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Backward-angle (u-channel) production at an electron-ion collider
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In backward photoproduction of mesons, the produced vector meson takes most of the struck nucleon
momentum. The nucleon loses most of its momentum, and so is shifted several units of rapidity. Thus the
Mandelstam u is small, while the squared momentum transfer ¢ is typically large, near the kinematic limit. In
a collider geometry, backward production transfers the struck baryon by many units of rapidity, in a striking
similarity to baryon stopping. We explore this similarity, and point out the similarities between the Regge
theories used to model baryon stopping with those that are used for backward production. We then explore
how backward production can be explored at higher energies than are available at fixed target experiments, by
studying production at an electron-ion collider. We calculate the expected ep cross sections and rates, finding that
the rate for backward w production is about 1/300 that of forward ws. We discuss the kinematics of backward
production and consider the detector requirements for experimental study. We demonstrate that an experiment at
the proposed U.S. Electron-Ion Collider will have the capability to detect backward-production events and may
provide a test for models of stopping in high-energy ep collisions including the baryon-junction model.
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I. INTRODUCTION

In backward (u-channel) production, a photon interacts
with a nucleon and produces a vector (or other) meson, albeit
with kinematics that are reversed from the usual forward pro-
duction. In conventional forward photoproduction, the meson
takes most of the momentum of the photon, so the momentum
transfer from the nuclear target (v/7) is small. In backward
production, however, ¢ is large, but u is small; the struck
nucleon takes most of the momentum of the photon. In the y p
center-of-mass frame, the produced meson and the nucleon
nearly switch places.

In a collider geometry, in either ultraperipheral collisions
[1-3] or in ep/eA collisions, the target nucleon is shifted
many units of rapidity, often ending up near midrapidity. The
produced meson takes most of the energy of the nucleon,
ending up near the beam rapidity. Seen in this light, backward
production shares many similarities with baryon stopping in
relativistic heavy-ion collisions.

Backward production has been studied using two differ-
ent theoretical paradigms. In the first, it is quantified using
a set of transition distribution amplitudes (TDAs) that are
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a kind of structure function for these reactions [4,5]. TDA
models predict that the cross section for transversely polarized
photons is much larger than that for longitudinally polarized
photons. Another feature of this paradigm is that for large Q?
(Q? > |u|) the cross section scales as 1/03.

The second paradigm is an extension of Regge phe-
nomenology [6,7]. Figure 1(a) demonstrates conventional
forward @ production via Reggeon exchange; the baryon
momentum is little changed. Figure 1(b) shows backward
production via the exchange of a Reggeon, which also carries
baryon number. The Reggeon carries the baryon number from
the incident proton to the outgoing meson, obviating the need
for it to transfer a large momentum.

Backward production has been studied at fixed-target ex-
periments [8—11], but little is known about its behavior at
higher energies. The proposed U.S. Electron-lon Collider
(EIC) will allow for the study of backward production of a
variety of different mesons at different collision energies. It
will also probe backward production with nuclear targets, and
study high-energy electroproduction at large Q? [8].

In Sec. II of this paper, we explore the connections between
the Regge models used to model backward production and
those used to study baryon stopping. In Sec. III, we develop a
detailed production model in ep collisions. We then examine
the kinematics (Secs. IV and V) and detector requirements
(Sec. VI) to study backward w and p production. The w is
among the most-studied for backward production. It decays to
an all-neutral final state 7%y . We also consider an experimen-
tally complementary channel, p° — 77—, in order to study
detection capabilities using charged-particle tracking. We
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FIG. 1. Schematic diagrams showing (a) forward w production and (b) backward @ production. In backward production, the @ and the
proton essentially swap places (in rapidity, with respect to the y p center of mass). The right-hand plot shows the cross sections as a function

of W for forward and backward w production.

discuss the reaction kinematics, and the detector requirements
to observe the final states from w and p° decay, including the
stopped proton.

We consider collisions at different EIC energies. For some
final states, the lower-energy-collision products may be more
experimentally accessible than products from top EIC ener-
gies. In Sec. VII, we also briefly comment on prospects at the
proposed Chinese EiCC, which will collide 20 GeV protons
with 3.5 GeV electrons [12], and at the proposed high-energy
LHeC [13].

II. CONNECTIONS WITH BARYON STOPPING

Backward reactions shift nucleons by many units of rapid-
ity. This is conceptually similar to the large baryon stopping
observed in heavy-ion collisions [14], which has been ob-
served in ultrarelativistic pp and pAu reactions.

Different models have been proposed to explain baryon
stopping. In many models, the stopping involves the valence
quarks, which interact, lose energy, and are thus shifted in
rapidity. In heavy-ion collisions, the valence quarks in an inci-
dent nucleon typically undergo many interactions with partons
(or strings) in the target, losing energy in each interaction.
This process may be described statistically, leading to rapidity
loss predictions which match the data from the BNL Relativis-
tic Heavy Ion Collider (RHIC) [15]. Baryon stopping can also
be described using a hadron transport approach [16]. In Monte
Carlo implementations, the baryon is divided into a quark
and a diquark, with the diquark perforce carrying the baryon
number. In these more traditional stopping models, baryon
stopping is connected with the loss of baryon momentum,
since the valence quarks together carry a good fraction of the
baryon momentum.

Other models describe baryon stopping using a baryon
junction model. In these models, [17], the three valence quarks
in a baryon are connected together with three gluon flux lines
that meet at a central junction. Baryon stopping is decou-
pled from the valence quarks, and thus is less tied to baryon

energy loss. As Kharzeev noted, “contrary to a widely ac-
cepted belief, the traces of baryon number in a high-energy
process can reside in a non-perturbative configuration of gluon
fields, rather than in the valence quarks” [18]. This is a soft
phenomenon, and therefore is not visible in the hard collisions
that are usually used to probe baryons. However, the baryon
junction can be easily shifted several units of rapidity, produc-
ing significant baryon-number stopping. The model has been
used to explain the observed stopping in PbPb collisions at
the CERN Super Proton Synchrotron (SPS) [19]. This model
predicts that baryon stopping should go as o o cosh(y/2). For
a unidirectional stopping process, this becomes o « exp(—y).

The baryon-junction model has theoretical underpinnings
in Regge theory. The baryon-junction wave function is a
“quarkless closed string configuration composed from a junc-
tion and an antijunction. In the topological expansion scheme,
the states lie on a Regge trajectory” [18], with the baryon
intercept at zero and the Reggeon intercept at 1/2.

In hadron-hadron collisions, including heavy-ion colli-
sions, the Reggeon can interact with an incident baryon via a
double-Reggeon interaction, or via a Reggeon-Pomeron inter-
action. In the former case, both baryons are stopped, while in
the latter only one is stopped. The fraction of interactions with
large stopping can be estimated; for lead-lead collisions at the
CERN Large Hadron Collider (LHC), the fraction is about
5% [18]. A later calculation found a stopping cross section of
1-2 mb [17], comparable to the 5% fraction.

The 5% fraction for stopping interactions in heavy-ion
collisions is one to two orders of magnitude higher than the
fraction of backward-production reactions when compared to
the total (backward + forward) cross section in ep collisions.
This is unsurprising; in heavy-ion collisions, there are very
high densities of gluons at low Bjorken x with which the
Reggeon can interact, while the gq dipole is accompanied by
a much smaller gluon cloud.

This picture predicts that there should be significant baryon
stopping in pp collisions, via reactions like pp — ppw, me-
diated by a Reggeon-Pomeron exchange. One of the protons
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loses only a small amount of momentum while the other
proton is significantly stopped. The meson takes most of the
momentum lost by the stopped proton. Per [18], there are
occasional double-stopping reactions, with both protons at
midrapidity, with mesons produced at large rapidity carrying
away most of the excess momentum and energy. However,
ALICE Collaboration data on the p : p ratio at midrapidity
in pp collisions are consistent with the the conventional stop-
ping predictions, and below that predicted by HUING/B, which
implements a baryon-junction model.

The baryon-junction model could also be used to predict
baryon stopping in general photonuclear reactions, y p/A —
X collisions, which are being studied by the STAR Collabora-
tion at RHIC by measuring the net-baryon rapidity [20,21].

From these reactions, it is a small step further to exclu-
sive yp reactions, such as vector-meson production. Here,
a clear bifurcation is expected, with minimal baryon stop-
ping in forward production, but with large stopping in
backward production. It will be interesting to see if more com-
plex nonexclusive photonuclear interactions exhibit a similar
bifurcation.

Before continuing, it is worth mentioning an additional
aspect of baryon stopping: charge stopping. In exclusive back-
ward photoproduction, either the incident baryon and the final
state meson share a valence quark or they do not. If they do
share a quark, then only two quarks need to be decelerated, but
if they do not share a quark, then three quarks must be stopped.
Decelerated charges may emit bremsstrahlung radiation; the
total infrared radiation is sensitive to the number of charges
and their acceleration [22]. Thus, a measurement of soft pho-
ton radiation may probe the manner in which the initial proton
and final state meson share quark content. One test would be
to compare this soft radiation for p or w backward production
with that for the ¢, where the meson shares no valence quarks
with the incident baryon. These exclusive backward produc-
tion reactions should provide much information on baryon
stopping. In the following sections, we discuss how they may
be studied at the EIC.

III. BACKWARD PHOTOPRODUCTION
AND ELECTROPRODUCTION MODEL

We use a Regge-based approach to model backward pro-
duction, since it requires a relatively small number of free
parameters. These parameters are determined from fixed-
target backward photoproduction experiments over a limited
range of photon energies. The extrapolation required to reach
EIC energies introduces uncertainty in the total rate and rapid-
ity distributions, but does not affect the qualitative conclusions
in the paper.

In Regge models, the cross section for photoproduction as
a function of photon energy k is [23,24]

UVp—>Vp(k) =XW+ Yw, (D

where W is the y p center-of-mass energy in GeV, and X, Y,
€, and 7 are parameters determined from fits to data. The first
(X, €) term represents Pomeron exchange. We will focus on
the second term, modeling Reggeon exchange, since this is
more directly comparable to backward production. Reggeon

exchange admits a much wider range of quantum numbers,
including charge [25]. For the w, a fit to existing data found
€=0.22,X=05ub,n=1.92,and Y = 18 ub [23,24].

This parametrization does not account for near-threshold
behavior. The threshold region is very narrow, with the for-
ward cross section maximum occurring around W = W, =
1.8 GeV [26], close to the kinematic threshold of Wy = m,, +
my, = 1.74 GeV. We account for this region by adding a linear
scaling factor T (W) to Eq. (1) for W < Wpax:

W= 1.0). )

T(W) :Min(
max _WT

The ¢ dependence for forward production is usually given by
an exponential,

do N B 3
ar exp (—Br). 3

For the w, B = 10 £ 1.2(stat.) & 1.3(syst.) GeV 2 [27].
For backward production, we combine Egs. (1), (2), and
(3) and swap Mandelstam u for ¢:

0y psvp(k) = AW 1T (W) exp (—Cu). (4)

The parameters are determined from a fit to backward produc-
tion data.

There are some challenges to fitting backward photopro-
duction data. At threshold, both ¢ and u are small, and forward
and backward production are essentially indistinguishable. At
slightly higher energies, baryon resonances that decay to wp
can contribute to the cross section, as was seen in a study
of backward photoproduction using 1.5 to 3.0 GeV photons
at the Laser Electron Photon beamline at the SPring-8 Syn-
chrotron (LEPS) [28].

To minimize these obstacles, we focus on higher-energy
backward @ photoproduction data from Daresbury Labora-
tory’s NINA 5 GeV electron synchrotron. The Daresbury
group measured cross sections for photon energies from 2.8
to 4.8 GeV [6]. These data are also discussed in detail in
Ref. [29]. A fit to these measurements found, as a function
of photon energy (k) in the target frame,

k - W2 — m? -
- A( ) oAl — ) s
u=0 1 GeV Zmp(l GCV)

where A = 4.5+ 1.0 ub/GeV? and n = 2.7 £0.2.

The u dependence of the cross section is also found in
Ref. [6]. Parametrization of o (y p — wp) is expressed as the
sum of two amplitudes,

do (s, u)
du

The first term represents Reggeon exchange and the second
term denotes parton exchange, for which n = 8 is taken.
They assume that the two components do not interfere (i.e.,
¢ = 90°), so the two components are squared separately and
added. The parton-exchange component drops very rapidly
with increasing s, so we focus on the Reggeon-exchange
component.

The Daresbury group’s Fig. 4 shows that A(u) drops
off rapidly with increasing u, reaches a minimum for

do
du

= |A(u)s°‘(”)_1 +B(u)ei¢(”>s_"/2|2. (6)
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FIG. 2. The proton and meson rapidities for w (top row) and p° (bottom row) u-channel photoproduction and electroproduction at several
EIC energies. The magenta distributions are for photoproduction, while the black are for electroproduction. The shaded histograms show the
vector meson, while the unshaded ones are for the scattered proton. The nonzero photon Q? shifts both distributions slightly toward negative

rapidity.

u~0.15 GeV?, rises, and then drops off again. This
behavior is quite different from forward production,
where a single exponential, Eq. (3), describes the data
well.

In this paper, we will focus on the rapid dropoff,
which contains much of the cross section. We fit the
4.7 GeV data in the Daresbury group’s Fig. 2(b) to do /du =
(100. £ 3.)exp (—20.8 & 1.2 GeV~2u) mb/GeV?. A compar-
ison of their 3.5 and 4.7 GeV data shows that the lower-energy
set has a larger component at large u. As their Fig. 4 and text
show, this is associated with the parton-exchange component,

ep — ep+w
18x275 GeV

ep — ep+p°
10x100 GeV
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— 1<Q%<5 GeV*
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FIG. 3. Proton py spectra for u-channel w and p° electroproduc-
tion (black) and photoproduction (magenta).

so we will not consider the high |u| data here. Uncertainties
on the energy-dependence of the cross section will largely
impact the spread in rapidity of the final-state proton, while
variation in pseudorapidity (7, henceforth) will largely affect
the pr distribution of the vector meson as well as the rapidity
of the final-state proton.

The polarization of the produced mesons introduces an-
other uncertainty. Forward production of vector mesons
follows s-channel helicity conservation (SCHC), where pro-
duced mesons have the same spin as the incident photons. The
Reggeon in Fig. 1(b) that transfers baryon number likely also
carries spin. Here, we will assume that the produced mesons

g F ep - ep+o ep — ep+o g
T 3 1eerscev E 18x275 GeV 102 é
"'_ [ 0<Q%<1 GeV? 1<Q%<5 GeV*
o 250 - "
5 3
° 2F
S:
1.5F 10
1
0.5
Eo .- A 1 I I | | | 1
% 6 T R S
y y

proton proton

FIG. 4. Proton pr for u-channel w electroproduction (black) and
photoproduction (magenta) as a function of the proton rapidity.
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are unpolarized, but will later quantify the uncertainty that this
introduces, which is not large.

Figure 1 (right) compares the forward and backward pho-
toproduction cross sections. At the production maximum,
backward production is about 1% of the forward-production
cross section, but the fraction decreases with increasing W'.

The EIC will also probe backward electroproduction, with
photon Q% > 0. An experiment at Jefferson Lab studied back-
ward o electroproduction at two Q%: 1.6 and 2.45 GeV?, at
fixed W = 2.21 GeV [30]. The cross section for longitudinally
polarized photons, o;, dropped rapidly with increasing Q2,
roughly as 1/Q'%?2, while the cross section for transversely
polarized photons, o7 was much less sensitive to Q2, falling
as 1/Q"%. The strong Q* dependence of o; cannot continue
as 0% — 0, since it would diverge; this also holds for the
1/Q® dependence predicted in the TDA approach. We model
electroproduction by assuming that backward w production
has the same Q” dependence as forward production [25]:

NG

M2 2.09+0.73(M2+0?)/GeV?
o(Q*,W)=0(0, W)<Mz—sz)
w

The coefficients in the power law were obtained from a fit
to p° production data since no similar fit is available for the
w [31]. The corresponding coefficients for the ¢ are very
similar, so this assumption should be quite accurate, at least
for forward production.

Backward p° production has been less studied than the
w. However, comparisons of p° [32] and w photoproduction
[6] at large momentum transfer (large |¢|) indicate that their
backward production cross sections are similar,' even though
the p° forward production cross section is ten times greater.

The u dependence favors smaller values of u than is seen
for ¢ in forward production, so the typical pr of the @ and
proton are smaller than in forward production. To the extent
that this represents a source size, the apparent source is larger
for backward production than for forward production.

IV. SIMULATING BACKWARD PRODUCTION
A. Production kinematics

Calculations were done using the ESTARLIGHT Monte Carlo
generator [33], which was written to simulate forward vector-
meson production. It models ep and eA collisions with
intermediary photons with different virtuality. The code is
available on GitHub [34]. ESTARLIGHT has an interface similar
to STARLIGHT [35], which is used to simulate ultraperipheral
collisions, but has a very different internal structure. For this
work, we added code to ESTARLIGHT to model backward
production.

The u-channel calculations follow the standard ¢-channel
production calculations. First, the photon energy and Q? are
sampled according to the cross sections described in Sec. III
of Ref. [33]. Then the mass of the produced meson is sampled
from a Breit-Wigner distribution.

'See Fig. 13 of Ref. [8].

In the photon-proton center-of-mass frame, the vector me-
son energy is

m‘z, +Q?
2(E, +E,)

With this constraint, the energy and momenta are calculated
for the vector meson and scattered proton in the ¢ chan-
nel. The u-channel kinematics are obtained by swapping the
scattered proton and vector meson momenta in the proton-
meson (proton-photon) center-of-mass frame. In this frame,
the masses and energies of the final-state particles are un-
changed by the reversal, but the boost back to the laboratory
frame produces a vector meson with a large rapidity.

We will consider three different EIC energies: 275 GeV
protons on 18 GeV electrons, 100 GeV protons on 10 GeV
electrons, and 41 GeV protons on 5 GeV electrons. The choice
of beam energies will have significant implications for detec-
tion efficiency as will be demonstrated in Sec. VL.

Ey =E, + (8)

B. Final-state particle kinematics

In deep inelastic scattering the angle of the scattered elec-
tron is

Q2

cos(@,) =1 — ——,
©) 2E.E,

©))
where e is the incident beam electron and ¢’ is the scattered
electron.

The scattered proton kinematics are constrained by the
energy condition in Eq. (8). The vector-meson daughter dis-
tribution is calculated by boosting to the rest frame of the
vector meson and calculating the magnitude of the daughter
momenta. The direction of the daughter momenta depends
on the polarization of the vector meson. Per SCHC, vector
mesons produced via the 7-channel mechanism retain the spin
polarization of their virtual photon.

By contrast, u-channel production involves a baryon-
exchange trajectory, so the vector meson is unlikely to retain
the photon’s polarization. Therefore, simulations of unpo-
larized vector mesons are used in this paper. However, as
Sec. VIC will show, the polarization does not have a large
effect on the detection efficiency. Though its effects on ef-
ficiency are small, measuring final-state polarization will be
important in understanding backward production at the EIC.

V. RATES AND KINEMATICS
FOR BACKWARD PRODUCTION

We consider two complementary channels: the all-neutral
decay w — 7% — yyy, which can be studied using only
calorimetry; and the all-charged decay p — 77—, where the
7+ can be reconstructed in tracking detectors. The kinematics
of backward p production are unknown, but they are likely to
be similar to that for the w. There is a 1.5% branching ratio
for w — 77—, but this channel will mostly be visible via its
interference with p — w7~ [36].

Table I shows the w cross sections and production rates
(not including branching ratios) for five different colli-
sion energies for an integrated luminosity of 10 fb~!'. The
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TABLE I. The w cross sections for forward and backward pro-
duction and total number of backward  events per 10 fb~! of
integrated luminosity. The ¢-channel cross section includes both
Pomeron and Reggeon exchange. The rates are summed over all @
final states.

Collider t-channel u-channel u-channel events
energy Oty (nb) Ot (nb) per 10 fb~!
5 x 41 GeV 501 1.8 1.8 x 107
5 x 100 GeV 583 1.9 1.9 x 107
10 x 100 GeV 651 2.0 2.0 x 107
10 x 275 GeV 758 2.2 2.2 x 107
18 x 275 GeV 825 2.3 2.3 x 107

backward-production cross sections are about 1/300 that of
the forward production channel. Although this is a small frac-
tion, the rates are large enough that millions of events per
year are expected at all five collision energies. For the high-
luminosity configuration with 10 GeV electrons, the rates
could reach 10® events/year.

The rapidities of the proton and meson from electropro-
duction and photoproduction of @ and p° mesons are shown
in Fig. 2. The vector mesons are at fairly large rapidity,
while the proton is distributed over a wide rapidity range.
The configuration with the proton at large rapidity, near the
vector meson, corresponds to the smallest W. The dimin-
ishing do /dyproron With decreasing y reflects the decrease in
the cross section with increasing W. The simulated dN/dy
is consistent with an exponential dependence on rapidity,
but it is considerably steeper than the previously discussed
exp(—y/2) stopping in heavy-ion collisions [19]. If the cross
section dropped more slowly with increasing W, then the
agreement would be better. This slope is a fairly direct
measure of 7 in Eq. (4).

As the proton beam energy increases, the vector-meson
rapidity distribution shifts to larger rapidity. The detection
efficiency is very sensitive to the vector-meson rapidity, so
the beam energy has a significant effect on the detector ac-
ceptance. In contrast, the proton rapidity distribution is less
sensitive to the beam energy.

The pr spectra  of  scattered protons in
electro/photoproduction are plotted in Fig. 3. The low
average pr of protons in photoproduction may make proton
identification more challenging than in electroproduction.

Figure 4 shows how the proton pr spectrum depends on
rapidity, for both photoproduction and electroproduction. For
photoproduction, the pr depends only slightly on the rapidity.
For electroproduction the mean proton p7 is largest at forward
rapidities, diminishing slowly as rapidity decreases.

The pseudorapidities of the daughter particles from the
vector meson decays depends on whether the decays are
polarized or unpolarized. Figure 5 compares pseudorapidity
distribution for 7% from p° decay for the two cases. The
distributions have almost the same mean, but the distribution
is slightly wider in the unpolarized case. This will not have
a large effect on the detection efficiency. In the remainder of
this work, we will assume that the decays are unpolarized.

x10°
n E
g 160:— ep—>ep+p° gnlpollarised
I 10x100 GeV — Polarize
© 140: 0<Q%<1 GeV?
120
100
80
60
40\~
201
N T B A S N N
012 3 4 5 6 7 8 9 10

m of pions from p decay

FIG. 5. Pion pseudorapidity distributions from polarized (red)
and unpolarized (blue) u-channel p photoproduction at 10 x
100 GeV.

Figure 6 shows the final-state particle photons from
w decay and 7% from p decay, for photoproduction and
electroproduction. The photon Q2 has little effect on the
distributions.

VI. DETECTION OF BACKWARD-PRODUCTION EVENTS
A. Model detector

We will study detection efficiencies for a detector like
the reference detector described in the EIC Yellow Report
[37]. The reference detector was the starting point for the
ATHENA, ECCE, and CORE proposals. The acceptance is
divided into three regions shown in Table II: a central detector,
the BO detector, and the far-forward detectors, of which the
zero-degree calorimeter is relevant here.

The central detector covers the region —3.5 < n < 3.5,
with charged-particle tracking and -electromagnetic and
hadronic calorimeters. For backward production, the central
detector is primarily used to detect the scattered proton.

” x10° x10°

§ 160:‘ ep — ep+n F ep — ep+p° — 0<Q°<1 GeV?
3 F [

O 140F 18x275 GeV F 10x100 GeV — 1<Q°<5 GeV?

ool NN Y FEETE FEEEE N | Ligaa 1y 1 | Loy
4 5 6 7 8 9 3 4 5 8 9 10
m of photons from ® decay 1 of pions from p decay

2 3

FIG. 6. Vector-meson decay daughter pseudorapidity distribu-
tions for u-channel @ — 7% and p°® — 7+~ electroproduction
(black) and photoproduction (magenta).
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TABLE II. The different regions and assumed pseudorapidity coverage per the EIC Yellow Report [37].

Detector Capabilities Pseudorapidity coverage
Central charged-particle tracking -35<n<35
electromagnetic calorimetry
BO charged-particle tracking 46 <n<59
potential electromagnetic calorimetry
ZDC electromagnetic calorimetry n >~ 6.1

The BO detector fits inside one of the accelerator mag-
nets. In the reference design, it included a charged particle
tracking system, covering approximately 4.6 <n < 5.9. If
physical space permits, it might also include an electromag-
netic calorimeter. In this paper, we consider the possibility
of electromagnetic calorimetry in the BO system in order to
demonstrate how much additional physics it enables

The far-forward detector includes a zero-degree calorime-
ter (ZDC) which covers pseudorapidities above about 5.9 to
6.2. Here, it is taken to cover n > 6.1.

It may also be useful to tag the scattered electrons, in either
the central detector (at large Q%) or in the low-Q? tagger. At
very low Q?, the electron may remain in the beam pipe, and
so would not be visible; this did not prevent photoproduction
studies at HERA. Since the scattered electron has no signifi-
cant difference in forward or backward scattering, we do not
discuss this further.

[ Central Detection

[ Central+B0 Detection
[ BO Detection B -
[ B0+ZDC Detection
[ ZDC Detection |
[ ZDC+Central Detection ||

| 5x41 GeV
= 0<@%<1 GeV?

1 (y from o decay)

n (y from ° decay)

One complication in EIC detectors is that the beams do
not meet head on, but have a 25 mrad (or 35 mrad depending
on IR) crossing angle. In the frame of reference where the
detector is aligned along the proton/ion beam axis, this has
the effect of giving the final state a small transverse Lorentz
boost, while in the electron-beam frame the acceptance in
pseudorapidity varies slightly with the azimuthal angle. We
ignore this small effect here.

B. w - 'y

The most common decay for the w is  — 777 7% —
7w~ yy, with a branching ratio of 89.2%. Because the final
state contains four particles, it is not a preferred method for
studying u-channel w production. Instead, we consider the
next most common decay, w — 7% — yyy, with a branch-
ing ratio of 8.3%. It can be fully reconstructed in the ZDC,

e "
c
>

10x100 GeV 18x275 GeV O
0<QP<1 GeV? 0<Q?<1 GeVv? 1310
102
__________ 10

1 o0

. <

- =

10x100 GeV 5 18x275 GeV 3
0<Q%<1 GeV? 0<Q%<1 GeV? 10
102
-------------------------- 10

| U ICTIR I NI (SO Y

6
N (y from 7° decay)

n (y from 7° decay)

8 10 12 2
n (y from n° decay)

FIG. 7. Pseudorapidity distributions of photons from u-channel w production at three EIC ep collision energies. The shaded colored
regions show the acceptance in pseudorapidity of the central, BO, and forward detectors. The top row two-dimensional scatter plots show the
pseudorapidity of the photon from the @ decay and one of the photons from the 7, while the bottom row shows the pseudorapidities of the

two photons from the daughter 7°.
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TABLE III. Geometric efficiencies for vector-meson reconstruc-
tion for the detector reference design.

Proton w eff. w eff. p eff.
beam energy cent.+ZDC cent.+B0+ZDC cent.+B0
41 GeV 1.4% 18% 13%
100 GeV 1.3% 41% 49%
275 GeV 6% 63% 0.7%

and, if built, the BO calorimeter will greatly enhance the
reconstruction efficiency as well.

The scatter plots in Fig. 7 show the pseudorapidity distri-
butions for the final-state photons in backward @ production
at the three collision energies. The top row shows the photons
from the w decay vs photons from the 7% decay, while the
bottom row shows the two photons from the 7°. There is
considerable correlation between the photon pseudorapidities.

AtS5 x 41 GeV, the photon distribution is centered between
the central and B0 detectors, with some acceptance in both.
As the energy rises, they shift to larger pseudorapidities. At
the highest energy, the ZDC becomes a reasonably efficient
detector. At all three energies, the detection efficiency rises
significantly if a BO calorimeter is present.

Table III lists the geometric efficiencies for three proton
beam energies, with and without a BO calorimeter. Because
all three photons must be detected to reconstruct the w, the
presence of the BO calorimeter provides an order of magnitude
improvement in the overall detection efficiency. With it, back-
ward w production is observable at all three collision energies.
Without it, the efficiency is low except for 275 GeV protons.
From our simulations, we found that the electron beam energy
does not have a significant effect on acceptance; the efficiency
for 5 GeV electrons colliding with 100 GeV protons is very
similar to that for 10 GeV electrons.

The actual efficiency is likely to be lower than the geo-
metric efficiency due to numerous effects, such as particle
interactions in the beam pipe, photon merging in the calorime-
ter, finite resolution, and other phenomena. However, the sum

of these effects is expected to be relatively small, and should
not change our overall conclusions.

C.p" - ntn~

The p° — w+m~ decay channel is an excellent option for
measuring backward production, with a branching ratio of
~100% and only two charged pions in the final state.

The pions can be detected only in the central and B0
detectors, so lower beam energies are likely to lead to higher
acceptances. Figure 8 shows the joint pseudorapidity distribu-
tions of the two pions. Even at the lowest energy of 5 x 41
GeV, the vector-meson daughters are too far forward for com-
plete reconstruction within the central detectors. However,
beam energies of 10 x 100 GeV result in a two-pion distri-
bution that is peaked within the geometric acceptance of the
BO.

The geometric efficiencies are given in Table III. The
efficiency is highest for 10 x 100 GeV collisions, and is ac-
ceptable, even at the lowest beam energy. For 18 x 275 GeV
collisions, the practicality of detection will likely depend on
the details of the detector design.

D. Prospects for backward production of other mesons
and with heavier ions

To fully characterize backward production, it is important
to probe as many different mesons as possible, which will
differ in rates and kinematic characteristics. As we saw, the
backward production rate for the @ was about 3 x 107 events
per year. Mesons with a production rate 100-1000 times lower
would still be visible if they could be detected with good
efficiency. The reconstruction efficiency will depend on the
rapidity distribution of the produced meson. The heavier the
meson, the higher the photon energy threshold, and the lower
the rapidity of the y p system. The lower the system’s rapidity,
the lower the rapidity of the vector meson.

The rapidity of vector mesons originating from u-channel
production can be roughly estimated by making a few reason-
able approximations. The first approximation is that the vector

E o

[=ui
3
G SR Y P S
st @ 0 O, F
35_ .' : : |:| Central Detection : 10
2:‘ : 1 ] - : : |:| Central+B0 Detection :
: : : : 5x41 GeV : : 10x100 GeV |:| BO Detection : 18x275 GeV
I 1 0<Q%1GeV? | L 0<QP<1 GeV? ") 0<Q<1 GeV?
C:IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII||||'|III|IIII|IIII|II|IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII||||||||||||||||||||||||||||||I|||||||||||||||||||| 1
0123456789+123456789 1 2 3 45 6 7 8 9 10

n) n (%) n ()

FIG. 8. Scatter plot of the pseudorapidity distribution of 7% from u-channel p° production at three EIC energies. The shaded colored
regions show the acceptance in pseudorapidity of the central and BO detectors.
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meson carries away all the energy of the initial-state proton

(Ep). The second approximation is that the mass of the vector
meson is much less than its energy. In these limits,

~0.7 —In[ X 10

yv =~ 0. n< E, ) (10)

From this equation the location of the rapidity peak of other
mesons can be estimated. For example, at 5 x 41 GeV the o0
will have a peak near y ~ 4.7, which is born out by Fig. 2. The
success of the BO charged-particle tracker in detecting the p°
demonstrates that other vector mesons with charged-particle
decays may be appealing subjects of study.

Backward production of heavier mesons, like the ¢ and
potentially J/, is of particular interest, since they share no
valence quarks with the proton. This is likely to reduce the
ratio of the backward to forward cross sections, compared
to the p and w. However, unless this additional suppression
is very large, the ¢ is likely to be visible. The ¢ will have
typical average rapidities of 6.3, 5.3, and 4.4 for 275, 100, and
41 GeV protons. This is outside the range of the envisioned
central trackers, but the 100 GeV proton data should have the
¢ well centered in the BO detector.

In addition to sharing no valence quarks with the incident
baryon, the J/v is composed of heavy charm quarks, so it
is likely even further suppressed. It will have typical average
rapidities of 5.2, 4.2, and 3.3 at the three proton energies. The
275 GeV proton data will produce J/ that are visible in the
BO spectrometer, while backward J/v from 41 GeV protons
may be visible in the central detector, although with limited
efficiency. The J/y — ete™ channel will be measurable in
both the charged-particle trackers and the electromagnetic
calorimeters.

The 7° is also of interest at the EIC. Even with 41 GeV
protons, backward-produced 7° will have an average rapidity
near 6.3, and thus will only be visible in the ZDC. Detailed
studies indicate that the reference ZDC will be able to re-
construct 7° — yy with good efficiency, at least for 40-60
GeV /c 7% [38], thus allowing for the study of electroproduc-
tion as well as photoproduction.

Backward production may not be limited to mesons. It will
be interesting to search for backward deeply virtual Compton
scattering and timelike Compton scattering at the EIC [§].

So far, backward production has largely been studied with
proton targets. However, heavier targets are also of interest. It
should be possible to use a deuterium beam, with the proton

tagged in a forward spectrometer, to study backward produc-
tion on neutron targets. It would also allow for the study of
production using heavy nuclei, to look for possible nuclear
modifications to the cross section.

VII. BACKWARD PRODUCTION AT OTHER COLLIDERS

At the proposed Chinese EiCC, the 20 GeV proton beams
should lead to backward vector-meson production that is
shifted by about 0.7 units of rapidity compared to the 41
GeV proton rapidities listed above. The detector design for
the EiCC is at an early stage of development, but it is likely
that most of these channels can be studied with a typical full-
acceptance detector. The energy range probed by the EiCC
would complement the energies available at the EIC.

At the LHeC, with 7 TeV protons, the typical light-meson
backward-production rapidities are around 10.0. This is likely
to be very difficult to study, beyond the capabilities of even
fine-grained zero degree calorimeters.

VIII. CONCLUSIONS

Baryon stopping can be profitably studied at the proposed
BNL Electron-Ion Collider. These reactions lead to a final
state that consists of a proton at midrapidity and a forward
vector meson. At the EIC, the w rates range from 5 million to
100 million events/year, depending on beam energy and ac-
celerator configuration; enough for detailed study. The vector
meson is produced at forward rapidity, and can, depending on
its final state, be detected by the proposed EIC detectors.

Backward production shares a deep theoretical connection
with the baryon-junction model that may explain baryon stop-
ping in heavy-ion collisions.
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