
Contents lists available at ScienceDirect

Physics Letters B

journal homepage: www.elsevier.com/locate/physletb

Letter

High-energy 𝜂(′)𝜋 photoproduction and the nature of exotic waves

Glòria Montaña a,b,∗, Vincent Mathieu b, Vanamali Shastry c,d, Łukasz Bibrzycki e, 
César Fernández-Ramírez f, Nadine Hammoud b, Robert J. Perry g, 
Alessandro Pilloni h,i, Arkaitz Rodas a,j, Wyatt A. Smith k,h,l,m, 
Adam P. Szczepaniak a,c,d, Daniel Winney n, Joint Physics Analysis Center
a Theory Center, Thomas Jefferson National Accelerator Facility, Newport News, VA, 23606, USA
bDepartament de Física Quàntica i Astrofísica and Institut de Ciències del Cosmos, Universitat de Barcelona, E-08028, Barcelona, Spain
c Center for Exploration of Energy and Matter, Indiana University, Bloomington, IN, 47403, USA
dDepartment of Physics, Indiana University, Bloomington, IN, 47405, USA
eAGH University of Krakow, Faculty of Physics and Applied Computer Science, PL-30-059, Kraków, Poland
fDepartamento de Física Interdisciplinar, Universidad Nacional de Educación a Distancia (UNED), E-28040, Madrid, Spain
g Center for Theoretical Physics – A Leinweber Institute, Massachusetts Institute of Technology, Cambridge, MA, 02139, USA
hDipartimento di Scienze Matematiche e Informatiche, Scienze Fisiche e Scienze della Terra, Università degli Studi di Messina, I-98166, Messina, Italy
i INFN Sezione di Catania, I-95123, Catania, Italy
jDepartment of Physics, Old Dominion University, Norfolk, VA, 23529, USA
kDepartment of Physics, William & Mary, Williamsburg, VA, 23187, USA
lDepartment of Physics, University of California, Berkeley, CA, 94720, USA
mNuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley, CA, 94720, USA
nHelmholtz-Institut für Strahlen- und Kernphysik (Theorie) and Bethe Center for Theoretical Physics, Universität Bonn, D-53115, Bonn, Germany

a r t i c l e  i n f o

Editor: Shi-Lin Zhu

 a b s t r a c t

The observation of hybrid mesons in photoproduction experiments can provide essential insight into the inner 
workings of quantum chromodynamics in the strong coupling regime. In particular, the study of final 𝜂(′)𝜋 states 
is of great interest due to the presence of the lowest lying hybrid candidate with manifestly exotic quantum 
numbers, the 𝜋1(1600). In this work, a double-vector exchange model with Reggeized 𝜌 and 𝜔 trajectories is 
developed to describe the photoproduction of 𝜂(′)𝜋 in the high-mass region. Results are presented for the differ-
ential cross sections and forward-backward asymmetries in the energy region of interest to the GlueX experiment. 
The model contains no free parameters, and reproduces the magnitude and 𝑡-dependence of existing CLAS data 
at 𝐸𝛾 = 5GeV. The model predicts a stronger asymmetry in the 𝜂′𝜋 channel than in the 𝜂𝜋 channel, consistent 
with what has previously been observed in pion beam experiments. This suggests that the sizeable production 
of exotic odd waves in 𝜂′𝜋 is not necessarily related to the presence of gluon-rich environments. Confirmation of 
these predicted asymmetries from forthcoming GlueX data would enable further predictions of the low-energy 
spectrum.

1.  Introduction

Attempts to understand exotic hadrons that are forbidden by the 
naïve quark model have been a main driving force in hadron spec-
troscopy in recent years, as such states are allowed in quantum chromo-
dynamics (QCD). In particular, the search for hybrid mesons containing 
valence gluons was proposed as a tool to understand the features of 
gluodynamics in the nonperturbative regime [1,2]. The most promis-
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ing channels to look for these states have quantum numbers 𝐽𝑃𝐶 = 1−+, 
which are explicitly forbidden for a 𝑞𝑞 pair alone.

Evidence for a spin-exotic signal has been found by observing struc-
tures in odd partial waves in the 𝜂(′)𝜋 final states. Early experimental ob-
servations reported evidence for two possible states, the 𝜋1(1400) and the 
𝜋1(1600), decaying into 𝜂𝜋 and 𝜂′𝜋, respectively [3–6]. Subsequent high-
statistics measurements by the COMPASS experiment at CERN, based on 
diffractive production of 𝜂(′)𝜋 from a pion beam [7], provided further 
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$V_1$


\begin {align}|\bm p_\eta | & = \lambda ^{1/2}(t_{\gamma \eta }, 0, m_\eta ^2) / 2\sqrt {t_{\gamma \eta }}\ ,\\ |\bm p_{\bar \pi }| & = \lambda ^{1/2}(t_{\gamma \eta }, t_{pp}, m_\pi ^2) / 2\sqrt {t_{\gamma \eta }}\ ,\\ |\bm p_{p}| & = \lambda ^{1/2}(t_{\gamma \eta }, s_{\pi p}, m_p^2) / 2\sqrt {t_{\gamma \eta }}\ , \\ |\bm p_{\bar p'}| & = \lambda ^{1/2}(t_{\gamma \eta }, t_{p\pi }, m_p^2) / 2\sqrt {t_{\gamma \eta }}\ ,\end {align}


$|\bm p_{\bar \gamma }| = |\bm p_\eta |$


$\eta $


$\theta _1$


$\bm p_\eta $


$\bm p_{\overline {\pi }}$


$\xi _1$


$\epsilon _1$


$\bm p_p$


$-\bm p_{\bar \pi }$


$\bm p_{\bar p'}$


$\bm p_{\bar \pi }$


\begin {align}\nonumber \cos \theta _1 & = \frac {2 t_{\gamma \eta } (s_{\eta \pi }-m_\eta ^2-m_\pi ^2) + (t_{\gamma \eta }+m_\eta ^2)(t_{\gamma \eta }+m_\pi ^2-t_{pp})} { \lambda ^{1/2}(t_{\gamma \eta }, m_\eta ^2, 0) \lambda ^{1/2}(t_{\gamma \eta },m_\pi ^2,t_{pp})} \ , \\ \nonumber \cos \epsilon _1 & =\frac {2 t_{\gamma \eta } (m_\pi ^2+m_p^2-s_{\pi p}) + (t_{\gamma \eta }+m_\pi ^2-t_{pp})(t_{\gamma \eta }+m_p^2-t_{p\pi })} { \lambda ^{1/2}(t_{\gamma \eta }, m_\pi ^2, t_{pp}) \lambda ^{1/2}(t_{\gamma \eta },m_p^2,t_{p\pi })}\ , \\ \cos \chi _1 & = \frac {2 t_{\gamma \eta } (t_{p \pi } -m_p^2-m_\pi ^2) - (t_{\gamma \eta }+m_\pi ^2-t_{pp})(t_{\gamma \eta }+m_p^2-s_{\pi p})} { \lambda ^{1/2}(t_{\gamma \eta },m_\pi ^2,t_{pp}) \lambda ^{1/2}(t_{\gamma \eta }, m_p^2, s_{\pi p})} \ .\end {align}


$|\bm p_{\bar \pi }| = |\bm p_p| \cos \chi _1-|\bm p_{\bar p'}| \cos \epsilon _1$


$\omega $


$s = (p_{\overline {\gamma }}-p_p)^2$


\begin {align}\label {eq:toller} s &= m_p^2 - \frac {1}{2t_{\gamma \eta }}(t_{\gamma \eta }-m_\eta ^2)(t_{\gamma \eta }+m_p^2-s_{\pi p}) \\ \nonumber & + \frac {1}{2t_{\gamma \eta }}\lambda ^{1/2}(t_{\gamma \eta },0,m_\eta ^2) \lambda ^{1/2}(t_{\gamma \eta },m_p^2,s_{\pi p}) \left ( \sin \chi _1 \sin \theta _1 \cos \omega + \cos \chi _1 \cos \theta _1 \right ) \ .\end {align}


$V_2$


$+{\bm {z}}$


$\pi ^0$


$p'_p$


$p'_{\overline {p}'}$


$p'_{\overline {\gamma }}$


$p'_\eta $


$p'_\pi $


$E'_p$


$E'_{\overline {p}'}$


$E'_{\overline {\gamma }}$


$E'_\eta $


$E'_\pi $


$V_1$


$\theta _2$


$s_{\pi p} = (p'_{\pi } - p'_{\bar p'})^2$


\begin {align}\cos \theta _2 & = - \frac {2 t_{pp} (s_{\pi p}-m_p^2-m_\pi ^2) + t_{pp}(t_{pp}+m_\pi ^2-t_{\gamma \eta })} { \lambda ^{1/2}(t_{pp}, m_p^2, m_p^2) \lambda ^{1/2}(t_{\gamma \eta },m_\pi ^2,t_{pp})} \ .\end {align}


$t_{\gamma \eta }$


$t_{pp}$


$\cos \theta _1$


$\cos \theta _2$


$s_{\eta \pi }$


$s_{\pi p}$


$z_\omega = \cos \theta _1 \cos \theta _2 \sin \omega $


$s$


$\kappa ^{-1}$


\begin {align}\label {eq:WidthV} \Gamma (V\to \gamma P) & = \frac {|g_{\gamma V P}|^2}{m_0^2} \frac {p^3}{12\pi } \ , \\ \label {eq:WidthP} \Gamma (P\to \gamma V) & = \frac {|g_{\gamma V P}|^2}{m_0^2} \frac {p^3}{4\pi } \ ,\end {align}


$p=(m_V^2-m_P^2)/2m_V$


$p=(m_P^2-m_V^2)/2m_P$


$\rho \to \gamma \pi ^0,\gamma \eta $


$\omega \to \gamma \pi ^0,\gamma \eta $


$\eta '\to \gamma \rho ^0,\gamma \omega $


$|g_{\gamma VP}|^2$


$m_0=1\gev $


$g_{\omega \rho \pi }$


$g_{\rho \rho \eta ^{(\prime )}}$


$g_{\omega \omega \eta ^{(\prime )}}$


$g_{\omega \rho \pi }$


$\omega \to \pi ^+\pi ^-\pi ^0$


$\omega \to \rho \pi \to 3\pi $


$m_\omega <m_\rho +m_\pi $


$\rho $


$\omega \to \rho \pi $


$\frac {g_{\omega \rho \pi }}{m_0} i \epsilon _{\alpha \beta \mu \nu } \varepsilon ^{\alpha *}_{\rho } q^\beta _{\rho } q_{\omega }^\mu \varepsilon ^{\nu }_{\omega }$


$\rho \to \pi \pi $


$g_{\rho }\varepsilon _\rho ^\mu (q_1-q_2)_\mu $


$q_\rho =q_1+q_2$


$q_\rho =q_0+q_+$


$q_\omega =q_0+q_++q_-$


$\omega \to \rho ^+\pi ^-\to \pi ^+\pi ^0\pi ^-$


\begin {align}\label {eq:omega3pi} \langle \pi ^+\pi ^0\pi ^-|\omega \rangle &=\frac {2g_\rho g_{\omega \rho \pi }}{m_0}\frac {1}{D_\rho (s_{+0})}i\epsilon _{\alpha \beta \mu \nu }q_0^\alpha q_+^\beta q_-^\mu \varepsilon ^\nu _\omega \ ,\end {align}


$s_{+0}=(q_++q_0)^2$


$D_\rho (s)=m_\rho ^2-s-im_\rho \Gamma _\rho (s)$


\begin {align}\Gamma _\rho (s)=\Gamma _\rho \frac {m_\rho }{\sqrt {s}}\left (\frac {s-4m_\pi ^2}{m_\rho ^2-4m_\pi ^2}\right )^{3/2} \ .\end {align}


$g_\rho $


$\Gamma (\rho \to \pi \pi )$


\begin {align}\Gamma _\rho =\frac {1}{3}\frac {4g_\rho ^2}{8\pi m_\rho ^2}p_\rho ^3 \ ,\end {align}


$p_\rho $


$|g_\rho | = 5.82$


$\rho ^+ \pi ^-$


$\rho ^- \pi ^+$


$\rho ^0 \pi ^0$


$\omega \to 3\pi $


\begin {align}\label {eq:omega3pi-width} \Gamma _{\omega \to 3\pi }&=\left (\frac {g_{\omega \rho \pi }g_\rho }{m_0}\right )^2\frac {1}{(2\pi )^3}\frac {4}{32m_\omega ^3}\int ds_{+0}ds_{-0}\\ \nonumber &\quad \times \frac {\Phi (s_{+0},s_{-0},s_{+-})}{4}\frac {1}{3}\left |\frac {1 }{D(s_{+0})}+\frac {1 }{D(s_{-0})}+\frac {1 }{D(s_{+-})}\right |^2 \ ,\end {align}


$\Phi (s_{+0},s_{-0},s_{+-})=s_{+0}s_{+-}s_{-0}-m_\pi ^2(m_\omega ^2-m_\pi ^2)^2$


$s_{+-}+s_{+0}+s_{-0}=m_\omega ^2+3m_\pi ^2$


$\rho $


$s_{+0}$


\begin {align}s_{-0}^{\text {min/max}}=\frac {1}{2}(m_\omega ^2+3m_\pi ^2-s_{+0})\pm 2p_+(s_{+0})p_-(s_{+0}) \ ,\end {align}


\begin {align}p_+(s_{+0})& =\frac {\lambda ^{1/2}(s_{+0},m_\pi ^2,m_\pi ^2)}{2\sqrt {s_{+0}}} \ , \\ p_-(s_{+0})&=\frac {\lambda ^{1/2}(s_{+0},m_\omega ^2,m_\pi ^2)}{2\sqrt {s_{+0}}} \ ,\end {align}


$s_{+0}$


$(2m_\pi )^2<s_{+0}<(m_\omega - m_\pi )^2$


$|g_{\omega \rho \pi }|=14.27$


$g_{\rho \rho \eta ^{(\prime )}}$


$g_{\omega \omega \eta ^{(\prime )}}$


$g_{\omega \rho \pi }$


$\textrm {SU}(3)_\textrm {F}$


$\eta _q$


$\omega _q$


$\eta _s$


$\omega _s$


$\omega -\phi $


$\omega \equiv \omega _q$


$\phi \equiv \omega _s$


$\eta $


$\eta '$


$\eta =\eta _q \cos \phi _\eta -\eta _s\sin \phi _\eta $


$\eta '=\eta _q\sin \phi _\eta +\eta _s \cos \phi _\eta $


$\phi _\eta =41.4^\circ $


$\eta $


$g_1$


$g_2$


$s$


\begin {align}A^{++}_{++}&\simeq \frac {2g_1^2s}{m_V^2-t}=\beta _{++}\frac {s/s_0}{\alpha '(m_V^2-t)}\beta _{++} \ , \\ A^{+-}_{+-}&\simeq \frac {2g_1^2s}{m_V^2-t}=\beta _{+-}\frac {s/s_0}{\alpha '(m_V^2-t)}\beta _{+-} \ ,\end {align}


$\{+,-\}$


$s_0=1/\alpha '$


\begin {align}g_1=\frac {\beta _{++}}{\sqrt {2}} \ , \qquad g_2=\frac {\beta _{+-}}{\sqrt {2}} \ .\end {align}


\begin {align}\label {eq:Tlam} T_{\lambda _1,\,\lambda _2} & = \lambda _1 \sum _{\xi =-1}^1(-\xi )e^{-i\xi \omega }d^1_{\lambda _1\xi }(\theta _1)\,d^1_{\xi \lambda _2}(\theta _2) \ ,\end {align}


$\lambda _1 = \lambda _\gamma = \pm 1$


$\lambda _2 = \lambda - \lambda '=-1,0,1$


$T_{-1,\,\lambda _2}= T_{+1,\,\lambda _2}$


$T_{1,\,-\lambda _2}= (-1)^{\lambda _2} T_{1,\,\lambda _2}$


\begin {align}\Delta _{1,0} & =\frac {1}{2}\left (T_{+1,0}+T_{-1,0}\right ) \ , \\ \Delta _{1,1}& = \frac {1}{4}\left [ T_{+1,+1} + T_{-1,+1} - T_{+1,-1} - T_{-1,-1} \right ]\ ,\end {align}


\begin {align}\Delta _{1,0} & = \frac {-i}{\sqrt {2}} \cos \theta _1 \sin \theta _2 \sin \omega \ , \\ \Delta _{1,1}& = \frac {i}{2} \cos \theta _1 \cos \theta _2 \sin \omega \ .\end {align}


\begin {align}\Delta _{1, 0} & \to \frac {1}{\sqrt {2}}\frac {s_1}{2|\bm p_1||\bm p_2|} \frac {s_2}{2|\bm p_2'||\bm p_p'|}\sin \omega \ , \\ \Delta _{ 1, 1} & \to \frac {- i}{2}\frac {s_1}{2|\bm p_1||\bm p_2|} \frac {s_2}{2|\bm p_2'||\bm p_p'|}\sin \omega \ .\end {align}


$\eta \pi $


$t_{\gamma \eta }$


$t_{\gamma \pi }$


\begin {align}\nonumber F^{\rm cut}(s_{\eta \pi }) &= \int \diff ^2\Omega _{\text {GJ}} \diff t_{pp} \frac {\diff ^4\sigma }{\diff ^2\Omega _{\text {GJ}} \diff t_{pp} \diff s_{\eta \pi }}\ \\ &\quad \times \theta (t_{\gamma \eta } > -2 \gevsq ) \ \Theta (t_{pp}, s_{\eta \pi }, s_{\pi p}, s_{\eta p}) \ ,\\ \nonumber B^{\rm cut}(s_{\eta \pi }) &= \int \diff ^2\Omega _{\text {GJ}} \diff t_{pp} \frac {\diff ^4\sigma }{\diff ^2\Omega _{\text {GJ}} \diff t_{pp} \diff s_{\eta \pi }}\\ &\quad \times \theta (t_{\gamma \pi } > -2 \gevsq ) \ \Theta (t_{pp}, s_{\eta \pi }, s_{\pi p}, s_{\eta p}) \ ,\end {align}


\begin {align}\nonumber &\Theta (t_{pp}, s_{\eta \pi }, s_{\pi p}, s_{\eta p}) = \theta (t_{pp} > -2 \gevsq ) \ \theta (s_{\eta \pi } > 4 \gevsq ) \\ &\qquad \times \theta (s_{\pi p} > 4 \gevsq )\ \theta (s_{\eta p} > 4.75 \gevsq ) \ .\end {align}


$\eta \pi $


$\eta \pi $


$m_{\eta \pi }$
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evidence of exotic contributions in these channels. The presence of two 
nearby 1−+ states was puzzling. Recent coupled-channels analyses pro-
vided evidence that both observations are consistent with a single res-
onance pole [8–10]. A lattice QCD calculation at the SU(3)F symmetric 
point validated this result soon after [11]. Experimental evidence for an 
isoscalar partner in the 𝜂𝜂′ final state has been found by BESIII [12].

At 𝜂(′)𝜋 invariant masses above the resonance region, the process 
is dominated by Regge exchanges in the crossed channels. Analyticity 
and crossing symmetry imply that the low- and high-energy regions are 
connected, and knowledge about one region implies constraints on the 
other [13–15]. In particular, a forward-backward angular asymmetry at 
high energies implies the presence of strong exotic partial waves at low 
energies.

Indeed, data from the COMPASS experiment above the resonance re-
gion exhibits an asymmetry which further supports the identification of 
an exotic meson in the resonant region. This data can be understood in 
terms of Regge theory, where the interplay between different trajecto-
ries (the mesons 𝑎2, 𝑓2, and Pomeron) gives rise to the distinct patterns 
in the intensity distributions. In particular, a larger forward-backward 
asymmetry in the 𝜂′𝜋 final state as compared to 𝜂𝜋 is understood within 
the Regge picture as being due to the larger Pomeron-𝜂′ coupling [16]. 
This hierarchy is natural if both the Pomeron and the 𝜂′ contain a large 
gluonic component. Then, the connection between high-energy and low-
energy scattering imposed by analyticity and crossing symmetry makes 
it plausible for the 𝜋1(1600) to be prominent in the 𝜂′𝜋 lineshape due to 
its gluonic content.

The search for the 𝜋1(1600) and for other members of the lowest lying 
hybrid multiplet is the main goal of the GlueX experiment at Jefferson 
Lab, which utilizes a photon beam. Because of the photon’s quantum 
numbers, Pomeron exchange is not allowed in 𝜂(′)𝜋 photoproduction, 
and it remains to be seen if the same argument about the connection 
between beam asymmetry and the nature of the 𝜋1 holds. Upper lim-
its on the 𝜋1(1600) photoproduction cross section and projections to the 
𝜂(′)𝜋 channels have recently been estimated [17], and the measurement 
of the forward-backward asymmetry at high energy is ongoing [18]. 
At GlueX energies, subleading Regge effects and contamination from 
nucleon resonances must be taken into account, which no theoretical 
model has fully considered so far. The development of high-energy mod-
els is an essential first step towards implementing analyticity constraints 
in partial-wave extractions, which would allow a more robust determi-
nation of the 𝜋1 resonance parameters.

In this Letter we develop a high-energy model for 𝜂(′)𝜋 photoproduc-
tion, valid in the kinematics dominated by double-Regge exchanges. The 
model compares well with 𝜂𝜋 CLAS data [19]. We compute the forward-
backward asymmetry, finding a similar pattern to the pion beam data 
from COMPASS [7,16]. This provides further evidence that the 𝜂′𝜋 final 
state couples strongly to the exotic 1−+, even in the absence of Pomeron 
exchange. This suggests that the sizeable production of exotic odd waves 
in 𝜂′𝜋 is not necessarily related to the presence of gluon-rich environ-
ments. The Letter is organized as follows. In Section 2 we introduce 
the fixed-spin double-vector exchange mechanism for 𝜂(′)𝜋 photopro-
duction. The Reggeization of this model to describe the double-Regge 
region is presented in Section 3. Results for angular distributions, cross 
sections, and asymmetries are discussed in Section 4, followed by the 
conclusions in Section 5.

2.  Double-vector exchange model

We consider the reaction 

𝛾(𝑞𝛾 ) + 𝑝(𝑞𝑝) → 𝜂(′)(𝑞𝜂) + 𝜋(𝑞𝜋 ) + 𝑝(𝑞𝑝′ ) , (1)

in the Gottfried-Jackson (GJ) frame of the 𝜂(′)𝜋 system, in which the 
𝑧-axis is aligned with the photon beam, the nucleons lie in the 𝑥𝑧
plane, and both nucleon momenta have negative 𝑥 components (see Ap-
pendix A for details).

Fig. 1. Generic diagram for the photoproduction of two pseudoscalars 𝑃1 and 𝑃2
off a proton via the exchange of two vectors 𝑉1 and 𝑉2; 𝑠, 𝑠1, 𝑠2 denote squared 
center-of-mass energies of the subsystems, and 𝑡1, 𝑡2 the squared momentum 
transfers.

As Reggeons emerge from the sum of definite spin-parity exchanges, 
we start by considering the values compatible with symmetries. The 
simplest diagram of this form is the exchange of two vector mesons as 
shown in Fig. 1. Natural-parity exchanges are expected to provide the 
leading contribution at high energies. Because the meson produced at 
the photon vertex carries most of the beam momentum in the Lab frame, 
we will denote “fast-𝜂” (“fast-𝜋”) the diagrams in which 𝑃1 is the 𝜂(′)
(𝜋) meson, and 𝑃2 the other pseudoscalar meson. 𝑉1 and 𝑉2 are the top 
and the bottom exchanged vectors, respectively. Four configurations are 
considered: 
fast-𝜋 ∶ (𝑉1, 𝑉2) = {(𝜌, 𝜌); (𝜔,𝜔)}, (2a)

fast-𝜂 ∶ (𝑉1, 𝑉2) = {(𝜌, 𝜔); (𝜔, 𝜌)} . (2b)

The 𝜙 exchange is also allowed, but it would be responsible for signif-
icant differences in the 𝜂 and 𝜂′ beam asymmetries, which are not sup-
ported by existing measurements [20,21]. We have explicitly checked 
that including the 𝜙 exchange in our calculation would modify the cross 
section by only a few percent, well below other model uncertainties. 
Hence, its contribution is neglected.

Each contribution to the amplitude factorizes naturally into three 
vertices, whose Lorentz structures are uniquely determined by the quan-
tum numbers of the participating particles. The top vertex involves the 
vector-vector-pseudoscalar interaction 

⟨𝑃1𝑉1|𝛾⟩ =
𝑔𝛾𝑉1𝑃1
𝑚0

𝑖𝜖𝛼𝛽𝜇𝜈𝜀
𝛼
𝛾 𝑞
𝛽
𝛾 𝑞

𝜇
𝑉1
𝜀𝜈∗𝑉1 , (3)

where 𝑞𝑖 and 𝜀𝜈𝑖  denote momenta and polarization vectors of the photon 
and the exchanged vector meson. Similarly, the middle vertex is given 
by 

⟨𝑃2𝑉2|𝑉1⟩ =
𝑔𝑉1𝑉2𝑃2
𝑚0

𝑖𝜖𝛼𝛽𝜇𝜈𝜀
𝛼
𝑉1
𝑞𝛽𝑉1𝑞

𝜇
𝑉2
𝜀𝜈∗𝑉2 , (4)

and the bottom vertex describes the interaction of a vector meson with 
the nucleons 

⟨𝑝|𝑉2𝑝⟩ = 𝜀𝜈𝑉2 𝑢̄(𝑞𝑝′ )

[

(𝑔𝑉21 + 𝑔𝑉22 )𝛾𝜈 − 𝑔
𝑉2
2

(

𝑞𝑝 + 𝑞𝑝′
)

𝜈
2𝑚𝑝

]

𝑢(𝑞𝑝). (5)

The magnitudes of the couplings are listed in Table 1, where we 
have set the reference scale 𝑚0 = 1GeV. The photon couplings 𝑔𝛾𝑉1𝑃1
are extracted from the measured radiative decay of the 𝜔 and 𝜌 mesons 
into 𝛾𝜋0 and 𝛾𝜂, while for the heavier 𝜂′ pseudoscalar meson, we use its 
radiative decay into 𝛾𝜔 and 𝛾𝜌0 [22]. The couplings to the nucleons 𝑔𝑉21

Table 1 
Vertex couplings (with 𝑚0 = 1GeV).

𝑔𝛾𝑉1𝑃1∕𝑚0 𝑔𝑉1𝑉2𝑃2∕𝑚0 𝑔𝑉21,2 [cf. Eq. (3)]  [cf. Eq. (4)]  [cf. Eq. (5)]
𝑔𝛾𝜔𝜋  0.701 𝑔𝜔𝜌𝜋  14.27 𝑔𝜔1  5.75
𝑔𝛾𝜔𝜂  0.135 𝜙𝜂 41.4◦ 𝑔𝜔2  1.31
𝑔𝛾𝜔𝜂′  0.127 𝑔𝜔𝜔𝜂  10.70 𝑔𝜌1  1.15
𝑔𝛾𝜌𝜋  0.223 𝑔𝜔𝜔𝜂′  9.44 𝑔𝜌2  9.2
𝑔𝛾𝜌𝜂  0.480 𝑔𝜌𝜌𝜂  10.70
𝑔𝛾𝜌𝜂′  0.398 𝑔𝜌𝜌𝜂′  9.44
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and 𝑔𝑉22  are taken from the phenomenological Regge residues [23]. The 
middle-vertex couplings 𝑔𝑉1𝑉2𝑃2  are determined from the 𝜔 → 3𝜋 decay, 
assuming it is saturated by an intermediate 𝜌, i.e. 𝜔 → 𝜌𝜋 → 3𝜋 [24]. The 
remaining couplings are obtained through SU(3)F symmetry and 𝜂 − 𝜂′
mixing. Further details are provided in Appendix B.

The unpolarized differential cross section depends on five indepen-
dent kinematic variables, for which we choose the total center-of-mass 
energy squared, 𝑠 = (𝑞𝛾 + 𝑞𝑝)2; the invariant mass squared of the 𝜂(′)𝜋
pair, 𝑠1 ≡ 𝑠𝜂𝜋 = (𝑞𝜂 + 𝑞𝜋 )2; the momentum transfer from the target to the 
recoil proton, 𝑡𝑝𝑝 = (𝑞𝑝 − 𝑞𝑝′ )2; and the two angles ΩGJ ≡ (𝜃, 𝜙), defined 
as the polar and azimuthal angles of the 𝜂(′) momentum in the GJ frame. 
With this definition, forward (cos 𝜃 ≃ 1) events correspond to fast-𝜂, and 
backward (cos 𝜃 ≃ −1) events to fast-𝜋. In terms of these variables, the 
differential cross section is given by 

d4𝜎
d2ΩGJd𝑡𝑝𝑝d𝑠𝜂𝜋

= 1
16(2𝜋)4

𝜆
1
2 (𝑠, 𝑠𝜂𝜋 , 𝑚2

𝑝)

𝑠𝜂𝜋 𝜆(𝑠, 0, 𝑚2
𝑝)

1
4

∑

𝜆𝛾 ,𝜆,𝜆′
|𝐴𝜆𝛾𝜆𝜆′ |

2 , (6)

where the amplitude 𝐴𝜆𝛾𝜆𝜆′  is constructed from the product of the three 
vertices defined in Eqs. (3) to (5) and the two intermediate vector prop-
agators, and depends on the helicities of the photon, target and recoil, 
denoted by 𝜆𝛾 , 𝜆, and 𝜆′, respectively. It takes the form 

𝐴𝜆𝛾𝜆𝜆′ =
∑

diagrams

( 𝑔𝛾𝑉1𝑃1
𝑚0

𝑔𝑉1𝑉2𝑃2
𝑚0

) 𝑁𝜆𝛾𝜆𝜆′

(𝑚2
𝑉1

− 𝑡1)(𝑚2
𝑉2

− 𝑡2)
, (7)

where 𝑡1 = (𝑞𝛾 − 𝑞𝑃1 )
2 and 𝑡2 ≡ 𝑡𝑝𝑝 are the squared momentum transfers 

at the top and bottom vertices, and the spinor structure is encapsulated 
in the numerator 
𝑁𝜆𝛾𝜆𝜆′ ≡ 𝑢̄𝜆′

[

−𝑔𝑉22 𝐴𝜆𝛾 + (𝑔𝑉21 + 𝑔𝑉22 )𝐵𝜇𝜆𝛾 𝛾𝜇
]

𝑢𝜆. (8)

Using 𝑞𝑃1  and 𝑞𝑃2  to denote the momenta of the two pseudoscalar 
mesons, the Lorentz tensors 𝐴𝜆𝛾  and 𝐵𝜈̄𝜆𝛾  are defined as 

𝐴𝜆𝛾 = 𝜀𝛼𝛽𝜇𝜈𝜖
𝛼
𝜆𝛾
𝑞𝛽𝛾 𝑞

𝜇
𝑃1
𝜀𝜈𝛽𝜇̄𝜈̄𝑞𝑃2 , 𝛽 (𝑞𝛾 − 𝑞𝑃1 )𝜇̄

(𝑞𝑝 + 𝑞𝑝′ )𝜈̄
2𝑚𝑝

, (9a)

𝐵𝜈̄𝜆𝛾 = 𝜀𝛼𝛽𝜇𝜈𝜖
𝛼
𝜆𝛾
𝑞𝛽𝛾 𝑞

𝜇
𝑃1
𝜀𝜈𝛽𝜇̄𝜈̄𝑞𝑃2 , 𝛽 (𝑞𝛾 − 𝑞𝑃1 )𝜇̄ . (9b)

The numerator can be split into 
𝑁𝜆𝛾𝜆𝜆′ = 𝐺𝜆𝛾Λ𝐾𝜆𝛾Λ. (10)

The helicity transfer between the nucleons is defined as Λ ≡ 𝜆′ − 𝜆. The 
𝐺𝜆𝛾Λ factor contains the couplings and spin-flip factors, and is given by 

𝐺𝜆𝛾Λ = 𝑔𝑉22
|p′
𝑝|
2

𝑚2
𝑝
𝛿Λ,0 + (𝑔𝑉21 + 𝑔𝑉22 )

(

𝛿Λ,0 −
√

2
𝐸′
𝑝

𝑚𝑝
𝛿
|Λ|,1

)

, (11)

where 𝐸′
𝑝 =

√

𝑡𝑝𝑝∕2 and |p′
𝑝| = 𝜆

1
2 (𝑡𝑝𝑝, 𝑚2

𝑝, 𝑚
2
𝑝)∕2

√

𝑡𝑝𝑝 are the energy and 
magnitude of the three-momentum of the target proton in the 𝑉2 rest 
frame. Importantly, the model contains no free parameters: all cou-
plings entering the calculation are fixed from experimental data (see 
Appendix B).

The 𝐾𝜆𝛾Λ factor is purely kinematical, and it is most conveniently 
evaluated in the 𝑡-channel frame by exploiting its factorized struc-
ture: Eqs. (9a) and (9b) are computed in the rest frame of the exchanged 
meson 𝑉1, while the nucleon spinors are evaluated in the 𝑉2 rest frame. 
The orientation of these frames and the respective kinematics are de-
fined in Appendix A. This yields a particularly simple expression for 
𝐾𝜆𝛾Λ, 

𝐾𝜆𝛾Λ = 2𝑚𝑝𝑡1|p𝑃1 ||p𝑃2 |𝜆𝛾
1
∑

𝜉=−1
(−𝜉)𝑒−𝑖𝜉𝜔𝑑1𝜆𝛾 𝜉 (𝜃1) 𝑑

1
𝜉Λ(𝜃2) , (12)

where p𝑃1  and p𝑃2  are the three-momenta of the pseudoscalar mesons 
in the 𝑉1 rest frame.

When evaluating the equations for a given diagram, one needs to 
perform the following substitution. For the fast-𝜂 diagrams, 𝑞𝑃1 ≡ 𝑞𝜂 , 

𝑞𝑃2 ≡ 𝑞𝜋 , while for the fast-𝜋 diagrams, 𝑞𝑃1 ≡ 𝑞𝜋 , 𝑞𝑃2 ≡ 𝑞𝜂 . The GJ 
angles are related to 𝑡1 and 𝑠2, corresponding to 𝑡𝛾𝜂 = (𝑞𝛾 − 𝑞𝜂)2

and 𝑠𝜋𝑝 = (𝑞𝜋 + 𝑞𝑝′ )2 for fast-𝜂 amplitudes, and 𝑡𝛾𝜋 = (𝑞𝛾 − 𝑞𝜋 )2 and 
𝑠𝜂𝑝 = (𝑞𝜂 + 𝑞𝑝′ )2 for fast-𝜋 amplitudes. In Appendix A, we specify the rel-
evant kinematic quantities for the fast-𝜂 diagrams.

3.  Reggeization

With the double-vector exchange model of Section 2, we establish the 
vertex structures and the couplings. The latter are determined from data. 
A realistic description of the high-energy regime of interest is obtained 
only after Reggeization, which requires summing over the full tower of 
higher spin resonances appearing in the 𝜌 and 𝜔 Regge trajectories.

To enforce the analytic behavior expected from the double-Regge 
exchange formalism [25,26], the amplitude of Eq. (7) is multiplied by a 
Regge factor of the form
𝑅(𝛼1, 𝛼2, 𝑠1, 𝑠2) = (𝛼1 − 1)Γ(1 − 𝛼1)(𝛼2 − 1)Γ(1 − 𝛼2) (13)

×
[

𝜉1𝜉21𝜅
1−𝛼1𝑉 (𝛼1, 𝛼2, 𝜅) + 𝜉2𝜉12𝜅1−𝛼2𝑉 (𝛼2, 𝛼1, 𝜅)

]

(

𝑠1
𝑠0

)𝛼1−1( 𝑠2
𝑠0

)𝛼2−1
,

where 𝛼𝑖 are Regge trajectories, 𝜅−1 ≡ 𝑠∕(𝛼′𝑠1𝑠2), and 𝑉 (𝛼1, 𝛼2, 𝜅) may 
be interpreted as a vertex function, whose explicit form is given below. 
Thus, after Reggeization, the numerator of each diagram is replaced by 
𝑁𝜆𝛾𝜆𝜆′ → 𝑅(𝛼1, 𝛼2, 𝑠1, 𝑠2) ×𝑁𝜆𝛾𝜆𝜆′ . (14)

The factors (𝛼𝑖 − 1) in Eq. (13) cancel the poles of the vector-meson prop-
agators in Eq. (7) as 𝛼𝑖 → 1, thereby effectively replacing them by Regge 
propagators. The scale parameter 𝑠0 is conventionally chosen as 1GeV2.

The Regge trajectories are taken to be linear 
𝛼𝑖(𝑡𝑖) = 1 + 𝛼′(𝑡𝑖 − 𝑚2

𝑉𝑖
) , (15)

with nearly degenerate 𝜌 and 𝜔 trajectories sharing a common slope 
𝛼′ = 0.9GeV−2.

The numerator 𝑅𝑁𝜆𝛾𝜆𝜆′  in Eq. (14) has poles at positive odd integer 
values of the trajectories 𝛼1 and 𝛼2, corresponding to the spins of the 
physical particles exchanged in the 𝑡 channel. The residue at the vector 
poles (𝛼1, 𝛼2 = 1) is normalized to unity. The signature factors 
𝜉𝑖 =

1
2
(

1 − 𝑒−𝑖𝜋𝛼𝑖
)

, 𝜉𝑖𝑗 =
1
2

(

1 + 𝑒−𝑖𝜋(𝛼𝑖−𝛼𝑗 )
)

, (16)

remove the even signature poles, ensuring that only the odd signature 
(−1)𝐽 = −1 poles couple to 𝛾𝑃1 in the top vertex, and that the middle 
vertex is likewise restricted to odd-signature trajectories.

The vertex function 𝑉 (𝛼1, 𝛼2, 𝜅) is analytic in all of its variables. It 
represents a sum over infinitely many Reggeon-Reggeon-particle cou-
plings in the middle vertex and reduces to a polynomial in 𝜅 for integer 
values of 𝛼1 and 𝛼2 [27]. We use the particularly compact form obtained 
by assuming, for simplicity, that all these couplings are identical [26], 

𝑉 (𝛼1, 𝛼2, 𝜅) =
Γ(𝛼1 − 𝛼2)
Γ(1 − 𝛼2)

1𝐹1(1 − 𝛼1, 1 − 𝛼1 + 𝛼2,−𝜅) , (17)

where 1𝐹1 is the confluent hypergeometric function of the first kind. The 
form of the middle vertex in Eq. (17) can also be shown to emerge in 
the double-Regge limit of the scalar five-particle dual-resonance ampli-
tude [25,28].

The double-Regge limit is defined by taking 𝑠, 𝑠1, 𝑠2 → ∞ for fixed 𝑡1, 
𝑡2, while keeping 𝜅 and the ratio 𝑠1∕𝑠2 finite. In this limit, the kinemat-
ical factor associated with the double-vector exchange model is 
𝐾𝜆𝛾Λ →

√

2𝑚𝑝
𝑡1

4|p′
𝑃2
||p′

𝑝|
𝑠1𝑠2 sin𝜔 , (18)

which implies 𝐾𝜆𝛾Λ ∝ 𝑠 since sin𝜔 is finite in this limit. Here, p′
𝑝 and p′

𝑃2
are the three-momenta of the recoil proton and the 𝑃2 meson, respec-
tively, in the 𝑉2 rest frame, and are functions of momentum transfers. 
The calculation is detailed in Appendix C. The two terms in Eq. (13) scale 
as 𝑠𝛼1,2−1𝑠𝛼2,1−𝛼1,22,1 , so that the Reggeized amplitude exhibits the correct 
asymptotic behavior, 𝐴 ∼ 𝑠𝛼1,2𝑠𝛼2,1−𝛼1,22,1  in the double-Regge region, with 
no simultaneous singularities in overlapping channels.
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Fig. 2. Differential cross section as a function of the 𝑚𝜂𝜋 = √

𝑠𝜂𝜋 invariant mass for 𝐸𝛾 = 5GeV, in slices of 𝑡𝑝𝑝. Shaded bands represent the model uncertainty obtained 
by varying 𝑠0 in the range 0.95 − 1.05GeV2. Experimental data are from [19].

4.  Results

Before presenting numerical predictions for cross sections and asym-
metries, it is instructive to comment on the overall impact of Reggeiza-
tion. The non-Reggeized double-vector exchange model of Section 2, 
where 𝜌 and 𝜔 are treated as fixed-spin exchanges, leads to cross sec-
tions that are unrealistically large and inconsistent with existing photo-
production data. This is expected, since the pointlike exchange picture 
neglects the high-energy analytic constraints enforced by Regge theory. 
In particular, the vector-exchange amplitudes grow approximately lin-
early with 𝑠1,2, violating subchannel unitarity.

This is fixed by embedding the 𝜌 and 𝜔 exchanges in their full Regge 
trajectories according to Section 3, which dramatically reduces the mag-
nitude of the amplitude. The large number of crossed-channel partial 
waves interferes constructively for small transferred momenta and de-
structively at large angles, resulting in the well-known forward and 
backward peaks characteristic of high-energy reactions. Across the rele-
vant kinematic range, the Reggeized amplitudes are suppressed by more 
than one order of magnitude, bringing the resulting cross section into a 
reasonable scale for 𝜂(′)𝜋 photoproduction. The suppression is primarily 
driven by the 𝑡1,2-dependence of the Regge trajectories 𝛼1,2(𝑡1,2) in the 
Regge factor in Eq. (13), which become increasingly negative for 𝑡𝑝𝑝 < 0. 
We note that, while the dimensional scale parameter 𝑠0 ∼ 1GeV2 can-
not be predicted and effectively serves as a free parameter (see, e.g., 
Ref. [29]), here we adopt its standard phenomenological value rather 
than fitting it. To estimate the model dependence associated with this 
choice, we vary 𝑠0 within a narrow interval around its nominal value. 
This variation effectively captures uncertainties related to slopes of the 
Regge trajectory and the contribution from subdominant exchanges, 
while the vertex couplings of the double-vector model are well con-
strained and their uncertainties have negligible impact on the observ-
ables considered here.

In the following, we focus on the Reggeized model. To compare with 
experimental measurements from CLAS [19], the differential cross sec-
tion in Eq. (6) must be integrated over the GJ angles: 

d2𝜎
d𝑡𝑝𝑝d𝑚𝜂𝜋

= 2𝑚𝜂𝜋 ∫ d2ΩGJ
d4𝜎

d2ΩGJd𝑡𝑝𝑝d𝑠𝜂𝜋
. (19)

A direct comparison with data is shown in Fig. 2. The Reggeiza-
tion procedure brings the results to overlap with the CLAS measure-
ment at large invariant masses. The central choice 𝑠0 = 1GeV2 provides 
the best description, and the variation from 0.95 to 1.05GeV2 remains 
compatible with the data, defining a reasonable range to estimate the 
model uncertainty. At lower 𝑚𝜂𝜋 , however, where 𝑠𝜂𝜋 resonances ap-
pear, the Regge approach breaks and is not expected to provide a good
description.

Fig. 3. Differential cross section for the photoproduction of 𝜂𝜋 and 𝜂′𝜋 as a 
function of −𝑡𝑝𝑝 for values of the beam energy corresponding to the CLAS and 
GlueX experiments. Uncertainties are computed as in Fig. 2.

The dependence on the momentum transfer −𝑡𝑝𝑝 is illustrated 
in Fig. 3. At both energies, the cross section falls steeply with increas-
ing −𝑡𝑝𝑝, as expected for processes dominated by Regge exchanges. The 
comparison shows the larger suppression at the higher GlueX energy, 
consistent with the 𝑠-dependence of the Reggeized amplitude. The vari-
ation of 𝑠0 mainly produces a nearly uniform shift in the overall nor-
malization of the cross section. We note that, while the present uncer-
tainty estimates are modest, this work aims to establish a consistent 
framework for 𝜂(′)𝜋 photoproduction in the double-Regge region which 
can be systematically refined once high-statistics GlueX data becomes
available.

4.1.  Angular distribution

Now we present the angular distribution in the GJ frame. In the top 
panel of Fig. 4, the differential cross section is shown as a 2D distribution 
in the polar angle 𝜃 and invariant mass squared, for both the 𝜂𝜋 (left) 
and the 𝜂′𝜋 (right) final states. Both distributions exhibit two promi-
nent peaks in the forward and backward directions, which gradually 
fade with increasing 𝑠𝜂𝜋 , a behavior characteristic of the double-Regge 
region.

The bottom panels display slices of these distributions, illustrating 
the evolution of the structures with 𝑠𝜂𝜋 . For the 𝜂′𝜋 channel, the asym-
metry between the forward and backward peaks is more pronounced 
than in the 𝜂𝜋 case, as we discuss in the next Section.
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Fig. 4. Angular distribution of the differential cross section as a function of the 
𝜂𝜋 (left) and 𝜂′𝜋 (right) invariant mass squared. Top: two-dimensional distribu-
tion; bottom: corresponding slices at fixed 𝑠𝜂(′)𝜋 .

4.2.  Forward-backward asymmetry

The forward-backward asymmetry provides a measure of the angular 
dependence of the reaction and is defined as

𝐴FB(𝑠𝜂𝜋 ) =
𝐹 (𝑠𝜂𝜋 ) − 𝐵(𝑠𝜂𝜋 )
𝐹 (𝑠𝜂𝜋 ) + 𝐵(𝑠𝜂𝜋 )

, (20)

where 𝐹 (𝑠𝜂𝜋 ) and 𝐵(𝑠𝜂𝜋 ) are the forward and backward differential cross 
sections 

𝐹 (𝑠𝜂𝜋 ) = ∫

1

0
dcos 𝜃 ∫ d𝜙 d𝑡𝑝𝑝

d4𝜎
d2ΩGJd𝑡𝑝𝑝d𝑠𝜂𝜋

, (21a)

𝐵(𝑠𝜂𝜋 ) = ∫

0

−1
dcos 𝜃 ∫ d𝜙 d𝑡𝑝𝑝

d4𝜎
d2ΩGJd𝑡𝑝𝑝d𝑠𝜂𝜋

. (21b)

We do not display uncertainty bands for 𝐴FB, as the dependence on 𝑠0
cancels almost entirely between the forward and backward contribu-
tions, making the resulting variation too small to be visible.

Previous studies of this quantity at COMPASS find that the asymme-
tries are both negative, with that of 𝜂′𝜋 being larger in magnitude than 
that of 𝜂𝜋. The sign can be understood as being due to the contribution 
from the gluon-rich Pomeron in the top exchange, which gives a larger 
contribution to fast-𝜋 diagrams.

As shown in Fig. 5, the forward-backward asymmetry predicted by 
the double-vector exchange model without Reggeization is relatively 
small for both 𝜂𝜋 and 𝜂′𝜋, consistent with the nearly flat angular dis-
tribution of the corresponding differential cross section. The inclusion 
of the Regge factor Eq. (13) generates the characteristic forward and 
backward peaks, and leads to a significantly larger forward-backward 
asymmetry, particularly for the 𝜂′𝜋 channel. In the absence of Pomeron 
exchange, the stronger enhancement observed for 𝜂′𝜋 does not follow 
trivially and could originate from two effects:

(i) The different coupling strengths of the 𝜌 and 𝜔 trajectories to the 𝜂
and 𝜂′, which modify the relative weights of the contributing am-
plitudes. This turns out to be irrelevant, as the couplings are of the 
same order of magnitude, and no large variation to the asymmetry 
occurs if one swaps the sets of couplings.

Fig. 5. Forward-backward asymmetry as a function of 𝜂(′)𝜋 invariant mass.

(ii) The 𝑡1,2-dependence of the Regge trajectories, which alters the inter-
ference patterns as the reaction kinematics shifts with the heavier 
𝜂′. This makes the larger contribution to the asymmetry, as one can 
see by continuously varying the mass of the 𝜂′ to match the mass of 
the 𝜂.

These possible mechanisms suggest that the sizeable production of 
exotic odd waves in 𝜂′𝜋 is not necessarily related to the presence of a 
gluon-rich environment such as the one related to Pomeron exchange.

In experimental analyses, the forward and backward differential 
cross sections are often obtained after applying kinematical cuts to 
suppress backgrounds from baryon-resonance production, such as the 
Δ(1232). This is particularly important at GlueX, where such back-
grounds can be sizeable and cuts on kinematical quantities are required 
to isolate the double-Regge region. To enable a meaningful comparison 
with upcoming GlueX measurements, in Appendix D we compute the 
forward-backward asymmetry with kinematical cuts.

5.  Conclusions

The photoproduction of 𝜂𝜋 and 𝜂′𝜋 in the double-Regge region has 
been investigated using a model based on Reggeized double-vector ex-
changes. All couplings to the 𝜌 and 𝜔 are determined from independent 
measurements, and the analytic structure dictated by Regge theory is 
fully incorporated. The resulting differential cross sections agree with 
the magnitude and 𝑡-dependence observed in CLAS data at 𝐸𝛾 = 5GeV
and provide concrete predictions at higher photon energies relevant for 
upcoming GlueX analyses.

The angular distributions exhibit the forward and backward peaks, 
characteristic of the double-Regge regime. In comparison with pion-
induced reactions, the absence of Pomeron exchange leads to opposite-
sign forward-backward asymmetries. Interestingly, the 𝜂′𝜋 asymmetry 
is larger than the 𝜂𝜋, similarly to what was observed by COMPASS with 
pion beams. This suggests that the sizeable production of exotic odd 
waves in 𝜂′𝜋 is not necessarily related to the presence of a gluon-rich 
environment such as the one related to Pomeron exchange, and there-
fore that the strong coupling of 𝜂′𝜋 to the hybrid 𝜋1(1600) may manifest 
clearly in photoproduction, providing further support for the 𝜋1(1600)
searches in this channel at GlueX.

The present framework also lays the groundwork for a future study 
of finite-energy sum rules. By integrating the high-energy amplitudes, it 
is possible to connect the double-Regge asymptotics to the contributions 
of low-energy resonances in the direct channel. This will allow a quanti-
tative test of duality and provide additional constraints on partial-wave 
extraction in the resonance-dominated regions.

Data availability
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Appendix A.  Kinematics

The process 
𝛾(𝑞𝛾 ) + 𝑝(𝑞𝑝) → 𝜂(′)(𝑞𝜂) + 𝜋0(𝑞𝜋 ) + 𝑝(𝑞𝑝′ ) , (A.1)

requires five independent variables. Our cross section Eq. (6) was ex-
pressed in terms of 𝑠, 𝑠𝜂𝜋 , 𝑡𝑝𝑝 and ΩGJ = (𝜃, 𝜙), defined in the main text. In 
this Appendix, we provide their expression in terms of Lorentz-invariant 
variables. For the fast-𝜂 diagrams, we conveniently choose the following 
set of independent Mandelstam variables:
𝑠 = (𝑞𝛾 + 𝑞𝑝)2, 𝑠𝜂𝜋 = (𝑞𝜂 + 𝑞𝜋 )2, 𝑠𝜋𝑝 = (𝑞𝜋 + 𝑞𝑝)2,

𝑡𝛾𝜂 = (𝑞𝛾 − 𝑞𝜂)2, 𝑡𝑝𝑝 = (𝑞𝑝 − 𝑞𝑝′ )2. (A.2)

For fast-𝜋 one needs the obvious replacements 𝜋 ↔ 𝜂. Any other Lorentz-
invariant quantity can be expressed in terms of the five Mandelstam 
variables above. For instance, the following relations will be useful: 
𝑡𝛾𝑝 = (𝑞𝛾 − 𝑞𝑝′ )2 = 𝑠𝜂𝜋 − 𝑠 − 𝑡𝑝𝑝 + 2𝑚2

𝑝 , (A.3a)

𝑡𝛾𝜋 = (𝑞𝛾 − 𝑞𝜋 )2 = 𝑡𝑝𝑝 − 𝑡𝛾𝜂 − 𝑠𝜂𝜋 + 𝑚2
𝜂 + 𝑚

2
𝜋 , (A.3b)

𝑡𝑝𝜋 = (𝑞𝑝 − 𝑞𝜋 )2 = 𝑡𝛾𝜂 − 𝑡𝑝𝑝 − 𝑠𝜋𝑝 + 𝑚2
𝜋 + 2𝑚2

𝑝 , (A.3c)

𝑠𝜂𝑝 = (𝑞𝜂 + 𝑞𝑝)2 = 𝑠 − 𝑠𝜂𝜋 − 𝑠𝜋𝑝 + 𝑚2
𝜂 + 𝑚

2
𝜋 + 𝑚

2
𝑝. (A.3d)

Experimentally, the kinematics of the reaction in Eq. (A.1) are con-
veniently described in the GJ frame, as illustrated in the left plot 
in Fig. A.6. In this frame, the four-momenta are given by 
𝑞𝜂 = (𝜂 ,q𝜂) , 𝑞𝜋 = (𝜋 ,q𝜋 ) , (A.4a)

𝑞𝑝 = (𝑝,q𝑝) , 𝑞𝑝′ = (𝑝′ ,q𝑝′ ) , (A.4b)

𝑞𝛾 = (𝛾 ,q𝛾 ) , (A.4c)

with q𝜋 = −q𝜂 . The beam direction q𝛾 defines the 𝑧-axis, and the 𝑦-axis is 
taken perpendicular to the production plane and oriented along q𝑝 × q𝛾 .

The energies can be expressed in terms of Mandelstam variables as 
𝜂 = (𝑠𝜂𝜋 + 𝑚2

𝜂 − 𝑚
2
𝜋 )∕2

√

𝑠𝜂𝜋 , (A.5a)

𝜋 = (𝑠𝜂𝜋 + 𝑚2
𝜋 − 𝑚

2
𝜂)∕2

√

𝑠𝜂𝜋 , (A.5b)

𝑝 = (𝑠 + 𝑡𝑝𝑝 − 𝑚2
𝑝)∕2

√

𝑠𝜂𝜋 , (A.5c)

𝑝′ = (𝑠 − 𝑠𝜂𝜋 − 𝑚2
𝑝)∕2

√

𝑠𝜂𝜋 , (A.5d)

𝛾 = (𝑠𝜂𝜋 − 𝑡𝑝𝑝)∕2
√

𝑠𝜂𝜋 . (A.5e)

The corresponding magnitude of the momenta are given by 
|q𝜂| = |q𝜋 | = 𝜆1∕2(𝑠𝜂𝜋 , 𝑚2

𝜂 , 𝑚
2
𝜋 )∕2

√

𝑠𝜂𝜋 , (A.6a)

|q𝑝| = 𝜆1∕2(𝑠𝜂𝜋 , 𝑚2
𝑝, 𝑡𝛾𝑝)∕2

√

𝑠𝜂𝜋 , (A.6b)

|q𝑝′ | = 𝜆1∕2(𝑠𝜂𝜋 , 𝑚2
𝑝, 𝑠)∕2

√

𝑠𝜂𝜋 , (A.6c)

|q𝛾 | = 𝜆1∕2(𝑠𝜂𝜋 , 0, 𝑡𝑝𝑝)∕2
√

𝑠𝜂𝜋 . (A.6d)

The angles between the beam and the target (𝜉) and between the 
beam and the recoil proton (𝜖) are given by 
2|q𝛾 ||q𝑝| cos 𝜉 = 𝑠 − 2𝛾𝑝 − 𝑚2

𝑝 , (A.7a)

2|q𝛾 ||q𝑝′ | cos 𝜖 = 𝑠 − 2𝛾𝑝′ − 𝑚2
𝑝 − 𝑠𝜂𝜋 + 𝑡𝑝𝑝. (A.7b)

Since the energies and angles 𝜉 and 𝜖 depend only on 𝑠, 𝑠𝜂𝜋 and 𝑡𝑝𝑝, 
the remaining angular variables 𝜃 and 𝜙 must depend on the other two 
independent invariants, 𝑡𝛾𝜂 and 𝑠𝜋𝑝. Indeed, we find 
𝑡𝛾𝜂 = 𝑚2

𝜂 − 2𝛾𝜂 + 2|q𝛾 ||q𝜂| cos 𝜃 (A.8a)

𝑠𝜋𝑝 = 𝑚2
𝜋 + 𝑚

2
𝑝 + 2𝜋𝑝′ (A.8b)

− 2|q𝜂||q𝑝′ |(sin 𝜖 sin 𝜃 cos𝜙 + cos 𝜖 cos 𝜃).

The relevant frames for Reggeization are the rest frames of the 𝑉1
and 𝑉2 exchanges. The orientation of these frames is depicted in Fig. A.6 
(center and right plots), for the fast-𝜂 case. We provide in the following 
paragraphs the relevant kinematic quantities corresponding to the fast-𝜂
diagrams. For the fast-𝜋 diagrams, energies, momenta, and angles need 
to be adapted accordingly.

The rest frame of 𝑉1 corresponds to the rest frame of the crossed 
reaction 
𝑝(𝑝𝑝, 𝜈) + 𝑝(𝑝𝑝′ , 𝜈

′) + 𝜋0(𝑝𝜋 ) → 𝛾(𝑝𝛾 , 𝜈𝛾 ) + 𝜂(′)(𝑝𝜂) , (A.9)

where the crossed momenta are defined as 𝑝𝑝′ = −𝑝𝑝′ , 𝑝𝜋 = −𝑝𝜋 , and 
𝑝𝛾 = −𝑝𝛾 . In this frame, the 𝑧-axis is taken along the direction of p𝜋 , and 
the 𝑦-axis is defined along p𝑝 × p𝜋 . The four-momenta are given by 
𝑝𝜂 = (𝐸𝜂 ,p𝜂) , 𝑝𝜋 = (𝐸𝜋 ,p𝜋 ) , (A.10a)

𝑝𝑝 = (𝐸𝑝,p𝑝) , 𝑝𝑝′ = (𝐸𝑝′ ,p𝑝′ ) , (A.10b)

𝑝𝛾 = (𝐸𝛾 ,p𝛾 ) , (A.10c)

with the corresponding energies 
𝐸𝜂 = (𝑡𝛾𝜂 + 𝑚2

𝜂)∕2
√

𝑡𝛾𝜂 , (A.11a)

𝐸𝜋 = (𝑡𝛾𝜂 + 𝑚2
𝜋 − 𝑡𝑝𝑝)∕2

√

𝑡𝛾𝜂 , (A.11b)

𝐸𝑝 = (𝑡𝛾𝜂 + 𝑚2
𝑝 − 𝑠𝜋𝑝)∕2

√

𝑡𝛾𝜂 , (A.11c)

𝐸𝑝′ = (𝑡𝛾𝜂 + 𝑚2
𝑝 − 𝑡𝑝𝜋 )∕2

√

𝑡𝛾𝜂 , (A.11d)

𝐸𝛾 = (𝑡𝛾𝜂 − 𝑚2
𝜂)∕2

√

𝑡𝛾𝜂 . (A.11e)

The momenta in the 𝑉1 rest frame are given by 
|p𝜂| = 𝜆1∕2(𝑡𝛾𝜂 , 0, 𝑚2

𝜂)∕2
√

𝑡𝛾𝜂 , (A.12a)

|p𝜋̄ | = 𝜆1∕2(𝑡𝛾𝜂 , 𝑡𝑝𝑝, 𝑚2
𝜋 )∕2

√

𝑡𝛾𝜂 , (A.12b)

|p𝑝| = 𝜆1∕2(𝑡𝛾𝜂 , 𝑠𝜋𝑝, 𝑚2
𝑝)∕2

√

𝑡𝛾𝜂 , (A.12c)

|p𝑝̄′ | = 𝜆1∕2(𝑡𝛾𝜂 , 𝑡𝑝𝜋 , 𝑚2
𝑝)∕2

√

𝑡𝛾𝜂 , (A.12d)

and |p𝛾̄ | = |p𝜂| for the fast-𝜂 diagrams.
The scattering angle 𝜃1 corresponds to the angle between the p𝜂 and 

p𝜋 three-momenta. We define as 𝜉1 and 𝜖1 the angles between p𝑝 and 
−p𝜋̄ , and p𝑝̄′  and p𝜋̄ , respectively. These angles can be expressed in 
terms of invariants as follows

cos 𝜃1 =
2𝑡𝛾𝜂(𝑠𝜂𝜋 − 𝑚2

𝜂 − 𝑚
2
𝜋 ) + (𝑡𝛾𝜂 + 𝑚2

𝜂)(𝑡𝛾𝜂 + 𝑚
2
𝜋 − 𝑡𝑝𝑝)

𝜆1∕2(𝑡𝛾𝜂 , 𝑚2
𝜂 , 0)𝜆1∕2(𝑡𝛾𝜂 , 𝑚2

𝜋 , 𝑡𝑝𝑝)
,

cos 𝜖1 =
2𝑡𝛾𝜂(𝑚2

𝜋 + 𝑚
2
𝑝 − 𝑠𝜋𝑝) + (𝑡𝛾𝜂 + 𝑚2

𝜋 − 𝑡𝑝𝑝)(𝑡𝛾𝜂 + 𝑚
2
𝑝 − 𝑡𝑝𝜋 )

𝜆1∕2(𝑡𝛾𝜂 , 𝑚2
𝜋 , 𝑡𝑝𝑝)𝜆1∕2(𝑡𝛾𝜂 , 𝑚2

𝑝, 𝑡𝑝𝜋 )
,
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Fig. A.6. Momenta in the 𝜂𝜋 GJ frame (left), in the rest frame of the 𝑉1 exchange (center) and of the 𝑉2 exchange (right). The vectors in blue lie in the 𝑥𝑧 plane.

cos𝜒1 =
2𝑡𝛾𝜂(𝑡𝑝𝜋 − 𝑚2

𝑝 − 𝑚
2
𝜋 ) − (𝑡𝛾𝜂 + 𝑚2

𝜋 − 𝑡𝑝𝑝)(𝑡𝛾𝜂 + 𝑚
2
𝑝 − 𝑠𝜋𝑝)

𝜆1∕2(𝑡𝛾𝜂 , 𝑚2
𝜋 , 𝑡𝑝𝑝)𝜆1∕2(𝑡𝛾𝜂 , 𝑚2

𝑝, 𝑠𝜋𝑝)
. (A.13)

These satisfy the relation |p𝜋̄ | = |p𝑝| cos𝜒1 − |p𝑝̄′ | cos 𝜖1.
Finally, the azimuthal, or Toller angle, 𝜔, is related to 𝑠 = (𝑝𝛾 − 𝑝𝑝)2 

via

𝑠 = 𝑚2
𝑝 −

1
2𝑡𝛾𝜂

(𝑡𝛾𝜂 − 𝑚2
𝜂)(𝑡𝛾𝜂 + 𝑚

2
𝑝 − 𝑠𝜋𝑝) (A.14)

+ 1
2𝑡𝛾𝜂

𝜆1∕2(𝑡𝛾𝜂 , 0, 𝑚2
𝜂)𝜆

1∕2(𝑡𝛾𝜂 , 𝑚2
𝑝, 𝑠𝜋𝑝)

(

sin𝜒1 sin 𝜃1 cos𝜔 + cos𝜒1 cos 𝜃1
)

.

The 𝑉2 rest frame corresponds to a boost of the two-proton system 
along +z, with the 𝜋0 crossed to the final state. The four-momenta are 
denoted 𝑝′𝑝, 𝑝′𝑝′ , 𝑝

′
𝛾 , 𝑝′𝜂 and 𝑝′𝜋 , and the energies 𝐸′

𝑝, 𝐸′
𝑝′
, 𝐸′

𝛾 , 𝐸′
𝜂 and 

𝐸′
𝜋 , and are defined analogously to the 𝑉1 frame. We only quote the 

expression of the cosine of the polar angle 𝜃2, related to 𝑠𝜋𝑝 = (𝑝′𝜋 − 𝑝
′
𝑝̄′ )

2

by 

cos 𝜃2 = −
2𝑡𝑝𝑝(𝑠𝜋𝑝 − 𝑚2

𝑝 − 𝑚
2
𝜋 ) + 𝑡𝑝𝑝(𝑡𝑝𝑝 + 𝑚

2
𝜋 − 𝑡𝛾𝜂)

𝜆1∕2(𝑡𝑝𝑝, 𝑚2
𝑝, 𝑚2

𝑝)𝜆1∕2(𝑡𝛾𝜂 , 𝑚2
𝜋 , 𝑡𝑝𝑝)

. (A.15)

It is worth mentioning that for fixed transferred momenta 𝑡𝛾𝜂 and 𝑡𝑝𝑝, 
cos 𝜃1 and cos 𝜃2 are linear polynomials in 𝑠𝜂𝜋 and 𝑠𝜋𝑝, respectively. The 
combination 𝑧𝜔 = cos 𝜃1 cos 𝜃2 sin𝜔 is linear in 𝑠, or equivalently in 𝜅−1.

Appendix B.  Derivation of the couplings

The vector-vector-pseudoscalar vertex in Eq. (4) leads to the follow-
ing decay widths 

Γ(𝑉 → 𝛾𝑃 ) =
|𝑔𝛾𝑉 𝑃 |2

𝑚2
0

𝑝3

12𝜋
, (B.1a)

Γ(𝑃 → 𝛾𝑉 ) =
|𝑔𝛾𝑉 𝑃 |2

𝑚2
0

𝑝3

4𝜋
, (B.1b)

with the breakup momentum 𝑝 = (𝑚2
𝑉 − 𝑚2

𝑃 )∕2𝑚𝑉  or 𝑝 = (𝑚2
𝑃 − 𝑚2

𝑉 )∕2𝑚𝑃  
for the respective decays. Using experimental meson masses and widths 
from the PDG [22], we extract the relevant couplings from the radia-
tive decays 𝜌→ 𝛾𝜋0, 𝛾𝜂; 𝜔→ 𝛾𝜋0, 𝛾𝜂; and 𝜂′ → 𝛾𝜌0, 𝛾𝜔. The widths only 
determine the couplings squared |𝑔𝛾𝑉 𝑃 |2. According to low-energy ef-
fective field theory, all these couplings are real and positive [30]. We 
thus chose the positive value of the square root. Setting the reference 
scale 𝑚0 = 1GeV, the results are summarized in Table 1 [20].

Vertices involving two vectors and one pseudoscalar, namely 𝑔𝜔𝜌𝜋 , 
𝑔𝜌𝜌𝜂(′) , and 𝑔𝜔𝜔𝜂(′) , require additional considerations, as these decays are 
not directly measurable. The 𝑔𝜔𝜌𝜋 coupling is estimated from the decay 
𝜔→ 𝜋+𝜋−𝜋0, saturated by the two-step process, 𝜔 → 𝜌𝜋 → 3𝜋, following 
Ref. [24]. Although the first decay is kinematically forbidden for on-
shell intermediate states (i.e. 𝑚𝜔 < 𝑚𝜌 + 𝑚𝜋), the broad 𝜌 width allows 
the low-energy tail to contribute significantly to the decay amplitude.

The decay 𝜔→ 𝜌𝜋 is described by 𝑔𝜔𝜌𝜋𝑚0
𝑖𝜖𝛼𝛽𝜇𝜈𝜀𝛼∗𝜌 𝑞

𝛽
𝜌 𝑞

𝜇
𝜔𝜀𝜈𝜔 [see Eq. (4)] 

and the subsequent decay 𝜌→ 𝜋𝜋, by 𝑔𝜌𝜀𝜇𝜌 (𝑞1 − 𝑞2)𝜇 , with 𝑞𝜌 = 𝑞1 + 𝑞2. 
Combining both, with 𝑞𝜌 = 𝑞0 + 𝑞+ and 𝑞𝜔 = 𝑞0 + 𝑞+ + 𝑞−, and us-
ing the antisymmetry of the Levi-Civita tensor, the amplitude for 
𝜔 → 𝜌+𝜋− → 𝜋+𝜋0𝜋− reads 

⟨𝜋+𝜋0𝜋−|𝜔⟩ =
2𝑔𝜌𝑔𝜔𝜌𝜋
𝑚0

1
𝐷𝜌(𝑠+0)

𝑖𝜖𝛼𝛽𝜇𝜈𝑞
𝛼
0 𝑞

𝛽
+𝑞

𝜇
−𝜀

𝜈
𝜔 , (B.2)

where 𝑠+0 = (𝑞+ + 𝑞0)2 and 𝐷𝜌(𝑠) = 𝑚2
𝜌 − 𝑠 − 𝑖𝑚𝜌Γ𝜌(𝑠), with 

Γ𝜌(𝑠) = Γ𝜌
𝑚𝜌
√

𝑠

(

𝑠 − 4𝑚2
𝜋

𝑚2
𝜌 − 4𝑚2

𝜋

)3∕2

. (B.3)

The coupling 𝑔𝜌 is fixed from Γ(𝜌→ 𝜋𝜋)

Γ𝜌 =
1
3

4𝑔2𝜌
8𝜋𝑚2

𝜌
𝑝3𝜌 , (B.4)

with 𝑝𝜌 the breakup momentum. Using experimental values [22] gives 
|𝑔𝜌| = 5.82.

Including all three charge combinations (𝜌+𝜋−, 𝜌−𝜋+ and 𝜌0𝜋0), the 
full 𝜔 → 3𝜋 width is obtained by integrating over the Dalitz plot,

Γ𝜔→3𝜋 =
( 𝑔𝜔𝜌𝜋𝑔𝜌

𝑚0

)2 1
(2𝜋)3

4
32𝑚3

𝜔
∫ 𝑑𝑠+0𝑑𝑠−0 (B.5)

×
Φ(𝑠+0, 𝑠−0, 𝑠+−)

4
1
3

|

|

|

|

|

1
𝐷(𝑠+0)

+ 1
𝐷(𝑠−0)

+ 1
𝐷(𝑠+−)

|

|

|

|

|

2

,

with the Kibble function Φ(𝑠+0, 𝑠−0, 𝑠+−) = 𝑠+0𝑠+−𝑠−0 − 𝑚2
𝜋 (𝑚

2
𝜔 − 𝑚2

𝜋 )
2

and 𝑠+− + 𝑠+0 + 𝑠−0 = 𝑚2
𝜔 + 3𝑚2

𝜋 . In the narrow-width limit of the 𝜌 and 
neglecting interference among charge channels, this expression reduces 
to Eq. (B.1a).

The integration limits follow from the Dalitz plot kinematics. For 
fixed 𝑠+0, 

𝑠min/max−0 = 1
2
(𝑚2

𝜔 + 3𝑚2
𝜋 − 𝑠+0) ± 2𝑝+(𝑠+0)𝑝−(𝑠+0) , (B.6)

with 

𝑝+(𝑠+0) =
𝜆1∕2(𝑠+0, 𝑚2

𝜋 , 𝑚
2
𝜋 )

2
√

𝑠+0
, (B.7a)

𝑝−(𝑠+0) =
𝜆1∕2(𝑠+0, 𝑚2

𝜔, 𝑚
2
𝜋 )

2
√

𝑠+0
, (B.7b)

and 𝑠+0 spanning (2𝑚𝜋 )2 < 𝑠+0 < (𝑚𝜔 − 𝑚𝜋 )2.
Numerical evaluation with experimental masses and widths gives 

|𝑔𝜔𝜌𝜋 | = 14.27. We note that these decays do not fix the overall sign of 
this and the photon couplings, but this ambiguity does not affect the 
observables considered in this work. In principle, the sign could be de-
termined by matching with low-energy experimental data.

The couplings 𝑔𝜌𝜌𝜂(′)  and 𝑔𝜔𝜔𝜂(′)  are obtained from 𝑔𝜔𝜌𝜋 using isospin 
relations. In the SU(3)F basis, the couplings to the light-quark states (𝜂𝑞
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and 𝜔𝑞) and strange-quark states (𝜂𝑠 and 𝜔𝑠) follow from symmetry ar-
guments. We assume ideal 𝜔 − 𝜙 mixing, i.e. 𝜔 ≡ 𝜔𝑞 and 𝜙 ≡ 𝜔𝑠, for the 
vector states. The couplings to the physical pseudoscalar states 𝜂 and 𝜂′
follow from 𝜂 = 𝜂𝑞 cos𝜙𝜂 − 𝜂𝑠 sin𝜙𝜂 and 𝜂′ = 𝜂𝑞 sin𝜙𝜂 + 𝜂𝑠 cos𝜙𝜂 , where 
𝜙𝜂 = 41.4◦ characterizes the light-quark content of the 𝜂 meson [31] 
(see Table 1).

For the nucleon vertex, 𝑔1 and 𝑔2 in Eq. (5) are related to the 𝑠-
channel nucleon helicity non-flip and flip couplings, respectively, in 
nucleon-nucleon elastic scattering. At high energies and forward an-
gles, this process is well described by a Regge-pole model, allowing the 
phenomenological extraction of the Regge residues through fits to ex-
perimental data [23]. Matching the high-energy limit of the nucleon-
nucleon elastic scattering amplitudes to the corresponding Regge ex-
pressions gives 

𝐴++
++ ≃

2𝑔21𝑠

𝑚2
𝑉 − 𝑡

= 𝛽++
𝑠∕𝑠0

𝛼′(𝑚2
𝑉 − 𝑡)

𝛽++ , (B.8a)

𝐴+−
+− ≃

2𝑔21𝑠

𝑚2
𝑉 − 𝑡

= 𝛽+−
𝑠∕𝑠0

𝛼′(𝑚2
𝑉 − 𝑡)

𝛽+− , (B.8b)

where {+,−} denote the helicities of the nucleons at each vertex. Taking 
the characteristic energy scale 𝑠0 = 1∕𝛼′ yields1

𝑔1 =
𝛽++
√

2
, 𝑔2 =

𝛽+−
√

2
. (B.9)

Using the phenomenological Regge residues in Ref. [23] gives the cou-
plings listed in Table 1.

Appendix C.  Kinematic singularities

In order to derive the kinematic singularity and its double-Regge 
limit, we only keep the relevant factors in Eq. (12) and define the quan-
tity 

𝑇𝜆1 , 𝜆2 = 𝜆1
1
∑

𝜉=−1
(−𝜉)𝑒−𝑖𝜉𝜔𝑑1𝜆1𝜉 (𝜃1) 𝑑

1
𝜉𝜆2

(𝜃2) , (C.1)

where 𝜆1 = 𝜆𝛾 = ±1 and 𝜆2 = 𝜆 − 𝜆′ = −1, 0, 1 are the net helicities at 
the top and bottom vertex, respectively. At high energies, the ampli-
tude must factorize and obey 𝑇−1, 𝜆2 = 𝑇+1, 𝜆2  and 𝑇1,−𝜆2 = (−1)𝜆2𝑇1, 𝜆2 , 
when both exchanges have natural parity. We can thus isolate the kine-
matic singularities corresponding to the double exchange of natural-
parity mesons through the following combinations: 

Δ1,0 =
1
2
(

𝑇+1,0 + 𝑇−1,0
)

, (C.2a)

Δ1,1 =
1
4
[

𝑇+1,+1 + 𝑇−1,+1 − 𝑇+1,−1 − 𝑇−1,−1
]

, (C.2b)

corresponding to nucleon helicity non-flip and flip transitions, respec-
tively. The other combinations are subleading in the doulbe Regge limit.

For the double-vector exchange model, the insertion of Eq. (C.1) 
leads to 
Δ1,0 =

−𝑖
√

2
cos 𝜃1 sin 𝜃2 sin𝜔 , (C.3a)

Δ1,1 =
𝑖
2
cos 𝜃1 cos 𝜃2 sin𝜔 . (C.3b)

Finally, using the kinematic relations in Appendix A, the double-Regge 
limits take the form 
Δ1,0 →

1
√

2

𝑠1
2|p1||p2|

𝑠2
2|p′

2||p
′
𝑝|

sin𝜔 , (C.4a)

Δ1,1 →
−𝑖
2

𝑠1
2|p1||p2|

𝑠2
2|p′

2||p
′
𝑝|

sin𝜔 . (C.4b)

1 We also chose the positive sign for the nucleon couplings. In practice, only 
the overall sign of each diagram matters.

Fig. D.7. Forward-backward asymmetry as a function of 𝜂𝜋 invariant mass, in-
cluding cuts consistent with the GlueX analysis strategy.

Appendix D.  Forward-backward asymmetry with kinematical cuts

Here, we compute the forward-backward asymmetry Eq. (20) af-
ter imposing kinematical cuts in the calculation of the forward and 
backward differential cross sections, designed to reproduce the effect of 
the cuts used in experimental analyses to suppress contributions from 
baryon-resonance backgrounds. The kinematical cuts were chosen to 
match ongoing GlueX analysis of 𝜂𝜋 production in the double-Regge re-
gion [18]. To isolate the forward region, a cut is applied to 𝑡𝛾𝜂 , whereas 
in the backward region it is applied to 𝑡𝛾𝜋 , 

𝐹 cut (𝑠𝜂𝜋 ) = ∫ d2ΩGJd𝑡𝑝𝑝
d4𝜎

d2ΩGJd𝑡𝑝𝑝d𝑠𝜂𝜋
× 𝜃(𝑡𝛾𝜂 > −2GeV2) Θ(𝑡𝑝𝑝, 𝑠𝜂𝜋 , 𝑠𝜋𝑝, 𝑠𝜂𝑝) , (D.1a)

𝐵cut (𝑠𝜂𝜋 ) = ∫ d2ΩGJd𝑡𝑝𝑝
d4𝜎

d2ΩGJd𝑡𝑝𝑝d𝑠𝜂𝜋
× 𝜃(𝑡𝛾𝜋 > −2GeV2) Θ(𝑡𝑝𝑝, 𝑠𝜂𝜋 , 𝑠𝜋𝑝, 𝑠𝜂𝑝) , (D.1b)

with the additional selection of the region of integration defined by
Θ(𝑡𝑝𝑝, 𝑠𝜂𝜋 , 𝑠𝜋𝑝, 𝑠𝜂𝑝) = 𝜃(𝑡𝑝𝑝 > −2GeV2) 𝜃(𝑠𝜂𝜋 > 4GeV2)

× 𝜃(𝑠𝜋𝑝 > 4GeV2) 𝜃(𝑠𝜂𝑝 > 4.75GeV2) . (D.2)

A comparison of the forward-backward asymmetry for 𝜂𝜋 in Fig. D.7 
with that in Fig. 5 demonstrates that the inclusion of kinematical cuts 
has a significant impact on the asymmetry. In particular, the cuts applied 
here introduce a stronger dependence of the asymmetry as a function 
of 𝑚𝜂𝜋 . 
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