcome. Large accep-
tance, combined with good resolution and particle identification capabilities, and the ability
to operate at luminosities of 10** cm=2s7! in an electron beam environment, have opened
up many new avenues leading to detailed investigations of hadron structure in exclusive
reactions.

This proposal package has been developed based on the experience of operating CLAS
for the study of exclusive reactions at lower energies and momentum transfers. Moreover,
a short test run at 5.56 GeV was carried out and analyzed. The results of this run give us
full confidence that the performance of CLAS is adequate to to carry out the program put
forward in this proposal package.

On the theoretical side, it is now becoming more apparent that the elementary quark
and gluon fields are likely not the relevant, or at the least, not the dominant degrees of
freedom for many exclusive reactions in the energy domain of CEBAF. Constituent quarks,
gluon flux tubes, and pions may be much more relevant for the interpretation of the data.
Theoretical modeis based on these degrees of freedom have been developed in many areas,
such as /V*-resonance transitions, the production of strange mesons in hyperon excitations,
and the production of gluonic mesons {“hybrids”), and are able to make predictions in the
large kinematic regime that is currently covered at CEBAF and beyond.

Having said that, we hasten to stress that new theoretical developments during the past
few years have shown that there are windows available for the study of exclusive reactions
at high momentum transfer. These bear on the interpretation in terms of elementary parton
fields. A theoretical framework has emerged for the study of a new set of generalized parton
distribution functions, the “skewed parton distributions”™ (SPDs), that can only be accessed
in deeply virtual exclusive reactions at sufficiently high momentum transfer, and in the deep-



Physics Exp. | Sect. | Reaction | PAC Status | Main Physics
Category 7# g ep — Focuses -
Deeply 1 4.3 | e'pp E98-107 (C) | -Study transition to asymptotic .
Virtual e'pw regime to probe unpolarized SPDs,
Meson 2 44 | ennat New -Study transition to asymptotic
Production regime to probe polarized SPDs.
-Measure cross sections for
Q? <5.5 (GeV/c)? and op,07
response for Q% <3.2 (GeV/c)?
e'pm? New -Measure cross sections for
e'pn Q? <5.5 (GeV/c)?
N* Physics 3 5.3 | e'pn® E91-002 (E) | -Study A(1232) and S11(1535)
at High Q? up to Q% <5.5 (GeV/c)?
e'pn -Study transition regime between
CQM and pQCD
ennxt -Study I=1/2 resonance excitations
c.g. Dy3(1510) and Fi5(1680)
4 54 | e'prTr~ | E93-006 (E) | -Study higher mass resonances
e.g. 531(1620) and D33(1700)
-Study transition to [70,17]
supermultiplet at high Q2
-Test validity of CQM at high Q?
53 5.5 | epn/ll) New -Study resonances above 1.9 GeV
and search for missing resonances
-Study quark content of " and
U4(1l) anomaly
Strangeness | 6 6 e¢KY | E89-043 (E) | -Measure cross sections, single and
Production E93-030 (E) | double polarization observables
E95-003 (E) | -Search for strange decays of
E99-006 (E) | missing N* resonances
-Study reaction mechanism
7 7T | e'po E93-022 (E) | -Test QCD-predicted shrinkage of
longitudinal photons with ¢?
Exotic 8 8 | &mnX® [ E94-119 (C) | -Search for JPC=1—+
Meson ean' X exotic mesons
Forward 9 9 e'nrt New -Study transition to asymptotic
Pseudoscalar e'pud regime
Meson eK+tA -Extract structure functions o7, -
Production or, orr, and opg,

Table 1: Summary of all experiments in this package. Those reactions highlighted with a (f) require
CLAS operation at B = —50%DB;. All other will run CLAS at B = 90%Bgy. In the PAC Status
column, (C) indicates experiments that have been conditionally approved by PAC for running at
6 GeV and (E) indicates an extension of a PAC-approved lower-energy experiment.



inelastic regime. Rapid theoretical development in this new area of electromagnetic physics
is underway, and needs to be nurtured by the prospect of data coming from CLAS in a timely
fashion. While it is quite clear that 6 GeV will not allow us to fully reach the asymptotic
regime, mapping out the transition into this regime will be of great importance as corrections
due to higher-twist contributions can be evaluated. Evaluating these contributions is now
becoming the main focus of the theoretical activity in this area.

In the following sections we present brief motivations and experimental summaries related
to the nine individual contributions to the package. Table 1 gives an overview of the full
proposal package and the main physics goals for each of the contributions.

1.2 Deeply Virtual Meson Electroproduction

The possibility of operating JLab at high luminosity and momentum transfers greater
than a few (GeV /c)? has influenced the theoretical community into making a concerted effort
to deal with exclusive reactions in this kinematic regime.- Very recently, several theoretical
groups have made ground-breaking progress. The techniques involve a combination of soft
and hard physics. It was proven, for the case of longitudinal photons, that at high enough
%, exclusive reactions can be factorized into parts containing the soft and hard physics
involved. For non-longitudinal cross sections, the transverse higher-twist mechanisms would
have to be modeled.

The hard physics can be treated separately by pQCD techniques, and the soft physics of
the hadronic states can be parameterized in terms of skewed parton distribution functions.
These SPDs are generalizations of the deep-inelastic scattering {DIS) distribution functions
g(z) and Ag(z) that are accessed in non-polarized and polarized inclusive DIS electron
experiments, respectively. For the prototype deeply virtual Compton scattering, the SPDs
are sald to be diagonal, while for single-meson production, the SPDs are of a different, newly
accessible, non-diagonal type. Vector and pseudoscalar meson production are complementary
in that vector meson production is sensitive to the unpolarized quark distribution functions,
while pseéudoscalar meson production, which is proposed here, is sensitive to the polarized
structure functions relating to the nucleon spin distribution.

This proposal is to measure pseudoscalar meson production cross sections, and is com-
plementary to experiment E98-107, which will measure vector meson production. The intent
is to obtain cross sections at W above the resonance region at the highest Q2 possible. For
a 6 GeV electron beam, we estimate the maximum (? attainable for 7° production is about
5.5 (GeV/c)?, and for n production, is somewhat lower. The momentum transfer ¢t will be
in the range f.,,;, up to several (GeV/c)*. The connection with the DIS structure functions
are closest near tn;,. For nwt production, the focus is on isolating the longitudinal part of
the cross section. By combining measurements at 2 or 3 different energies in a Rosenbluth
separation of the cross sections, we can reach a maximum @? of about 3 {GeV/c)2. More-
over, the experiment would produce high quality cross section data for not with Q2 up to
5.5 (GeV/c)? and a maximum —t¢ of 6 (GeV/c)?%. No such data has been measured before.

It is expected that the mechanisms that will be accessible at potential JLab energies,
and moderate Bjorken z g, are those invoiving quark currents, as opposed to those involving
gluonic currents that can only be accessed at much higher energies. Specific to pseudoscalar
mesons, there is currently considerable theoretical activity to calculate the possible exper-
imental manifestations. Among the important questions that need to be.addressed is how
to handle the hard kernel. The simplest approach would be to treat it in terms of valence

|



pQCD. The question is, at what Q2 does this become valid? For the reaction proposed here,
this is related to the question of where hard processes become important for the pseudoscalar
-meson form factors. The lower the @2, the more higher-twist effects need to be considered.
The @? dependence is expected to signal whether we are approaching the regime of strict
-factorizability. In any case, we expect that the rapid current theoretical progress in this field
will make it possible to include higher-order effects.

1.3 The N* 6 GeV Program

Finding the relevant degrees of freedom for the interpretation of results at energies and

momentum transfers accessible at CEBAF remains one of the main motivations for studying
-electromagnetic form factors through elastic or inelastic electron scattering. These areas are
~currently under intense theoretical scrutiny using a variety of quark-model approaches, flux-
:tube models, QCD sum-rule methods, chiral models, ete. Much is being contributed to this
field from the data-collected with CLAS during the past 18 months of operation. However,
it has also become more apparent that in the low momentum transfer region, symmetry
properties often mask genuine features due to the internal nucleon structure. This has
‘been recently pointed out with respect to the study of N* excitations in photoproduction
experiments, whose relationship to each other is largely controlled by symmetry properties
of the electromagnetic current operator. For this reason the evolution to high Q2 is an
-important aspect in these studies. Another motivation is to study the transition to pQCD
behavior in a 3-quark system with considerable inelasticity for the higher-mass states.
. A wealth of information can be obtained from measuring transition form factors for
-higher-mass states. While past experiments have concentrated on the “easy” pn® or pn
channels, the nw* ichannel is more sensitive to the isospin-1/2 resonances. Moreover, the
two-pion channels, such as prtn~, are very sensitive to several higher-mass states that
nearly decouple from the N7 channel. They are also predicted to couple strongly to many
of the so-called “missing” quark-model states that are predicted to populate the mass region
from 1.9 to 2.2 GeV/c®. Due to the isospin selectivity of %7/, the reaction ep — epy’ may
provide an excellent probe to the structure of isospin-1 /2 baryon resonances in this mass
range. Recent photoproduction data from SAPHIR has claimed evidence for S11 and Py
excitations. Born term contributions are likely to be small since the threshold for this reaction
lies at W=1.896 GeV. 7’ has never been investigated in electroproduction because of the low
cross section and the difficult channel identification. CLAS gives the unique opportunity to
‘surmount both impediments.

Initiated to a large degree by the CLAS N* program, theoretical models have been
.developed that make predictions over a larger range in momentum transfer than have been
possible previously. It is our expectation that new data, covering a considerably larger range
in Q? than has been available for energies up to 4 GeV, will put these models to the test
and help create a better understanding of hadron structure.

1.4 Exclusive Kaon Electroproduction

We propose to extend the CLAS kaon electroproduction program to a beam energy
of 6 GeV, significantly enlarging the Q% and W ranges covered in current proposals. The
ep — eKY reaction will be studied over a range of @? from roughly 1.5 to 6 (GeV/c)? and
W from 1.6 to 3.0 GeV using CLAS at maximum magnetic field. This will allow study of the



elementary production of strangeness at kinematics well above the resonance region while
providing substantial overlap with phase space coverage at 4 GeV, which spans @? from 0.5
to 3 (GeV/c)? and W from 1.6 to 2.4 GeV. This proposal is based on the Letter of Intent
LOI-99-002 that received favorable review by PAC-15.

The proposed program encompasses all of the current Hall B experiments focusing on
the ep — €' K'Y reaction. This proposal includes extensions of E89-043 to study the different
reaction-channel contributions to A(gnd} and A(1520) production, E93-030 to extract the
KA response functions o7, o1, orr, and o7 over a broad kinematic range, E95-003 to study
the reaction mechanism for K° electroproduction, and E99-006 to provide sensitivity to a
number of response functions through A polarization measurements. Another important aim
of this program is to continue the search for missing N* resonances predicted by constituent
quark models to decay through strange final states. The data acquired will allow for tests
of Regge-exchange models, the constituent quark model, hadrodynamical models, and other
quark models of the nucleon, which will ultimately help to better understand the reaction
- mechanism for open strangeness production.

1.5 High Q? $-Meson Production

QCD predicts that longitudinal photons transform into smaller size g pairs with increas-
ing momentum transfer. This is a non-trivial prediction of QCD and reflects the space-time
~structure of hadronic matter. This prediction can be tested in the production of vector
~mesons if the longitudinal and transverse response functions are separated. A separation is

possible by studying the decay distribution of vector mesons. Here we propose to measure

“the reaction ep — ¢'pp, ¢ — KTK~. The angular distribution of the K+ K~ final state is
sensitive to the transverse/longitudinal nature of the high-energy photon. A measurement
- of the t-dependence of the longitudinal component of ¢ production from a proton target will
determine the slope parameter b in the production cross section do/dt ~ exp —b|¢|. This
slope contains information on the size of the ¢4 pair involved in the process. Shrinkage is
evident in a hardening of the slope parameter b, or in other words, a decrease in magnitude
of b. Two of the most successful models, the quark model and the VMD model, make very
different predictions for this effect. A 40 day run at 6 GeV, combined with existing CLAS
- photoproduction data, can readily distinguish between prediction of these models.

1.6 Search for J¥¢ = 1+ Exotic Mesons

Gluon self coupling in QCD suggests the existence of hadrons with explicit gluon degrees
of freedom, e.g. g¢g, gggq, and ¢ggg. Since the gluon carries color charge it can act as a
particle and experience a binding force to quarks. QCD-based models predict the masses of
the lightest states to be below or near 2 GeV/c?, with widths in the range of 50 to 300 MeV.
Predicted dominant decays are to an S-wave and P-wave pair of mesons, such as 7 f; and
by, although there are suggestions that decays to two pseudoscalar particles may not be
negligible.

The discovery of hybrids would be a strong confirmation of QCD, and important for
understanding the non-perturbative structure of hadrons. The most promising approach
for finding hybrids is to look for exotic quantum numbers, like J¥¢ = 177, forbidden for
gq meson states. Since the predicted mass range. for light hybrids is densely populated by
conventional g§ mesons, this could be the only way of identifying a hybrid. Decays to two
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1.5 High Q? ¢-Meson Production

QCD predicts that longitudinal photons transform into smaller size g7 pairs with increas-
_ing momentum transfer. This is a non-trivial prediction of QCD and reflects the space-time
~structure of hadronic matter. This prediction can be tested in the production of vector
~mesons if the longitudinal and transverse response functions are separated. A separation is
possible by studying the decay distribution of vector mesons. Here we propose to measure
'+ the reaction ep — e'pg, ¢ — KK . The angular distribution of the KK~ final state is
“sensitive to the transverse/longitudinal nature of the high-energy photon. A measurement
- of the t-dependence of the longitudinal component of ¢ production from a proton target will
determine the slope parameter b in the production cross section do/dt ~ exp —b|¢|. This
slope contains information on the size of the ¢¢ pair involved in the process. Shrinkage is
evident in a hardening of the slope parameter b, or in other words, a decrease in magnitude
of b. Two of the most successful models, the quark model and the VMD model, make very
- different predictions for this effect. A 40 day run at 6 GeV, combined with existing CLAS
photoproduction data, can readily distinguish between prediction of these models.

1.6 Search for JF¢ = 1-* Exotic Mesons

Gluon self coupling in QCD suggests the existence of hadrons with explicit gluon degrees
of freedom, e.g. ¢y, 9g9gq, and ggg. Since the gluon carries color charge it can act as a
particle and experience a binding force to quarks. QCD-based models predict the masses of
the lightest states to be below or near 2 GeV/c?, with widths in the range of 50 to 300 MeV.
Predicted dominant decays are to an S-wave and P-wave pair of mesons, such as 7 f; and
wb1, although there are suggestions that decays to two pseudoscalar particles may not be
negligible.

The discovery of hybrids would be a strong confirmation of QCD, and important for
understanding the non-perturbative structure of hadrons. The most promising approach
for finding hybrids is to look for exotic quantum numbers, like J¥¢ = 1-%, forbidden for
.qq meson states. Since the predicted mass range for light hybrids is densely populated by
conventional ¢§ mesons, this could be the only way of identifying a hybrid. Decays to two



pseudoscalars in a relative P-wave is a unique signature of the J7¢ = 1+ state.

Several experiments using pion beams have been performed to search for hybrid states in
the 77 and 777’ channels in the mass range from 1 to 2 GeV/c2. Decay angular distributions
of final-state mesons have been examined in order to detect the JF€ = 1~ state. Although
the results of these studies have not been conclusive, there is some general indication of the
existence of exotic states around a mass of 1.4 GeV/c?.

A promising place to look for hybrids could be electromagnetic production of ¢-channel
mesons since there is an indication that hybrids may have significant coupling to vector
mesons and photons. There are only two reported experiments on photoproduction of pos-
sible hybrid states that are not necessarily J© exotics. Due to the lack of the statistics, no
- partial wave analyses have been made for these data. At present. there are no reported data
on the electroproduction of exotic states.

In this experiment we are proposing to search for exotic hybrids in electroproduction
reactions on hydrogen using the 6 GeV CEBAF electron beam. Exotic hybrids will be
identified by their decay to 7%, 7+, 7%, and 717 in the detected final states ¢’ p Yr Y,
ety e at at gy, and e pat w gy, respectively.

The CLAS detector is an excellent tool for detection and identification of the multi-
particle final states. Running CLAS with reversed-field polarity for the main torus will allow
us to cover the mass range of the t-channel mesons up to 2 GeV/c?. A search will be done
in the range of hadronic mass W > 2.5 GeV, and Q?220.6 GeV/c?.

Detailed studies of the acceptances and the resolutions have been performed. Cross
section estimates have been done based on a, photoproduction cross sections and the given
upper limit of the branching ratios of exotic hybrid decays from Primakoff production. The
largest yield was found for the ¥y final state. This gives 1000 = *vyy states per day at a
luminosity 1x10* cm™2s~!. In order to get sufficient statistics for a detailed partial wave
analysis, 15 days of running at a luminosity 1x10* cm 25! will be required. The estimated
signal to noise ratio for the above reactions will be about 4:1.

1.7 Forward Pseudoscalar Meson Electroproduction Above
the Resonance Region

A principal motivation for studying exclusive reactions is that they provide a new class
of observables, called off-diagonal parton distributions, for the internal structure of the nu-
cleon. The internal structure of the nucleon has been studied through inclusive scattering
of high-energy leptons in the deep inelastic scattering (DIS) limit. Polarized DIS mea-
surements of g;(z, @?), or the relevant helicity densities Ag(z, %), have revealed that only
about 30% of the nucleon’s spin is carried by the quark’s intrinsic spin. The quark helicity
densities, Ag(z,Q?), are not only accessible through polarized DIS measurements, but also
via exclusive electroproduction of pseudoscalar mesons. It has been shown that exclusive
meson production at large @ and small ¢ factorizes into a hard scattering coefficient, a
quark-antiquark distribution amplitude of the meson, and an off-diagonal quark (or gluon)
distribution that describes the “soft” physics in the nucleon. Hence, the polarized parton
densities can be probed in unpolarized exclusive reactions. It is clear that we should study
exclusive reactions at low ¢, and at high Q® and W, in the region of validity of QCD factor-
ization theorems, and also in the transition region where off-diagonal parton distributions
provide important information about the non-perturbative structure of the nucleon. The
comparison of the reactions ep — epr® and ep — ennt is vital for better understanding of
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the soft part of a proton structure, since these reactions may proceed via different production
mechanisms.

We propose to study exclusive electroproduction of 7+, 7%, and K+ mesons at low t, for
Q? > 1.4 (GeV/c)?, and W > 2.0 GeV. In order to properly and fully carry out the physics
program described in this proposal, we plan on acquiring data at several different beam
energies between 4 and 6 GeV. Qur W, @, and ¢ kinematical regions were chosen to cbtain
sufficient acceptance for at least four of these beam energies in order to extract the Q2 and
t dependence of the structure functions: or, o1, o7, and ozp in a model independent way.

As part of the overall proposal package we ask here only for the required beam time at
6 GeV. We assume that data at beam energies of 4.0, 4.5, and 5.0 GeV are going to be taken
within the approved beam time of the current el program. In case no data are taken at a
fifth beam energy of 5.5 GeV, we will require beam time for that energy in a future update
of this proposal.

11



2 Beam Time Request

This experimental package requests a total of 55 days of new beam time at 6 GeV electron
beam energy with the highest possible electron-beam polarization. Of these 55 days, 40 days
are for running CLAS at maximum magnetic field and 15 days are for running CLAS at 50%

-reversed field. The experiments in this package that will rely mainly on the reversed-field
‘running conditions of CLAS are highlighted in Table 1 and in their corresponding sections
of this document.

The high-field operation will serve the extended high Q2 portion of the program. The
reversed-field running will provide the high W and low Q? needed for statistically significant

-measurements of " production and the search for exotic mesons. It will also serve to obtain
- high statistics at lower Q? for the remaining program and provide sufficient overlap with the
already accumulated data at lower cnergies.

The program uses the standard CLAS electron beam detector system and data acquisition
system, along with the standard Hall B liquid-hydrogen target. The individual measurements
~of this new run group have been designed to run concurrently with identical beam and trigger
conditions.

The analysis of several experiments in this proposal package will ultimately rely on com-
bining data sets at several different beam energies, including 4, 5, and 6 GeV. However this
proposal package is only seeking new beam time at 6 GeV beam energy. The complete set
of 4 GeV data will be acquired as part of the existing Hall B el run period. As well, the
spokesmen of the current el run group have recently agreed to include up to 20 days of
5 GeV running as part of the beam time that they already have approved for running with
electrons on a hydrogen target with CLAS. In the subsequent sections in this package, all
references to 5 GeV running are referring to this time that will come out of the currently
approved el beam hours.
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3 Performance of CLAS at 6 GeV

The proposed physics program requires the selection of exclusive hadronic channels such
as ep — enwt, ep — epr®, and ep — eKY. CLAS relies on precise time-of-flight (TOF)
measurements and good momentum resolution to identify charged particles and to isolate
exclusive channels using missing-mass techniques. While these methods have been demon-
strated to work well at energies up to 4 GeV, at higher energies they will become increasingly
more difficult. Particle identification using time-of-flight information alone will become more
ambtiguous, leading to larger backgrounds in our missing-mass distributions. Moreover, the
missing-mass resolution will also become increasingly poorer at the higher energies.

In order to address these questions, a short test run was carried out with CLAS at an
incident electron beam energy of 5.56 GeV, the highest energy available at CEBAF at that
time. Data were taken with an electron trigger with low energy threshold in the electro-
magnetic calorimeter to provide the least-biased event selection. To maximize resolution,
the torus magnetic field was at 90% of maximum. The results of this run show that the
performance of CLAS at 5.56 GeV is sufficient to carry out the program described in this
6 GeV proposal.

To understand the performance of CLAS at 6 GeV, there are a number of important

issues, commorn to all experiments, that must be considered. For the present discussion this
list includes:

e CLAS kinematic acceptances
o Identification of charged hadrons with TOF techniques as 8 — 1
e Separation of exclusive reaction channels

e Identification of hadrons through missing-mass techniques

Electron/pion separation .

Luminosity

In the following sections we address these issues from study of the data accumulated
during the 5.56 GeV test run.

3.1 CLAS Kinematic Acceptances

The accepted Q? and W ranges of CLAS at 5.56 GeV are shown in Fig. 1. The kinematic
coverage extends to @ of 6.5 (GeV/c)? at the mass of the A(1232) resonance, and to nearly
b (GeV/c)* at W of 2 GeV, which marks the beginning of the deep inelastic regime. The
angular acceptances for electrons, protons, and pions are shown in Fig. 2. Note that the
¢ acceptance is shown for one 60° sector only. The electron acceptance is limited by the
Cerenkov counters, while the other charged-hadron acceptances are limited by the geometry
of the drift chambers and the sign and magnitude of the magnetic field. In this test run, the
magnetic field was such that electrons were bent towards the beam line. Positive particles
were accepted from 9° to 130°, and 7~ were accepted from 20° to 140°.
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Figure 1: CLAS kinematic coverage in Q? and W from analysis of 5.56 GeV data. At 6 GeV th
corresponding kinematic boundaries will be slightly more extended.
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Figure 2: Laboratory angular acceptances in terms of ¢ and 6 for electrons, protons, and pions
The distributions are shown for one sector only.



3.2 Charged-Particle Identification

Charged hadrons (v, K, p) are identified from their reconstructed mass by combining
TOF information with momentum information from the drift chambers. Charged hadrons
must traverse all three Regions of the drift chambers and strike the outer scintillation counters
in order to be identified. Those with low momentum are curled up by the magnetic field
and fail to reach the scintillators, while those with too small a production angle go down the
forward hole hetween the coils of the torus magnet. Fig. 3, from analysis of the 5.56 GeV
data, shows the mass spectrum of hadrons created in the ep — €'X reaction. A cut on this
spectrum is typically used to select the scattered hadrons during event reconstruction. The
ratio of the pion and proton peaks to the kaon peak in this spectrum is quantitatively the
same as for the corresponding 4 GeV spectrum.
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Figure 3: Hadron mass distribution for positively charged particles produced in ep — ¢'X from
analysis of 5.56 GeV CLAS data.

The quality of the charged-particle separation as a function of the momentum and velocity
of the particles is shown in Fig. 4. From this figure, the pion, kaon, and proton bands are
- all clearly visible. This data sample includes a loose selection of kaons that enhances this
band relative to the others. Although the bands get quite close at the highest momenta,
so that complete separation becomes more difficult, there is still sufficient mass resolution
for a nearly complete separation of pions from protons up to the highest momenta. Kaon
production proceeds in a kinematic regime where momenta remain relatively low. However,
using only time-of-flight techniques, a complete separation of kaons from pions and protons
1s not possible. The use of kinematical constraints and energy cuts is required to isolate
channels containing kaons in the final state. Additionally, our analysis and simulation studies
have shown that the signal to noise ratio in our reconstructed exclusive final-state spectra
can be further improved by taking advantage of the very different dE/dX characteristics
and energy-deposition patterns of the hadrons within the calorimeters.

The highest momentum hadrons are going forward in the lab, where the flight path to
the scintillators is about 5 m. For small angles, the expected timing resolution of the seintil-
lators is about 120 ps. With the current CLAS timing resolution and particle identification
techniques, pions, kaons, and protons can be distinguished up to =2 GeV/c. Fig. 5 shows
the expected separation between the different hadron bands as a function of the hadron
momentum. The separation is defined in terms of the o-difference between the calculated
flight times for the particles using the expected timing resolution.
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Figure 4: Charged-particle velocity versus momentum showing the separation of the pion, kaon,
and proton bands. The data sample includes a loose cut on kaons to enhance their appearance.
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Figure 5: Calculation of the number of ¢ separation between (a) the calculated pion and proton
flight times, and (b) the calculated pion and kaon flight times, as a function of the hadron momen-
tum using the expected timing resolution of the scintillators. It is expected that reasonable hadron
separations can be achieved in the analysis down to ~20.
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3.3 Separation of Exclusive Channels

3.3.1 ep—enrnt

The pion-production data were analyzed using the standard CLAS analysis chain. The
kinematic coverage for single 7+-production events can be shown clearly through a correlation
of the reconstructed ep — €'t missing mass and the hadronic invariant mass W. This is
shown in Fig. 6 after selecting the reconstructed n* events. The neutron band is quite
distinct indicating that single 7% production can be isolated up to high invariant masses.
The additional constraint from missing mass significantly helps to isolate the relevant process.
Fig. 7a shows the missing-mass distribution for all identified pions, and Fig. 7b shows the
same distribution for pion momenta >3 GeV /c. The neutron mass peak is still clearly visible.
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Figure 6: Missing mass for ep — e¢'m* X vs. the invariant hadronic mass W from 5.56 GeV data.
The vertical band marks the location of the missing neutron peak.
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Figure 7: Missing-mass distribution for ep — e/7+X from analysis of 5.56 GeV data for (a) all

pion momenta and (b) pion momenta >3 GeV/c. The neutron mass peak is still well identified at
high momentum.
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3.3.2 ep - eprepy

Fig. 8 shows the missing-mass distribution for the ep — €/pX reaction from 5.56 GeV
CLAS data. The pion peak is wide due to the contribution from the elastic radiative tail.
For full separation of single v and 7° events, kinematic cuts or subtractions are required

as the radiative photons are strongly peaked along the electron direction. Further analysis -
results are shown in section 5.3.2.
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Figure 8: Missing-mass distribution for ep — ¢/pX from analysis of 5.56 GeV data, showing peaks
for X = #«% n,p, and w production. The spectrum has been cut on W<2.5 GeV to remove the
elastic radiative tail and requires @? >1.5 (GeV/c)2.

3.3.3 ep o eKY

Reconstruction of exclusive reactions leading to production of hyperons in the final state
relies heavily on time-of-flight hadron identification and missing-mass techniques. Fig. 9
highlights the reconstruction of the charged-kaon final state ep — e'K *A, T from 5.56 GeV
CLAS data, cutting on the kaon peak in the hadron-mass spectrum of Fig. 3. Fig. 9a shows
clear evidence of the A and ° peaks after reconstruction of the scattered electron and electro-
produced kaon. The main source of background beneath the hyperon peaks comes from pions
misidentified as kaons. These pions are believed to come from the reaction ep — e'nTA°.
This background can be effectively removed with further kinematic cuts. Fig. 9¢ shows the
hyperon spectrum after cutting on the 7~ peak in the ep — €' K*pX spectrum of Fig. 9b.
The width of the A peak from this data summed over all Q2 and W subtended by CLAS
is about 14 MeV. From analysis of 4 GeV CLAS data, the reconstructed A peak width is
about 12 MeV.

The reconstruction of the K°E+ final state is highlighted in Fig. 10. The electro-produced
K is reconstructed from the invariant mass of its #tax— decay mode as shown in Fig. 10a,
although no clear signature of the K° is present as no cuts on the detached K° event vertex
have been made. Fig. 10b shows a clear signature of the missing £% peak from the missing-
mass distribution for ep — ¢/K°X. By cutting on the missing 7° from the ¥* decay, as
~shown in Fig. 10c, the charged-hyperon spectrum results. This distribution is wide as the
'K° identification algorithm has not been optimized.
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Figure 9: Analysis of the K1Y final state from the 5.56 GeV data showing (a) the missing-mass
spectrum for p(e,e/ K*)X, (b) the missing 7~ from the p(e, ¢’ K¥p) X reaction, and (¢) the final,
nearly background-free, hyperon distribution after cutting on the missing 7~ peak.

o 160

(a)

400

(b}

T T

300 120 -

200 80

£ : 5+
100 E 40

. |

o

Ow-lLJlllllllllilllil

Q.5 1 1.5 2 0.5 1 1.5 2 2.5
mtnt~ Inv. Mass MM (eK°)
F 12 =
80 [ (c) - (d)
:_ L E'I-
g 8
40 C
20 £ 4
: H
0 0
—0.02 0 Q.02 0.04 0.5 1 1.9 2 2.5
MM {eKp)} MM (eK?) =° cut

Figure 10: Analysis of the K27 final state from the 5.56 GeV data showing (a) the w+z~
invariant-mass distribution used to select K° production, (b) the resultant spectrum for ep —
e’ K°X, (¢) the reconstructed 7@ spectrum from ©F — pr®, and (d) the charged-hyperon distribu-
tion after cutting on the missing 1° peak.
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3.4 Electron/Pion Separation

Electron identification in CLAS relies on the combination of a signal from the Cerenkov
detectors (sensitive to particles with > 0.998), and the energy deposition in the electro-
magnetic calorimeters matching the momentum as determined by the drift chambers. This
technique is fully efficient for momenta below 2.7 GeV/c since the Cerenkov counters start
becoming efficient for pions above this limit. A possible solution to move above this mo-
mentum limit is to include information from the electromagnetic calorimeters whose relative
resolution improves with increasing energy. We can make use of the fact that the longitudinal
and transverse energy deposition patterns in the calorimeter layers are different for electrons
and pions.

Fig. 11 shows the electron acceptance from analysis of 5.56 GeV high magnetic field
CLAS data. The plot shows reconstructions of the polar scattering angle versus the lab-
oratory momentum. The minimum electron angle subtended by CLAS with the employed
trigger configuration (EC-CC) was 13°. However, for the smallest angles spanned, there
is a background present as the Cerenkov detectors are quite efficient for firing on pions.
But the background docs not dominate as a clear signature of the elastic scattering events
1s visible at the highest reconstructed electron momenta. The minimum electron angle of
‘CLAS determines the smallest Q? values that can be probed. Maintaining good electron
identification in the low @ range of the 6 GeV data (2.e. down to 1.5 (GeV/c)?) is quite
important. Accepted electrons at these angles have high momenta and the contamination

from 7~ would only slowly increase the background under the signal in the MmIiSSing-1mass
distributions used in the analyses.
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Figure 11: Electron scattering angle vs. laboratory momentum from analysis of 5.56 GeV high-
field CLAS data. The minimum electron angle subtended by CLAS is about 13°. Ahove momenta
of 2.7 GeV /c, the Cerenkav detectors begin to become very efficient for pions, and other technigques
are required to positively identify electrons.



3.5 Luminosity Considerations

CLAS has recently been operating at luminosities close to or even exceeding design values
of 1x10* cm™2s~!. While design luminosities have been surpassed for light nuclear targets,
as well as for the polarized-target operation during the egl run period, hydrogen target
operation has been limited to about 2/3 of this value. While polarized-target operation is
a rather special case with a 2 T-m longitudinal magnetic field around the target, nuclear
targets have been operated in the same way as the liquid-hydrogen target. The difference
in operating luminosities is simply due to the fact that much of the background originates
from Mogller electrons in the target. The amount of Mgller background per luminosity unit
is Z/A, which for most light nuclei is 0.5, while for hydrogen Z/A = 1.

During the el and e2 run periods it was found that the number of accidental hits in
the drift-chamber system was proportional to luminosity per Z, which indicates that much
of this background was due to X-rays from secondary interaction of Mgller electrons with
the lead shield in the mini-torus area. For hydrogen-target operation, track reconstruction
efficiencies depend only slightly on the beam current for luminosities up to about 70% of the
design luminosity. Beyond that, a drop of up to 10% is observed for operation at luminosities
~up to 1x10° cm ?s ', These results are highlighted below.

The average hit occupancies are shown as a function of luminosity in Fig. 12 for the
Region 1 and Region 3 drift chambers. From these data it is clear that the average accidental
. occupancies are well below 5% at full design luminosity. Fig. 13 shows this information in
a slightly different manner through the correlation of the average CLAS event size as a
function of luminosity. At 1x10* cm™2%s7!, the average event size is <7 kbytes, which
allows for operation with our current data acquisition system at live times >90%. Finally,
Fig. 14 shows the calculated tracking efficiency for recoil protons from e-p elastic scattering,
plotted as a function of the Region 1 hit occupancy for the sector where the recoil proton is
expected. The tracking efficiency remains >95% for chamber hit occupancies up to 4%. At
higher occupancies the tracking efficiency begins to fall off.
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Figure 12: Drift-cell hit occupancy in the Region 1 and Region 3 drift chambers averaged over
all six sectors as a function of liminosity. The circles correspond to the occupancy including all
chamber hits, triangles represent hits unrelated to tracks, and squares represent the cosmic-ray
contribution.

The 5.56 GeV test run was carried out with a luminosity of 6.6x10% cm~2s~!. For
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the upcoming run periods with the hydrogen target, ed and el, additional shielding will
be added in the target region to further reduce the Mgller-related backgrounds. With these
modifications, which are also needed for the next el run period, we expect that the full design
luminosity can be utilized in a manner that will lead to track reconstruction efficiencies
>05%.
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“Figure 13: Average CLAS event size as a function of luminosity. The target material in the electron
beam consisted of 50 mm of liquid hydrogen, 220 pm of aluminum, and 30 pum of mylar.
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Figure 14: Tracking efficiency plotted as a function of the Region 1 hit occupancy (%) for recoil
protons from elastic scattering where the corresponding electron track has been reconstructed.
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4 Deeply Virtual Meson Electroproduction

4.1 Introduction

Much of the internal structure of the nucleon has been revealed during the last two
decades through the inclusive scattering of high-energy leptons on the nucleon in the Bjorken
-or “Deep Inelastic Scattering” (DIS)- regime (@, v > and 25 = ~Q— — finite). Simple theoret-
ical interpretations of the experimental results and quantitative conclusmns can be reached in
the framework of QCD when one sums over all possible hadronic final states. For instance,
unpolarized DIS brought us evidence of the quark and gluon substructure of the nucleon,
with the quarks carrying about half of the nucleon momentum. Furthermore, polarized DIS
revealed that about 25% of the spin of the nucleon is carried by the quarks’ intrinsic spin.
Now, with the advent of the new generation of high-energy, high-luminosity lepton accelera-
tors, combined with large-acceptance spectrometers, a wide variety of exclusive processes in
the Bjorken regime can be envisioned to become accessible experimentally. Until recently,
very few exclusive processes could be treated in the framework of pQCD and compared to
experimental data (typical examples are the #%yy* transition form factor and the elastic
form factors of the pion and the nucleon). Fundamental information on the structure of
the nucleon has been learned from such analyses, from the shape of light-cone meson wave
functions (or distribution amplitudes) to the scale of the intrinsic transverse momentum of
the partons in the nucleon (or Fermi motion), Sudakov effects, etc.

The recently developed formalism of “Off-Forward Parton Distributions” [1, 2] (OFPDs)
-also called “Skewed Parton Distributions”- allows us to enlarge these types of exclusive pro-
cesses and analyses to the broad class of exclusive electroproduction of mesons and photons.
These OFPDs are generalized parton distributions that provide a unifying picture between a
whole set of fundamental quantities of hadronic structure such as: (vector and axial) nucleon
form factors, (polarized and unpolarized) parton distributions, {orbital) spin content of the
nucleon, etc. In this framework, we propose to investigate the following exclusive meson
electroproduction reactions up to the highest Q2 attainable with the CLAS detector and a
6 GeV incident electron beam energy:

o ep— e'(p,w)p

e ep > e'ntn
o cp— (7% n)p

From the Q? and ¢ dependence (at fixed zp) of these reactions, and from the ratios of
the cross sections of these various channels, we expect to learn: fundamental information
about the notions of factorization between “soft” and “hard” physics and their relative
contributions as a function of Q?, the domains of validity and onset of pQCD techniques,
pre-asymptotic effects related to the transverse momentum of the quarks in hadrons, etc.

These reactions have been grouped here following the nature of the outgoing meson
(vector vs. pseudoscalar mesons) and experimental detection concerns (neutral vs. charged
channels). After a brief review of the OFPD formalism, we present the feasibility studies
for these 3 groups of processes with the CLAS detector, including kinematical domains
attainable, count rates estimates, observables to measure, etc.

In a general fashion, the goal of this package of experiments is to measure these reactions
up to the highest Q? values attainable with the CEBAF 6 GeV electron beam.. The Q2.
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xg, and ¢ dependence will be investigated to help distinguish between “soft” and “hard”
mechanisms, i.e. the transition from meson-exchange mechanisms at low Q? to quark-
exchange processes at larger Q*. At high values of Q?, one will test the onset of the 1/°
scaling behavior of the cross section predicted by the OFPD/pQCD formalism.

For the different channels, we want to separate the longitudinal parts of the cross sections
as much as possible to make the connection with the OFPD formalism that relies on the
factorization of the longitudinal part. Also, ratios of the cross sections of these various
channels have to be investigated, as they might show some “precocious” scaling.

We want to emphasize at this point that the actual determination of the OFPDs will
require a more extended and ambitious experimental program (that might be reached in the
near future with the perspective of the rise in encrgy of CEBAF in the next decade). Qur
goal is to make a first step in this direction, which is clearly a prercquisite to the development
of this field.
~ These experiments are the first ones to explore this new OFPD domain of hadronic
physics. This subject is currently in full expansion on the theoretical side. Other experimen-
tal facilities, such as COMPASS and HERMES, are currently considering a similar study of
the OFPDs. In spite of the relatively “low” energy of the incident beam, the high luminosity
and the better resolution that one can achieve with CLAS, will allow equivalent count rates
to the two other facilities in the same kinematical range (but sooner and in a shorter pe-
riod). Also, in the case of COMPASS and HERMES, the ability to perform truly exclusive
measurements is questionable [9]. The perspective of a rich experimental program opens up
for the coming decade.

4.2 'The Physics Case

We briefly review in this section the formalism of the Off-Forward Parton Distributions.

The OFPDs are generalized parton distributions that parameterize the structure of the nu-

cleon in leading-order pQCD. In recent years, Ji [1] and Radyushkin [2] have shown that

the leading-order pQCD deeply virtual Compton scattering (DVCS) amplitude in the for-

ward direction can be factorized into a hard-scattering part (exactly calculable in pQCD),
‘and a non-perturbative nucleon structure part as illustrated in Fig. 15a. In these so-called
“handbag” diagrams, the lower blob represents the structure of the nucleon and can be pa-

rameterized, at leading-order PQCD, in terms of four generalized structure functions, known
as the OFPDs.

H E(x,£,¢)
H,E(z.¢,t)

i
.
]
p+A %

- Figure 15: “Handbag” diagrams for (a) DVCS (left) and (b) meson production (right).

The OFPDs are defined as H, H, E, and E, and depend upon three kinematic variables:
x, §, and £. z is the momentum fraction of the struck quark in the quark loop and, as such,
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is not accessible experimentally. ¢ is the longitudinal-momentum fraction of the transfer
A and reduces to z5/(2 — x5). t = A? is the standard momentum transfer between the
final-state meson and the virtual photon.

H and E are spin-independent and A and E are spin-dependent functions. More pre-
cisely, the light-cone matrix element of the bilocal quark operator that enters in these hard-
electroproduction reactions (represented by the lower blobs in Fig. 15) is at leading twist in
(? given by:

1;—; fdy‘eirP+y" (ﬂl%(-%)%(%)lp) e
:zi"{(’?/_)aﬁ [Hq(w,f,t) NG )" Np) + E%x,61) N(p jio*s N(p)]

#0577 [H28.8) NV ) + B(o60) V6N b 1)

This formula explicitly shows the vector (axial) nature of the I, E (H, E) OFPDs associated
or not with the y5 matrix.

The OFPDs H and H are actually a generalization of the parton distributions measured
in deep inelastic scattering. Indeed, in the forward direction (defined by ¢ = ¢'), H reduces
- to the quark distribution ¢(z) and H to the quark-helicity distribution Ag(z) measured
in deep inelastic scattering. Furthermore, at finite momentum transfer, there are model-
- independent sum rules that relate the first moments of these OFPDs to the standard elastic
form factors. Also Ji [1] has shown that the second moment of these OFPDs gives access
to the sum of the quark spin and the quark orbital angular momentum to the nucleon
spin, which may shed light on the “spin-puzzle”. The OFPDs reflect the structure of the
nucleon independently of the reaction that probes the nucleon. They can also be accessed
~ through the hard exclusive electroproduction of mesons -m%*, p%= w, ¢,..- (see Fig. 15b)
~ for which a QCD factorization proof was given recently [3]. In this proof it was shown
that factorization applies when the virtual photon is longitudinally polarized because, in
this case, the end-point contributions to the meson wave function are power suppressed.
It was also shown that the cross section for a transversely polarized photon is suppressed
by 1/(* compared to a longitudinally polarized photon, so that asymptotically, only o,
survives. Ref. [3] showed as well that leading-order pQCD predicts that the vector meson
channels (p%i, wr, ¢r) are sensitive only to the unpolarized OFPDs (H and FE)}, whereas
the pseudoscalar channels (7%% 5, ...) are sensitive only to the polarized OFPDs (H and
E‘) In comparison to meson electroproduction, we recall that DVCS depends on both the
polarized and unpolarized OFPDs. Therefore, by selecting the nature of the outgoing meson,
one selects the spin-dependent or spin-independent generalized parton distributions. Note
that in this latter case, one can access polarized nucleon structure information without any
polarization of external particles.

For a first exploratory approach, the meson channels hold the best promise due to the
relatively high cross sections. First estimates for cross sections at forward angles were given
in Refs. [4, 5} using an educated guess for the H and H QFPDs. This consists of a product
of elastic form factors and quark distributions measured in DIS. In this “toy” model, E and
F are set to 0, as they enter with a kinematic factor proportional to the momentum transfer,
as shown in eq(1). This ansatz satisfies the model-independent sum rules linking the OFPDs
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to the nucleon form factors, and reduces to the quark distributions from DIS in the forward
direction. In other words, the normalization is well determined. In Ref. [6], estimates using
-a more sophisticated ansatz for the OFPDs, inciuding ¢ dependence, are given.

The OFPD formalism is valid at small momentum transfers ¢ and large (2. Fig. 16
‘shows the forward 7 +p» — M + p cross sections as a function of Q2, and compares the
leading-order predictions with the £-dependent ansatz for different mesons. The leading-
order longitudinal cross section doy /dt for meson electroproduction shows a 1 /Q® behavior.

This scaling behavior is analogous to the one observed in DIS, and is a prediction of pQCD
at large Q2.

do/dt(t=t_) (nb/GeV?)

10 -

1 10 1 10
Q* (GeV?) Q” (GeV?)

Figure 16: Scaling behavior of the leading-order predictions for the forward differential electropro-
duction cross section doy /dt on the proton for vector mesons (left panel) and pseudoscalar mesons
(right panel). For the wt, the pion-pole contribution is given by the full line, whereas the pseu-
dovector contribution is given by the dashed line. Also shown is the scaling behavior of the forward

transverse cross section dor/dt for the leading-order DVCS cross section (dashed-dotted line in left
panel).

One sees that the p? and w; channels, which are sensitive to the unpolarized OFPDs,
yield the largest cross sections. Then come the 7% and #° channels, which are proportional
to the polarized OFPDs. The n° channel is about a factor of 5 below the pseudovector part
(1T} of the 7 channel due to the different 1s0spin structure of the corresponding OFPDs. In
the 7° channel, the u- and d-quark polarized OFPDs enter with the same sign, whereas in the
7" channel, they enter with opposite signs. As the polarized OFPDs are constructed here

~from the corresponding polarized-parton distributions, the fact that the polarized d-quark
distribution is opposite in sign to the polarized u-quark distribution, explains the difference
of the predictions for the #° and 7+ channels. '

It is important to measure the Q2 dependence of the forward differential cross section
at fixed zg. Although it is unlikely that we can reach the pQCD leading-order domain



of applicability at currently available Q? values at 6 GeV, the way the asymptotic 1/Q°
‘behavior is approached is an important source of information on pre-asymptotic effects.
“Soft” contributions are expected to drop as 1/@®. An estimate of these pre-asymptotic
effects in hard electroproduction reactions in the valence region is given in Ref.'[6], where
the effects of the intrinsic transverse momentum dependence of the quarks in the nucleon
and in the meson are quantified.

a+
P 6 = n

Figure 17: Pseudoscalar contribution to “hard” =%t electroproduction. The virtual photon knocks
-out a pion from the meson cloud of the nucleon.
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‘Figure 18: Differential production cross section for exclusive =+ production through the scattering

- of longitudinally polarized photons from protons at Q? = 10 (GeV/c)? for (a) t = #min and (b)
t = —0.4 (GeV/c)®. The dashed and dot-dashed curves show the pseudovector and pseudoscalar
contributions, respectively.

For the case of charged-pion electroproduction, it was shown recently in Refs. [7, 8] that
there should be a strong contribution from the pseundoscalar structure (connected to E, see
eq(1)) as it is related to the one-pion exchange process, which, due to the small mass of the
pion, should be quite important at forward angles. This feature is unique to the charged-pion
process due to the proximity of the pion pole to the physical region, in contrast to the other
(heavier) meson channels. As explained in Ref. [7], one can picture the process in a simple
way, where one identifies the pseudovector contribution (proportional to H ) as the virtual
photon interacting with a quark of the nucleon, which after a hard-gluon exchange, combines
with a second quark of the nucleon to form the final pion (see Fig. 15b). The pseudoscalar
contribution (proportional to E) represents the process where the virtual photon knocks out
a pion from the meson cloud of the nucleon (see Fig. 17). These two processes are predicted
to have distinct behaviors in the zg and ¢ dependences of the cross sections. This deserves

27



thorough experimental investigation.

It is seen in Fig. 16 that for 7% electroproduction in the valence region (zp =0.3) and
in the forward direction, the pseudoscalar contribution (pion pole) is about three times as
large as the pseudovector contribution. This was also found in the calculation of Ref, [7]
that is shown in Fig. 18a for ¢ = t,,;,,. The authors of Ref. [7] concluded that one obtains a
- dominance of the pseudovector at ¢ = £,.;, only at quite small values of z5. At larger mo-
mentum transfers, as shown in Fig, 18b for —¢=0.4 (GeV/c)?, the pseudoscalar contribution
decreases faster. The pscudoscalar and the pseudovector contributions become comparable
around zp~:0.2. Clearly, detailed zp (W) and ¢ dependent experimental scanning is needed
in order to validate and quantify these pictures for the 7+ channel.

4.3 Deeply Virtual Electroproduction of Vector Mesons

Spokespersons: M. Guidal®, C. Marchand®, and E.S. Smith?

“Institut de Physique Nucléaire, Orsay, France, F-91406
®Jefferson Laboratory, Newport News, VA, 23606

The ep — €'(p,w)p channels are fully detailed in the individual proposal £98-107 [10]

that was submitted to CEBAF PAC-14. It was approved with the condition of being run

* simultaneously with other experiments at 6 GeV. We will give below a brief summary of the
proposal and refer the reader to Ref. [10] for full details regarding the measurement.

It is proposed to measure the exclusive electroproduction of the p° and w vector mesons
in the Bjorken regime (Q* v >» and z5 = EQA/J% finite). Due to its predicted cross section in
the asymptotic regime (see Fig. 16), the vector meson channel is one of the first channels
to be explored. As mentioned above, leading-order pQCD gives predictions for the vip —
p(pr,wr, ¢r) channels (where the subscript L denotes the longitudinal-polarization state of
the particle) for which the factorization theorem, on which the OFPD f{ormalism is based,
holds. Experimentally, longitudinal vector mesons will be identified through their decay-
pion angular distributions. Assuming s-channel helicity conservation {SCHC), Ref. [11] then
permits extraction of the cross section for the reaction vip — p(p?,wy, ¢r). We will check
the validity of the SCHC hypothesis by studying those vector-meson decay-density matrix
elements that are zero when SCHC applies.

Our detailed simulations have shown that the combination of the 6 GeV CEBAF electron
beam and the CLAS detector will allow study of these reactions up to Q? ~ 4.5 (GeV/c)?
in the range 0.1< 2z <0.45 (depending on Q?) with reasonable count rates.

4.4 Deeply Virtual Electroproduction of Pseudoscalar Mesons

Spokespersons: A. Empl®, M. Guidal®, V.D. Burkert®, and P. Stoler®

“Rensselaer Polytechnic Institute, Troy, NY, 12180
*Institut de Physique Nucléaire, Orsay, France, F-91406
“Jefferson Laboratory, Newport News, VA, 23606

' JLab energies and moderate x5 arc at kinematics involving quark currents, as opposed
to gluonic currents, that can only be accessed at much higher energies. Specific to pseudo-
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scalar mesons, there is currently considerable theorctical activity to calculate the possible
experimental manifestations. Among the important questions that need to be addressed is
how to handle the hard kernel. The simplest method would be to treat it in terms of valence
pQCD. The issue, as previously mentioned, is at what Q% does pQCD for the meson form
factor become valid. The lower the ¢J? the more higher-twist effects need to be considered,
even for the separated longitudinal cross section. However, we can for the first time provide
very high quality cross section data. Also, since we do obtain a complete ¢ distribution, one
can obtain information about the opy and opp interference cross sections. We expect the
rapid current theoretical progress in this field will make it possible to include higher-order
effects to model these new data. There are many theorists currently working in this area of
research, and new cross section data are eagerly waited to spur on the theoretical activity.

-4.4.1 ep— ntn

The ep — e'n™n reaction is the exclusive electroproduction reaction that is most easily
accessible experimentally due to its relatively high cross section, and due to the simple
identification of the long-lived pion. It is therefore an ideal process to be studied over a large
kinematical range, from the “soft” to “hard” domain.

As emphasized in the previous sections, the separation of the longitudinal response func-
tion of the reaction is essential to make the connection with the OFPD formalism that relies
on the factorization of the longitudinal part. Its study, as a function of Q? and zg, is fun-
damental to test the validity of the pQCD predictions and their domain of applicability.
In the previous section for vector mesons, this separation could be done through the study
of their decay angular distributions and assuming SCHC. Clearly this cannot be done for
spin-0 pions. The objective here is therefore to carry out the Rosenbluth L/T separation
of the ep — ¢’7*n reaction above the resonance region (W > 2 GeV). In the following we
show that we can do so up to @ = 3.2 (GeV/c)2. This separation will allow, besides the

exploration of the OFPD/pQCD domain, extraction of fundamental non-perturbative quan-
- tities of hadronic structure such as the #+ form factor, and possibly the pmy transition form
factor.

L/T separated data for the electroproduction of 7+ on the nucleon above the resonance
region and Q* > 1 (GeV/c)? is extremely scarce. The only measurement has been done
by Bebek et al. [12] at the Cornell accelerator. In that experiment, 5 points (2 points
al, < rp >= 0.24, 1 point at < zp >= 0.35, 1 point at < zp >= 0.5 and 1 point at
< rp >= 0.6) were measured in total. Fig. 19 shows the three points measured about
< zg >= 0.3 as a function of @?. The 2 large Q? points are not incompatible with the
leading-order pQCD calculation [6]. The leading-order PQCD calculation is done here with
a running coupling constant extrapolated to lower Q*. Power corrections to the leading-order
amplitude (pre-asymptotic effects such as intrinsic transverse momentum dependence and
overlap contribution to the pion form factor for instance) are also expected to contribute in
this @2 domain. In any case, it is clear that a precise measurement and scan of this Q2 region
is needed in order to draw any conclusions about the domain of dominance and validity, and
the nature of the various contributions.

We now show how the proposed measurement of exclusive #* electroproduction with
CLAS can substantially improve the accuracy in the range covered previously by the Cornell
data.

The procedure to separate the longitudinal from the transverse cross section in electro-
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Figure 19: Longitudinal forward differential cross section for exclusive 7=+ production as a func-
tion of Q? from the data of Bebek ef al. [12]. Empty circles correspond to < zg >= 0.24 and
full circles to < 2p >= 0.35. The solid and dot-dashed curves are calculations of the total (pseu-
doscalar+pseudovector) and pseudoscalar contributions, respectively, for p=0.3 from Ref. [6]. The

leading-order PQCD calculation was done here with a running coupling constant extrapolated to
lower (2.

production is well known. The general form of the (unpolarized) differential cross section
for the reaction ep — ¢'n*n (integrated over the out-of-plane angle ) is:

Oy = ap + €0, ) (2)

where op, o7, (the transverse and longitudinal cross sections) depend on the variables ()2
(virtuality of the photon), W (total energy of the virtual photon-proton system) (or zz),
and ¢ (the squared momentum transfer between the virtual photon and the pion). € represents
the the virtual photon polarization parameter.

In order to separate o7 and oy, it is necessary to vary €, which can be done keeping zg
and @ fixed, by varying only the beam energy (Rosenbluth separation). The choice of beam
energies results from the compromise between two considerations: (1) higher beam energies
allow measurements to higher %, and (2) beam energies not too close to each other allow

.the benefit from a longer lever arm in € to do a (linear) fit.

In the following studies, we have used the FASTMC program [13] to simulate the response
(acceptance, resolution) of the CLAS detector. We restrict our study to Q2 > 1.5 (GeV/c)?
and —t < 1.5 (GeV/c)?, as our domain of interest is the large Q% and small ¢ region, as
outlined in the previous section. To stay above the resonance region, we require W >2 GeV.

For the identification of the reaction, it is sufficient to detect the scattered electron

-and the charged pion, the neutron being reconstructed by the missing-mass technique (see
csection 3 for details). The electron has to be in the acceptance of the Clerenkov counter
and the calorimeter, and the pion has to cross all layers of the drift chambers and hit the

scintillator counters. This trigger being defined, Fig. 20 shows some aspects of the kinematics
of the scattered electron.
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Fig. 21 shows the phase space in the Q% x5, W, and t accessible for the available beam
energies. Most of these variables are correlated, and one sees that, for instance, for Q% <
2 (GeV/c)? the accessible range in zp is 0.15 to 0.35, whereas at Q*~3.5 (GeV/c)?, it is
0.3 < zp < 0.5 at E,=6 GeV. This range in xp corresponds to the valence region that
is particularly well suited for the study of the quark OFPDs as they are maximal-in this
region (see Fig. 18). For a fixed bin around xg=0.3, it is possible to scan the Q? range from
~1.5 (GeV/c)? up to 3.1 (GeV/c)?. Fig. 21 also shows the W range that can be accessed
as a function of Q2. Note also the well known kinematical effect that t;, increases as Q?
increases. Fig. 22 shows that the (integrated) acceptances in the variables Q?, g, W, and
t are of the order of 40% at E,=6 GeV, and are quite flat.
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Figure 20: (Top) : Scattered electron angle versus Q? for E.=4, 5, and 6 GeV (with the cut
W >2 GeV). The 55° dashed line indicates roughly the maximum scattering angle for the electron to
reach the CLAS electromagnetic calorimeter. (Bottom) : Scattered electron angle against scattered
electron energy.

We present in Fig. 23 the results of the simulations for the Rosenbluth separation. We
have used an event generator, adapted from Ref. [14], based on the model of Ref. [15]. This
model gives a good description of all existing charged-pion electroproduction L/T-separated
data. We generated events with a luminosity of 103 ¢cm~2s~' and 1000 hours of beam time
for both the 4 and 6 GeV beam energies, and 500 hours of beam time at 5 GeV. As an
example, Fig. 23 shows the reconstructed cross section as a function of ¢ from the Monte
Carlo at Q2 = 2.5 (GeV/c)? for < 25 >=0.35 and t — t,,;»=0.1 (GeV/c)?. For the binning,
we took Azp=0.1, At=0.1 (GeV/c)* and AQ*=0.2 (GeV/c)?. Up to @*=2.5 (GeV/c)?, 3
points can be measured for the same values of Q*, zp, and ¢, corresponding to the 3 beam
energies (4, 5, and 6 GeV). Above @*=2.5 {(GeV/c)?, only the 5 and 6 GeV beam energies
(corresponding to-€ ~s0.4 and 0.6) can access these high Q* values as shown previously (see
Fig. 20). '
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Acceptance has been taken into account bin by bin. The error bars are purely statistical.
The procedure to extract o5, and oy is then to simply fit by a straight line the cross sections
thus obtained at the 3 (or 2) € points. The intercept at ¢=0 yields or, and the slope gives
. 0r. Fig. 23 compares the resulting linear fit (solid line) to the input model (dashed line). It
“is clear that at small Q? values, the agreement is very good, and as Q? increases, and thus
“the count rates diminish, the deviations of the fit from the input model become obvious.

The results of the fitted oy and o, cross sections are shown in Fig. 24 along with the
existing point of Ref. [12]. This shows that, in terms of statistics, we can carry out an
accurate measurement, of the separated cross sections up to Q*~3.1 (GeV/c)2. Table 2

shows the corresponding number of events in each bin. Given the high statistics involved
here, it is clear that the final error bars on the separated cross sections will be driven mainly
by the systematic errors.

Rosenbluth separation of absolute cross sections has been one of the important tools in
scparating longitudinal and transverse cross sections. It has been used mostly in inclusive
electron-scattering reactions. Usually, the accuracy of the separation is limited by the sys-
tematic errors of the two or more measurements performed at different beam energies, where
the electron is detected at different angles. This requires excellent control of systematics
in the various measurements. To this extent, such a separation using CLAS has the same
stringent requirements. However, CLAS has a number of features that will allow excellent
control of systematics between different experimental conditions.

First, CLAS measures the entire available phase space simultancously. This means, for
example, that processes are measured concurrently with the reaction of interest that may be
used to control the normalization of any reaction by relating it to a well measured reaction.
-For example, elastic electron-proton scattering will be measured continuously over the entire
available Q? range> Since this process has been well measured, and also the electric and
magnetic form factors are now known with very high precision, we can use this to determine
the relative luminosity for measurements done at different beam energies. We can also use a
possible change in the position of the elastic peak to determine a relative shift in the beam
energy. Another check comes from measuring the cross section for the A(1232) excitation
in the prY channel. This is known to be nearly purely transverse and should not be affected
by changes in the beam ecnergy at a fixed Q% and W, providing additional checks. We
estimate, based on the experience with CLAS during past electron runs, that this part of
the systematic uncertainty can be controlled at the level of ~2%.

Another important contribution is the acceptance for the outgoing #*. While an absolute
uncertainty in the pion acceptance will not affect the extracted value for oy, an acceptance
change for different energies will. This is particularly important since the pions of interest
‘occupy the CLAS acceptance at relatively small angles where the acceptance is restricted by
the torus coils. We estimate that the acceptance can be determined to ~3%.

Since the two contributions to the systematics are largely independent, we add them
quadratically and obtain a systematic uncertainty of less than ~3.5%. For the fit to separate
or and or, we assume a 4% error. As shown in Fig. 24, the effect of this error is largest at
small Q? where the rate is higher, while at higher Q?, the separation is dominated by the
statistical uncertainties.

As a last point of this exclusive charged-pion electroproduction study, one of the advan-
‘tages of CLAS is the possibility it allows to bin data in the kinematical variables relevant

“to the physics under study. For the present case, we have studied the L/T separation at
fixed zp, which is the appropriate variable for pQCD-related studies. However, similar L./T
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Q? E.—4 GeV E.=5 GeV E.=6 GeV
(GeV?) Gen. | Acc. || Gen.| Acc. Gen.| Acc
1.6 - 1.8 || 148760 | 63880 || 98445 | 47742 || 229205 | 109762
1.8-2.0 | 77390 | 27560 || 55805 | 256202 || 134732 [ 63685
20-22 38362 | 9065 || 30522 ] 12205 76747 | 34322
2.2-24 18022 | 2142 | 18115 | 6302 48115 | 20255
24-26 5732 45 8102 | 1857 22695 7660

26-28 0 0| 5007 800 || 15347 4542
2.8-3.0 0 0 2727 267 9775 2237
3.0-3.2 0 0] 1047 37 4852 792

Table 2: Estimated number of events generated (Gen.) and accepted (Acc.) from Monte Carlo
that are expected per (Q?,z5,t) bin for 1000 hours of beam time at E,=4 and 6 GeV and 500 hours
of beam time at Eq=5 GeV. zp and £ — t,;, are fixed at < zp >=0.35 and t — £, =0.1 (GeV/c)?,
and Azp=0.1 and At=0.1 (GeV/c)%. The Q? bins are indicated on the right column of the table.
Luminosity has been taken as 10% cm—2s71.

separations can be done at fixed W. One can then analyze differential cross section data in
- the framework of traditional ¢-channel meson exchanges (the only contributions “surviving”
., above the resonance region). It was shown, for instance, in Refs. [17, 16, 15] that a very
successful and economical description of most of the (scarcely) available published charged-
pion electroproduction data above the resonance region is provided by a (gauge-invariant}
Regge model based on 7 and p Regge-trajectory exchanges. This allows us to also extract
fundamental quantities of hadronic structure such as the n#* form factor, and possibly the
pry transition form.factor.

Fig. 25 shows the T and L cross sections for 7+ electroproduction for typical values of @
that can be accessed around W =~ 2 GeV at CEBAF. It is seen that the L response function
- is independent of the p exchange at ¢t = t,,;,, which makes it appropriate to extract the «
electromagnetic form factor. Going to higher Q*, the value of —t,,;, increases (for a given
W) as can be seen. Consequently, to extract the 7 electromagnetic form factor at higher
Q?, one has to extrapolate to the pion pole (t = m2) which is further away at these higher
@Q? values. It is important to note that the ¢-dependence is very dependent on the model
used. In Fig. 25, a traditional Born model (based on standard pole-like 7 and p Feynman
propagators (1/{t — m, ,)?} is compared to a Regge-type model (ox s2#(t), where o ,(t) is
--a Regge trajectory). This means that at higher Q% where the form factor fit has to be done
using the data at higher t-values, the normalization will be quite different between a Born
and a Regge model. Consequentiy, the extraction becomes more and more model dependent
as one goes to larger Q2 for a given W. :

If one wants to correctly extract the pion form factor it is important to provide thor-
ough measurements of the ¢ and W dependences of the differential cross section at various
@%. This also motivates the push to higher energies, because in that case, the value of
~tmin decreases. For instance, Fig. 26 shows the nt electroproduction cross section for
Q?=1.2 (GeV/c)? at two energies for which data from a Cornell experiment [18] exist, and
a Regge model is compared to a typical Born model again. As already noticed in Ref. [18],
a Born-term model does not reproduce the ¢-dependence of the cross section. Usually, one
“cures” this by adding another “hadronic” form factor at the # NN and pNN vertices to
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Figure 25: T and L response functions for 7+ electroproduction at W = 2 GeV for different values
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“exchange model with A2 = Af; = 0.462 GeVZ.
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steepen the {-dependence (this is done at the expense of an additional free parameter for the
mass scale of this “extra” form factor). However, the ¢ slope changes also with energy, and
the data at the highest energy, W = 3.1 GeV, clearly favor a Regge model; it predicts a much
steeper t-dependence at higher cnergy than a Born model. A Born model multiplied by a
t-dependent off-shell form factor cannot reproduce this feature. This steeper t-dependence
with increasing energy, proper to Regge theory and known as “shrinkage”, was seen pre-
viously for photoproduction [15, 17|, where data exist at higher energy compared with the
electroproduction data. Furthermore, it is seen in Fig. 26 that including a ¢-channel p Born
exchange leads to a rising t-behavior of the cross section at larger —t values, which is clearly
ruled out by the data. This different behavior in ¢ between the Born and Regge models is of
critical importance concerning the extraction of the pion electromagnetic form factor from
the measured cross sections.

Y +pon +n:Q =12 GeV?
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Figure 26: Comparison of the differential cross section for mt electroproduction at energies of
W=2.15 GeV and 3.1 GeV at Q? = 1.2 {GeV/c)? and for ¢= 0° (in plane). Dashed-dotted lines
: 7 Born exchange with A? = 0.462 GeV?, dotted lines : 7 4+ p Born exchanges with A2 = A%
0.462 GeV?, dashed lines : m+ p Regge exchange model with AZ = AZ = 0.462 GeV?, full lines :
7 + p Regge exchange model with A2 = A2 = 0.50 GeV? which gives a better fit to the data. The
data are from Ref. [18].
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The large acceptance in ¢ provided by the CLAS detector (see Fig. 22) will allow us
to measure this critical dependence and constrain the extrapolation procedure. This is a
feature that experiment E93-021 [20], currently being run in Hall C, is not sensitive to as
- the spectrometers provide only a limited ¢ acceptance around toiin- -

We have done simulations and find that similar to the fixed zp study, one can carry out
the L/T separation with reasonable accuracy at. fixed W up to Q*=3.1 (GeV/c)2. In addition
to the oz /oT separation, which is the main physics focus, this experiment will produce high
quality differential cross section data for the nm* channel covering the entire W range up to

3 GeV, Q” up to 5.5 (GeV/c)?, and —t up to 6 (GeV/c)2. No such data have been measured
in the past.

4.4.2 ep—e(nn)p

Neutral pseudoscalar electroproduction is naturally complementary to the charged-pion
study. It was already pointed out in the introduction that the zy dependence of the 7+ [n®
ratio ought to be investigated as the presence of the 7+ pole mechanism in charged-pion
clectroproduction should yield a peculiar behavior, i.e. an enhancement, in the valence
region.

Also, the comparison of both the #° and 5 (along with the 7') cross-sections allows us to
perform a flavor separation of the polarized OFPDs (H* and H 4) as these OFPDs enter with
different combinations for these different channels. Recent articles point to the richness of the
physics that can be accessed through the neutral pseudoscalar channels. Eides, Frankfurt,
and Strikman {19] point out that “It seems likely that a precocious factorization... could be
valid already at moderately high Q? [> 5 (GeV/c)?], leading to precocious scaling of the spin
asymmelries and of the ratios of the cross sections as a function of Q2?, and z5”. Thus, for
example, in the naive quark model they find ratios 7 : 5 7 of:

1,2 1, ., 1,2 1 2. 5 12 1 2
where Au, Ad, and As correspond to the quark-spin helicity distributions. If Ad = —Au
and As = 0, one obtains a ratio of 7 : 57 : 9 = 1:3:6. This is modified if one includes SU(3)
breaking and the axial anomaly, and one gets an =5 dependence when ¢q pairs are included.

Feasibility studies were carried out for the proposed experiment ep — €'prp(n) at an
electron beam energy of 6 GeV for CLAS using Monte Carlo simulation results, as well
as using the existing 4 GeV and 5.56 GeV data. Shown in Fig. 27a is the missing-mass
squared spectrum below 0.6 GeV? obtained from a preliminary analysis of 4 GeV data.
Only events with a mass of the recoiling hadron system W>1.8 GeV for virtual photons of
@*>2 (GeV/c)? were selected. The spectrum shows clear peaks for both 7y and n mesons.
Cuts to suppress elastic, radiative, and multi-pion events were applied. For comparison, we
display an equivalent missing-mass spectrum in Fig. 27b for data taken recently during a
short test run at 5.56 GeV. This data set contains about 10 M triggers, which comprises a
data taking period of 2 hours at a nominal instantaneous luminosity of 6.5x10% cm=25-1,
Again, the my and n peaks are clearly visible. This is the first time that deep exclusive m
and 7 production have been observed in this region.

In order to simulate the expected exclusive m, and 1 production equivalent to one month
of beam time at an electron beam energy of 6 GeV and a luminosity of 1x10% cm~2s7!, we
modeled the differential cross section as:
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do/dt = oo f(t)g(Q%). (3)

oq was obtained by extrapolation using comparable data that is only available at low Q2 from
a measurement at DESY [21]. The (2* dependence was assumed to follow g(@?) =~ 1/Q5.
From the 4 GeV CLAS data, we extracted the angular distribution of the produced g -
mesons with respect to the direction of the virtual photon in the rest frame of the hadronic
system cos(f;, ), as shown in Fig. 28a. In Fig. 28b we show the momentum transfer to the
meson, ¢t = (q — pry)*- A function was fit to this spectrum to extract f(). This distribution
is strongly forward peaked with a break at -tas1 (GeV/c)? that agrees with observations at
lower Q2.

r 1205
- (@ 4 GeV (b) 5.56 GeV
300F
i sof
200f i
[ 10}
100}
0 A 1 1 [] A X 0 1 L Al ugaa b Pl PR B 11
0 0.2 D4 0.6 0 0.2 0.4 0.6
MMZ for ep — e’pX  (GeV?) MM for ep — epX (GeVz)

Figure 27: Missing-mass squared spectra for ep — ¢'pX for Q*>2 (GeV/c)? for (a) 4 GeV data
and (b) 5.56 GeV data. NOT ACCEPTANCE CORRECTED.
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Figure 28: (a) Angular distribution cos frs of the meson in the rest frame of the produced hadronic

system, and b) momentum transfer t = (g — pr,)? to the meson for 4 GeV data. NOT ACCEP-
TANCE CORRECTED. S
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As a final input to the simulation, we extracted a rough geometrical acceptance for
the CLAS detector from the test data taken at 5.56 GeV. Fig. 29 shows the electron and
proton correlated acceptance as a function of the angles 6 and ¢. An elliptical function was

“determined describing the envelope and used together with a 6,,,,=55° cut-off to accept
" events in the Monte Carlo.
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‘Figure 29: Correlated acceptances for electrons (left) and protons (right) for CLAS from 5.56 GeV
data analysis.
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Figure 30: W vs. Q? distribution for simulated 6 GeV data (left) and measured data at 5.56 GeV
- (right).

The following graphs present findings and expected statistics from the simulation for
a running period of one month. In Fig. 30a, W is plotted versus Q2, for Q2 between 3-
6 (GeV/c)®> and W between 2-3 GeV. The events that fall in the CLAS acceptance (dots)
are compared to the generated events (boxes). 91k 7y mesons are expected to be produced
out of which 27k will be accepted. The W vs. Q? plot from 5.56 GeV data is shown in
Fig. 30b. The W and ¢ distributions and expected statistics for one month of running are
shown for different Q* bins in Fig. 31. In each spectrum, both the Monte Carlo generated and
accepted events are shown. The above findings apply similarly in the case of 5 production.
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Figure 31: Simulation results for several Q2 bins for (a) ¢ distributions (left) and (b) W distribu-
tions. In each subplot the histrograms for both the Monte Carlo generated and accepted events are
shown. The ratio yields the CLAS acceptance function. The data generated are what is expected
- in CLAS for one month of operation at a luminosity of 10°* em 2571,
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Figure 32: Simulation results for several 2 bins for the ratio R(x°/7), corresponding to the low ¢
region of Fig. 28b. The error bars correspond to the statistical accuracy of accepted data, including
the multi-pion continuum underlying the 7 missing-mass peak. The solid curve is the naive ratio
as discussed in the text [19].
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A very important advantage of the large kinematic acceptance of CLAS is that we can
obtain the entire ¢ distribution (Fig. 28b). This enables us to more effectively subtract out
the s-channel processes, such as resonance production, and therefore obtain data at a lower
W (where the cross sections are larger) than would otherwise be possible. Fig. 32 shows the
statistical accuracy of the ratio R(x°/n) for increasing values of Q? for the forward-peaked
portion of Fig. 28b for the accepted 7% and 7 for one month of beam time.

We conclude that a measurement with reasonable statistics should be possible up to a
Q* of about 5 (GeV/c)2.
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5 The N* 6 GeV Program

9.1 Introduction

The goal of the N* program is to provide as complete a picture of the internal structure
of baryons and their coherent excitations as possible. Distinct advantages of electrons over
hadronic probes for the excitation of baryonic states have been pointed out in the proposals
for that program [1]. Conventional experiments employ magnetic spectrometers and focus
on specific excitations at specific kinematics. On the other hand, with CLAS it is possible
to measure simultaneously angular distributions over a wide range of W and @* for many
channels, including not only single-meson production processes, such as 71, 7%, and #, but
multi-pion final states as well. Even reactions with 7'p in the final state that have not yet
been investigated in electroproduction can be studied using CLAS. The broad range and
overall unity of the CLAS program and its physics issues have been described in numerous
proposals and in several summary documents (e.g. Ref. [2]). In this section we review the
high ()? extension of the program that is possible with a 6 GeV electron beam, and request
allocation of 40 days of beam time for experiment E91-002, in concert with the other accepted
and proposed experiments in this package. We also discuss the extension of the N* program
to higher W and request allocation of 15 days of beam time with reversed torus field.

First, we briefly review the physics motivation, including recent developments. We then
argue that the analysis of data already obtained at 4 GeV, along with data from a short
5.96 GeV test run, demonstrate that the proposed 6 GeV measurement will vield data of
excellent quality for single-meson and two-pion production for @? up to ~5 (GeV/c)2.

5.2 Physics of the N* Program with the CLAS

One of the fundamental subjects in sub-atomic physics is the structure of baryons and
their excitations in terms of quark and gluon constituents. A central issue concerns which
models are valid for describing excitation processes in different domains of Q% At low Q?
(<1 (GeV/c)?), the structure of the interaction is very complex, and as yet unsolved, al-
though the constituent quark model (CQM) has proven to be a very powerful and widely
accepted basis. At low Q2 the CQM has been combined with the single-quark transition
assumption to describe with some success the electromagnetic transitions to resonant states.
A good introduction to the systematics of these calculations and their Q* dependence is
provided by Close [3]. Experimentally, the limits of the CQM have still not been adequately
explored. With increasing Q?, smaller hadronic substructures are probed, so that the spa-
tially extended constituent quarks would become less useful as fundamental basis states.
It is widely believed that at asymptotically high @Q?, coherent reactions such as elastic and
transition scattering are dominated by states involving very small baryon size. In this regime
the physical description is expected to be greatly simplified by describing the interactions
in terms of hard perturbative QCD (pQCD), with contributions only from the leading-order
Fock state (valence pQCD). The signatures of these hard processes are helicity conserva-
tion and the well known pQCD constituent scaling in Q2. Many theorists believe that the
few-GeV regime accessible at JLab is a transition region involving, as yet undetermined, com-
binations of the soft processes associated with the CQM and the hard processes associated
with valence pQCD. .

Currently, many theoretical groups are investigating the range in Q% for which the hadron
and CQM bases are valid, and a number of these have been calculating the Q? variation of the
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resonance amplitudes. For example see the conference proceedings for Baryon-98 [4], Trento
(1998) [5], and Seattle (1996) [6]. For the high Q? region there was a flurry of activity,
summarized in several review articles [7, 8], to calculate elastic and resonance transition
form factors to test the pQCD predictions.

Currently, important progress is being made in describing exclusive reactions in the
transition region in terms of combinations of soft and hard processes, in which the soft
processes are described in terms of quark-distribution functions that are generalizations of
inclusive deep inelastic scattering structure functions and a pQCD kernel with higher-twist
corrections. Thus, the different approaches for studying the baryon form factors define three
distinct regimes: the low @? CQM, the high @* pQCD, and the transition region. These
are schematically illustrated in Fig. 33. Experimental study of the transition region is well-
matched to CEBAF’s current and future capabilities. One purpose of this experiment is to
look for signatures of the transition region by studying the Q% evolution of the form factors
for transitions to excited resonant states. The use of CLAS to detect the mesons and measure
their angular distributions both tags the produced baryon states, and provides their helicity
(or multipole) amplitudes.
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Figure 33: Schematic illustration of exclusive resonance production in the three regions of Q?: a)
constituent quarks, b) transition region with separation in terms of soft and hard sectors, and c}
high Q? valence pQCD regime.

The importance of high ? measurements is not limited to the possibility that they may
reveal evidence of a tramsition to pQCD. One way of testing the CQM is to study ratios
of transition amplitudes of states belonging to the same supermultiplet. In the amplitude

ratio,
Ay (N*(1520))
A, (N (1538)), )

B B

effects of the radial wave function drop out, and since both states have the same mass,
kinematical effects should be small. Fig. 34 shows the data in comparison with model
predictions. This ratio is rather insensitive to relativistic effects and other model ingredients.
At high @2, the predictions are close to the SU(6) limit for the pure spin transitions that
are expected to dominate. While the data agree very well at low Q?, the highest Q2 point



indicates a significant deviation. Whether this is a sign for a non-trivial breakdown of the
CQM at small distances remains to be seen with improved data.
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Figure 34: Test of the CQM symmetry structure; the curves are from Ref. [9].

Using experimental information on states belonging to the same supermultiplet, one can
“test symmetry properties of the electromagnetic transition between supermultiplets. In a

single-quark transition model (SQTM), radiative transitions from the ground state to the
[70, 1] supermultiplet are described by a one-body current operator:

Jim:A'L++B'S++C'L+SZ, (5)

corresponding to orbit, spin, and combined spin-orbit coupling, respectively. Deviations
from the SQTM predictions may therefore yield information about multiple quark contri-
. butions. Using the data on the N*(1535).and N*(1520), we can determine A, B, and ¢ as
a function of @2, and predict transition amplitudes to all other states belonging to [70,17].
The predictions agree quite well with the data at the photon point, showing that SU(6)
symmetry is approximately correct. However, this symmetry might break down at high Q2.
. This can presently not be tested as electroproduction data on most of the higher-mass states
are lacking. '
It is clear that a study to compare and contrast the Q}* dependence of the form factors
for transitions to a number of different resonances will be very useful in understanding
fundamental properties of these structures, independent of any model used to explain them.
For electron beams with a maximum energy of 4 GeV, the CLAS N* program is limited to
momentum transfers of <3 (GeV/c)? for the low-mass states, and to 2 (GeV/c)? for states
with masses of ~#1.7 GeV. For higher momentum transfer, the N* program has used the two
Hall C spectrometers in coincidence to study production of the A(1232) via its decay to the
pr® channel [10], and production of the S;(1535) via its decay to the py channel [11] at two
specific values of Q? with a maximum of 4 (GeV/c)?. At least for the A(1232), the onset
of pQCD was not observed. However, the detailed characteristics of extracting the small
contributing amplitudes are ambiguous for several reasons. For one thing, the limited solid

angle prevented full out-of-plane coverage, and even more importantly, the study of the =+
channel was not carried out.
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The Hall C experiment was limited to the A(1232) and S;,(1535) because the proton
is emitted in a narrow cone around the ¢ direction when the excited resonance is near the
threshold of the produced mesons. For a complete study of these states, one should study
both their charged- and neutral-pion channels. Furthermore, both the A(1232) and 511 (1535)
states have some unusual characteristics that make it important to study high-@? behavior
of other states as well. First, the A(1232) excitation strength falls off much more rapidly
with Q? than other resonances such as the Dy3(1520) or Fy5(1680). It has been suggested
that perhaps its leading-pQQCD amplitude may be anomalously small so that experiments at
even higher () may be required to study the transition to dominant pQCD behavior [12].
Secondly, the Sy;(1535) is the only strongly excited state with a large 7 decay, and there
have even been suggestions that the S;;(1535) is not dominantly a regular |qqq) state, but
is instead dynamically generated, as suggested by some recent studies [13].

To obtain a more complete picture of resonance production and avoid these difficulties
of interpretation, measurements of transitions to other states are needed. However, with the
exception of the A(1232), states with large photo-coupling strength are mostly isospin-1/2
states that couple more strongly to the n#™ channel than to the pr° channel. Their study
requires measurement of the 7% in the final state. Pion production through these resonances
is far above the pion threshold. Measurement of the angular distribution of the resonance
decay angles, ¢ and 8, with conventional spectrometers is difficult, especially since particle
detection out of the electron scattering plane is required. Large acceptance spectrometers
= such as CLAS are most appropriate for such measurements. Moreover, to obtain a broader
picture of the high @? behavior, it is necessary to measure the (* evolution for several
states in the baryon spectrum. Many of these states have larger branching ratios into multi-
pion channels, and therefore it is required to extend the measurements beyond single-meson
electroproduction. -

The large kinematical coverage of CLAS allows the measurement of resonances such
as Ih3(1520), Fi5(1680), A*(1620), and A*(1700) at high Q? in decay channels that are
significantly above the meson-production threshold. The CLAS program has already shown
that some resonances in the mass region of 1.5 to 1.8 GeV/c? are strongly excited in the
prtn~ channel, especially the ATt~ channel [14]. For baryon resonances with masses above
1.9 GeV/c?, n' mesons may provide an excellent probe as they couple only to isospin-1/2
states. The quark model predicts that only a few resonances may have considerably large
couplings to 7' N as well as yN.

5.3 N* Excitations at High @Q? in the pr’, pn, and n7t Channels

Spokespersons: V.D. Burkert?, R. Minehart?, P. Stoler®, and M. Taiuti®

¢ Jefferson Laboratory, Newport News, VA 23606
%University of Virginia, Charlottesville, VA 22901
“Rensselaer Polytechnic Institute, Troy, NY, 12180
4INFN-Sezione di Genova, Genova, Italy, I-16146

5.3.1 Preliminary CLAS Results at Lower Q?

We have obtained large quantities of unpolarized and polarized electroproduction data
at beam energies of 1.6, 2.4, and 4.0 GeV that, once the full complement of data has been ..
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accumulated, will provide information on resonance amplitudes at lower Q2. The data at
- the lowest beam energy have been carefully analyzed in the pr®, nw*, and py channels, and
- preliminary cross sections and angular distributions have been extracted and presented at
conferences.

Where comparisons with other data are possible, and very limited data are available from
previous experiments, our results are in agreement. Currently, acceptance calculations are
being refined to allow extraction of cross sections in areas of phase space where the accepted
solid angles are small. Multipole analyses are used to extract resonance transition multipoles
from the data. First results in the A(1232) region are very encouraging.

The 7% production is strongly dominated by the A(1232), and the » production by the
511(1535). The 7+ data show clear resonance structure in the region of the Dy3(1520).
Resonance structure in the region of the N*(1700) is also clearly seen in the higher-energy
nat data, but has not been fully analyzed. Figs. 35 and 36 show some of the CLAS data,
taken at 4 GeV in the pn% nz*, and py channels. The rates for the two different pion
channels reflect the: isospin structure of the various resonance contributions. The A(1232),
with I=3/2, couples twice as strongly to the pn® channel as the higher-mass I=1/2 N*
resonances, which couple more strongly to the nmt channel, as is evident in Fig. 35. Fig. 36
shows the unique selectivity of the pn channel for the S11(1535).
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Figure 35: W dependence of the pr® (solid line) and nxt (dashed line) production yields at
4.05 GeV beam energy.

The isospin 1/2 of the dominant higher-mass states makes the nw+ channel very attractive
for the study of resonance transition amplitudes. A disadvantage is the large contribution
due to the pion t-channel exchange term that dominates nzt production at forward angles.
However, this contribution is quite well known, and is usually included in the analysis. Two
states that we expect to be able to measure well in this channel are (1) the Dy3(1520) with
a 50-60% branching ratio into N, and (2) the Fi5(1680) with a 60-70% branching ratio to
this channel [15]. We note that 2/3 of the N7 decays proceed through the na* channel for
these states. For the D;3(1520) there is a strong competitor, the S11(1535), with a 30-40%
branching ratio into the N7 channel. Fortunately, the strength of this state can be measured
well in the py channel. Moreover, analysis of the angular distributions allows one to separate
the d-wave behavior'of the D,3(1520) from the s-wave behavior of the S511(1535). Similarly,
the F15(1680), which has an f-wave behavior, can be isolated from the competing S, (1650)

?
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Figure 36: (a) Missing-mass squared spectrum of ep — ¢'pX, (b} W dependence at 4 GeV beam
energy corresponding to a cut in the missing-mass spectrum around the 7 mass with cuts on
@*>2 (GeV/c)? and W<1.8 GeV. This spectrumn clearly shows the $1(1535) peak.

which has an s-wave behavior. In addition to the partial wave analysis, another experimental
_handle is that the strength of the S;;(1650) is constrained by its strong mixing with another
¥ s-state, the S11(1535).

In summary, the isospin selectivity of the nzt versus the pr® channel, and the $);(1535)
selectivity of the pn channel, will allow a very accurate determination of the transition
multipole strength for the strongly excited nucleon and delta states.

5.3.2 Preliminary Results at High Energy

Isolating the single-meson channels at 6 GeV in CLAS will be more difficult than at
lower energies, as discussed in section 3. The neutral-meson channels have been identified
primarily by the missing mass of the final-state electron and proton. For the 7° channel
the major contaminant is the elastic radiative tail, which becomes worse at higher energies
due to worsening missing-mass resolution. Fortunately, there are various cuts that can
be selectively applied to essentially eliminate this contamination. For the n channel the
most important contamination is multi-pion emission, and the radiative tails from lower
missing-mass channels. However, these contaminations are relatively smooth functions of
missing mass, and can be reliably subtracted. Fig. 37 shows the missing-mass distribution
for ep — €'pX for various intervals of Q?. The 7’ and 7 are clearly evident at even the
highest Q? interval.

Although the statistical precision is low, the W distributions in Fig. 38 for the na?'
channel show resonance behavior around 1.5 GeV, likely due to the excitation of N*{1520).
The data also indicate an increase in the relative strength of the peak around 1.5 GeV in
comparison with the A(1232) peak. Qualitatively, this is expected from the lower ()? data,
where in comparison to higher-mass resonances, a faster fall-off of the A(1232) excitation
with increasing Q* was observed.

Similar W plots for various values of Q* for the pr% and pn channels are shown in
Fig. 39. Note that for the pr® channel the dominant role of the A{1232) peak is reduced
with increasing %, and that the S;;(1535) state dominates the pn channel for all Q2. These
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Figure 38: W dependence of the nat yield at 5.56 GeV beam energy for various Q? bins. The
A(1232) and a state with mass near 1.5 GeV are clearly visible, especially at high Q2.
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W spectra have included crude side-band subtractions.
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* Figure 39: W dependence of the pr? (left) and py (right) yields at 5.56 GeV beam energy for
various @ bins. The A{1232) and S1,(1535) states are clearly visible. Note that crude side-band
subtractions have been performed on these spectra.

5.3.3 Proposed Measurements

We propose to extend the measurements of experiment E91-002 to 6 GeV. The kinematic
range covered will be slightly larger in Q? than observed in the 5.56 GeV test run data. The
differential cross section will be measured with a polarized electron beam as a function of
the invariant mass W, the azimuthal hadronic angle ¢, and the n% center-of-mass (CM)

angle 8, of the final-state pion. The differential cross section for this process can be written
as:

d ) .
d;; = 0p + €0 + €or €08 2¢, + v/ e(e + 1) /2 opp cos ¢ + Poy/e(1 — €)/2 oy sin O sin .

(6)

Out-of-plane measurements that aliow a determination of the ¢,-dependence of the cross
section enable a separation of the four response functions, oy + €or, orr, orr, and ory..
A separation of or and &y, is not required for this proposal as the resonance couplings are
known to be mostly transverse. Moreover, information on longitudinal amplitudes can be
extracted with greater sensitivity from the interference terms op; and o7y than from the
total cross section. However, we will have sufficient statistics in the lowest @2 bin to carry out
such a separation with sufficient accuracy to add independent information and allow cross
checks. As shown in Fig. 40 from analysis of 5.56 GeV CLAS data, full angular coverage in
the polar and azimuthal pion-angle is provided by the large acceptance of CLAS.
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5.3.4 Expected Statistical Accuracy

The expected statistical accuracy for the pa® and pn channels was presented in our
previous high-Q? proposals and found to be favorable. Here we present the results from the
% test run at 5.56 GeV to obtain a reliable estimate of the expected nnt rates. We consider
: n production as a function of Q2 in the resonance region. Table 3 shows our expected rates
for a 1000 hour run at a luminosity of 1x10% cm™2s~! with a detector and data collection
“efficiency of 100%. We expect to bin the data into 12 W bins of 50 MeV, 6 ¢, bins, and
10 8, bins, for a total of 720 bins. This will result in-sufficient statistics per bin for the
- physics analysis, even at the highest Q2. The lowest (? bin will overlap with the data taken
~at 4 GeV. For this Q? value, we may also attempt a o, /o separation.

W =11-1.8 GeV
@ (GeV/e)? [15-25[25-3535-45]45-55
no acceptance cuts 950k 300k 70k 26k
w/electron cuts 180k 220k 66k 24k
w/e”, 7 cuts 135k 185k 52k 20k

Table 3: Estimated rates in the na+ channel for a 1000 hour run.

5.3.5 Data Analysis

The techniques developed for analyzing the data at lower energies will be fully applicable
at 6 GeV. The raw data are converted to cross sections using acceptances obtained from the
GEANT-based CLAS GSIM simulation package. A Fortran program was written to perform
radiative corrections to the exclusive data. This program has already been used to correct
the pr® and nr* data at lower energies.

"The cross section data will be analyzed first with a partial wave analysis and a multipole
analysis in the nm™ Channel alone. This will allow checks of the integrity of the data. Next
we will perform a partial wave analysis of combined data in the pr® and pn channels. By
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utilizing the selectivity for each of the decay channels, more accurate information will be
obtained about weaker states by including information from all channels, with different flavor
compositions. This will allow us not only to identify the partial wave content, but also the
1isospin of the resonant state. The single-channel analyses allow consistency checks, since all
channels must give the same results within the accuracy of the analysis. The multi-channel
analysis provides many more constraints and much reduced fit uncertainties.

In contrast to general belief, partial wave analyses of higher-mass states at high Q? should
become easier. This is due to the reduced strength of the A(1232) at high @2, as well as the
dominance of the D;; and Fi5 resonances that can be used as constraints to the fit.

There are currently a number of groups that have developed analysis codes that are
applicable for the expected data, including an “isobar” approach [16], a fixed-¢ dispersion
relation integration procedure [17], and effective Lagrangian-based procedures [18, 19, 20].
The isobar model that was developed includes resonant and non-resonant amplitudes. The
resonances are parameterized in terms of relativistic Breit-Wigner forms with momentum-
dependent widths. “The background is due to single-pion Born terms at the tree level with
absorption terms to conform to unitarity constraints. Additional background is modeled
with correct threshold behavior for the multipoles, and with high momentum fall-off as
required by pQCD. The dispersion-relation approach uses an integration over the entire W
range including the resonance region and the deep inelastic region. A K-matrix unitarization
method is used in this analysis. The two methods have been used on the same data for the
“pr® channel in the A{1232) region and give consistent results for the E1, /M, ratio of the
NA transition. We will continue to refine the analysis methods, e.g. by using more flexible
parameterizations for the background amplitudes.

Several theoretical groups have developed dynamical effective Lagrangian models. Al-
though they are consistent among themselves, a theoretical controversy has developed re-
garding the role of channel coupling between resonant and non-resonant amplitudes in the
interpretation of the resonances.

5.3.6 Summary

A test run at 5.56 GeV has demonstrated the feasibility of experiment E91-002 to use
6 GeV incident electrons on a proton target in the CLAS detector to study electro-excitation
of nucleon resonances at high @* through a measurement of the na™, pn®, and pn decay
channels. The analysis procedures developed for lower energy measurements in CLAS can
be applied for this work. With a 40 day run using a 6 GeV beam, good statistical accuracy
can be achieved for both all the single-meson channels considered.

5.4 N* Excitations at High Q? in the Two-Pion Channel

Spokespersons: M. Ripani® and V.D. Burkert?

¢INFN-Sezione di Genova, Genova, Italy, 1-16146
bJefferson Laboratory, Newport News, VA 23606

Any constituent quark model incorporating the basic features of approximate SU(6)
symmetry with explicit flavor-breaking terms, a spin-spin interaction, and a confining po-
tential, can give a satisfactory account of a number of general properties of baryon states,
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such as the main static properties of the ground state and the first excited states. However,
besides the well-known problems involving electromagnetic properties, such as differences
between calculated and measured transition form factors, there are problems regarding the
number of states. The symmetric quark model predicts more-states in the second orbital
band than are seen in experiments. This problem of “missing states” has stimulated the
development of other models.

Quark models with hyperfine mixing and explicit meson couplings predict a very weak
pion coupling to some states, which decay predominantly through multi-pion channels [21], a
decay channel experimentally observed in many high-lying states. Since the evidence for the
existence of resonant states is primarily derived either from pion-nucleon reactions or from
photo-production of one-pion final states, the lack of evidence for baryon states with a very
small pion coupling is not surprising. Models based on various meson creation assumptions
found similar results [22, 23, 24]. Other models offer alternative explanations for the missing
states. Forinstance the Quark Cluster Model [25], which has fewer spatial degrees of freedom,
predicts fewer states. A table of established resonant states with sizeable branching ratios
in the two-pion channel, as well as a table reporting predicted missing states with large
two-pion branches, can be found in the proposal for E93-006.
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Figure 41: Prediction from Ref. [26] for the photocoupling of the N(1710). The dotted line is the
non-relativistic calculation for the transverse photocoupling, while the dashed line is the result of
the relativistic calculation.

It is well known that the non-relativistic quark model is not successful in describing the
Q* evolution of the elastic form factors or the transition to the A(1232) [26]. Although
experimental information about the transition form factors for higher-mass resonances is
more limited, serious discrepancies between the predictions of the non-relativistic quark
model and the extracted amplitudes for these states hiave been observed. Some models,
such as that of Ref. [26], show sizeable changes in the Q? evolution of the photocouplings
by using some specific prescriptions for incorporating relativity into the quark model. One
example for a particular high mass resonance is shown in Fig. 41. On the other hand, from
the analysis of Ref. [27], there is the claim that non-perturbative ingredients, in conjunction
with a constituent quark form factor derived from the elastic proton and N — A experimental
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data, can describe resonance photocouplings up to Q?=10-20 (GeV/c)2.

If a satisfactory description of the excitation of higher-mass resonances at high Q2 can
not be provided by a relativistic constituent quark model or by the introduction of new
ingredients such as constituent quark form factors, an explanation in terms of the onset
of different physics (pQCD) may be in order. The predictions of the asymptotic behavior
of resonance photocouplings made by the pQCD calculations are very specific. Measuring
the Q2 evolution of the photocouplings to the higher-mass states, which are difficult to ac-
cess by studying single-pion production, will provide a broader picture of the approach to
the asymptotic regime. Moreover, both isospin 1/2 and 3/2 resonances can contribute to
two-pion electroproduction. The CLAS detector [28, 29|, with its high luminosity, large ac-
ceptance, and good momentum resolution, along with a beam energy of 6 GeV, provides an
ideal opportunity to study multi-particle final states over a Q® range that may show phe-
nomena related to the breakdown of constituent quark models, and the onset of pQCD [30].

5.4.1 CLAS Data from the 1998 4 -GeV Electron Run

A total of about 20 M inclusive electrons were collected in the 4 GeV el run in February
1998. The data were analyzed using standard particle identification procedures developed for
CLAS. To get the overall yield for two-pion final states, we selected four reaction topologies:

e ep — e'prt (missing 77)
e ep — ¢'pr~ (missing 7 1)
e ep = €'t~ (missing p)

o ep — e'prtr~ (complete detection)

A preliminary approximate procedure was developed to estimate the detector acceptance
and reconstruction efficiency as a function of W in each Q? bin. The procedure was based
on throwing Monte Carlo events in the Q*/W space subtended by CLAS, passing them
through the GEANT detector simulation, and then applying the same reconstruction and
identification chain as used for the analysis of the experimental data. In this way both the
acceptance and the reconstruction efficiency were derived in a somewhat model-dependent
way, as there was no specific binning in the hadronic variables. The resulting corrections
for the acceptance and reconstruction efficiency were then applied to the data. Radiative
corrections were not applied in this analysis. These analysis indicated good agreement with
‘existing data from an old DESY experiment [31], indicating that our normalization was
reasonably understood. Fig. 42 shows W spectra from analysis of high-field 4 GeV CLAS
data for the reaction ep — /A*t*x~ for two different @* bins. The overall acceptance for the
two-pion events in CLAS is ~5%. At higher ()* values, structures corresponding to excited
resonances are apparent.

5.4.2 CLAS Data from the 1999 5.56 GeV Electron Run

The data from the short 5.56 GeV test run in March 1999, which used a 90% torus field,
were analyzed with the detector calibrations derived for 4 GeV. We analyzed a total of 1.3 M
events, of which about 140,000 contain an electron track. In Fig. 43a the inclusive electron
spectrum as a function of W for all @? is shown, while in Fig. 43b the data are restricted -
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with a cut on the At mass in the prT invariant-mass spectrum for two different @Q? bins. No
detector corrections are applied.
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and no detector corrections are applied.
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Figure 44: Missing-mass squared distribution from 5.56 GeV CLAS data for the ep — e'pnt
events. Errors are statistical only and no detector corrections are applied.

to @? from 2.5 to 3 (GeV/c)2. In both spectra, resonance structures are clearly visible, and

the known fast fall-off of the A(1232) production relative to elastic scattering is evident.

‘ To get an idea about the two-pion yield, we selected the ep — ¢'pr* {missing 7~ ) event
topology for the two-pion final-state identification. In Fig. 44 we show the missing-mass

distribution for events belonging to that topology. The missing 7~ peak is clearly visible,
although not perfectly calibrated due to the use of previous calibration constants, showing

that reaction discrimination should still be possible at these energies. ,

Using data in the missing-pion peak, we estimated the two-pion yield. For all ()% values
‘we got about 800 events, while for @? values between 2.5 and 3 (GeV/c)? we got about
100 events. Overall, two-pion production with all four topologies will be about 30% more.
Assuming a DAQ rate of about 1500 Hz and a 50% overall data collection efficiency, it will
be possible to collect about 60 M triggers per day, corresponding to about 50,000 overall two-
pion events per day, of which about 6,000 will be in the Q? range from 2.5 to 3 (GeV/c)2. In
40 days of operation we should collect about 240,000 two-pion events in that Q? bin. Using
30 bins in W, this would result in about 8,000 high @? two-pion events per W bin, enough
for a reasonable analysis in the W and Q? two dimensional space, and probably enough to

even make an analysis in other hadronic kinematical variables like the invariant masses of
hadronic pairs.

5.4.3 Data Analysis

To analyze the data from two-pion production, efforts have been made by a collaboration
between INFN, the University of Genova, and the Nuclear Physics Institute of Moscow State
University [32] to incorporate a phenomenological analysis of the data. This has been based
on a diagrammatic description of the basic non-resonant reaction mechanisms in two-pion
electroproduction, along with a standard parameterization of the resonance contributions in
terms of photocouplings and decay amplitudes. With this set of codes it will be possible
to make a first analysis of quantities such as the total cross section and invariant-mass

distributions in order to extract information on resonant states with sizeable branches in the
two-pion channel. '



5.4.4 Summary

In the first data from CLAS it is already possible to recognize the N* formation in
two-pion final states with good statistics even at relatively high Q2, around 2 (GeV/c)2.
Measurements at higher momentum transfer will be important in understanding the nature
of the excitation in terms of relativistic quark models and perturbative QCD. They will also
provide comparisons of the behavior with increasing Q? of specific resonance transitions and
the related background. With a 40 day run using a 6 GeV beam, good statistical accuracy
can be achieved for both the single meson and two-pion channels.

5.5 Measurement of ' Electroproduction

Spokespersons: F.J. Klein® and J.A. Mueller?

. *Jefferson Laboratory, Newport News, VA 23606
®University of Pittsburgh, Pittsburgh, PA, 15260

5.5.1 Physics Motivation

The electroproduction of the pseudoscalar meson 1’ has not yet been investigated. The
.scarce photoproduction data show a strong excitation near threshold (W=1.896 GeV) that
" is interpreted as s-channel resonance production (cf. section 5.5.3). As the threshold energy
“of the reaction v*)p — 5'p is above the second resonance region, data from this reaction may
provide an excellent probe to the structure of resonances around 1.9 to 2.3 GeV. Because of its
“vanishing isospin, 7’ only couples to N Il = %) states, and hence simplifies the extraction of
the resonant state.-The background ¢-channel exchanges involve the vector mesons P° and w,
“where the coupling to the p is about 10 times larger than the coupling to the w, corresponding
‘to the radiative decay widths into p° and w. Near threshold, however, contributions of t-
~channel exchange mechanisms are expected to be small.
" Investigation of the properties of the 7' meson itself is of great theoretical interest in its
own right as these are related to fundamental questions of QCD. One of the most challenging
‘questions concerning the classification of light mesons is the relation of the comparatively
“heavy ' meson (m;, = 957.8 MeV) to the flavor singlet state of the SU(3) 0~ nonet. Contrary
to the 17 nonet, for instance, linear and quadratic mass formulae do not hold for the 0-
nonet due to the large mass difference between the n and the ' [3, 33, 34]. The masses of
‘both physical particles can only be fitted when adding a large gluonic contribution of the
flavor-singlet state [35, 36].

Information about the quark content of n and % is crucial to settle the question of the
flavor singlet in the 0~ nonet [34, 37]. This is conveniently expressed in terms of a mixing
angle 6 between the flavor-singlet combination 7y and the flavor octet ng as:

n=rmngcost —mysingd, 7' =ngsinf + 1y cosd. (7)

The fit to the quadratic mass formula that includes a gluonic term corresponds to a mixing
angle § ~ —18.2°. Measurements of  and %' decays that have been performed at ete-
colliders yield 6 ~ —18.4 + 2° [3§]. :

Connection to this experiment comes through the extended Goldberger-Treiman relation
for the flavor singlet. It relates these questions of the so-called U,(1) anomaly to the isosinglet
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charge ggj) = Au + Ad + As, and hence to the spin structure function g,(z,@?) of the

nucleon [39]. The relationship can be written as the sum of two terms involving the coupling
of the 7 and a pseudoscalar glueball object G' to the nucleon [40]:

ngff) = Fgynn + ﬁF migenn, {(8)

where I is a scale-invariant decay constant and f=3 is the number of light flavors.
7' production above the resonance region (W > 2.3 GeV) with electromagnetic probes ¢an
contribute to the measurement of the ' VN coupling. However, the existing photoproduction
data show little strength above the resonance region (cf. Fig. 45). In this experiment we

will focus on the resonance production of 7.

5.5.2 Baryon Resonances Coupling to 7/

The quark-model calculations by Capstick and Roberts [9] predict coupling to 1 for the
resonances below 2.5 GeV/c? listed in Table 4. Tentative matching to observed resonances
is also shown. No resonance in this table has been observed to decay into 7',

The strength of the coupling to N7’ in electromagnetic excitation can be estimated by
the product [41]:

X\ = |AN,]!||A)‘|/Fmt, A= 1/2,3/2 (9)
Based on this quark-model calculation, we find that only two N* resonances may contribute
to the reaction v¥p — 7'p with reasonable strength: N37(1960), N17(2030). The first
of these resonances is not firmly established, and the second has not been experimentally
observed.
The RPI group has studied the #'NN* coupling using an effective Lagrangian approach
[41]. They took into account the Sy, and D;3 resonances around 2 GeV/c? predicted by
- the Capstick-Roberts quark model (see Table 4). They found that the main contribution to
the n' photoproduction amplitude comes from the D,3(2080) alone, with contributions from
- higher-spin states (J=>5/2, 7/2) being negligible. Their analysis implies that the #" meson is
-an important probe to study the properties of this resonance. A surprising aspect from their
results is that the Ey, multipole, to which D;3{2080) contributes as a background, provides
most of the strength of the photoproduction cross section from threshold to W=2.2 GeV,
whereas the resonant multipoles E5_ and M, are less important,.
However, the RPI analysis truncates the model space because it discards off-shell con-
. tributions from resonances in the second resonance region. This was pointed out by Li [42]
whose investigation of ' photoproduction is based on the framework he developed for meson
photoproduction from the nucleon in the quark model [43]. His result is also surprising; the
threshold behavior of the #' photoproduction is dominated by off-shell contributions from
s-wave resonances in the second resonance region, especially the S51,{1535). Additionally -
and contrary to the results of Mukhopadhyay ef al. —, the higher-spin states, especially the

G17(2190) for the N=3 band and H19(2220) for the N =4 band, give major contributions to
the i’ cross section.

5.5.3 Previous Experiments

The pseudoscalar meson 7' has not yet been studied in electroproduction. Even for
photoproduction there are only few data available. The data set of the early experiments [44,
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Model State N7 State,Rating Ag A’é Any T X%/z x§/2
[N37]5(1910) 21 27 -02 368 | 0.12 0.23
[V3715(2030) 9 415 +02 74| 058 1.68
(N3¥15(1995)  F15(2000) ** -18 41 402 174 | 0.44 0.
[NI*](1980)  F1-(1990) ** -1 -2 =02 46| 0.02  0.06
[N1M16(2065) Py, (2100) * -12 0.6 245 | 0.84

[N1715(2390) -14 <11 413 134 | 1849 11.45
[NI1)5(2410) +1 -1 -11 51| 044 044
[N2F],(2850)  Hig(2220) **** | .20 13 402 58| 096 2.02
(N1 ]5(1945)  S1;(2090) ** +12 -3.6 454 | 9.03

[NL714(2030) +20 +1.3 85 | 93.63

[N27]3(1960)  Dy3(2080) *= +36  -43 +2.3 429 | 37.25 5291
(V3 ]4(2055) +16 0 +0.1 268 | 0.04 0
[N271,(2080) -3 -14  +3.1 343 | 0.026 0.126
[N371a(2095)  Dy5(2200) ** -2 -6 -02 171| 0.68 0.05
[NI7]1(2090)  G17(2190) **** -34 428 406 162 | 1588 10.82

Table 4: Ny decay amplitudes for N* resonances below 2.5 GeV/c? in the Capstick-Roberts
».quark modcl The N state and rating are taken from Ref. [15]. Helicity amplitudes are in units
10~* GeV~% and decay amplitudes in umts of MeVz. A factor of +1 is suppressed for the negative-
parity states. The coupling strength X,\ is given by expression (9) in units of 1072 MeV 2,

45] consists of only eight cross section points with poor statistics between E, =17-6.2GeV.
“The recently published SAPHIR data [46] for 5’ photoproduction near threshold contain the
total and differential cross section in seven energy bins between threshold and E,=2.64 GeV.

The shape of the total cross section, shown in Fig. 45, suggests dommant resonance
‘production near threshold. For n photoproduction, a similar peak in the cross section near
‘threshold signals a single strong resonance. Here the interpretation is likely to be more com-
plicated. As the angular distribution is forward peaked in each energy bin, resonant produc-
- tion requires at least two interfering amplitudes of opposite signs. As shown in Fig. 46, the
“differential cross section can be fit reasonably well by assuming two multlpole contributions,

Ey, and M;_ as:
do q,,
aaQ K

where parameter (' was consistent with zero for all energy bins. In this expression the
parameters A and B can be expressed as:

(A + Bcos8* + C cos* §%), (10)

A=|Eg|* +|Mi-|*, B=-2Re(F} M.). (11)

Best fit values for the induced Sy; and P, resonances, assuming that the competing
channel is N* — 7N, were obtained for the following masses, widths, and branching ratios:

Su (M = 1.897+0.010 GeV, ' = 0.396 £ 0.155 GeV, b, =5%)
Py (M =1.986 + 0.026 GeV, I' = 0.296 + 0.100 GeV, b’ =25%).
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Figure 45: Measured #' total cross section for yp — n'p from SAPHIR data (e) [46], from ABBHHM

(x) [44], and from AHHM (o) [45]. The solid curve represents the two-rcsonance fit to the SAPHIR
data.

_ Except for the mass of the Py;, the extracted values are compatible, within errors, with PWA

" results of Manley [48].

The photoproduction of n" will also be studied with CLAS in an experiment that has
already taken first data [47]. This experiment promises much greater statistics than any of

* the currently published photoproduction experiments of 7',

5.5.4 Experimental Method

The 1’ cannot be simply identified by missing-mass cuts in the electroproduction data
if only the scattered electron and recoil proton are reconstructed. The probability that
additionally all the 7' decay products are measured in CLAS is too low. Candidates for the
reaction ep — e'pny’ will be identified via selected cuts on the reconstructed quantities. The
most promising procedure at present involves looking for a peak in the ep — €'pX missing-
mass distribution for certain semi-exclusive modes. Table 5 shows all decay modes for the
7' and n mesons with branching ratios greater than 1%. The 7' signal can then be enhanced
by careful cuts that selectively delete events from competing processes.

Decay Mode Fraction (%) | Decay Mode  Fraction (%)
n—=rrTy 43.7+1.5 n — py 302+ 1.3

7 — 7% 208+1.3 n = wy 3.024+0.30
N~y yy 2124013 | 5 rtre 7 <5

n— 7ox'70  321+04 n—rtr 7 232405

7 — ¥y 3095+ 031 | 5 — wtr—y  4.78+0.12

Table 5: Decay modes for %' and n with branching fractions greater than 1% (cf. Ref. [15]).

Large coverage in W, Q?, 0y, and ¢* will give us the opportunity to span the whole W
regime where resonance production may contribute, and to extract the N* candidates by

61



 A=0.1549£0.0206 —
' (2]
0.2 - B=0.1756+0.0263 3
C=0.0224+0.0545 - =
i <
E 0.1
~— . = .
_g_ 06
— femn) | )_I_'
% E 0.4
< 4 8 o2t
o 0 — L ! 1 1 m 0 | ’—“—_'i—l—f—’l-
-1 -056 0 0.5 1 1.5 2 25
cos(® ) E(GeV)

Figure 46: Differential cross section for yp — 5'p between threshold and E,=2.62 GeV (left) and
fit parameters for each energy bin as defined in the text (right).

| fitting to the total and differential cross section. For a limited range in W and Q?, we expect
sufficiently high statistics to separate the structure functions or + €0y, orr, and o, which
gives access to the photon-excitation amplitudes.

5.5.5 Identifying 7 in the el data at 4.0 GeV

In March 1998, CLAS took data with a proton target and 4 GeV electrons as part of
the el run group. The total beam time was approximately one beam day that was split 2:1
‘between “high-field” (B/By=88%) and “low-field” (B/By=60%) torus settings. Many more
data were taken in 1999, but as of yet, only a small fraction have been processed to the
point where analysis can be done. A fairly complete analysis of the 1998 el data has been
performed; the 5.56 GeV data taken in March 1999 has also been examined in a preliminary
way. With the limited statistics of these data, only a small sample of 7' candidates can be
extracted. The results do indicate that we can extract 7’ signals, and the rates are consistent
with expectations from Monte Carlo studies. Although the 4 GeV data taken in 1998 amount
to only a few percent of the total 4 GeV data when el running is complete, it does allow
-identification of the modes in which the reaction ep ~ e'pn’ can be measured. For a final
analysis, all modes with reasonable statistical accuracy will be combined in order to obtain
the best overall result.

Since the 7’ decays to 7°s in many ways, cuts on the number of photons are useful. For
events reconstructed in the low-field data with an electron, proton, and two photons, the
missing mass (M M,,) can be plotted. The data in Fig. 47 has no additional cuts, and an
enhancement around the 7’ is already evident. By comparing the data near the 7' mass
with Monte Carlo simulation of 7' production in CLAS, additional means to separate the
signal can be determined. For the Monte Carlo, the 7' was allowed to decay into one of -
the dominant decay modes 7' — py or ¥ — nww. In Fig. 48, one can see that the data

is dominated by 7% production, while the true #’ events divide into two regions resulting

from the acceptance of the CLAS calorimeter, and the combinatorics in multi-photon decay |
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modes of the 5’ (n' can decay into as many as ten photons). The low M., events in the
Monte Carlo occur when the two photons come from the same, or more often, different %,
‘The events at higher M., occur when at least one of the photons comes from 1 — v decays.
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Figure 47: e'p missing-mass distribution for events with at least 2 photons. This plot is from the
 low-field 4 GeV data taken in 1998. Easily seen are the #°, 5, and w peaks, as well as a bump at
" the 1/ fo/a] mass.
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Figure 48: Scatter plots of the missing mass in events with an electron, proton and at least two
photons (M M,,.,) verses the two photon mass. The left plot is from 4 GeV low-field data from
1998, while the right plot is the n" Monte Carlo.

The charged n" decay modes can also be identified by using CLAS. For the case when
four charged particles (e, p, 7%, 77) are reconstructed, the 1’ channel can be identified via
its radiative decay to p° (missing ) or via the decay mode 1 — n*n 7 as shown in Fig. 49
for the 4 GeV data set where the plots on the right side show the distribution after a mass
cut on the missing 1. The low-fleld data has higher acceptance for the soft pions, but the
high-field data corresponds to twice as much beam time. A striking feature of this channel
is the large rate for.e'pnta—n for W >2.3 GeV . (cf. difference between. solid and dotted lines
in top left figure). None of this rate appears to.come from.#y’ production. The data are too
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few to allow us to definitely determine the source of these events at this time. The larger
data sets being acquired, plus the additional reach into this higher W region afforded by the
6 GeV data, will allow us to investigate this channel more thoroughly.

For the case that three charged particles (¢/,p,7") and one photon are measured, the
missing-mass distributions M M., in various W bins show a small signal around the 7 mass
that may be contaminated by ag production (cf. Fig 50). The low signal to noise ratio does
not favor the extraction of the signal, whereas with an additional cut on a 7~ in the missing
mass, the radiative decay 77 — py can be identified. In Fig. 51 one sees a clear 7' peak for
cvents with 0.00 < M MEWJ,,Y < 0.05 as indicated by the Monte Carlo with the additional cut

that |M+(-) — M,| < T',. This mode shows a reasonably low background and a reasonably
high CLAS acceptance.

5.5.6 Backgrounds

The backgrounds to this reaction come from two sources, multi-pion production, and
production of meson resonances near the 7. The former produces a large but smooth back-
ground underneath the peak, while the latter can yield structure that could be hard to
disentangle from the signal.

The two resonances closest to the 77’ are the a(980) and f,(980). Very little is known
about the electroproduction of these resonances. An experiment at CLAS is planning to
- measure the fq through the decays 777~ and KK~ using the same data sets we are working
with. The Omega experiment measured the photoproduction of af — nrt at higher energies
in the reaction yp — agn [49]. There is no evidence for a) production, consistent with what

one would expect from the Born terms. Thus we expect a small contribution from aj at our
- energies, unless there is a threshold enhancement due to N* JA* — alp.

The sensitivity to the aj and f; depends on our mode of reconstructing the 7. In the
reaction ep — e'pyyX, both the aj — 7% and fo = #%°7° modes can contribute if they are
produced at appreciable rates. Our Monte Carlo studies indicate that the acceptance for the
neutral ag production is comparable to that for n'. By using the more fully reconstructed
modes, 7t~ (n) and py, we can eliminate the ay and fp, since they don’t decay to these
modes. Unfortunately the 777 (n) mode seems to have too low an acceptance to use for
the n' search, except as a check on the more inclusive reconstruction methods. The mode
n — py = 7iy(rT), does provide a way to isolate the 7’ with adequate acceptance and
reasonable background. Thus by comparing the rates in each of these modes, we can separate
the contributions from the individual mesons. Although the limited statistics of the 1998 el
run precludes making any statements as to a) or f, backgrounds at this time, the increased

statistics of the 1999 run should allow us to experimentally verify that this background is
small.

5.5.7 Angular Distributions

We have examined the expected acceptance as a function of the decay angles in the
hadronic center-of-mass system. For this section we restrict our analysis to the Q? region
covered by the two main running conditions, 0.85< Q? <1.55 (GeV/c)? for the 4 GeV
electron beam data, and 0.75< @? <1.75 (GeV/c)? for the 6 GeV electron beam data with
reversed torus field. For Q% >1.75 (GeV/c)?, the 6 GeV data with normal torus field will also
be used, but the expected statistics, even with that additional data, would be inadequate
to examine angular distributions. The plots from the Monte Carlo are shown in Fig. 52.
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Figure 49: Missing-mass distributions for ep — e'prtn~ (left) and corresponding M M, distri-
butions (right). The dotted lines in the left plots indicate the spectrum for 1.9< W <2.3 GeV.
The right plots show the distribution after a mass cut on-the missing 1 (0.52.< M Myppsp- <
0.58 GeV/c*). The top plots are from the low-field 4 GeV data, while the bottom plots are from
the high-field 4 GeV data.
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Figure 51: Missing-mass distribution MM,, for reconstructed ep — e¢'prty(n~ ) with Moy
within one full-width of the p mass.

This figure shows sample plots for the acceptance for the electron and proton to be in the
fiducial regions of CLAS. In this figure the relative acceptance is signified by the size of the
+box drawn. We have examined the same plots with the requirement of finding various decay
“products of the n’. Although the absolute acceptance changes, the relative acceptance as
a function of angle remained unchanged within statistics. This is due to the fact that our

relative acceptance is determined dominantly by whether or not the proton falls within the
fiducial volume of CLAS.
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Figure 52: Monte Carlo acceptance verses center-of-mass angles, cos 8* and ¢*. The left plot is
for 4 GeV data with a normal 60% torus field, and the right plot is for 6 GeV data with a reversed
60% torus field. The plots are for the electron and proton to be in the fiducial volume. Due to the
symmetry of CLAS, these plots are folded about ¢* = 0. /

For the 4 GeV-data, ene-can see the reduced-acceptance-at {¢*| = -50° and ~ 160°. This

'is due to cases where the proton falls into the regions in ¢,,; between the individual sectors .. . .

of CLAS. For |¢*| =~ 0°, [¢*| =~ 180°, or cos#* =2 1, the proton is within the sector opposite
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Figure 51: Missing-mass distribution MM, for reconstructed ep — e'prty(n~) with ) )
within one full-width of the p mass.

This figure shows sample plots for the acceptance for the electron and proton to be in the
fiducial regions of CLAS. In this figure the relative acceptance is signified by the size of the
-box drawn. We have examined the same plots with the requirement of finding various decay
‘products of the 7. Although the absolute acceptance changes, the relative acceptance as
a function of angle remained unchanged within statistics. This is due to the fact that our

relative acceptance is determined dominantly by whether or not the proton falls within the
fiducial volume of CLAS.
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Figure 52: Monte Carlo acceptance verses center-of-mass angles, cos 8* and ¢*. The left plot is
for 4 GeV data with a normal 60% torus field, and the right plot is for 6 GeV data with a reversed
60% torus field. The plots are for the electron and proton to be in the fiducial volume. Due to the
symmetry of CLAS, these plots are folded about ¢* = 0.

For the 4 GeV data, one can see the reduced acceptance at |¢*| = 50° and =~ 160°. This
‘is due to cases where the proton falls into the regions in ¢;,, between the individual sectors
of CLAS. For |¢*| = 0°, |¢*| = 180°, or cos 6* ~ 1, the proton is within the sector opposite
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the electron. For |¢*| &~ 90° and cos 8* = 0, the proton goes through a sector next to the one
opposite the electron. For the 6 GeV data, we see in Fig. 52 that the events are restricted
to |¢*| < 120°. This is due to losing in-bending protons to the forward hole. For larger ¢*,
the coverage is actually better for the 6 GeV beam energy than for 4 GeV. In the differential
cross section, the o term is proportional to cos 2¢*. This leads to the greatest effect being
the difference between ¢* = 0° and ¢* = 90°, where we have the largest acceptance.
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«Figure 53: The expected statistical accuracy with course angular binning for 2.0 < W < 2.1 GeV
and the Q? ranges described in the text. For each plot the cross section is taken from the fit to the
global SAPHIR data (see Fig. 46), while the expected error bar is derived from the Monte Carlo
estimate of expected rates, and the observed signal/noise ratio in the data for the 7+ (=)y(x=(+))
reconstruction modes. The top plots are for |¢*| < 60°, the middle plots are for 60° < |¢*| < 120°,
and the bottom plot is for [¢*| > 120°. The plots on the left show the expectations for using the
data from the currently approved el experiments. The plots on the left show the expectations for
the requested 6 GeV beam time with reversed torus field.

Obviously, the statistics available with the beam time requested will not allow for such
fine binning. In Fig. 53 we show the expected statistical errors as a function of cos 8* for three
bins in ¢* for a single 100 MeV bin in W with the % ranges given above. This figure is for
the ' — wt~(n~) reconstruction mode (with charges reversed for reversed torus polarity).
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The yv(X) mode is statistically independent and yields comparable results.

5.5.8 Expected Rates

The rate estimates were calculated for n' electroproduction on a hydrogen target of 5
03* cm~2s7! for the following beam times:

¢ 30 days at 4 GeV with normal torus field: B/By=+60% (shown in Table 6)
e 15 days at 6 GeV with reversed torus field: B/By=-60% (shown in Table 7)
¢ 40 days at 6 GeV with normal torus field: B/By=+60% (shown in Table 8)

The detector acceptance is based on Monte Carlo studies assuming the n'p channel to
be identified in the missing-mass distribution M M,:,, with the additional requirements that
either two additional photons were detected, or the 7/ — %~ (n¥) reaction was observed (cf.
section 5.5.7). The magnitude of simulated 7'p events was estimated with regard to the pho-
toproduction results of the SAPHIR collaboration. The Q? dependence was parameterized
by applying a pole term o (1 + Q2/0.7)~2.

W range Q? Range ((GeV/c)?)
(GeV) |0.75-1.25|1.25—1.75 | 1.75 — 2.25 | 2.25 — 2.75 | 2.75 — 3.25 | 3.25 — 3.75
n' produced at 4 GeV (normal field)
1.9-2.0 111291 18504 4278 1282 372 0
2.0-2.1 120799 20606 4768 1467 483 0
2.1-2.2 86387 14967 3552 1044 321 0
2.2-2.3 54399 9686 2272 465 118 0
2.3-24 33221 0834 1422 254 0 0
1’ accepted at 4 GeV in yyX mode
1.9-2.0 789 792 260 111 1 0
2.0-2.1 1328 1017 339 93 0 0
2.1-2.2 1567 933 269 18 0 0
2.2-2.3 1477 728 145 0 0 0
2.3-24 1351 010 17 0 0 0
n' accepted at 4 GeV in 7ty(7~) mode
1.9-2.0 271 262 71 32 2 0
2.0-2.1 439 294 99 19 0 0
2.1-2.2 494 269 94 8 0 0
2.2-2.3 520 224 44 0 0 0
2.3-24 435 160 4 0 0 0

Table 6: Expected rates for beam energies of 4 GeV (30 days beam time) with normal torus field
settings B/By = 60%.

5.5.9 Summary of ' Proposal

We propose new beam time at 6 GeV using CLAS in a standard configuration that will
be in conjunction with a number of other proposals. Although we will use the beam time
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W range @Q? Range ((GeV/c)?)

(GeV) |1.00—1.25|1.25—1.75 | 1.75 — 2.25 | 2.25 — 2.75 | 2.75 — 3.25 | 3.25 — 3.75

n' produced at 6 GeV (normal field)
1.9-2.0 43311 27551 6981 2134 767 332
2.0-2.1 49014 31972 8170 2604 927 385
2.1-2.2 37036 24621 6459 1980 765 305
2.2-2.3 24469 16539 4323 1397 207 200
2.3-2.4 15971 11181 2888 938 395 187
2.4-2.6 19816 13488 3878 1194 452 195
2.6-2.9 14199 10056 2729 919 333 125
n' accepted at 6 GeV in yyX mode
1.9-2.0 0 198 508 189 89 37
2.0-2.1 1 327 012 182 63 31
2.1-2.2 1 371 425 158 78 28
2.2-2.3 0 385 364 110 47 17
2.3-24 0 386 248 83 33 10
2.4-2.6 6 835 326 79 30 15
2.6-2.9 60 335 166 83 20 4
n' accepted at 6 GeV in 7y(7~) mode

1.9-2.0 0 92 168 60 23 12
2.0-2.1 0 62 164 o4 29 9
2.1-2.2 0 125 150 45 35 )
2.2-2.3 0 108 96 37 11 1
2.3-24 0 109 78 28 8 4
2.4-2.6 0 235 96 20 8 3
2.6-2.9 15 83 39 16 ) 3

Table 7: Expected rates for beam energies of 6 GeV (40 days beam time) with torus field settings
B/By = 60%.
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W range Q* Range ((GeV/c)?)
(GeV) ]0.75—1.25|1.25—1.75 | 1.75 — 2.25 | 2.25 — 2.75 | 2.75 — 3.25 | 3.25 — 3.75
7' produced at 6 GeV (reversed field)
1.9-2.0 62134 10812 2794 853 280 142
2.0-2.1 69415 12717 3231 1048 359 145
2.1-2.2 51206 9740 2558 805 305 115
2.2-2.3 34137 6614 1722 953 207 78
2.3-24 21805 4289 1211 384 152 64
2.4-2.6 26663 5381 1486 503 212 69
2.6-2.9 19329 3971 1064 353 126 48
. n' accepted at 6 GeV in yyX mode
1 1.9-2.0 2872 706 225 69 36 16
2.0-2.1 3259 741 206 75 20 15
2.1-2.2 2725 615 173 60 30 13
2.2-2.3 1949 435 133 45 18 6
2.3-2.4 1467 305 110 30 16 7
2.4-2.6 2020 452 138 38 25 8
2.6-2.9 1521 376 116 40 4 0
n' accepted at 6 GeV in 7™y (7~) mode
1.9-2.0 887 217 82 25 ) 4
2.0-2.1 1008 215 a7 17 8 )
2.1-2.2 882 179 49 16 3 2
2.2-2.3 612 125 33 6 2 0
2.3-24 431 96 25 5 4 0
2.4-2.6 601 128 30 18 6 1
2.6-2.9 430 114 33 12 3 0

Table 8: Expected rates for 6 GeV beam energy (15 days beam time) with reversed torus field
.setting B/By = -60%.
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at both normal and reversed field, the reversed field data will give us the most interesting
coverage. We also propose to analyze already approved beam time in coordination with the
el run group. We do not request any additional 4 GeV beam time for this experiment.

The most straightforward consequence of the new data will be a new window to N*
resonances in the W range of 1.9-2.4 GeV. A few states have been found in this range,
but only those that couple strongly to 7N. Many of the so-called missing states are at
W > 2 GeV, and the 1’ reaction should be an interesting way to focus on a few of them.
Many final states have threshold enhancements, and in some cases the threshold is resonance
dominated, most notably by Ps3(1232) for 7° production, and S;;(1535) for n production.
Based on the recent low statistics Bonn results, 7' might be another case.

We have searched for a few modes of 7' identification in the existing CLAS data. There
is a well-calibrated but poor statistics set of data taken at 4 GeV in the first el run in 1998.
There is also a smaller data sample from the exploratory few hour run at 5.56 GeV in 1999.
There are many decay channels of the 7' that could be useful and we have explored a few
of them, however, we will always detect the scattered electron and the recoil proton in the
final state. The most promising decay channels presently are ' — p%y (B.R. about 30%)
and n' — nrm (B.R. about 65%). We see a good signal (see Fig. 51) for the first mode when
we cut on 1 and only 1 photon and one of the charged pions from the p decay. We can also
see a strong 7’ signal when cutting on 2 fairly high-energy photons in the final state. At
present, we see signal to noise ratios of roughly 1:1. For the size of the data sample used,
“ the signal is quite large and may be partly ao instead of n’. This study is still in progress,
and more improvement is expected.

We presented detailed Monte Carlo results for the two most likely decay modes. The
" CLAS acceptance is reasonable for such a complicated final state. Coverage in the decay
angles is fairly large and a multipole decomposition is possible in the W range of 1.9-2.3 GeV.
Good statistics are possible in 15 6*, ¢* bins.
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6.1 Introduction

We propose to use CLAS to study kaon electroproduction from a hydrogen target at
a beam energy of 6 GeV. This proposal is an extension of the existing Hall B kaon elec-
troproduction program that currently encompasses experiments to measure cross sections
and to separate response functions (1, 2], and to measure single-polarization [3] and double-
polarization observables [4]. By extending the measurements to 6 GeV, this new proposal will
not only complement the lower-energy program, but will also enter a realm of new physics
beyond the resonance region that will help to elucidate the transition from conventional
hadronic dynamics to quark-gluon degrees of freedom.

Strange quark production in electro-induced reactions at intermediate energies allows
study of this transition regime since a strange quark and antiquark must be created during
=the reaction. Measurements of the hyperon cross sections and polarizations should provide
for a deeper insight into the leading contributions to the process. The data should allow us to
~better understand whether quark degrees of freedom control the open-strangeness production
“ process, and whether chiral symmetry governs the hyperon production threshold region [5, 6].
- The data can also-address whether Feynman-graph techniques through isobaric models are
sufficient for an accurate description of the process, or if different concepts such as quark
models or Regge exchanges are more appropriate. Obviously data of sufficient accuracy are
needed before these questions can be answered.

The large two-body and three-body acceptances of CLAS will allow us to detect efficiently
the ¢ K+ and ¢’ K*p final states. Furthermore, the large acceptance of CLAS allows for study
of the reaction over varying kinematical regions where the relative importance of the s, ¢, and
u channels will vary. By emphasizing specific channel processes we can limit the intermediate
baryonic or mesonic resonances involved in the reaction, which in turn, simplifies the analysis.

The present understanding of electromagnetic kaon production is limited by a sparsity
of data. Existing cross section measurements cover a limited range of kinematics and suffer
from relatively large experimental uncertainties. This has limited our understanding of the
underlying reaction mechanism. In addition, the lack of knowledge of the coupling constants
gran and ggsy adds to the complexity of the phenomenological investigations. This leads
to large uncertainties in constraining existing models.

The ep — €K1Y reaction provides the opportunity to study physics not accessible in
other reactions. The simple fact that there are no valence s quarks in the proton means
that strangeness-production mechanisms are at play that are absent in, for example, pion
production. We can study s—channel processes that specifically include or exclude the A
since we have an automatic isospin filter through selection of either the KA or KX final
state. Additionally, using a polarized-electron beam, and utilizing the self-analyzing nature
of the hyperon weak decays, allows us to study various spin characteristics of the reaction
through polarization measurements. In particular, A polarization data may shed light on
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the quantum numbers of the s§ pair created in the intermediate state.

6.2 Physics Analyses

There are several distinct measurements that make up the program for this proposal.
Each measurement provides sensitivity to a slightly different aspect of the strangeness pro-
duction process. As each is essentially an extension of a measurement already approved for
lower-energy running in Hall B, the analysis techniques are the same as those discussed in
the original proposals, and so are not discussed in any more detail here. This section is
devoted to providing details as to how the individual measurements will benefit from the
increased electron-beam energy.

6.2.1 Structure Function Extraction

The most general form for the p(e, ¢'K) differential cross section with an unpolarized-
electron beam is given by:

_ doy,

00 = TPl or + €0y, + €orr €08 29} + \/€(e + 1) /2 orp, cos ¢ (12)

The four structure functions, o, o, o7r, and o7y, can be determined as a function of bins in
. the kinematic variables Q%, W, and t. o7 and o, are extracted by comparing measurements
at different values of beam energy, and thus different values of the photon polarization
.parameter €. This “Rosenbluth”-type separation is done most precisely for large € coverage
in a given bin of Q? and W. opr and oy, are extracted from a fit to the ¢}-dependence
of the cross section, resulting in a complete separation of the four structure functions. The
range in € spanned as a function Q? for one representative bin in W at 1.8 GeV and various
beam energies is shown in Fig. 54.
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Figure 54: CLAS acceptance (shaded region) of the scattered electron in terms of € and Q? in
a representative W bin of 1.8 GeV for planned Hall B el beam energies in the range from 2.4 to
6.0 GeV.

Combining the 6 GeV data set with the lower-energy measurements should enable impor-
tant reductions in the uncertainties on the extracted structure functions. With a maximum
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beam energy of 4 GeV, this extraction can be performed up to Q?~2 (GeV/c)?, while in-
creasing the beam energy to 6 GeV allows this extraction to be pushed out to Q?* values
closer to 4 (GeV/c)?. As well, increasing the energy range of these measurements will allow
for extensions in the kinematic range of the opr interference term, which is a measure of
the dependence of the amplitudes upon the transverse polarization of the virtual photon.
The goal is to study how opp changes with Q2 and ¢, since the kaon form factor causes the
dominant t-channel term to diminish. Of other interest is a more broad-range t-dependent
measurement of the ratio of o7, /o7. This ratio is sensitive to the spin and transverse momen-
tum of the object which absorbs the virtual photon. At 6 GeV, this ratio can be measured
up to |t| &~ 5 (GeV/c)?, compared to the 4 GeV upper limit in |¢| of only 3 (GeV/c)? .

6.2.2 X°/A Production Ratios

A long-standing question in kaon electroproduction centers on the ratio of the cross
section for ¥° to A production. Experimentally, the K*t3° cross section decreases faster
with increasing @2 than the KtA cross section. There are two explanations proposed to
account for this behavior. The first assumes that o;, >> or at high Q2. In this case the t-
channel processes would be enhanced since the main contribution to o is from K+ exchange.
Therefore as g%,y >> g%xn, A production would be favored over ¥ production. However,

“there is no evidence for the longitudinal response dominating the K*A channel [7, 8].

B
b

The second explanation regarding the ¥° to A ratio is given in terms of the quark-parton

‘model [9]. Inclusive electron scattering data has shown that the ratio of the neutron to
- proton structure functions in deep inelastic scattering (DIS), Ft/FY, goes to 1/4 as @? in-

. creases. This is interpreted to mean that when the virtual photon hits a valence u quark,

~the remaining ud quark pair is in an I=0 state and acts as a spectator to the reaction. This

should tend to favor A (I=0) production over £ (I=1) production. However, the argument
depends on being in the DIS region. With a 6 GeV electron beam, electroproduction exper-
iments in Hall B could probe a much larger Q% range than at 4 GeV where the quark-parton
model is expected to have more validity.

6.2.3 A Polarization Measurements

Polarization data will provide an important key for our understanding of the reaction
mechanism by improving the constraints on the coupling constants that describe the inter-
mediate reaction vertices, and the form factors that reflect the charge distributions of the
quarks and gluons within the hadrons. Due to the large phase space coverage of CLAS, this
experiment provides a unique opportunity to probe the response functions for this process,

" and hence the reaction mechanism, beyond the usual choices of parallel or in-plane kinemat-

ics. Furthermore, polarization observables are crucial to improve the partial wave analyses
used to study the different intermediate resonances involved in the reaction. The polariza-
tion data remove external spin sums and impose additional constraints on the structure of
the density matrix elements. Simply put, the polarization observables provide much more
sensitivity to the reaction mechanism than the cross section data alone.

An attractive feature of the K+ A reaction comes from its self-analyzing character. This
allows straightforward measurements of the A polarization in the A — pn~ decay branch
from the decay-proton angular distribution [4]. The important measurements to consider
are determinations of the induced, or electron beam helicity independent, and transferred,
or electron beam helicity dependent, hyperon polarizations as a function of Q% and ¢ over
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the full W-range spanned. Note that as the cross section falls roughly as 1/Q*, the A
polarization measurements cannot span as high in Q? as the cross section and asymmetry
measurements. As discussed in section 6.5, due to statistical limitations, meaningful A
polarization measurements will be limited to Q% <3.5 (GeV/c)?2.

Single-Polarization Data

The single-polarization experiments considered here include polarization of either the
incident electron beam or the outgoing recoil hyperon. These measurements provide potential
access to the response functions R%°, RY°, R%,, R¥% and RYY. i’ = z,y, 2, and are accessible
only through this type of experiment [10].

The experiments made with a polarized-electron beam require detection of only two
final-state particles, namely, the scattered electron and electro-produced kaon. For this final
state, CLAS has a typical acceptance at 6 GeV of ~20%. To measure the induced hyperon
polarization, detection of an additional final-state particle, the decay proton, is also required.
With this final state, CLAS has a typical acceptance at 6 GeV of ~5%. See section 6.4 for
more details on the CLAS acceptance for this process.

Including a polarized incident electron beam of helicity h, the kaon differential cross
section from eq(12) now includes an additional term known as the fifth response term ory,.

do .
= oo + hO'TLI, orr = 26L(1 - 6) SR%OL; sin QB;{ (13)
dQ g
This measurement allows for sensitivity to the response function *RY},, through the cross

" section difference between the two electron-beam helicity states. As oy is zero in plane wave
calculations, it provides a means of studying final-state interactions. This response function
provides sensitivity to the interference between the transverse and longitudinal amplitudes.
In fact, the TL and T'L' responses differ in that they select different combinations of the real
or imaginary parts of the interference multipoles.

For the case of a polarized outgoing A, the kaon differential cross section can be written
in terms of the induced hyperon polarization components P? as:

do,
dQx

To provide for meaningful limits on the polarization measurement, the data analysis
will integrate over all kaon azimuthal angles in CLAS just as was the case for E99-006.
In this integration, the x and z-components of the induced polarization are zero, and only
the y-component survives. The resulting polarization component P;’ in the electron-plane
coordinate system is given by:

=00 (1+ P25, + P2S, + PPS.) . (14)

P;):W\/QCL(].-FG)E(RTSCOSQK—{- Y1+ RZ2sin65). (15)

With other choices of integration in the kaon center-of-mass (CM) angles 05 and ¢},
sensitivity to other response functions may be achieved. Note that in this expression K
represents a kinematic factor given by the ratio of the CM kaon momentum to the CM
virtual photon momentum, and [ oy represents the integral of gy over ¢} from 0 to 2.
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Double-Polarization Data

The double-polarization experiment considered here includes polarization of both the
beam and outgoing recoil hyperon. This measurement provides potential access to the T'L'
and TT" interference response functions Ry%,, RY.Y,, and RS, i’ = z, z, that are not acces-
sible through experiments with either polarized beams or polarized recoils alone. For this
situation, the cross section can be written in terms of both the induced P? and transferred
P! hyperon polarization components as:

do,
dQx

Again, to provide for meaningful limits on the polarization measurements, the data analy-
sis will integrate over all kaon azimuthal angles in CLAS. In this integration, the y-component
of the transferred polarization is zero, and only the x and z-components survive. The result-
ing non-zero transferred polarization components in the electron-plane coordinate system
are given by:

= 00+ horys + 09 (P28, + POS, + P2S, + P,S: + P,S, + P.S.) . (16)

K . , :
P, = 7r\/2eL(1—e)IT(R“}g,COSG}—R?}g,+R"T2,sin0}()
0

K ’ . '
P, = 27v1-— e2f—(—Rﬁ”p:% sin 03 + R cos 0. (17)
0o
) As well, with suitable choices of integration in 6} different sensitivities to the response
functions may be achieved.

6.2.4 Missing N* Resonances

The constituent quark model provides a reasonable description of the static properties
of the known hadrons. This is quite surprising since it is not clear how QCD reduces to the
quark model in the static limit. Any serious discrepancies between the quark-model predic-
tions and experiment may give us insight into aspects of QCD, and how it may eventually
be solved in the non-perturbative regime. However, despite the successes of the quark mod-
els, serious disagreements between their predictions and the known baryon spectrum have
existed for some time. For example, a large number of negative-parity non-strange baryons,
whose wavefunctions lie predominantly in the N=3 harmonic oscillator band, appear to be
missing. One early explanation to this dilemma involved the notion that pairs of quarks
~bind tightly into “diquarks” [11]. Baryons are then considered as quark-diquark systems,

and the resulting symmetry qualitatively accounts for the missing states.

A less dramatic solution has also been suggested that appears to have some agreement
with experiment. Nearly all data on the non-strange baryon spectrum consists of experiments
with N7 in the initial and/or final state. If the missing baryons do not couple strongly to
N, their signature may be extremely difficult to pull out from the data. However, if there is
a significant strength for decays of these N* resonances to the KA or KX channels, they may

"become accessible. This hypothesis is strongly supported by dynamical quark calculations.
"Fig. 55 highlights the mass predictions of one recent quark model for baryon states excited
in the YN — AK reaction [12].

Fig. 55 shows that the amplitudes for decays into strange final states are generally smaller

than those into the non-strange final states. However, it should still be possible to extract
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Figure 55: Mass predictions for N* decays into N7, N7, and AK for my+ < 2.2 GeV/c? and
above the KA production threshold [12]. States with significant amplitudes for Ny and AK decays
should contribute strongly to the process YN — AK.

useful information about intermediate non-strange baryon resonances from analyzing specific
- strange final states. In many strange channels, only a few higher-mass states contribute with
- appreciable amplitudes, and in several partial waves, one or two states should dominate. This
- is due in part to the higher thresholds in effect that allow these channels to turn on in the
. mass region where new states are predicted to be present. This is to be contrasted with the
situation with non-strange final states where low-lying states with large amplitudes make
extraction of information about higher-mass states with small amplitudes problematic.

The notion that decays of non-strange baryon resonances into strange final states should
be present with a sizeable experimental signature have been backed up by recently published
- photoproduction data from SAPHIR, [13]|. This data has shown strong evidence through an
angular decomposition of the differential cross section into polynomials that suggests the
presence of N* resonance production with decays to both the KA and K'Y final states.

This experiment will allow us to probe baryon masses from the K-A reaction threshold up
to 3.0 GeV/c?. Analysis of this data will yield information about the coupling of these reso-
nances to the KA and KX final states, as well as allow for study of the Q? and ¢ dependences
of any resonance candidates. Ultimately, this experiment will most likely have its greatest
impact focussing attention on the A production final states as, in general, channels involving
Y production will be more difficult to analyze as both N and A resonances contribute to the
cross section.

6.2.5 Excited-State Hyperon Production

Any model for the electromagnetic production of strangeness through A or ¥ production
must also be able to properly account for the production of the related spin partners A* and
3*. Thus in order to better understand the different s, ¢, and wu-channel contributions
involved in open-strangeness production reactions, matching the kinematic extents of the
data analysis for both Y and Y™ hyperon states is important.

One clear example of the importance of studying higher-mass hyperon production involves
the t-channel process for A production. While both K and K* exchange can contribute to
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A(gnd) production, no spin-zero kaon exchange can contribute to A(1520) production due
to angular momentum conservation. Detailed inter-comparisons of the angular distribu-
tions for the two different reactions can help to isolate the role of ¢-channel K+ exchange.
Some previously published data do exist, but the situation is still not clear, in fact, over
a broad range of kinematics, fits to A(gnd) photo- and electroproduction data indeed seem
to indicate substantial K*(892) exchange, but the fits must additionally include K,(1280)
and/or Regge t-channel exchanges along with additional s and u-channel diagrams. Data
of photo-produced A(1520) [14], indicate predominantly K*(892) t-channel exchange, with
very little contribution from higher-mass kaons. An inclusive electroproduction experiment
[15] indicates a substantially different Q-dependence of the cross section for A and A(1520)
production, with the A(1520) having the more rapid fall off in cross section with Q. It is
these direct comparisons of ¥ and Y™* production that are expected to be the most illuminat-
ing regarding the contributions in the different reaction channels, especially given the much
increased Q? coverage of CLAS at 6 GeV compared to 4 GeV.

Another important reason to study excited-state hyperon production is to test the quark-
model predictions for the relative strengths of s-channel N* resonances that should decay
to final states consisting of A(1405)K and A(1520)K. Additionally, study of the A(1520),
along with its isospin partner A(1405), are of fundamental importance to the understanding
of the inter-quark potential [12].

Beyond allowing for an increased kinematic range for the higher-mass hyperon cross
fsection measurements, this data at 6 GeV will allow study of the Q?-dependence of the spin
" density matrices of the A(1520) as determined by the K ~p decay branch, and of the A as
" determined by the 7~ p decay branch. The spin-density matrices for these decays can then
help determine the contributions of the competing production diagrams, as well as the spin
of the exchanged kaon.
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. Figure 56: Recoil-mass spectrum for 4 GeV p(e,e’ K*)X CLAS data with the pion background
from misidentified kaons subtracted.

Fig. 56 highlights the p(e, ¢ K ™)X recoil-mass spectrum showing the higher-mass hyper-
ons X(1385)/A(1405) and the A(1520) for 4 GeV CLAS data. This spectrum has had the
predominant pion background subtracted. The A(1520) peak stands out quite distinctly in
.. the spectrum, which makes event selection of the final state straightforward. The analysis of
the 4 GeV data is currently ongoing and the extension to 6 GeV will allow for the analysis
to be extended over a broader range of @2 and t.
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6.2.6 Neutral Kaon Production

Since K°C7 electroproduction is related to K™% production through simple isospin
relations, both processes should be described by the same models. Therefore, studies of K°
electroproduction will provide complementary information to that given by charged-kaon
electroproduction and by charged and neutral-kaon photoproduction. At present, no data
have been collected for electroproduction of neutral kaons at moderate energies, and only one
low statistics photoproduction measurement from SAPHIR has been published [16]. Just as
in the case of charged-kaon production, studies of K° production can allow for insight into
the reaction mechanism of strangeness production, better understanding of the contributing

_diagrams to each reaction channel, determination of the basic electromagnetic couplings
of the nucleon, and clues into the internal structure of the nucleon. Extension of these
measurements to 6 GeV will extend these studies over a much broader range of Q?, W, t,
and e.

Comparison of the cross section data to hadrodynamical model predictions will allow for
an indirect study of the neutral-kaon form factors. Part of the interest in this neutral-kaon
channel is that the absence of As in the final state changes the character of the intermediate
resonances that can contribute, which is to say that the resonance structure will be quite
different. Additionally, the results of fits to the decay cross sections are a set of coupling con-
stants that may be compared to SU(3) predictions. The uncertainty in estimation of model

. parameters is greatly reduced if one is in a position to include data for both charged and

neutral-kaon electroproduction. This is an important justification to match the kinematic

_extent of the charged and neutral-kaon electroproduction data.

6.3 Theoretical Approaches

There are a number of distinct theoretical approaches used to describe electromagnetic
interactions. The three major descriptions include hadrodynamic models, quark models, and
models based on Regge theory. These data are expected to provide a unique opportunity for
further development along each of these avenues. Furthermore, it is expected that detailed
comparisons of these models to the observables of electroproduction, beyond allowing for
an improved understanding of the reaction mechanism of open-strangeness production, will
help to quantify the transition from non-perturbative to perturbative QCD. In the remainder
of this section, further details regarding each of the three theories are described in specific
relation to the data that will be acquired at 6 GeV.

6.3.1 Hadrodynamical Models

The main phenomenological method used in the investigation of the electromagnetic
production of kaons is based on diagrammatic techniques through isobaric models [18, 19].
In this approach, an effective Lagrangian is constructed by summing the Feynman diagrams
from the excitation of intermediate resonant states. The corresponding diagrams include the
exchange of the N and N* resonances in the s-channel, the K and K* resonances in the
t-channel, and the Y and Y™ resonances in the u-channel. The fact that both the incident
photon and the outgoing kaon interact rather weakly with hadrons justifies the attempts to
describe the process through models limited to first-order terms.

These models were developed mostly from fits to experimental data by allowing for a
limited number of intermediate resonances and leaving their coupling constants as free pa-
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rameters. However, the limited database permits only qualitative conclusions. For further
development of these models, more cross section and polarization data is crucial to better
understand which are the appropriate resonances to include in the intermediate state. Each
reaction channel contributes to the process in varying degrees depending on the reaction kine-
matics, and each may go through a sizeable number of intermediate hadronic resonances.
The presence of all these possible production mechanisms means that reliable hadrodynamic
models require data over a broad kinematic range to constrain the parameters.

The forthcoming cross section and polarization measurements from JLab with energies up
to 4 GeV should provide a wealth of data to strengthen and extend these models. However,
higher-spin resonances are expected to contribute to a much greater extent as the energy
available in the intermediate state increases. This fact represents one of the key aspects of
extending the K'A and K. reactions to 6 GeV. As well, the failures of the models to explain
the data can be addressed given the coverage of the full resonance region. Only by learning
where the models fail can we hope to learn the root causes of their deficiencies.

6.3.2 Quark Models

Hadrodynamic calculations are expected to become increasingly deficient as the energy
in the intermediate state moves beyond the limits of the resonance region. This occurs as

- quark and gluon degrees of freedom begin to dominate the reaction mechanism and hadronic

e

-degrees of freedom become less important. Understanding the boundary between these two

+ pictures is one of the key reasons for extending the measurement program to higher energies.

The extension of the electroproduction measurements to 6 GeV may shed further light on

-.strange-quark production mechanisms, as well as the strange-quark content of the nucleon.

In one naive kaon.electroproduction scenario, highlighted in Fig. 57, a polarized virtual
photon interacts with one of the two u quarks of the target proton. As the now polarized u

quark recoils against the correlated ud pair, a color string is believed to stretch between the

recoiling quark-diquark system of the decaying N* resonance until it breaks, creating an s3

" pair. Since the K* has spin 0, and hence cannot carry polarization, this forces the spin of

the § quark to be aligned opposite to that of the u quark. As the spin of the A is believed
to be carried almost entirely by the s quark [20], the measurement of the A polarization can

“be used to study the spin alignment of the created ss pair.

Figure 57: Quark level diagram for kaon electroproduction that is expected to become more valid
as the energy of the virtual photon increases above the resonance region.

Quark models can provide the masses of intermediate resonances. This then needs to
be coupled with quark-pair creation models (e.g. *Py or 3S;) that provide the strong-decay
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coupling constants of the baryonic resonances. One then uses a model for the photo-coupling
vertices to produce the observables. Understanding the process of kaon electroproduction
through quark-pair creation should improve at 6 GeV as W increases beyond the resonance
region. We then no longer have to worry about attempting to isolate single resonances in
the intermediate state or combining data sets to accomplish partial wave analyses. With
appropriate kinematic cuts we can essentially concentrate directly on a pure s-channel quark
picture of the reaction as highlighted in Fig. 57. Detailed tests of the decay models are
therefore important and it is believed that polarization observables, and to some extent
cross sections, will allow for sensitive tests. Also the large phase space coverage of CLAS can
be used to study the different quark-level diagrams that contribute to KA electroproduction
“through studies of the data as a function of Q?, W, and t.

6.3.3 Regge-Exchange Models

Kaon photo- and electroproduction data for the reaction Y*)p — KY have been com-
pared with a new gauge-invariant model based on a Regge description [23]. At intermediate
energies (E, > 4 GeV) and intermediate momentum transfers (—t < 3 (GeV/c)?), this
model has proven to be superior to Born-diagram models when compared to the available
cross section and asymmetry data.

It is expected that detailed comparisons of this model to the observables of electroproduc-
¢ tion will also help to quantify the transition from the non-perturbative to perturbative QCD
(pQCD) regimes. An extrapolation of the Regge model to momentum transfers where pQCD
is valid has been performed for the pion photoproduction reaction with good results [23].
Similar extrapolations are planned for the kaon photo- and electroproduction reactions. As
data at these kinematics are particularly sparse, measurements of kaon electroproduction ob-
servables above the resonance region are necessary for the development of theoretical models
that bridge the transition region.
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Figure 58: Electroproduction Regge exchange calculations for the three A polarization components
at 6 GeV for W=2.2 GeV, Q*=1.0 (GeV/c)? [24]. The solid curves are for the full calculation, the
dashed curves are for K exchange only, and the dot-dashed curves are for K* exchange only. The
shaded portions of the plots correspond to where the calculation is extrapolated to higher ¢.

Results of recent 6 GeV calculations are presented in Fig. 58. The A polarization compo-
nents in the ép — 'K +A reaction are plotted against cos 0% for the fixed angle ¢} = 180°.
As the model has been developed for moderate momentum transfers, it is pushed to its limit
at larger 0%, where extrapolations to higher ¢ are carried out. This is highlighted by the
shaded portions of the plots.
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At lower energies, only enough energy is available in the intermediate state to create K
and K™ resonances. To fully test the idea of Regge-trajectory exchange, higher energies are
necessary to create the higher-mass kaons in the intermediate state. Only through higher-
‘energy studies can the notion of a trajectory exchange be more rigorously. tested.

6.4 Monte Carlo Studies

For the 6 GeV simulation, the ep — ¢’ K+ A reaction was generated by weighting the
event kinematics and angular distributions by the calculated cross section based on the
WJC model [19]. After selecting the beam energy, five quantities are necessary to com-
pletely characterize the ep — ¢/ KT A reaction in the laboratory system. These quantities
are the scattered electron momentum p, and scattering angles 6, and ¢.. Also the center-
of-mass angles of the electro-produced kaon 6% and ¢} are generated. In addition to these
quantities, the reaction vertex position is also generated at the target. At the present time,
however, a point target is assumed. These events are thrown into GSIM, which uses the
GEANT routines from the CERN libraries as a framework for the Monte Carlo simulation
of the CLAS detector. The simulation properly included the known dead wires in the drift-
chamber system, the known drift-chamber position resolution, and the known resolutions of
the scintillators and calorimeters. The simulations properly accounted for in-flight K and
A decays from their known life times. Radiative effects on the scattered electron were also
*modeled. The momentum, angles, and position of each particle at the target are recon-
" structed using RECSIS, the standard CLAS analysis software package. All simulations were
_performed at the maximum CLAS torus magnetic field setting of 0.9B,.
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Figure 59: CLAS acceptance function for ep — ¢/ KT X summed over all Q% and W from 6 GeV
Monte Carlo studies.

The CLAS acceptance for the ep — ¢’ K* X reaction, detecting only the scattered electron
~ and electro-produced kaon is shown in Fig. 59 as a function of cos 0% . The average acceptance
of CLAS over all @Q* and W for the ¢’ K+ two-body final state is roughly 20%.

The momentum and angles of the nucleons from the pm~ and nn® A-decay branches are
generated isotropically in the A rest frame. The main purpose of modeling the A decays
is to evaluate the CLAS acceptance function of the three-body ¢’ K*p final state in terms

“of cos@FF for all three directions of the A-spin vector (x,y,z). The determination of this
acceptance function is highlighted in Fig. 60. The three different plots represent the CLAS

“acceptance function for each of the three A-spin direction axes. The average acceptance of
CLAS for ep — ¢ K*pX over all Q% and W is roughly 5%.
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‘Figure 60: CLAS acceptance function for ep — ¢’ K*pX summed over all Q2 and W from 6 GeV
Monte Carlo studies. The three different columns correspond to the three different spin polarization
axes (x,y,z) for the A.

6.5 Statistical Errors

The 6 GeV data set will span a range of @* from 1.5 to 6 (GeV/c)? and W from 1.6 to
3.0 GeV. Keeping with the binning choices of E93-030 and E99-006, we have selected bins
in W of 0.2 GeV and bins in Q2 of 0.5 (GeV/c)? for estimates of statistical precision. The
expected counting rates in each bin are given by:

RATE =L -T,-0,(Q*W)-AQ?- AW - ACC. (18)

In this expression, £ is the beam-target luminosity, o,(Q? W) is the total virtual photon
cross section integrated over all hadronic CM angles (d€2%), AQ? and AW are our chosen
bin sizes, and ACC is the CLAS acceptance for the final state of interest.

To estimate the counting rates for this experiment, we have used the published do,/dQk
electroproduction data from Bebek [25]. These data span @? from 1.2 to 3.5 (GeV/c)?, W
from 2.1 to 2.7 GeV, and € from 0.35 to 0.94. This data was limited to 83 < 15°. Using
the t-dependence of the differential cross section from calculations of Bennhold allows us to
estimate that these data contained ~7.5% of the total events. With this factor, the total
virtual photon cross section was determined. Our rate estimates have also included a scaling
factor, applied uniformly to all bins, to force agreement of the calculated hyperon production
rate bins over all Q?/W with that determined from analysis of 5.56 GeV CLAS data. For
our estimates, we have assumed flat acceptances for the ¢/ Kt and €' K*p final states of 20%
and 5%, respectively.

Table 9 highlights our expected counts per 100 hours of running in each of our Q?/W
bins at a luminosity of 5 x 1033 cm~2s~1. The total predicted production rate of A hyperons
detected through the ¢/ K*p final state over all Q?/W bins is 79/hour. Analysis of 5.56 GeV
CLAS data shows this number to be 76+8/hour.

For the differential cross section measurements, we can determine how long we should
run to achieve a given statistical error if we want at least 10 bins in 6} /¢} for each Q?/W
bin. From Table 9, our average ¢'K™ rate over all Q?/W bins is 9/hr. To achieve a 3%
error in each Q*/W /dQV bin, requires 9000 counts in each @%/W bin, or with the given
production rates, about 1000 hours of running at a single torus magnetic field setting.

Table 9 also allows us to estimate the statistical precision of our A polarization mea-
surements. Each polarization component and its associated statistical error can be defined
as:
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In this expression, 7 is the electron beam polarization and « is the A weak-decay asymmetry
parameter. The total number of A decay protons detected in each @2, W, and dQ} bin is
Ny = Ny + N_. The number of protons in the A rest frame going forward and backwards
(relative to the coordinate being considered) is given by N, and N_, respectively. Eq(19)
also makes it very clear that the statistical uncertainty goes as 1/, the electron-beam polar-
ization. Thus the highest possible beam polarization is important to reduce our measurement,
uncertainties.

| W ] Q2 | KT [e’Ker ” W | Q2 [€’K+ l e'K+;DI

1.712.0| 3586 | 897 3.0 | 692 173
25| 1254 | 314 3.5 | 322 81
3.0 491 123 4.0 | 156 39
3.5 | 209 52 45| 77 19
40| 94 24 5.0 39 10
45| 45 11 231203124 | 781
0.0 23 6 25| 1337 | 334
9.5 | 12 3 3.0 | 610 153

1.9 2.0 4123 | 1031 3.5 | 290 73
2.5 | 1567 | 392 4.0 | 142 36
3.0 | 642 161 25|20 2219 | 555
3.5 | 294 74 25| 978 245
4.0 | 138 35 3.0 453 113
45| 68 17 3.5 215 o4
5.0 | 34 9 27120 1371 | 343
2.0 | 18 ) 25| 603 151

2.112.0]| 3868 | 967 3.0 271 68
2511574 | 394 | 29|20 684 171

Table 9: Expected counts per 100 hours of running in CLAS in each of our Q?/W bins at 6 GeV
for a luminosity of 5 x 1033 cm~2s~1. A simple quark model has been used to extrapolate from the
existing electroproduction cross section data. Energies and momenta in GeV.

Our expected errors on the A polarization are shown in Table 10 for one particular
- binning scenario in Q%, W, cos®, and ¢}. In determining the statistical uncertainty for
- the polarization measurements, a total running time of 1000 hours has been assumed with
a beam polarization of 70% and a luminosity of 5 x 10?3 ecm~2s!. This run duration is
compatible with the other experiments in the run group.

6.6 Systematic Errors

There are two primary sources of systematic uncertainties: uncertainties associated with
«determination of the kinematic variables, and uncertainties associated with conditions of the
experimental apparatus. Furthermore, the systematic errors are expected to enter differently
for the cross section measurements and the polarization measurements.
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| ” Statistical Uncertainty [

Q*L\W S 17 | 19 | 21 | 23 [ 25 | 27 | 29
2.0 $0.09 | £0.08 | £0.07 | £0.10 | £0.11 | £0.15 | +0.21
2.5 $0.15 | £0.14 | £0.14 | £0.15 | £0.17 | £0.22 | -
3.0 £0.24 | £0.21 | £0.21 | £0.22 | £0.25 | £0.33 | -
35 +0.38 | £0.31 | £0.30 | £0.32 | £0.37 | - -

Q* bins : 0.5 (GeV/c)?, W bins : 0.2 GeV
dQFF bins = 1, cosy bins = 4, ¢} bins =1

Table 10: Expected A polarization statistical uncertainties at 6 GeV for a 40 day run at a luminosity
of 5 x 10%3 cm™2s7! and 70% electron beam polarization for a given choice of binning in Q2, W
and d€Q%-.

A list of the various sources of relative systematic errors for the cross section measure-
ments, including a description of the error, an estimate of the expected size, and an estimate
of the effect on the cross section are included in Table 11. The correlated errors are added
linearly, and the uncorrelated subsets are added in quadrature.

Source of Error: Size of Error Sum
Size of Effect in Cross Section
Geometrical Acceptance 20% 3% 4%
In-flight K-decay: 10-90% 1%

Angle Measurement: 1 mrad 1-2.5%
Momentum Measurement: 0.5% 1.5% 5%

Beam Energy: 0.3% 0.9%
Electron ID Efficiency 1-5% 1-5% 5%
Kaon ID Efficiency 1-5% 1-5% 5%
Radiative Corrections: 10-25% 2% 2%

Total 10%

Table 11: A list of the sources of relative systematic uncertainty for the cross section measurements
at 6 GeV.

The effects of systematic errors come in slightly differently for the polarization compo-
nents, and the effects are also somewhat different for each component. Since we measure each
polarization component integrated over ¢, there is no helicity-dependent component in P,.
In this situation it is not possible to extract the polarization component without knowledge
of the CLAS acceptance function. On the other hand, there are no helicity-independent
polarization components for P, and P,. In this case ratio methods are available in which
the CLAS acceptance function cancels out, assuming the CLAS acceptance function is inde-
pendent of the helicity of the electron beam. However, in this case, we have an uncertainty
due to the electron-beam polarization.

Table 12 summarizes the sources and estimated individual absolute systematic uncer-
tainties for the three polarization components. The total is the sum of each of the individual
sources of uncertainty added in quadrature.

In the end we will also have a number of self-consistency checks with respect to the
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| Source of Uncertainty | op, | op | op |

Beam Helicity +0.30 | £0.00 | £0.030
Proton Acceptance 4+0.00 | £0.04 | +0.00
Background (X° 7t etc.) | £0.03 | +0.03 | +0.03
Angle +0.015 | £0.015 | £0.015
Momentum +0.025 | £0.025 | £0.025
Beam Energy +0.010 | £0.010 | £0.010
Radiative Corrections +0.015 | £0.015 | +£0.015

| Total | £0.055 | 0.061 | +0.055 |

Table 12: A list of the sources of absolute systematic uncertainty for each polarization component
. at 6 GeV.

polarization observables that will help us to better understand our systematic uncertainties.
These checks include: (i). After integration over ¢}, the polarization components P2, P?,
and P, must be zero, deviations from zero will indicate problems with acceptance or energy
calibrations, (4i). We can also bin data on a CLAS sector-by-sector basis so that any sector
dependencies can be determined and corrected, (ii4). The results for P,) must be independent
of the helicity state of the electron beam, and (iv). For a given W and @Q? bin at a given
~beam energy, the results must be independent of the magnetic field setting of the CLAS
torus.

6.7 Summary

This proposal describes a new program to study exclusive kaon electroproduction with
CLAS at 6 GeV using the ep — ¢€/KTY, Y = A, X reaction. This proposal represents an
extension of the strangeness production experiments currently included in the el run group
program in Hall B (including experiments: E89-043, E93-030, E95-003, and E99-006) to
6 GeV. The large acceptance of CLAS will allow us to efficiently detect the ¢ K+ and ¢’ K*p
final states over a range of @? from 1.5 to 6 (GeV/c)? and W from 1.6 to 3 GeV.

We conclude this summary section with the following remarks:

e The CLAS detector has a sizeable two-body and three-body final-state acceptance for
the ¢ K+ and ¢’ K Tp reactions, respectively, that will enable study of the cross sections,
single-polarization, and double-polarization observables over a much broader range of
Q?% W, and t at 6 GeV compared to 4 GeV.

e The CLAS spectrometer has a large and uniform acceptance in cos@} and ¢} that
allows for a reliable determination of the or, o, orr, and ory structure functions,
along with a portion of the T'L' and TT’ response functions.

e We have attempted to stress the importance of performing this experiment with the
highest possible electron-beam polarization available from the accelerator to achieve
the smallest possible statistical uncertainties on the polarization measurements.

e Our detailed analysis of the existing 2.4, 4.0, and 5.56 GeV data, in conjunction with
our detailed Monte Carlo simulations of CLAS at 6 GeV, has enabled us to provide
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a reasonably accurate estimation of our expected statistical uncertainties for the re-
quested run time.

The data are expected to allow for increased understanding of the reaction mechanism
for strange quark production. Additionally, the data are expected to to provide for a
unique opportunity for the further development and probing of the different theoretical
approaches to study the interaction. These studies will help to quantify the transition
from non-perturbative to perturbative QCD.

This proposal describes a new experimental program to study kaon electroproduction
with CLAS at 6 GeV. The goals are to extend physics knowledge that will be gained
in previously approved experiments at lower energies as well as to explore new physics
accessible only at higher energies. The physics that we are hoping to study is of broad
interest within the community.
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7 High Q? ¢-Meson Production

Spokespersons: W. Brooks? and H. Funsten®

@Jefferson Laboratory, Newport News, VA 23606
The College of William and Mary, Williamsburg, VA 23187

This section describes a new experiment to study the data for evidence of a signal for
the decreasing size of electro-produced ¢(1020) mesons with Q? using CLAS. This proposal
represents a 6 GeV extension to the approved Hall B experiment E93-022 studying ¢(1020)
polarization in exclusive electroproduction at 4 GeV.

7.1 Vector Meson Electroproduction

In vector meson (VM) electroproduction, the “bare” photon fluctuates in a time t'85,

into a VM that diffractively scatters from the proton target. The ¢ distribution of this meson
is given by:

(20)

‘Here, the slope parameter b measures the transverse size of the interaction region Ry, the
sum of the VM transverse size R;™ and the target size RM%" (which is ~1 fm). ¢ is
related to Bjorken zp, as asymptotically, xp o (tlf"lzc)‘l. An increase in the virtual photon
mass Q* should result in R%M(|Q?) “shrinking”, along with a corresponding “hardening”
or decrease of b.

Among the low-mass vector mesons, ¢ electroproduction best exhibits possible shrinking.
The ¢, an s5 meson, has minimal ¢ exchange with the target as its width is only 4 MeV.
Furthermore, there is minimum overlap with other mesons.

This proposal represents an extension of the 4 GeV exclusive ¢ electroproduction exper-
iment (E93-022) to 6 GeV in order to obtain the Q? dependence of transverse size of the ¢

R2(]Q?|) as measured by b.

7.2 Models of Transverse-Size Shrinkage with Q2

Two models have been suggested regarding the transverse-size shrinkage of the ¢ meson
with Q2.

1). Vector Meson Dominance model (VMD): The VMD model assumes that the longitudinal
extent of the meson goes as:

jzﬁngitudinal(|Q2|) = Ctlfazzc- (21)
When transformed to the ¢ center-of-mass, this extent can be written as [1]:
M
b (1()2 ¢
Rr =c . 22

2). Quark model (QM): The QM assumes that the longitudinal extent of the meson is equiv-
alent to the maximum transverse distance separating a quark pair which, when evaluated in
the Breit frame, yields a transverse extent given by [2, 3]:
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¢ 21y
From these two expression for the transverse size, the QM exhibits a less rapid fall off of b
with Q2.

The parameter b will depend strongly on several other factors, namely, the meson fluc-
tuation distance and the expansion distance. For fluctuation distances ct/f’,, >> Rin, the
incident photon remains hadronically “dressed”, and b saturates to a maximum value of
bsat =~ 7 GeV~2. This value is seen to be typical for hadronic diffractive scattering. As
the fluctuation distance decreases below the transverse size of the interaction region R;,,
b enters a transition region. In this region b;..,s, the “bare” point-like photon component
becomes increasingly predominant as ctlf"lZC decreases, and the scattering becomes harder.
Thus with byqns, the magnitude of b decreases.

The expansion distance ctfor, represents the distance over which a “shrunken” ¢ can
expand back into a conventional hadron with size R"®@°"  In the ¢ rest frame, o is given
approximately by a typical s5 multiplet-mass splitting my — m,. For the kinematics of this
proposed experiment, ctform &3 fm.

(23)

7.3 Data Analysis Techniques
: To determine the variation of b with 2, data should be analyzed at constant fluctuation
times. For constant ct'f? and electron beam energy, @* and W? are linearly related. This
is shown in Fig. 61, which displays lines of constant fluctuation times in the Q% and W?
-plane available in data taken in a short CLAS run this spring at 5.56 GeV. Hence in making
measurements of b versus 2, the kinematic variables W and @Q? should be confined along

: lab
lines of constant ct¥,..

7.4 Existing Data

Electromagnetic p meson production is presently the most extensive data set available
for studies of the vector meson size [4]. In the data, two different regions of b exist. These
regions correspond to long and short fluctuation distances ctlf“l';c as detailed below.

1). For ct'f},, > 2.5 fm (zp <~ 0.1) the virtual photon is completely “dressed” as a p meson,
and b is saturated at a value by,,. Variation of b with Q? is expected to be at a maximum.

-2). For '}, < 2.5 fm (zp >~ 0.1) the value b decreases. For this situation the virtual pho-
.ton becomes a “bare”, point-like photon. One expects that as tlf‘}‘;c — 0, the size parameter
-of the meson vanishes and

b al —
Rint — RModon ":1 ~ 1.6 GeV 2. (24)

The p data supports this. In the b transition region, b varies between by,; and the value of b
characteristic of a point-like virtual photon.
The p data agrees with the quark model in both ¢4} regions. In the byans region (2

-above), 6@ (¢!t ) varies with ¢/&° , and the |Q?| variation of b was determined at constant
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" Figure 61: Phase space coverage of CLAS in Q? (y-axis) vs. W2 (x-axis) from 5.56 GeV CLAS

data showing lines of constant ctlf;;‘c.

Data from w and ¢ mesons is sparse. What data does exist. for the w shows that b,
exhibits the same decrease with #/2” as that for p mesons. There is no useful data on the b,
variation with |Q?| at constant tlf“luc . For ¢ mesons, b, has approximately the same variation

with 42 as that for p production. The variation of b, with |Q?| cannot be determined.

7.5 Extension of ¢ Electroproduction to 6 GeV

For ¢ electroproduction the reaction e + p — €’ + p' + K* + X will be used. From the
¢ +p'+ K+ X missing mass the K, is reconstructed. The ¢ meson is then reconstructed
from the €' + p’ + X missing mass via a cut on the K ) mass.

The variation of by(t}5%,, |@?]) with Q® will be determined by analyzing data from two
electroproduction and two photoproduction W2 (Q? regions, centered on lines of constant

ctleh,. to avoid variation of b with ct/f’.. From analysis of the 5.56 GeV run, electroproduction

regions centered on ct{,. = 0.6 and 0.8 fm are accessible as shown in Fig. 61.

These ¢, values correspond, in photoproduction, to W? = 3.6 (threshold) and 5.3 GeV?
respectively, (E, = 1.5 and 2.4 GeV respectively). By combining photoproduction data [5]
and electroproduction data, measurements of the ? variation of b can be thus carried over

a significant Q* range, 0 —»~ 2 (GeV/c)?, at constant /55 .

7.6 Estimation of Measurement Uncertainties

Scaling the 5.56 GeV data to a 40 day run results in ~1500 reconstructed ¢ mesons in
each of the two above W2 @Q? electroproduction regions. The 5.56 GeV data yielded a ¢
peak to (phase space + background) ratio of =~ 2/1.
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A GSIM simulation was made of the reaction and yielded a 2% acceptance for the above
kinematic cuts. Interpolating electro-phi production cross sections of Ref. [4] to the above
kinematics, resulted in a simulated ¢ event rate only 20% less than the observed 5.56 GeV
event rate. The simulation resulted in a flat ¢ acceptance within ~20% for ¢t >2 (GeV/c)?.
It yielded an uncertainty in the measured exponential slope parameter b of b/b ~8%.

The photoproduction data will result in >3000 reconstructed ¢s over a W? interval of 3.8
to 5.3 GeV? [5]. Dividing this into the two W2, Q? = 0 regions, corresponding to the two
above values of tﬂc“lzc , yields an equivalent photoproduction statistical uncertainty in ¢b/b of

approximately the same as that for electroproduction, 6b/b =~ 8% .

The expected relative electro/photo difference in b predicted by the VMD model, is :

Ab belectro
T = Zeeectro
o

(electroproduction was evaluated at Q*=1.5 (GeV/c)? and ct'®® . = 0.8 fm).

The above fluctuation times are in the transition region and may induce a possible damp-
ening of Ab. The amount of dampening is uncertain; at its maximum, the above variations
in b could be reduced by a factor of 2. A 40 day electroproduction run, together with the
photoproduction data, can readily distinguish the difference in b between the QM and VMD
predictions. Under maximum Ab dampening, the experiment can confirm the validity of the

- VMD prediction.

) ~ 50% (VMD), 30% (QM). (25)

bphoto

7.7 Possible Future Additional Measurements
7.7.1 L,T ¢ Polarization Measurements

CLAS will also permit determination of the o, and or components of the ¢ through
the decay angular distribution data of the K+ K~ final state. Asymptotically, § helicity =
- ¢ helicity, and the ¢g state is longitudinal. b, evaluated for the longitudinal components
of the virtual photon and ¢ meson, should show preferential hardening with |Q?| relative to
the transverse components. p electroproduction data analysis, affecting L,T separation by
assuming s-channel helicity conservation, supports this idea.

7.7.2 Semi-Exclusive 6 GeV Measurements

Sensitivity of b to the transverse size of the ¢ meson can be increased by hardening
the lower (proton) vertex. In other words, by analyzing a more inclusive reaction topology,
ep — €'¢X, without the ¢/pK™ missing mass cut. At 6 GeV, My <~2 GeV/c2.

7.7.3 Gluon Condensation

There have been indications of a gluon condensate, gg, with r,, << R"dron [6]. A CLAS
photo-¢ experiment [7] will examine this effect that may appear as a sharp dip in do/dt at
t =2 — 3 (GeV/c)®.. The dip arises from the interference between (gg) ¢ scattering at
low values of t and (gg) qq scattering at high ¢. Although expressions of J. Arvieux and B.
Pire, based on Cudell and Landshoff, and Nachtman, predict a do/dt shape approximately

sindependent of Q?, ¢ electroproduction may indicate the possible dip moving to lower values
of ¢t with increasing |Q?| .
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8 Search for JF¢ = 1~ Exotic Mesons

Spokespersons: 1. Aznauryan®, H. Funsten®, and S. Stepanyan®

®Yerevan Physics Institute, Yerevan, Armenia, 375036
5The College of William and Mary, Williamsburg, VA 23187

8.1 Introduction

The gluon, the QCD gauge boson, carries color charge. It can have a component char-
acterizing it as a force, and a component characterizing it as-a constituent particle [1]. Thus
it can act as a particle and experience a binding force to quarks arising from additional
gluons interconnecting to the quarks. One thus expects a class of hadrons, known as hybrid
mesons, comprised of a valence gluon bound to two quarks, ¢g¢g. In addition, there are ex-
pectations for the existence of a gg glueball meson, and for the existence of hybrid baryons
9qqq. QCD models have made a variety of predictions of the masses, widths, and decays of
hybrid g¢qq states [1, 2, 3, 4, 5, 6]. The discovery of hybrids would be a strong confirmation
of QCD, and important for understanding the non-perturbative structure of hadrons.

The detection of a state with the exotic quantum numbers JF¢ = 1-*will unambigu-
ously indicate a hybrid. Although non-exotic hybrids (i.e. hybrids with conventional quan-
“tum numbers) exist, disentangling them from ¢g states with the same quantum numbers is
difficult.

Most of the searches for exotics have used hadronic production, i.e. 7~ p and pp reactions,
characteristically yielding high statistics data. J/i decays have been studied, but with
considerably lower statistics. eTe™ reactions have been used to search for exotic production
via a 27 process [7]. Although the results of these experiments have not been conclusive,
there is a general indication of the possible existence of hybrid states.

8.2 Theoretical Predictions and Existing Data
8.2.1 Theory

Predictions have been made for hybrids in several different QCD models and have been
presented in hadron spectroscopy workshop proceedings [8] and reviews [9]. All models, in
general, predict JP¢ = 1= hybrids with masses at or below 2.0 GeV/c? [4, 5, 6, 10, 11].
Widths in the range I' ~ 50 — 200 MeV are favored. The predicted decay modes are
“uncertain. In some models, gluonic excitation does not transfer its spin to the relative
orbital angular momentum of final-state mesons, and hybrid decay to two mesons consisting
of s-wave quarks does not occur. However, other models [10, 12, 13, 14] predict such decay.
It occurs through such effects as spurious bag CM motion [10], or through the sequential
decay of the exotic hybrid into a non-exotic hybrid, and then into a conventional meson via
mixing [14]. The non-exotic hybrid is mixed with a conventional meson that appears in the
final state. In this description the 7n(n’) have small constituent gluonic components. In
general, branching ratios of BR,; ~ 0.1 and BR,,/BR,;, ~ 1/3 are predicted.

" There are only a few reports on the production mechanisms and the cross sections for
‘hybrid production. In Ref. [15], a detailed description of photo and electroproduction mech-
anisms of JF¢ = 1+ exotic hybrids is given. It is shown that the predominant electromag-
netic production mechanisms of JP¢ = 1~ *states can be estimated for forward scattering
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by using values of allowed hadronic couplings and VMD. The forward production of pos-
itive JP€ = 1= (also a(1320)) proceeds predominantly via 7+ exchange because of the
large TN N coupling. Electromagnetic production of neutral JF¢ = 1=+ mesons can go only
through the C-odd w and p exchanges, w exchange being dominant at small momenta trans-
fers because:

(a) the coupling constant g, is larger than g,y Gupp =~ 4 - gppp [16]
(b) the coupling constant g,, is larger than g,,: g,y ~ 3 - gy

Since spin-nonflip gu‘)/pp is much larger than spin-flip ggpp, in the forward direction the X
polarization equals that of the virtual photon. Production of the neutral J7¢ = 1+ system
is dominated at small momentum transfer by spin-nonflip natural parity exchange.

The flux tube description of the hybrid electroproduction mechanism and qualitative esti-
mates of the relative cross sections are given in Ref. [17]. The conclusion is made that meson
electroproduction by electro-excitation of an exchanged meson should readily produce hybrid
mesons, and that exclusive hybrid meson production cross sections should be comparable to
exclusive ordinary meson production cross sections.

In Ref. [18] there is an attempt to estimate JF¢ = 1-*hybrid meson photo and electro-
production cross sections. It is argued that the cross sections only weakly depend on the
nty — JPC =17+ transition form factor, and peaks at energies near the threshold. The
estimated photoproduction cross section is of order of 0.3 to 0.8 ub, and is large enough for
experimental studies at JLAB.

- 8.2.2 Existing Data

Several experiments have examined the decay angular distribution of final state mesons
in hadronic production in order to detect JF¢ = 1~F exotic hybrid states. In most of the
experiments, the final states nm and n'r were studied [19, 20, 21, 22, 23, 24]. In the E272 [21,
22, 23] final states, prt and D(1285)7" were analyzed as well.

The most recent data on the existence of an exotic state has been reported by the E852
collaboration [25]. The nn~ final state was studied in the interaction of negative pions with
a hydrogen target at 18 GeV beam energy. A large asymmetry in the angular distribution
of the decay products was observed. Partial wave analysis (PWA) of this data shows a
clear a3(1320) sign in the JF¢ = 2%+ wave and JP¢ = 1=+ resonance structure at M =
1.37 GeV/c?, which is an exotic hybrid.

There are no reported electroproduction experiments, and photoproduction data of hy-
brids are sparse. There are two reported experiments on photoproduction of hybrids that
are not necessarily JX¢ exotics. Final state meson systems other than 77(n) were observed.
The first experiment was diffractive photoproduction of the b;7 system [26]. There were
two resonant structures for my,, > 1.5 GeV/c?. The first structure was interpreted as the
w3(1670). The second had a centroid mass of 1.8 GeV/c? and a width <0.3 GeV, and was
interpreted as a gluonic hybrid.

The second experiment was photoproduction of an isovector pm meson system [27]. A
resonant structure was observed at an invariant mass of (pr) 1.775 GeV/c?. The structure
can not be interpreted as a m,(1670) due to a significant mass shift (2100 MeV/c?) and
dominant pr coupling. The angular distribution of the decay in the Gottfried-Jackson frame
was consistent with J¥ =17;27;3".
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8.3 Proposed Experiment

This experiment is based on the conditionally approved proposal E94-118. The experi-
ment we propose is to look for electroproduction of an exotic hybrid from a hydrogen target,
with isospin 1 and JP¢ = 17+, In electromagnetic production, hybrids may be produced
via vertices that do not exist in hadro-production. Electroproduction allows measurements
of couplings to polarization states not accessible with either a pion or real photon beam.
Furthermore, transition form factors can also be measured and studied.

We propose to use CLAS to search for exotic hybrids in the 77 (n') and 7°n(n’) decay
channels at £, = 6 GeV beam energy. The reactions to be studied are:

)ep — X n; Xt — atp(n)
2) ep — ¢X°p; XO = 7n(),

+
where X (O) are the charged/neutral J¥¢ = 1~Texotic hybrid mesons. Measurements will
be done in the hadronic mass range W >2.6 GeV and Q? > 0.5 (GeV/c)?. The final-state
mesons, 7, 7,7, will ensure the desired C' parity of the decaying meson.

The ability of the Hall B CLAS spectrometer to detect multi-particle final states will
allow determination of the J and P from the W (6, ¢, ®) of the pseudoscalar decay. Here 6
is the decay polar angle, ¢ is the angle between the decay and hadron CM planes, and @ is
the angle between the electron and hadron CM planes.

W(0, ¢, ®) uniquely determines J and P since the relative orbital angular momentum
of the two pseudoscalar mesons, characterizing W (8, ¢, ®), is equal to J. W (6, ¢, ®) also

- determines the polarization of the hybrid meson, i.e. the measurement is polarization “self

analyzing”. The C, J, P measurement will then identify a JF¢ = 1~ exotic.

8.4 Acceptance Simulations

As noted above, the hybrid exotics will be studied via decay modes: ntn, n#t¢/, 7«0,
and 7%7’. Reconstruction of 7° and 1 mesons will be done by detection of their two photon
decays, and 7’ reconstruction will be mainly by the py decay mode. The final detected
particles in the reactions (1) and (2) are:

(1) X+ = tn . e atyy

)§+ = 7ty . ertata«y
(2) X0 = 7 : e€pyvyvy
X0 = % : eprtayyn.

" Realistic simulations have been performed using the standard simulation and reconstruction

tools for CLAS.

Calculations of acceptances and resolutions for each of the four final states were made
at W=3.0 GeV and Q*=0.6 (GeV/c)? at 6 GeV beam energy and torus field setting at 1/2
strength with negatives bending outward. The obtained acceptance for the 777 final state
was Ar+, = 11%. Acceptances for the other final states were: A+, =~ 4%; Ay, =~ 4.5%;

rand Ago,y ~ 1%.
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8.5 Cross Section and Counting Rates

There is no reported data on electromagnetic production of the JP¢ = 1=* hybrid.
However an upper limit on the JF¢ = 1~ *photoproduction cross section can be estimated
using existing data on a2(1320) (JF¢ = 2**) photoproduction, the ay(1320) radiative
decay width, and measured upper limits for Primakoff J¥¢ = 17 hybrid production [28].
Estimated upper limit of hybrid photoproduction cross section is a}{z() .9 pb. This estimate is

very close to that in Ref. [18] for an exotic mass around 1.4 GeV/c2. Then X photoproduction
cross section can be extended to electroproduction:

d*o :
ep—X+tn
“agraw e ok )
where T', is the Mott cross section and F), is a factor based upon v — p VMD conversion.
For W = 3.0 GeV and Q*=0.6 (GeV/c)? at 6 GeV beam energy, and I', - F, = 8.4 - 107*,
this yields a cross section of & 7.6x10™* ub(GeV/c)73.

Table 13 shows the estimated count rates for AW =0.6 GeV and AQ?*=0.5 (GeV/c)? for

one day of running at luminosity L = 1 x 103 cm=2s7!.

Process | Decay Modes and Branching Ratios Acc. | Counts
ep— Xt | X o nrt 0.1 n—yy 039 0.11 1040
ep—eXt | X snprt 03:14" 5 satr—y 0.3 0.04 620
ep— €ajn | af — ot 0.15: n— vy 0.39]0.11 3600

t Using BR(X* — nt/) = 3- BR(X* — 7*n) and phase space factor for 1’ of 1.4.

Table 13: Count Rates for one day of running at L = 1 x 10** cm~2s~1.

8.6 Background

Coherent and incoherent background for X identification will arise from multi-particle
final state events. Incoherent background was estimated for the final states in reaction (1)
using the CELEG code [29] as an event generator. In the deep inelastic region CELEG
uses the Lund Monte Carlo program LEPTO [30]. Events from the above generator were
simulated in the CLAS detector, and defined cuts for identifying an exotic meson were used
to reconstruct the final states.

Using the branching ratios and CLAS acceptance, the resulting ratio of reconstructed
ep — ¢ X+ to background was estimated to be ~24:1. A similar estimation for the 7T’ final
state of (1) resulted in an upper limit for the background contribution of < 20%.

Coherent background arises from production of conventional mesons that decay to the
specific final states in (1) and (2). However only a limited number of them, i.e. those with
natural spatial and C parity (i.e. JF¢ = 0+, 17+ 2%+ ) decay to 7y or 77’ final states.
The decay angular distribution partial wave analysis that is necessary for the JF¢ =17
exotics will permit additional identification of these conventional mesons.

Among the well known mesons in the mass range my >1.3 GeV/c?, only the 2+ a,(1320)
has a large radiative width and branching ratio to 7nn. There are no known mesons with
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significant branching ratio to the 77’ final state (BR(a2(1320)— 77') < 1% [31]). Hence the
a2(1320) appears to be the only other meson in this mass range having the final states of
reactions (1) and (2). In previous experiments with m beams, the signature of exotics was
found in accompaniment with the as [19, 20, 24]. In Table 13 we show the estimated rate for
ag (1320) electroproduction under the same kinematic conditions and decay meson systems
as the exotic production. The estimated statistics will allow reliable analysis to determine
the hybrid and a,(1320) meson properties.

8.7 Summary

This experiment will search for an X 3, JPC = 1-% exotic hybrid meson in electropro-
duction using the Hall B CLAS detector. The mass range of X*® will be up to ~2 GeV/c2.
The hybrid will be unambiguously reconstructed through the n7*© and 77+ decay chan-
nels. In addition, the zero spin of the decay-channel mesons permit unique determination
of the J and P of the exotic hybrid by measurement of the decay angular distribution,
W (8, ¢, ®). The polarization of the hybrid, and hence the electroproduction helicity ampli-
tudes, can additionally be determined from W (6, ¢, ®), giving a powerful tool in determining
the production mechanism.

A 15 day run at a beam energy of 6 GeV will be required in order to get sufficient statistics
for PWA. The number of reconstructed events in the n7* mode is expected to be ~15,000.

“The background count rate is expected to be in order of 1/4 of the signal. CLAS will be
used in its standard setting, the target will be liquid hydrogen, and the torus magnetic field
will be set at half of its maximum value, with polarity such that negatives bend outward.

The full proposal (PR-94-118) was presented and conditionally approved by PAC-9 [32].
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9.1 Introduction

A principal motivation for studying exclusive reactions is that they provide a new class
of observables, called off-diagonal parton distributions, for the internal structure of the nu-
cleon. The internal structure of the nucleon has been studied through inclusive scattering
of high-energy leptons in the deep inelastic scattering (DIS) limit. Polarized DIS mea-
surements of g;(z, @?), or the relevant helicity densities Ag(z, @?), have revealed that only
~about 30% of the nucleon’s spin is carried by the quark’s intrinsic spin. The quark helicity

densities, Ag(z,Q?), are not only accessible through polarized DIS measurements, but also
-via exclusive electroproduction of pseudoscalar mesons. It has been shown that exclusive
‘meson production at large @Q? and small ¢ factorizes into a hard scattering coefficient, a
quark-antiquark distribution amplitude of the meson, and an off-diagonal quark (or gluon)
distribution that describes the “soft” physics in the nucleon. Hence, the polarized parton
densities can be probed in unpolarized exclusive reactions. It is clear that we should study
exclusive reactions at low ¢, and at high Q% and W, in the region of validity of QCD factor-
ization theorems, and also in the transition region where off-diagonal parton distributions
provide important information about the non-perturbative structure of the nucleon. The
comparison of the reactions ep — epr® and ep — enn™ is vital for better understanding of
the soft part of a proton structure, since these reactions may proceed via different production
mechanisms.

We propose to study exclusive electroproduction of 77, 7%, and K+ mesons at low ¢, for

Q? > 1.4 (GeV/c)?, and W > 2.0 GeV. In order to properly and fully carry out the physics
program described in this proposal, we plan on acquiring data at several different beam
“energies between 4 and 6 GeV. Our W, Q?, and ¢ kinematical regions were chosen to obtain
“sufficient acceptance for at least four of these beam energies in order to extract the Q? and
t dependence of the structure functions: o7, oy, orr, and o7 in a model independent way.

As part of the overall proposal package we ask here only for the required beam time at
6 GeV. We assume that data at beam energies of 4.0, 4.5, and 5.0 GeV are going to be taken
within the approved beam time of the current el program. In case no data are taken at a
fifth beam energy of 5.5 GeV, we will require beam time for that energy in a future update
- of this proposal.
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9.2 Physics Motivations

The structure of the nucleon revealed in hard processes is described by parton distribu-
tions. Traditionally, the internal structure of the nucleon has been studied (CERN, SLAC,
DESY) through inclusive scattering of high-energy leptons in the DIS limit, i.e. at large @2,
v, and fixed Bjorken zp = Q*/2m,v, where @Q* and v are the mass squared and energy of
the virtual photon. For example, unpolarized DIS provided the first evidence that quarks
carry only about 45% of the nucleon momentum via measurements of the structure function
Fi(z,Q?), or the corresponding parton densities g(z, @*). Recent measurements have fo-
cused on the leading-twist structure function g;(zx, @?), which is roughly proportional to the
inclusive spin asymmetry on a longitudinally polarized target. Polarized DIS measurements
of g1(x,Q?), or the relevant helicity densities Ag(z, @?), have revealed that only about 30%
of the nucleon’s spin is carried by the quark’s intrinsic spin [1].

Processes where at least one hadron is detected in the final state offer several distinct
advantages over inclusive processes alone [2]. Particularly interesting is the chirally odd
structure function h;(z,Q?), or the appropriate transversity densities dq(z, @?) [3, 4]. To-
gether with Fi(z, Q?) and g;(z, Q?), hi(z, Q?) is necessary for a complete description of the
quark structure of the nucleon in high-energy processes. The structure function h(z, Q?)
has never been measured. Chirally odd quark distributions are difficult to measure because
they are suppressed in totally inclusive deep inelastic scattering. However, the asymmetry
. for semi-inclusive leptoproduction of pions from a transversely polarized target contains a
“contribution from h,(z, @?) that is enhanced at low z. Another motivation for the measure-

ment of h;(z,Q?) is a sensitivity to the role of relativistic effects in the nucleon state, and a
possible sensitivity [2] to gluon contributions to the spin of the proton.

Exclusive electroproduction of mesons from nucleons has become a field of growing inter-
est [5, 6, 7] since a full factorization theorem has been proven [8, 9, 10]. It has been shown
that exclusive meson production at large Q% and small ¢ factorizes into a hard scattering
coefficient, a quark-antiquark distribution amplitude of the meson, and an off-diagonal quark
(or gluon) distribution that describes the “soft” physics in the nucleon. The proof of factor-
ization applies when the virtual photon is longitudinally polarized. It has been also shown
[8] that transverse polarization of the photon implies a power suppression in () relative to the
case of longitudinal polarization. The theorem applies to the production of mesons at all zp.
Therefore, off-diagonal (also called off-forward [9] or non-forward [10]) parton distributions
allow the description of certain exclusive reactions in the framework of QCD.

For longitudinally polarized vector mesons, the relevant parton densities are the unpo-
larized ones, g(z, @?). For transversely polarized vector mesons, the parton densities are the
quark transversity densities, dg(z, @*). The original hope [8] that h;(z, @?) may be measured
via production of transverse vector mesons has, unfortunately, not come true because in hard
scattering processes, such a transition is forbidden [11, 12]. For the pseudoscalar mesons,
the relevant parton densities are the quark helicity densities, Ag(x, @?), which are not sup-
pressed at large xp. Hence, the polarized parton densities can be probed in unpolarized
collisions.

It is clear that the study of exclusive and semi-inclusive reactions provides a probe of
nucleon structure complementary to purely inclusive studies. In particular, we should study
exclusive reactions at low ¢, and at high Q% and W, in the region of validity of QCD factor-
ization theorems, and also in the transition region where standard partonic models may no
longer be valid. One can then probe the soft part of a proton in a novel way, and elucidate
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the transition between soft and hard scattering processes.

A measurement of the differential cross section o(t, W, @?) for the reactions ep — €' +
7t (K*) + n(A) at beam energies of 4.0, 4.5, 5.0, 5.5, and 6.0 GeV has been proposed and
discussed at two JLab workshops [13]. In this proposal, data will be collected simultaneously
for 7%, 7% and K exclusive electroproduction using the CLAS detector at JLAB in the fol-
lowing kinematical region: Q% > 1.4 (GeV/c)? and W > 2.0 GeV. The reaction mechanism,
which involves off-diagonal parton distributions, is sketched in Fig. 62.

In the following sections, existing data, detailed simulations, and reconstruction and
analysis of meson electroproduction will be discussed.

9.3 Cross Section

The procedure of extracting a virtual photon cross section o,,, from the observed elec-
troproduction cross section is based on the one-photon approximation. In this procedure,
electrons are regarded as providing a beam of virtual photons (flux ') of known polarization
¢, mass squared Q?, and energy v. Electroproduction reactions can be described in terms of
form factors that are generalizations of the form factors observed in elastic electron-proton
scattering, or in terms of cross sections that are extensions of the photoproduction cross
sections. The most general form of the differential cross section o for the reactions

ep— e+ (KT)+n(A), ep—e +7°+p, (26)

~can be written in terms of four structure functions (unpolarized data) [14]:

U%I,(W2, Q% t, ¢) = or+eop +eorrcos2¢p +/e(e+1)/2- opcos o, (27)

where o7, o1, opr, and oy are functions of the variables: Q%, W? = 2m,v — Q? + mZ, and
t = (py, — Pr.x)? — tmin (or 8%, the angle between the virtual photon and the meson in the
hadronic center-of-mass (CM) W). The dependence on the azimuthal angle ¢ (angle of the
meson relative to the electron-scattering plane: ¢ = ¢*) is shown explicitly in eq(27).

The term o represents the cross section for transverse photons, o, represents the cross
section for longitudinal photons, opr is the interference between the transverse amplitudes,
and opr is the interference between transverse and longitudinal amplitudes. The terms opp
and oy approach zero as t — 0, and the terms o, and oy vanish as Q2 — 0. In eq(27), the
_structure functions or and opr can be further decomposed into two parts: ¢, corresponds
" to incident photons polarized perpendicular to the hadronic plane, and o corresponds to
~photons polarized parallel to the hadronic plane: o7 = (o +0.)/2, orr = (0 — 01)/2, and
orr = QRG(ALAﬁ)

In eq(27) we took explicitly into account the helicities of the virtual photon and ignored
the helicities of the ingoing and outgoing nucleon [14]. By taking into account the nucleon
_spin, we can write: oy = |A)]* + AP, o = |AY]* + AT, op = |AY|® + |ALJ?, and
our = 2Re(AY A* + A] Af™), where N and F refer to nucleon flip and non-flip amplitudes,

respectively. In the ¢ channel, the contributions to AY’F come only from natural parity
-exchange, and contributions to Aflv P and Ag ¥ come only from unnatural parity exchange.
Using a transversely polarized target one obtains six more structure functions that are the
imaginary parts of products of non-flip and flip amplitudes I'm(AY AF*).

104



the transition between soft and hard scattering processes.

A measurement of the differential cross section o(t, W, @?) for the reactions ep — €' +
7t (K*) + n(A) at beam energies of 4.0, 4.5, 5.0, 5.5, and 6.0 GeV has been proposed and
discussed at two JLab workshops [13]. In this proposal, data will be collected simultaneously
for 7%, 7% and K exclusive electroproduction using the CLAS detector at JLAB in the fol-
lowing kinematical region: Q% > 1.4 (GeV/c)? and W > 2.0 GeV. The reaction mechanism,
which involves off-diagonal parton distributions, is sketched in Fig. 62.

In the following sections, existing data, detailed simulations, and reconstruction and
analysis of meson electroproduction will be discussed.

9.3 Cross Section

The procedure of extracting a virtual photon cross section o,,, from the observed elec-
troproduction cross section is based on the one-photon approximation. In this procedure,
electrons are regarded as providing a beam of virtual photons (flux ') of known polarization
¢, mass squared Q?, and energy v. Electroproduction reactions can be described in terms of
form factors that are generalizations of the form factors observed in elastic electron-proton
scattering, or in terms of cross sections that are extensions of the photoproduction cross
sections. The most general form of the differential cross section o for the reactions

ep— e+ (KT)+n(A), ep—e +7°+p, (26)

~can be written in terms of four structure functions (unpolarized data) [14]:

U%I,(W2, Q% t, ¢) = or+eop +eorrcos2¢p +/e(e+1)/2- opcos o, (27)

where o7, o1, opr, and oy are functions of the variables: Q%, W? = 2m,v — Q? + mZ, and
t = (py, — Pr.x)? — tmin (or 8%, the angle between the virtual photon and the meson in the
hadronic center-of-mass (CM) W). The dependence on the azimuthal angle ¢ (angle of the
meson relative to the electron-scattering plane: ¢ = ¢*) is shown explicitly in eq(27).

The term o represents the cross section for transverse photons, o, represents the cross
section for longitudinal photons, opr is the interference between the transverse amplitudes,
and opr is the interference between transverse and longitudinal amplitudes. The terms opp
and oy approach zero as t — 0, and the terms o, and oy vanish as Q2 — 0. In eq(27), the
_structure functions or and opr can be further decomposed into two parts: ¢, corresponds
" to incident photons polarized perpendicular to the hadronic plane, and o corresponds to
~photons polarized parallel to the hadronic plane: o7 = (o +0.)/2, orr = (0 — 01)/2, and
orr = QRG(ALAﬁ)

In eq(27) we took explicitly into account the helicities of the virtual photon and ignored
the helicities of the ingoing and outgoing nucleon [14]. By taking into account the nucleon
_spin, we can write: oy = |A)]* + AP, o = |AY]* + AT, op = |AY|® + |ALJ?, and
our = 2Re(AY A* + A] Af™), where N and F refer to nucleon flip and non-flip amplitudes,

respectively. In the ¢ channel, the contributions to AY’F come only from natural parity
-exchange, and contributions to Aflv P and Ag ¥ come only from unnatural parity exchange.
Using a transversely polarized target one obtains six more structure functions that are the
imaginary parts of products of non-flip and flip amplitudes I'm(AY AF*).

104



The “inverse” reaction to yp — 7n is the 7™n — p°p. Good quality data [15] exist
only for the reaction 7~p — p°n at 17.2 GeV. The measured differential cross section, for
the above reaction, as a function of \/t shows a behavior one would expect for one-pion
exchange mechanism (spin-flip amplitude) which vanishes at ¢ = 0. The most interesting
observation for the 7~p — p%n reaction is the presence of strong polarization effects [16], i.e.
a large left-right polarized target asymmetry (presence of non-flip amplitudes) in the low ¢
region. A sizable asymmetry was also observed [17] in 7T photoproduction from a polarized
target at 5 and 16 GeV. A typical value of the asymmetry is about -0.5 in both experiments.
This is very surprising since, according to general belief, this region should be dominated by
one-pion exchange and should, therefore, show little or no polarization effects.

Determination of the pion form factor from electroproduction data requires the extraction
of that part of the cross section which contains the spin-flip amplitudes, i.e. |A[|* and |Af|?.

9.4 Simulation

We have used the SDA Package [18] to simulate the ep — e'77 (K *)n(A) and ep — €'7%
reactions, and to reconstruct the events accepted in the CLAS detector. In order to estimate
rates we have used the following form for the differential cross sections [20]:

d2o oW, [(W2+ Q2 —m2) +4m2Q® do, (W, Q2,0%,¢7)
dQ2dw T(1 — €)(s — m2)2Q? dQr ’

(28)

where the first term is a flux I" of virtual photons, the second term, o,,,, represents the
four structure functions as shown by eq(27), and s is the center-of-mass energy squared
§ = mf, + 2mypEpearm- In our simulation we have used the measured cross section o,,, at
Q? < 1 (GeV/c)? [21], and extrapolated to higher @Q? values with a simple pole form:
~ (14 Q?%/0.462)~2.

A sample of 1.6 M events was generated in the Q? range from 1.2 to 3.2 (GeV/c)? and in
W range from 2.05 to 2.15 GeV for 5 beam energies: 4.0, 4.5, 5.0, 5.5, and 6.0 GeV. Realistic
trajectories of charged particles traversing the CLAS magnetic field were simulated, including
multiple scattering and the drift cell spatial resolution of 250 um. For the purpose of the
present study, both the scattered electron and the meson had to be detectable in the trigger
scintillation counters and in all layers of the drift chambers in a given sector. Additionally, we
required that the outgoing electron was within the acceptance of the Cerenkov and Shower
Counters. These requirements provide optimal trajectory reconstruction for both charged
particles, and also a good missing-mass resolution.

Hereafter, we refer to the number of generated events weighted by the cross section (see
eq(28)) at a given luminosity as the number of produced events, Np,q. A fraction of the
Nyproq events that would have been accepted by the geometry of the CLAS detector is not
observed because of reconstruction inefficiencies and various other losses like: decaying pions
(kaons), secondary interactions, radiative corrections, missing-mass cuts, etc. These losses
depend on the event kinematics and can be corrected for on an event-by-event basis [19]. In
the present study, to account for these losses, we have introduced a constant global weight
factor wy = Ngee/Nops = 1.4.

During the reconstruction process we assumed that opposite sectors of the CLAS detector
were not perfectly aligned, but were rotated relative to each other randomly by an angle of
1 mrad. We also have assumed that each nominal beam energy is randomly off by 0.1%.
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The W, Q?, and t regions were chosen to obtain sufficient acceptance for at least 4 of the
beam energies.

Rates. In Table 14, using eq(28), we show the expected rates of produced (Nproq)
and fully reconstructed events (N,s) at each beam energy per 100 hours of running with the
CLAS detector at a luminosity L = 1 x 103 cm=2s7!, for AW = 2.05—2.15 GeV and AQ, =
27 [ sinfdf; = 0.377 sr (6; < 20°). The expected rates for neutral pion electroproduction
are roughly the same, and for K* electroproduction are smaller approximately by a factor
of 10. The analysis of the CLAS data taken at a beam energy of 4 GeV shows that the rates
for semi-inclusive electroproduction of charged pions are approximately larger by a factor of
15.

9.5 Particle Identification

To identify scattered electrons we first determine the clusters in the Shower Counter.
Negative tracks (potential electrons) that match these clusters are selected. These tracks
are then checked to determine whether the deposited energy in the cluster agrees with the
track momentum. For our kinematical conditions, outgoing mesons have momenta ranging
from 2.0 to 3.5 GeV/c, and the outgoing charged mesons are identified using a missing-mass
technique. Our preliminary analysis of 4 GeV CLAS data indicate that the background
under the missing-mass peak of the neutron is only about a few percent. The momenta
of recoil protons for 7° electroproduction are less than 0.8 GeV/c, and therefore will be
identified via Time-of-Flight technique.

9.6 Analysis of Reconstructed Events

From the reconstructed (observed) events N, we extract the Q% and ¢ (or 6*) depen-
dence of the structure functions: or, o, orr and opr in a model independent way. The

_procedure consists of fitting the form of the differential cross section in eq(28) to the mea-
“sured cross sections in a given kinematical bin AQ?AW At. The structure functions oy +eor,

orr, and orr, can be isolated experimentally using the ¢ dependence of the cross section at
a given beam energy. A separation of or and o, requires data collected at different beam
energies.

The measured cross section (0o, ,/ 8E)m has been obtained from N, + v/ Ny in each
bin Ak = AQ*AW AG*A¢* in the following way:

<80‘%I,> — NobS(AE)'wg(Eb)m
Ok )m A(AK E) - Lin(Ey) - Fu(AW, AQ?, Ey) - Ak

(29)

The average acceptance Am(AE, E}) in each bin Ak and at each beam energy has been deter-
mined by generating at random 400 events/bin. These events were transformed into the lab
system with a random rotation of the electron-scattering plane around the beam direction,
and were checked to determine if the outgoing electron and meson both lie within the ge-

ometry of the CLAS detector [19]. In Table 15, as an example, we show the acceptance as a

function of the CM angles (0%,0%) for AW = (2.05—2.15) GeV, AQ? = (2.0—2.2) (GeV/c)?

and Epegm = 4.5 GeV. The measured flux F,,, (AW, AQ?, Ey), in eq(29), was obtained by

averaging over all events observed in each bin of AW AQ?, and for given beam energy. In
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Fig. 63 we show, as an example, the derived differential cross sections as a function of ¢*
and Eje.m for one bin k of size AW AQ?At.

To extract the four structure functions from the measured cross sections in a bin k, as
shown in Fig. 63, we used the following functional form in the x? minimization procedure:

f#% =Y (P1 4P+ Py € cos20" + Py - Jei(e +1)/2 - cosqs*) , (30)

1

where the index ¢ runs over the different beam energies.

The four parameters (P, P2, Ps, and P;) are determined from the fit. The virtual photon
polarization ¢; was evaluated at the center of the AW and AQ? bins. Data with A(Ak, E) <
2% were excluded from the fit, see Table 14. The @? dependence of the four structure
functions and their statistical errors, derived from the fits, are summarized in Fig. 64 for
pions, and in Fig. 65 for kaons (see full circles with error bars). The dashed or solid curves
in Figs. 64 and 65 represent the input to the Monte Carlo simulation. The full squares (o)
and full stars (or) in Fig. 64 represent the currently available data [22] for pions. The full
stars (o + €or) in Fig. 65 represent available data [23] for kaons. The fitting procedure also
includes the expected systematic errors in determining the luminosity L,,(E}) of < 2% and a
global correction wy(Ey)m of < 2%; i.e. uncorrelated systematic errors at each beam energy
setting. In addition to the above, we introduced a correlated systematic error (common to

“all beam energies) of about 3%. The successful oy and or separation was possible, in the
above kinematical regions, once sufficient data were collected for at least 4 of the 5 beam
energies.

9.7 Summary

A challenging problem in particle physics is to understand the transition from the “cur-
rent” quarks and gluons appearing in the QCD Lagrangian to the degrees of freedom of
low-energy QCD. One could take the approach that anything that can be calculated by
pQCD can be called a hard process. All the rest would be soft. Soft interactions are usually
understood as the interactions of hadrons at a relatively small scale (low Q? in ep interactions
or low pr in hadron-hadron interactions). The problem, however, is that what we calculate
and what we measure are not the same. Soft interactions are not easily disentangled from
hard ones.

That said, let us summarize here what we can measure in a model independent way.

Stage 1. Analyze the existing el data taken at beam energies 4 GeV and 4.5 GeV. (At
present, only 20% of our required 4 GeV data and only 40% of our required 4.5 GeV data
have been acquired.) Extract the Q? and ¢ dependences of the structure functions: o7 +e€oy,
orr, and opr, and identify remaining issues.

Stage 2. Take remaining data at beam energies 4.0 and 4.5 GeV, and new data at
5.0 GeV within the approved beam time of the current el program. Extract the Q? and ¢
dependences of the structure functions: o + €0, orr, and op7.

Stage 3. Take new data at a beam energy 6.0 GeV (from this proposal package) and
try to disentangle all structure functions: or, o1, orr, and orr.

Stage 4. In case no data at our fifth beam energy of 5.5 GeV are acquired, we will
require beam time at 5.5 GeV in a future update of this proposal.
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To complete our experiment we need at least 10 days of beam time at each energy setting

assuming a luminosity of 5x103 cm~2s~! and using CLAS in a standard configuration

(normal field: B/By = +87%).

Since the charged particles (electrons and mesons) are detected mainly at low polar
angles, it is of great importance that the CLAS detector is fully operational in the forward
direction. It is also very important that data at different beam energies are collected with
the identical running conditions: 7.e. beam current, beam position, target, magnetic field
settings, trigger logic, and threshold settings.

We want to emphasize that it is crucial to acquire data at beam energies of 4.0 and
4.5 GeV as well as 5.5 and 6.0 GeV, as these mark the energy endpoints for a large fraction
of the W, 2 bins. Otherwise the structure functions cannot be accurately determined over
the proposed kinematical range due to acceptance problems.

9.8 Conclusions

We have shown that using the CLAS spectrometer at JLAB, and with beam energies
between 4 and 6 GeV, we can obtain good quality electroproduction data that will improve
our understanding of the nucleon structure as well as the hadronic properties of the photon.
We emphasize the importance of studying both the Q? and t dependencies of the various
structure functions for 7, 7° and K+ exclusive electroproduction. The comparison of
~ep — epr® and ep — ennt reactions is vital for better understanding of the soft part of a
proton structure since these reactions may proceed via different production mechanisms.

In the future we wish to measure asymmetries for exclusive and semi-inclusive meson
electroproduction on a transversely polarized target. Technically, it is a challenging task to
operate CLAS with:the strong transverse magnetic field of a polarized target.

P p, N, A

Figure 62: The diagram for the electroproduction of pseudoscalar mesons with quark exchange
mechanism at Q? = —¢? = —(k—k')? and at small momentum transfer ¢t = (p—p’)2. The exchanged
quarks carry the momentum fractions z+¢ and z — &, where ¢ is fixed to be £ = (p—p') -¢/2myv by
kinematics, where p and p’ are the four vectors of the incoming and outgoing baryons respectively.
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do/de(yp —> ©'n) for Q* = 2.1

0.5

-Figure 63: An example of the derived differential cross section as a function of ¢* and Epea,, for
Q? = 2.1 (GeV/c)?.
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Figure 64: The Q? dependence of the four structure functions and their statistical errors, derived
from fits, for pions. Existing data [22]: o7, (boxes) and or (stars).
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Figure 65: The Q? dependence of the four structure functions and their statistical errors, derived
from fits, for kaons. Existing data [23]: o + eor (stars).
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Ey,=40 | E, =45 | E,=50| E,=55| B, =6.0

AQ2 N, prod N, prod N, prod N, prod N, prod
(GGV/C)2 Nobs Nobs Nobs Nobs Nobs
14-16 36349 43455 49217 53913
13226 13547 11511 6677
1.6-1.8 23494 28537 32698 36107 38980
8946 10395 10073 8091 2059
1.8-2.0 15564 19372 22451 25049 27130
5968 7566 7755 7283 5957
2.0-2.2 10527 13480 15805 17756 19441
3918 5440 9999 5975 5343

22-24 7262 9545 11399 12926 14175
2552 3987 4533 4692 4511

24-26 6881 8325 9571 10511
2855 3494 3738 3678

2.6 - 2.8 5011 6196 7182 8012
2017 2645 2942 3016

2.8-3.0 3682 4670 9472 6144
1419 1994 2311 2457

3.0-3.2 2734 3541 4219 4779
974 1487 1792 1960

Table 14: Expected rates of produced (Nproq/100hr) and reconstructed (Nyps/100hr) 7+ mesons
using the CLAS detector at a luminosity of 1 x 103* cm~2s7! for AW = (2.05 — 2.15) GeV and
AQy = 0.377 sr (05 < 20°).
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A0, [°] | A0y [°] | A0, [°] | AG7 [°]
A¢: ] || 0-5 | 5-10 | 10-15]|15-20
0-18 072 | 070 | 0.67 | 0.68
18-36 | 0.67 | 069 | 064 | 063
36-54 || 068 | 0.66 | 057 | 0.51
54-72 | 064 | 054 | 053 | 048
72-90 || 064 | 059 | 048 | 0.45
90-108 || 0.64 | 055 | 045 | 0.39
108-126 | 0.68 | 052 | 043 | 0.39
125-144 | 070 | 058 | 046 | 0.41
144-162 | 064 | 060 | 052 | 0.44
162-180 | 063 | 0.66 | 060 | 0.42
180- 198 || 0.67 | 0.61 | 057 | 0.41
108-216 | 0.66 | 0.60 | 056 | 0.41
216-234 | 064 | 055 | 044 | 0.34
234-252 | 0.64 | 055 | 0.49 | 0.36
252-270 | 0.63 | 052 | 050 | 0.45
270 - 288 | 0.67 | 0.59 | 052 | 0.43
288 -306 | 0.67 | 0.61 | 054 | 0.46
306 - 324 || 069 | 063 | 053 | 0.56
324-342 | 073 | 069 | 0.66 | 0.59
342-360 | 0.68 | 0.71 | 0.66 | 0.70

Table 15: An example of the acceptance as a function of the CM angles (6%,4%) for AW =
(2.05 — 2.15) GeV, AQ? = (2.0 — 2.2) (GeV/c)? and Epeam = 4.5 GeV.
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