
Search for K� Mass Modi�cation in the Nuclear Medium with

Sub-threshold 12C(e,e0K�) Processes

B. Clasie, C. Crawford, D. Dutta (spokesperson/contact person), H. Gao (spokesperson),

C. Seely, C. F. Williamson, H. Xiang, F. Xiong, W. Xu, L. Y. Zhu

Massachusetts Institute of Technology, Cambridge, MA

F. Dohrmann (spokesperson)

Argonne National Lab, Argonne, IL

W. Boeglin, P. Markowitz, J. Reinhold

Florida International University, Miami, FL

O. K. Baker, L. G. Tang

Hampton University, Newport News, VA

R. De Leo

INFN-Bari, Italy

G. M. Urciuoli

INFN-Roma1, Rome, Italy

M. Iodice

INFN -Roma3, Rome, Italy

E. Cisbani, S. Frullani, F. Garibaldi, R. Iommi

ISS-Physics Lab & INFN - Sanita, Italy

J. P Chen, E. Chudakov, J. Gomez, J.-O. Hansen, C. W. de Jager, J. LeRose,

N. Liyanage, R. Michaels, J. Mitchell, A. Saha, B. Wojtsekhowski

Thomas Je�erson National Accelerator Facility, Newport News, VA

W. Korsch

University of Kentucky, Lexington, KY

J. Calarco

University of New Hampshire, Durham, NH

Hall A Collaboration Proposal

1



Abstract

Electroproduction of K+ and K� from nuclei below the free space production

thresholds on the nucleon is an exciting, new probe of the predicted medium

modi�cation of K� mass inside nuclei. We propose measurements in elec-

troproduction of K+ and K� from liquid Hydrogen and solid Carbon targets

at energy transfers ranging from 0.8 to 1.8 GeV which correspond to K�

momenta of 0.3-0.4 GeV. The proposed measurement will at the same time

allow a study of the short-range correlations by probing the high momentum

components of the nuclear wave function. A total beam-time of 774 hours is

requested for this experiment.

I. INTRODUCTION

In 1986 Kaplan and Nelson [1] pointed out the possibility for a kaon condensed phase in

dense nuclear matter, arising out of the large explicit chiral symmetry breaking (which gives

rise to the strange quark mass.) Ever since this pioneering work on the possibility of kaon

condensation in nuclear matter, a signi�cant amount of theoretical and experimental e�orts

has been devoted to the study of kaon properties in dense matter. The properties of the K+

and K� in the nuclear medium are essential in determining the possible occurrence of such

kaon condensation which would have dramatic consequences in stellar collapse and neutron

star cooling [2]. Extensive studies based on such diverse approaches as chiral perturbation

theory [3], mean �eld theory [4] and Nambu-Jona-Lasino model [5] have suggested that

in nuclear matter the K+ feels a weak repulsive potential, whereas the K� feels a strong

attractive potential. This indicates that the K+ e�ective mass increases in dense matter

and it will not condense, however, the e�ective mass of K� meson decreases with increasing

nuclear density, leading to K� condensation at densities above 3 times saturation density

�0. More importantly, all models suggest that the e�ective mass of the K� is substantially

lowered [2] even at normal nuclear density, which allows for sensitive experiments designed
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to look for medium modi�cation of the K� at normal nuclear density.

Apart from being interesting in its own right because of its direct bearing on explicit

and spontaneous chiral symmetry breaking, medium e�ects of the K� have many important

consequences, such as in the dynamics of supernovae, and in the collapse and cooling of

neutron stars and their transitions to black holes [6,7]. Medium e�ects, particularly K�

condensates, substantially reduce the maximum mass of neutron stars and thus provide a

mechanism for the formation of low mass black holes [6]. Therefore the con�rmation of these

medium e�ects deserves special e�orts.

Experimentally, in-medium properties of K� were �rst studied in kaon-nucleus scat-

tering [8,9] and kaonic atoms [10]. These experiments found evidence for the attractive

in-medium K�N potential, but were restricted to very low densities accessible by kaonic

atoms. Heavy-ion collision experiments, on the other hand, were able to access higher den-

sities and a few experiments have seen hints of modi�cation of the K� properties in the

nuclear medium [11]. Electroproduction of K+ and K� can be a new alternative probe

which would allows us to investigate possible modi�cation of the K� properties in the nu-

clear medium. A novel experimental technique based on measuring the super-ratio of K� to

K+ below and above their respective free space production thresholds is presented in this

proposal. The motivation for the experiment is to investigate the possible medium modi-

�cation of the K� mass in sub-threshold electroproduction of K� from nuclei. As a bonus

the sub-threshold K+ production data can also be used to investigate short-range correla-

tions, because sub-threshold K+ probe the high momentum component of the nuclear wave

function. It should be stressed that JLab and experimental Hall A is uniquely suited for the

proposed experiment.
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II. PHYSICS MOTIVATION: THE K� MASS MODIFICATION IN THE

NUCLEAR MEDIUM

The properties of strange mesons in a nuclear medium are essential to the understanding

of strong interactions. According to various theoretical approaches, the K+-nucleon potential

in a medium is expected to be slightly repulsive while K� mesons are expected to feel an

attractive force in the nuclear medium [12] { [15]. These models also predict that the e�ective

mass of the K� decreases in a nuclear medium while the e�ective mass of the K+ slightly

increases and that there is a distinct di�erence in the nuclear density dependence of K+

and K� e�ective masses(Fig. 1). A decrease in the e�ective K� mass would lead to an in-

medium shift in the production threshold to a lower energy, implying an enhancement of the

K� yield over the K+ yield at equivalent energies below the free-space threshold. The free-

space photo-production thresholds for K+ (
 +p! K
++�) and K� (
+p! K

+
K
�+p)

are 0.911 GeV and 1.506 GeV respectively, and the production of K� at equal energies

above or below each respective threshold is referred to as equivalent energy. Fig. 2 shows

the shift in the production threshold as a function of the ratio of the e�ective K� mass to

its free space mass.

The K+ and K� properties in the nuclear medium so far have been studied by

� nucleus nucleus (AA) collisions

� proton nucleus (pA) collisions

A. (AA) Collisions

Recently, a number of nucleus-nucleus collision experiments have observed about 1-2

orders of magnitude enhancement in the K�/K+ cross section ratio at beam energies below

the free NN kaon production threshold (when plotted as a function of the equivalent energy)

compared to nucleon-nucleon collision experiments near threshold. In addition the spectral

slopes of the K� mesons are steeper than those of K+ at the same beam energy [11](Fig. 3).
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This phenomenon has been observed in C+C, Ni+Ni, and Au+Au collisions. Fig. 3 shows

the K�/K+ ratio as a function of C.M.-kinetic energy in C+C collisions, and one observes a

steep decrease in the ratio with increasing kinetic energy. In contrast, transport calculations

(cf. [16]) without in-medium mass modi�cation, as a function of kinetic energy have failed

to describe the data. A similar e�ect in the Ni+Ni system is shown in Fig. 4. Here the

inclusive K+ and K� production cross-section is shown as a function of the c.m. kinetic

energy. K+ at 1.0 GeV/n and K� at 1.8 GeV/n, are at equivalent energies below the

NN production threshold. Note that
p
s � psth = �0:23 GeV for both, because

p
sth =

2.55 GeV for K+ production (p + p ! K+ + � + p) and 2.86 GeV for K� production

(p + p! K�K+ + p + p). The cross-section of K+ and K� at these equivalent energies are

almost equal (K�

=K+ � 1). In striking contrast, for p+p system near threshold the K�/K+

ratio is < 0.1. Some of the theoretical models (see [17] and references therein) explain both

these e�ects by incorporating the reduced e�ective mass of the K� in the transport models,

where the increased yield in K� due to the reduced K� e�ective mass overcompensates

the absorption of K� by strangeness exchange reactions. However, these measurements are

indirect probes of the in-medium physics, since it is diÆcult to separate in-medium e�ects

from other hadronic processes which a�ect the kaon production. Also it has been shown [18]

that it is important to include higher resonances and kaon dynamics into the models. In

heavy ion reactions secondary collisions often occur between resonant states, the excitation

energy of these resonances is then available for particle production. Thus detailed e�ects

of secondary collisions in nucleus-nucleus collisions need to be fully understood before the

enhancement in production rates can be attributed to in-medium e�ects. Moreover, a recent

article [19] on the in-medium modi�cation of the K� mass suggests that either the optical

potential of the K� becomes repulsive or the attraction is drastically reduced for �nite K�

momenta or �nite temperature, and hence the K� mass does not decrease substantially in

heavy ion collisions. The authors try to explain the observed enhancement of the K� rates

below threshold in terms of the enhanced production of K� via pions and � hyperons. But

there are still other models using the dispersion approach [20] which suggest that contrary to
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Ref. [19], the K� {N potential remains attractive even at high momenta. Thus it is important

to employ an alternative experimental method to investigate the K� production rates below

the free NN production threshold and to investigate the �nite momentum dependence of

these production rates.

B. (pA) Collisions

One obvious approach in hadronic scattering to search for evidence of modi�cation of

K� properties in the nuclear medium is proton nucleus scattering. Since most of the models

(cf. Fig. 1) predict a signi�cant change in the in-medium K� mass even at normal nuclear

density, these experiments present an independent study of the phenomenon of in-medium

modi�cations of kaons. Moreover, pion hyperon reactions, which are believed to be the

main source of K� production in AA collisions, are suppressed [17] and therefore cannot ac-

count for possible enhanced yields. This has led to considerable activities in studying kaon

production in p+A reactions. In general, the picture of a proton interacting with a light

nuclear target is less complicated compared to nucleus-nucleus collisions. K+ production

in p+A collisions below the free-space production threshold has also been studied in recent

years [21]- [24]. Most recently A. Badal�a et al [25] have reported invariant cross-sections for

sub-threshold K+ production in p+C collisions and their results are in agreement with the-

oretical calculations which predict the dominance of multi-step processes at sub-threshold

energies. Data on subthreshold K� [26] production in p-A reactions have only been reported

from ITEP, where such measurements were done a few years ago, and very recently from

GSI [27]. The measurements from ITEP have reported [28] evidence for the modi�cation of

K� mass in nuclear matter of normal density from their analysis of the sub-threshold K�

production. However, such an analysis depends on the total cross-section for K� produc-

tion in proton-nucleon collisions near threshold, which is not yet available with adequate

precision. The preliminary results from GSI also show an enhanced K�/K+ ratio in p+Au

collisions as compared to p+p collisions.
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C. (eA) Collisions

Electroproduction of K+ and K� from nuclear targets provides an alternative probe of

in-medium physics in which the e�ects of secondary production, which plague heavy ion

experiments, are suppressed. Recent calculations of Sibirtsev et al. [38] have shown that

the secondary production from pions is indeed negligible. It allows for the study of the

�nite momentum e�ect on the K� production rates. Moreover, the 
p! K+� cross-section

has been shown to be two orders of magnitude larger [38] than the pp ! K+�p cross-

section. This makes e+A scattering a more e�ective and cleaner probe of the in-medium

mass modi�cation of K� particles than both A+A and p+A reactions.

The sub-threshold production rates are expected to be very sensitive to the in-medium

masses [29] of the produced particles, and taking the ratio of the K� and K+ production rates

removes many experimental uncertainties thereby reducing the systematic uncertainties and

also makes theoretical calculations easier. However, the challenge of electroproduction is

that the �nal state interactions (FSI), the interactions of K� with the rest of the nucleons in

the nucleus before they exit the nuclear medium, need to be separated from the in-medium

mass modi�cation e�ect. One has to isolate the in-medium shift in the production threshold

of the K� from FSI We propose that such a separation can be achieved if one measures

the K�

K+ ratio at equivalent energies below their respective free-production thresholds while

detecting K� at the same momentum and then compare it with the K�

K+ ratio at equivalent

energies above their free thresholds. Here the K� detected above threshold would also have

the same momentum as those detected below threshold. Note that since the K� above

and below the threshold all have the same momentum, the FSI e�ects of the K+ below the

free production threshold cancels with the FSI e�ects of the K+ above the free production

threshold. Similarly the FSI e�ects of the K� above and below threshold cancel as well.

Thus the super-ratio of K
�

K+ at equivalent energies below the free production threshold to

the K
�

K+ at equivalent energies above the free production threshold, all measured at the same

momentum can isolate the in-medium shifts in the production threshold from other nuclear
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medium e�ects. We further elaborate on this scheme below.

The in-medium mass modi�cations can be addressed by comparing the sub-threshold

production ratio to the above threshold production ratio of K
�

K+ from a nuclear target (such

as 12C.) For equivalent sub-threshold energies (i.e. at similar
p
s�psth below the K+ and

K� free space thresholds respectively) one can form the ratio

Rsub th(
12C) =



� + 12C! K� +X


� + 12C! K+ +X
;

where the reactions on 12C are below the respective thresholds and the K+ and K� have

similar momenta. We will measure this ratio at equivalent energies below and above the

threshold (e.g. 0.06 GeV below and 0.13 GeV above the K+ threshold and 0.06 GeV below

and 0.13 GeV above the K� threshold) and compare them to the ratio of production rates

from hydrogen. By factorizing out the FSI e�ect we can re-write the ratio above as

Rsub th(
12C) = R0(

12C)� g
K�(pK)

gK
+
(pK)

;

where R0(
12C) is the ratio of the rates including mass modi�cation but no �nal state in-

teractions, and gK
�

(pK) is the e�ects due to FSI for K� and K+. Here we have used the

approximation that FSI or re-scattering e�ects can be parametrized as a function of K+

(K�) momentum and atomic number of the target nucleus (i.e. g�g(pK,A) [30{32].)

If there is any reduction in the K� mass it would push the K� production threshold

below its nominal value of 1.506 GeV thereby increasing the ratio R0(
12C) above its nominal

value. Measuring the same ratio above threshold and detecting K� and K+ at the same

momentum as below threshold gives,

Rabove th(
12C) = R

0

0(
12C) � g

K�(pK)

gK
+
(pK)

:

Here the factors g for the K� and K+ respectively are the same as in the sub-threshold

case because the K� are of similar momentum above and below threshold (as mentioned

above we have used the approximation that FSI is a function of K+ (K�) momentum and

atomic number of the target nucleus only.) R
0

0(
12C) is the same quantity as R0(

12C) but
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measured above threshold where it is quite insensitive to mass modi�cation. This is because

the production cross-section above threshold starts to become constant as a function of

energy (cf. Fig. 15). From the last two equations we see that if there is any reduction in

the K� mass in the nuclear medium, we will have
R0(

12C)

R0
0
(
12C)

> 1 and one would observe an

enhancement in the ratio Rsub th(
12C) with respect to Rabove th(

12C). By detecting the K+

and K� above and below threshold at similar momentum we can ensure that the e�ect due

to FSI are the same and hence any enhancement in R(12C) will be due to mass modi�cation

and not FSI. Being a super-ratio measurement there is no need to separate the 
�+12C(p)!

K+ +�+X from the 
� + 12C(p)! K+ +�+X events making the experiment insensitive

to the resolution of the spectrometers.

In addition we can quantify the FSI e�ect in terms of the ratio of Rabove th(
12C) to R(1H),

where R(1H) is the ratio of K� to K+ production from a proton target, which makes it free

from the e�ects of mass modi�cation as well as FSI. It is given by

R(1H) =


� + p! K� +X


� + p! K+ +X
= R

0

0(
1H): (1)

Since 12C has both neutrons and protons this scheme relies on the isospin symmetry, whereby

one expects that 
�p ! K+K�p and 

�n ! K+K�n have similar production rates. This

assumption is supported by experimental data of Bebek et al. [33]

This also gives us an alternative scheme for quantifying the enhancement. One can use

the ratio of K+ and K� production from 12C and 1H targets above threshold to determine

the transparency for K+ and K� respectively. Using this transparency one can correct the

sub-threshold 12C data for FSI. And �nally one can look for an enhancement in the corrected

sub-threshold K�/K+ ratio from 12C compared to the ratio from 1H.

The sub-threshold K� production rates will have very small contamination from the pro-

cess 
+p! �
0+p since the selected kinematics are well below the �0 production threshold.

The above threshold rates will also have a small contamination from such processes because

the �0 will still be produced below the free production threshold. Note that making the

sub-threshold measurement at equivalent energies and similar momentum ensures that the
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K� and K+ probe overlapping regions of the spectral function. Thus a measurement of the

K�

K+ ratio at sub-threshold energies will be a big step towards verifying possible in-medium

mass modi�cations.

D. Probing the Short-range Correlations

The sub-threshold K+ production data collected during the experiment can also be used

to extract the nuclear spectral function. The nuclear spectral function has been studied

extensively in (e,e0p) reactions. However, the high momentum components of the spectral

functions, which are believed to arise from short range two-nucleon correlations, have just

begun to be accessible experimentally. Attempts have been made to probe these short range

correlations with (e,e0p) and (e,e0pp) experiments. Sub-threshold production of K+ from

nuclei is a powerful alternative probe of these high momentum components and thus the

short range correlations. Moreover, no additional beam time is needed for this study; the

same data set which is used to study medium modi�cation can be used to study short-range

correlations.

The K+ production threshold from 
 + p ! K+� is 0.911 GeV. However, in nuclear

medium the threshold is given by energy conservation as

(mK +m�)
2 = (E
 + EN)

2 � (k
 + qN)
2 (2)

where qN is the momentum of the nucleon inside the nucleus (qN=0 for free space) and EN is

the nucleon energy (EN =MN for free space). Using this equation one can get the spectrum

of nucleon momentum qN and energy EN available for K+� production, which depends on the

photon energy E
 . The free space dispersion relation is given by EN =
q
q2N +M2

N. Figs. 5

and 6 show the range of nucleon momenta qN and energies EN (area within dashed lines)

for which the reaction 
p ! K+� is allowed for photon energies of 0.7 GeV and 0.9 GeV

respectively. The solid line is the dispersion relation in free space and the arrow shows the

Fermi momentum for nuclear matter. This tells us that for E
 about 0.2 GeV below the
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free threshold of 0.911 GeV, the nucleon momentum qN must be greater than the Fermi

momentum of 12C (� 0.221 GeV) for the production of K+. Thus K+ electro-production is

sensitive to the high momentum component of the nuclear wave function.

The short-range NN interactions induce correlations into the nuclear wave function;

thus the nuclear momentum distribution has a tail for momentum greater than the Fermi

momentum; qN > qF (Fig. 7). These tails as well as the nuclear dispersion relation

can be investigated via electro K+ production as described above. This is similar to the

eA!e0pX studies but has the added advantage of being sensitive only to the high momentum

component of the spectral function. Although it also su�ers from the problem of distortions

due to �nal state interactions, these e�ects are relatively small because the K-N interaction

is weak. This makes sub-threshold K+ production a good probe of the high momentum

components of the wave function and thus a good probe of the short range correlations.

From the momentum distribution of the sub-threshold K+, one can extract the strength of

the carbon spectral function above the Fermi energy using the relation [38]

EK

 
d
3
�

d3pK

!

�C!KX

= Ae�(�KN)

Z
d
3
qN dEN S(qN; EN)

Z

A
E
0

K

 
d
3
�
�p!KX(

p
s)

d3p0K

!
; (3)

where
p
s is the invariant energy of the incident virtual photon and the struck proton, and

the limits of the integral are �xed by energy conservation as,

mK +m� �
p
s �

q
2!MA +M2

A �MA�1:

The factor Ae� is the e�ective primary collision number which quanti�es the in-medium

distortion of the K+ while traveling through the nuclear target. Such an extraction would

be a model dependent extraction of the spectral function.

E. Previous Data

At present some data exist for H(e,e0K+) [34], [35], [36] and A(e,e0K+) [36], [37] (all of

which are from JLab) but no data exist for A(e,e0K�), and all the existing data is above
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threshold; this is primarily because of the short lifetimes (c�K = 370 cm), low production

rates and high production thresholds, as well as inadequate particle identi�cation capabilities

for K�. With the advent of very high luminosity CW machines such as JLab and the

availability of better detector technologies, it has become possible to do these experiments

with suÆcient accuracy. Given the current lack of data on K� electroproduction from

nuclear targets in the sub-threshold region, and the availability of a high duty factor high

intensity electron beam at JLab and optimal detector packages already planned or in place

in the spectrometers, it is highly desirable to do these measurements. Moreover, although

technically very challenging, these sub-threshold measurements can be made only at JLab.

In the following sections we will describe the proposed measurement, estimated counting

rates and the required detector performances.

III. EXPERIMENT

A. Experimental Overview

We propose to perform A(e,e0K+)X and A(e,e0K�)X measurements on liquid hydrogen

and solid carbon target. The schematic of the reaction is shown in Fig. 8. The experiment,

being a coincidence experiment, relies on the 100% duty factor of the JLab electron beam.

The scattered electron and K� will be detected in coincidence at forward angles using one of

the HRS spectrometer in Hall A and a kaon spectrometer which will be discussed in detail in

Section III.B . Electron beams with energies ranging from 1.6 - 4 GeV and energy transfers

ranging from 0.8 to 1.2 GeV will be used. Since we want to avoid large momentum transfers

where the kaon production rates are low, small scattering angles are necessary. It has been

shown by Donnelly et al. [40] that the kaon rates decrease with the angle �K, where �K is the

kaon angle with respect to the incident beam direction. Thus both the electron scattering

angle �e and the angle �K will be kept small. The septum magnets will be used to access

the desired forward angles. The coplanar geometry for the reaction is shown in Fig. 9.
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The subthreshold production kinematics of the K� results in low momentum K�. The

kaon momentum ranges from 0.3 to 0.4 GeV. The threshold for K+ electroproduction is

! = E
� = 0.911; thus energy transfers below 0.911 GeV are below the free production

threshold of K+. At these energies the measurement will be con�ned to the 12C target only.

The threshold for production of K� in free space is ! = E
� = 1.506 GeV (from 
p !

pK+K�). Thus the K� production will be measured at energy transfers (!) < 1.506 GeV

such that they are at equivalent energies below the threshold compared to the sub-threshold

K+ production. These measurements will also be performed with just the 12C target. At

these sub-threshold energy transfers the ratio of K�K+ as a function of kaon momentum will

be formed. At energy transfers above 0.911 GeV for K+ production and above 1.506 GeV for

K� production, the ratio of K�/K+ will be measured at equivalent energy transfers. Here

too we will detect K� with momentum similar to those in the sub-threshold measurements.

Above the free space production threshold we will make measurements on a solid 12C as well

as a LH2 target. This will let us form the ratio of H(e,e0K�)/H(e,e0K+) at equivalent energies

above the production threshold and help to estimate the e�ect of FSI and also quantify any

enhancement of the K�/K+ ratio in sub-threshold production from 12C.

The K+ can be identi�ed and separated from the protons and �
+, and the K� can be

separated from the electron and �� using the time of 
ight and aerogel detectors. The kaon

spectrometer (discussed in Section III.B) will have a small 
ight path in order to minimize

the e�ect of decay. In order to identify the K� this detector package will have an aerogel

counter in addition to a TOF scintillator detector. For kinematics where the singles rates are

very high the �Cerenkov counter in the HRS and the aerogel counter in the kaon spectrometer

can be put into the trigger to reduce the online trigger rate.

B. The Kaon Spectrometer

This experiment requires a detector package which must be placed close to the exit of

the septum magnet on an appropriate support structure with adequate shielding around it.
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This will ensure a short 
ight path for the K�. The Enge split pole spectrograph is a large

bend spectrometer with a short 
ight path; hence along with the septum magnet, it can act

as the kaon spectrometer. Fig. 10 shows a CAD drawing [50] of the Enge magnet placed in

Hall A at 15.5 degrees from the beamline. The septum magnet can be operated to bend the

scattered beam by 9.5 degrees thus allowing K� scattered at 6 degrees with respect to the

incident electron beam to be bent into the spectrometer. However, as seen in Fig. 10, there

are some interferences with the beam line, the septum magnet, and the scattering chamber

(shown by the arrows). While moving the Enge split pole magnet to Hall A is a feasible

option, modi�cations to the beamline and the existing scattering chamber are necessary

for this experiment. It should be pointed out that the BigBite spectrometer with its large

acceptance is not a viable option because, a.) at the small angles it cannot be operated with

the septum magnets. b.) If we move both spectrometers to larger angles, such as 130, where

one would not have to use the septum and the gain in acceptance would be large enough

to compensate for the drop in virtual photon 
ux, the large acceptance would entail a huge

rate for the background protons (> 5 MHz.) These high rates cannot be handled by the

BigBite detectors.

The detectors needed for this spectrometer include a pair of wire chambers for tracking, a

pair of hodoscope planes for a trigger and TOF, and an aerogel threshold �Cerenkov detector.

The K� need to be separated from �
� and protons over a momentum range of 0.3-0.75

GeV/c. A TOF scintillator detector will be used to separate K+ from the protons. The

back plane of this detector will be placed about 2 m from the front plane. The 0.3-0.4

GeV/c protons will arrive about 15 ns after they reach the front plane as shown in Fig. 11.

Thus by arranging the gate widths and the logic of the signals from the front and back

plane so as to reject signals which are more than 15 ns apart one can reject a majority

of the protons. Fig. 12 shows the arrangement of the trigger which will incorporate the

TOF signal and thus enable a good real to accidental ratio and background rejection online.

Alternatively, one can use the RF timing information along with TOF to the front plane

of scintillators which will be > 4 m away from the target. This method would not require
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a second plane of scintillators and would provide about 30 ns separation between the K+

and the protons. Furthermore, one can achieve a much better reals to accidentals ratio and

background rejection o�ine, once the TOF from the target to the front panel and the energy

deposited in the scintillators is used for p/K/� separation. Scintillators in TOF con�guration

have performed with better than 99.5% eÆciency in several experiments carried out in Hall C

and Hall A. This will help us achieve a 5� 10� 102 p/K separation online and a 1� 5� 103

p/K separation o�ine.

An aerogel �Cerenkov detector with n = 1.10 will be used as an additional level of pion

suppression. Aerogel has been shown to reach n � 1.1 when it is baked [51]. Such a �Cerenkov

counter would �re for the �+ but not K+ during positive polarity running, and would �re for

e�, �� but not K� during negative polarity running. Aerogel �Cerenkov detectors have been

shown to perform background proton rejection with 98% eÆciency in Hall C and Hall A.

Such a detector will help improve the reals to accidentals ratio and make this experiment

possible.

The Enge spectrograph has to be placed on the 
oor close to the septum magnet. The

distance of the detector stack from the septum magnet is constrained by the required short


ight path to the �rst plane of scintillators. Fig. 13 shows the survival fraction as a function

of 
ight path for 0.3 and 0.4 GeV/c K�. The estimated 
ight path for the con�guration

shown in Fig. 10 is about 4.8 m. Changes in this con�guration are likely to increase the


ight path.

Construction of a new detector system can be avoided if the detector stack planned

for the Enge spectrograph [52] is used with a new aerogel �Cerenkov detector and a second

plane of scintillators. The planned Enge spectrograph detector stack will have a pair of wire

chambers and one plane of scintillators with a timing resolution of 120 ps. This detector

stack along with a new aerogel detector and a second wall of scintillators 2 m from the front

plane, would be adequate for this experiment. The detectors can be placed on the 
oor on a

support structure and shielded. A schematic of the experimental setup is shown in Fig. 14.

The Enge split-pole magnet will be placed at 16.0 degrees with respect to the beam. The
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septum magnet will be operated to provide a bend of 9.2 degrees (note that these numbers

are slightly di�erent from the numbers shown in Fig. 10 but they will make it slightly easier

to �t the Enge in Hall A.) This will ensure that K�scattered by 5.8{7.8 degrees will be

detected in the Enge spectrograph.

C. 12C(e,e0K) Rates and Kinematics

To calculate the coincidence rates we have utilized the near real photon electroproduction

formula [40]

d
5
�

d
ed
KdEK

�e;�Ksmall

(e;e0K)

=
�

8�2

2
41 +

 
E0

E

!2
3
5 1

E
 sin
2(�e=2)

"
d�

d
K

#
(
;K)

; (4)

where E
 � q � ! = E�E 0. The angles �e and �K must be kept small; otherwise t becomes

large and the cross-section decreases accordingly. The �nal electron energy E
0 should be

large compared to the incident beam energy; this keeps the singles rates as low as possible

and thus improves the reals to accidentals ratio. The K� should have enough momenta so

that the decaying fraction is not too large.

We used the 12C(
,K) cross-sections calculated by Sibirtsev et al [43] with a 12C spectral

function to calculate the 12C(e,e0K+) coincidence rates. Fig. 15 shows the total cross-section

as a function of E
 while Fig. 16 shows the typical di�erential cross-section for E
 = 0:8

GeV. The photo-production cross-section d�

dpKd

at E
 = 0.8 GeV and E
 = 0.9 GeV were

used to obtain d�

dpKd

at E
 = 0.811 GeV and E
 = 0.861 GeV while the photo-production

cross-sections at E
 = 1.1 GeV and E
 = 1.2 GeV were used to obtain the cross-section

at E
 = 1.151 GeV. The d�
dpKd


were then integrated over �pK around pK = 0.3 GeV/c

and pK = 0.4 GeV/c respectively to obtain the d�

d

(
;K) at pK = 0.3 GeV/c and pK = 0.4

GeV/c. Finally the d�

d

(
;K) were used in Eq. 4 to obtain the (e,e0K+) electro-production

cross-section. The estimated cross-sections range from 2.0 { 8.0 nbarns/GeV/sr2. The

coincidence rates including kaon decay were obtained by,
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Rcoin = NeNtarg

d
5
�

d
ed
KdEK

�
e�
K�EK exp
��MKL

3:71pK

�
Eff

where L is the 
ight path and E� is the detector and spectrometer eÆciency (assumed

to be 0.9 .) Table I shows the estimated 12C(e,e0K+) rates assuming the Enge split pole

spectrograph along with the septum magnet is used to detect the K�. The path-length is

expected to be about 4.8 m and the angular acceptance is 0.8 msrad (� 20 mrad horizontal

and � 10 mrad vertical.) The beam current was taken to be 100 �A and a 500 mg/cm2

carbon target was used. The Tables also show the equivalent energy
p
s�psth.

Table III shows the 12C(e,e0K�) rates. The K� production rates were obtained by

assuming that they would be 1/3 (a conservative estimate based on heavy ion results and

calculations of electroproduction of �0 mesons at similar kinematics) of the K+ rates at the

equivalent energies above and below the production threshold.

D. The Singles Rates and Real to Accidental Ratios

The singles rates were estimated using an inclusive electron scattering code QFS [46] and

a ��, N electroproduction code EPC [47]. For the K+ singles rates we used the integral of

the (e,e0K) cross-section expressed as a function of W and Q2, given by:

d�

d
K

=

Z
dW

2

Z
�0
d�

CM

d
K

d(cos �CM)

d(cos �)
dQ

2
;

where �0 is the virtual photon 
ux. We used data from G. Niculescu et al. [48] and

R. Mohring [49] to obtain d�CM

d
K
for � and �0 production, and extrapolated them to our

kinematics using the parameterization [33]

d�
CM

d
K

(Q2
;W ) / pKe

2:1t

W (W 2 �M2)(Q2 + a)2
;

where a = 2:67 for � production and a = 0:79 for �0 production.

A numerical integration over W and Q2 was performed, using the Gaussian integration

method. The ranges of the integration were,

Wmin =M� +MK (for � production)
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or

Wmin =M� +MK(for � production)

and

Wmax =
p
s�Me

and for each W in this range

Q
2
min = 2(EeEe0 � pepe0)CM

Q
2
max = 2(EeEe0 + pepe0)CM

The cross-sections were calculated for �(
vp ! K+�), �(
vp ! K+�0) and �(
vn !

K+��), assuming that �(
vn! K+��) = �(
vp! K+�0) (from isospin symmetry and also

supported by experimental data of Bebek et al. [33]), The calculated cross-sections �(e;K+)

from a 12C target ranged from 0.2 { 1.8 nbarns/srad. Using this we get the kaon singles

rate, including kaon decay in Hz as,

RK = NNtarg

d�

d
K

�
K exp
��MKL

3:71pK

�
Eff

, where L is the 
ight path and E� is the detector eÆciency (taken as 0.9 .)

The estimated kaon singles rates from a 12C target without taking into account any

nuclear interaction are shown in Tables II and IV.

The coincidence and singles rates is used to calculate the real (R) to accidental (A)

coincidence ratio using,

R

A
=

Rcoin

ReRK�resl

where �resl is the coincidence time resolution (we use a typical value of 1 ns), RK is the

kaon singles rate, Re is the electron singles rate and Rcoin is the coincidence rate. The R/A

ratios range from 0.6 { 7.3. This ratio can be further improved o�ine by using the RF pulse
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timing information to determine the coincidence start time instead of the electron arm start

time. Using this technique the coincidence time resolution would depend only on the timing

resolution of the kaon spectrometer, thus providing a factor of 5 improvement in the R/A

ratio.

E. Computer and Electronic Dead Times

The high electron and proton singles rates in this experiment suggests that certain kine-

matics may have high electronic dead time. At present the best estimate of the electronic

dead time in Hall-A is 0.02/KHz [41] this would lead to 28% electronic dead time for the

kinematics with the highest electron rates. However, currently Hall-A [41] plans to install

a new system by early 2001 which would reduce the electronic deadtime by up to a factor

of 4 - 5. This would bring down the dead time to more reasonable levels (< 6 - 7 %.)

The computer dead time in Hall-A is estimated to be 0.012%/Hz hence computer dead

time should not pose any problem for this experiment.
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TABLES

TABLE I. Kinematics and Rates for 12C(e,e0K+)

E E0

p
s�
p
sth �e �K(set pt.) PK Coin Rate R

A
R
A

(GeV) (GeV) (GeV) (deg) (deg) (GeV/c) (sec�1) online o�ine

1.710 0.890 -0.054 6 6.6(6.8) 0.3 0.0035 0.68 3.4

1.710 0.854 -0.032 6 5.9(6.8) 0.4 0.0065 0.48 2.4

2.5 1.349 0.134 6 6.9(6.8) 0.3 0.0055 2.8 14

2.5 1.349 0.134 6 6.9(6.8) 0.4 0.02 7.3 36

TABLE II. Singles Rates for 12C(e,e0K+)

E E0 �e �K PK e� �� �+ p K+

(GeV) (GeV) (deg) (deg) (GeV/c) (sec�1) (sec�1) (sec�1) (sec�1) (sec�1)

1.710 0.890 6 6.6 0.3 1.4E+06 1.4E+04 0.7E+04 1.6E+05 3.7

1.710 0.854 6 5.9 0.4 1.3E+06 4.5E+03 4.0E+03 0.5E+05 10.4

2.5 1.349 6 6.9 0.3 0.7E+06 3.1E+03 7.7E+03 1.6E+05 2.8

2.5 1.349 6 6.9 0.4 0.7E+06 3.1E+03 4.6E+03 0.5E+05 3.9

TABLE III. Kinematics and Rates for 12C(e,e0K�)

E E0

p
s�
p
sth �e �K(set pt.) PK Rate R

A
R
A

(GeV) (GeV) (GeV) (deg) (deg) (GeV/c) (sec�1) online o�ine

3.245 1.842 -0.052 6 7.7 (6.8) 0.3 0.0012 3.0 15

3.245 1.800 -0.030 6 7.4(6.8) 0.4 0.0022 1.6 8

4.045 2.253 0.134 6 7.4(6.8) 0.3 0.0018 9 45

4.045 2.253 0.134 6 7.4 (6.8) 0.4 0.007 35 175
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TABLE IV. Singles Rates for 12C(e,e0K�)

E E0 �e �K PK e�(e) e�(k) ��(e) ��(k) K�

(GeV) (GeV) (deg) (deg) (GeV/c) (sec�1) (sec�1) (sec�1) (sec�1) (sec�1)

3.245 1.842 6 7.7 0.3 0.4E+06 2.3E+05 3.0E+03 8.0E+03 1.0

3.245 1.800 6 7.4 0.4 0.4E+06 1.8E+05 3.0E+03 4.0E+03 3.4

4.045 2.253 6 7.4 0.3 0.2E+06 1.8E+05 2.0E+03 1.0E+04 1.0

4.045 2.253 6 7.4 0.4 0.2E+06 1.4E+05 2.0E+03 4.0E+03 1.0

F. p(e,e0K) Rates and Kinematics

We have used the model of R. Williams, C-R. Ji and S. Cotanch [42] to calculate the

rates for a 15 cm liquid hydrogen target and an average current of 70 �A, with solid angles

of 3.7 msr and 0.8 msrad used for the electron and kaon spectrometers respectively. A 
ight

path of 4.8 m is used for the K�. The coincidence rates for the various kinematics are shown

in Tables V and VII.

TABLE V. Kinematics and Rates for p(e,e0K+)

E E0

p
s�
p
sth �e �K (set pt.) PK Rate R

A
R
A

(GeV) (GeV) (GeV) (deg) (deg) (GeV/c) (sec�1) online o�ine

2.5 1.349 0.134 6 6.9 (6.8) 0.75 0.06 50 -

TABLE VI. Singles Rates for p(e,e0K+)

E E0 �e �K PK e� �� �+ p K+

(GeV) (GeV) (deg) (deg) (GeV/c) (sec�1) (sec�1) (sec�1) (sec�1) (sec�1)

2.5 1.349 6 6.9 0.75 1.4E+05 1.0E+03 5.7E+03 4.5E+05 8.0
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TABLE VII. Kinematics and Rates for p(e,e0K�)

E E0

p
s�
p
sth �e �K (set pt.) PK Rate R

A
R
A

(GeV) (GeV) (GeV) (deg) (deg) (GeV/c) (sec�1) online o�ine

4.045 2.253 0.134 6 7.4 (6.8) 0.56 0.027 300 -

TABLE VIII. Singles Rates for p(e,e0K�)

E E0 �e �K PK e�(e) e�(k) ��(e) ��(k) K�

(GeV) (GeV) (deg) (deg) (GeV/c) (sec�1) (sec�1) (sec�1) (sec�1) (sec�1)

4.045 2.253 6 7.4 0.56 3.7E+04 5.2E+04 2.5E+03 4.0E+03 2.6
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IV. BEAM TIME ESTIMATES

The ratio of reals to accidentals was estimated by using the inclusive electron scattering

code QFS [46] and ��, N electroproduction code EPC [47] to calculate the singles rates. A

coincidence timing resolution of 1 ns was used. At kinematics where the reals-to-accidentals

ratio is very low, we will add PID (in the form of a �Cerenkov and or Aerogel veto and a

Time-of-Flight veto) to the trigger, which will reduce the product of the singles rates by

a factor of 5:0 � 103 in case of the p/K+ and �
�/K� separation and 5:0 � 103 in case of

e/K� separation. These numbers improve further when the TOF to the front panel and the

energy deposited in the scintillators is incorporated o�ine.

Using the estimated coincidence rates and a goal of 1000 coincident events for each

kinematic setting, we have calculated the beam time requirements for each target as shown

in Table IX. We request a total beam time of 774 hrs (�32 days) which includes 754

hours for the production run and 20 hours for the checkout run. One must note that due

to FSI only a fraction of the 1000 coincident events will be detected. The K+p, K+n K�p

and K�n cross-sections [44] were used to estimate the fraction of K� which can exit the

target nuclei. The K+ transparency was estimated to be 0.8 while the K� transparency was

estimated to be 0.4. This implies that the 1000 counts would be reduced to 800 K+ and 400

K� respectively. The statistical error of the measured super-ratio of K
�

K+ , below and above

threshold will be �8.0%.
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TABLE IX. Beam time Estimates

Target Beam Energy Equivalent energy Beam Time

GeV GeV hours

LH2 2.5 +0.134 4.4

(K+)

LH2 4.045 +0.134 13.6

(K�)

12C 1.71 -0.055 80.0

(K+) 1.71 -0.030 42

2.5 +0.134 62.0

12C 3.245 -0.055 240.0

(K�) 3.245 -0.030 126

4.045 +0.134 186.0

Calibrations 20.0

Total 774.0
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V. PROJECTED RESULTS

The mass modi�cation of K� in the nuclear medium will push the production threshold

down and enable K� to be produced above threshold. Fig 17 shows the mass-modi�cation

needed for the each of the two sub-threshold points to be pushed above threshold. If the sub-

threshold points are pushed above threshold, the ratio of K
�

K+ is expected to be enhanced

compared to the ratio K�

K+ without any mass modi�cation. Since the kaon momenta are

the same above and below threshold, the e�ect of FSI can be decoupled from the mass-

modi�cation. Statistical error of the super-ratio will be around 8% and the systematic errors

will be negligible since we will be measuring a super-ratio where the systematic uncertainties

will cancel.

The correlation tail of the nuclear spectral function can be probed by the subthreshold

electroproduction of K+ from nuclei. The region of the tail being probed in sub-threshold

electroproduction from 12C is shown in Figs. 18 and 19 . The region of the correlation

tail covered by each of the two sub-threshold points is shown. It is clear that for the sub-

threshold points the K+ are produced only above the Fermi energy of carbon, which is the

region where the spectral function is sensitive to short range correlations.

VI. COLLABORATION BACKGROUND AND RESPONSIBILITIES

This experiment will use the Hall A cryotarget, one of the HRS spectrometers, the septum

magnets, the existing (currently in Hall C) Enge split pole magnet and a kaon detection

system which can be fashioned from the planned Enge spectrograph detector stack. An

aerogel threshold �Cerenkov detector with n = 1.10 and a second plane of scintillators will

have to be built. The group from MIT together with JLab and FIU have built a second

aerogel detector for the hadron arm and have the necessary expertise in aerogel detectors.

Members of this collaboration have performed many coincidence experiments in both Hall

A and C, including coincidence electroproduction of K+. Members of the collaboration
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have extensive experience in running the cryotarget and building scintillator hodoscopes

and aerogel �Cerenkov detectors. Engineering support from JLab will be needed in the beam

line and scattering chamber modi�cations and design of the two additional detectors and

the support structure to place them on the 
oor of the hall. The JLab sta� will provide the

necessary experience with the beam line instrumentations and the spectrometers.
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FIGURES

FIG. 1. E�ective masses of K+ and K� in symmetric nuclear matter as a function of nuclear

density � = �p + �n in the unit of the nuclear matter density �o = 0:17fm�3. The solid line is

from ref [53] and include Pauli correlations. The dashed lines are results of in-medium coupled

channel calculation from ref [54]. The dotted lines are calculations without Pauli correlations. The

dashed-dotted line show the e�ective masses for the Tomozawa-Weinberg Born term only [53].
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FIG. 2. The shifts in the K� production threshold to lower energies with a decreasing K�

e�ective mass. Dashed line shows the predicted e�ective mass at normal nuclear density.
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FIG. 3. K�K+ ratio as a function of the center-of-mass kinetic energy measured in C + C

collisions at 1.8A GeV and at �lab = 40o.

FIG. 4. K� and K+ inclusive cross-section as a function of the center-of-mass kinetic energy

measured in Ni+Ni collisions. K+ at 1.0 GeV/u (open squares) and K� at 1.8 GeV/u (�lled

squares), are at equivalent energies below the NN production threshold (
p
s �

p
sth =-0.23 GeV

for both.) Note that the cross-section for the K� at 1.8 GeV/u is almost equal to that of K+ at

1.0 GeV/u (these are at equivalent energies.)
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FIG. 5. The energetically allowed range (area between dashed lines) of nucleon momentum

qN and energies EN for the 
p ! K+� reaction at photon energies of 700 MeV. The solid line

indicates the dispersion relation in free space while the arrow shows the Fermi momentum for

nuclear matter.

FIG. 6. The energetically allowed range (area between dashed lines) of nucleon momentum

qN and energies EN for the 
p ! K+� reaction at photon energies of 900 MeV. The solid line

indicates the dispersion relation in free space while the arrow shows the Fermi momentum for

nuclear matter.
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FIG. 7. The nucleon momentum distribution �(q) for 12C taken from [39]. The dashed line

shows the uncorrelated part, while the solid line is the sum of the uncorrelated and correlated

parts. The arrow indicates the Fermi momentum for 12C.
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FIG. 8. Kinematics of the reaction.

e

e’

Y

K
+

θ θ
θ

θ

K

K

Y

e

FIG. 9. Coplanar kinematics.
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FIG. 10. Enge split pole magnet in Hall A. In this con�guration trajectories centered around 60

scattering angle are bent by 9.50 by the septum and directed into the septum at 15.50. The arrows

show the locations where the magnet yoke interferes with the beam-line, septum magnet and the

scattering chamber. These interferences can be alleviated by changing the distance between the

target and septum and between the septum and Enge, by modifying the scattering chamber and

the septum magnet mount.
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FIG. 11. The time of 
ight for protons, kaons and pions for a 2 m 
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FIG. 12. The TOF trigger to reject protons. It rejects particles which hit both scintillator

planes > 15 ns apart.
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FIG. 14. A schematic of the experimental setup (not to scale).
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FIG. 15. The 
C! K+�X total cross-section as a function of photon energy E
 . The absolute

threshold arrow points to the minimum photon energy required to produce a K+ from carbon, and

the free 
p threshold arrow points to the minimum photon energy needed to produce a K+ from

a proton in free space.

FIG. 16. The total momentum spectrum for the K+ meson from the 
C! K+�X reaction at

photon energy E
 of 800 MeV. The solid line corresponds to calculation using the spectral function

while the long dashed line is for calculation with the spectral function multiplied by a factor of 6

and the dotted line is for the Fermi gas model.
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FIG. 17. The mass modi�cation needed for the sub-threshold points to be pushed above thresh-

old.
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FIG. 18. The region of the 12C spectral function probed in 12C(e,e0K+) for E
� = 0.811 GeV

and PK = 0.3 GeV/c.
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FIG. 19. The region of the 12C spectral function probed in 12C(e,e0K+) for E
� = 0.861 GeV

and PK = 0.4 GeV/c.
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