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A R T I C L E I N F O A B S T R A C T 

Editor: B. Blank We measure the spin-density matrix elements (SDMEs) of the Δ++(1232) in the photoproduction reaction 𝛾𝑝→
𝜋−Δ++(1232) with the GlueX experiment in Hall D at Jefferson Lab. The measurement uses a linearly–polarized 
photon beam with energies from 8.2 to 8.8 GeV and the statistical precision of the SDMEs exceeds the previous 
measurement by three orders of magnitude for the momentum transfer squared region below 1.4 GeV2. The data 
are sensitive to the previously undetermined relative sign between couplings in existing Regge-exchange models. 
Linear combinations of the extracted SDMEs allow for a decomposition into natural and unnatural–exchange 
amplitudes. We find that the unnatural exchange plays an important role in the low momentum transfer region.

1. Introduction

In recent years, there have been many discoveries of exotic hadrons 
containing both light and heavy quarks that cannot be described as 
conventional hadrons (mesons or baryons) in the quark model, see 
e.g. Refs. [1--4]. The GlueX experiment at Jefferson Lab studies the 
photoproduction of light-quark mesons and baryons, with an empha

sis on the search for one type of these exotic hadrons, namely hy

brid mesons. These hybrid mesons consist of an excited gluonic field 
coupled to a quark-antiquark pair, which contributes to the quantum 
numbers of the mesons, allowing for exotic quantum numbers (𝐽𝑃𝐶 =
0−−,0+−,1−+,2+−,… ). At high beam energies (𝐸𝛾 ≈ 8.5 GeV), pho

toproduction with a linearly-polarized photon beam can be described 
by 𝑡-channel Regge exchanges with contributions from natural-parity 
(𝜂 = +1, e.g. 𝜌) and unnatural-parity (𝜂 = −1, e.g. 𝜋) exchange. The nat

urality 𝜂 = 𝑃 (−1)𝐽 is dfined by the parity 𝑃 and total angular momen

tum 𝐽 of the exchanged Reggeon. When studying the meson spectrum 
through photoproduction, understanding these exchange mechanisms 
is important for the development of the amplitude analyses required to 
study known states and search for new states.

The reaction 𝛾𝑝 → 𝜋−Δ++ offers the opportunity to investigate the 
charge-exchange production mechanism, in particular, the unnatural

parity pion exchange. We report on the measurement of spin-density 
matrix elements (SDMEs) of the Δ++(1232) in the reaction 𝛾𝑝 →

𝜋−Δ++(1232) with a linearly-polarized photon beam with an average 
beam energy of 𝐸𝛾 = 8.5 GeV. These SDMEs describe the spin polariza

tion of the spin-
3
2 Δ++ in terms of the underlying helicity amplitudes 

and can be used to separate contributions from the different parity ex

changes.

Theoretical models have been developed by the Joint Physics Anal

ysis Center (JPAC) [5] and Yu and Kong [6] to describe 𝜋Δ photopro

duction using Regge theory amplitudes. These models are constrained by 
previous measurements of the dependence on the four-momentum trans

fer squared 𝑡 = (𝑝𝛾 −𝑝𝜋− )2 of both the differential cross section [7,8] and 
the linearly-polarized beam asymmetry [8,9], where 𝑝𝛾 and 𝑝𝜋− are the 
four-momenta of the beam photon and the 𝜋− . There is only one previ

ous measurement of the Δ++(1232) SDMEs, which had limited statistical 
precision and coverage in 𝑡 [10]. The measurement presented here pro

vides the first determination of the 𝑡-dependence of the SDMEs, which 
cofirms the importance of unnatural-parity exchange in the low −𝑡
region. This exchange is not well described by existing models, demon

strating the lack of constraints provided by previous measurements.

2. The GlueX experiment

The data presented here were collected by the GlueX experiment, 
located in Hall D at Jefferson Lab. The Continuous Electron Beam Accel
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erator Facility (CEBAF) provides an electron beam of 11.6 GeV which 
is incident on a thin diamond crystal of 50 μm thickness, producing 
linearly-polarized photons via coherent bremsstrahlung. The coherent 
peak is placed at a beam photon energy of 𝐸𝛾 = 8.8 GeV, giving a polar

ization degree of 28 to 36% in the 𝐸𝛾 range between 8.2 and 8.8 GeV. 
The degree of linear polarization is measured with a triplet polarimeter 
[11] and has an estimated systematic uncertainty of 1.5%. To control 
for systematic effects, the diamond orientation is changed regularly be

tween two pairs of orthogonal linear polarization angles: 0◦,90◦ and 
45◦,−45◦. A tagging system consisting of a dipole magnet and scintilla

tion detectors placed in the tagger focal plane measures the scattered 
electrons’ momenta, determining the energy and production time of 
each bremsstrahlung photon.

The photon beam impinges on a 30 cm-long liquid hydrogen tar

get, surrounded by a detector system consisting of the Start Counter 
(SC) [12], the Central [13] and Forward [14] Drift Chambers (CDC and 
FDC), as well as the Barrel [15] and Forward Calorimeters (BCAL and 
FCAL) and the forward time-o-flight (TOF) detector. A superconduct

ing solenoid with an average field strength of 2 T surrounds the central 
detectors. Charged particles are tracked in the CDC and FDC, provid

ing a momentum resolution of 1 to 5%. In addition, the time-o-flight 
measurement in the BCAL and TOF and the measurement of the energy 
loss 𝑑𝐸∕𝑑𝑥 in the CDC are used for particle identfication. More details 
about the setup are given in Ref. [16].

The results presented here are obtained from the first phase of the 
GlueX experiment, collected in 2017 and 2018, with a total integrated 
luminosity of about 125 pb−1 in the coherent peak region.

3. Spin-density matrix elements

3.1. Event selection

The reaction 𝛾𝑝→ 𝜋−Δ++(1232) is studied, where the Δ++(1232) de

cays to 𝜋+𝑝. Exclusive events with the 𝜋−𝜋+𝑝 final-state topology are 
selected by imposing several requirements on the data. Events with at 
least two positively charged particles and one negatively charged par

ticle are used for the analysis and each possible combination of these 
particles is analyzed. Events with up to three additional charged tracks 
are allowed to avoid rejecting signal events with spurious uncorrelated 
(or random) tracks. The proton and charged-pion candidates are iden

tfied by time-o-flight requirements using the charged-particle timing 
information from the SC, BCAL, FCAL, and TOF detectors and the energy 
loss 𝑑𝐸∕𝑑𝑥 in the CDC.

Incident beam photons are required to have an energy in the co

herent peak, i.e. 8.2 < 𝐸𝛾 < 8.8 GeV, as measured by the tagger. Using 
the total initial- and final-state four-momenta 𝑝𝑖 and 𝑝𝑓 , events with 
the measured missing mass squared of 𝑚2

miss
= |𝑝𝑖 − 𝑝𝑓 |2 < 0.1 GeV2 are 

selected, thus removing events where unwanted massive particles are 
produced but not detected. In addition, a kinematic fit to the reaction 
hypothesis 𝛾𝑝→ 𝜋−𝜋+𝑝 is applied for each event, imposing energy and 
momentum conservation, as well as a common vertex for all particles. 
Events fufilling a kinematic fit quality criterion of 𝜒2∕ndf < 8.7 are 
retained.

The initial-state beam photon and the final-state particles should be 
coincident in time. The electron beam is provided by the CEBAF accel

erator in beam bunches 4 ns apart, with the precise bunch time given 
by the accelerator radiofrequency (RF) clock. Due to the high intensity 
of the electron beam, the tagger can detect several photons from the 
same beam bunch, while only one of these photons interacts with the 
liquid hydrogen target. The time difference between the final-state par

ticles and the tagged beam bunch is required to be less than 2 ns. To 
account for accidental tagger hits, four beam bunches before and after 
the prompt peak signal are used with a weight of −1

8 to subtract the 
accidental in-time background within the time window of the signal.

The Dalitz plot for this channel is shown in Fig. 1. The Δ++(1232) is 
selected by requiring the 𝜋+𝑝 invariant mass of 1.10 <𝑚𝜋+𝑝 < 1.35 GeV. 

Fig. 1. Measured Dalitz plot of the reaction 𝛾𝑝→ 𝜋−𝜋+𝑝. Vertical bands show 
contributions from the 𝜋−𝜋+ meson system e.g. 𝜌(770), while horizontal bands 
show the Δ++(1232) and excited baryon states that decay to 𝜋+𝑝. On the di

agonal, baryon contributions from 𝑁∗∕Δ0∗ are visible in the 𝜋−𝑝 system. The 
dashed black and red lines show the chosen selections on the 𝜋−𝜋+ and 𝜋+𝑝

masses, respectively.

The upper limit is chosen to avoid significant contribution from higher

mass excited Δ∗ states. Permutations of the final-state particles 𝜋−𝜋+𝑝, 
can lead to background contributions from the 𝜋−𝑝 baryon system or 
𝜋−𝜋+ meson system. The 𝜋−𝑝 baryon system, consisting of 𝑁∗∕Δ0∗

baryon resonances, is seen on the diagonal of the Dalitz plot in Fig. 1. 
Restricting the analysis to the range of four-momentum transfer squared 
below 1.4 GeV2 removes most of this background. In addition, this 
background is well separated from the selected Δ++(1232) mass re

gion in 𝑚𝜋+𝑝 and can therefore be neglected. However, the contribu

tion from the 𝜋−𝜋+ meson system poses a significant background, as 
shown in Fig. 1, where the 𝜌(770) dominates. The 𝜌(770) contribu

tion can be significantly reduced by restricting the 𝜋−𝜋+ mass range to 
1.10 <𝑚𝜋−𝜋+ < 2.45 GeV. The upper limit reduces the contribution from 
excited Δ∗. Despite the applied selection of the 𝜋−𝜋+ mass, a significant 
irreducible amount of background remains that needs to be taken into 
consideration.

Fig. 2 shows the mass spectra for two example −𝑡 bins: The black 
points show the 𝜋+𝑝 mass (see Figs. 2a and 2b) and the 𝜋−𝜋+ mass (see 
Figs. 2c and 2d) distributions. The red shaded areas show the acciden

tal time background contribution which makes up roughly 30% of the 
selected data sample. The 𝑚𝜋−𝜋+ dependence of the background is pa

rameterized by a Bernstein polynomial of 4th degree (see Eq. (13)), as 
shown by the yellow curves in the 𝑚𝜋−𝜋+ distributions of Figs. 2c and 2d. 
This background has a −𝑡 dependence; it amounts to about 20% in the 
low −𝑡 region and reduces to about 10% in the high −𝑡 region.

3.2. Measurement of SDMEs

In the beam photon energy range between 8.2 and 8.8 GeV used 
in this analysis, the 𝑡-channel production process dominates. In order 
to understand the production mechanism of the Δ++(1232) recoiling 
against a 𝜋−, the spin transfer from the linearly-polarized beam photon 
to the Δ++(1232) is studied in terms of the spin-density matrix elements. 
The SDMEs 𝜌𝑘

𝑖𝑗
describe the spin polarization of the Δ++(1232), where 𝑖

and 𝑗 represent twice the spin projection quantum number of the Δ++ , 
i.e. 𝑖∕2, 𝑗∕2 ∈ (−3∕2,−1∕2,+1∕2,+3∕2).

In order to extract the Δ++(1232) SDMEs, we fit the measured kine

matic distribution of the final-state particles with a three-component 
intensity model:

𝐼fit = 𝐼
sig

fit
+ 𝐼𝜋𝜋

fit
+ 𝐼 iso

fit
, (1)

where 𝐼 sig

fit
describes the intensity distribution of the signal contribution 

from 𝜋−Δ++, 𝐼𝜋𝜋
fit

describes the intensity distribution of the di-pion back
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Fig. 2. Measured distributions (black points) compared to simulated phase-space distributions weighted by the detector acceptance and the fit results (green shaded 
area). The accidental time background distribution is depicted as the red shaded area. The blue, yellow, and black lines show the 𝜋−Δ++, (𝜋−𝜋+)𝑝 and phase space 
contributions, respectively, in the fit model given by Eq. (1). The left and right columns show results for two representative 𝑡 bins. The phase space contribution is 
very small.
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ground contribution from (𝜋−𝜋+)𝑝, and 𝐼 iso
fit

describes the background 
contribution that is isotropically distributed in phase space. These con

tributions are added incoherently. 𝐼 sig

fit
and 𝐼𝜋𝜋

fit
are described in detail 

in the sections below.

3.2.1. 𝜋−Δ++ signal parametrization

The intensity distribution of the signal contribution from 𝜋−Δ++ de

pends on the decay angles of the Δ++ → 𝜋+𝑝. They are studied in the 
Gottfried-Jackson (GJ) frame (see Fig. A.6 a) and b)), which is dfined 
in the rest frame of the Δ++ with the following coordinate system:

𝑧̂ =
𝑝target|𝑝target| , 𝑦̂ =

𝑝𝛾 × 𝑝𝜋−|𝑝𝛾 × 𝑝𝜋− | and 𝑥̂ = 𝑦̂ × 𝑧̂, (2)

where 𝑝target, 𝑝𝛾 , and 𝑝𝜋− are the 3-momenta of the target proton, beam 
photon, and the 𝜋−, respectively, all in the rest frame of the Δ++. Alter

natively, the decay angles of the Δ++ can also be studied in the helicity 
frame as dfined in Eq. (B.1). We discuss our results for the SDMEs in 
both frames in Sec. 4.1.

The formalism describing the spin-density matrix elements for a 
spin-3∕2 particle is derived and applied for the 𝐾+Λ(1520) final state 
in an earlier publication [17] and is applied here for the spin-3∕2
Δ++(1232).

The intensity distribution

𝑊 (𝜃,𝜑,Φ) = 3 
4𝜋

(
𝑊 0 (𝜃,𝜑) − 𝑃𝛾 cos(2Φ)𝑊 1 (𝜃,𝜑)

− 𝑃𝛾 sin(2Φ)𝑊 2 (𝜃,𝜑)
)

(3)

𝑊 0 (𝜃,𝜑) =𝜌033 sin
2 𝜃 + 𝜌011

(1
3
+ cos2 𝜃

)
− 2 √

3

[
Re(𝜌031) cos𝜑 sin(2𝜃)

+ Re(𝜌03−1) cos(2𝜑) sin
2 𝜃

]
(4)

𝑊 1 (𝜃,𝜑) =𝜌133 sin
2 𝜃 + 𝜌111

(1
3
+ cos2 𝜃

)
− 2 √

3

[
Re(𝜌131) cos𝜑 sin(2𝜃)

+ Re(𝜌13−1) cos(2𝜑) sin
2 𝜃

]
(5)

𝑊 2 (𝜃,𝜑) = 2 √
3

[
Im(𝜌231) sin𝜑 sin(2𝜃)

+ Im(𝜌23−1) sin(2𝜑) sin
2 𝜃

]
(6)

depends on three angles: the polar and azimuthal angle 𝜃, 𝜑 of the 𝜋+

in the GJ frame and the angle Φ between the linear polarization vector 
of the beam photon and the production plane of the Δ++ . The linear 
polarization of the beam photon provides access to ten SDMEs, four 
unpolarized ones in Eq. (4) and six polarized ones in Eqs. (5) and (6). To 
normalize the intensity distribution, the relation 𝜌033 + 𝜌011 =

1
2 is used, 

reducing the number of independent accessible SDMEs to nine. It should 
be noted that the definition of the 𝑧̂ axis in Eq. (2) is dfined in the 
opposite direction to the definition in Ref. [17]. This leads to a sign 
change for the SDMEs in Eq. (6).

In addition to the angular dependence of the intensity, a parameteri

zation for the 𝜋+𝑝 mass distribution is included in the fit. The 𝑚𝜋+𝑝 mass 
shows clearly the Δ++(1232) peak. Its mass dependence is described 
with a relativistic 𝑃 -wave Breit-Wigner function [18]

𝐵𝑊 (𝑚𝜋+𝑝) =
√

𝑚0Γ0
𝑚2

𝜋+𝑝
−𝑚2

0 − 𝑖𝑚0Γ(𝑚𝜋+𝑝,𝐿)
with (7)

Γ(𝑚𝜋+𝑝,𝐿) = Γ0
𝑞

𝑚𝜋+𝑝

𝑚0
𝑞0

[
𝐹 (𝑞,𝐿) 
𝐹 (𝑞0,𝐿)

]2
, (8)

where 𝐹 is the orbital angular momentum barrier factor as given in 
Ref. [19] and 𝑞 gives the breakup momentum and 𝑞0 the breakup mo

mentum at the nominal mass 𝑚0. The mass 𝑚0 and the width Γ0 of 
the Δ++ are considered as floating fit parameters. The signal intensity 
model, 𝐼 sig

fit
(𝑚𝜋+𝑝, 𝜃,𝜑,Φ), is then given by the product of the angular 

dependence in Eq. (3) and the square of the Breit-Wigner amplitude for 
the mass dependence in Eq. (7).

3.2.2. Di-pion background parametrization

As mentioned in Section 3.1, the data sample contains an irreducible 
background stemming from the 𝜋−𝜋+ meson system. Since this back

ground may contain meson resonances like the 𝜌(770) and its excited 
states, its angular distribution cannot be described by phase space, thus 
a parameterization for the angular dependence is required. We use an

gular moments to parameterize the angular distribution of the photo

production of two pseudoscalar mesons (𝜋−𝜋+) as given in Ref. [20]:

𝐼(𝜃′, 𝜑′,Φ′) = 𝐼0(𝜃′, 𝜑′) − 𝑃𝛾𝐼
1(𝜃′, 𝜑′) cos(2Φ′)

− 𝑃𝛾𝐼
2(𝜃′, 𝜑′) sin(2Φ′), (9)

where Φ′ is the angle between the linear polarization vector of the beam 
photon and the production plane of the proton (see Fig. A.6 e) and f)). 
Analogous to the 𝜋+𝑝 intensity distribution in Eq. (3), the 𝜋−𝜋+ inten

sity is decomposed into three different components 𝐼0, 𝐼1, and 𝐼2, which 
are given by:

𝐼0(𝜃′, 𝜑′) =
∑

𝐿,𝑀≥0

(2𝐿+ 1
4𝜋 

)
(2 − 𝛿𝑀0)𝐻0(𝐿𝑀)⋅

𝑑𝐿
𝑀0(𝜃

′) cos(𝑀𝜑′) (10)

𝐼1(𝜃′, 𝜑′) = −
∑

𝐿,𝑀≥0

(2𝐿+ 1
4𝜋 

)
(2 − 𝛿𝑀0)𝐻1(𝐿𝑀)

𝑑𝐿
𝑀0(𝜃

′) cos(𝑀𝜑′) (11)

𝐼2(𝜃′, 𝜑′) = 2
∑

𝐿,𝑀>0

(2𝐿+ 1
4𝜋 

)
Im𝐻2(𝐿𝑀)

𝑑𝐿
𝑀0(𝜃

′) sin(𝑀𝜑′), (12)

where 𝐻𝛼(𝐿𝑀) are the moments with 𝛼 = 0,1,2, 𝑑𝐿
𝑀0(𝜃

′) is the Wigner 
𝑑-function [21], and 𝜃′ represents the polar angle and 𝜑′ the azimuthal 
angle of 𝜋+ in the helicity frame of the 𝜋−𝜋+ system as dfined in 
Ref. [22]. Truncating the sums in Eqs. (10)--(12) at different 𝐿max al

lows us to assess the partial-wave content of the 𝜋−𝜋+ background 
contribution. We perform fits with 𝐿max = 0,2,4,6 and find that a good 
description of the angular distributions, shown in Fig. 2, is reached when 
at least 𝑆 (𝓁 = 0) and 𝑃 (𝓁 = 1) wave contributions are considered. 
Here, 𝓁 = 0,1,2,3 is the total spin of the 𝜋−𝜋+ system. Including addi

tional moments corresponding to 𝐷-wave (𝓁 = 2) contributions slightly 
improves the description of the data for certain −𝑡 bins, and are there

fore also considered in the fit using 𝐿max = 4. The effects of truncating 
at 𝐿max = 4 and not including 𝐹 -wave (𝓁 = 3) moments are considered 
in the systematic uncertainty.

The 𝜋−𝜋+ mass dependence of the background contribution is pa

rameterized with a Bernstein polynomial of 4th degree in the mass range 
[𝑎, 𝑏], where 𝑎= 1.1 GeV and 𝑏= 2.45 GeV for the nominal fit:

𝐵4(𝑚𝜋−𝜋+ ) =
4 ∑

𝑖=0 
𝛽𝑖𝑏𝑖,4, (13)

𝑏𝑖,4 =
1 

(𝑏− 𝑎)4

(
𝑛

𝑖

)
(𝑚𝜋−𝜋+ − 𝑎)𝑖(𝑏−𝑚𝜋−𝜋+ )4−𝑖. (14)

The di-pion background intensity, 𝐼𝜋𝜋
fit

(𝑚𝜋−𝜋+ , 𝜃
′, 𝜑′,Φ′), is then given 

by the product of Eq. (9) and Eq. (13).

3.2.3. Fit method and evaluation

The data are fit to the model of Eq. (1) using the extended maxi

mum likelihood method. The fit method takes into account the detector 

Physics Letters B 863 (2025) 139368 

5 



The GlueX Collaboration 

acceptance based on simulated phase-space events and is explained in 
more detail in Ref. [22]. The phase space Monte Carlo sample is gener

ated from 3-body phase space obtained for the 𝜋−𝜋+𝑝 final state, with 
acceptance applied using a GEANT4 simulation of the GlueX detector 
and the same event reconstruction and selection procedures applied as 
for the data.

In total, the fit model contains 55 fit parameters and 3 external nor

malization factors: 9 parameters for the Δ++ SDMEs, 2 parameters for 
the lineshape of Δ++, 5 parameters for the Bernstein polynomial to de

scribe the 𝜋−𝜋+ mass dependence, and 39 parameters for the 𝑆 , 𝑃 , and 
𝐷-wave moments to parameterize the angular dependence of the 𝜋−𝜋+

background. The three external normalization factors take into account 
the three contributions from 𝜋−Δ++, (𝜋−𝜋+)𝑝, and phase space.

The fit quality is evaluated by comparing the measured distributions 
to simulated distributions obtained by weighting phase space with the 
fit results and the detector acceptance. Fig. 2 shows the fit results for 
two example 𝑡-bins displaying the 𝜋+𝑝 and 𝜋−𝜋+ mass and angular 
distributions. The yellow curves in Fig. 2 show the 𝜋−𝜋+ background 
contributions in the mass and angular distributions. The background in

creases towards higher 𝜋+𝑝 mass and shows a strong 𝑡-dependence.

3.3. Statistical and systematic uncertainty

We determine the statistical uncertainties using the Bootstrapping 
technique [23] and proceed in the same way as described in Ref. [22].

We consider several contributions to the overall systematic uncer

tainty of the extracted SDMEs: the chosen event-selection criteria for 
the 𝜒2∕ndf of the kinematic fit and the selections on the 𝜋+𝑝 and 𝜋−𝜋+

masses, the accuracy of the 𝜋−𝜋+ background description, the system

atic uncertainty of the degree of linear beam polarization and the sen

sitivity of the detector system to the four diamond orientations that are 
used during data-taking.

The ifluence of the event selection criteria on the extracted SDMEs 
is taken into account by varying the selection limits and taking the 
standard deviation of the different fit results obtained with the var

ied criteria as an estimation for the systematic uncertainty. For the 
applied variation of the selections on the 𝜒2∕ndf and 𝑚𝜋+𝑝, the total 
event sample size is not changed by more than 10%. However, since 
the irreducible 𝜋−𝜋+ background is a significant contribution to the in

tensity, the lower limit on the 𝑚𝜋−𝜋+ is increased from 1.1 GeV up to 
1.7 GeV, which decreases the event sample by almost 40%. Despite the 
large change in the sample size, the extracted SDMEs remain stable, 
indicating that the fit model assumptions and results are robust. The ab

solute systematic uncertainty on the SDMEs found in this study is of the 
order of 3 × 10−2, which represents the second largest contribution to 
the systematic uncertainty.

The 𝜋−𝜋+ background is also studied by varying the degree of the 
Bernstein polynomial stepwise from 3 to 6. Furthermore, the difference 
between using 𝑆 , 𝑃 , and 𝐷-wave moments and using 𝑆,𝑃 , 𝐷, and 𝐹

wave moments for the description of the angular distributions of the 
𝜋−𝜋+ system is taken into account for the systematic uncertainty. The 
SDMEs 𝜌011 and 𝜌111 are most sensitive to the angular parameterization 
used for the 𝜋−𝜋+ background. Both variations account only for a very 
small part of the overall systematic uncertainty. Instead of using the 
Bernstein polynomial and angular moments to parameterize the 𝜋−𝜋+

background, we also perform a study where we describe the mass de

pendence of the 𝜋−𝜋+ background using three 𝜌 states, 𝜌(770), 𝜌(1450), 
and 𝜌(1700) and a phase space contribution, combined with the angu

lar dependence from the 𝜌(770) SDMEs from Ref. [22]. This alternative 
parametrization gives consistent results for the Δ++ SDMEs within the 
estimated systematic uncertainty.

A larger contribution to the systematic uncertainty comes from in

dependently fitting the data that correspond to two pairs of orthogonal 
diamond orientations with their linear polarization direction rotated 
with respect to the detector system by (0◦,90◦) and (45◦,−45◦), respec

tively. The deviation between fits to these two independent datasets is 

assigned as a systematic uncertainty. Finally, the linear polarization de

gree is varied by its systematic uncertainty of 1.5% and the difference 
taken into account for the systematic uncertainty.

All sources of systematic uncertainty are added in quadrature to ob

tain the total systematic uncertainty.

4. Results

4.1. SDMEs

The SDMEs are measured in the GJ frame for 16 independent 𝑡 bins 
and are shown as a function of −𝑡 in Fig. 3. The vertical error bars con

sist of both statistical and systematic uncertainties, which are added in 
quadrature. The combined uncertainty is dominated by the systematic 
uncertainty for the entire 𝑡 range. The horizontal position of the data 
points is given by the mean of the 𝑡 distribution in the respective 𝑡 bin 
and the horizontal error bars are given by the root-mean-square value 
of the 𝑡 distribution within that bin. We compare our results to the only 
previous measurement by Ballam et al. [10], which used 𝐸𝛾 = 9.3 GeV 
and only one wide −𝑡 ≤ 0.4 GeV2 bin. The Ballam et al. data agree 
well with our results except for Re(𝜌031) and Im(𝜌231), where deviations 
outside the given uncertainty intervals of the Ballam et al. data are ob

served. We report our results in much finer bins of 𝑡, allowing us for 
the first time to precisely study the 𝑡 dependence of the SDMEs for 
−𝑡 < 1.4 GeV2.

We also compare our results to predictions from the pole model 
by the JPAC group [5], which is based on Regge-theory amplitudes. 
The model takes into account natural and unnatural-parity 𝑡-channel 
exchange processes, where the latter are described in terms of pseu

doscalar meson (𝜋) and axial-vector meson (𝑏1) exchanges, while the 
former are described in terms of vector meson (𝜌) and tensor meson 
(𝑎2) exchanges. The 𝑡 dependence of 𝜌111, 𝜌

1
33, Re(𝜌03−1) and Re(𝜌13−1) is 

qualitatively in agreement with the JPAC model predictions, apart from 
some deviations at small −𝑡. However, large discrepancies are visible 
for the remaining SDMEs. In particular, the model exhibits zero cross

ings in Re(𝜌031), Re(𝜌131), and Im(𝜌231), which are not observed in the 
data.

Since the JPAC model predictions are derived first in the helicity 
frame and later rotated to the GJ frame, we extract the SDMEs in the 
helicity frame as well (see Fig. B.7 in the Appendix) and compare them 
again to the JPAC model. In the helicity frame, the model predictions 
show a reasonable, qualitative agreement for the shape and magnitude 
of all SDMEs. However, the Re(𝜌031), Re(𝜌131) and Im(𝜌231) in the helic

ity frame (Fig. B.7) have the opposite sign compared to the JPAC pole 
model predictions. This difference is caused by the relative sign of two 
helicity amplitude couplings in the JPAC model, which could not be 
determined from previous measurements of the differential cross sec

tion [7,8] and the linearly-polarized beam asymmetry [8,9], but they 
can now be fixed with the current measurements [24]. When rotating 
the SDMEs to the GJ frame, this sign ambiguity affects all the SDMEs 
and makes the comparison of the JPAC model to the data more chal

lenging.

The model by Yu and Kong [6] is based on Regge theory as well and 
considers the 𝑡-channel 𝜋, 𝜌, and 𝑎2 meson exchanges. According to their 
model, the 𝜋−Δ++ production mechanism is dominated by 𝜋 exchange 
and the tensor meson 𝑎2 is found to play a more important role than the 
𝜌 meson exchange in order to describe the previous differential cross 
section and beam asymmetry data. However, the 𝑏1 meson exchange 
is found to not be needed and therefore not included in their model. 
Overall, the 𝑡 dependence of the SDMEs is not well described by the Yu 
and Kong model.

To further investigate the deviations between our data and the model 
predictions and to separate the unnatural-parity and natural-parity ex

changes, linear combinations of SDMEs are discussed in the following 
section. 
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Fig. 3. Spin-density matrix elements of Δ++(1232) in the Gottfried-Jackson frame as a function of the momentum transfer squared −𝑡 from the beam photon to the 
𝜋−. The vertical error bars consist of the statistical and systematic uncertainties added in quadrature. Our data (blue circles) are compared to the previous Ballam 
et al. measurement (green squares) [10] and to predictions of the JPAC pole model (solid black line) [5] and the Yu and Kong model (dashed red line) [6].

4.2. SDMEs for natural and unnatural-parity exchange

We construct linear combinations of the extracted SDMEs to decom

pose the SDMEs into the unnatural-parity (U) and natural-parity (N) 
exchange components:

𝜌
N∕U

𝑖𝑗
= 𝜌0𝑖𝑗 ± 𝜌1𝑖𝑗 . (15)

The relations between 𝜌N∕U

𝑖𝑗
and the unnatural and natural-exchange am

plitudes are given in the Appendix C and are derived in Ref. [17]. Fig. 4
shows in the top row the natural and in the bottom row the unnatural

exchange SDME components. They are compared again to the JPAC pole 
model and the Yu and Kong model predictions. The sum of 𝜌𝑁11 and 𝜌𝑁33
give the total strength of the natural-parity exchange, while the sum 
of 𝜌𝑈11 and 𝜌𝑈33 the strength of the unnatural-parity exchange (see Ap

pendix C). Comparing them (see Fig. 4 and Fig. C.8), it becomes evident 
that in the low −𝑡 region up to about 0.45 GeV2 unnatural-parity ex

change dominates. The situation is reversed for the −𝑡 region above 
0.45 GeV2, where natural-parity exchange dominates. The other four 
components 𝜌𝑁31, 𝜌

𝑈
31, 𝜌

𝑁
31, 𝜌

𝑈
31 are sensitive to the interference terms of 

the natural and unnatural amplitudes (see Appendix C). The compari

son to the JPAC model reveals that the natural-parity exchange is well 
modeled by the JPAC pole model. The large deviations between the data 
and the JPAC pole model, that are visible in the SDMEs in Fig. 3, can 
be traced back to the unnatural-parity exchange component, where 𝜋
exchange is assumed to dominate in the 𝑡-channel process. In addition, 
Re(𝜌𝑈31) shows the relative sign ambiguity between two of the ampli

tudes that is also seen in the SDMEs Re(𝜌031) and Re(𝜌131) (see Fig. 3 and 
Fig. B.7).

The Yu and Kong model describes the natural-parity exchange well 
for very low −𝑡 values below 0.3 GeV2, but cannot predict the 𝑡 depen

dence of the data for larger −𝑡 values and either overestimates (for 𝜌N
11

and Re(𝜌N
31)) or underestimates (for 𝜌N

33 and Re(𝜌N
3−1)) the natural-parity 

contributions. The opposite is the case for unnatural parity-exchange, 
where the Yu and Kong model does not predict the data well for −𝑡 val

ues below 0.3 GeV2, but reproduces the data well for higher −𝑡 values.

4.3. Beam asymmetry

The beam asymmetry Σ is dfined as the difference between the total 
natural and unnatural-parity contribution and is directly related to the 
sum of the two SDMEs 𝜌111 and 𝜌133:

Σ = (𝜌𝑁11 + 𝜌𝑁33) − (𝜌𝑈11 + 𝜌𝑈33) (16)

= 2
(
𝜌111 + 𝜌133

)
. (17)

The results for the beam asymmetry are shown in Fig. 5 and supersede 
our previously published results [9]. The previous results used only 17% 
of the data analyzed in this work and were extracted by measuring the 
asymmetry of the event yield for two perpendicular diamond settings 
and integrating over the Δ++ decay angles 𝜃 and 𝜑. A comparison of the 
two results is given in Fig. D.9 and the two different extraction methods 
are discussed in detail in Appendix D.

The sign of the beam asymmetry directly indicates whether natural- 
parity (positive sign) or unnatural-parity (negative sign) exchange dom
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Fig. 4. Linear combinations of SDMEs (see Eq. (15)) that represent natural (N, top row) and unnatural (U, bottom row) exchange components. Our data (blue circles) 
are compared to the previous Ballam et al. measurement (green squares) [10] and to predictions of the JPAC pole model (solid black line) [5] and the Yu and Kong 
model (dashed red line) [6].

Fig. 5. Beam asymmetry extracted from the SDMEs using Eq. (17) (blue circles). 
The GlueX data are compared to the previous Ballam et al. data (green squares) 
[10] and to predictions of the JPAC pole model (solid black line) [5] and the Yu 
and Kong model (dashed red line) [6].

inates. The zero crossing at −𝑡 = 0.45 GeV2 indicates an equal strength 
of natural- and unnatural-parity exchange. The JPAC pole model de

scribes the shape of the 𝑡 dependence of Σ qualitatively well, but shows 
large deviations in the magnitude of the beam asymmetry especially in 
the low −𝑡 range. The Yu and Kong model describes the beam asymme

try well in the range above −𝑡 = 0.5 GeV2, but does not predict the dip 
at −𝑡 = 0.25.

5. Summary and conclusions

We present measurements of the Δ++(1232) SDMEs for the photo

production reaction 𝛾𝑝 → 𝜋−Δ++ that are obtained using the GlueX 
detector with a linearly-polarized photon beam from 8.2 to 8.8 GeV. Our 
measurements constitute the first precise determination of the 𝑡 depen

dence of the Δ++(1232) SDMEs. A comparison to the JPAC and Yu and 
Kong Regge-theory models shows that the 𝑡-dependence of the SDMEs 
is not well reproduced, although previous unpolarized cross section and 
beam asymmetry data of Ballam et al. [10] are described by the models 

adequately. The SDMEs are sensitive to the relative sign of the model 
couplings, which was undetermined from previous data. Separating the 
natural-parity and unnatural-parity exchange components through lin

ear combinations of SDMEs reveals that the deviations between data and 
the JPAC Regge-theory model can be traced back to the unnatural-parity 
exchange component. Thus, our data provide important constraints on 
the Regge-theory models, specifically on the unnatural-parity pion ex

change, which is expected to play an important role in many other 
charge-exchange photoproduction reactions to be studied in the search 
for exotic mesons at GlueX. In particular, the charge-exchange reaction 
𝛾𝑝→ 𝜂′𝜋−Δ++ may strengthen evidence for the existence of the light

est hybrid meson 𝜋1(1600) based on an estimation of the upper limit for 
the 𝜋1(1600) photoproduction cross section [25].
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Fig. A.6. Definition of all angles in the different frames used to fit the data of the reaction 𝛾𝑝→ 𝜋−𝜋+𝑝: a) and b) represent the GJ frame of Δ++, c) and d) the helicity 
frame of Δ++, and e) and f) the helicity frame of the 𝜋−𝜋+ meson system. The production plane is shown in red, while the Δ++ (a)-d)) or 𝜋−𝜋+ meson system (e)-f)) 
decay plane is shown in blue. The green arrow shows the photon polarization vector. Diagrams a), c) and e) show the center-of-mass frame of the reaction, choosing 
the z axis along the direction of the proton, Δ++ and 𝜋−𝜋+ meson system, respectively. Diagrams b), d) show the boost into the rest frame of the Δ++, and f) into 
the rest frame of the 𝜋−𝜋+ meson system. Note: The diagrams are adapted from ref. [22].

Computing Center (NERSC), a U.S. Department of Energy Office of Sci
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Appendix A. Definition of angles in the different frames

Fig. A.6 shows the definition of all angles used in the fit in the three 
different frames: the GJ frame of Δ++, the helicity frame of the Δ++ , 
and the helicity frame of the 𝜋−𝜋+ meson system. 

Appendix B. SDMEs in the helicity frame

Fig. B.7 shows the Δ++(1232) SDMEs in the helicity frame, which is 
dfined by the following coordinate system in the rest frame of the Δ++

(see Fig. A.6 c) and d)):

𝑧̂ =
−𝑝𝜋−|𝑝𝜋− | , 𝑦̂ =

𝑝𝛾 × 𝑝𝜋−|𝑝𝛾 × 𝑝𝜋− | and 𝑥̂ = 𝑦̂ × 𝑧̂. (B.1)

Appendix C. Relationships between the linear combinations of 
SDMEs and amplitudes

Taking into account the helicities of the initial and final state parti

cles of the reaction 𝛾𝑝→ 𝜋−Δ++ and applying parity constraints, there 
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Fig. B.7. Spin-density matrix elements of Δ++(1232) in the helicity frame. They are shown as a function of the momentum transfer squared −𝑡 from the incoming 
photon to the 𝜋−. The vertical error bars consist of only the statistical uncertainties. Our data (blue circles) are compared to predictions of the JPAC pole model 
(solid black line) [5].

are eight independent amplitudes, four natural 𝑁𝜎 and four unnatural 
amplitudes 𝑈𝜎 . The index 𝜎 is given by 𝜎 = 𝜆𝑁 − 𝜆Δ where 𝜆𝑁 = ±1∕2
and 𝜆Δ = ±1∕2,±3∕2 are the helicities of the initial state proton and 
the Δ++. For the interpretation of the linear combinations of SDMEs 
(see Fig. 4), it is useful to give them in terms of the natural and unnat

ural amplitudes in the following Eqs. (C.1)--(C.8) [17]:

𝜌𝑁11 =
2 
𝑁

(|𝑁0|2 + |𝑁1|2) (C.1)

𝜌𝑁33 =
2 
𝑁

(|𝑁−1|2 + |𝑁2|2) (C.2)

Re(𝜌𝑁31) =
2 
𝑁

𝑅𝑒(𝑁−1𝑁
∗
0 −𝑁1𝑁

∗
2 ) (C.3)

Re(𝜌𝑁3−1) =
2 
𝑁

𝑅𝑒(𝑁0𝑁
∗
2 +𝑁1𝑁

∗
−1) (C.4)

𝜌𝑈11 =
2 
𝑁

(|𝑈0|2 + |𝑈1|2) (C.5)

𝜌𝑈33 =
2 
𝑁

(|𝑈−1|2 + |𝑈2|2) (C.6)

Re(𝜌𝑈31) =
2 
𝑁

𝑅𝑒(𝑈−1𝑈
∗
0 −𝑈1𝑈

∗
2 ) (C.7)

Re(𝜌𝑈3−1) =
2 
𝑁

𝑅𝑒(𝑈0𝑈
∗
2 −𝑈1𝑈

∗
−1). (C.8)

The total strength of the natural-parity and unnatural-parity exchanges 
can be estimated by calculating the sums (𝜌𝑁11 + 𝜌𝑁33) and (𝜌𝑈11 + 𝜌𝑈33):

𝜌𝑁11 + 𝜌𝑁33 =
2 
𝑁

(|𝑁0|2 + |𝑁1|2 + |𝑁−1|2 + |𝑁2|2) (C.9)

Fig. C.8. The sums 𝜌𝑁11 + 𝜌𝑁33 (blue squares) and 𝜌𝑈11 + 𝜌𝑈33 (red points) show the 
total natural- and unnatural-parity exchange strength.

𝜌𝑈11 + 𝜌𝑈33 =
2 
𝑁

(|𝑈0|2 + |𝑈1|2 + |𝑈−1|2 + |𝑈2|2) (C.10)

with 𝑁 = 2(|𝑁0|2 + |𝑁1|2 + |𝑁−1|2 + |𝑁2|2
+ |𝑈0|2 + |𝑈1|2 + |𝑈−1|2 + |𝑈2|2) (C.11)

being the normalization. Fig. C.8 shows clearly that the unnatural-parity 
exchange dominates below −𝑡 = 0.45 GeV2 with a maximum of 80% 
at about −𝑡 = 0.25 GeV2, while the natural-parity exchange dominates 
above −𝑡 = 0.45 GeV2. 
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Fig. D.9. Beam asymmetry extracted from the SDMEs using Eq. (17) (blue cir

cles), and our previously published results based on the yield-asymmetry method 
(black circles) [9]. Note: The latter data points are shown at the 𝑡-bin centers, 
while for the present results the mean value of the 𝑡 distribution for each 𝑡-bin 
is used.

Appendix D. Beam asymmetry -- comparison of GlueX data

Fig. D.9 shows the results for the beam asymmetry extracted from 
the SDMEs (see Eq. (17)). These results are compared with our previ

ously published results [9], where the beam asymmetry is determined 
from the asymmetry of the event yield for two perpendicular diamond 
settings and by integrating over the Δ++ decay angles. In general, both 
results show a strong 𝑡 dependence for the beam asymmetry and are 
in good agreement over a large −𝑡 range. However, in the very low 
−𝑡 range, a discrepancy is visible between the two methods. The yield

asymmetry method has the disadvantage that it can lead to biased results 
for Σ in case of a non-uniform detection efficiency of the Δ++ decay an

gles. This bias stemming from the efficiency modeling was included in 
the systematic uncertainty in the previous publication. This uncertainty 
was estimated using Monte Carlo simulation based on the difference be

tween JPAC models for the SDMEs [5]. However, the uncertainty seems 
to have been underestimated at low −𝑡. In this region, the JPAC model 
fails to reproduce well the SDMEs that enter Eq. (17) while at the same 
time the detection efficiency is highly non-uniform in cos 𝜃 (see Fig. 2e). 
Our present SDME extraction method for the beam asymmetry according 
to Eq. (17) does not have any such bias since the full Δ++ decay angu

lar phase space is analyzed. Finally, we cofirm this bias by analyzing 
Monte Carlo simulation, generated with the measured SDME values, and 
by extracting the beam asymmetry from this simulation sample using the 
yield-asymmetry method. This reproduces the biased beam asymmetry 
values from our previously published results [9].

Data availability

The data is available on HEPdata [26].
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