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Abstract

The structure of light mesons offers a window into the mass generation
mechanisms of QCD. In particular, the pion and kaon, the Nambu-
Goldstone boson modes of QCD, are of particular interest. In this
analysis note, prospects for studies of light meson form factors at
the Electron-Ion Collider (EIC) by measuring Deep Exclusive Meson
Production (DEMP) reactions with the ePIC detector system are pre-
sented. These studies focus on what will be achievable in the first five
years of running at the EIC. Projections for the reach of pion form
factors, Fy, in this “early science period” are presented, showcasing
the potential to significantly extend the Q? reach of the world data
set for F;.. The path forward for future studies is also presented.
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1 Introduction

1.1 Scientific Motivation

Pions and kaons are among the most prominent strongly interacting particles
next to the nucleon, since they are the Goldstone bosons of QCD. Thus, it
is important to study their internal structure and how this reflects their
Goldstone boson nature; a question particularly relevant for understanding
the origin of mass generation in QCD.

The hard contribution to the 7% form factor can be calculated exactly
within the framework of pQCD, and at asymptotically high Q? it takes a
particularly simple form, F.(Q?)gz5216mas(Q?)f2/Q* [1], where f, is the
7t decay constant. In general, the pion also contains soft contributions,
which are expected to dominate at lower Q2. The actual behavior of F, as
a function of @2, as QCD transitions smoothly from the non-perturbative
(long-distance scale) confinement regime to the perturbative (short-distance
scale) regime, is an important test of our understanding of QCD in bound
hadron systems. Since QCD calculations cannot yet be performed rigorously
in the confinement regime, experimental data from JLab play a vital role
in validating the theoretical approaches employed. In particular, due to the
charged pion’s relatively simple quark-antiquark (qq) valence structure and
its experimental accessibility, the pion elastic form factor (F}) offers our
best hope of directly observing QCD’s transition from color-confinement at
long distance scales to asymptotic freedom at short distances. It is worth
highlighting that in QCD the difference between the kaon and pion charge
form factors is of the scale of 20% at Q* ~ 5 GeV? [2] and disappears at
asymptotic Q% as In(Q?). Thus, the acquisition of experimental data for
both form factors covering a wide Q? range should be a high priority.

1.2 Methodology

Current experimental information on the pion and kaon form factors is lim-
ited, particularly at large @Q* [3]. Measurement of the 7t electromagnetic
form factor for Q? > 0.3 GeV? can be accomplished by the detection of the
exclusive reaction p(e,e'nt)n at low —t. This is best described as quasi-
elastic (t-channel) scattering of the electron from the virtual 7% cloud of
the proton, where t = (p, — p,)? is the Mandelstam momentum transfer to
the target nucleon. Scattering from the 7 cloud dominates the longitudi-



nal photon cross section (dop/dt), when [t| < m?. To reduce background

contributions, one preferably separates the components of the cross section
due to longitudinal (L) and transverse (T') virtual photons (and the LT, TT
interference contributions), via a Rosenbluth separation,

d20' dUL i dO’T i dO’LT dO’TT

Titde ~ < dt " dt dt dt

where do,/dt (dop/dt) are due to longitudinal (transverse) photons, dor/dt,
dorr/dt are interference cross-sections, € = 2(1 — y)/(1 + (1 — y)?) is the
virtual-photon polarization parameter, ¢ is the azimuthal angle between the
electron scattering and hadron reaction planes, and y = Q%/(z(s4r — m3/))
is the fractional energy loss. For convenience, we will refer to the left side of
this equation as o,,s, .. the unseparated cross section.

A Rosenbluth separation involves the absolute subtraction of two mea-
surements determined at high- and low-virtual photon polarization (eg;,
€Lo), corresponding to high and low electron beam energies, with very dif-
ferent detector rates. The resulting errors on o and op are magnified by
1/Ae = (ep; — €1,) 7, i.e. there is no error cancellation. To keep the uncer-
tainties in o to an acceptable level, Ae > 0.2 is typically required, i.e. an
uncertainty magnification of no more than 500%. The measurements require
continuous, high intensity electron beams, and detectors with good particle
identification and reproducible systematics. JLab Hall C is currently the
only facility worldwide capable of such studies above Q? =1 GeV?.

Accessing € <0.8 requires y > 0.5, which can only occur if s;,; is small.
For the EIC, this implies low proton collider energies (5-15 GeV), which is
well outside the collider design range. Thus, a conventional L/T-separation is
impractical at the EIC, and some other way is needed to identify doy, /dt. An
alternate approach to reliably estimate oy from the measured unseparated
cross-sections with the aid of a theoretical model is discussed in Sec. 4.4

Once doy/dt over a range of —t,;, < t < 0.3 GeV? has either been mea-
sured directly (JLab) or reliably determined (EIC), the value of F,(Q?) is
determined by comparing the doy, /dt values to the best available electropro-
duction model of the ep — e'm*n reaction. This model must incorporate
the effects of the target and recoil nucleons, the off-shell effects of the struck
virtual pion in the scattering process, and the contributions of non-pole pro-
cesses at the measured (Q? W, t), where W? = (pr+ + p,)?. The model must
also have the pion form factor as an adjustable parameter, so that the best-fit
value and its uncertainty at fixed (Q?, ) are obtained by comparison of the
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magnitude and ¢-dependencies of the model and data. To date, three models
meeting our criteria are available [4-6]. The obtained F}; values are in princi-
ple dependent upon the model used, but one anticipates this dependence to
be reduced at sufficiently small —¢t. If several models are available, the form
factor values obtained with each one can be compared to better understand
the model dependence.

1.3 Importance of EIC measurements

At the EIC, 7 form factor measurements can be extended to significantly
larger % than possible at JLab. We have written an exclusive p(e, ¢'mn)
event generator [7] and performed detailed simulations to determine the fea-
sibility of F; measurements at the EIC. The key questions we have addressed
include: 1) detector requirements to cleanly identify exclusive ¢/7*n coinci-
dences; 2) experimental acceptance and projected counting rates for such
triple coincidences; 3) event reconstruction resolution requirements to re-
liably extract F,(Q?) from p(e,e'n*n) data. Since the cross section falls
rapidly as the distance from the pion pole at t = m? is increased, this steep
fall off in ¢ needs to be measured to confirm the dominance of the pion cloud
mechanism in the acquired data, and the correct treatment of this in the
model. This note describes our work addressing these questions and our
evaluation of what can be achieved with the EIC in its first five years of
running.

2 Simulation Overview

The analysis presented in this note utilises our event generator, DEMPgen
[7], in conjunction with the ePIC software stack to produce projections for
pion form factor measurements at the EIC. Details on the event generator,
simulation and subsequent reconstruction are presented in this section.

2.1 Event Generator Details

DEMPgen version 1.2.4{1_-| was utilised to generate p(e, e’mtn) events for this
study. DEMPgen events are absolutely-normalized so that project event rates
can easily be predicted. This normalization is maintained in the form of an

"https://github.com/JeffersonLab/DEMPgen/releases
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event weighting which is retained through the simulation and reconstruction
chain before being applied to final results. Two different early science con-
figurations were studied, namely 10 GeV electron on 130 GeV (10 x 130)
proton and 10 GeV electron on 250 GeV proton (10 x 250) collisions. Events
were generated over the following kinematic range:

o5 < Q? < 35 GeV?
o —t < 0.45 GeV?
e 2 < W <« 10.2 GeV

For each beam energy, events were generated in three distinct Q? ranges
to ensure adequate simulated statistics in each region. These three regions
were:

o5 < Q? < 10 GeV?
¢ 10 < Q2 < 20 CeV?
e 20 < Q% < 35 GeV?

Four hundred thousand events were generated in each Q? range for each
beam energy combination. Each Q? region was selected by imposing a cut on
the generation range of scattered electron energies when running the event
generator. The resulting output hepmc3 files produced by the generator
were processed through the EIC afterburner [§] to apply beam effects. The
resulting files were then passed to the ePIC production working group for
processing as part of monthly simulation campaigns. Details on how to
reproduce the files provided to the production working group, including all
simulation input .json cards, can be found here.ﬂ The plots presented in
subsequent sections show output from the 25.10.2 simulation campaign.

3 Event Selection

DEMP p(e, e'mn) events have very well defined kinematics. The scattered
electron, ¢’ and produced meson, 7+, are detected by the electron or hadron

’https://github.com/Jeffersonlab/DEMPgen/tree/develop/Jul2025_ePIC_
Simulation_Campaign
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end caps respectively in most cases, with some events ending up in the central
barrel. The neutrons carry the majority of the initial proton beam momen-
tum and as such, are detected in the far forward detectors, primarily the
ZDC. The distribution of events for 10 x 130 and 10 x 250 events can be seen
in Figs. [T] and [2] below.
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Figure 1: Momentum and polar angle (6 distribution of scattered electrons, ¢,
pions, 7+ and neutrons, n for 10 x 130 events. Note that the z scale is a rate in
Hz due to the absolute normalisation of DEMPgen.
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Figure 2: Momentum and polar angle (6 distribution of scattered electrons, ¢,
pions, 7T and neutrons, n for 10 x 250 events. Note that the z scale is a rate in
Hz due to the absolute normalisation of DEMPgen.
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This makes the event selection process relatively straightforward with a
clearly defined sequence:



1. Identify charged particles (¢’ and 7)
2. Identify neutrons incident on the ZDC
3. Calculate kinematics

4. Apply exclusivity and other cuts

Each stage has some cuts applied which are detailed below.

3.1 Identifying Charged Particles

Due to the distribution of particles in DEMP p(e, ¢’ n) events, the selection
of charged particles is very straightforward. The method to identify the
scattered electron is based upon the EIC electron finder [9], but is coded in a
different style. To identify the scattered electron, the analysis code searches
for the highest energy cluster in the barrel electromagnetic calorimeter or
the end cap (electron direction) electromagnetic calorimeter. Specifically, the
branches “EcalEndcapNClusters’ and “EcalBarrelClusters” within EICrecon
are searched. The code then checks that the energy of this cluster is >
0.8% E.geam; if it is lower, the event is discarded. If the cluster is in the barrel,
the code also checks that this cluster is in the negative z side (electron going
direction) of the calorimeter. Again, if this condition is not met, the event is
discarded. This step is staggered such that first the end cap is checked for a
good cluster, and if none is found, the barrel is searched.

If a “good” cluster is identified for an event, the code then checks the
“ReconstructedChargedParticles” for a track. The code searches for a track
with a negative charge, with the track momentum in the —z direction. There
is also a requirement that this track has | P| greater than 80% of the incident
electron beam energy, i.e. 8 GeV/c in both beam energy combinations stud-
ied in this note. Once a good track and good cluster have been identified,
the code then calculates the momentum, P, from a combination of the track
and cluster information. This is used to calculate the E/P value for the
track plus cluster combination. For real electron signals, this value should
be close to ~ 1. As such, a cut is applied on this value and only events with
0.9 < E/P < 1.2 are retained. If this condition is passed, the track infor-
mation only is assigned to the ¢’ for this event. Calorimeter information is
only utilised to veto events and is not used in subsequent calculations.



Note that due to an overlap between the barrel and backwards end cap
electromagnetic calorimeters, there is an inefficient region for reconstructing
e’ clusters of approximately 160° < 6 < 163°. If no calorimeter cluster is
found matching the initial criteria, but a track that passes the selection cuts
above is identified with # in this range, the track information is nonetheless
assigned to the ¢ for this event. This is to compensate for the inefficiency of
the calorimeter coverage in this overlap region.

Pion selection currently utilises a slightly simpler approach. The pion is
identified by selecting a reconstructed charged particle track with a positive
charge and with the track momentum in the 4z direction. There is also a re-
quirement that this track has |P| greater than 1 GeV/c. This requirement is
included to remove any low momentum noise/background events that may be
present. Currently, no PID detector is involved to select pions, but incorpo-
rating these in future will improve the robustness of this event identification
process.

3.2 Identifying Neutrons

For the beam energy combinations studied, the neutron produced in this reac-
tion is incident on, and detected in, the ZDC in almost all generated events.
As such, neutron identification is straightforward. Neutrons are identified
from the “ReconstructedFarForwardZDCNeutrals” EICrecon branch. To fil-
ter out events that are not incident upon the ZDC, and to remove low energy
events, cuts are implemented on 6* and the reconstructed neutral particle en-
ergy. 0* is the polar angle # after a rotation of 25 mRad around the proton
beam axis to remove the effect of the beam crossing angle. After this rotation,
the ZDC is indeed, centred at roughly “zero degrees”. A cut of 6* < 4 mRad
is applied. To remove low energy hits, a cut-off of the neutral particle energy
being greater than 40 GeV is applied for 10 x 130 events. For 10 x 250 events,
this cut off is increased to 120 GeV.

3.3 Calculate Kinematics

Before calculating any kinematic quantities such as Q? and —t, the analysis
code requires that candidate ¢/, 7+ and n that pass relevant selection cuts
(as defined above) have been found in coincidence. If this condition is met,
the code calculates %, the negative four-momentum transfer squared at the
electron vertex. Q2 can be calculated using various different methods as
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Figure 3: A comparison of the resolution for calculated Q? values, defined as the
deviation from the MC truth divided by the MC truth value and expressed as a
percentage, for 10 x 130 (left) and 10 x 250 (right) event samples. Q% , is clearly
the most accurate in both cases. Note that it is clear that the JB method is
not applicable to DEMP kinematics, the distribution for this extends significantly
beyond the range of the plot.

discussed hereE|. For the kinematic region under investigation in this study,
the double angle (DA) method proved to be optimal, as seen in Fig [3| It is
apparent that this calculation method closely matches the “true” value across
the relevant Q% range (5 to 35 GeV?), as seen in Fig. . Once calculated, a
cut on Q% , being within 5 and 35 GeV? is applied.

Once events outside the relevant Q? range are removed, further kinematic
quantities are calculated. The squared four-momentum transfer between the
initial (p) and final (n) hadron state, ¢, is critical to determine accurately
for DEMP studies. Measurements are needed at the lowest —t possible in
order to get as close to the pion pole as possible. As with Q?, there are
many ways to determine t. These are defined in the tRECO convention
document [10]. DEMP can utilise the t.xpapr method [11], which exploits
the exclusive nature of the reaction to “correct” the measured neutron track.
This method outperforms the other reconstruction methods, as seen in Fig. ]
This determination of ¢ also strongly correlates with the MC truth value of
t, shown in Fig. [6]

Once calculated, a cut is applied on t. Any events with
0 < —texpape <1.4 GeV? are removed. Cuts on W > 0 GeV and yps >

Shttps://agenda.infn.it/event/43344/contributions/253198/attachments/
130672/194493/EIC_KinematicReconstruction.pdf
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0.01 are also applied, with any events failing these selections being removed.
The cut on yps removes a large number of high weight events as seen in
Fig. [7] however, this cut is necessary to remove potential background events
at extremely low y. These cuts are applied simultaneously in conjunction
with other cuts described in Sec. 3.4

3.4 Event Selection - Final Cuts

To ensure exclusivity and remove background events, further cuts are needed.
This DEMP analysis utilises a somewhat unique cut to achieve these objec-
tives. To implement this cut, a missing momentum 4-vector is determined
from the reconstructed ¢’ and 7t tracks

ﬁMiss - (€+ 17) - (é’Rec + 7?Rec) 5

where e and p are the initial electron and proton beam 4-vectors, and e,
Tree are the scattered electron and pion 4-vectors. If this is an exclusive event,
the resulting four vector should closely correspond to that of the detected
neutron. The polar and azimuthal angles of this track (03%,,,, and ¢}, after
rotation by 25 mRad to remove beam crossing effects) should correspond to
the polar and azimuthal angles determined from the neutron hit on the ZDC
(0% pe and ¢%pe, again, after rotation by 25 mRad). Two differences, Ag*

12
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Figure 7: The yp4 distribution for 10 x 130 (left) and 10 x 250 (right) events with
ab < Q%, <35 (GeV/e)? cut applied. Events with ypa > 0.1, anything to the
right of the dashed red line in each figure, are removed. This represents a large
number of high rate events, but many of these are removed with other cuts. These
events are also predominantly at low Q2.

and A¢* can then be defined and calculated as
AG* = Q;Miss - Q*ZDCa
A¢* = ¢*PMiss - ¢*ZDC'

For exclusive events, these differences should be very small, particularly
AB* due to the excellent position resolution of the ZDCﬂ As such, only events
satisfying

—0.09° < Af* < 0.14°,
—b5° < Ag* < 55°,
for 10 x 130 events and

—0.07° < Af* < 0.17°,
—80° < Ag* < 80°,
for 10 x 250 events are retained. These ranges were chosen along lines of

constant rate in a plot of Af* vs A¢*, such as in Fig. 8] to minimize variations
across the acceptance of the ZDC. They were also chosen to be conservative,

4Note that A¢* is spread over a broader range as it only utilises the x and y components
of the 4-vector which are smaller and less accurately determined than the z component
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Figure 8: A0* vs A¢* for 10 x 130 (left) and 10 x 250 (right) events. Note that
as only DEMP events are processed, the majority of events survive this cut. Cuts
were chosen along lines of constant rate as the peak area of the distribution tails
off, as indicated by the dashed black lines showing the cut region. Events outside
of the shape confined by these four lines are removed.

as SIDIS or other background events, which should not reconstruct in this
range, will be excluded. For non-exclusive events, the missing momentum
vector should not correspond to a single particle, and as such, Af* and Ag¢*
should be spread across a much broader range. This is readily apparent in
Fig. [0] which shows that for DIS events, which pass equivalent selection cuts
to those used in Fig. [, very few events lie within the cut regions selected.
This cut is an indirect cut on the missing momentum and, as a conse-
quence, the missing energy. However, to further reduce any potential back-
ground events leaking in, a further, direct cut on the missing momentum is
applied. The missing momentum for the full DEMP system is calculated as

ﬁM,DEMP = (€+]5> - (glRec + ﬁRec + 77L’Rec) .

Cuts are applied on the .M2() and .M () values of this 4-vector. Events
with:

ﬁM,DEMP-MQ() < -1 (GGV/CQ)Q,
P)M,DEMP‘MO > 0.75 GGV/C2,

respectively are removed. This is to account for the fact that for a true
exclusive event, all particles in the event should be detected and as such, the
“missing” mass should be ~ 0. These cuts are shown in Figs. [10] and [T},
respectively.

14
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Figure 9: Af* vs A¢* for 10 x 130 (left) and 10 x 250 (right) DIS events. Note that
the axis ranges are significantly broader than in Fig[§] Very few events lie within
the region enclosed within the dashed black lines. The analysis of the background
contribution from DIS events is discussed further in Sec@

Finally, a cut on the sum of E — P, for all detected final state particles is
applied. In the absence of initial state radiation or background events, this
sum should be roughly equal to two times the electron beam energy (20 GeV/
in each case under study here). As such, a cut of

18 <) (E—-P.)<22GeV

is applied. Again, as no initial state radiation is included in DEMPgen and
no background events are included in the event sample, this range has been
chosen to be conservative. This cut range will be adjusted as these effects
are incorporated in future studies.

3.5 Analysis Code

The analysis of processed DEMP events is via a standard ROOT /C++ based
macro. The analysis code is stored on GitHub and can be accessed hereﬂ.
This repository also contains some utility scripts that can be used to cut
down the size of the reconstructed simulation output if desired.

Shttps://github.com/sjdkay/ePIC_DEMP_Analysis/blob/main/DEMP_Analysis.C
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4 Results and Discussion

4.1 DIS Leakthrough

DIS events are likely to be the dominant physics process detected at the
EIC. Some DIS events may “mimic” signals from exclusive channels. To test
how many events of this type might leakthrough into the analysis of exclusive
p(e, e'mtn) events, a sample of DIS events was processed through the analysis
code and cuts described above. All cuts were kept identical for a given beam
energy. A sample of 10x130 and 10x250 PYTHIA 6 neutral current DIS
events was processed in this manner. After all cuts and selection criteria
were applied, only ~0.01% of DIS events remained for 10x130 and 10x250
respectively. Remaining events were also predominantly at lower ? where
DEMP event rates are higher. This provides confidence that the selection
cuts utilised can adequately isolate exclusive p(e,e'mn) events.

4.2 Statistical Uncertainties

For the purpose of the statistical uncertainties, our projections are for an inte-
grated luminosity of 5.0x10%°/cm?. For 10x130 beam energy combination,
an instantaneous luminosity of 2.53x10%%/cm?/s corresponds to a running
time of 1.9x107s (220 days) with 100% data taking efficiency. The triple-
coincidence p(e, e'mn) events analyzed in the above manner were binned in
Q? and t, with default bin widths of AQ?=1 GeV? and At = 0.02 GeV?. An
example of the rates per bin for events in a low Q2 bin can be seen in Fig. [12]
This binning width was applied to all except the highest Q? data, where the
Q*bin width was widened to provide sufficient statistics in those bins.

It is vital that the (Q?,t)-binning be at least as wide as the ¢ recon-
struction resolutions shown in Figs. [ [0 as significant bin migration will
significantly hamper the theoretical interpretation of the results. This is un-
likely to be an issue for ()? binning, as the resolution varies from ~0.02 to
0.35 GeV? across the 5 — 35 GeV? range considered for 10 x 130 and 10 x 250
events, as shown in Figs. respectively. This is comfortably within the
1 GeV? width of ? bins that was chosen.

For t, the situation is slightly more complex. The ¢ resolution ranges from
0.002-0.02 GeV? for 10 x 130 in the —t < 0.2 GeV? range. For 10 x 250 ,
the corresponding resolution range is 0.01-0.025 GeV? for the same range in
t. In both cases, the resolution worsens (i.e. the RMS width gets larger)
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Figure 12: The rates per 0.02 GeV? ¢ bin for 10 x 130 (left) and 10 x 250 (right)
events in the 5 < Q% < 6 GeV? bin.

with —¢ as shown in Figs. [I5] [I6] For the lowest 5 —t bins that are used
in the extraction of F, the resolution is smaller than the chosen 0.02 GeV?
bin width in the majority of cases. This situation also varies by Q2 bin, as
discussed in the Appendix . For higher Q? bins and for higher beam energy
combinations, broader —t bins may be needed to avoid a large bin migration
correction, as was the case with HERMES [12].

To minimize statistical uncertainties, events were integrated over the full
W range covered by the data in the (Q? t) bin. We have not yet tested
whether additional binning in W will be needed to constrain the additional
theoretical uncertainties discussed in Sec. [£.4], but this is a likely possibility.

4.3 Assumed systematic uncertainties on the cross sec-
tion

The extraction of pion form factor information from the p(e,e'n™n) data
set requires that the measured do/dt have small systematic uncertainties
in both their absolute normalization, and in their (Q% W,t,6*, ¢) kinematic
placement. There are no previous measurements in the EIC kinematic re-
gion to use as a reference. The JLab Hall C p(e, e'n")n data are taken with
high resolution focusing magnetic spectrometers in a fixed target environ-
ment, which will yield very different systematics than ePIC. HIQGHERA was
unable to cleanly isolate the exclusive 7% process, but did publish inclusive
leading neutron p(e,e'n)X data that was used to infer the pion structure
function FT [13]. HERMES@QHERA published unseparated p(e, ¢'n)n cross
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sections, where a missing mass cut M% < 1.2 GeV? selected an event sample
dominated by exclusive events [12]. In the HERMES measurement, the sys-
tematic uncertainty for the number of exclusive events ranged from 5-20%
depending on the ¢-bin, with additional systematic uncertainties of < 15% in
the acceptance of the spectrometer, <25%(35%) in bin-migration out(in) of
a given exclusive event bin, and 5% in integrated luminosity normalization.
For this study, we assume cross-section systematic uncertainties similar to
those of the HIQHERA pion structure function measurement [13]), which is
the closest comparable study. This leads to assumed cross-section systematic
uncertainties of 2.5% point-to-point and 12% scale.

4.4 Assumed systematic uncertainties coming from the
L/T-separation

After the exclusive p(e, e'r"n) event sample is identified, the next step is to

separate the longitudinal cross-section doy/dt from dor/dt, needed for the
extraction of the pion form factor. However, due to the lack of low ¢ data,
a conventional Rosenbluth separation (Eqn. is impractical at the EIC.
Fortunately, at the high Q? and W accessible at the EIC, phenomenological
models predict o, > or at small —¢t. This is expected, since in the hard
scattering regime QCD scaling predicts o7, oc Q% and o7 o< @8, hence oy,
is expected to dominate at sufficiently high Q2. For example, the Vrancx
and Ryckebusch (VR) Regge-based model [14] predicts R = op/or > 10
for Q* > 10 GeV? and —t < 0.06 GeV?, and R > 25 for Q* > 25 GeV?
and —t < 0.10 GeV2. As shown in Fig. [17 the transverse cross-section
contributions are expected in these cases to be only 4-10% of 7,,s. The most
practical choice appears to be to use a model to isolate the dominant do, /dt
from the measured do,/dt.

Since a model will be solely responsible for the subtraction of o7 from
the experimental data to yield o, it will be very important to confirm the
validity of the model used. This can also be done with EIC data, using
exclusive 2H (e, e/ n)n and 2H (e, e/n p)p data at the same kinematics as
the primary p(e, €7m™n) measurement. The ratio of these cross sections is

oln(e,e'r™p)] Ay — Ag|?
olple,emtn)] ~ [y + AgP? @)

where Ay is the isovector amplitude, and Ag is the isoscalar amplitude.
Since the pion pole t-channel process used for the determination of the pion

Ry =
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Figure 17: VR model |14] predictions for R = o, /o versus t for kinematics typical
of the EIC. The curves range from Q?=10 GeV? (lowest), W=7.0 GeV to Q? =35
GeV?2, W=9.5 GeV (highest). For all of these kinematics ¢ > 0.995.

form factor is purely isovector (due to G-parity conservation), the above
ratio will be diluted if o7 is not small, or if there are significant non-pole
contributions to 0. The comparison of the measured 7~ /7" ratio to model
expectations, therefore, provides an effective means of validating the model
used to determine o7. The same model, now validated, can likely also be
used to extract the pion form factor from the o,,, data.

Fig. [L§| presents a prediction of such ratios using the VR Regge model for
typical EIC kinematics. We have not yet had an opportunity to simulate the
2H(e,e't™n)n, *H(e,e'7m p)p processes for EIC early science running. We
plan to do so once the personnel hired to work on the necessary extensions
to the DEMPgen generator arrives in Canada. Demonstrating the feasibility
of such measurements with ePIC are clearly essential for the EIC meson form
factor program.

Any published F} results from the EIC will need to assign a systematic
uncertainty to the use of the model used to isolate oy, from the do/dt data.
In the actual EIC experiment, this uncertainty can be determined from the
detailed comparison of model and e+2H data for R+ above. In the meantime,
we have assumed an uncertainty of ér = r = 0.013 — 0.15, where r = 1/R =
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Figure 18: VR model [14] predictions for Ry versus t for kinematics typical of the
EIC. As expected the ratio is near unity at —t,,;, and drops rapidly thereafter, due
to the presence of non-pion-pole contributions to the cross-section. Comparisons
of such ratios with experimental data will be essential for confirming the validity
of the model used to infer F,(Q?) from the experimental cross-sections.

or/or. As seen in Fig. , this uncertainty will be largest for Q? =5-10
GeV?2, and much smaller for Q? >20 GeV?2.

4.5 Projected F; uncertainties and kinematic reach

Once triple-coincidence p(e, €'mn) events are cleanly identified with ePIC,
the value of F,(Q?) is determined by comparing the measured doy,/dt val-
ues at small —t to the electroproduction models. Measurements over a
range of —t are an essential part of the model validation process, to con-
firm that the model is able to correctly reproduce not only the magnitude
of the cross-section, but also its t-dependence. The JLab 6 GeV experi-
ments were instrumental in establishing the reliability of this technique up
to Q% = 2.45 GeV? [3[15-22], and extensive further tests are planned as part
of JLab experiment E12-19-006 [23]. The JLab experiments had to estimate
an additional model uncertainty coming from the form factor extraction fit
to the data. We do not assign any such uncertainty here, but the EIC should
provide data over a sufficiently large kinematic range to allow the model
dependence to be quantified in a detailed analysis.

The assumed statistical and systematic uncertainties are given in Table
for two 10 x 130 Q*-bins, one with good statistics, and the other with poorer
statistics. These uncertainties include the assumed experiment systematics
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10.0 < Q2 < 11.0 GeV2, Q2=10.50 GeV2, W=9.09 GeV, —t;;n=0.02 GeV?

—lpin | T = T/L % (Sauns (5UL (stat+uncorr) 6UL (t—corr+scale)
0.03 7.5% 38000 | 2.55% 2.86% 13.88%
0.05 8.8% 39600 | 2.55% 2.99% 14.45%
0.07 10.0% | 34700 | 2.56% 3.15% 15.06%
0.09 12.6% | 25900 | 2.58% 3.54% 16.41%
0.11 15.2% | 20400 | 2.60% 4.00% 17.84%

dF; from 5 lowest t-bins: 1.62% (stat4uncorr), 4.50% (dr), 6.0% (scale), 7.27% (incl t-corr+scale)

25.0 < Q2 < 28.0 GeV2, Q2=26.50 GeV2, W=9.18 GeV, —tnin=0.07 GeV?

—lpin | T = T/L tC_(z;—ngfL 50uns 5UL (stat+uncorr) 50L (t—corr+scale)
0.09 3.5% 6030 | 2.81% 2.84% 12.47%
0.11 4.4% 6140 | 2.81% 2.88% 12.73%
0.13 5.3% 5080 | 2.82% 2.95% 13.03%
0.15 6.4% 4880 | 2.88% 3.08% 13.44%
0.17 7.5% 4190 | 2.94% 3.23% 13.90%

0F; from 5 lowest ¢t-bins: 1.49% (stat+uncorr), 2.33% (dr), 6.0% (scale), 6.57% (incl ¢t-corr+scale)

Table 1: Detailed error calculation for two Q2 points with 10 x 130 beam energy
combination. The estimated r = T'/L values are taken from the VR model [14],
and we take the uncertainty in the ratio as ér = r. The simulated number of
experimental counts/bin are for an integrated luminosity of 5 x 103°/cm?. The
uncertainty in the unseparated cross section do,,s includes both statistical and
an estimated uncorrelated systematic uncertainty of 2.5%, added in quadrature.
The next column, do (stat+uncorr), propagates this uncertainty to oz, using Eqn.
0o (t-corr+scale) shows the non-statistical errors, including the assumed 12%
scale systematic uncertainty in the cross section measurement, also propagated
from oyys to . The uncertainty in the pion form factor is based on both of these
errors, as described in the text. The first uncertainty corresponds to the inner
error bar in Fig. while the fourth uncertainty is the outer error bar.
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discussed in Sec. [£.3] and the uncertainties from the use of a model to isolate
oy, discussed in Sec. [£.4] If we take LT = T'T = 0, we can invert Eqn. [I] to
give o, = oyns/(r + €), and

00 uns \ or \?
Sor — uns + : 3
L \/(r—ire) (r—l—e) ()
assuming the uncertainty in € is small enough to be ignored.
The propagation of these uncertainties to F is as follows. Since the

Born term model of Actor, Korner and Bender [24] predicts the pion-pole
contribution to o, to be

Ndc% — dhe (egryn)? m Q*F2(QP), (4)
where €?/(47hc) = 1/137 and N depends on the virtual photon flux factor,
it is reasonable to assume F, o /op, i.e. 0F; = 0o /2. The final F; un-
certainties achieved in the JLab experiment [18] are best modelled by taking
the geometric mean of the statistical and uncorrelated systematic errors of
the lowest 5 t-bins used in the form factor extraction from o; data, added in
quadrature to the t-correlated and scale uncertainties of the lowest —¢-bin.
Table [I{shows also for the ér and scale uncertainty contributions to F; (taken
from the lowest 5 ¢-bins), for comparison. These give the final uncertainties
in F, of about 7% for both the low and high statistics Q*-bins in the table.

Projected uncertainties and kinematic reach of an early science pion form
factor measurement are shown in Fig. [I9 Note that the 10 x 250 setting
does not extend as low in Q? as the 10 x 130 setting, primarily due to the
applied y > 0.01 cut. Regarding the projected uncertainties, for the lowest
Q? bins (Q* < 10 GeV?) the uncertainty in r is among the larger systematic
uncertainties, arising the relatively less favorable T'/L ratio. At intermedi-
ate Q% (10 < Q* < 25 GeV?), the r = T/L ratio is more favorable and
the experimental systematic uncertainties dominate. The statistical uncer-
tainties are largest for the Q? >25 GeV? bins, as the rates there are much
lower. The width of the highest Q? bins has been increased to allow a min-
imum threshold of ~3000 er™n coincidences for the lowest 5 ¢-bins at each
Q?. This gives similar statistical uncertainties as those obtained with the
default AQ? = 1 GeV? binning at intermediate Q2. It is difficult to know at
this stage whether this wider Q*-binning will introduce additional systematic
uncertainties elsewhere in the form factor extraction.
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Figure 19: Existing data (blue, black, yellow, green) and projected uncertainties
for future data on the pion form factor from JLab (magenta) and ePIC (blue,
orange), in comparison to a variety of hadronic structure models. The projected
ePIC data have double error bars, where the inner error bar includes only statistical
and assumed point-to-point systematic errors, and the outer error bar includes also
the correlated systematic errors.

It is clear that with these assumptions, the pion form factor projections
in Fig. [19|are systematics limited over the full kinematic range. If additional
W binning is required (as mentioned in Sec. , the statistical limitations
of the data will be more pronounced. The projections stop at Q* = 35
GeV? due to the limitations of DEMPgen. When we started working on the
generator, we did not anticipate the possibility of acquiring significant EIC
data above Q? > 35 GeV2. Given that this may be possible, we plan to
extend DEMPgen to at least Q*=50 GeV? in the future.

4.6 Conclusion

To conclude, the extraction of the pion form factor to high Q? with ePIC
depends on very good ZDC angular resolution for two reasons: 1) the neces-
sity to separate the small exclusive 7 cross-section from dominant inclusive
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backgrounds via Af* and A¢* cuts, 2) the need to reconstruct ¢ to better
than ~0.02 GeV?, such resolution is only possible when reconstructed from
the initial proton and final neutron momenta. The performance of the ePIC
far forward detectors is thus of crucial importance to the feasibility of a pion
form factor measurement.
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At Resolutions

As discussed in Sec. the resolution in ¢ varies with beam energy and
across Q% bins, as shown in Figs. . For 10 x 130 events, the resolution
in ¢ is comfortably within the chosen width of each bin for the range of ¢
that is used in the form factor determination. The exception to this is for
high —t values in higher % bins, as can be seen in Fig. . As such, for the
high (? bins at this beam energy, either broader ¢ bins must be used, or a
bin-migration systematic will need to be applied.
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Figure 20: (Left) At =t — texpapE as a function of —ty;¢ for 10 x 130 events
with 5 < Q% 4 <6 GeV?2. One bin wide slices along the z-axis are taken from this
figure. The RMS widths of these slices are plotted as a function of the bin centroid
in —tp¢ in the (Right) figure. The y-axis can be interpreted as the resolution in
t.

For 10 x 250 events, the situation is more nuanced. Wider ¢ bins may be
needed even at modest Q?, such as in Fig or a potentially substantial bin
migration systematic may be needed. It is clear that due to selection cuts,
very low Q? bins, such as in Fig. are effectively removed in this setting.
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Figure 21: (Left) At =t — texpaBE as a function of —ty;¢ for 10 x 130 events
with 17 < QQD 4 < 18 GeV2. The RMS widths of these slices are plotted as a
function of the bin centroid in —ty;¢ in the (Right) figure. The y-axis can be
interpreted as the resolution in .
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Figure 22: (Left) At =t — texpaBE as a function of —ty;¢ for 10 x 130 events
with 32 < Q% , < 33 GeV2. The RMS widths of these slices are plotted as a
function of the bin centroid in —typ;¢ in the (Right) figure. The y-axis can be
interpreted as the resolution in ¢.
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Figure 23: (Left) At =t — texpaBE as a function of —ty;¢ for 10 x 250 events

with 5 < Q%A < 6 GeV2. Due to selection cuts, this bin is not viable for
10 x 250.
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Figure 24: (Left) At =t — texpaBE as a function of —ty;¢ for 10 x 250 events
with 17 < QQD 4 < 18 GeV?2. The RMS widths of these slices are plotted as a

function of the bin centroid in —ty;¢ in the (Right) figure. The y-axis can be
interpreted as the resolution in .
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Figure 25: (Left) At =ty — texBaBE as a function of —tys¢ for 10 x 250 events
with 32 < Q% 4 < 33 GeV2. The RMS widths of these slices are plotted as a
function of the bin centroid in —tp;¢ in the (Right) figure. The y-axis can be
interpreted as the resolution in .
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