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Abstract

The 11 GeV beam of the upgraded Jefferson Lab combined with the CLAS12
detector provides a unique opportunity to investigate the internal structure of nuclei
and to understand the effect of the nuclear matter on the structure of hadrons. It
also allows us to study the properties of QCD by measuring the internal structure of
hadrons themselves and by studying the spectrum of the QCD bound states. Many
of the processes needed to research these subjects require the detection of a low
momentum recoil particle in the final state, which may often be an experimental
challenge. We intend to perform a set of different experiments on proton and nuclear
targets with 11 GeV electron beam and the CLAS12 detector in Hall B. All of the
considered experiments will also require an additional specialized detector for low
energy recoil fragments. In this Letter of intent we briefly describe the physics
objectives of these experiments, and suggest different options for a recoil detector
optimized for all the described measurements.
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1 Introduction

In this letter we are presenting a broad physics program. It covers the study of
the hadron structure, meson spectroscopy and next generation nuclear chromo-
dynamics measurements. For this program to be successful, it is crucial to be
able to tag low energy recoil spectators.

We propose to investigate several low energy recoil detector options for CLAS12.
This device will be able to detect low energy recoiling protons and nuclei. In
the next section, details about the physics program are presented. We plan
later to develop each physics topic into an independent proposal. However,
there is a consensus among the authors of this letter that simulation, design,
and construction of such a device should be coordinated among all partici-
pating institutions to ensure that the detector is optimized for all the physics
discussed here.

2 Physics Topics

2.1 Coherent and incoherent DVCS on helium

During the last decade, Deeply Virtual Compton Scattering (DVCS) has
emerged as a powerful tool to investigate the quark and gluon structure of
hadronic matter [1–3]. The scattering of energetic photons off the nucleus in
the Bjorken regime tells us about the momentum and position distributions
of the quarks and the gluons. These features are described within the recent
GPD formalism [4] which provides a comprehensive picture of the structure
of hadrons. GPDs correspond to the coherence between quantum states of
different (or same) helicity, longitudinal momentum, and transverse position.
In an impact parameter space they can be interpreted as distributions in the
transverse plane of partons carrying a certain longitudinal momentum [5–7].
A crucial feature of GPDs is the access to the transverse position of partons
which, combined with their longitudinal momentum, leads to the total angular
momentum of partons [8]. This information is inaccessible to inclusive deep
inelastic scattering (DIS) which measures probability amplitudes in the longi-
tudinal plane. DVCS, (see Fig. 1) corresponding to the absorption of a virtual
photon by a quark followed quasi-instantaneously by the emission of a real
photon, is the simplest process to access GPDs. In addition to the DVCS am-
plitude, the cross section for electroproduction of photons (eN → eNγ) gets
also contributions from the Bethe-Heitler (BH) process where the real photon
is emitted either by the initial or the final lepton. The reaction amplitude |T |2
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is the coherent sum of the terms of the BH and DVCS amplitudes, therefore:

|T |2 = |TBH|2 + |TDVCS|2 + I, (1)

where I being the interference between BH and DVCS amplitudes.

Fig. 1. The handbag diagram corresponding to DVCS. In the handbag diagram,
x + ξ (x − ξ) refers to the longitudinal momentum fraction of the initial (final)
quark, and t = (P − P ′)2 is the squared momentum transfer between the initial t
and the recoiled target.

The spin zero of certain stable nuclei such as the helium, xenon or neon allows
for a simple parametrization of its partonic structure characterized at leading
twist by one chirally-even GPD HA, which greatly simplifies the analysis pro-
cess to extract the individual GPDs. In the forward limit (t → 0), this GPD
reduces to the usual parton densities of the spin-0 nucleus measured in DIS. In
addition, a number of interesting relationships were found by studying Mellin
moments in nuclei: the A-dependence for the D-term of GPDs was estimated
within microscopic approaches [9,10], and compared with the calculation of
Ref. [11] using a liquid drop model; a connection was made in Ref. [9] with the
widely used approaches that relate the modifications of “partonic” parame-
ters such as the string tension, or the confinement radius, to density dependent
effects in the nuclear medium (see Ref. [12] and references therein).

The results from the recent DVCS experiments at the Jefferson Laboratory
(JLab) [13,14] are consistent with the dominance of the handbag diagram in
the description of the DVCS process on the nucleon. It is the goal of this letter
to employ the DVCS reaction in the coherent and incoherent channels for the
investigation of the internal structure of the 4He nucleus. The main emphasis
of this experiment is the measurement of the Beam-Spin asymmetry (BSA) of
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Fig. 2. Beam spin asymmetry versus momentum transfer −t at xB=0.25 (solid
curve) and xB=0.35 (dashed curve) from the model by Guzey and Strikman [15]
calculated for coherent DVCS on 4He target at electron beam energy of 11 GeV.

the DVCS process which allows us to access the imaginary as well as the real
parts of the Compton form factor of the single GPD of the helium nucleus.
Figure 2 shows predictions from the model by Guzey and Strikman [15] for
DVCS beam spin asymmetry at φ = 900 versus four-momentum transfer t.
For a scalar target, the beam-spin asymmetry can be expressed as [16]:

ALU =
α0(φ)ℑA

α1(φ) + α2(φ)ℜA + α3(φ)(ℜ2
A + ℑ2

A)
, (2)

where ℑA = ℑm{HA}, ℜA = ℜe{HA} are the unknown imaginary and real
parts of the Compton form factor and the αi(φ)’s are φ-dependent kinematical
factors. Therefore, for a given experimental bin in (Q2, xB , t), a two parameter-
fit of the φ-dependence of the BSA yields a model-independent measurement
of the real and imaginary parts of the Compton form factor.

These measurements will provide new insight on the partonic structure of the
nucleus and will allow us to address novel nuclear effects such as the role of
transverse degrees of freedom or the spatial distribution of the strong inter-
actions among partons in nuclei. The comparison between the coherent and
the incoherent channels will allow us to access different information on the
parton distributions in transverse space: coherent scattering will provide a
measurement of the impact parameter dependent parton distributions inside
the nucleus, while incoherent scattering will isolate specifically partonic con-
figurations of the bound nucleons.

Due to its spin-0 and high density, the 4He nucleus constitutes an ideal tar-
get for disentangling those nuclear effects that can be related to the forward
unpolarized EMC effect [17]. Studies of nuclei with different spin, such as
the deuteron, involve completely new functions with respect to the forward
case therefore making these investigations more difficult. Measurements in
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the range 0.1 . xB . 0.6, and for an appropriate t-range are crucial for both
establishing the role of partonic configuration sizes in nuclei, and for discern-
ing among the several competing explanations of the EMC effect. One of the
interesting observables in the DVCS process on the proton in the helium nu-
cleus is the ratio of beam-spin asymmetries for the bound and free protons

Rp =
Aincoh

LU

Ap
LU

, where Aincoh
LU is the beam spin asymmetry on the bound proton

in the helium measured in the proposed experiment, and Ap
LU is beam spin

asymmetry on free proton which will be measured with CLAS12 in a separate
experiment [18]. This is so-called generalized EMC effect measured at non-zero
four-momentum transfer not accessible in inclusive DIS. As shown in Ref. [9],
the role of partonic transverse degrees of freedom, both in momentum and co-
ordinate space, is enhanced in the generalized EMC effect (acessable in both
coherent and incoherent DVCS on helium), thus predicting an enhancement
of signals of nuclear effects with respect to the forward case. Although the
increase of this sensitivity with increasing of |t| is confirmed in Ref. [19], the
magnitude of the deviation of the asymmetry Aincoh

LU of the bound proton from
the free proton case is different. The proposed experiment would be able to
differentiate between various model predictions of the nuclear medium effects.

Recently we conducted an experiment in Hall-B at Jefferson Lab E08-024
[16] to study DVCS on 4He at 6 GeV electron beam energy. This experiment
utilized a radial time projection chamber for the detection of the recoil α-
particle to identify the exclusive reaction channel. The newly built detector
performed well and the data from this CLAS experiment is currently being
calibrated. A similar experiment using 11 GeV polarized electron beam of
the upgraded JLab electron accelerator would be a natural extension of this
experiment which would allow to access higher values of Q2 and a larger range
in xB.

In this letter we propose to measure coherent DVCS beam spin asymmetries in
order to extract in a model independent way both the real and imaginary parts
of the 4He nuclear Compton form factors HA(xB, t). The coherent channel
e 4He → e′γ 4He, will be identified by measuring all outgoing particles.

We will also simultaneously measure the incoherent DVCS BSA on bound
proton and neutron to investigate the modification of the nucleon structure
inside of helium nucleus. For the case of the proton, e 4He → e′γp 3H , we
can detect all particles in the final state including the recoil tritium in the
backward kinematics in order to suppress the final state interaction and to
ensure that the scattering occurred on the proton. In the case of incoherent
DVCS on bound neutron, e 4He → e′γn 3He, we will detect all particles in the
final state except neutron. The exclusivity will be checked using the missing
mass technique. Measurements of the momentum of the 3He and 3H will allow
us to measure the asymmetry as a function of the recoil momentum and the
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Fig. 3. Kinematic coverage of CLAS12 from a fast Monte-Carlo simulations for
coherent DVCS with 11 GeV electron beam incident on the helium target. Q2 versus
xB is on the left panel, −t versus φ is shown on the right panel.

Bjorken variable xB. The generalized EMC ratio Rp for proton can be calcu-
lated as the ratio of the BSA on bound proton measured in this experiment
to the asymmetry from the experiments on proton target. As for the general-
ized EMC ratio for neutron, we will determine the Rn ratio completely from
this experiment by interpreting the asymmetry at the lowest recoil momenta
determined from the same data as the asymmetry on a free neutron.

The BSA will be experimentally determined as the following ratio:

ALU =
1

PB

N+ − N−

N+ + N−
, (3)

where PB is the beam polarization, and N+ and N− are the number of events
detected with positive and negative helicity of electrons, respectively. The
proposed experimental setup for the DVCS experiment at 11 GeV includes
the basic CLAS12 detector to detect the scattered electron and the outgoing
proton (for incoherent channel), and a new dedicated detector to detect the
recoil nuclei and to identify the exclusive coherent DVCS process on helium.
Detection of all three particles in the final state will allow us to suppress the
background from π0 electroproduction. The remaining contribution from pion
background into the beam-spin asymmetry can be subtracted by measuring
simultaneously the BSA of the π0 electroproduction process. This technique
has been successfully used in the analysis of DVCS data from proton [14].

For the proposed setup, the kinematic coverage for coherent process as ex-
pected from our parametrized Fast Monte-Carlo (FastMC) [20] simulations is
illustrated in Fig. 3. The Q2 range in this experiment will be extended up
to 8 GeV2, while the lowest four-momentum transfer −t will be ∼ 0.1 GeV2.
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Fig. 4. Expected kinematic coverage of CLAS12, IC and a recoil detector for coherent
DVCS on deuteron for Q2 and xB

Note that the access to large Q2 values while keeping
−t

Q2
≪ 1 is essential for

the factorization of the soft and hard scattering part of the DVCS amplitude.

2.2 Coherent DVCS on deuterium target

Deep inelastic scattering processes in the deuteron have been used mainly
as the source of information on unpolarized and polarized distributions of a
neutron in the forward limit. With the advent of DVCS it became possible
to study GPDs of a deuteron as a whole leaving it intact in the final state.
Due to the fact that it is a spin-1 object there are entirely new functions
appearing which could give us a deeper understanding of this nucleus in terms
of its fundamental degrees of freedom. The nine GPDs for a spin-1 object have
been given in Ref. [21] and their properties have been discussed in detail in
Ref. [22]. Sum rules relate these GPD’s to the usual deuteron form factors
Gi(i=1,3), which are linear combinations of charge monopole GC , magnetic
dipole GM , and charge quadrupole, GQ. The unique feature of these relations is
the fact that G3(t) form factor is totally dominated by the charge quadrupole
GQ(t) [23] and allows us to access the H3 GPD via beam-spin asymmetry
measurements. This will be the first measurement of the partonic structure
function of the deuteron related in the forward limit to charge quadrupole, and
not only to charge and magnetic form factors, which can not be decomposed
into simple additive sum of the proton and neutron. Using the results of these
measurements we can access the partonic structure of the deuteron treated as
a single hadron, which is irreducible to the partonic structure of its nucleon
constituents.

We propose to measure the beam-spin asymmetries in the coherent DVCS
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scattering process on deuteron target using CLAS12 detector. The scattered
electron will be detected in CLAS12 while the recoil deuteron will be measured
in the newly developed detector package installed close to the interaction re-
gion. The real photon from the DVCS process will be measured in the inner
and forward electromagnetic calorimeters of CLAS12. The kinematical cover-
age of the experimental setup consisting of CLAS12, the inner calorimeter and
a recoil detector is shown in Fig. 4. It illustrates the expected acceptance in
Q2 and xB variables. These events were uniformly generated in the reaction’s
phase space, and the detector acceptance was determined using the FastMC
package [20].

2.3 Neutron DVCS using deuterium and helium targets
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Fig. 5. Q2 as a function of xB , for incoherent neutron DVCS events. Top panel left
(right): scattering off deuterium target with recoil proton momentum between 20
and 100 MeV (above 100 MeV). Bottom panel left (right): scattering off 4He target
with recoil 3He spectator momentum between 50 and 200 MeV (above 200 MeV)

The neutron and proton DVCS are complementary to each other. While the
latter gives constraints on GPD H and H̃, the former gives access to the GPD
E leading to the determination of the total angular momentum carried by the
quarks in the nucleon (the Ji sum rule [24]):

Jq =
1

2

∫ +1

−1
dx x [Hq(x, ξ, t = 0) + Eq(x, ξ, t = 0)] (4)
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Furthermore, measurement of the same GPD for proton and neutron will allow
for its flavor decomposition.

In this letter, we propose to measure DVCS beam spin asymmetry for quasi-
free neutron using an 11 GeV polarized electron beam off deuterium target
by tagging the low momentum recoil spectator proton. For neutron DVCS, it
was shown [25] that the dominating contribution to the asymmetry amplitude
is mostly coming from the GPD E, the least known of the GPDs.

A Monte-Carlo event generator was developed [26] to study the kinematics
of the incoherent neutron/proton DVCS reaction from 2H and 4He targets.
The DVCS amplitude is calculated following the BMK formalism [27]. We
also intend to measure bound neutron (proton) DVCS beam spin asymmetry
off 4He target by detecting the recoil spectator 3He (3H). Fig. 5 shows the
distribution of neutron DVCS events accepted in CLAS12 in the xB − Q2

plane. The following cuts were applied: W 2 > 4 GeV2, Q2 > 1 GeV2 and
−t > 0.1 GeV2.

2.4 Exclusive π0 electroproduction on helium

Exclusive pion electroproduction on proton in deep inelastic regime has been
a subject of extensive studies during the last decade. Factorization into a hard
partonic subprocess and into a soft part described by GPDs and wave functions
of the mesons was explained in Ref [28]. Goloskokov and Kroll [29] pointed
out that the description of pion electroproduction on proton in terms of the
corresponding chirally-even GPDs underestimates the experimental data, and
that there should be a significant contribution from the transversely polarized
photons. Therefore, they concluded that one may need to consider effects from
the helicity-flip proton GPDs related to the transverse momentum dependent
parton distributions [30].

Following that example, in this letter we would like to consider exclusive pion
electroproduction on helium target. Although in the lowest order the coherent
DVCS process off 4He is sensitive to a single chirally-even GPD, the spin-0 tar-
get in general is described by two twist-2 GPDs [31]. One of these GPDs, HA is
chirally-even, while the other one, HA

T is chirally-odd. By measuring the single
beam spin asymmetry from the DVCS process we can access the HA Compton
form factor. In order to determine the Compton form factor corresponding to
chirally-odd HA

T we need at least another experimental observable in addition
to the beam spin asymmetry from DVCS. One of the possible choices is the
beam spin asymmetry from the single π0 electroproduction on helium.

For scalar targets such as 4He two helicity amplitude combinations contribute
[32]. By denoting the helicity amplitudes as fΛγΛ,0Λ′ where Λγ is the photon
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helicity and Λ (Λ′) the helicity of the incoming (outgoing) hadronic system,
one has that the following two amplitudes appear, f10,00 and f00,00. The f10,00

amplitude corresponds to transverse photons, while f00,00 amplitude is due to
longitudinal photons. For the helicity amplitudes one can write:

fΛγ∗ ,0;0,0 =
∑

λ,λ′

gΛγ∗ ,λ;0,λ′C0,λ′;0,λ. (5)

where C0,λ′;0,λ are the “quark-nucleus” helicity amplitudes that depend on
xBj , t and Q2 while implicitly containing an integration over unobserved quark
and nucleon momenta. The gΛγ∗ ,λ;0,λ′ are helicity amplitudes for the elemen-
tary processes described by perturbative QCD. By considering the nucleus
as a composite target the helicity amplitudes can be written in terms of
the quark-nucleon helicity amplitudes, AΛ′

N
λ′;ΛN ,λ′, and of the nucleon-nucleus

ones, B0,Λ′

N
;0,ΛN

C0,λ′;0,λ =
∑

ΛN ,Λ′

N

∫
d4 P B0,Λ′

N
;0,ΛN

AΛ′

N
λ′;ΛN ,λ′ (6)

Whether C0,λ′;0,λ can be interpreted as a chiral even or a chiral odd quantity,
proportional to either HA, or HA

T depends on the coupling of the π0 being
axial vector (γµγ5) or pseudo-scalar (γ5) [33]. The axial vector coupling can
be present only for longitudinally polarized photons (Λγ = 0 ⇒ f00,00). There-
fore, the presence of a non-zero transverse structure function would confirm a
sizable contribution of transversity in this channel [33]. For instance, without
a contribution of HA

T in the exclusive π0 channel the beam spin asymmetry
should be negligible. By measuring the BSA for this channel we can actually
access the Compton form factor corresponding to HA

T by analyzing the DVCS
and π0 channels. Note that another way of isolating the HA

T is to measure
the exclusive π0 electroproduction cross section and to perform a Rosenbluth
separation because the σT structure function is sensitive only to the HA

T GPD.

We propose to measure the beam spin asymmetry of exclusive π0 electropro-
duction, which can be done in parallel to DVCS measurements described in
Sec. 2.1. The scattered electron will be detected in CLAS12, while the neutral
pions can be reconstructed from the two photons detected in the inner or the
forward electromagnetic calorimeters. The coherent channel will be identified
by detecting the intact 4He nucleus in the low momentum recoil detector.

2.5 The Pion Structure Function from the H(e,e’p)X Reaction

The meson cloud of a nucleon contributes to electron-proton Deep Inelastic
Scattering (DIS), as pointed out by Sullivan [34]. This so called Sullivan pro-
cess implies that the nucleon parton distributions contain a component that
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can be attributed to the meson cloud. One of the consequences of the Sul-
livan process is the prediction of a quark flavor asymmetry in the nucleon
sea [35]. Such a flavor asymmetry of the quark sea was first measured by the
NMC experiment [36] and later independently confirmed by Drell-Yan exper-
iments [37–39]. Understanding the origins of this asymmetry has attracted
considerable theoretical effort and one of the models which successfully de-
scribes the x-dependence of the sea quark flavor asymmetry, is the meson
cloud model. The success of the meson cloud model implies that a direct mea-
surement of the meson cloud via DIS should be feasible. The idea is that the
meson cloud in the nucleon can be considered as a virtual target to be probed
by various hard processes such as DIS.

Recently, the meson structure function was measured at the HERA e-p collider
where forward going neutrons and protons were tagged in coincidence with the
DIS events [40]. However, the results from HERA are limited to very low x,
where no other independent measurement of the pion structure function exists.
At JLab energies one can probe the high x region, where together with the
pionic Drell-Yan experiments one can provide independent stringent tests of
the meson cloud model. Moreover, the large angular and kinematic coverage
of the recoiling proton or proton pair in CLAS12 will allow detailed study of
the Sullivan process as a function recoil momentum and angles.

We propose to measure the semi-inclusive reaction p(e,e’p)X to study the π0

cloud of the proton and D(e,e’ppS)X to study the π− cloud of the neutron,
for Q2 >1 (GeV/c)2 at very low proton momentum (200 - 400 MeV/c). The
kinematics for the measurement will be chosen so that the deep inelastic scat-
tering occurs from the pion cloud surrounding the proton (neutron). The low
momentum protons ensure that the virtual pions have a small three momen-
tum and consequently, the pion cloud is spatially large. Thus the key to this
experimental technique is to measure the low-energy recoil proton in coinci-
dence with the scattered electron, which can be achieved by employing the
CLAS12 to detect the scattered electrons and a recoil detector to detect the
scattered protons.

In this experiment we will measure the semi-inclusive structure function of
the leading proton, F

LP (4)
2 , which is related to the measured cross-section as;

d4σ(ep → e
′

Xp
′

)

dxdQ2dydt
=

4πα2

xQ4

(
1 − y +

y2

2[1 + R]

)
F

LP (4)
2 (x, Q2, y, t), (7)

where y = P.q/P.l, Q2 = −(l − l′)2, x = Q2/(2P.q) and t = (P − P ′) where
P (P ′) are the initial(scattered) proton 4 vector, q = l−l′ and l(l′) are the initial
(scattered) lepton and R is the ratio of the cross-section for longitudinally and
transversely polarized virtual photons. The structure function of the leading
proton, F

LP (4)
2 is insensitive to the value of R so we use R=0. The measured

cross-section can be integrated over the proton momentum (which is effectively
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an integration over t) [40] to obtain the leading proton structure function

F
LP (3)
2 . The pion structure function F π

2 can then be extracted from F
LP (3)
2

using models, such as the Regge model of baryon production. In the Regge
model the contribution of a specific exchange i is defined by the product of
its flux fi(y, t) and its structure function F i

2 evaluated at (xi, Q
2). Thus,

F
LP (3)
2 =

∑

i

[∫ tmin

t0

fi(z, t)dt
]
F i

2(xi, Q
2), (8)

where i is pion, ρ-meson, etc, and the variable t corresponds to the range of
pT analyzed.

The Monte Carlo event generator RAPGAP [41] was used to simulate the
phase space of the Sullivan process. RAPGAP describes inclusive and diffrac-
tive DIS and has been validated with HERA data and was used to extract
pion structure function from the HERA data. The results of the RAPGAP
simulation at 11 GeV are shown in Fig. 6. Here xL = pN′ ·q

pN ·q
= 1 − x

xπ
, WX is

the invariant mass of the target fragment other than the recoil proton, pN is
the momentum of the recoil proton. Only events with invariant mass WX >
1 are used in order to avoid events involving exchange of meson resonances.
The WX > 1 cut restricts the lowest recoil proton momentum to Pp > 0.2
GeV/c and the lowest momentum transfer square to |t| > 0.1 GeV2. In order
to access lower t one can reduce the WX cut and correct for the contributions
from other resonances.

The extraction of the pion structure function will have to be corrected for a
number of complications to this simple picture, such as the absorptive effect
of other mesons and the non pion-pole contributions. These corrections can
be minimized by measuring at the lowest proton momentum and lowest −t
possible from the reaction. This minimizes the absorptive correction since at
lower momenta the pion cloud is further from the bare nucleon. In addition,
the low proton momentum ensures that the higher meson mass exchanges
are suppressed by the energy denominator. However, the p(e,e’p)X reaction
at 11 GeV is dominated by the diffractive process at low proton momentum,
which must be taken into account. These and other corrections will have to
be carefully studied when developing a full proposal.

The largest uncertainty in extracting the pion structure function arises from
the uncertainty of the pion flux in the framework of the pion cloud model.
One of the issues is whether to use the πNN form factors (which are know to
better than 5%) or the Reggeized form factor. The difference between these
two methods can be as large as 20%. However, by comparing to pionic Drell-
Yan data at moderate x (at x=0.5 the pion structure function from pionic
Drell-Yan is know to about 5%), we expect to have a measure of the pion flux
factor.
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Fig. 6. Phase space simulation of the Sullivan process using the Monte Carlo simu-
lation RAPGAP [41].
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For the full proposal we expect to perform more extensive simulations and
have a complete estimate of all the corrections and uncertainties in extracting
the pion structure function from these semi-inclusive reactions.

2.6 EMC effect and off-shell nucleon structure

The discovery more than twenty years ago, by the EMC Collaboration [17],
that the DIS structure functions are modified by the nuclear environment
brought quarks and gluons into nuclear physics. A great length of time has
passed, but despite concerted efforts on the subject, there is no universally
accepted explanation. Many models have been successful in reproducing data
for deep inelastic scattering on nuclear targets, but few have described both
the DIS and nuclear Drell-Yan experiments. The measurement of the nuclear
quark distributions in inclusive DIS processes have not been able to provide
enough constraints to distinguish between theoretical models. In order to make
progress it is imperative that we move beyond the inclusive experiments.

Melnitchouk et al. [42] suggested that the detection of the recoil nucleus in
addition to the scattered electron when scattering off nuclear targets may
provide unique information on several long-standing problems, such as the
origin of the EMC effect, the possible medium modifications of the nucleon
structure functions, and the nature of Nucleon-Nucleon correlations. The semi-
inclusive process offers the possibility to investigate the structure function of
both weakly and deeply bound nucleons. Measurements of tagged structure
functions have been carried in CLAS by the e6 run group to study the EMC
effect in deuteron [43] and later by the BoNuS collaboration [44] to extract
the F n

2 structure function by tagging the low momentum recoil proton, which
is a reliable indicator for scattering off a weakly bound neutron in deuteron.
The main goal of the BoNuS measurements is to extract the ratio F n

2 /F p
2 at

high x and therefore access the ratio of down to up quark distribution (d/u).
By using 4He target and tagging the recoiling 3He and 3H nuclei, one can
select scattering off a weakly or deeply bound neutron and proton respectively
depending on their off-shellness in the 4He nucleus which can be monitored
by the variables (P3He −P4He)

2 and (P3H −P4He)
2. One would measure the F2

structure functions of a weakly bound neutron in 4He and compare it to the 2H
data to detect any nuclear dependence. Since bound neutrons are always off-
shell, even when P3He = 0, an extrapolation procedure is needed to extract the
free (i.e., on-shell) neutron structure function from the tagged recoil data [45].
This procedure is necessary for neutrons due to the absence of a free neutron
target. However it can be quantitatively benchmarked using the 3He tagged
data for scattering off a weakly bound proton, and comparing the results to
the well measured free proton structure functions. The size of the residual
nuclear dependence can be determined using 3He with a tagged deuterium,
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and with heavier targets such as 12C with a tagged 11B.

By measuring F p,n
2 as a function of x in different bins in the A − 1 spectator

momentum, one can study in detail the dependence of the struture functions
on the nucleon off-shellness [46]. This is one of the presumed sources of the
EMC effect but is little known theoretically, and is a large source of uncertainty
for the determination of the d/u ratio at large x in global PDF fits [47]. The
same could be done for bound neutron by comparing it to the quasi-free one
from deuterium target.

In addition, the ratio (F n
2 /F p

2 )
bound

/ (F n
2 /F p

2 )
free

can be measured to extract
the distributions of d/u in a free nucleon and compare it to the same ratio
for bound nucleon for different spectator momenta. This study will be done
with different light nuclei (2H, 3H, 3He or 4He) to study the A dependence.
For these measurements, one should pay a close attention to the final state
interaction (FSI). In recent papers [42,48], it was suggested that the selection
of specific recoils kinematics, especially backward angles, the FSI could be
minimized. The high luminosity expected in CLAS12 and high rates capabil-
ities of the recoil detector are important parameters for the success of such
measurements since they have to be performed as a function of both the spec-
tator momentum and its angle. This would allow the study of contributions
from the target and the current fragmentation regions in addition to the effect
of final state interactions. The x coverage for different recoil momenta and for
forward and backward detection is shown in Fig. 7. The forward detection is
for the spectator fragment whose angle relative to the direction of the virtual
photon is below 50 degrees. While the backward detection is for angles above
130 degrees.

The simulation uses a simple model for 4He nucleus. The constituents are
independent nucleons with a Fermi momentum randomized according to a
parameterization from reference [49]. The events are generated by Pythia 6
generator with 11 GeV beam on the moving nucleon. A recoil nucleus is added
to compensate the initial momentum of the struck nucleon. For the acceptance
we use the CLAS12 FastMC [20] except for the recoils. In that case we apply
cuts according to the geometry and the energy loss of to the newly built radial
time projection chamber for both experiments E-07-009 [50] and E-08-024 [51].

Although the final state interaction is an important effect that can lead to
dramatic modification of the spectator kinematics. Ciofi degli Atti et al. [48]
model calculations found that the effect of FSI is maximal at 90 degrees, while
it is less pronounced at forward direction and is even smaller at backward
angles. Experimental tests of the model is crucial to the success of the recoil
tagging technique. Therefore our ability to detect the recoil spectator in all
directions is very important to all these measurements.
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Final state interaction is also expected to play a role in hadronization. It was
shown [48] that the transverse region is sensitive to hadronization models.
For heavier targets, the global analysis of low energy protons is also a new
and complementary way to look at the energy loss during the hadronization
process [52]. It suggests looking at the absorbing hadrons instead of measuring
the absorbed ones.

In addition to tagging the recoil, one can also detect the product of fragmen-
tation: e 4He → e′ 3He (3H) π± to study the fragmentation of a bound quark
to a hadron where the produced meson is detected in CLAS12 with a high
fraction of the virtual photon energy. These measurements would provide us
with more insights into the modification of the quark fragmentation in the
nuclear medium relative to the vacuum.

For heavy nuclei, there are several semi-inclusive experiments that have been
suggested to study the origins of the EMC effect. We consider two types of
semi-inclusive processes here. 1.) The 12C(e,e’(A-1))X process where the DIS
occurs in a low momentum nucleon and the nucleus (A-1) recoils with low
momentum and low excitation energy and is detected in coincidence with
the scattered electron. 2.) The process A(e,e’N2(A-2))X, where DIS occurs on
a high momentum nucleon N1 of a correlated pair, and the nucleon N2 and
nucleus (A-2) recoil with high and low momenta respectively, and are detected
in coincidence with the scattered electron.

Ciofi degli Atti et al. [53] have shown that the semi-inclusive EMC ratio

R0(xBj , Q
2) =

∫ b
a σ

12Cd~PA−1
∫ b
a σ2Hd~PA−1

integrated over a small momentum interval of

the recoil nucleus ~PA−1 with ~PA−1 = −~p1, differs dramatically for recoil nuclei
that are emitted backward versus forward (see Fig. 8 top panel). Additionally
the semi-inclusive ratio is extremely sensitive to the separate contributions to
the EMC effect from the s and p shells of the nucleus as shown in Fig. 8(bottom
panel), for the backward going recoil nucleus. Only the backward ratios are
shown in Fig. 8(bottom panel) because it is less affected by FSI between the
(A-1) nucleus and the hadrons resulting from quark hadronization. Note that
not only are the different shell contributions well separated but the semi-
inclusive EMC effect is much larger than the usual inclusive EMC effect.

These authors have also shown that the ratio R2 =
σ

12C(xBj , Q
2, ~PA−2, ~p2)

σ2H(xBj , Q2, ~PA−1)
can be used to investigate the structure function of deeply bounds nucleons
(i.e binding energy dependence of the nucleon structure functions) and can
distinguish between different models of the EMC effect such as the binding
(x-rescaling) vs the Q2 rescaling models, as shown in Fig.9.

In addition to studying the origins of the EMC effect, if the nuclei (A-1) and
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Fig. 7. (Top) x distribution for different recoil spectator momenta when the spec-
tator is detected backward. (Bottom) x distribution for different recoil spectator
momenta when the spectator is detected forward (see. text).

(A-2) are detected in coincidence with the scattered electron, this is a clear
signal of the absence of FSI; at the same time the cross-section will depend on
FSI, therefore the study of its absolute value and A dependence will allow the
investigation of the nature of FSI, e.g. hadronization length of the hit quark.

We propose to measure the ratios listed here using solid Carbon dioxide or
Oxygen gas targets. The recoil detector along with CLAS12 will allow an
investigation of the origins of the EMC effect over a wide range of kinematics
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Fig. 8. (Top) The semi-inclusive EMC ratio σ(12C)/σ(D) = R0(xBj , Q
2), corre-

sponding to nuclei emitted backward and forward in the kinematic range shown in
the Figure. The full curve is the usual inclusive EMC ratio.(Bottom) The backward
semi-inclusive EMC effect on 12C. The dashed curve represents the usual inclusive
EMC ratio.

and may help pin down its exact origins.
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Fig. 9. The ratio R2 for 12C vs xBj for fixed value of the momentum of the recoiling
(A-2) system PA−2 = 50 MeV/c, two different values of the recoiling nucleon N2, p2

= 400 MeV/c and 500 MeV/c and fixed emission angle of the nucleon = 900. The
full lines correspond to the binding model and the dotted line to the Q2 rescaling
model.

2.7 Meson spectroscopy on nuclear target

Another important physics program that will require a low energy recoil detec-
tor is the meson spectroscopy in coherent production on light nuclei. Details
of these kind of studies are presented in hadron spectroscopy program for
CLAS12 submitted as a Letter of Intent to this PAC. Coherent production
is used to eliminate physics background arising from associated baryon reso-
nance production. In order to ensure coherent production of a mesonic state,
the recoil nuclei must be detected.

Production of mesons in the mass range from 1 to 3 GeV will be studied in all
charged modes using neutral and charge exchange reaction on 3H, 3He, and
4He nuclei. Measurements must be carried out at small transferred momentum
range, close to tmin. Recoil nuclei then will have kinetic energy in the range
from 5 MeV to 30 MeV. Decay product of mesons produced in t-channel will
be detected in CLAS12, while recoil nuclei will be detected in the low energy
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recoil detector. Such an experiment (E-07-009) has already been carried out
with CLAS using 6 GeV electron beam, 4He gas target and an RTPC based
on cylindrical GEMs [50]. The experiment at 6 GeV searches hybrid mesons
in the decay mode of πη and πη′. At 6 GeV, experimental reach of masses for
t-channel mesons is ∼ 1.8 GeV. We propose to extend this studies to higher
mass range (up 3 GeV) since lattice QCD calculations yield ∼ 2 GeV mass
for the lightest hybrid meson with exotic quantum numbers JPC = 1−+.

3 Experimental Setup

3.1 Baseline CLAS12 instrumentation

The CLAS12 detector is designed to operate with the upgraded Jefferson
Lab accelerator at 11 GeV with electron-nucleon luminosity of L = 1 ×
1035cm−2s−1. The beam polarization of 85% is already achieved at 6 GeV
and is expected to be available after 12 GeV upgrade. The beam polarization
in Hall B will be measured by an upgraded Moller polarimeter based on the
one currently used at 6 GeV.

The baseline CLAS12 configuration consists of the forward detector and cen-
tral detector packages. Figure 10 shows the exploded schematic view of the
various components of the basic CLAS12 and the inner calorimeter. The pro-
posed experiments do not require modifications to the Forward Detectors (FD)
of CLAS12. However the Central Detector (CD) designed for detecting par-
ticles with lower momenta at larger angles needs significant modifications to
accommodate the experimental requirements. In particular, a low momentum
detector will be installed for the detection of recoil hadrons scattered at large
angles. The solenoid magnet of the central detector will be used to provide
magnetic field for the tracking purposes and for shielding from electrons from
Moller scattering.

The High Threshold Cherenkov Counters (HTCC) together with the Forward
Calorimeter and the Preshower Calorimeter will provide pion rejection factor
of more than 2000 up to momentum of 4.9 GeV, and a rejection factor of 100
above 4.9 GeV.

In the baseline design of CLAS12 the charged particle identification in the for-
ward detector is achieved by utilizing the HTCC, Low Threshold Cherenkov
Counters (LTCC) and the Time-of-Flight scintillator arrays (TOF) in con-
junction with the tracking information from the Drift Chambers (DC). These
detectors systems provide p/π and K/π separation in full momentum range,
while in the p/K separation there is a gap between momenta 4−8 GeV. More-
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Fig. 10. Schematic drawing of the baseline CLAS12 design showing the main detector
components.

over, in the 2.5− 5 GeV momentum region, the π/K separation relies only on
the LTCC performance. In general, this PID system is well matched to require-
ments of the main physics program at 12 GeV. However there are some physics
reactions of high interest that cannot be easily accessed without better PID, es-
pecially for charged kaon detection. A RICH detector, to be installed in place
of the low threshold Cherenkov counter, although not absolutely necessary
here, will significantly improve the CLAS12 particle identification overcoming
the above limitations.

Some of the experiments described in this letter require photon detection capa-
bilities at small angles. The forward calorimeter with nominal target position
covers the angular range from 5◦ to 40◦, while for lower angles a separate
photon detector will be needed. This coverage can be achieved by using a
calorimeter similar to the Inner Calorimeter (IC) used for the 6 GeV DVCS
experiments in Hall B. The IC was built in 2003-2004 and was successfully
operated during four different DVCS experiments in CLAS [54],[55],[56] and
[51]. It provided an energy resolution of σE

E
= 4.5% for 1 GeV photons [57].
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The parameterization for position resolution for IC

σx = σy(mm) ≃ 1.8√
E

⊕ 0.1 (9)

translates into 0.2 mrad for a 9 GeV photon from a point target viewed from
a distance of 1.75 meters [58]. A similar photon detector, already suggested in
the Jefferson Lab proposal E12-06-119 [18] can provide an angular coverage
from 1.5◦ to 5◦ for photons with CLAS12.

Additional information on the baseline CLAS12 configuration and the special-
ized equipment can be found in the document provided as an appendix to all
CLAS12 proposals.

3.2 Low energy recoil detector

CLAS12 Central Detector [59], see Fig. 11, is designed to detect and iden-
tify charged particles (π-mesons, K-mesons, protons, deuterons ...) in a wide
momentum and angular range. However, due to the thickness of layers of the
silicon tracker, the minimum momentum for charged particles to be detected
in CD is high. For example, for protons the minimum momentum Pmin is
∼ 0.2 GeV, for deuterons Pmin ∼ 0.35 GeV, as can be seen from Fig. 12.
Higher mass (A) and charge (Z) particles, e.g. 3He, 3H , 4He, will have even
higher detection threshold. This minimum momentum cut-off puts limitations
on the kinematical coverage of the experiments which require detection of a
low energy recoil particles in coherent scattering reactions on light nuclei or a
low energy spectators from scattering of inter-nuclear nucleon.

Fig. 11. CLAS12 central detector. Left - 3-D model of the central detector, super-
conducting solenoid, central time-of-flight counters and silicon vertex tracker. Right
- GEANT-4 simulation of 0.2 GeV proton in the central detector [60].
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Fig. 12. Momentum distribution of protons (left) and deuterons (right) detected in
the CLAS12 CD from GEANT-4 simulations.

For the proposed measurements, we intend to replace silicon tracker in the
CLAS12 CD with a detector with much lower detection threshold for charged
particles. Low energy recoil detectors with gas targets have already being used
in Hall B together with the CLAS detector in electroproduction experiments
at 6 GeV. Two CLAS run periods, BoNuS [61] and eg6 [62], successfully used a
Radial Time-projection Chamber (RTPC) based on Gas Electron Multipliers
(GEM). BoNuS run, experiment E03-012 [44], was the first to build and use
the RTPC based on cylindrical GEMs together with deuterium gas target at
7 atmosphere pressure. The purpose of the detector was the tagging of low
energy (P > 60 MeV/c) spectator protons in deep inelastic scattering of high
energy electrons off an almost on-shell neutron. The second run period (eg6)
consisting of two experiments E-07-009 [50] and E-08-024 [51], used a 4He gas
target at 6 atmosphere and a new RTPC to detect recoiling α-particles in
coherent scattering of electrons off helium nucleus. The new RTPC was built
using the same general principals but with improved characteristics, see Fig.
13. The most notable improvement to the first detector was much higher data
rate. New readout system allowed to run CLAS DAQ in full pipeline mode
with a trigger rate of 3 kHz and 80% livetime (compared to 0.5 kHz in the
first run). Other improvements included fully cylindrical geometry of the drift
region and the GEM assembly, see Fig. 14. Elimination of the support wall
between the two sides of the detector improved the geometrical acceptance.
In order to lower the detection momentum threshold, eg6 run group used a
target cell with thinner walls, 30 µm instead of 50 µm used in BoNuS.

For CLAS12 we plan to design and build a new low energy particle detec-
tor. There is a conditionally approved 11 GeV proposal [65] (BoNuS11) that
is planning to use similar device. The existing RTPC for CLAS has several
disadvantages to be used with CLAS12. First, it retains two side readout
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Fig. 13. CLAS eg6 RTPC and target assembly.

Fig. 14. Design (top) and GEM assembly (bottom) of the eg6 RTPC.

structure, leaving gaps in the GEM coverage of the full azimuthal drift region.
The geometry of the detector is defined by the DVCS solenoid magnet that
has 24 cm bore. Achieved readout rate is matched with maximum achievable
luminosity of CLAS.

The design of a new detector will take full advantage of larger bore of the
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Fig. 15. Top: schematic view of a recoil detector used in AmPS (NIKHEF). Bottom:
particle identification using energy loss in silicon strip detectors [63].

CLAS12 five-Tesla solenoid magnet and the high luminosity capability of the
CLAS12 detector. With successful run of RTPCs based on the cylindrical
GEMs in two experiments, the first choice for a low energy recoil detector for
CLAS12 will be a similar detector with better characteristics. With improved
technology of GEM manufacturing, it will be straightforward to make a full
2π azimuthal coverage of readout system. Detector volume will be larger to
achieve a better energy loss and momentum determination. By the time of
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Fig. 16. Schematic sketch of FFD [64].

the development of full proposals we will have options for a new data readout
system from RTPC with shorter readout time (current system based on Altro
chips has ∼ 100µs readout time for each front end card for 128 channels).
The new system must be designed to match the higher DAQ rate capability
of CLAS12.

One of the potential issues with the RTPC at high luminosity runs is the
rate of accidental tracks that is defined by the drift time of ∼ 5µs. This is
more of a problem for inclusive measurements when kinematical constraints
cannot be used to filter out accidentals. For this reason, we are looking into
a second option for a low energy recoil detector for CLAS12 which will be
much faster and will have a good timing measurement to allow for a tight
time coincidence with CLAS12. Such detectors have been successfully used
before. For example a low pressure recoil detector (LPRD) was used in AmPS
(NIKHEF) [63] for internal target experiments, and a fission fragment detector
(FFD) was built for the hyper-nuclear experiments in Hall C (JLab) [64] and
for the absolute photo-fission studies in MAX-lab (Lund Sweden). In Fig.
15, a schematic view and particle identification in LPRD are shown. The
detector consists of two-step avalanche chamber, two layers of silicon strip
detectors and a scintillator detector. The kinetic energy detection threshold
for different particles in the silicon strip layers of LPRD were as follows: for
protons - 3.2 MeV, for deuterons - 4.2 MeV, for 3H - 4.9 MeV, for 3He -
11 MeV, and for 4He - 13 MeV. The detector was operated at 7 mbar gauge
pressure.

29



The schematic of FFD is shown in Fig. 16. The basic concept here is the same.
It consists of a multi-wire proportional chamber for position measurements, a
timing plane for TOF measurements and solid state detectors mounted just
behind the outer chambers for energy loss measurements. The expected timing
resolution for these detectors is on the order of ∼ 150 ps.

Both of these detectors are fast and they can be used in an high rate environ-
ment. In particular these types of detectors can be viable option for electron
scattering experiments on solid targets. For the full proposals, all these options
for a low energy recoil detector for CLAS12 discussed above will be studied,
and the configuration best suited for the physics goals of the experiments will
be chosen.

One of the most important components of the low energy particle detection
is the target. Both of the CLAS experiments which utilized an RTPC high
pressure used gaseous targets. The target gas was confined in a small 6 mm
diameter, 30 cm long, cylindrical volume made of kapton (thickness of the
target walls was 50 µm for BoNuS target and 30 µm for eg6 target). The gas
was separated from beamline vacuum by 15 µm aluminum foils. The target
cell wall thickness was the biggest contributor to the minimum momentum
limit in the system. Clearly, the smaller the differential pressure between the
target gas and the detector gas, the thinner walls can be used (target walls can
be eliminated if target and detector are at the same pressure). Lower target
pressure, however, will increase the contribution of the beamline windows to
the trigger rate. During the BoNuS and eg6 runs the contributions from the
entrance and exit windows of the target cell was ∼ 15% − 25%. A possible
option for improvement is to use thinner windows, e.g. ∼ 10µm Be windows.
This will yield a factor two gain in the thickness, and, therefore, for the same
ratio of the target material thickness to the material thickness of the windows
one can use twice lower target gas pressure. This in turn will allow us to
use target cells with thinner than 30 µm wall thickness. Another option is
to design a detector that can operate at a higher pressure. But for any low
pressure detector design for CLAS12 it is imperative that the design includes
a design for the corresponding target as well.

4 Summary

In summary, we described a broad experimental program to be carried out
using the CLAS12 detector, which would strongly benefit from a new low
energy recoil detector. The described experiments include measurements of the
beam spin asymmetries in DVCS and exclusive π0 electroproduction channels
on helium target, coherent and incoherent DVCS on deuterium, in order to
study the Generalized Parton Distributions of nucleon and nuclei, and the
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modification of the structure of the nucleon inside nuclei. The measurements
of the EMC effect, now widely considered as one of the traditional methods
of studying the effects of nuclear medium on nucleons, will be carried out
using a novel technique of tagging the recoil fragments. This will increase
the sensitivity of the experiments to different ingredients of the theoretical
models developed to describe the EMC effect. Another exciting measurement
which will benefit from the new recoil detector is the measurement of the
pion structure function off hydrogen and deuterium. The meson spectroscopy
program using helium target, which currently is carried out at 6 GeV with
CLAS, will strongly benefit from accessing the higher mass regions of mesons
with 11 GeV electron beam. Again, it is absolutely crucial for this experiments
to ensure the coherence of the scattering process by detecting the helium
nucleus intact.

Although some of these experiments require different experimental conditions,
it is highly desirable that they can be performed using a single recoil detector.
Three different designs are considered which could accommodate the require-
ments of these different measurements. The feasibility of each measurement
needs to be confirmed before a proposal is presented for approval. A compre-
hensive study, which will include the general detector layout, detailed detector
simulations and design of readout electronics, will be conducted in the process
of preparing the full experimental proposals for the individual experiments
described in this letter and the already accepted one (BoNuS11) since there
is an important overlap and strong collaboration between the two groups.
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