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Abstract

It is proposed to measure exclusive vector meson electroproduction with CLAS-12. The

mesons which will be studied are the φ, ρ0, ρ+, and ω. The kinematic regions covered will

be W from 2 GeV to 4.5 GeV, Q2 from 1 to greater than 10 GeV2 and −t to greater than 10

GeV2. The transition from soft physics to the dominance of QCD quarks and gluons will be

explored. The φ and ρ mesons are complementary in that the electroproduction of the ρ is

expected to be sensitive to primarily valence quark and quark antiquark correlations, while

the φ is sensitive mainly to the distribution of gluons in the nucleon. The experiment will

be run contemporaneously with the deeply virtual Compton scattering and pseudoscalar

meson production. Many of the same physics issues, such as the approach to GPD and

TDA descriptions of hard reactions, underly all three experiments. Because of the different

characteristics of the final state particles, such as spin, parity, charge and mass, each will

access different aspects of the underlying physics.

I. INTRODUCTION

Exclusive electroproduction processes γ∗(Q2) + N → M + N (M = γ,meson) offer a

unique opportunity to study nucleon structure as one varies both the size of the probe — the

photon virtuality, Q2 — and the momentum transfer to the nucleon, t. Such processes can

reveal much more information about strong interaction dynamics and the internal structure

of the nucleon and the produced meson than either inclusive electroproduction (Q2 only) or

elastic form factors (t = −Q2). One may broadly organize the possible measurements into

four kinematic regions:

(1) Resonance region: W < 2 GeV, low to high Q2,

(2) Deep forward region: W > 2 GeV, high Q2, low t.

(3) Large angle region: W > 2 GeV, high t/high u, low to high Q2.

(4) Deep backward region: W > 2 GeV, low u, high Q2.

The different regions are governed by distinct reaction mechanisms and provide complemen-

tary information about meson and nucleon structure.
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In exclusive processes at Q2 � 1 GeV2 [at both low or high t, regions (2), (3) and (4)]

one expects that the meson (and the nucleon in region (4)) is predominantly produced in

configurations that are much smaller than the typical hadronic size, Rhad ∼ 1 fm. This opens

the prospect of describing the interaction of these configurations with the probe and the

target on the basis of QCD, relating them to the universal partonic structure probed in other

deep–inelastic processes. It is important to stress, however, that the basic idea of dominance

of small–size configurations is more primary than specific QCD–based approaches (see below)

and can be tested experimentally in a model–independent manner, e.g. by studying the

change of kinematic dependences of the exclusive cross section with Q2, or by comparison

of different reaction channels. Such reactions should therefore be analyzed in two stages:

(a) Verify the approach to the small–size regime by testing model–independent features; (b)

Learn about short–range nucleon and meson structure with the help of specific dynamical

models.

In the limit of Q2 →∞ and fixed xB the asymptotic behavior of exclusive meson produc-

tion at low t is governed by the pQCD hard scattering mechanism, closely related to that

governing the asymptotic behavior of meson elastic form factors at high Q2 [1, 2]. In this

picture the small–size qq̄ configurations making the meson are generated by perturbative

one–gluon exchange acting on configurations of “normal” hadronic size. A QCD factor-

ization theorem [3] states that the γ∗N → M + N amplitude can be expressed in terms

of the generalized parton distributions (GPDs) in the nucleon [4–6], describing the emis-

sion/absorption of the active quark by the nucleon; the amplitude of the hard scattering

process; and the distribution amplitude of the meson, describing the conversion of small–

size qq̄ pair to the physical meson in the final state. The factorization theorem provides

the basic script for the theoretical analysis of such processes. In particular, it guarantees

that the GPDs and distribution amplitudes (DA) are universal, process–independent objects

that can be probed in other high–momentum transfer processes and calculated using lattice

QCD.

There is strong evidence, however, that non–perturbative QCD interactions play an essen-

tial role in meson production atQ2 ∼ few GeV2 studied at JLab, and possibly at allQ2 where

such reactions could currently be measured. This brings into focus issues such as soft QCD

radiation (resummation, Sudakov suppression) and the non–perturbative vacuum structure

of QCD. In particular, the spontaneous breaking of chiral symmetry in the QCD vacuum,
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which is induced by non-perturbative forces with a characteristic range ρ � Rhad ∼ 1 fm,

may have a decisive influence on meson form factors [7] and exclusive meson production at

JLab energies. The theoretical study of such non–perturbative QCD mechanisms in meson

production is evolving and depends crucially on experimental input to discriminate between

different scenarios.

In the collinear picture used to describe high–Q2 meson production in QCD the process

can happen in two distinct ways. In the first, a quark is “taken out” of the nucleon with

momentum fraction x1 > 0, undergoes a hard reaction, and is “put back” with momentum

fraction x2 > 0, with x1−x2 ≡ 2ξ = xB/(xB−2) (see Fig. Ia). In this region the GPD behaves

similarly to the parton densities measured in inclusive DIS. In the second, the nucleon

emits a quark–antiquark pair which interacts with the photon to produce the outgoing pair,

corresponding to x1 < 0 and x2 > 0 or vice versa (see Fig. Ib). Here the GPD describes the

distribution amplitude for the emission of the qq̄ pair by the nucleon. The GPDs naturally

combine the two contributions; in fact, their behavior in the two regions is related in a subtle

way by the requirement of Lorentz invariance (“polynomiality condition”). In the pQCD

hard–scattering approach there is no principal difference between the two types of processes.

When non–perturbative interactions come into play, however, the two types of processes can

contribute very differently to the production amplitude. Theoretical arguments suggest that

the “knockout” of a small–size qq̄ pair, produced by non–perturbative interactions in the

initial state, should account for a large part of the meson production amplitude in JLab

kinematics, in channels where it is allowed by quantum numbers. A sizable number of

small–size qq̄ pairs with spin zero in the nucleon is expected due to the spontaneous chiral

symmetry breaking [8]. In contrast, the scattering from a valence quark that has to produce

the meson via non–perturbative interactions in the final state should be disfavored at low t.

As |t| is increased above ∼ 1 GeV2 scattering from valence quarks should gradually become

more important, as a large momentum has to be transferred to the nucleon. In this scenario

meson production experiments could explore the role of correlated qq̄ pairs in the nucleon

— the imprint of chiral symmetry breaking in the QCD vacuum on the nucleon’s partonic

structure.

An interesting “extreme” case is meson production in the backward region of small |u|
and high |t| (see Fig. Ic). At high Q2 this process corresponds to the removal of a small–size

3–quark system from the nucleon, leaving behind a state with mesonic quantum numbers
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FIG. 1: (a, b) High–Q2 exclusive meson production in the low–t, or forward, region: (a) Scattering

from a quark (or antiquark); x1,2 have the same sign. (b) Knockout of a quark–antiquark pair

from the nucleon; x1,2 have opposite sign. (c) High–Q2 exclusive meson production in the low–u,

or backward, region. The scattering process removes a three–quark system from the nucleon.

[9][23]. The pQCD description at Q2 → ∞ involves the so–called nucleon–to–meson tran-

sition distribution amplitude. Again, experience with nucleon form factors suggests that

non–perturbative interactions play a paramount role at realistic Q2. The study of such pro-

cesses, which have never been measured at high Q2, could provide interesting information

about the coupling of small–size 3–quark clusters to mesonic systems and the role of chiral

dynamics in hard processes, complementing studies of near–threshold meson production in

high–Q2 elastic form factors [11].

The electroproduction of vector mesons possesses a number of unique features which

give it a special place in the extensive program of exclusive measurements planned with

the 12 GeV Upgrade. The several available channels (φ, ρ0, ρ+, ω) allow one to separate

different exchanges (quarks vs. gluons, flavor singlet vs. non–singlet) and lend themselves

to model–independent comparative studies. φ meson production provides unique sensitivity

to gluons even at JLab energies [12]; a GPD–based calculation including finite–size effects

describes well the 6 GeV exclusive φ data [15]. Production of φ and ρ0 was measured in the

gluon–dominated (diffractive) regime at W > 10 GeV and is theoretically well understood,

providing a reference point for the planned measurements at lower energies. At lower ener-

gies, hard electroproduction of ρ0, ω, and ρ+, is sensitive to correlated qq̄ pairs with scalar

and pseudoscalar quantum numbers in the nucleon and provides a unique opportunity to

test this dynamical picture. Finally, vector meson production has access to polarization

observables through analysis of the decay angle distribution, which can provide information
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on elements of the rho-meson density matrix which involve helicityamplitudes having both

the lower and the higher twist contributions. Indeed, because the dominant chiral even

distribution amplitude of a vector meson has twist 2 (respectively 3) for a longitudinally

(respectively transversely)polarized state, the QCD calculation of the production amplitude

is more involved for the latter case where factorization has not yet been proven. Model

estimates exist however [13] and a consistent framework has been recently proposed[14]. To

the extent that s-channel helicity conservation is approximately valid in some Q2 range, one

can also get information on the L/T ratio without costly measurements at different beam

energies (Rosenbluth separation). The Q2 dependence of the violations of s-channel helicity

conservation are an important signal to be analyzed.

Here we propose a comprehensive study of exclusive vector meson electroproduction with

CLAS12, including the φ, ρ0, ρ+ and ω channels, in the kinematic region of high Q2, low and

high |t|, as well as the backward region of small |u|. The objectives are to

• Verify the approach to the small–size regime by focusing on observables testing qual-

itative, model-independent features of the reaction mechanism, comparing different

channels, and by making measurements over a wide range of xB(W ), Q2 and t;

• Extract information about quark–antiquark correlations in the nucleon through mea-

surements of ρ0, ρ+ and ω production and comparison with theoretical model calcula-

tions;

• More exploratory, extract information about three quark correlations in the nucleon

through measurements of ρ0, ρ+ and ω production at small uand comparison with

theoretical model calculations;

• Map the transverse spatial distribution of gluons in the nucleon through measurement

of the t–dependence of the gluon GPD in φ production and relate it to high–energy

data. More exploratory, map the transverse spatial distribution ofstrange quarks con-

tentof the nucleon through measurement of the u-dependence of the nucleon to meson

TDA in φ backward production.

The proposed mesurements would for the first time measure high–Q2 exclusive vector meson

production in both the low–|t| region, <∼ 1 GeV2, and the high–|t| region, and thus provide
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essential new information on the reaction mechanism. Comparison of low– and high–|t| mea-

surements is important to identify contributions from qq̄ pair knockout. Furthermore, the

proposed experiment would represent the first comprehensive study of vector meson channels

in the kinematic region available with 12 GeV, enabling model–independent comparisons to

clarify the reaction mechanism.

The proposed measurements complement the approved CLAS12 DVCS program (E12-09-

003), which aims to extract information on the quark GPDs through the study of polarization

observables in N(e, e′γ)N ′. Insights into qq̄ correlations in the nucleon and the flavor struc-

ture of GPDs H and E from vector meson production would directly impact on the analysis

of DVCS data. They also complement the approved program in neutral pseudoscalar meson

production (π0, η, η′, E12-06-119), which probe meson production in a situation where spin–

zero qq̄ knockout is absent. The vector meson channels described in the present proposal

would be measured simultaneously with these other channels.

The proposed study of qq̄ correlations in the nucleon relate also to the planned measure-

ments of π+ production and the extraction of the pion form factor at high Q2 (approved

Hall C experiment E1206101). The pion pole term in the GPD Ẽ is an example of a specific

qq̄ correlation at peripheral transverse distances.

This proposal is organized as follows. In Sec. II we elaborate on the physics motivation.

In Sec. III the experimental status of vector meson production is reviewed. Section IV

presents the proposed program, and describe the observables to be studied and the proposed

analysis. In Sec. V we present the projected experimental results with the upgraded CEBAF

and CLAS12 based on extensive simulations.

II. PHYSICS MOTIVATION

This proposal aims at measuring the exclusive reactions γvp→ φp , γvp→ ρ0p, γvp→ ρ+n

and γvp → ωp over as large a range of Q2, t and xB as possible, as part of the CLAS12

program of experimentally mapping the characterization of nucleon structure invoking the

framework of GPDs. It is important to point out at the very beginning that for meson pro-

duction, the purely GPD approach, in which the interactions involving the virtual photon

and the final state photon or meson are hard processes which are treated purely pertur-

batively, may occur at very high momentum transfers, so that at accessible momentum
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transfers the GPD formalism may be taken as a basis with corrections from relatively soft

processes. Thus, the primary goals of the present proposal is to observe the transition region

characterizing the descriptions from soft to hard phenomena, and short range quark corre-

lations within a nucleon. Evidence that the reach of CEBAF12/CLAS12 does indeed cover

the transition interesting transition region is illustrated in Fig. 2. The left panel shows the

results of a calculation by Ref. [16] of the evolution of the effective quark mass obtained

using the Dyson-Schwinger equation, employing chiral symmetry, and tuned to LQCD cal-

culations, to model the gluon dressing around the bare quark. The relative active quark

momentum depends on Q2. One sees that in the kinematic region available the interaction

transitions from one involving a soft dressed object toward the bare quark regime. The

middle panel shows the t slope parameter B (dσ/dt ∝ exp(Bt)) as a function of Q2 for the

ρ, φ and J/Ψ vector mesons. The reduction in the t slope is an indication that the reaction

region leading to the emission of a meson broadens and saturates to the full nucleon size

where Regge type approaches have traditionally been effective in describing aspects of the

data. The right panel shows the t slope parameter B as a function of W for ρ mesons. The

reach of the proposed experiment for ρ and φ, indicated by the vertical red lines, appears

to covers the region of xB from about 0.8 down to 0.1, transitioning from the valence quark

core to the q − q̄ and gluon sea, which have larger spacial extents than the core.

A. Deep exclusive meson electroproduction and Generalized Parton Distributions.

In the deep–inelastic limit of high Q2, a QCD factorization theorem states that meson

production is dominated by the scattering from a single, quasi–free quark in the proton

[3]. In the leading–twistapproximation, i.e., in leading order of 1/Q2, the amplitude for

longitudinal photon polarization can be expressed as a convolution of a hard scattering

amplitude (describing the quark–level scattering process), the meson distribution amplitude

(describing the hadronization of the outgoing quark/antiquark pair), and the generalized

parton distributions in the proton (describing the emission/absorption of the “active” quark

by the proton). The GPDs are universal, process–independent characteristics of the nucleon,

which combine aspects of the usual parton densities with those of elastic form factors. The

table below shows the relationships of the 4 GPDs to their underlying current structure.

Their fascinating properties, and their potential for uniting traditional concepts of nucleon
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certainly the keystone of DCSB, materially influences hadron observables and quite
likely plays a central role in confinement. This was anticipated in the Global Colour
Model.62,63,64 As we shall subsequently illustrate, the rainbow-ladder kernel is
unique today in providing a direct description and unification of a wide range of me-
son phenomena in terms of a single parameter that characterises the long-range be-
haviour of the quark-antiquark interaction. Establishing this is a reward for substan-
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provided the impetus for refining the DSE method and its direct numerical appli-
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The utility of an algebraic form for the dressed-quark propagator and Bethe-
Salpeter amplitudes is self-evident: calculating the simplest elastic form factor re-
quires the repeated evaluation of a multidimensional integral whose integrand is a
complex-valued function, and a functional of the propagator and amplitudes. The
expedient remains of use, notably in connection with baryons, and can be illus-
trated by reviewing a recent calculation of the pion’s valence-quark distribution
function.76
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in terms of the momentum-fraction probability distributions of quarks and gluons
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B (dσ/dt ∝ exp(Bt)) as a function of Q2 for ρ, φ and J/Psi vector mesons. Right: The t slope

parameter B as a function of and W for ρ mesons. The kinematic reach of the proposed experiment

are indicated by the vertical red lines.

structure in a single QCD–based description, have been widely discussed in recent years;

see Refs. [17, 18, 21] for a review of the extensive literature. In the case of vector meson

production the amplitude involves the vector–type GPDs, H and E, whose moments are

related to the helicity conserving and helicity non-conserving nucleon form factors F1 and

F2, respectively.

Complementarily, for the pseudoscalar meson production the amplitude involves the axial

vector–type GPDs, H̃ and Ẽ , whose moments are related to the axial and pseudoscalar

nucleon form factors.

nucleon helicity nucleon helicity

non-flip flip

Γ = γµ H E

quarks unpolarized Dirac Pauli

γµγ5 H̃ Ẽ

quarks polarized Axial Pseudoscalar

By measuring the vector meson production cross section in the deep–inelastic region we
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can in principle extract information about the quark and gluon GPDs in the proton, and thus

the momentum and spatial distribution of quarks and gluons, including flavor dependence.

The polarization of the virtual photon plays a crucial role in the transition from the

soft to the hard regime. QCD factorization applies to the amplitudes for production by

longitudinally polarized (L) photons, which dominate at large Q2 [3]. The amplitudes for

transversely polarized (T ) photons can generally not be expressed in terms of GPDs. This

is a consequence of the fact that longitudinal photons couple on average to configurations of

substantially smaller transverse size than transverse ones. For testing the approach to the

partonic reaction mechanism, and for extracting information about the GPDs, it is essential

to separate contributions from L and T photons to the cross section. The differential cross

section for exclusive meson production involving polarized electrons is given by

dσ

dtdφ
∝ σT + εσL + εσTT cos 2φ∗

+ σLT
√

2ε(ε+ 1) cosφ∗ + h
√

2ε(ε+ 1)σLT ′sinφ
∗, (1)

where φ∗ is the meson’s azimuthal angle and θ∗ its polar angle with respect to the virtual

photon in the plane of the virrtual photon and scattered electron.

The quantity ε is the virtual photon polarization, h the beam helicity, and σL, σT , σLT and

σTT are structure functions which depend on Q2,W and t. The unseparated cross sections

can be measured up to Q2 → 13 (GeV/c)2 and −t→ 20 (GeV/c)2, depending on the W , Q2

and the the final state meson. The combinations σT + εσL, σTT and σLT can be separated

via the azimuthal angle dependence of the cross section, and σLT ′ via the single–beam spin

asymmetry, which can be done over a wide range of Q2,W and t.

The energy range of JLab 12 will not allow high enough Q2 to study the asymptotic

scaling region for exclusive meson production, though all evidence indicated we will be ever

to cover the all important transition regions, in which significant higher twist mechanisms,

including the transverse and orbital angular momentum degrees of freedom play important

roles.

In general, there are 8 spin-dependent quark-nucleon GPDs, 4 chiral even JPC 1++ and 4

chiral odd JPC 1+− [18], and as noted [20], the quantum numbers and Dirac structure of π0

electroproduction restrict the possible contributions of the 4 chiral odd GPDs, one of which,

HT , is related to the transversity distribution and the tensor charge. The roles they play

in meson production has been dramatically demonstrated in refs [28] and [20]. This is an
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exciting development, since the transverse photons are no longer considered an impediment

for studying GPDs, but rather a window on the chiral odd GPDs and the transverse degrees

of freedom to which they are associated.

The study of the Q2–dependence of both the chiral even GPDs, which to lowesrt order

are accessed via longitudinal virtual photons, and the chiral odd GPDs, fwhich are predom-

inantly accessed vis the transverse virtual photons will provide crucial tests of the approach

to the hard mechanisms. This will require information about the four structure functions

indicated above. For separation of σL and σT , the Rosenbluth technique is most often ap-

plied. However, a well known property of vector meson production is that, the measurement

of the angular distribution of the meson’s decay products in the helicity frame, under the

assumption of s-channel helicity conservation, enables one to separate σL and σT . This

technique has already been applied to 6 GeV CLAS data. This technique will be described

in the ρ simulation section (V) below.

B. Backward meson u-channel electroproduction.

To study meson electroproduction, γ∗(q)N(pi)→ N ′(p2)M(pf ) at backward angles (u =

(pi− pf )2 fixed and small ), in the Bjorken regime (Q2 large and xb fixed) one can write the

amplitude in another factorized way (see Fig.3)

D
A

TDA

MH

!"(q)

P (p1)

P !(p2)

V (pV )

Impact parameter interpretation

• As for GPDs and GDAs, Fourier transform t! bT

• Transverse picture of pion cloud in the proton

!p

b

"

"

1!

"

"

b/(1!   )

b/(1+   )" "

1+

1/Q
d
u
u

Hard exclusive reactions and hadron structure :some new results – p. 37/42
FIG. 3: Left: Schematic representation of u-channel meson production in terms of TDAs. Right:

The interpretation in terms of a transverse impact parameter distribution.

where the hadronic structure enters through transition distribution amplitudes (TDAs) [22]

defined as Fourier transforms of matrix elements of the three quark light cone non-local op-

erator ψ(z1)ψ(z2)ψ(z3), the same operator that appears in baryonic Distribution Amplitudes

(DAs). TDAs are universal non-perturbative objects describing the transitions between a
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baryon and a meson or photon (e.g. p→ π, p→ ρ, p→ Φ, p→ γ). They are an extension

of the concept of GPDs and can be interpreted as the probability amplitude to find a vector

meson in the nucleon at a given impact parameter.

Two cases are worth emphasizing : the case M = ρ where two pions from the meson

cloud in the nucleon resonate, and the case M = φ(1020) where one probes the strangeness

content of the nucleon in a completely new way.

At the leading-twist accuracy, the u-channel QCD mechanism contributes only to σT .

The TDAs depend on the momentum fractions of the exchanged quarks x1, x2, x3. The

TDAs also depend on ∆2 = u. A 2−dimensional Fourier transform ~∆T → ~bT allows one to

express their impact representation f(xi, ξ,~bT ) and to determine the transverse location of

the meson cloud inside the proton. In this way, we access information on the 3−D structure

of the nucleon complementary to GPDs.

In the scaling regime, the amplitude for γ?TP (p1) → P ′(p2)V
0(pV ) is a convolution of

the proton DAs, a perturbatively-calculable hard-scattering amplitude and the TDAs. The

scaling law at fixed ξ reads :

σT ≈
αemα

4
s√

(W 2 +M2 +Q2)2 − 4W 2M2
× f(ξ)

Q6
. (2)

Note that there is no difference in this scaling behaviour between the different polarization

states of the produced vector meson, in contradistinction with the forward case in the GPD

framework. A first estimate of the magnitude of cross sections in the case of the electro-

production of a pseudoscalar meson is addressed in Ref.[23]. The techniques developed in

Ref. [10] are more general and will enable rate estimates to be published soon.

III. CURRENT STATUS OF VECTOR MESON EXPERIMENTS

The current status of vector meson electroproduction is summarized in [12] and for ρ

and φ electroproduction in [27] and [15] respectively. Data at high W have been obtained

by Zeus and moderate W by Hermes. A program of experiments at lower W and low to

moderate Q2 has completed at Hall B with very interesting results.

Figure 4 shows the available ρ0 longitudinal cross sections as functions of W for different

values of Q2. Also shown are the results of GPD based calculations, VGG[24] and GK[13].

Several features should be noted. Both the VGG and GK parametrizations appear to satis-
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factorily characterize the magnitude of the data at high W , while increasingly diverge as W

decreases below 8 GeV. It is observed that the cross sections in Fig. 4 can also accounted for

by a Regge based calculation [29]. Regge based calculations are also successful in accounting

for other meson electroproduction channels. This is not surprising because since the Regge

formalism largely involves small t (large distance) exchanges of correlated qq̄ pairs. Many of

tphenomenological models of GPD’s have been, and continue to be “Reggeized”. Because

of their empirical success, Regge descriptions will continue to play an important role to help

guide construction of more phenomeologica GPD models.

Reference [27] finds that the inclusion of an ad hoc ”D” term introduced by in Ref. [25],

which is meant to account for qq̄ t-channel exchanges, can account rather well for the excess

of cross section at lower W . However, to complicate the picture, the ρ+ channel [26] also

exhibits a large excess over the GPD prediction at lower W . This cannot be explained

by introduction of a “D” term, which has isoscalar quantum numbers, since one cannot

accommodate such a term for charged ρ+ production.

The situation for φ production is quite different, and in several ways complementary to

that of the ρ0. This is illustrated in Fig. 5 which shows the results of the GPD based

calculations of Ref. [15]. For the φ, the calculations account for the available data at both

low and high W , whereas for the ρ0, the calculation strongly underestimates the data at low

W , similar to the result of Ref. [27].

It may be that the difference in behavior probably derives from the basic difference

in reaction mechanism between the ρ0 and φ. For vector meson production the reaction

proceeds via two basic mechanisms, illustrated in Fig. 6 For the φ, due to its underlying

dominant ss̄ structure and the absence of strange quarks in the valence region, mechanisms

which involve quark lines are highly suppressed. Thus, the φ production is highly dominated

by the gluon GPD distribution in the nucleon, whereas at low W the ρ0 production is

probably dominated by quark GPDs with a much smaller proportion of gluon GPDs, whereas

at high W both become dominated by multi-gluon Pomeron exchange.

Further evidence that φ electroproduction may already be gluon-GPD dominated may

be found in the Q2 dependence of the cross section already obtained at CLAS6 [30, 32], and

shown in Fig. 7, in which a fit employing the function 1/(Q2 + M2
p )n yields an exponent

n ∼ 2.5, which is not inconsistent with gluon-handbag expectations. But, this is controversial

since power corrections strongly affect the value of n.
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Fig. 24. World data for the reduced cross sections !!Lp ! p"0
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The low Cornell point in the 2.80 GeV2 < Q2 <3.1 GeV 2 bin corresponds to the low R! (=0.38) point in fig. 21 and
might be unreliable. The dashed curve shows the result of the GK calculation and the thin solid curve the result of the VGG
calculation. Both calculations are based on the “standard” Double Distributions GPD parametrisations and di!er essentially
in summing coherently or not the gluon and the quark exchange handbag contributions (see fig 23). The thick solid curve is
the VGG calculation with the addition of the “Generalized” D-term. The dot-dashed curve shows the results of the Regge JML
calculation.

1.60 < Q2 < 1.90) bin. In the handbag formalism,
higher twists grow with t and this purely kinemati-
cal e!ect provides a natural source for them. However,
more than absolute values, the ratio t

Q2 should be rel-
evant and for the largest tmin bin, one actually finds
tmin

Q2 = 1.6
5.35 , i.e. of the order of 30%, which is not so

“unfavorable”. More generally, largest tmin values cor-
respond to largest Q2 values but, as Q2 increases faster
than tmin in our kinematics, this actually makes the
ratio t

Q2 more favorable as Q2 increases.
– Or, an alternative explanation, based on and supported

by the success of the handbag mechanism at high and
intermediate W values, is that the GPD formalism is
indeed at work in the valence region but then, a signifi-
cant and fundamental contribution in our parametriza-
tion of the GPDs is missing. We devote the following
paragraphs to a discussion on the nature of such a po-
tentially missing contribution.

We recall that, in the framework of the JML model,
the strong rise of the cross section as W decreases, is due
to the t-channel ! and f2 meson exchange processes. It is
then tempting to associate the potentially missing piece in
the GPDs to t-channel meson exchanges. The best exam-
ple of such contribution, in terms of GPDs, is the so-called

D-term which was originally introduced by Polyakov and
Weiss [44] who showed that it was required to introduce
such a term in the most general parametrisation of GPDs,
in addition to Double Distributions, in order to satisfy the
polynomiality rule. We recall that the D-term is non-zero
only in the !" < x < " domain, it is odd in x and it is
usually parametrized in terms of Gegenbauer polynomials
of argument x

! . The !" < x < " region corresponds to the
qq̄ component of the GPDs and therefore the D-term can
be thought of as representing the exchange of a meson in
the t-channel. We see that a structure that exists only in
the !" < x < " domain would naturally provide a con-
tribution that decreases with W , since W " 1

! . In other
words, as W increases, " decreases and therefore the sup-
port of such structure decreases and, as a consequence, its
contribution diminishes, to the point of being null in the
extreme " = 0 limit. In particular, this means that such a
contribution is not sensitive to the relation linking GPDs
to quark densities at "=0. Furthermore, as it is odd in x,
it doesn’t contribute to the sum rules linking the GPDs
to form factors. One sees that there can be contributions
to the GPDs which completely escape any normalization
or constraint.

899%

899C%DDEFF%

&G%H(**(I%)'%"$G%
899%J%9#>K"$G%%899%I5%E%')*;G%

FIG. 4: Status of ρ0 longitudinal electroproduction: σL vs. W for different values ofQ2. The origins

of the data are indicated by symbols corresponding to the panel on the lower right. The thin blue

curve is the result of the “handbag” calculation with the VGG [24, 27] GPD parameterization.

The thick blue curve is obtained the addition of a “D” term. The red dashed curve is due to a

“handbag” calculation of Ref.[13], and the red dot-dashed curve is the result of a Regge based

calculation of Ref.[29]

IV. PROPOSED EXPERIMENTAL PROGRAM

Much of the kinematic regions which cover the transition from soft physics to the dom-

inance of QCD quarks and gluons are uniquely covered by the kinematic reach of JLab-12

and CLAS-12, that is:

• W from 2 GeV to greater than 5 GeV.

• Q2 from 1 to greater than 12 or 13 GeV2

• −(t− tmin) from 0 to greater than 15 and in some kinematics approaching GeV2
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from Ref. [25]). The curve/error band show the GPD–based model calculation of Ref. [25].

transition GPDs, which can be related to the usual flavor–diagonal GPDs in the proton
using SU(3) flavor symmetry (see Ref. [29] for other interesting “ratio observables”).
Pseudoscalar meson production (%,&,K) in the small–size regime probes the polar-

ized GPDs in the nucleon. A particular feature of %+ (and to some extent also K+)
production is the existence of a “pole term” in the GPD, in which the QCD operator mea-
suring the quark density is connected to the nucleon by t–channel %+(K+) exchange;
it gives a contribution to the amplitude proportional to the pion form factor, which is in
fact the basis for measuring the latter in electroproduction experiments [30]. Better in-
sight into the relation between the “pole” and the “non–pole” component of the GPD and
their relative importance is necessary not only for improving the extraction of the pion
form factor, but also for isolating the non-pole component related to the nucleon helicity
structure. It could come e.g. from model–independent comparisons of %+ (which has a
pole) and %0 (no pole) electroproduction data (see Ref. [29] for strange channels). Ex-
perimental studies of exclusive pseudoscalar meson production are challenging because
the L/T virtual photon cross sections have to be separated by comparing data taken at
different beam energies (Rosenbluth method). There are intriguing suggestions that !T
in exclusive pion production above the resonance region could be described as the limit
of semi-inclusive production via the fragmentation mechanism [31]; if confirmed, this
could greatly aid the analysis of such processes.

GPDs IN SMALL–x PHYSICS AND pp SCATTERING

The notion of the transverse spatial distribution of partons conveyed by the GPDs has
many important applications in small–x physics and high–energy pp collisions with hard
processes. Measurements of the t–dependence of exclusive J/' photo/electroproduction
at HERA (cf. Fig. 4b) and FNAL have provided a rather detailed picture of the transverse
spatial distribution of gluons with 10!4< x< 10!2 [22]. In particular, these experiments
have shown that the nucleon’s gluonic transverse size at Q2 " few GeV2 is substantially
smaller than its size in soft hadronic interactions at high energies, and increases less

Generalized parton distributions: Status and perspectives February 12, 2009 8
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FIG. 5: Longitudinal cross sections for φ (left) and ρ0 (right) electroproduction as functions of W .

The curves are the results of calculations by Goloskokov and Kroll

FIG. 6: Diagrams illustrating the leading quark and gluon contributions to the handbag mechanism.

For experiments aimed at studying the approach to the partonic regime and extracting

information about the GPDs and u-channel production, it is necessary to characterize the

contributions from the meson “dressing” at lowest Q2, its evolution with increasing Q2 to

soft processes involving quarks with gluon dressing, and finally to “peal” these away to

approach the bare valence quark and gluon degrees of freedom. Since all these contributions

have characteristic signatures as functions of Q2, t and W we propose two basic strategies:
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FIG. 15: (Color online) Total cross sections as a function of
Q2 for our data (red full circles), previous JLab data (open
circles) [22], Cornell data (stars) for W between 2 and 3.7
GeV [21], HERMES data (triangles) for W between 4 and
6 GeV [23], and HERA data (squares) at high W [26]. The
curves show the predictions of the JML model at W=2.9, 2.45
and 2.1 GeV (top to bottom).

[20, 21, 22, 23, 26] in Fig. 15. The one overlap point at
Q2 = 1.5 GeV 2 is in good agreement with the previous
CLAS measurement [22]. The data sets span the range
from threshold at W=2 GeV up to HERA energies.

The data sets have a similar trend as a function of
Q2 and increase monotonically as a function of W . The
three curves using the JML model at W = 2.1, 2.45 and
2.9 GeV are also plotted for Q2 greater than 1.5 GeV2.
The calculation for W=2.45 GeV, which is close to the
average of our data, seems to overestimate our data by
about a factor of two, although it does reproduce the
existing Cornell data from Ref. [21]. The Cornell data
has a much wider acceptance range in W between 2.0
and 3.7 GeV, so in fact it could be representative of the
cross section at higher W . The new data from CLAS,
together with the existing world data, in particular the
data from HERA, indicate that the qualitative behavior
as a function of Q2 does not change between threshold
and a W of about 100 GeV.

Of interest is the applicability of factorization and the
formalism of GPDs to meson production in general, and
! production in particular. QCD factorization makes
certain asymptotic predictions about the cross section,
namely that the longitudinal part of the cross section,
"L, becomes dominant as Q2 increases, and that the dif-
ferential cross section will scale as 1/(Q2)3 at fixed t and
xB . For a slow variation of the cross section over the
range of xB of the data (0.2–0.5), this prediction can be
compared to the Q2 dependence integrated over W and
t, although quantitative estimates are modified by power
corrections as well as kinematics near threshold. On the
other hand, the VDM model predicts the cross section to
scale as 1/(Q2 + M2

!)n with n = 2. The Q2 range of our
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FIG. 16: (Color online) Fit to the cross section as a function
of Q2 distribution to determine scaling using data from the
present experiment and CLAS data from Ref. [22].

data is limited, but in combination with previous CLAS
data at lower Q2 [22] (see Fig. 16) we can determine the
scaling exponent of 1/(Q2 + M2

!)n to be n = 2.49± 0.33.
Present theoretical calculations of the ! production

cross section based on GPD models su!er from consid-
erable quantitative uncertainties when applied to fixed–
target energies. At HERA energies the approach taken
in Ref. [40], which relies on the equivalence of leading-
order QCD factorization with the dipole picture of high–
energy scattering, gives a good description of the abso-
lute cross section, as well as of subtle features such as the
change of the W– and t–dependence with Q2. Essential
for the success of this approach is the fact that the e!ec-
tive scale of the gluon GPD, Q2

e!, is considerably smaller
than the external photon virtuality, Q2, as has been con-
firmed by detailed quantitative studies [41]. The same
is expected in vector meson production at fixed–target
energies; however, implementing it in a consistent man-
ner in these kinematics has so far proven to be di"cult.
Leading-twist, leading-order QCD calculations of the !
production cross section at JLab and HERMES energies
done with the assumption that Q2

e! = Q2 [7] overestimate
the measured cross section by a factor 5–10 and predict
too steep an energy dependence. A satisfactory solution
to this problem likely requires a comprehensive approach
that combines contributions from small–size (! 1/Q)
and hadronic–size configurations in the virtual photon
at moderate coherence lengths (c# ! 1 fm), and possi-
bly higher–order (NLO) QCD corrections. We note that
a modified perturbative approach [8] which includes the
intrinsic transverse momentum in the meson wave func-
tion has been fairly successful in reproducing the mea-
sured cross sections down to relatively low Q2 and W .

The four-momentum transfer distribution probes the
size of the interaction volume. At high energies, the
exponential slope (see Fig.11) is directly related to the
transverse size b! ! 1

3R2
int in analogy to the classical
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FIG. 19: (Color online) R = !L/!T vs. Q2 for our data (solid
circles), previous CLAS result (open circle), HERMES results
(triangles) Cornell data (stars), ZEUS data (open diamonds)
and HERA data (squares). The two determinations from the
present analysis are separated for ease of viewing about the
actual Q2 value of 2.21 GeV2.

GeV2, and 2.0 ! W ! 3.0 GeV. This data set dou-
bles the range of Q2 previously reported at JLab energies
[22], accruing approximately four times the luminosity re-
quired for sensitivity to smaller cross sections. We have
presented distributions as a function of the momentum
transfer "t, the azimuthal angle ! between the electron
and hadron scattering planes, as well as angular decay
distributions in the rest frame of the !-meson.

We have analyzed the angular distributions under the
assumption of SCHC to extract the ratio of longitudinal
to transverse cross sections of R = 0.85 ± 0.24, which is
consistent with the world trend. The longitudinal com-
ponent is comparable to the transverse one, which sug-

gests that we have not yet reached the asymptotic regime
where QCD factorization can be applied without sub-
stantial corrections.

The cross sections have a weak dependence on "t,
which indicates that at this Q2, the photons couple to
configurations of substantially smaller size than the tar-
get. Our data provide a very precise measurement of the
exponential slope b! at small c"" # 0.5 fm, which shows
that we are probing very small distances, approaching
about one third the size of the proton itself. A natu-
ral explanation is that ! production is dominated by the
scattering of small size ss virtual pairs o# the target.
This conclusion is supported by the good agreement be-
tween our data and the extension of the JML model from
the real photon point (where it has been calibrated) to
the virtual photon sector. It describes the interaction
between this ss pair and the nucleon by the exchange of
two dressed gluons. We conclude that these constituent
degrees of freedom are appropriate for the description of
!-meson production at low W and Q2 # 2-3 GeV2.
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FIG. 7: Left: The Q2 dependence of cross section for φ production obtained at CLAS6. The curve

is a fit to the data with the function 1/(Q2 + M2
p )n with an exponent n ∼ 2.5. Right: Extracted

R for φ

.

(a) Choose observables and kinematics to maximize the contribution from small–size con-

figurations,

(b) Provide enough information for theoretical calculations to separate contributions from

small–size and hadronic–size configurations.

Strategy (a) for t-channel production aimed at GPDs requires measurements at the high-

est possible Q2, and observables which select longitudinal photon polarization. For u-channel

production one requires the highest possible −t as well. Strategy (b) requires measurements

over a wide range of Q2,W , and t, which allow one to observe systematic variations indica-

tive of the transition from the hadronic to the partonic regime. The unique capabilities

provided by the 12 GeV upgrade and the CLAS12 spectrometer make it possible to pursue

both strategies at the same time.

First, as a basis we will measure the θ and φ dependence of the electroproduced mesons

structure cross sections and separate σT + εσL, σTT and σLT from the φ dependence and σ′LT

from the beam polarization asymmetries. The σT and σL will be separated in two ways.

The angular dependence of the decay products of the vector mesons will be measured to

obtain R = σL/σT . We will also attempt to apply the Rosenbluth technique utilizing the
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beam of 8 GeV already part of experiments E12-06- 108 and E12-06-108 to obtain R over a

limited kinimatical range. The consistency between the two techniques will be required in

their kinematic overlap regions, and serve as a check on each. We estimate that we will be

able to obtain excellent statistics - see Section V on simulations..

Some of the measurements we plan to make include the following:

• Q2–dependence of cross sections. The simplest test of the approach to the hard reaction

mechanism is provided by the Q2–dependence of the differential cross sections. QCD

factorization predicts that the hard contribution to the (dominant) longitudinal cross

section drops as 1/Q6, while the soft contributions to the longitudinal cross section,

as well as the various transverse cross sections, drop at least as 1/Q8. We plan to test

this prediction in the following ways:

– Measure the unseparated differential cross section and see if it approaches a 1/Q6

behavior;

– Measure the ratio σL/σT and see how fast it increases with Q2;

– Measure the interference cross sections σTT and σLT via the azimuthal angle

dependence, and σLT ′ via the single–spin asymmetry, and compare their Q2–

dependence to that of the unseparated cross section.

• Measure the t–slope of the unseparated differential cross section, dσ/dt, in the forward

peak; check if it decreases with Q2 and becomes stable at large Q2.

• Measure the t–slopes of dσL/dt and dσT/dt separately. On general grounds one expects

that L has a smaller t–slope than T , and that the L slope approaches a constant value

at large Q2 earlier than the unseparated cross section.

• In the case of u-channel production we will focus on the high −t dependence of dσT/dt,

and expect to observe a relative increase in cross section at the backward angles similar

to what has already been observed for real photoproduction.

• Compare the t–slopes of ρ0, ρ+, φ and ω production as a function of Q2. To the

extent that ρ0, ρ+ and ω dominated by the quark GPD in the proton, while the φ is

dominated by the gluon GPD, they should exhibit differences which are characteristic

of the two mechanisms.
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Present model calculations of the leading–twist contribution to pseudoscalar meson pro-

duction amplitudes suffer from considerable theoretical uncertainties [35], caused both by

the shortcomings of present ansätze for the GPDs, and by the uncertainties in the treatment

of the hard scattering process (e.g. the choice of QCD scale). With the presently available

data this uncertainty could not really be reduced by comparing with the data, since the

relative importance of leading and higher–twist contributions in the data remained unclear.

We expect a significant improvement of the situation with the data from the proposed ex-

periment. The new data will extend our knowledge of longitudinal and transverse, as well

as unseparated cross sections to substantially higher Q2 and W , where the leading–twist

contribution becomes more clearly visible. Even more important, the numerous tests of

the reaction mechanism described above, and the detailed mapping of the Q2 dependence

of longitudinal as well as transverse cross sections, will allow us to tune phenomenological

models containing both leading and higher–twist contributions, making it possible to extract

information about the twist–2 contribution.

We stress that φ, ρ0, ρ+ and ω production discussed in the present proposal represents

only one component of the extensive program of exclusive electroproduction measurements

planned with CLAS12, and that the GPD analysis will, of course, include information from

other channels such as DVCS and pseudoscalar meson production. Furthermore, these

experiments which involve non-polarized targets will collect data simultaneously, so that a

large group of collaborators will be working in concert to insure success of the program

The proposed measurements require clean identification of the reactions by way of de-

tection of the products from the meson decay, in addition to the scattered electron and

the recoil proton: φ → K+K−, ρ0 → π+π−, ρ+ → π+π0 and ω → π+π−π0. Since we

have measured and published cross sections for all these reactions with CLAS at Ee = 5.75

GeV this supports the feasiblity indicated by our simulations at projected Eγ = 11 GeV. In

particular, we expect reasonable rates for these reactions at the higher Q2 values. Details

of the simulations will be presented in Section VI.

V. ADDITIONAL OPPORTUNITIES

In this proposal, we have focused on the four main vector meson channels: ρ0, ρ+, ω

and φ. Those have already been analyzed with the current CLAS detector and the 5.75
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GeV electron beam and their detailed analysis is therefore ”guaranteed”. However, other

channels whose nature or final state is very close to these channels can be measured. For

instance, exclusive f0(980) and f2(1270) electroproduction, which have been seen in the

5.75 GeV π+π− invariant mass spectra (see figure 20) shall also be analyzed. There are

also factorization theorems and access to GPDs for these two scalar and tensor meson

respectively [40–42]. Furthermore, the non-resonant 2-pion spectra could also be analyzed

in terms of “Generalized Distribution Amplitudes”, see Ref. [43, 44] for instance.

VI. CONCLUSION

Before passing to a discussion of the simulations we have carried out, which is quite

lengthy, we summarize the gist of this proposal and the beam time requrements.

Based on these simulations (see Section VII below), we estimate that the measurement

of the ρ0 and φ exclusive electroproduction channels can be performed up to Q2 ≈ 13 GeV2,

and ρ+ and ω up to Q2 ≈ 10 GeV2, from essentially tmin to tmax for each Q2, and for xB

from ≈ 0.05 to 0.85 with the CLAS12 detector and the CEBAF 11 GeV beam. We will

extract, for experimental observables W , xB, Q2 ant t, differential cross sections, as well as

L/T separated cross sections, ratios of cross sections for the different channels, etc... This

experiment will provide a very large quantity of the most comprehensive data ever produced

on vector meson electroproduction, and will provide a new level of stringent experimental

constraints. This will further our understanding of the exclusive vector meson production

on the nucleon in the valence region, which is currently poorly understood.

To carry out these measurement, we request the following running conditions :

• 1000 hours of beam time. The large amount of beam time is required by the decreasing

count rates at high Q2 and in the large t-large u region and the fact that multi-

dimensional data analysis is necessary (for instance, the study of the decay angular

distributions of the vector mesons to separate the longitudinal from the transverse

parts of the cross section).

• LH2 target

• L = 1035 cm−2 s−1

• Full field, negative particles bend toward the axis
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• Electron beam : Ee = 11 GeV.

• Standard single electron trigger.

VII. SIMULATIONS

A. ρ0 channel

1. Kinematics

We plan to measure the ep→ epρ0 ↪→ π+π− reaction by detecting the scattered electron

and at least two of the three charged hadrons of the final state, i.e. two particles among

the recoil proton, the π+ and the π−. As we will see shortly, depending on the phase space

which is probed, it is more advantageous to detect either the recoil proton and the π+ or

the π+ and the π−.

Fig. 8 shows the missing mass resolution of the two “topologies” ep → epπ+X and

ep → eπ+π−X as determined by the FASTMC code, which is the software developed by

the CLAS12 collaboration to estimate resolution and acceptances for the future CLAS12

detector.

In this figure, we also show the distributions of MM2
ep→epπ+X and of MM2

ep→epπ+X for the

exclusive 3-pion electroproduction process ep → eπ+π−π0, which gives continuums instead

of peaks. It is seen that we clearly obtain good enough resolutions for the squared missing

mass of the pion and for the squared missing mass of the proton to identify the exclusive ρ0

electroproduction reaction from the 3-pion process. In these figures, the normalization has

been taken equal for the two processes ep→ epρ0 ↪→ π+π− and ep→ eπ+π−π0 over the same

(xB, Q
2,−t) phase space. The assumption behind this is that the cross sections of these two

processes are equal on this same phase space, which is a very conservative hypothesis.

Fig. 9 shows the kinematical planes (Q2, xB), (Q2,W ) and (Q2, t) which can be accessed

with an 11 GeV electron beam. The distributions have been generated according to realistic

cross sections. For this, we have used the event generator GENEV. This event generator,

built by the Genova group particpating to CLAS12, uses tables which contain the existing

experimental data for the exclusive photoproduction of the ρ0 meson. It then extrapolates

to electroproduction by multiplying by the standard virtual photon flux factor ΓV and by
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FIG. 8: Left : missing mass MM2
ep→epπ+X in GeV2. Right : missing mass MM2

ep→eπ+π−X in GeV2.

The black histograms are the event distributions for the ep → epρ0 ↪→ π+π− process, the black

curves are the Gaussian fits to these peaks and the blue histograms are the event distributions for

the ep→ eπ+π−π0 process.

form factors which are adjusted to the few existing electroproduction data. We will see

furtherdown the relatively good agreement of this event generator with the few ρ0 elec-

troproduction data which have been measured in part of the phase space covered by this

proposal. In Fig. 9, the black areas show the theoretical phase spaces which are in principle

accessible. The superposed red areas show these same phase spaces when the simultaneously

detection of an electron, a proton and a π+ is requested in CLAS12 (using the FASTMC

code).

It is seen in Fig. 9 that events are lost at large Q2. The left plot of Fig. 11, which presents

the polar angle of the scattered electron θe vs Q2, shows that large Q2 values correspond to

large θe and that these events are lost due to the lack of electron detection in CLAS12 over

θe= 40o. Indeed, the CLAS12 EC calorimeters extend from θ ≈5o to ≈40o.

Fig. 9 also shows that in the “topology” electron, proton and π+ detected, we miss large

−t events. The center panel of Fig. 11 shows that very large −t events correspond to very

low polar angles of the recoil proton, i.e. θp <5o (very forward protons). CLAS12 is lacking

charged particles tracking in this very forward region. The right panel of Fig. 11 shows that

large −t events correspond in contrast to a wide range of polar angles of the π− and that
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FIG. 9: Kinematic planes Q2 vs xB, W and t for the ep → epρ0 ↪→ π+π− reaction. Black points:

without any requirement on the detection of the particles. Red points: with the requirement of

the detection of an electron, a proton and a π+ in CLAS12 (using the CLAS12 FASTMC code).

therefore, in order to access this kinematical region, it is more advantageous to detect the

π− instead of the proton (in addition to the electron and the π+). We notice in Fig. 11

the “discontinuity” in the detected hadrons (red points) around θ= 40o which marks the

separation between the forward and central parts of CLAS12.

Finally, Fig. 12 shows the (θ,E) phase spaces of the final state electron, proton and π+

according to our event generator.

2. Count rates

The acceptance (ratio of accepted events to generated ones) of CLAS12 has been deter-

mined by again using the FASTMC code. We show in Fig. 13 the xB, Q2 and t distributions

of the generated events (black lines) and those of the accepted events (red, blue and green

lines). The red curve corresponds to the “topology”: electron, proton and π+ detected in

CLAS12. The blue curve corresponds to the “topology”: electron, π+ and π− detected in

CLAS12. We remark again what we pointed out in the previous subsection, i.e. that the
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FIG. 10: The same events as in Fig. 9 plotted as a function of u, illustrating the predicted emer-

gence [10] [23] of the u-channel process relative to the decrease in the overall ρ production with

increasing W.

large −t region is better accessed in the “topology”: electron, π+ and π− detected. By

making the ratio of these distributions, we see that the (integrated) acceptance values of

CLAS12, determined by FASTMC, for the ep → epρ0 ↪→ π+π− reaction are in average of

the order of 10%, of course depending on the kinematics. For sake of completeness, we

also present (green curve) in Fig. 13 the “topology” : an electron, a proton, a π+ and a

π− detected in CLAS12, i.e. all four particles of the final state detected in CLAS12. This

corresponds of course to the lowest acceptance. The analysis of this “topology” can never-

theless be useful for double-checking purposes (normalization issues, background subtraction

checks, etc...).

In order to estimate the expected count rates, we have used the event generator GENEV

which reproduces relatively correctly the existing data, for the normalization as well as for

the various kinematical dependences. The total cross section for the ep → epρ0 ↪→ π+π−

process is thus estimated, integrated over all the phase space of concern, i.e. Ee=11 GeV,

Q2 > 1 GeV2, W > 2 GeV, to:

σtot ≈ 10−3µb (3)

With a luminosity of 1035cm−2s−1 and 1000 hours of beam time, this leads to about 1

billion “theoretical” ρ0 events, among which only about 10% will be detected in CLAS, as

seen previously.

As a start, we propose to take bins of width of 0.5 GeV2 for Q2 (meaning 22 bins from 1
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FIG. 11: Left panel: θe vs Q2. Center panel: θp vs t. Right panel: θπ− vs t. Black points:

without any requirement on the detection of the particles. Red points: with the requirement of the

detection of an electron, a proton and a π+ in CLAS12 for the left and center panels and with the

requirement of the detection of an electron, a π+ and a π− for the right panel (using the CLAS12

FASTMC code).

to 13 GeV2), of width of 0.05 for xB (meaning 15 bins from 0.05 to 0.8) and of width of 0.5

GeV2 for t (meaning 40 bins from 0 to 20 GeV2). This binning leads to a “pavement” of the

(xB, Q
2, t) phase space such as the one of Fig. 14. In each (xB, Q

2) cell, the reconstructed

dσ
dt

with its expected (statistical) error bar is shown (black points) as a function of −t. It

is clear that details are barely distinguishable in this figure. It is just meant to give an

overall view of the phase space covered and of some general features. Before “zooming” in

some sections of the figure so as to see details, let’s make a couple of general remarks. For

instance, the red points show the measurement of dσ
dt

for the ep → epρ0 reaction at CLAS

with the 5.75 GeV beam [36]. The important gain in the (xB, Q
2, t) phase space coverage

with the 11 GeV beam is evident. We can also notice the evolution of tmax (blue vertical

line in every panel)) which, at fixed xB increases as Q2 increases.

Let us now focus on a few particular zones of Fig. 14. Fig. 15 is a zoom on the green

cell of Fig. 14 which corresponds to 0.25< xB <0.45 and 1.5< Q2 <3.5 GeV2 and where

most of the 5.75 GeV measurements carried out with CLAS6 lie. Fig. 15 shows only the

−t region up to 3 GeV2. We notice that our event generator reproduces and models very
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FIG. 12: Polar angle θ vs energy E for the electron (left panel), the proton (center panel) and the

π+ (right panel) in the ep→ epρ0 ↪→ π+π− reaction according to our event generator. Black points:

without any requirement on the detection of the particles. Red points: with the requirement of

the detection of an electron, a proton and a π+ in CLAS12.

correctly the measured cross sections (t-dependence and overall normalization) since the

(measured) red points overlay almost everywhere the (simulated) black points (our model

tends to underestimate a bit the data at large xB though). We also notice that the 5.75 GeV

measurements cover only the small t region, up to 2.5 GeV2 (however, tmax is very close to

3 GeV2 in this restricted kinematical region, see Fig. 14).

We recall that the black points are issued from our simulations and represent the cross

sections that we expect to measure. Their (statistical) error bars are almost invisible in

Fig. 15. One has to realize that, for instance, for the first t bin (i.e. starting at tmin) of the

lower left (xB, Q
2) bin of this figure (i.e. 0.25< xB <0.30 and 1.5< Q2 <2 GeV2), one has,

according to our simulations, about 5 million events accepted. As Q2 and −t increase, these

rates drop in general but they are still of the order of several hundred thousands for instance

at −t=2 GeV2 in the upper right bin of Fig. 15 (i.e. 0.40< xB <0.45 and 3< Q2 <3.5 GeV2).

As we will discuss further, our main source of uncertainty is actually expected to be of a

systematic nature, in particular stemming from the subtraction of the non-resonant 2-pion

continuum under the ρ0 peak (see subsection VII A 3).
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FIG. 13: Distributions of the generated events (black curves) and of the accepted events (red; blue

qnd green curves) in CLAS12, as determined by FASTMC, as a function of xB Q2 and t. The red

curve corresponds to the “topology” : an electron, a proton and a π+ detected in CLAS12, the

blue curve corresponds to the “topology” : an electron, a π+ and a π− detected in CLAS12 and

the green curve corresponds to the “topology” : an electron, a proton, a π+ and a π− detected in

CLAS12.

Fig. 16 is now a zoom of Fig. 14 corresponding to the red cell on this latter figure covering

the region 0.05< xB <0.25 and 1< Q2 <4 GeV2. It shows that we aim in the present proposal

at measuring the whole t domain, up to tmax. As outlined in the physics motivation, there

might be some interesting process related to TDAs at backward (ρ0) angles, i.e. large | t | or

small | u |. In absence of any experimental information in this region, we have introduced in

our event generator such a backward process under the form of an exponential eu form with

an arbitrary normalization approximatively equal to 1/50 the forward peak. It should be

clear that there is evidently no guarantee that such peak really exists and if it does that it has

such normalization and such u-, Q2-, xB-dependences, etc... Fig. 16 simply illustrates with

which accuracy we can measure this peak under the (arbitrary) conditions aforementionned.

One can also notice that this backward peak is much less pronounced than the forward one.

It is due to the finite size of the (xB, Q
2) bins and to the fact that tmax evolves rapidly with

xB and Q2, thus smearing and diluting this backward peak.
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FIG. 14: dσ
dt for the reaction ep → epρ0 as a function of −t (ranging from 0 to 20 GeV2) for

each (xB, Q2, t) bin accessible with a 11 GeV beam and the CLAS12 detector (with Q2 >1 GeV2

and W > 2 GeV). The black points correspond to the simulations (1000 hours of beam time at a

luminosity of 1035cm−2s−1) and the red points to the 5.75 GeV measurement [36]. The vertical

blue line shows tmax for every (Q2,xB) cell.

Once again, the statistical error bars on this figure are barely visible. Due to the relatively

important high cross section of the γ∗p→ pρ0 process, the high luminosity in CLAS12, the

1000 hours of beam time, the relatively good acceptance of CLAS12, we have estimated,

for instance, for the upper right (xB, Q
2) of Fig. 16 (i.e. 0.20< xB <0.25 and 3.5< Q2 <4

GeV2), count rates as high as ≈100.000 at the smallest | t | bin. At larger | t |, count
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FIG. 15: dσ
dt for the reaction ep → epρ0 as a function of −t (ranging from 0 to 3 GeV2) in the

specific region 0.25< xB <0.45 and 1.5< Q2 <3.5 GeV2. Same definition of the black and red

points as in Fig. 14. The error bars of the black points are purely statistical.

rates will of course drop, essentially proportionally to the cross section. We recall that the

cross section of the γ∗p→ pρ0 process is currently unknown in such kinematical region and

that we only make a guess in Fig. 16 with the particular event generator that we are using

(extrapolation from GENEV).

Figs. 17, 18 and 19 finally show the zooms on the three other (xB, Q
2) zones of Fig. 14

(red boxes), i.e. respectively 0.25< xB <0.45 and 4< Q2 <7 GeV2, 0.45< xB <0.65 and

7< Q2 <10 GeV2, and 0.65< xB <0.85 and 10< Q2 <13 GeV2. These figures show that we

are able to measure with the CLAS12 detector and the CEBAF 11 GeV electron beam, very
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precisely, in terms of statistics, the (reduced) differential cross sections dσ
dt

of the ep→ epρ0

reaction up to Q2 ≈ 13 GeV2 in the valence region. According to the particular event

generator (extrapolation from GENEV) that we have used, we still expect, for instance for

the upper right (xB, Q
2) of Fig. 19 (i.e. 0.80< xB <0.85 and 12.5< Q2 <13 GeV2), count

rates of the order of ≈100 at the smallest | t | bins. These count rates obviously depend on

the behavior at large Q2 of the γ∗p → pρ0 cross section. If it turns out to be falling with

Q2 faster (slower) than in our particular event generator, these count rates will of course be

lower (higher).

It is clear from these figures that we should be able to very accurately (at least, statisti-

cally) extract the observables that we outlined in the introduction, i.e. the Q2 dependence

of dσ
dt

at fixed xB and −t (in order to check the scaling behavior), the t- (at forward angles)

and u- (at backward angles) slopes as a function of Q2 and xB, the s-dependence of dσ
dt

at

cos(θ)cm=90o, etc...

Of course, systematic errors have to be added to these statistical errors. These systematic

errors are actually expected to be the main source of uncertainty. As mentionned earlier, the

most important source is anticipated to be stemming from the subtraction of the important

non-resonant 2-pion continuum lying under the ρ0 peak. We discuss this issue in the following

subsection.

3. Subtraction of the non-resonant 2-pion background under the ρ0 peak

Fig. 20 shows some typical π+π− invariant mass spectra that we obtained at CLAS with

the 6 GeV beam [36]. The ρ0 peak (as well as the f0(980) and f2(1270) peaks in some

bins) is clearly visible but sits on top of a π+π− continuum background. This (physical)

background has several origins, the main sources being the exclusive electroproduction of

a pion and a nucleon resonance, the latter decaying into a pion and a nucleon (such as

ep → eπ−∆++ ↪→ pπ+) or simply incoherent exclusive 2-pion production ep → epπ+π−. In

Ref. [36], in absence of any realistic model describing simultaneously the π+π−, pπ+ and

pπ− invariant mass spectra in the energy regime which concerns us, we modeled the π+π−

continuum under the ρ0 peak by an incoherent sum of a phase space distribution for the

3-body γ∗p → pπ+π− process and of two Breit-Wigners for the f0(980) and f2(1270). In

Ref. [36], we associated with this background subtraction procedure a systematic error bar
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FIG. 16: dσ
dt for the reaction ep → epρ0 as a function of −t (ranging from 0 to 20 GeV2) in the

specific region 0.05< xB <0.25 and 1< Q2 <4 GeV2. Same definition of the black and red points

and of the vertical blue lines as in Fig. 14. The error bars of the black points are purely statistical.

of the order of 20%, which became then the most important source of uncertainty in our

final cross sections.

With the 11 GeV beam, the situation is expected to be more favorable in terms of

ratio signal to background, i.e. ρ0 to incoherent π+π− pairs. Indeed, most of the sources

contributing to the π+π− continuum under the ρ0 peak are expected to fall with energy

faster than the ρ0 signal. Fig. 21 shows for instance the π+π− invariant mass spectra

obtained at HERMES (Ee=27 GeV) and Fig. 22 the one obtained at Cornell (Ee=11 GeV).

Although we will unavoidably have to assign a systematic error to the subtraction of the
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FIG. 17: dσ
dt for the reaction ep → epρ0 as a function of −t (ranging from 0 to 20 GeV2) in the

specific region 0.25< xB <0.45 and 4< Q2 <7 GeV2. Same definition of the black and red points

and of the vertical blue lines as in Fig. 14.

π+ π− continuum, it can be anticipated that it will be much smaller than the 20% that we

estimated in Ref. [36], due to the lower magnitude of this continuum. Besides, we can expect

that, in the next 4 to 5 years, significant theoretical progress will have been accomplished

for a realistic description of the ep → epπ+π− reaction, ideally including all the processes

contributing to it at the amplitude level, thus further minimizing the systematic uncertainty

associated to this subtraction. An educated and rather conservative guess could be that

we will obtain less than 10% systematic uncertainty due to this background subtraction
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FIG. 18: dσ
dt for the reaction ep → epρ0 as a function of −t (ranging from 0 to 20 GeV2) in the

specific region 0.45< xB <0.65 and 7< Q2 <10 GeV2. Same definition of the black points and of

the vertical blue lines as in Fig. 14.

procedure.

4. Longitudinal/transverse separation

Vector mesons have this particular advantage that there is a straightforward access to

their polarization state via the analysis of their (pion) decay angular distributions. Also,

because they carry the same quantum numbers as the initial state virtual photon, there

is the dominant feature in their production mechanism which consists in the conservation
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FIG. 19: dσ
dt for the reaction ep → epρ0 as a function of −t (ranging from 0 to 20 GeV2) in the

specific region 0.65< xB <0.85 and 10< Q2 <13 GeV2. Same definition of the black points and of

the vertical blue lines as in Fig. 14.

of helicity between the initial state virtual photon and the final state vector meson. This

feature is called “s-channel helicity conservation” (SCHC) and it has been experimentally

verified to a level close to 80% in most exclusive vector meson electroproduction channels

over a wide kinematical range, from low to large W and Q2. The SCHC rule therefore allows

one to experimentally separate the longitudinal and the transverse parts of the γ∗p → pρ0

reaction, i.e. respectively σL and σT . As was outlined in the physics motivation part of this

proposal, this separation is crucial since the factorisation theorem which allows to access
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FIG. 20: π+π− invariant mass spectra obtained at CLAS with the 5.75 GeV beam [36] for a

few (xB,Q2) bins (from top left to bottom right : (0.37,2.35), (0.37,2.65), (0.37,2.95), (0.37,3.35),

(0.43,2.35), (0.43,2.65), (0.43,2.95), (0.43,3.35) and (0.43,3.85). σρ is expressed in µbarns. The

x-axis is in GeV. The black points are the (acceptance-corrected and normalized) experimental

data. These data were fitted by the (incoherent) sum of a (skewed) Breit-Wigner for the ρ0 peak

(light green curve), of a (skewed) Breit-Wigner for the f0(980) peak (blue curve), of a (skewed)

Breit-Wigner for the f2(1270) peak (purple curve) and of the phase space distribution of the γ∗p→

pπ+π− process (dotted yellowish curve). The red curve is the sum of all these four contributions.

the non-perturbative quantities of interest (GPDs, TDAs,...) has been proven to hold only

for the longitudinal part of the cross section.

We therefore plan to study the angular distribution of the decay pions of the ρ0. We

define cos(θHS) as the polar angle of the π+ in the so-called Helicity Frame where the ρ0 is

at rest and the z-axis is given by the ρ0 direction in the γ∗ − p center-of-mass system. This

variable and others are illustrated in Fig. 23. The cos(θcm) distribution is then expected to

follow the general and model independent distribution [39]:
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FIG. 21: An example of the 2-pion invariant mass distribution at the ρ0 mass obtained at HERMES,

overlaid with Monte Carlo estimated background contribution from DIS fragmentation. Figure

taken from [37].

W (cos θHS) =
3

8

[
(1− r04

00) + (3r04
00 − 1) cos2 θHS

]
. (4)

where r04
00 is a so-called “spin density matrix element” (SDME) which is a bilinear combi-

nations of the helicity amplitudes that describe the γ∗p→ ρ0p transition. If SCHC applies,

there is a direct relation between the measured r04
00 SDME and the ratio R = σL

σT
:
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FIG. 22: π+π− invariant mass distributions as measured in Cornell [38] in the Q2 ranges 1.3 - 2.0

GeV2 (left) and 2.0 - 4.0 GeV2 (right) as function of the energy W . The solid curves are the fits to

the total mass distribution whereas the dashed curves are the sum of the epπ−∆++, eπ+∆0 and

phase-space epπ+π− contributions determined by the fits.

R =
σL
σT

=
1

ε

r04
00

1− r04
00

. (5)

We have simulated the ρ0 decay angular distributions that we expect for the present

experiment. Fig. 24 shows the simulated cos(θcm) distributions for the particular bin

(0.1¡xB¡0.15,1.5¡Q2¡2) for two t ranges (0< −t <1 -left plots- and 4< −t <8 -right plots-).

In these plots, the red histogram shows the number of accepted events (either an electron,

a proton and a π+ accepted or an electron, a π+ and a π− accepted) that we expect with

the 11 GeV beam and the 1035cm−2s−1 luminosity. The vertical scale corresponds to this

red histogram and shows that the number of events in each cos(θcm) bins is of the order of a
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FIG. 23: Reference frames and relevant variables for the description of the ep → e′pρ0 ↪→ π+π−

reaction.

several hundred thousands in average (we recall that this bin corresponds to a particularly

low Q2 value). For the large −t range -right figures-, i.e. away from the diffractive and

exponentially falling t distributions and where the cross sections are the smallest, count

rates are lower. The count rates are not directly proportional to the cross sections since the

CLAS12 acceptance, which is larger at large −t, also enters into account. The black points

in Fig. 24 are actually the red points corrected by the CLAS12 acceptance. It can indeed

be seen that the cos(θcm) distribution of the red histogram (i.e. the number of accepted

events in CLAS12) is not uniform and will need to be acceptance-corrected. The difference

betwen the upper and lower plots of Fig. 24 is the nature of the error bars. In the upper

plots, it is purely the statistical error bar while for the lower panels, it is the quadratic sum

of the statistical error and of 10% which correspond to the expected systematic error due,
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in major part, to the subtraction of the non-resonant 2-pion background under the ρ0 peak

(see section VII A 3).

The black curve in Fig. 24 is a fit to the black points by Eq. 4. The fitted value of r04
00 and

its error is displayed in every panel. The figure shows that the 10% systematic error that we

have introduced is by far the dominant source of uncertainty, even at large −t. The error

on r04
00 is obviously higher when the systematic errors are introduced. Fig. 24 nevertheless

shows that r04
00 can be extracted in this particular (xB,Q2) bin at a few percent level.

Fig. 25 shows the same simulations for another (xB,Q2) bin: 0.7¡xB¡0.75,10.5¡Q2¡11, i.e.

at a large Q2 than the bin of Fig. 24, again for two t ranges (0< −t <1 -left plots- and

6< −t <10 -right plots-). The red histograms, to which the vertical scale corresponds, are

the expected number of accepted events. It is seen that we have less counts than in Fig. 24,

of course due to the highest Q2 value. Again, the black points are the red points corrected

by the CLAS12 acceptance and the upper plots have only a statistical error bar while the

lower plots have the quadratic sum of the statistical error and of anticipated 10% systematic

error. Fig. 25 shows that even at large Q2 and large −t, we should be able to extract the

r04
00 SDME at the few percent level.

We have focused here on the particular r04
00 SDME, which is the particular one which

gives access to the important ratio R = σL

σT
. A more complete analysis of the decay angular

distribution of the ρ0 is obviously possible, giving access to all other SDMEs, providing

important additional informations on the various helicity amplitudes aprticipating to the

process γ∗p→ ρ0p. For a polarized beam and an unpolarized target, 23 SDMEs are accessi-

ble. We do not discuss here in details the extraction of all these SDMEs since this involves

an elaborated and sophisticated 3-dimensional angular analysis procedure whose accuracy

is strongly dependent on the detailed understanding of the CLAS12 acceptance and also on

the relative values of the SDMEs which are barely known in this energy region. It should

nevertheless be clear that there will definitely be enough statistics and accuracy to perform

such analysis, given an appropriate binning.

B. φ Simulations

The event generator for φ production has a commonly used form which has been used to

fit CLAS published data.



39

FIG. 24: Polar angle cos(θcm) distribution of the decay pion in the center of mass of the ρ0 for the

bin (0.1 < xB < 0.15, 1.5 < Q2 < 2) and for two differnt −t ranges (0< −t <1 -left plots- and

4< −t <8 -right plots-). The red histogram, to which the vertical scale corresponds, is the expected

number of accepted events (either an electron, a proton and a π+ accepted or an electron, a π+

and a π− accepted). The black points are the expected reconstructed distributions. The difference

between the black and red points is therefore the acceptance correction which has been applied to

the black points. The black curve is the result of the fit of the black points by Eq. 4. Upper panels

correspond to purely statistical error bars while lower panels correspond to the quadratic sum of

the statistical error and of 10% systematic error.
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FIG. 25: Polar angle cos(θcm) distribution of the decay pion in the center of mass of the ρ0 for the

bin (0.7 < xB < 0.75, 10.5 < Q2 < 11) and for two differnt −t ranges (0< −t <1 -left plots- and

4< −t <8 -right plots-). The red histogram, to which the vertical scale corresponds, is the expected

number of accepted events (either an electron, a proton and a π+ accepted or an electron, a π+

and a π− accepted). The black points are the expected reconstructed distributions. The difference

between the black and red points is therefore the acceptance correction which has been applied to

the black points. The black curve is the result of the fit of the black points by Eq. 4. Upper panels

correspond to purely statistical error bars while lower panels correspond to the quadratic sum of

the statistical error and of 10% systematic error.
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dσ

dQ2dxBdtdφ
= Γ(Q2, xB,Mp)

1

2π

[
σT + εσL + εσTT cos 2φ+

√
ε(ε+ 1)σLT cosφ+ λ

√
2ε(ε− 1)σ′LT sinφ

]
The structure functions had the following forms

σT =
σT · eBT (xB)·t

(Q2 +M2)n
BT (xB) = αT · 2 · 1.1 · ln(xB)

σL =
σL · eBL(xB)·t

(Q2 +M2)n
BL(xB) = αL · 2 · 1.1 · ln(xB)

σTT =
σTT · (t− tmin) · eBTT ·(xt

B)·t

(Q2 +M2)n
BTT (xB) = αTT · 2 · 1.1 · ln(xB)

σLT =
σLT · (t− tmin) · eBLT ·(xt

B)·t

(Q2 +M2)n
BLT (xB) = αLT · 2 · 1.1 · ln(xB)

σ′LT = 0

The constants αT , αL, αTT , αLT and n are adjusted so that the cross sections agree with

the measured CLAS φ production results [32]. Their values are αT = 0.899, αL = 0.4359,

αTT = 0.7188, αLT = 0.5799 and n = 2.428.

The variables used are defines as follows:

The virtual photon flux is given by Γ =
2α ·W · (W 2 −Mp2)

(2π · (stot −M2
p )2 ·Q2) · (1− ε) .

,

the virtual photon polarization is ε =
(1− y − (y · xB ·Mp)

2/Q2)

(1− y + y2/2 + (y · xB ·Mp)2/Q2)
.

the Bjorken variable xB =
Q2

(W 2 −M2
p +Q2)

.

the electron fractional loss y =
Q2

xB · (stot −M2
p )
.

The Mandelstam variable stot = M2
e + 2 · E ·Mp+M2

p .
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The number of measured events in the experiment is related to the cross section by

N = σ · Lint ·Br · eff.

which is related to the differential cross section at Q2,W and t as

σ =
1

Γ

d2σ

dQ2 · dW

The differential cross section at Q2,W and t is then related to the number of observed events

in an interval ∆Q2 ·∆W ·∆t by

d3σ

dQ2 · dW · dt =
N

∆Q2 ·∆W∆t · L ·Br · eff ·

1. φ decay modes

The φmeson has the following leading decay modes: φ→ K+K− with a branching ratio of

49% and φ→ K0
SK

0
L withK0

S → π+π− with a branching ratio of 34%. We anticipate utilizing

all analysis tools at our disposal to minimize continuum pion backgrounds. Fortunately, the

exclusivity of the reaction of interest will offer several handles for selection of kaons.

The first line of selection will utilize the time of flight (TOF) difference of pions and kaons

having the same measured momentum. However, as the momenta increases the (TOF) dif-

ference decreases, so that at momenta between 4 and 5 GeV2 the TOF resolution of the

CLAS12 spectrometer (.08 ns) makes a TOF cut less affective. But, the low threshold

Cerenkov detector threshold for pion detection is about 2.2 GeV, so that the low thresh-

old Cerenkov detector becomes effective in vetoing pion background from the kaon events.

Further selection of kaons occurs by obtaining missing mass of the detected e, p and K±,

and applying selection cuts around the resulting K± peak in the missing mass spectrum.

Other handles include missing momentum, energy and coplanarity cuts. Finally, at a par-

ticular Q2,Wandt there is a strong correlation between the momentum and direction of the

detected kaon and missing kaons emerging from the φ since the φ has a very narrow energy

width (Γ ∼ 4.3 MeV) and the decay kinetic energy of each kaon in the φ cm frame is only

17 MeV. Thus, boosted into the lab they will tend to be rather co-directional.

Rather detailed simulations are being carried out for the K+ − K− decay channel, the

status of which are discussed below.
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For the simulation the CLAS12 Fast-MC program was used. 107 events were generated,

which corresponds 60 days beam time at the CLAS12 luminosity L = 1×1035 cm2s−1 ∼ 100

events/nb at the CLAS published cross sections. The particles required to be detected were

the e, p and K+. As in earlier experiments[32]the K− is assumed to be constructed from

the missing mass of the e, p,K+. Background especially due to Λ production was not yet

simulated. Because the acceptance and event rates are rather high, the coincidence of all

the final state particles e, p,K+, K− will be investigated.

The Cross section was calculated for 0.5 GeV intervals of W , 1.0 GeV2 intervals of Q2,

and 0.5 GeV intervals of t. The differential cross section was calculated as function of t from

0 to 10 GeV with step 1.0 GeV The following figures give examples the acceptances and

event statistics based on 60 days of 11 GeV beam at a luminosity of 1× 1035 cm2sec−1.
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FIG. 26: Left: Missing mass distribution for detected e, pK+X.Right: The resolution σ of the

missing mass as a function of missing momentum, frpm 1.45 (upper left) to 4.45 (lower right)

GeV2/c. Note that the resolution on the missing K+ becomes progressively broader as its momen-

tum increases.
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FIG. 30: Angular distribution of the detected K+ mesons corresponding the decay of the φ with

the requirement that K+, p and e are detected.
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were included
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FIG. 34: Cross section as a function of t for Q2 = 2.5 and bins in W corresponding to those of

Fig. 31.
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FIG. 35: Cross section as a function of t for Q2 = 3.5 and 5.5 GeV2/c and bins in W corresponding

to those of Fig. 31.
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FIG. 36: Cross section as a function of t for Q2 = 6.5 and 8.5 GeV2/c and bins in W corresponding

to to those of Fig.31.
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FIG. 37: Cross section as a function of t forQ2 = 9.5 and 10.5 GeV2/c and bins inW corresponding

to those of Fig. 31.
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FIG. 38: Total number of accepted events for φ production in the KsKL decay channel as a function

of Q2 and t− tmin.

C. ρ+ channel

1. Kinematics

We plan to measure the ep → enρ+ ↪→ π+π0 ↪→ γγ reaction by detecting the scattered

electron, the π+ and the two photons coming from the decay of the π0. The neutron is

determined from the missing mass MX(eπ+π0X). Fig. 39 shows the invariant mass of the

two photons after passing through the FASTMC code which estimates the resolutions and

the acceptances for the future CLAS12 detector. The IM(γγ) distribution is fitted with

gaussian to describe the π0 peak and 3rd degree polynomial to describe the combinatorial

background. It is seen that a resolution for the invariant mass of the pion ≈ 17 MeV is

obtain.
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FIG. 39: In black, distribution of the invariant mass IM(γγ) for the ep → enρ+ ↪→ π+π0 ↪→ γγ

procces. The green curve is the Gaussian + polynomial fit to the π0 peak + background.

Fig. 40 shows the missing mass MX(eπ+π0X) for the ep → enρ+ ↪→ π+π0 process (in

black). This distribution is fitted with a gaussian to describe the neutron peak and 3rd

degree polynomial to describe the background. The resolution of the neutron peak is ≈ 75

MeV. In Fig. 40, we also show, in blue, the distribution of MX(eπ+π0X) for the exclusive

3-pion electroproduction process ep → eπ+π−π0, which gives continuum instead of the

neutron peak. In this figure, the normalization has been taken equal for the two processes

ep → enρ+ ↪→ π+π0 and ep → eπ+π−π0 over the same (xB, Q
2,−t) phase space. The

assumption behind this is that the cross sections of these two processes are equal on this

same phase space, which is a very conservative hypothesis. Fig. 40 shows that we shall be

able to distinguish the exclusive ρ+ electroproduction reaction from the 3-pion process.
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FIG. 40: In black, distribution of the missing mass MX(eπ+π0X) for the ep → enρ+ ↪→ π+π0

process. The green curve is the Gaussian + polynomial fit to the neutron peak + background. In

blue, distribution of the missing mass MX(eπ+π0X) for the ep→ eπ+π−π0 process.

Fig. 41 shows the kinematical planes (Q2, xB), (Q2,W ) and (Q2, t) which can be accessed

with an 11 GeV electron beam for the ep→ enρ+ ↪→ π+π0 ↪→ γγ process. The distributions

have been generated according to realistic cross sections using the generator GENEV. In

Fig. 41, the black areas show the theoretical phase spaces which are in principle accessible.

The superposed colored areas show these same phase spaces when we request the detection

in CLAS12 (using the FASTMC code) of an electron, a π+ and 2 photons in the final state.
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FIG. 41: Kinematic planes Q2 vs xB, W and t for the ep → enρ+ ↪→ π+π0 ↪→ γγ reaction.

Black points: without any requirement on the detection of the particles. Colored points: with the

requirement of the detection of an electron, a π+ and 2 photons in CLAS12 (using the CLAS12

FASTMC code).

Fig. 42 shows the (θ,E) phase spaces of the required detected particles in the final state:

the electron, the π+ and the two photons coming from the decay of the π0. The electrons

are detected in the electromagnetic calorimeter (EC) which extend to ≈40o. Note in Fig. 42

the “discontinuity” in the detected π+ around θ= 40o which marks the separation between

the forward and central parts of CLAS12. Finally, the photons are detected in two regions:

small θ region (2.5o < θ < 4.5o) which corresponds to the Forward Tagger and large θ region

(up to ≈40o) which corresponds to the electromagnetic calorimeter (EC).
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FIG. 42: Polar angle θ vs energy E for the electron (left panel), the π+(center panel) and the

photons coming from the π0 decay in the ep → enρ+ ↪→ π+π0 ↪→ γγ reaction according to our

event generator. Black points: without any requirement on the detection of the particles. Colored

points: with the requirement of the detection of an electron, a π+ and 2 photons in CLAS12.

2. Acceptance

The acceptance of CLAS12 has been determined by again using the FASTMC code. We

show in Fig. 43 the xB, W , Q2 and t distributions of the generated events (black lines) and

those of the accepted events (red, green and blue lines). The red curve corresponds to the

“topology”: electron, π+ and 2 photons detected in CLAS12. The green curve corresponds

to the “topology”: electron,

π+ and neutron detected in CLAS12. Neutrons can be detected in CLAS12 in the Elec-

tromagnetic Calorimeter EC (4.5o < θn < 40o with ≈30 % of efficiency) or in the new

Central Neutron Detector CND (40o < θn < 70o with ≈10 % of efficiency). Figure 44 shows

the (pn,θn) phase space of the neutron when we require an electron, a π+ and a neutron in
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the final state. One finds that about 20 % of neutrons can be detected in the CND. On the

Fig. 43, we remark that the large −t region is better accessed in the second “topology” when

we require the detection of the neutron. By making the ratio of the accepted distributions

to the generated ones, so that the (integrated) acceptance values of CLAS12, determined by

FASTMC, for the ep → enρ+ ↪→ π+π0 reaction are in average of the order of few percent

(2-5%), of course depending on the kinematics. For sake of completeness, we also present

(blue curve) in Fig. 43 the “topology” : an electron, a π+, a neutron and 2 photons detected

in CLAS12, i.e. all five particles of the final state detected in CLAS12. This corresponds of

course to the lowest acceptance.
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FIG. 43: Distributions of the generated events (black curves) and of the accepted events (red,

green and blue curves) in CLAS12, as determined by FASTMC, as a function of xB, W , Q2 and

t. The red curve corresponds to the “topology” : an electron, a π+ and 2 photons detected in

CLAS12, the green curve corresponds to the “topology” : an electron, a π+ and a neutron detected

in CLAS12 and the blue curve corresponds to the “topology” : an electron, a π+, a neutron and

2 photons detected in CLAS12.
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FIG. 44: Momentum pn vs polar angle θn for the neutron in the ep → enρ+ ↪→ π+π0 ↪→ γγ

reaction with the requirement of the detection of an electron, a π+ and a neutron in CLAS12.

D. ω channel

1. Kinematics

We plan to measure the ep→ epω ↪→ π+π−π0 ↪→ γγ reaction by detecting the scattered

electron, the proton, the π+ and the π−. The π0 is determined from the missing mass

MX(epπ+π−X). Fig. 45 shows the kinematical planes (Q2, xB), (Q2,W ) and (Q2, t) which

can be accessed with an 11 GeV electron beam for the ep → epω ↪→ π+π−π0 ↪→ γγ

process. The distributions have been generated according to realistic cross sections using

the generator GENEV. In Fig. 45, the black areas show the theoretical phase spaces which

are in principle accessible. The superposed colored areas show these same phase spaces when

we request the detection in CLAS12 (using the FASTMC code) of an electron, a proton, a

π+ and a π− in the final state.
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FIG. 45: Kinematic planes Q2 vs xB, W and t for the ep→ epω ↪→ π+π−π0 ↪→ γγ reaction.Black

points:without any requirement on the detection of the particles. Colored points: with the require-

ment of the detection of an electron, a proton, a π+ and a π− in CLAS12 (using the CLAS12

FASTMC code)

Fig. 46 shows the (θ,E) phase spaces of the required detected particles in the final state:

the electron, the proton, the π+ and the π−.
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FIG. 46: Polar angle θ vs energy E for the electron (left panel), the proton, the π+ and the π− in

theep → epω ↪→ π+π−π0 ↪→ γγ reaction according to our event generator. Black points: without

any requirement on the detection of the particles. Colored points: with the requirement of the

detection of an electron, a proton, a π+ and a π− in CLAS12.)

2. Acceptance

The acceptance of CLAS12 has been determined by again using the FASTMC code. We

show in Fig. 47 the xB, W , Q2 and t distributions of the generatedevents (black lines) and

those of the accepted events (red,green and blue lines). The red curve corresponds to the

“topology”: electron, proton, π+ and π− detected in CLAS12. By making the ratio of these

distributions, we see that the (integrated) acceptance values of CLAS12, determined by

FASTMC, for the ep→ epω ↪→ π+π−π0 ↪→ γγ reaction are in average of the order of 1-2%,

of course depending on the kinematics.



63

Bx
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
1

10

210

310

410

W(GeV)
1.5 2 2.5 3 3.5 4 4.5 5
1

10

210

310

410

)2(GeV2Q
0 2 4 6 8 10 12

10

210

310

410

510

)2t(GeV
-20 -18 -16 -14 -12 -10 -8 -6 -4 -2 0

310

410

FIG. 47: Distributions of the generated events (black curves) and of the accepted events (red) in

CLAS12, as determined by FASTMC, as a function of xB, W , Q2 and t. The red curve corresponds

to the “topology” : an electron, a proton, a π+ and a π− detected in CLAS12.
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