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Abstract

Measuring Deeply Virtual Compton Scattering on a neutragetiais one of the
necessary steps to complete our understanding of thewgteuaftthe nucleon in terms
of Generalized Parton Distributions (GPDs). DVCS on a rmeutarget allows to op-
erate a flavor decomposition of the GPDs and plays a complamyerole to DVCS
on a transversely polarized proton target in the deterioinatf the GPDE, the least
known and least constrained GPD that enters Ji's angularentum sum rule. To start
the experimental program of DVCS on the neutron, we proposadasure beam-
spin asymmetries for n-DVCSd — ¢'nvy(p)) with the upgraded 11-GeV CEBAF
polarized-electron beam and the CLAS12 detector. For thectien of the recoil
neutron, necessary to ensure the exclusivity of the raaetiter having detected the
scattered electron and the DVCS photon, we will construciraillator-barrel detec-
tor to be placed in the Central Detector, between the CTORandolenoid magnet.
This Central Neutron Detector (CND) will be made of threeclayof scintillator pad-
dles (48 paddles per layer), coupled two-by-two at the fwitih semi-circular light
guides and read at the back by photomultipliers placed dritsf the high magnetic-
field region and connected to the bars via 1-meter-long gt guides. Simulations
and measurements on a prototype, covering one radial laygktweo azimuthal bins,
have proven the feasibility of this project. In order to pdwvan accurate mapping of
the n-DVCS beam-spin asymmetry over the available 4-dilneas(Q?, x5, —t, ¢)
phase space, we request 90 days of running on a deuteriuet teith the maximum
available beam energy, 11 GeV.
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1 Introduction

Generalized Parton Distributions are nowadays the objeahantense effort of re-
search, in the perspective of understanding nucleon eteicThey describe the corre-
lations between the longitudinal momentum and transvqryagas position of the par-
tons inside the nucleon, they give access to the contributfdhe orbital momentum
of the quarks to the nucleon spin, they are sensitive to threlededg — g components,
etc. The original articles and general reviews on GPDs atailsi®n the formalism
can be found in Refs. [1, 2, 3, 4, 5, 6, 7].

The nucleon GPDs are the structure functions which are sedédn the measure-
ment of the exclusive leptoproduction of a photon (DVCS,ahistands for Deeply
Virtual Compton Scattering) or of a meson on the nucleonutiicgently large 2,
whereQ? is the virtuality of the photon emitted by the initial leptoRigure 1 illus-
trates the leading process for DVCS. Considering only hglmonserving quantities
and the quark sector, there are four GPHsH, F, E, which depend, in leading-order
and leading-twist QCD, upon three variables? andt. x — £ andz + £ are the lon-
gitudinal momentum fractions of the quarks, respectivetyning out and going back
into the nucleon and is the squared four-momentum transfer between the final and
initial nucleon.

i, E(z,£,1)
H,Elx,£,1)

Figure 1: The handbag diagram for the DVCS process on a nuel§o— ¢'N'+'. Here

x + £ andx — £ are the longitudinal momentum fractions of the initial antafiquark,
respectively, and = (p — p')? is the squared momentum transfer between the initial and
final protons (or equivalently between the two photons). réhe also a crossed diagram
which is not shown here.

Among the three variables, ¢ andt, only two, & andt, are accessible experimen-
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tally. In the Bjorken limit,{ = :”B/Q , Wherex  is the standard Bjorken variable.

Formally, the DVCS amplltude is proportlonal to:

b H(Fw,6,t)
/_1 da” e (1)

where the ellipsis stands for similar terms 6y H and E.

Decomposing this expression into its real and imaginaryspdéris found that the
maximum information that can be extracted from the expeantaladata at a giverg(t)
point is H (+£, £, t), when measuring an observable sensitive to the imaginatypa
the DVCS amplitude, angﬁl1 d:cH(;FTxft) when measuring an observable sensitive
to the real part of the DVCS amplitude. Knowing the GPDs atesgarticular point
(££, €, t) and their weighted integral overdoes not, of course, uniquely define them.
A model input will be required, to make the interpolation otle variabler.

The DVCS process is accompanied by the Bethe-Heitler (BBgess, in which
the final-state photon is radiated by the incoming or scadtetectron and not by the
nucleon itself. The BH process, which is not sensitive to GHB indistinguishable
from the DVCS and interferes with it, complicating the mattéowever, considering
that the nucleon form factors are well known at sniathe BH process is precisely
calculable theoretically.

It is clearly a highly non-trivial task to actually measubetGPDs. It calls for
a long-term experimental program comprising the measumnewfedifferent observ-
ables: cross sections, beam-, longitudinal and transuarget- single polarization
observables, double polarization observables and alsilgppdeam-charge asymme-
tries, timelike Compton scattering, etc. Refs. [8, 9] shhevinformation brought by
the various observables.

Such dedicated experimental program, concentrating ootarptarget, has started
worldwide in these past few years. JLab has provided therfiestsurement, in the
valence region, of beam-polarized and unpolarized DVCSsg®ctions, in a lim-
ited phase-space domain, with the Hall A [10], and severahbepin and target-spin
asymmetries (BSA, TSA), over a large kinematic range, abthiwith the CLAS de-
tector [11], [12]. Beam-charge asymmetries, BSAs, lortjitally and transversely-
polarized target-spin asymmetries, as well as doubleapimmetries, have also been
measured by the HERMES collaboration [13]. These first dédts@on be completed
with a series of new experiments ongoing and planned at Jhdlaimned to measure
accurately longitudinally [14] and transversely [15] pidad target-spin asymmetries
and cross sections (along with double-polarization olz#es) and new precise unpo-
larized and beam-polarized cross sections at new kinesndit; 17]. Measurements
of DVCS cross sections, BSA and longitudinal TSA with JLali2tGeV have also
been approved [18, 19].

2 Physics motivation: neutron GPDs

The aim of this proposal is to start a similar experimentalgpam with a neutron tar-
get. The importance of neutron targets in the DVCS phenotogypavas clearly es-

9



tablished in the pioneering Hall A experiment, where thefpéd-beam cross section
difference off a neutron, from a deuterium target, was meas[20] (see Section 3).
Measuring neutron GPDs is highly complementary to meagypioton GPDs.
Neutron and proton GPDs are independent quantities, likérore and proton form
factors. Measuring both GPDs allows to carry out a flavor isdjman. For instance,

HP(66,1) = SHU(6,6,1) + g HUE, 6.1 @

and
HME,6.0) = gHY(E60) + SHU(E 6.1) ©

(and similarly forE, H and E)), from which one can obtain

HY(€,6,) = L (AP (6,6,1) — H"(€,6,1) @
and
HO,6,1) = T (AH(€,6,6) — HP(,6,1). ©

Concerning the BSA, which is the main goal of this proposaan be shown that,
in the case of DVCS on the neutron, its amplitude is mainlyegoed by the GPL¥,
the least known of the GPDs. In particuldt,is one of the two GPDs entering Ji's
sum rule:

1+l
Jg = 2 |, dex [H(z,&,t =0) + EY(x,&,t =0)], (6)

which links the total angular momenturd,j carried by each quark to the sum of
the second moments overof the GPDsH and E. It is therefore crucial to obtain
experimental constraints afi in order to make some first steps towards the estima-
tion of the contribution of the orbital momentum of the quaté the nucleon spin. In
order to make a quark-flavor separation, béth and E? are needed: this proposal
mainly aims at determining’™. EP can be accessed through transverse-target polar-
ization or double (beam-target) polarization observableghe proton [8], which are,
as previously mentioned, the goals of experiments alre&ahnpd at JLab.

Hereafter, the VGG model [21, 22], which parametrizes GPb¢ ealculates
the associated DVCS observables, has been adopted, intordeantify (albeit in
a model-dependent way) the sensitivity of the neutron-DMVESA to the GPDE.
An interesting feature of the VGG model is that the pararation of the GPDE
is dependent on the two parameteksand J,, i.e. the total spin (orbital momen-
tum+intrinsic spin) contributions of the andd quarks respectively. The idea is that
a given shape ix for the GPDEY is assumed, and then the overall normalization
is proportional toJ, (see ref. [5] for more details). Figure 2 shows the BSA for n-
DVCS as a function of the four independent variables deisayithe DVCS process,

10



¢, —t, xp andQ?, for different values of/, and.J;, as predicted by the VGG model.
The kinematics for Fig. 2 ar&.=11 GeV,z5=0.17,Q>=2 Ge\?, —t=0.4 GeV and
¢=60°. Although some of theJ,,, J; values are unlikely (for instancé;=0.8), nev-
ertheless this shows the strong sensitivity of this BS&'tand, in the framework of
the VGG model, to/,. One sees that these BSAs can extend from 10 up to 50%, with
spectacular changes of signh depending on the relative sfghsand.J,, and therefore
they can be as large, in magnitude, as the proton-DVCS beamasymmetries that
have been recently measured [11]. However, it is importanbtice that these “large”
neutron-DVCS asymmetries are obtained only in a specifisglspace region, i.e.
only aroundzz=0.1 or 0.15. To reach such “low” values of;, at sufficiently large
@Q?, an 11-GeV electron beam is needed. The current 6-GeV bdawsab explore
mainly thezp ~0.35 region where the BSA far from its maximum. This is con-
firmed by the exploratory measurement of the JLab Hall A baltation [20] where
neutron-DVCS BSAs essentially consistent with zero wetaiobd and for which the
sensitivity to.J, was therefore minimal.

Figure 3 shows the corresponding BSAs, at approximativedysime kinematics,
for the proton case. It is clear that the sensitivityAar, alternatively taJ, andJy,
is much less. This is mainly due to the fact that the protorGBVBSA is mostly
sensitive to thef GPD, the weight of thédZ GPD being suppressed by kinematical
factors.

Finally, Fig. 4 shows the comparison of the unpolarized £s®ctions for DVCS
on the proton and on the neutron at approximately the sanegridtics, as a function
of ¢, —t andz g, according to the VGG model with, = 0.3 andJ; = 0.1. One sees
that the neutron-DVCS cross sections are, depending onittkenfatics, a factor 3 to
5 below the proton-DVCS cross sections.

3 First n-DVCS experiment: JLab Hall A

The neutron DVCS channel was explored for the first time inB08-106 experiment
[23] performed in the Hall A of Jefferson Lab. The polarizeeim cross section dif-
ference was measured on deuterium and hydrogen targettheandutron DVCS and
deuteron DVCS signals were extracted from the comparisaexpérimental yields
within the impulse approximation (Fig. 5). On the one hahd; pioneering work did
experimentally establish the importance of the measurenfahe n-DVCS reaction
for the investigation or quark angular momentum [20]. Ondtteer hand, these data
are limited to one specific region of the physics phase spadesaffer from signifi-
cant statistic and systematic errors originating from theatation of the neutron and
deuteron moments, the relative calibration of the photdoritaeter between hydro-
gen and deuterium targets, and the neutral pion contaraimalihe experiment pro-
posed here aims at investigating the n-DVCS reaction in & pithse space, providing
a systematic study of the beam-spin asymmetry. The deteofithe struck neutron
will insure the full exclusivity of the reaction and welltablished techniques, com-
mon to all DVCS measurements performed with CLAS and pragpdse CLAS12,
will allow for a precise subtraction of the neutral pion baakund (see Section 8).
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Figure 2: Beam-spin asymmetry for DVCS on a neutron tardetfqu as a function of
(from left to right) ¢, —t, x5, andQ?, as predicted by the VGG model. The kinematics
are: £,=11 GeV,25=0.17,Q?=2 Ge\*, —t=0.4 Ge\* and¢=60. All distributions have
been calculated at these kinematics, except for the varadainst which each distribution
is plotted. The curves are obtained for different comboregiof values of/, and.J;: (J, =
0.3,J4 = 0.1) - solid curve, (, = 0.8,.J; = 0.1) - thin dashed curve J, = —0.5,J; = 0.1)

- thin dash-dotted curve,J( = 0.3,J; = 0.8) - thick dashed curve J, = 0.3,J; = —0.5) -
thick dash-dotted curve.
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Figure 3: Beam-spin asymmetry for DVCS on a proton targepradicted by the VGG
model, plotted as a function of (from left to right) —¢, x5 andQ?. E.=11 GeV,z5=0.2,
Q=2 GeV*, —t=0.2 Ge\f and¢=60°. Otherwise, same conditions and conventions as for
Fig. 2.
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the neutron).
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Figure 5: n-DVCS analysis results from the Hall A experim@®]. Top: helicity signal
(defined ass), = [ (Nt — N7)d®® — [*" (Nt — N7)d*®), for D(e,¢’,v) andH (e, ¢', )
events; H, data are folded with a momentum distribution of the protordeuterium
and scaled to thé), data luminosity; the simulation curve is for the Fermi-liteaed
H (e, €',~)p reaction. Bottom: residual helicity signal aftdk subtraction; the arrows in-
dicate theM% average position of n-DVCS and d-DVCS eventsfor >= —0.3 GeV?;
the simulation curves are integrated over the acceptarctelatained for the arbitrary val-
uesIm[Cl]*r = —[m[C]]**» = —1, whereC! andC/ depend on the interference of the
BH amplitude with the twist-2 Compton form factors.

While the neutron detection was also implemented in the AaliDVCS experiment,
it was never successfully used in the data analysis, prdslyrbacause of the effects
of a large neutral low energy background at forward anglé§ Recause of the actual
location of our neutron detector at large angles (motivate®ection 4) and the addi-
tional boost from the increased beam energy, these effeetex@ected to be highly
suppressed in the proposed experiment (see Section 7.2).

4 Central Neutron Detector: motivation and re-
quirements

An event generator for DVCS/BH and exclusiv electroproduction on the neutron
inside a deuterium target has been developed [25]. The D\Wg#itade is calculated
according to the BKM formalism [9], while the GPDs have beaken from the stan-
dard CLAS DVCS generator [26]. The Fermi-motion distributiis calculated with
the Paris potential [27].

The output of the event generator was fed through CLAS12 MAGTto simu-
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Figure 6: n-DVCS results from the Hall A experiment [20[dependence of the extracted
sin(¢+-) moments for coherent d-DVCS (top) and incoherent n-DVC$&dow). Error bars
show statistical uncertainties; systematical uncerisrdre indicated by the shaded bands.

late the acceptance and resolutions of electrons and photdhe Forward Detector.
For the detection of photons with polar angles betw2éf and 4.5°, two options
have been studied: the current Inner Calorimeter (IC), wisicould be used in the
approved CLAS12 experiment for DVCS on the proton [19], daghossible upgrade,
currently being proposed, the Forward Tagger (FT) [28].gfiatic cuts to ensure the
applicability of the GPD formalism@? > 1 GeV?/c?, t > —1.2 GeV?/c?, W > 2
GeV/&) have been applied. Figure 7 shows the coverag@?inzz andt that is ob-
tained from the event generator for the n-DVCS/BH reactwith an electron-beam
energy of 11 GeV.

Figures 8, 9, and 10 sho# as a function of momentum in the lab frame for,
respectively, the electron, the photon and the neutron. tWhepanels of Fig. 11 are
one-dimensional plots, showing, respectively, the moomardéind the polar angle of
the recoil neutron. As expected, the electron and the phatermostly emitted at
forward angles, while the recoil neutron is going at backisangles.

In the hypothesis of absence of Final State Interaction$) (& minimal require-
ment to ensure the exclusivity of the n-DVCS reaction fromeatdrium target and
to determine the final and initial state is to fully detect@iPangles and momentum)
the scattered electron, the photon, and the neutron. In diaatg four-vectors, the
energy-momentum conservation for the n-DVCS reaction eaniiitten as:

PE + Pl + ply = Dl + Dy + Pl 4 Dl @)

The absence of FSI implies that the kinematics of the indiad final spectator
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proton are equal:

Py = Dy 8)
Substituting Eq. 8 in Eq. 7 one obtains:

pE + Pl =Pl + Pl + Pl 9)

Knowing the beam energy, if one identifies the final electpimgton and neutron
and measures their angles and momenta, four unknowns tiygorents of the initial-
neutron four vector) and four equations remain. The spacfabton kinematics can
then be retrieved using the fact that, since the deutergett#s at rest:

P+ = 0,E, + E, = mg. (10)

As shown in the previous section, the electron and the DVGfgohwill be emit-
ted at small angles, and thus will be detected in the forwartqgf CLAS12 (with the
photon either in the EC or in the IC/FT), while the neutronlw& emitted predom-
inantly (for ~ 80% of the events) a# > 40° in the laboratory frame, with average
momentum around 0.4 GeV/c. This points to the necessity thaadeutron detec-
tor (hereafter named Central Neutron Detector, or CND) to@entral Detector of
CLAS12, that in the present design has very limited detaatificiency for neutrons
— they can be detected in the CTOF, with about 2-3% of effigienc
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Forward-CLAS12 acceptance cuts and physics cuts are edludhe drop ap, ~ 1.3

is due to the < —1.2 GeV/& cut, applied to ensure the applicability of the GPD formal-
ism.
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With the aid of the CLAS12 FASTMC tool, the requirements imie of angular
and momentum resolutions on the detected neutrons wererdedsl. The kinemat-
ical variables of the scattered electref &nd of the DVCS photomy), computed by
the n-DVCS generator described in the previous sectione e@neared” using the
values of resolutions produced by FASTMC. As mentionedeealn, for the photon
detection at low angle2(5° — 4.5°), two options were studied: the “standard” In-
ner Calorimeter (IC) and the upgraded proposed one, or “&ahwagger” (FT). The
energy and angular resolutions were parametrized, régplgcas:

e for the IC caseiop/E = 1/(0.034/E)? + (0.021/VE)? +0.019? [29] and
oy = 182;3@ (taking the spatial angular resolution of the current |ICor—=
O'Qﬁ — and assuming a target-IC distance of 186 cm) [19]

o for the FT casesy/FE = /(0.02/E)2 + 0.012 and the same angular resolution
as for the IC case.

The CND requirements were determined by looking at the mgsanass of the
en~y system, which is the only quantity one can “cut” on, in thisedéon topology,
to ensure exclusivity for the n-DVCS channel by minimizihg ¢n7° contamination.
First of all, without applying any resolutions on the eleatrand photon kinematical
variables, and varying instead the “smearing” on the neukinematical variables,
it was shown that the resolution on the neutron momentumspllag major role in
determining the width of\/ M (en+y), while the effect of the angular resolutions is
less important. This can be seen comparing the three pahélg.ol2, where the
missing mass is computed varying, respectively, the neutromentum, the polar and
the azimuthal angle, while keeping the other two variabtesstant®. Varying either
op Or o4 by a factor 200 (fron.1° to 20°) increases the width af/ M (en~y) by only
6-8 MeV in absolute (corresponding to about 30% more), whidesame increase by a
factor of 200 (from 0.1% to 20%) on the neutron momentum té&wi o p / P worsens
the resolution of the missing mass by a factor of 40 (its wjghlses from 2 MeV to
86 MeV).

Introducing the realistic resolutions on the electron amotpn calculated by FASTMC,
it appears (Figs. 13 and 14) that if the neutron momentumutso is kept up to 10%
its effect is negligeable with respect to the other particle particular (two panels of
Fig. 14, green curve), the photon resolutions is respamsib84% of the width of the
missing mass for the FT case (top figure) and 97% for the IC @Bttom figure).

Therefore, considering that the detection capabilitieSloAS12 for electrons and
high-energy photons are fixed, the requirements of the CNDbei

¢ good neutron identification capabilities for the kinemagicge of interesti(2 <
pn < 1.2 GeV/c,40° < 0, < 80°) and

e neutron momentum resolutiary / P within 10%.

3For these figures, the fixed values of the resolutiens/® = 5%, 09 = 2.5°, 04 = 3.75°) are an
average of the “realistic” ones, obtained from the GEANTddation of the CND — see Section 6. However,
as it will be explained in the following, the conclusions leétstudy do not depend on these particular values.
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Figure 13: Missing mass squared of #ey system, for the n-DVCS channel, simulated
with our event generator, assuming the nominal CLAS12 utswis on the photon and
electron kinematic variables, fixing the neutr®@and ¢ resolutions and varying the mo-
mentum resolution, between 0.1% and 20%. Top plot: photeoluéons for the Forward-
Tagger option. Bottom plot: photon resolutions for the 1Giap.
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Figure 14: Missing mass squared of #ey system, for the n-DVCS channel, simulated
with our event generator. The different colors correspandiifferent combinations of
choices of particles being detected with absolute pratisiavith realistic resolutions. Top
plot: photon resolutions for the Forward-Tagger optiontt&m plot: photon resolutions
for the I1C option.
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5 CND: R & D studies and final detector design

The available space in the CLAS12 Central Detector is lichitg the presence of the
CTOF and of the magnet, which leave about 10 cm free (Fig.H&)ever, the CTOF
can also be used to detect neutrons, adding a couple of petefficiency. The
central tracker will be used as a veto for charged partidi@sally, it is important to
remind that there will be a surrounding magnetic field of 5 hjel complicates the
issue of light collection.

More than one year of simulations and R&D studies have begrteld to studying
the various options for the CND and its possible photodetsctfter considering and
then rejecting the option of a “spaghetti calorimeter” maflédead and scintillating
fibers - it has a too high efficiency for photons with respeateatrons - the retained
design for the detector is a barrel of standard plastic ilatatr bars of trapezoidal
shape, all with their long sides parallel to the beam dioec{Fig. 16). This geometry
is similar to the one of the CTOF.

As stated in the previous section, one of the two requiresneinthe CND is good
neutron identification capabilities. If the charged pdascare vetoed by the central
tracker, the only particles left that can be mistaken foitrgs are the photons. Using
plastic scintillators, the most straightforward way tdidiguish neutrons from photons
is by measuring their time of flight (TOF) and compare th#s: 5 is defined as

l
TOF - ¢’

wherec is the speed of light andis flight path of the particle from the target to the

f= (11)
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Figure 16: Geometry of the scintillator barrel for the CahNeutron Detector. The current
design consists of 3 radial layers each made of 48 trapdzatdillator paddles.

scintillator bar, that can be obtained, in our geometry, as
l =22+ h2, (12)

wherez andh are the hit position along the z axis (oriented, in our geoynetith the
beam direction) and in the radial direction. Measuring thestof the hit at both sides
of the scintillator bar gives access4o

1
2= 5 Vepp  (tiese = tright) -

wherev. s is the effective velocity of light propagation in the scliatior material,
and to known it is necessary to have radial segmentation (fhwusll be given by the
distance between the target and the middle of the hit paddle)

Early simulation studies [30] had shown that to ensure a gadon/neutron sep-
aration for the neutron momentum range of the n-DVCS readtie CND had to be
equipped with photodetectors ensuring a time resoluticabofut 150 ps.

5.1 Summary of early R&D studies

The first part of our R&D studies had been focused on studytiegtiming perfor-
mances of various magnetic-field resistant photodetedimitx placed at the two ends
of the scintillator bars, in the high-magnetic-field regafrihe Central Detector. Mea-
surements of time resolution with cosmic rays have beerechout using silicon

26



photomultipliers (SiPMs), avalanche photo-diodes (AR@s)d micro-channel-plate
photomultipliers (MCP-PMTs). None of these devices hasisetined. A 1x1mrh
SiPM was tested, and it was rejected because, due its sntiak aarface, it had a
too small number of photelectrons (1) and hence yielded a too big time resolution
(~ 1 ns). Matrices of SiPM (matrices 4x4 of 3x3rirohips) have also been tested,
giving promising results in terms of time performances [3iit they would require a
very complex customized read-out electronics, callinggd@ouple of years of dedi-
cated R&D. The APD gave too high time resolutien ¢ 1.4 ns), due to its big rise
time. Good timing performances{~ 130 ps) were obtained for the MCP-PMTs in
the measurement without magnetic field, but when tested ih m&gnetic field they
displayed a too strong loss of gain [32]. Another reason &mdbn the micro-channel-
PMTs option was lifetime: we computed the expected flux ofoapiphotons on the
CND photodetectors due to electromagnetic backgroundugemtiover the duration of
our experiment, and it turned out to be more than a factor gfmtade higher than the
limit quoted in the literature [33] after which the quantuffiaéency of the MCP-PMT
drops [34].

5.2 Final design and performances

As the magnetic-field-resistant photodetectors provecdktodi suited for the require-
ments of the CND, another solution was found: reading thiat lamly at the back-

ward end of each scintillator bar, with an ordinary PMT pthaethe low-field region

(Fig. 17) and connected to the bar by a 1-m-long bent lightiguivhile the front

end of the bar is connected via a “u-turn” light guide to theghboring paddle. The
light emitted at the front end of one scintillator is themeféed through its neighboring
paddle and read by the PMT connected to its end (Fig. 18).

The current plan for the detector segmentation is to havezitBudhal segments
and 3 layers in the radial direction, for a total of 144 sdettr bars, coupled two-by-
two (Fig. 18). This choice has been made to optimize the tghection by matching
the surfaces of the scintillator and of the photocathodé@RMT.

This configuration has been tested with measurements ofésaution with cos-
mic rays. A one-layer prototype has been built for this go#h@ IPN Orsay (Fig. 20).
It consists of two scintillator bars (BC408), each 66 cm locBgm thick and 3.5 cm
wide, joined at one end by a “u-turn” light guide and each emted at the other end
to a 1-m-long bent light guide coupled to two ordinary PMTsuirhmatsu R2083, at
this stagé) (Fig. 21). A semi-circular shape for the u-turn light guftes been chosen,
as it gave a lower loss of light than the other solution tegtedngular shape). For
the wrapping, aluminum foil has been preferred to Mylar or 20@0 for its better
timing performances and for its higher opacity, which miizies “cross talk” between
adjacent paddles [35]. In the middle of one of the two barsyaland below it, are
placed two smaller scintillators (1 cm thick, having 3x3%of surface), each read by
a fast PMT (Hamamatsu R2282), which are used to trigger tteeatauisition and to
ensure that the position of the hit is known.

4The PMT Hamamatsu R7997, costing about a third of R2083 psiliested in the next weeks.
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Figure 17: Magnetic field map for the Central Detector (recemponent on the top, axial
component on the bottom). The black semi-circle in the tap ghows the position of the
PMTs of the Central Neutron Detector.
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Figure 18: Design of the Central Neutron Detector.

Figure 19: Drawing (side cut view) of the CND, placed into #aéenoid magnet.
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Figure 20: The one-layer prototype of the CND during theigniesolution measurements
with cosmic rays carried out at Orsay.

Figure 21: Drawing of the three-layer prototype of the CNBder construction.
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The output signals of the “top” (T) and “bottom” (B) triggeivH's, as well as
the ones from the “direct” (D, the PMT of the bar where the hitels place) and
“neighbor” (N, the PMT of the adjacent bar) one, are fed to ADd to TDCs (after
discrimination). B and T are also averaged with a “mean4tinflédT), which gives
the start to the DAQ. The timing resolution for the D or N PM$given by [35]:

ID(N) = \/ o) _TRG ~ OFRG (14)

whe_rea%(N)TTRG is the resolution of the time between the trigger and the dire
(Neighbor) signal, and

orTRG = tmr —tr =tmT — B (15)

is the time resolution of the trigger.

The results of the timing measurements with cosmic ray$opaed varying the
position of the trigger PMTs throughout the length of thensltator bar, are shown in
Fig. 22. Position “0” corresponds to the center of the barjsZlose to the PMT, and
“-2" is near the u-turn. From these figures, one can infer. that

e the “u-turn” brings about a factor of 2 of loss of collectechaie

e the average timing resolutions for the two PMTs arg: ~ 120 ps andoy =~
200 ps.

These experimental results have been used in the simulatbthe reconstruction for
the CND — see Section 6 and Appendix A.2.

5.3 Costs and financial support for the CND

A significant part of the R&D on the photodetectors of the @arleutron Detector
and the tests on the prototype, leading to the positiveteptdsented in this proposal,
have been supported by the EU Framework Program 7 throudhttgrating Activity
HadronPhysics2 and the Joint Research Activity "Hardexie Tinancing of the full
CND, estimated to amount to roughg0 kEuros (without salaries), is anticipated to
stem mostly from the funding agencies of the European greigmsng this proposal
— upon approval of this proposal.

6 Simulation and reconstruction

In order to study the performances of this detector, its gggyrhas been added to
the CLAS12 GEANT4-based simulation package, GEMC [36]. éspect to earlier
studies [30] now the Birks effect, for which the amount oficgt photons produced
after a certain energy deposition in the scintillator dejseon the particle losing that
energy, and the hit digitization for the CND have been inteat in GEMC [37].

The timing resolution and the energy loss due to the u-tuomgdry have been in-
cluded in the simulation using the values measured in thmioesays tests. Details
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charge collected by the two PMTs as a function of the hit pmsitBottom: time resolution
of each PMT as a function of the hit position.
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on the digitization and on the hit and event reconstructienexplained in the Ap-
pendix (Sections A.1 and A.2). The main points of the neutemonstruction are the
following:

e if no hits are recorded in the Central Tracker, a hit in the CislBonsidered a
neutral (neutron or photon);

e among all reconstructed “neutral hits” in the CND, only thgmssing a certain
threshold on the energy deposition are kept;

e among these surviving hits, only those for which the hit posi— recon-
structed from the Direct and Neighbor PMTs timings — is witlihe length
of the paddle are kept;

e (s calculated for each selected hit, to exclude photons;

e the angled) and¢ and the momentum are computed (see Section 6.2 and Ap-
pendix A.2) for the identified neutrons.

Simulations, which included all the components of the Gdidetector, have been run
to evaluate the efficiency of the CND for neutrons, its apiii discriminate between
neutrons and photons, and its angular and momentum reswutNeutrons and pho-
tons of momenta varying between 0.1 and 1 GeV/c and haviray jpolgled varying
betweerb0° and70° have been generated at fixed azimuthal angle-(0°), pointing
to the center of one of the scintillator bars. The resultgioled with these simulations
are described in Sections 6.1, 6.2 and 6.3.

6.1 Efficiency

The detection efficiency is defined here as the ratio betwsenumber of events for
which a “good hit” (see Appendix A.2) was reconstructed ia tlorrect azimuthal
bin of the CND and the total number of neutrons generateder@kvalues of energy
thresholds, between 1 and 5 MeV, have been tested. Figuleo2&ghe efficiency as

a function of the threshold, for neutrons with momentum df@eV/c. The different
colors correspond to 3 different values of the neutron patayle,d,,. The efficiency,
which decreases with increasing threshold, ranges beth2¥%nat the lowest thresh-
olds and 7% at the highest ones. This can also be seen in Figgh2de the efficiency
for neutrons emitted at0° is plotted as a function of momentum, for various values
of the threshold on the energy deposition. Figure 25 shosiedd the efficiency as a
function of the momentum of the neutron, at a fixed energystiokl of 2 MeV, and
for different values ob,,. All of these plots have been done with a cut rejecting hits
with time of flight larger than 8 ns. This cut has been appl@duppress the events
in which the neutrons interact in the magnet (without depuagienergy in the CND)
and rescatter or produce secondary particles hitting thB @N\a later time, compro-
mising the PID and the determination of the angles. Thisaong with a choice of
threshold on the reconstructed deposited energy of a few (2a¥ the value chosen
at the present stage), is effective in removing these sexpinits (more details on this
aspect can be found at [37, 38]).
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tum, for 7 different values of the threshold on the depostieergy, from 1 to 5 MeV.
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6.2 Angular and momentum resolutions

The resolutions on the polar anglef the neutron that can be obtained with the CND
are strongly linked to its TOF resolution. The anflis in fact given by

0 = (180/m) - arccos(zalve) (16)

wherel andz,,., defined in Appendix A.2, both depend on the time measurement
Using the valued = 0.24 nsMeV /2, deduced from the measurements on the propo-
totype, for the gaussian smearing on the timing (see Apped), thed resolution
was studied with GEMC, as a function of neutron momentuméaitself. The results
are shown in Fig. 26, where the angular resolutignobtained via gaussian fits of the
simulated distributions, is plotted as a function éffor a particular value of neutron
momentum (0.4 GeV/c)ry increases slightly with the angle and also is fairly conistan
as a function of neutron momentum, and its value is betvigghand3.5°.

The resolution on the azimuthal angle is directly connettettie total number of
scintillator bars along. In fact, the bin size\¢ is given by

360°
N
whereNpqq41e is the ID number of the paddle where the hit took place, Anis
the total number of paddles i (48 for the current design of the CNDj,, can be
taken as half ofA¢, therefore3.75°.

Ap = = 7.5° (17)
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Figure 26: Angular resolutiony as a function o#) for neutrons of momentum 0.4 GeV/c,
for a 2-MeV threshold on the deposited energy. The threersabthe points correspond
to the three radial layers of the CND.

The resolution on the neutron momentum, which is obtainesvikmg 5 and having
performed the particle identification, according to therfala

V-

is also strictly connected to the TOF resolution. Figure [2ds the momentum
resolutions, /p as a function of momentum for neutrons emitted with- 60°: it in-
creases with increasing momentum, and ranges between 4%4.&nd\No appreciable
variations of momentum resolution are observed by varyiegieutron polar angle.

(18)

6.3 Particle Identification

Since the charged particles passing through the CND willdteed by the Central
Tracker, the only particles that could be mistaken for rangrin the CND are the pho-
tons. The efficiency of the CND for photons has been estimayesimulations, and

it is comparable to the one for neutrons (of the order of 1086,Eg. 28, for photon

energies down to 0.2 GeV, while it drops to zero for lower gies). Neutrons can be
discriminated from photons by means of theirTherefore, thes distributions that can

be obtained with the CND for neutrons and photons have besiest with the help

of the GEMC simulation. After chosing a “good hit” as desedtin Appendix A.23

is computed as

l

b= TOFiye - ¢’

(19)
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where

l=/h?+22,., (20)

h is the distance from the vertex to the middle of the layer wlilee hit took place,
TOF;. is the reconstructed time of flight arg,. is the reconstructed position of the
hit (see Appendix A.2 for more details on how the latter twampities are obtained
for the “u-turn” design of the CND).

Figure 29 shows the comparison, for each of the 3 radial $aged integrating
over the azimuthal angle, between thdistributions obtained for neutrons of various
momenta (0.2, 0.4, 0.7 and 1 GeV/c) and for 1-GeV photonsléakh. All particles
in this plot are emitted & = 60°. Neutrons of momentum of 0.9-1 GeV/c can be
taken as photons, as theirdistributions begin to overlap, while theynseparation
is clear for lower momenta — which correspond to most of theyeaof interest for
n-DVCS, as only about 8% of the events are expected tohawe 0.9 GeV/c. This is
evident also from Fig. 30, where the error bars correspohghlig to 30, whereo is
the gaussian width of eag¢hdistribution. Equal neutrons and photon yields have been
assumed for this study. This assumption is addressed atiftbjisn Sections 7.1 and
7.2.

7 Backgrounds on the CND

As described earlier, photons are the main source of backdrtor the CND, as they
can be mistaken for neutrons. Charged particles, insteifldyeswvetoed by the Central
Tracker. Two kinds of photons can contribute to this backgth physical events, for
instancer” production where one of the two decay photons is emitted ekvisards
angles, and photons produced by electromagnetic readfdhe electron beam in the
target.

7.1 Physics background

An estimate of the hadronic background has been deducety the clasDIS event
generator (based upon PYTHIA). The background events thad enimic a n-DVCS
event are those having:

e one energetic photorf, > 1 GeV) in the forward direction, and
e one photon in the central detector.

For these kinds of events, the estimated rate at full luniip@$03> cm—2s~! per
nucleon) in the DIS kinematics is 2.4 KHz. If one also regeittee missing mass for
the ey system (calculated on a neutron target) to be below 1 Ge\te rate drops
to 10 Hz. Assuming a 60% acceptance for the electrons antiégphiotons detected
in the forward detector, the rate goes down to about 4 Hz. rEi@l shows thé
distribution as a function of the energy for the remainingtohs in the CND. They
are mostly emitted at energies below 200 MeV. Finally, kegpnto account 10% of
efficiency of the CND for photons — and this is an upper limdnsidering that the
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CND efficiency for photons drops to zero fé, < 0.15 GeV —, the resulting rate is
about 0.6 hz. This should be compared to the one of neutrons irDVCS, which,
as is reported in Section 9, is about 4 Hz.

The assumption of equal rates, made when studying the phetanon separa-
tion capabilities of the CND (see Section 6.3), is therefoneery conservative one.
Under this assumption, it was shown that in the CND photomsbeadistinguished
from neutrons provided that the latter have momenta beloveXt. Ghis corresponds
to the majority of the n-DVCS events, for which neutrons amestly emitted with
momentum around 0.4 GeV.

7.2 Electromagnetic background

In order to evaluate the effects of the electromagnetic ¢gpaeind on the Central Neu-
tron Detector, in particular to estimate the actual raten gy the CND due to the
background and the energy and timing distributions of thek@peound hits, GEMC

simulations have been run in the following conditions [3®le primary electron has
been generated going forward (to simulate the real hadewaint), plus roughly 58000
other electrons have been thrown, distributed in a 124 ndawrin bunches 2 ns apart,
originating 10 cm upstream the target. 58000 is approxilpadte number of beam
electrons that would pass through the target in a 124 ns timdow at the nomi-

nal CLAS12 luminosity. 124 ns is the typical time window o&tBAQ expected for

CLAS12, which corresponds to one event in CLAS12. Thesdreles then interact
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with the target itself, producing an electromagnetic basigd hitting the neutron de-
tector. Figure 32, produced with the interactive versiolG&MC, shows one typical
“background event” in the Central Detector: the red traaksespond to negatively
charged particles (electrons) while the green ones argate(inostly photons). The
hits in the CND, in green/blue-ish, are mainly due to photons

The output of these simulations has been analyzed using/ém-geconstruction
algorithm adopted to reconstruct neutrons in the CND. Ireganthe energy deposited
in the CND by the electromagnetic-background photons isegemnall, as it can be
seen in Fig. 33, where the energy deposition in the whole Ci\fdatted, before any
reconstruction cuts are applied. These photons tend taseltheir energy mainly
in the first radial layers of the CND, as shown in Figure 34. dfthreshold on the
deposited energy or timing cuts are applied, the total rat¢the CND due to the
electromagnetic background is about 2 GHz. Cutting on thmosieed energy at
2 MeV and on the time at 9 ns, values which has been chosen itnipptthe PID
and angular resolution (Section 6.1), the rate drops tota®B@KHz. These hits can
mimic a fake n-DVCS event by accidental coincidence withrbait events where an
electron and a photon are detected in the forward part of Ql2ZAR\ssuming a rate
for such events of the order of 1 KHz, the accidental coinmigerate is or the order
of 0.05 Hz, which is almost two orders of magnitude less thenrate of n-DVCS
neutrons (see Section 9). Also for this type of backgrouhd,assumption of equal
rates between neutrons and photons, made in Section 6L8tescgnservative.

8 enm'(p) background

Once the events containing one electron, one neutron anphmien are selected, the
n-DVCS/BH final state can be isolated by cutting on ¢he missing mass. However,
due to the finite resolutions on the various kinematic véesbmeasured, the final
event sample will still be contaminated by~ events coming from then=(p) chan-
nel, where one photon from the) decay is detected in the forward part of CLAS12
while the other escapes detection. This contaminationb@ibvaluated and subtracted
as done in previous DVCS CLAS analyses [11], by extractinglusive en®(p)
events — detecting both decay photons — from the data, and bnte Carlo simu-
lations to evaluate the ratio of acceptancesbévents with 1 and 2 photons detected.
The final number of n-DVCS/BH events, in each 4-dimensiomal Will be obtained
as:

NDVCS(Q2> rp, —t, ¢) = Nen’\/X(QQa B, _t’ ¢) - Nwolfy(Q2> rpB, —t, QS) (21)
where

N]\gc (Q2> rpB, —t, ¢)
N, 01 (Q27x37_t7¢) :N:l—lgta(Q27wB7_t7¢)' st}
w NXNS(Q2 x5, ~t,¢)

With the aid of our event generators, we have estimated theotad level ofr®
contamination for the proposed experiment. Both the amguwid momentum resolu-

(22)
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Figure 32: View (from the beam’s perspective) of the CerlDalector, for one simulated
“background event”. Red tracks correspond to negativetygdd particles, green tracks
correspond to neutrals. This picture has been obtainedlfonimosity L = 1033 cm—2s7!,

corresponding to 1/100 of the nominal luminosity, for preaitreasons related to the graph-
ical interface.
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Figure 33: Distribution of the energy deposit in the CNDeugriated over all the azimuthal
and radial bins, of the hits coming from the generated edetaignetic background. The
majority of the events corresponds to an energy deposittowbl MeV.

tions for neutrons obtained with the simulation of the CN®wall as the resolutions
on electrons and photons coming from CLAS12 FASTMC, have leelemented in

the n-DVCS/BH andn=(p) event generators. Fiducial cuts have been applied on all
the three final-state particles. For ther’(p) cross section, we have used the model
for exclusiver” electroproduction on the nucleon developed by J.M. Laggt [Bhis
model is based on Regge theory with the inclusion of res@adtgrocesses. It pro-
vides estimations of cross sections which are in agreemiéimtive ones measured by
the JLab collaborations of Hall A [41] and Hall B [42] on theofon. In this model,

in the kinematical domain explored in this proposal, thdwesiee 7° cross section on
the proton is basically equal to the one on the neutron.

The two plots of Fig. 35 show, superimposed, the; missing mass squared for
n-DVCS/BH (red) andn7’(p) (black) events, produced by our event generators, in-
tegrated over the full kinematic range of interest. The tbg phows the expected
distribution if the low-angle photons are detected in theamd Tagger. Applying the
cut M M? < 1.05 GeV? ther” contamination is around 15%. The bottom plot is done
assuming that the DVCS photon is detected with the currenil@is case, given the
larger width of the proton-mass peak, in order to keep rougfit same amount of
DVCS events, the cut/ M? < 1.2 GeV is applied. Below this cut, about 19% of the
events come from then=(p) reaction.
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9 Count-rate estimate

The n-DVCS/BH final state will be reconstructed by detectimg scattered electron
and the DVCS/BH photon in the forward part of CLAS12 and tleeileneutron mostly
in the CND, as very few neutrons are emitted in the forwaredafion with enough
momentum to be detected in EC with appreciable efficiencg &tpected number of
reconstructed events for n-DVCS/BH has been calculated, faaction of the kine-
matics, with the event generator described in Section 4 fameard-CLAS12 fiducial
cuts have been included, and an overall 10% neutron-deteetiiciency (keeping into
account the few percents of efficiency that can be obtaindd thé CTOF) for neu-
trons withd > 40° has been assumed. The electron and photon-detection reffese
for the Forward Detector have been assumed to be 100%, wfithifiducial cuts. The
calculation has been done for a luminosity= 10%> cm~2s~! per nucleon and for
80 days of running time. The following 4-dimensional gridbifis has been adopted
here:

4 bins inQ? [1,2,3.5,5,10 GeV?/c?]

4 bins in—¢ [0,0.2,0.5,0.8, 1.2 GeV?/c?]
4 bins inzp [0.05,0.15,0.3,0.45, 0.7

12 bins ing, each30° wide.

The number of events, for each 4-dimensional 6}, (x5, t and¢), has been com-
puted as:

do
N=—— At-AQ* Azp-A¢p-L-T Acc-E 23
Wherem is the 4-fold differential cross sectioff; is the running time,

L the luminosity,Acc is the bin-by-bin acceptance atgf f is the neutron-detection
efficiency.

In Table 1 the expected 4-fold differential cross sectidms 4-dimensional accep-
tance (times the neutron detection efficiency) and the sparding number of events
are listed for one particular kinematic birc (t >= —0.35 GeV?, < Q? >= 2.75
GeV?, < xp >= 0.275) as a function ofp. These yields have statistical errors be-
tween 0.3% (for the lowest and highesbins, where Bethe-Heitler dominates) and
2%. The quantities listed in Table 1 are also shown in Fig. 36.

The statistical errors on the beam-spin asymmetries véi thepend on the values
of the BSA itself () and of the beam polarizatiod®§, through the formula:

1 (1-P-A)?
Op = = ————F—.
P VN
Figure 37 shows the expected accuracy on the n-DVCS/BH lsmasymmetry,
computed using the VGG model and assumipg= .3 andJ; = .1, for the kinematic
bin of Table 1. A beam polarization of 85% has been assumed.efitor bars are in
average of the order of 20% in relative. The projections lierdount rates and for the

(24)
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Figure 36: Top: cross section for n-DVCS/BH. Middle: aceeye for theey(p) final
state, including only the forward part of CLAS12, computathwur event generator and
FASTMC. Bottom: expected count rate for 80 days of beam tirAd.three plots are
produced for the kinematic bin of Table 1.
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Table 1: Expected 4-fold differential cross sections, dehsional acceptance times neu-
tron detection efficiency and number of events for n-DVCS/M®kh CLAS12 and the
CND, as a function ob. < t >= —0.35 GeV?, < Q? >= 2.75 Ge\?, < zp >= 0.275,
Ag = 30°, AQ? = 1.5 GeV?, Az = 0.15, At = 0.3 Ge\2. The calculation was done for
a luminosityZ = 103 cm~2s~! per nucleon and for 80 days of running time.

¢(°) | sodsgiaz(Nb/GeV) | Acc- Eff | Nb events
15 0.138 2.6% 87924
45 0.027 2.1% 13491
75 0.015 2.0% 7414
105 0.011 2.8% 7248
135 0.009 4.0% 8473
165 0.008 4.0% 7643
195 0.008 3.1% 5691
225 0.008 1.8% 3610
255 0.011 1.1% 2730
285 0.015 1.0% 3719
315 0.028 1.1% 7567
345 0.297 1.8% 128645

BSAs over the whole grid of bins are shown in Appendix B. Hogreas the statistical
error depends on the value of the asymmetry, we will be abbptinize the bin size
of the 4-dimensional grid only after having extracted ekpentally the BSA.

By summing on all the count rates obtained for the full grithiois, we can have an
estimate of the total expected count rate. Overall, rougblynillion of n-DVCS/BH
events are expected to be collected over the full kinematige of interest, corre-
sponding to an integrated rate of 4 Hz for the 80 days of runtime.

10 Systematic uncertainties

The goal of this experiment is to extract beam-spin asymestwhich are ratios of
polarized cross sections. In the ratio, helicity-indepariderms, such as acceptances,
efficiencies, radiative corrections and luminosity, carmcg, in a first approximation.
One of the main sources of systematic uncertainty for thpqaed experiment will be
the 7° background estimation, which — due to the finite size of oasbi- will de-
pend on the accuracy of the description of the detector s&gep and efficiency and
on the model used in the Monte-Carlo simulation to desctibert " (p) reaction (see
Eq. 22). We estimate this source to contribute with 5% to trezall systematic uncer-
tainties. A similar contribution will come from neutronfpion misidentification. Due
to its strong variations as a functignand to the size of our bins, the acceptance will
bring an additional 3% systematic error. The measuremettieobeam polarization
will introduce 2% of systematic uncertainties. A summaryhef uncertainties induced
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Figure 37: Beam-spin asymmetry for n-DVCS/BH as predictgdhe VGG model (for

J, = .3 andJ; = .1), plotted as a function ab for the kinematic bint = —0.35 Ge\?,

Q? = 2.75 GeV?, x = 0.275. The error bars reflect the expected uncertainties for our
experiment, corresponding to 80 hours of beam time at a lositynof 103 cm=2s~! per
nucleon.
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| Source of error | ABSA |
Beam polarization | 2%
7V contamination 5%
Acceptance 3%
Radiative corrections 1%
n-y misidentification| 5%
| Total | 8% |

U7

Table 2: Expected systematic uncertainties on the proposasgurement.

by these various sources can be found in Table 2. The tot@ragsic uncertainty will
be therefore of the order of 8%, averaged over all the kines\éther°-background
uncertainty will actually vary depending on the bin).

11 Summary of experimental setup and trigger
configuration

We plan to measure beam-spin asymmetries for the DVCS/Bttioseon the neutron

using a liquid deuterium target and an 11-GeV highly poktielectron beam. To de-
tect the scattered electron and photon we will use the CLAf&t@ctor in its baseline
configuration plus, at small angles, a forward electromagrealorimeter — either

the IC or the Forward Tagger (the second option being priefierfar its better reso-

lution performances). For the detection of the recoil reutwe will add our neutron

detector to the CLAS12 Central Detector.

To define the trigger for the data acquisition, we plan to madeof the experience
with CLAS at 6 GeV. The current CLAS electron trigger is basedhe coincidence
between Low Threshold Cherenkov Counter (LTCC) and EC wakier with an en-
ergy threshold in the region of 500-600 MeV. The coincidesceeme works at the
sector level:

6
Tm'gger = Z (LTCCsector ' ECsector)

sector=1

The trigger rate af. = 2 - 10** s~'cm~2 was around 4 kHz in the e1-dvcs experi-
ment at 6 GeV. Due to the low thresholds in LTCE,otocicctrons > 0.2) and in the
EC calorimeter, only 10% of the events were identified aseakitrons in the off-line
analysis. Detailed studies of the trigger events showedrheeasing the threshold in
the Cherenkov Counter up to 2 photoelectrons makes the@beitigger much more
selective. However this method was not implemented in thA£trigger due to the
limited average number of photoelectrons in the LTCC.

The CLAS12 trigger system will be significantly improved. will be flexible
enough to include different types of detectors and evenia@padrrelations of the
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Testing and commissioning 7 days
Production data taking dt = 10%° cm~2s~!/nucleon| 80 days
Moeller polarimeter runs 3 days

Table 3. Beam-time request.

trigger elements. First of all the High Threshold Cherenkmunter (HTCC), with
expected extraordinary performances, will participatéhim electron trigger. It was
shown by Monte-Carlo simulations that even at thresilgsocicctrons > 3 the elec-
trons will be identified with almost 100% efficiency and therprejection factor will
be much better than for the present CLAS.

The Preshower Calorimeter can be included into the triggfegrme in case the trig-
ger rate will be unacceptably high. It willimprove the pi@jection factor keeping the
electron efficiency at high level even with low energy thaddh The level-2 CLAS12
trigger will give us the possibility to geometrically matttie electron candidate track
with the signals from different detectors: HTCC, LTCC, Px@ser Calorimeter and
EC calorimeter. The CLAS experience tells us that leveightr is a very powerful
tool to suppress random coincidences between CC and EC.

In summary we can say that the selectivity of the electraygéi will be much bet-
ter in comparison to the current CLAS. Taking into accountithproved performance
of the CLAS12 DAQ we hope that the trigger rate will be at theegodable level at de-
sign luminosityL = 103 s~'cm~2 per nucleon. However if the background level
will be higher than expected we can add additional detedtorthe trigger logic. The
trigger for exclusive reactions may be enforced by inclgdime energy deposition in
the IC calorimeter £, > 1 GeV) that will significantly reduce the trigger rate as we
learned from the CLAS/el-dvcs experiments. As we plan tahes€entral Tracker as
veto for neutrons, we will possibly introduce this detectothe trigger logic as well.

12 Beam-time request

In order to collect good statistics on the BSAs over the witlage space covered
by CLAS12 for n-DVCS (see Appendix B), we request 90 days afnbbéime, 7 of
which will be spent testing the apparatus and in the comonigsj of the experiment,
while 80 will be devoted to production data taking at a lunsitpof 10%° cm—2s~!
per nucleon. Moeller runs to measure and monitor the beaaripation will take 3
additional days. Table 3 summarizes our request.

13 Conclusions

The strong sensitivity to the GPIB' of the beam-spin asymmetry for DVCS on a
neutron target makes the measurement of this observabtamportant for the ex-
perimental GPD program of Jefferson Lab. This sensitidtynaximal for values of
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xp Which are attainable only with a 11-GeV beam. Model predittishow that for
kinematics that will be available with CLAS12 this asymmetan be comparable in
size to the one obtained for proton DVCS. In order to meaduseréaction ensuring
its exclusivity, the detection of the recoil neutron, whiefil be mostly emitted at

backwards angles, is necessary. We plan to construct aonalgtector — that will fit

in the CLAS12 Central Detector in the free space between f@Fand the solenoid
—, consisting of a barrel of three layers of scintillatorsigled at their front ends with
u-turn light guides and read out at their back sides by orgifaMTs connected to
the bars via 1-m-long bent light guides and placed in thefield-region of the CND.

Our GEANT4-based simulations, calibrated with measurdésesrried out on a pro-
totype, show that the efficiencies obtainable with this cteteand its photon-rejection
capabilities will be sufficient to collect good statistics the BSAs for the n-DVCS
reaction over a wide phase space, using a total of 90 daysaaf ime. Although this

is out of the scope of this proposal, this detector could bEsased in other experi-
ments requiring the detection of the recoil neutrdf (program, for instance, or all
the deeply-virtual meson production reactions on a nejtaod it can also be useful
for the PID of charged particles via measuremeni Bf d= and time of flight.
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A Details on simulation and reconstruction

A.1 Digitisation of signals from CND paddles in GEMC

GEMC currently accumulates all energy-loss steps withinres 4ime-window into
one hit. The digitisation of the signals from the CND paddi@ows the following
procedure.

For the energy digitisation (ADCSs), the calculation of tlepdsited energy which
will be converted into lightE;, for EACH STEPs in the hit is done as follows:

Edep
(1+ B - Eqep/stepy)

E, = (25)

where Eq, is the deposited energy; is Birk’s constant (which depends on the
material), andstep; is the length of the step — calculated from the differencehef t
vectors of the current and previous step positions (exaephe first step, where the
first and second step positions are taken).

The attenuated energies arriving at the PMTs attached &nithe of the scintillator
paddlesE;, E. (for left and right ends of paddle),; (whered stands for “direct”),F,,
(“neighbor”, for the u-turn configuration) are summed, fack hit, over the deposit
from each step making up the hit:

The calculation foi;, E, and E; follows the same formula, e.g., fd@f,. we have:

Er = Z Eb/2 : 6(_d7‘/l(m) : Lcoll (26)

wheres is the index of the particular ste,. is the distance from the step position
to the end of the scintillator,;; is the attenuation length in the materigl,{ = 3
m) and L., is the light collection efficiency (fraction of photons whimake it into
the PMT). L.y is calculated as the cross-sectional area of the PMT divigethe
cross-sectional area of the paddle, and therefore vaniesafth radial layer.

For the case of/,,:

E, = Z Eb/2 . 6(7(dr+l)/latt) “ Lpend * Leon (27)

wherel is the whole length of the paddle ahg,,, is the energy fraction lost at the
u-turn bend connecting the neighbouring paddles. Its galdi®, is deduced from the
measurements on the one-layer prototype carried out iny@sse Fig. 22, top plot).

The conversion of the energy into ADC values follows the sanethod for all
four ADC readings (ADCI, ADCr, ADCd, ADCn):

ADC = P(E - yield - Qcs¢) - gain - Capc + ped (28)

where E is one ofE,., E;, E; or E,, yield is the light yield (hnumber of photons
produced in the scintillator per unit of deposited energynaly 10000/MeV)Q.r
(=0.2) is the quantum efficiency of the PMT (fraction of pradaxtrons produced per
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photon),gain is the PMT gain (=0.08 pC/photoelectroid) s pc (=10/pC) is the con-
version factor from charge to ADC channeis( is the ADC pedestal (currently set to
0) andP(m) is the Poisson distribution function with mean that smears the number
of photoelectrons produced by each hit.

The original treatment of time of the hit in GEMC was to takeaaerage of the
signal time from all the steps. Since a TDC will trigger whée tanalogue signal
reaches a particular level, the mean over all times ovenastis the actual time. With-
out knowing the shape of the total signal from all the steps it as it arrives at the
TDC we cannot deduce the time precisely, but we have chosseattit to the time
of the first step in the hit passing a given energy depositioeshold, as this may be
closer to the true time the TDC will trigger at than the mean.

The time of arrival of the signal at the PMT is calculated iriraisr way for i, r
andd, taking the time of the first step in the hit above a 100-ke\éshold. For-, for
example:

tr:T+dr/Ueff (29)

whereT is the time the first energy deposit (first step) in the hit teaqgal (with respect
to the event start time)l,. is as before the distance from the first step energy deposit to
the right end of the paddle and; is the effective velocity of light in the scintillator
material.

Fort,, the calculations is:

tn:T—i-(dr—i-l)/?}eff—i-du/Ueff (30)

whered,, is the effective distance through the u-turn light guide.
The time is then digitised (in the same way for all four TDCrimaes, TDCI,
TDCr, TDCd, TDCn). For TDCr for example:

TDCr =t, + G(O,A/\/ Er) -Crpo (32)

whereG(mean,sigma) is a Gaussian distribution functidnis a constant which de-
termines the smearing in the timing. The value chosemfeA = 0.24 nsMeV—1/2)

is deduced from the time resolution cosmic-rays measurtnoenthe CND one-layer
prototype described in Section 5 [35]irpc (=20/ns) is the conversion factor from
time to TDC channels.

A.2 Hit reconstruction

The algorithm for the choice of the “good hit” is here desedb

Let us assume paddle 1 is optically coupled to paddle 2. W fystgnals in TDC
of paddle 1 and N2 signals in TDC of paddle 2. The possible d¢oations one can
have are:

e Case A: a signal from a "direct" hit in paddle 1 is reconsedcalong with a
signal from a "direct" hit in paddle 2 (Fig. 38, top image).igts wrong.
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Figure 38: Schematic drawings of the cases the reconsirudéals with when signals are
collected at botiD and N PMTSs.

e Case B: a signal from a "direct" hit in paddle 1 is reconsgdcalong with a
signal from another "direct" hit in the same paddle, propedido paddle 2.
(Fig. 38, second image from the top). This is also wrong.

e Case C: a signal from a "direct" hit in paddle 1 is recons&dcilong with a
signal from the same hit propagated to paddle 2 (Fig. 38ph0tt This is right.

e Case D: a signal registered in paddle 1, but it actually pyapsd from "direct"
hit in paddle 2, which was then reconstructed with a sigrgistered in paddle
2 which had propagated from "direct” hit in paddle 1 (Fig. 8&d image from
the top). This is obviously also wrong.

If only one hit was registered in paddle 1, and no hits in itigieour paddle, then
cases A, B and D are not an issue. However, it is possible hikatetconstruction will
fail anyway if the signal from the "direct" hit was registdrbut its propagation to
neighbour wasn't (because of energy attenuation perhjyest ididn’t make it past the
threshold, for example). Those hits are lost.

For each “decent hit” (having energy deposit above zerolamtine in its "direct"
paddle’s TDC reading something physical, not zero or anapps&td TDC value), one
needs to determine whether its coupled neighbour is tofiteteight. Then an array
is filled with all the physical hits in the neighbour and in $@me paddle (discarding
those that have 0 energy deposit or unphysical TDC times @eunstopped TDC)).
These hits are called "partners".

Next, for each hit, one iterates through the array of pastndf a partner is a
neighbour, one has to take its "direct" TDC tirge(as recorded in its paddle). If a
partner is from the same paddle as the hit in question, on takes its propagated
time tp to neighbour.

We are now working with two time values — the one just selefiteah the partner,
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tp, and the hit’s "direct" timeth (for cases A, and B). For case D, one takes the prop-
agated time from the hit to the neighbour’s paddle),(and the partner’s propagated
time to the hit's paddletp). One then labels each of the two times as either "time
in the paddle where hit happened" or "time propagated tohbeigr's paddle", based
upon which one is smaller. The z-position of the hit is retamtsed follozing this
assumption. Ifz is out of the dimension of the paddle (-33cm to 33cm), the ehos
combination was obviously wrong, so it is discarded and opeas to the next part-
ner. This is what mostly happens for cases A, B and D abovee One has exhausted
all partners, also case C (the real answer) is processedre©oestructs the hit based
on its "direct" time and its propagated time to neighbouttht gives an unphysical
result forz (or maybe the propagated signal was missing), then that icatidn is
discarded.

After processing all the possible combinatiopsgdcomb is the number of good
combinations for that hit, i.e.: possible combinationsighals which yield physical
values ofz. If goodcomb > 1 we have an ambiguity on how to reconstruct the hit.
The hit is discarded. I§oodcomb = 0, there is no good combination,the hit is also
discarded. A hit is kept only ifjoodcomb = 1. One then iterates through such hits,
reconstructingz, TOF and energy deposited for all the unambiguous caseg., alex
these remaining good reconstructed hits are put in ordesadraling TOF. The "best
hit" is the first “good” hit over an energy threshold, belowirad¢ cut. From this hit
one gets the TOF; and energy deposit of the event.

To obtain the TOF, we calculafg, g, stcq as:

Tnadj =T, — (pl + du)/vefﬁ (32)

whered,, is the path length through the u-turn bit (estimate of 8an); is effec-
tive velocity, p; is the length of the paddle, and

T, = Tcl; SC” (33)
Then we can extract as:

Zave = (Tq — Thadj) - Vesy/2 (34)

The value of the TOF is then calculated based on info from bintés:
TOFgrue = Ta — (P1/2 + Zave) [Ves s (35)
TOFadjtrue = Thadj — (P1/2 — Zave) [Vef s (36)

Get an average TOF of these:

TOFyrue = Tatrue + Thadjtrue)/2 (37)

This quantity is then used to computke the momentum and for the event (see
Sections 6.3 and 6.2).
To obtain the energy deposited in the event, one uses the Al@ as follows:

B ADCd
Capc - gain - yield - Qegg - Leou-

Ey (38)
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B Projected results

The two panels of Figs. 39 and 40 show the expected countfatasDVCS events
in the proposed experiment.

The corresponding BSAs are shown in Figs. 41 and 42. The VG@ehias been
used to compute the absolute value of the asymmetrieqygélti= .3 and.J; = .1.
Apart from the bottom panel of Fig. 41, where the y axis is fikedn -0.08 to 0.08,
for all the other plots the y axis range is -0.12/0.12. The=kiatic bins for which the
predicted asymmetry is zero, as well as the ones for whicim@m@émum asymmetry
is below 0.1%, have not been plotted.
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Figure 39: Projected count rates for n-DVCS/BH, as a fumctibe, for each?, x5 bin
and for0. < —t < 0.2 GeV? (top) and0.2 < —t < 0.5 GeV? (bottom).
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Figure 40: Projected count rates for n-DVCS/BH, as a fumctibe, for each?, x5 bin
and for0.5 < —t < 0.8 GeV? (top) and0.8 < —t < 1.2 Ge\? (bottom).
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Figure 41: Projected BSAs for n-DVCS/BH, as a functionpofor each?, x5 bin and
for 0. < —t < 0.2 GeV? (top) and0.2 < —t < 0.5 GeV? (bottom).
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