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We present a systematic study of prompt B. meson photoproduction at electron-proton colliders within
the framework of nonrelativistic QCD factorization. In addition to the dominant direct channel
y+g9— B.+ X, we include resolved contributions initiated by g+g¢ and g+¢g (g =u, d, s)
subprocesses. The production of the 1S, 2§, and 1P color-singlet B, states is calculated, and the
feeddown contributions from the excited states are included in the prompt-B,. yield. Total cross sections and
transverse-momentum distributions are presented for several collider configurations, including HERA,
LHeC, FCC-ep, and EIC. The numerical results show that the direct y + g channel provides the leading
contribution over the entire kinematic range. The resolved g + g channel gives a non-negligible correction,
reaching the level of O(10%) in the low-p; region where most events are produced, and it becomes

increasingly important at higher collision energies.

DOI: 10.1103/1tbz-4cdg

I. INTRODUCTION

The B, meson is a distinctive heavy-flavored hadron in
the Standard Model, consisting of a bottom quark and a
charm antiquark (or charge-conjugated state). As the only
known meson composed of two heavy quarks of different
flavors, the B, system occupies a unique position between
charmonium and bottomonium. Its spectroscopy, decay
properties, and production mechanisms provide sensitive
probes of heavy-quark dynamics, nonrelativistic effective
theories, and nonperturbative aspects of QCD.

At high-energy colliders, the production of B, mesons is
governed predominantly by strong interactions. In contrast
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to quarkonium production, the formation of a B. meson
requires the simultaneous production of both a bb and a c¢
pair within a single hard scattering. Consequently, its
production rate is suppressed relative to conventional heavy
quarkonia, while remaining fully calculable within pertur-
bative QCD. The hard subprocesses involve energy scales
set by the heavy-quark masses, where perturbation theory is
applicable, whereas the subsequent hadronization into a
bound b¢ state probes the transition to the nonperturbative
regime. This interplay makes B, production a sensitive
probe of QCD factorization and heavy-quark binding
dynamics [1,2].

Experimentally, the existence of the B, meson was first
firmly established by the CDF Collaboration in 1998
through analyses of proton—antiproton collision data at
the Tevatron [3,4]. In 2014, the ATLAS Collaboration
reported the observation of the radially excited B.(2S)
states [5]. These results were subsequently confirmed and
refined by the CMS and LHCb Collaborations in 2019 with
higher statistical significance and improved mass resolution
[6,7]. More recently, further experimental advances have
led to the observation of orbitally excited B, states [8].

Published by the American Physical Society
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To date, all observations of B, mesons and their excited
states have been obtained exclusively at hadron colliders.

Theoretical investigations of B, meson production have
been pursued across a wide range of collision environments
and mechanisms. At hadron colliders such as the Tevatron
and the LHC, dominant production channels arise from
gluon—gluon fusion and heavy-quark fragmentation,
calculable within the nonrelativistic QCD (NRQCD) fac-
torization framework at leading and higher orders in «;
[1,2,9-27]. Beyond hadronic collisions, B, production
has also been studied in the context of high-luminosity
electron—positron colliders [28-39]. Indirect sources of B,
mesons through decays of heavy particles have been
explored [40-49], such as the top quark, W boson and
Higgs boson, highlighting the role of heavy-particle decay
as a complementary production channel at high energies.
An important class of processes at e™e™ or electron-proton
machines involves photoproduction, where initial-
state radiation or Weizsidcker-Williams photons interact
to produce a B. meson accompanied by heavy quarks
[32,48,50-53]. The quasireal photon can interact as a
pointlike particle, and at high energies, the photon can
also fluctuate into a hadronic state and develop a nontrivial
partonic structure. This gives rise to resolved photopro-
duction processes, in which partons inside the photon
participate in the hard scattering. Such resolved contribu-
tions are known to play an important role in various
quarkonium production processes, particularly in kinematic
regions characterized by low transverse momentum and
high center-of-mass energy. Detailed studies at ete~
colliders show that both direct yy - B, + b+ ¢ and
resolved photon channels can yield substantial production
rates under suitable collider configurations [54]. For ep
collisions, earlier calculations of BE.*) photoproduction
mainly considered the direct y 4+ g channel and, in some
cases, extrinsic heavy-quark initiated mechanisms such as
y+c and y+ b [25,50]. The production of orbitally
excited P-wave B)* states at the LHeC was studied in
Ref. [51]. The resolved-photon contributions to B, photo-
production, however, have received less attention, espe-
cially in the kinematic regime relevant for future high-
luminosity ep colliders.

In this work, we present a systematic study of B,
photoproduction at electron-proton colliders, including
both direct and resolved photon contributions. In addition
to the conventional y 4+ ¢ channel, we incorporate resolved
processes initiated by g+g¢g and g+ g (g =u, d, s)
partonic subprocesses. We calculate the production of
the 15, 28, and 1P color-singlet B, states and include
the feeddown of excited states into the prompt B,. yield. We
perform numerical analyses for several representative
collider configurations, including HERA, LHeC, FCC-¢p,
and EIC, and investigate both total cross sections and
differential distributions. The inclusion of resolved photon
contributions enables us to assess the role of the photon’s

partonic structure in B, production. In particular, we
analyze the energy and transverse-momentum dependence
of different production channels and identify the kinematic
regions where resolved processes become non-negligible.
Such studies are relevant for future experimental programs
aiming to explore QCD dynamics in novel regimes and
may provide complementary constraints on parton distri-
bution functions in both the proton and the photon.

II. FORMULATION

Within the framework of the Weizsidcker-Williams
approximation (WWA), the energy distribution of photons
originating from bremsstrahlung emission can be expressed

as [55]

fy/e(x) :2” IOg B

min

+2m3x<Q; —%)] (1)

where x = E,/E, denotes the fraction of the longi-
tudinal momentum carried by the emitted photon, a is

1 1+(1—X)2 %nax
X

the electromagnetic fine-structure constant, and the
. . . . . 2 _ 2 2

kinematic limits are given by Qp. = m;x*/(1—x)

and Q2. = (E.0.)*(1—x)+ Q%... The parameter

6. = 32 mrad corresponds to the maximum allowed scat-
tering angle of the outgoing electron, imposed to ensure
that the emitted photon remains quasireal.

Within the NRQCD factorization formalism, following
the approach in Ref. [54], the cross section for producing a
color-singlet B, state H at an electron-proton collider can
be factorized into contributions from the photon flux, the
parton distributions in the proton and in the photon, and the
partonic hard-scattering subprocesses,

do(e-+P > H+X)

= Z/d?ﬁ dx, dxify/e(xl)fj/P(xz’quqP)

X fi/y(xh MF,y)de’ij.n (r) <OH [n]> (2)

Here f;/p(x. up ,) denotes the parton distribution function
(PDF) of parton j inside the proton, while f;,(x,ur,)
(i=v, g, u, d, s) represents the Gliick-Reya-Schienbein
(GRS) distribution function of parton i in the photon [56].
The special case f,/,(x) =d&(1 —x) corresponds to the
direct photoproduction contribution. The scale pf, is the
factorization scale at which the partonic structure of the
photon is probed. The resolved photoproduction channels
effectively probe the partonic structure of the quasireal
photon. The quantity dé;; ,(ug) denotes the short-distance
partonic cross section for ij — cb[n] + b + ¢, which can be
calculated perturbatively within QCD. The intermediate
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heavy-quark pair cb[n] is characterized by the quantum
numbers 7, and the associated long-distance matrix element
(LDME) (O"[n]) encodes the nonperturbative transition
probability for the ch pair to hadronize into a physical B,
state. In contrast to charmonium and bottomonium systems,
where color-octet channels can play an essential role in
describing experimental data, the situation for the B. meson
is qualitatively different. The production of a B, state
requires the simultaneous creation of two heavy-quark
pairs, which already suppresses the overall production
rate. As a consequence, fragmentation-type mechanisms
that typically enhance color-octet contributions in quarko-
nium production are less effective in the B,. case. From the
perspective of NRQCD power counting, color-octet con-
tributions are suppressed by powers of the relative velocity
v of the heavy quarks inside the bound state. For the B,
system, one expects v> ~ O(0.1), leading to an additional
suppression factor of O(v*) for the dominant octet chan-
nels. In the present analysis, we restrict ourselves to the
leading contribution in the NRQCD velocity expansion,
namely the color-singlet channel. Under this approxima-
tion, the corresponding LDME can be evaluated using
potential models.

For definiteness, we consider the following partonic
subprocesses contributing to three distinct production
channels,

y+9—->H+b+ec, (3)
g+g—->H+b+c, (4)
q+g—=H+b+ec, (5)

where ¢ = u, d, s and H denotes B.(1'Sy), Bi(1°S;),
B.(2'Sy), B:(2°S}), Bx*(1'Py), or B:*(1°P;) with J = 0, 1,
2. When prompt B, production is quoted, we use

Gormpt = 0B (1'So)] + > B(H' = B, +X)o(H'), (6)
H' €8y

where Sq = {B%, B.(2'Sy), B:(23S,), B:*(1P)}. We take
B(H' — B.+ X) = 1 for the inclusive feeddown estimate.
Representative Feynman diagrams for the subprocesses in
Egs. (3)—(5) are shown in Fig. 1. Both the analytical
derivation and numerical evaluation of the partonic ampli-
tudes are performed using the well-established Feynman

v b

FIG. 1.
diagrams are drawn by JaxoDraw [59].

e, 6 K

Diagram Calculation (FDC) package [57]. Within this
framework, the standard NRQCD projection method [58]
is employed to extract contributions from specific heavy-
quark configurations.

III. NUMERICAL RESULTS AND DISCUSSIONS

The input parameters in the calculation are taken as
follows. The fine structure constant is fixed as
a=1/137. We take m;, = 4.8 GeV, m. = 1.5 GeV, and
Mg = mj, + m.. The proton PDFs are evaluated with the
CT14llo set through an external PDF interface, and the one-
loop running strong coupling a,(ug) associated with the
same PDF set is used consistently [60,61]. The GRS
distributions are used for the photon PDFs [56]. We
distinguish the renormalization scale up, the proton fac-
torization scale yp ,, and the photon factorization scale
Hry- Unless otherwise stated, their central values are
chosen as

HR = Hpp = Hp, = po = mr(B.) = \/Mzzat. + p7. (7)

with pr being the transverse momentum of the
produced B, meson. The LDMEs (O [n]) are related to
the wave function at the origin. For the S-wave
states we use (O [n]) ~ N.|R(0)|?/(2x) with |R,5(0)|* =
1.642 GeV? and |R,5(0)]> = 0.983 GeV? [62,63]. For the
1 P states, whose LDMEs are proportional to the derivative
of the radial wave function at the origin, we take
IR} »(0)]> = 0.201 GeV® [62,63]. Several representative
electron-proton colliders [64—-67] were selected, and their
corresponding center-of-mass energies are listed in Table I.

The integrated cross sections for the photoproduction
of B, states at various electron-proton colliders are sum-
marized in Table II. The results are presented for the 1.5 and
28 states, B., B:, B.(2'Sy), and B:(23S,), as well as
for the orbitally excited states B:*(1'P,) and B:*(1°P))
(J =0, 1, 2). For each state, the three entries in parentheses
give the direct yg contribution and the resolved gg and qg
contributions.

Table II shows that the direct yg channel remains
dominant for all collider configurations. For the full prompt
yield defined in Eq. (6), the gg resolved fraction increases
with the collider energy: it is about 1.25% at HERA, about
3.70% at LHeC-2, and about 7.28% at FCC-ep-2. The

)

Some typical Feynman diagrams for calculating the partonic cross section 6 of B. photoproduction at ep collider. The
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TABLE I. The center-of-mass energies (v/S) of representative
electron-proton colliders, along with the corresponding electron
energies (E,) and proton energies (Ep).

Collider VS E, Ep
HERA 319 GeV 27.5 GeV 920 GeV
LHeC-1 1.30 TeV 60 GeV 7 TeV
LHeC-2 1.98 TeV 140 GeV 7 TeV
FCC-ep-1 7.07 TeV 250 GeV 50 TeV
FCC-ep-2 10.0 TeV 500 GeV 50 TeV
EIC-1 45 GeV 5 GeV 100 GeV
EIC-2 140 GeV 18 GeV 275 GeV

corresponding ¢g contribution is much smaller at high
energies, below the percent level for the LHeC and FCC-¢ep
configurations. The larger relative importance of the gg
channel at higher energies is caused by the enhancement of
the gluon densities in both the proton and the photon at
smaller momentum fractions.

The excited-state contributions are important for the
prompt-B, yield. The spin-triplet B} states have larger cross
sections than the corresponding spin-singlet states, mainly
because of the spin multiplicity. The summed 1P-wave
feeddown contribution is more modest in the channel set
considered here: it increases the integrated prompt-B,. cross
section by about 3.5%—4%. This is smaller than the
enhancement found in the dedicated P-wave photoproduc-
tion study of Ref. [51], because that work also included
extrinsic heavy-quark initiated channels such as y + ¢ and
y 4+ b. Those channels are outside the present resolved-
photon study and require a separate treatment of

TABLE II.
parenthesis contains the three channel contributions (o,,, ¢

79 g+ Oqq)

TABLE III. Representative integrated luminosities and the
corresponding numbers of produced prompt B, mesons. The
prompt cross section agr‘;ﬁpt includes the 1S, 2§, and 1P
contributions defined in Eq. (6). The event numbers do not
include decay branching fractions, detector acceptance, trigger
efficiency, or reconstruction efficiency.

Collider (;grtgpt Assumed L, Ngrf)ﬁlpl

HERA 3.99 pb 0.5 fb~! [68] 2.0x10°
LHeC-1 30.91 pb 1 ab~! [69] 3.1 x 107
LHeC-2 54.31 pb 1 ab™! 5.4 x 107
FCC-ep-1 196.47 pb 1 ab™! [70] 2.0 x 108
FCC-ep-2 281.85 pb 1 ab™! 2.8 x 108
EIC-1 14.68 fb 100 fb~! [71] 1.5 % 103
EIC-2 768.34 fb 100 fb~! 7.7 x 10*

heavy-quark PDFs and possible double counting with
gluon-splitting contributions.

Table III lists representative integrated luminosities and
the corresponding numbers of produced prompt B, mesons.
At FCC-ep-2, the central prompt cross section is 281.85 pb,
which gives about 2.8 x 10% produced prompt B, mesons
for an integrated luminosity of 1 ab='. The corresponding
estimate for LHeC-2 is about 5.4 x 107. In contrast, the EIC
configurations lead to much smaller event samples, about
1.5 x 10° and 7.7 x 10* produced prompt B, mesons for
EIC-1 and EIC-2, respectively, if 100 fb~! is accumulated.
These numbers refer to produced prompt B, mesons and
should be further multiplied by decay branching fractions,
detector acceptance, trigger efficiencies, and reconstruction
efficiencies when estimating observable event yields.

The integrated cross sections for the photoproduction of the B, states at representative electron-proton colliders. Each
corresponding to Eqgs. (3)—(5). The units are indicated in the first

column of each block; the smaller HERA and EIC-1P-wave entries are displayed in fb and ab, respectively.

COllider GB(. GBc (2150) 63; UB:, (2351)
(6. 049 043) (6yg:04g: 04g (6yg:04g:047) (69: 049 043)
HERA(pb) 0.41(0.40, 0.0089, 0.0025)  0.24(0.24, 0.0053, 0.0015) 2.00(1.96, 0.021, 0.017) 1.20(1.17, 0.013, 0.010)

LHeC-1(pb) 3.33(3.16, 0.16, 0.0095)
LHeC-2(pb) 5.94(5.57, 0.35, 0.015)

FCC-ep-1(pb) 22.25(20.04, 2.17, 0.036)
FCC-ep-2(pb) 32.29(28.66, 3.57, 0.049)

1.99(1.89, 0.095, 0.0057)
3.55(3.33, 0.21, 0.0087)
13.32(12.00, 1.30, 0.022)
19.33(17.16, 2.14, 0.029)

15.32(14.88, 0.39, 0.061)
26.85(25.89, 0.86, 0.094)
96.36(90.78, 5.35, 0.23)

137.88(128.74, 8.83, 0.30)

9.17(8.91, 0.23, 0.037)
16.07(15.50, 0.52, 0.056)
57.69(54.35, 3.20, 0.14)
82.54(77.07, 5.29, 0.18)

EIC-1(fb) 1.32(1.29, 0.0032, 0.029) 0.79(0.77, 0.0019, 0.018) 7.50(7.25, 0.0066, 0.24) 4.49(4.34, 0.0039, 0.15)
EIC-2(fb) 75.14(73.48, 0.87, 0.79) 44.98(43.99, 0.52, 0.47) 387.95(380.17, 2.02, 5.75) 232.25(227.60, 1.21, 3.44)
Collider O (1'P)) OB (1°Py) OB (1°p)) OB (1°Py)

(0. 049:043) (0yg: 0 g+ 04q) (Gyg:0yg:04q) (09 04 043)
HERA(fb) 33.49(32.93, 0.37, 0.19) 8.59(8.36, 0.16, 0.071) 19.84(19.34, 0.32, 0.18) 80.60(79.34, 0.76, 0.51)
LHeC-1(pb)  0.26(0.25, 0.0070, 0.00072) 0.065(0.062, 0.0027, 0.00027) 0.16(0.15, 0.0060, 0.00066) 0.61(0.59, 0.014, 0.0019)
LHeC-2(pb) 0.45(0.44, 0.016, 0.0011)  0.11(0.11, 0.0059, 0.00041)  0.28(0.26, 0.013, 0.0010) 1.06(1.02, 0.032, 0.0029)

FCC-ep-1(pb) 1.64(1.54, 0.098, 0.0028)
FCC-ep-2(pb) 2.35(2.19, 0.16, 0.0037)
EIC-1(ab) 131.25(129.05, 0.11, 2.09)
EIC-2(fb) 6.52(6.42, 0.035, 0.062)

0.41(0.37, 0.035, 0.0010)
0.59(0.53, 0.057, 0.0014)
38.95(38.00, 0.080, 0.87)
1.72(1.68, 0.017, 0.023)

1.03(0.94, 0.083, 0.0025)  3.77(3.56, 0.20, 0.0069)
1.48(1.34, 0.14, 0.0034)  5.39(5.05, 0.33, 0.0092)
71.72(69.36, 0.099, 2.26) 340.32(333.42, 0.21, 6.69)
3.78(3.69, 0.031, 0.059)  16.00(15.75, 0.070, 0.17)
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FIG. 2. The py distributions for B, photoproduction. Panels (a)—(d) show the distributions of the dominant S-wave states, the summed
1 P-wave feeddown contribution denoted by B:*(1P), and the prompt B, yield. The prompt yield includes the feeddown contributions
from the excited S- and P-wave states with B(H — B, + X) = 1. The shaded bands around the prompt-B,. curves in panels (a)—(d) show
the bin-by-bin envelope obtained by varying mi., m,, pig, pi ,» and pp , according to the same prescription as in Table IV and V. Panels
(e)—(h) show the decomposition of the prompt-B, yield into the three production channels in Egs. (3)-(5).

The transverse momentum (py) distributions for B,
photoproduction provide deeper insights into the kinematic
features of different production mechanisms. Figure 2
presents these distributions for the LHeC and FCC-ep
configurations. From Figure 2(a)—(d), the distributions for
the S-wave states exhibit similar shapes, peaking at low pr
and decreasing rapidly with increasing transverse momen-
tum. The summed B;*(1P) feeddown contribution is much
smaller than the dominant B} contribution, but it is included
in the prompt-B. curve. As a result, the prompt B,
distribution is enhanced by the excited S- and P-wave
states while retaining the same overall low-p; dominated
behavior.

Figure 2(e)-(h) shows the production-channel decom-
position of the prompt-B,. yield. The y + g channel domi-
nates over the whole p; range. The resolved g+ g
contribution is most visible at small p; and becomes
relatively less important at larger p7, whereas the gg channel
has a harder shape but remains numerically small. This
pattern is consistent with the integrated cross sections in
Table II. As arepresentative example, at FCC-ep-2the g + g
channel contributes about 15% of the total cross section at
pr = 1 GeV, whereas this fraction is reduced to 6% at
pr = 50 GeV. It reflects the fact that low-p; production
probes smaller momentum fractions, where the gluon
distributions in both the proton and the photon are enhanced.
Since realistic event samples are dominated by the low-p,
region, the g + ¢ resolved photoproduction channel should
be retained in phenomenological predictions.

We now turn to the theoretical uncertainties of our
predictions. Instead of listing the variations for each
individual intermediate state, we focus on the experimen-
tally relevant prompt-B, yield agrf,ﬁlpt, with all partonic
channels summed. Table IV shows the dependence on the
heavy-quark masses m,. and m,. A variation of m, by
+0.1 GeV changes the prompt cross section by about
+25% and —19% at both LHeC-2 and FCC-ep-2. The
dependence on m,, is milder, about +9% and —8% for the
same mass variation. This stronger sensitivity to m, reflects

the proximity of the c¢b system to threshold.

TABLE IV. Dependence of the prompt-B, production cross
section on the heavy-quark masses. The prompt yield includes the
direct production of B.(1'Sy) and the feeddown contributions
from the excited S- and P-wave states. All partonic channels, yg,
gg, and qg, are summed. The central input is m. = 1.5 GeV and

m, =4.8 GeV. The relative change is defined as
Ao’ = (6 - 60)/00'
LHeC-2 FCC-ep-2
Variation ~ Value oyt [pb]l A, [%] Gyt [PD] A, [%]
m. = 1.5,

Central  m;, =4.8 54.31 0.0 281.85 0.0
m, 1.4 GeV 68.26 +257 35199 249
m, 1.6 GeV 43.82 -193 22870 -18.9
m, 4.7 GeV 59.40 +9.4 305.99 +8.6
m, 4.9 GeV 49.71 -85 259.85 -7.8
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TABLE V. prompt-B,.

uo = my(B.) = ,/M%;L' + p2%, and pg = Expto, HEp = Eptos M, = & Mo In each row only one of the three scales is varied, while

the other two are fixed at their central values. The CT14llo proton PDFs and the associated running a, are used. The relative change is
defined as A, = (6 — 6)/0y-

Independent scale dependence of the production cross section. The central scale is

LHeC-2 FCC-ep-2

Scale setting (Er.Ep0E,) oompt [PD] A, [%] oot [PD] A, [%]
Central 1,1, 1) 54.31 0.0 281.85 0.0

Hr/2 (1/2,1,1) 101.82 +87.5 530.18 +88.1
g @, 1,1 32.79 -39.6 169.53 -39.9
pr )2 (1,1/2,1) 42.45 -21.8 189.72 -32.7
2r., 1,2, 1) 64.03 +17.9 370.86 +31.6
pr )2 (1,1,1/2) 53.58 -1.3 274.31 -2.7
2r, 1,1,2) 55.08 +1.4 290.04 +2.9

The dependence on the three unphysical scales is
presented in Table V. We vary one scale at a time by a
factor of two around py = my(B..), keeping the other two
scales fixed at their central values. The renormalization-
scale dependence is the largest, as expected for a leading-
order calculation: varying up from ug/2 to 2p, changes the
prompt cross section by approximately +88% and —40%.
The proton factorization scale also has a visible effect,
especially at FCC-ep-2 where the variation is about —33%
to +32%. By contrast, the photon-PDF factorization scale
changes the total prompt cross section only by a few
percent, because at the present leading-order accuracy pp,
affects only the resolved-photon part. A systematic can-
cellation of the photon-factorization-scale dependence
between the direct and resolved components would require
the corresponding next-to-leading-order direct contribu-
tion, which is beyond the scope of the present work.

IV. SUMMARY

In this work, we have performed a systematic analysis of
prompt B, meson photoproduction in electron-proton
collisions, incorporating both direct and resolved photon
contributions. The production of the 1S, 25, and 1P color-
singlet B, states has been investigated. Assuming inclusive
feeddown into the ground-state B,, the excited states
significantly enhance the prompt B, yield and should be
included in realistic phenomenological studies. In the direct
and resolved channel set considered here, the 1P-wave
feeddown increases the integrated prompt cross section by
about 4%. The direct y + ¢ channel dominates the B,
production rate over a wide range of collider energies and
kinematic regions. The resolved g+ g contribution is
nevertheless non-negligible, especially in the low trans-
verse-momentum region and at high center-of-mass

energies. For the integrated prompt yield it contributes
about 7% at FCC-ep-2, and its relative contribution can
reach the level of O(10%) in the low-p; region. In contrast,
the ¢ + g channel remains strongly suppressed in the high-
energy ep configurations. With representative integrated
luminosities, the numbers of produced prompt B. mesons
can reach 5.4 x 107 at LHeC-2 and 2.8 x 10® at FCC-ep-2,
before decay branching fractions and detector efficiencies
are included.

We have also examined the dependences on the heavy-
quark masses and on the three unphysical scales yug, pr p,
and pp,. The leading-order prediction is most sensitive to
the renormalization scale, while the photon-PDF factori-
zation scale produces only a small change in the total
prompt cross section because it affects only the resolved-
photon contribution at this order. These findings indicate
that B, photoproduction can serve as a complementary
probe of the gluon content of the photon, especially in the
small-x regime accessible at future high-energy ep
colliders.
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