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Light quark mesons from lattice QCD
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lowest-lying hybrid super-multiplet

C. SUð3ÞF point, m! ¼ 702 MeV, ð16; 20Þ3$128

In this case we take all three quark flavors to be mass
degenerate, with the mass we have tuned to correspond to
the physical strange quark. Here, because there is an exact
SUð3Þ flavor symmetry, we characterize mesons in terms of
their SUð3ÞF representation, octet (8) or singlet (1), and
compute correlation matrices using the basis in Eq. (5).
The octet correlators feature only connected diagrams
while the singlets receive an additional contribution from
a disconnected diagram. Since the strange quarks are now
no heavier than the ‘‘light’’ quarks, any splitting between
states in the octet and singlet spectra is purely due to the
disconnected diagrams and thus to ‘‘annihilation dynam-
ics.’’ In Fig. 13 we present the spectra extracted on two
lattice volumes.

D. Quark mass and volume dependence

Figures 14–16 show the quark mass and volume depen-
dence of the extracted isoscalar and isovector spectra.

In general, the extracted spectrum is fairly consistent
across quark masses. There are some cases, such as the
second level in 3þ$, that are not cleanly extracted at the
lowest pion mass.

We refrain from performing extrapolations of the masses
to the limit of the physical quark masses, since, as we have
already pointed out, we expect most excited states to be
unstable resonances. A suitable quantity for extrapolation

might be the complex resonance pole position, but we do
not obtain this in our simple calculations using only single-
hadron operators.
We discuss the specific case of the 0$þ and 1$$ systems

in the next subsections.

E. The low-lying pseudoscalars: !, ", "0

In lattice calculations of the type performed in this
paper, where isospin is exact and electromagnetism does
not feature, the ! and " mesons are exactly stable and
"0 is rendered stable since its isospin conserving "!!
decay mode is kinematically closed. Because of this,
many of the caveats presented in Sec. III B do not apply.
Figure 17 shows the quality of the principal correlators
from which we extract the meson masses, in the form of
an effective mass,

meff ¼
1

#t
log

$ðtÞ
$ðtþ #tÞ ; (16)

for the lightest quark mass and largest volume consid-
ered. The effective masses clearly plateau and can be
described at later times by a constant fit which gives a
mass in agreement with the two exponential fits to the
principal correlator that we typically use.
Figure 18 indicates the detailed quark mass and volume

dependence of the " and "0 mesons. We have already
commented on the unexplained sensitivity of the "0 mass
to the spatial volume at m! ¼ 391 MeV, and we note that
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FIG. 11 (color online). Isoscalar (green and black) and isovector (blue) meson spectrum on the m! ¼ 391 MeV, 243 & 128 lattice.
The vertical height of each box indicates the statistical uncertainty on the mass determination. States outlined in orange are the lowest-
lying states having dominant overlap with operators featuring a chromomagnetic construction—their interpretation as the lightest
hybrid meson supermultiplet will be discussed later.
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Experiment and Detector
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Linearly polarized photon beam
Proton target 
Hermetic detector — high 
efficiency for charged and 
neutral particles
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Prior photoproduction data at this energy is sparse.

   SLAC                      GlueX 1
     ~3.5 k events         ~200 M events
    ~1.0 k events             ~9 M events   
    ~150 events            ~1.8 M events   

γp → ρp
γp → ωp ω → π+π−π0

γp → ϕp φ → K+K−

Vector Meson Dominance — exchange a 
hadron with the target.
Photon polarization helps determine 
quantum numbers of produced mesons

Interpretation of final states 
requires understanding of 
production
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Measured Intensity 
I(Ω) ∝ W(cosθ, ϕ, Φ)

Angular distribution of vector 
meson decay products gives access 
to production mechanism.

Linear beam polarization provides 
access to 9 SDMEs

Schilling  [Nucl.Phys.B15 (1970)]

W(cosθ, ϕ, Φ) = W0(cosθ, ϕ)−Pγcos(2Φ)W1(cosθ, ϕ)−Pγsin(2Φ)W2(cosθ, ϕ)

W0(cosθ, ϕ) = 4
3π ( 1

2 (1−ρ0
00) + 1

2 (3ρ0
00−1)cos2θ− 2Reρ0

10sin2θcosϕ − ρ1
1−1sin2θcos2ϕ)

W1(cosθ, ϕ) = 4
3π (ρ1

11sin2θ + ρ1
00cos2θ− 2Reρ1

10sin2θcosϕ − ρ1
1−1sin2θcos2ϕ)

W2(cosθ, ϕ) = 4
3π ( 2Imρ2

10sin2θsinϕ+Imρ2
1−1sin2θsin2ϕ)

https://doi.org/10.1016/0550-3213(70)90070-2
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IV. COMPARISON WITH DATA

As we discussed above, the SDMEs for ρ0 photo-
production are more consistent with our model for dif-
fractive production than for ω photoproduction. This can be
observed in Fig. 3. The bands on the figures represent one
standard deviation from our model. Thewider band in theω
model originates from the stronger dominance of the Regge
exchanges, whose normalizations are less constrained by
the total cross sections. The Pomeron normalization is
indeed more constrained and yields a smaller uncertainty in
the ρ0 model. We have also included the data at Eγ ¼ 4.7
and 2.8 GeV from SLAC in Fig. 3. They compare well to
our model evaluated at these lower energies.
The comparison with total cross section is presented

on Fig. 4.
In Fig. 5, we present the comparison between the ω and

ρ0 models and the SLAC data at 9.3 GeV for all nine
SDMEs. There is a general agreement between the model
and the data, but we wish to discuss some inconsistencies.
The elements in the bottom panels ρ11−1, Imρ210 and Imρ21−1
were not included in the fitting but are nevertheless well
described by the model. In particular, we note the domi-
nance of the natural exchanges in ρ11−1 and Imρ21−1 in the
case of ρ0 photoproduction with small deviation for the ω
case, as expected from the stronger π exchange. The main
noticeable discrepancy arises in ρ111 for ω photoproduction.
Since the pseudoscalar exchanges are smaller than the
natural exchanges, we would expect ρ111 ∼ ρ01−1. The data
does not display this feature and thus our model does not
describe ρ111 well. Furthermore, since the contribution from
the π exchange to ρ111 is negative (see Appendix C), we
would expect ρ111 < ρ01−1, which is featured in our ω model

but not in the SLAC data. The sign of the element ρ111
would be an important check for our model when GlueX
data becomes available.
Although our model has been constrained at Eγ¼9GeV,

we present in Fig. 6 the comparison between our model and
the unpolarized SDMEs at lower energies. The extrapola-
tion to lower energies is in principle not in the range of
applicability of the Regge-pole approximation. Despite the
significant uncertainties in all the presented data sets, we
conclude that our extrapolated model describes the lower
energies data sets fairly well. It is also worth noting that the
data from Ref. [26] at Eγ ¼ 8.9 GeV are consistent with
our factorization hypothesis, i.e., ρ01−1 ∼ −t in the forward
direction. We conclude that the SLAC data may suffer
from large errors. The forthcoming measurement by the
GlueX Collaboration could confirm the factorization of the
vector meson production, i.e., ρ01−1ðtÞ ∼ −t in the forward
direction at high energies.
Our model simplifies for ϕ photoproduction. In this case

we simply neglect the f2 and a2 Regge exchanges, as they
are not expected to couple to γϕ if one assumes perfect
mixing. The relevant exchange would then be the f02, the
hidden strangeness partner of the f2. However, its intercept,
and therefore its overall strength, is smaller due its higher
mass. We neglect this contribution and assume that the only
relevant natural contribution is provided by the Pomeron.
Since our Pomeron is purely helicity conserving, the
SDMEs are very simple at high energies. The only nonzero
components are ρ11−1 ¼ −Imρ21−1 ¼ 1=2. This picture is
consistent with the SLAC measurement at 9.3 GeV [10]. In
Fig. 7, we compare our model to the data from the Omega-
Photon Collaboration [22]. Their data are taken in the
energy range Eγ ¼ 20–40 GeV. They are consistent with
the SLAC data but have somewhat smaller uncertainties.

FIG. 4. Total cross section σðγpÞ (blue) and σðγdÞ (red). The
black lines are the results of our fit (the thickness of the lines
represent the error band). The data are taken from Ref. [35].

FIG. 5. Comparison between our model and ω and ρ0 SDMEs
at Eγ ¼ 9.3 GeV. The data are taken from Ref. [10].

V. MATHIEU et al. PHYS. REV. D 97, 094003 (2018)
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cross section is overestimated. We already explained that
the leptonic width of the ϕ meson led to a Pomeron
coupling to γϕ much stronger than the experimental value.
This was already observed in the original experimental
publication [10]. It has been argued in Ref. [43] that the
large ϕmass needs to be taken into account. The authors of
Refs. [44,45] corrected the differential cross section by the
ratio of the ϕ and photon momenta, ðkϕ=kγÞ2 ≈ 0.87 at
Eγ ¼ 9.3 GeV. This factor is nevertheless not small enough
to reproduce the experimental normalization of the ϕ
differential cross section. As we did for the SDMEs, we
reduce the Pomeron coupling βP0;ϕ by a factor of 2. The
resulting normalization at t ¼ 0 seems more in agreement
with the data.

V. CONCLUSIONS

We presented a model describing the SDMEs of light
vector meson photoproduction. Our model includes π and η
exchanges, whose parameters are fixed. We incorporated
the leading natural exchanges: the Pomeron, f2 and a2
exchanges. Their normalizations were determined from the
total cross section using the VMD hypothesis. We paid
special attention to the t dependence of the various
exchanges. We proposed a flexible and intuitive ansatz
for the t dependence of each natural exchange. The helicity
structure of these exchanges was then inferred from the data
on photoproduction of ω and ρ0 at Eγ ¼ 9.3 GeV from
SLAC. The joint inspection of these two reactions allowed
us to assume that the f2 isoscalar exchange must have a
small double helicity flip coupling, in addition to a single
helicity flip coupling. The a2 isovector exchange was
consistent with only a single flip and no double helicity
flip coupling.
The model compares well with the nine SDMEs for

ρ0, ω and ϕ photoproduction in a wide energy range
Eγ ∼ 3–9 GeV, as well as with the unpolarized data in the

same energy range. Except for ρ01−1 in ω production, the
SDME are consistent the factorization of Regge residues.
We made predictions for the future measurements of light
meson photoproduction at JLab. Our predictions and our
model are available online on the JPAC website [46,47].
With the online version of the model, users have the
possibility to vary the model parameters and generate
the SDMEs for ρ0, ω and ϕ photoproduction. The code
can also be downloaded.
The differential cross section at very high energies,

Eγ > 50 GeV, is well reproduced by our Pomeron
exchange. However, the effect of the high-energy approxi-
mation led to non-negligible deviation in normalization
from the data at Eγ ¼ 9.3 GeV. These deviations appear
only in the differential cross section, since they cancel in
the ratio of the SDMEs.
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APPENDIX A: FRAMES

The properties of helicity amplitudes are best described
in two popular frames: the s-channel and the t-channel
frames. The s channel corresponds to the center of mass of
the reaction γp → Vp. The t channel corresponds to the
center of mass of the reaction γV̄ → pp̄. These channels are
illustrated on Fig. 11.
The angular distribution of a vector meson is analyzed in

its rest frame. In the rest frame, the beam, target and recoil
form the reaction plane xz. The y axis is defined as the cross
product between the target and the recoil momenta. For the
z axis, the two common choices are the opposite direction
of the recoil in the helicity frame, and the beam direction in
the GJ frame [48].
The helicity amplitudes in these four frames are differ-

ent. For instance, a boost along the recoil momentum
between the s channel and the helicity frames rotates the
helicities of the beam, target and recoil. It also transforms
the helicity of the vector meson in the s channel into its spin
projection along the direction opposite to the recoil in the
helicity frame. The summation over beam, target and recoil
helicities in the SDMEs is not affected by these rotations.
Hence, the SDMEs in the s channel and helicity frames are
equivalent.

FIG. 10. γp → ðρ0;ω;ϕÞp differential cross section at 9.3 GeV
in solid blue, green and red lines respectively. The dashed red line
is obtained with a Pomeron coupling reduced by a factor two. The
data are taken from Ref. [10].
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We propose a model based on Regge theory to describe photoproduction of light vector mesons.
We fit the SLAC data and make predictions for the energy and momentum transfer dependence of
the spin-density matrix elements in photoproduction of !, ⇢0 and � mesons at E� ⇠ 8.5 GeV, which
are soon to be measured at Je↵erson Lab.

I. INTRODUCTION

With the recent development of the 12 GeV electron
beam at Je↵erson Lab (JLab) [1, 2], new precision mea-
surements of light meson photoproduction and electro-
production are expected in the near future. These will
provide constraints on resonance production dynamics,
including production of gluonic excitations. For example,
the GlueX measurement of the photon beam asymme-
try in the production of ⇡0 and ⌘ mesons [3] established
the dominance of natural-parity t-channel exchanges for
production in the forward direction [4]. This measure-
ment seems to contradict earlier SLAC data [5] that sug-
gests significant contribution from unnatural-parity ex-
changes. It was shown in [6] that the weak energy depen-
dence of the axial-vector contributions suggested by the
SLAC data is di�cult to reconcile with predictions from
Regge theory, while the GlueX data seem to be more in
line with theory predictions. The GlueX measurement,
however, was performed at fixed photon energy. Never-
theless, more data from both GlueX and CLAS12 will
be needed to refine our understanding of the production
mechanisms.

We consider the reaction �(k,��)N(p,�) !
V (q,�V )N 0(p0,�0). At high energies, the amplitude
in the forward direction is dominated by exchange of
Regge poles (Reggeons). As illustrated in Fig. 1, the
Reggeon amplitude factorizes into a product of two
vertices. The upper vertex describes the beam (photon)
interactions, and the lower vertex describes the target
(proton) interactions. The Mandelstam variables are
s = (k + p)2 and t = (k � q)2. Factorization of Regge
vertices follows from unitarity in the t-channel, where
Regge pole is a common pole in all partial waves related
by unitarity and its vertices determine residues of the
poles [7, 8]. Factorization of residues enables one to
determine the helicity structure at the photon vertex

⇤ vmathieu@jlab.org

independently from the target, and conservation of
parity reduces the number of helicity components at
each vertex. In the center-of-mass frame, the net helicity
transfer between the vector meson and photon |�� � �V |
can be 0, 1 or 2, which we refer to as helicity conserving,
single and double helicity flip respectively. Measurement
of the photon spin-density matrix elements (SDMEs)
can be used to determine the relative strength of these
components.

FIG. 1. Schematic representation of the factorized amplitude
of a Regge exchange E in Eq. (3). The photon and nucleon
vertices are denoted by TE and BE , respectively. The Regge
propagator of the exchange E is RE .

Spin-density matrix elements can be reconstructed
from the angular distributions of the vector meson de-
cay products [9]. The first measurements of neutral vec-
tor meson SDMEs were performed at SLAC [10], result-
ing in the following qualitative conclusions: the natural
exchanges contributing to ⇢0, ! and � production are
predominantly helicity conserving, and the unnatural-
parity contributions are negligible for ⇢0 production and
consistent with a one-pion exchange for ! production.
In this paper, we discuss the SLAC data in the context
of a Regge-pole exchange model, which allows us to as-
sess contributions of individual exchanges to the SDMEs.
Various models have been proposed in the past [11–20],
with di↵erent descriptions of the momentum-transfer de-
pendence of the helicity amplitudes. In general these
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Vector meson cross section

12
Nucl.Phys.A 699, 2002 Laget

pomeron ∝ s0.16

Regge f2 ∝ s−1

Regge σ ∝ s−2

Regge π ∝ s−2

2

Figure 1. The total cross-sections of the various vector meson photoproduction channels.
Dashed lines: Pomeron exchange. Dotted lines include also f2 meson exchange. Full lines
include in addition π and σ exchanges.

In this talk, I will explore another direction: I will increase the mometum transfer
t = (kγ − kV )2 to resolve the Pomeron and Reggeons, which are exchanged in exclusive
photoproduction of vector mesons, into their simplest gluon or quark content.

2. φ MESON PHOTOPRODUCTION

φ meson photoproduction allows to prepare a ss̄ pair of strange quarks and study its
interaction with hadronic matter. At low momentum transfer t (small angle), its diffrac-
tive scattering is mediated by the exchange of the Pomeron. At high momentum transfer
(large angle), the impact parameter is small and comparable to the gluon correlation
length (the distance over which a gluon propagates before hadronizing): the Pomeron is
resolved into its simplest component, two gluons which may couple to each of the quarks
in the emitted vector meson or in the proton target. This is illustrated in Fig. 2, which
shows data recently recorded at DESY [8] and JLab [9]. At low t, the data confirm the
shrinkage of the forward diffraction peak and the slow rise of the cross section with the
energy, as expected from the exchange of the Pomeron Regge trajectory. The two gluon
exchange contribution matches the Pomeron exchange contribution around −t ∼ 1GeV2

and reproduces the data at higher t. In the JLab energy range, u-channel nucleon ex-
change “pollutes” the highest t bin: here the φNN coupling constant gφNN = 3 is the
same as in the analysis of the nucleon electromagnetic form factors [10]. More details may
be found in ref. [4].
Such a finding is important as it tells us that, in the intermediate range of momentum

transfer (let’s say 1 ≤ −t ≤ 10 GeV 2), large angle exclusive meson production can
be understood in a perturbative way at the level of effective parton degrees of freedom:
dressed quark and gluon propagators, constituent quark wave functions of the nucleon

GlueX

𝒫
𝒫 + f2
𝒫 + f2 + (σ or π)

Describing the cross section  
energy and momentum 
dependence requires good 
understanding of production 
mechanisms

Large angle, exclusive meson 
production can be understood in a 
perturbative way at the level of 
effective parton degrees of 
freedom

Small angle, Pomeron and t-channel 
Reggeons

https://doi.org/10.1016/S0375-9474(01)01492-0
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low t: diffractive scattering of the hadronic contents of the photon (wide 
energy range, threshold to HERA energies) 
high t: partonic description of hard scattering mechanisms 

dσ
dt

∝ |F1(t)FV(t) |2

F1(t) =
4m2

p − 2.8t
4m2

p − t
1

(1 − t/t0)2

FV(t) =
1

1 − t/m2
ω

2μ2
0 + m2

ω
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ω − t

dipole approximation of the 
nucleon Dirac form factor 

empirical form factor at 
the photon vertex 

GlueX energy:  pomeron only 
exchange, good description of 
low t dependence but not of 
energy dependence.
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ω → π+π−π0
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Stamp plots, , 50% of GlueX phase 1ω → π+π−π0
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Constituent Counting Rules

16

High energy at fixed  
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We also note that if the photon dissociates into ss̄ in a vector-
meson-dominance (VMD)-like picture, then the prediction
becomes an s−8 scaling.
Previous world data for η0p is extremely limited. The

JLab results are the first measurements at high s and large
−t. However, the statistics is limited at higher energies
and the

ffiffiffi
s

p
bins are at least 30 MeV wide. We include data

points with
ffiffiffi
s

p
≥ 2.5 GeV and j cos θc:m:j ≤ 0.05 here. The

scaling fit [Fig. 2(e)] seems to corroborate to a s−7 scaling
to a fair degree, while the fη0pðcos θc:m:Þ part [Fig. 2(f)] has
a strong resemblance with fKþΣ0ðcos θc:m:Þ, and therefore,
also with fπ0pðcos θc:m:Þ from the SLAC results [5].
The ηp channel is the first instance where we see an

appreciable deviation from the predicted s−7 scaling from
quark counting rules. As for the η0p, we include all data
points with

ffiffiffi
s

p
≥ 2.5 GeV and j cos θc:m:j ≤ 0.05. There is

appreciable scatter in the data, but a As−C fit suggests the
power C to be ≈12 or higher. Figure 3(a) shows a particular
instance with C ¼ 12.7, while s12dσ=dt in Fig. 3(d) shows
that fηpðcos θc:m:Þ resembles fη0pðcos θc:m:Þ in shape
[Fig. 2(f)].
The vector mesons ω and ρ were studied in earlier JLab

analyses. Battaglieri et al. reported an s−8 scaling for pρ
photoproduction [12] while s−7.2 was reported for the ω
[13], though statistics was limited. The SLAC measure-
ments [5] were for combined ðωþ ρ0Þ photoproduction,
and no scaling power was reported due to extremely poor
statistics. The new JLab data has excellent statistics for the
ω channel and points to a ≈s−10 (s−9.5 is also possible)
scaling [Fig. 3(b)]. Qualitatively, fωpðcos θc:m:Þ shows a
single tight shape [Fig. 3(e)], reflecting the high precision

of the data, but the shape is different from that of
KþΣ0=π0p. There is more or less, a single “dip,” similar
to the shapes for πþn and π−Δþþ channels in the SLAC [5]
results.
The ϕp channel is of considerable interest in the

community because ϕ is an almost pure jss̄i state and
thus a potent field to study many novel features. However,
the ϕ cross section is typically orders of magnitude lower
than the ω, for example. Previous world data is thus very
sparse and either exists at near-threshold or high-energy
forward angles. Since the CLAS detector has the best
acceptance in the mid-angles, it was possible to make θ ¼
90° measurements keeping a fine enough binning in

ffiffiffi
s

p
.

Figure 3(c) shows the scaling fit for ϕp. The data quality
is not as precise as theωp case due to lower statistics, andC
from the fit is at least 12 (or higher). The s12dσ=dt plot
[Fig. 3(f)] shows a single tight band towards the forward
angles. Data in the backward angle is however limited by
statistics, though a slight backward-angle rise is visible
in fϕpðcos θc:m:Þ.
Figure 4 shows three ways the reaction γp → ϕp can

proceed at high energies (ignoring the “sea” ss̄ content of
the proton). At high s and low −t, that is, in the diffractive
regime, a single soft Pomeron is exchanged [Fig. 4(a)]. In
the hard-scattering region, for high −t, the mechanism is a
two-gluon exchange [Fig. 4(c)] along with a possible
“hard” Pomeron exchange [Fig. 4(b)]. For the two-gluon
process, the Fock state of the ϕ and the incoming photon (in
the VMD picture) can each be written as jss̄gi, and that of
the protons, as juudgi (“g” signifies a gluon field here).
This adds up to a total of n − 2 ¼ 12 in Eq. (1), thus
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FIG. 3 (color online). Photoproduction channels where s−7 scaling, as predicted by quark exchange counting rules, distinctly does not
work. The top row shows dσ=dt vs s for (a) ηp, (b) ωp and (c) ϕp. The black lines show a As−C fit to dσ=dt in each individual panel.
The scaling power is different for each meson (see text for explanation). The bottom row shows the scaled cross sections plotted vs
cos θc:m: over several different

ffiffiffi
s

p
bins for (d) ηp, (e) ωp and (f) ϕp.

SCALING BEHAVIOR IN EXCLUSIVE MESON … PHYSICAL REVIEW D 90, 014013 (2014)

014013-3

PhysRevD.90.014013 Dey

arxiv:2005.13067 Reed obtain s−9.08±0.11

Could be explained by additional gluon exchanges

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.014013
https://arxiv.org/abs/2005.13067


Mark Dalton 13 April 2021APS Topical Group on Hadronic Physics 

Conclusion

17

Vector meson photoproduction is a fruitful place to study QCD and understand 
reaction mechanisms.

GlueX: precise, high statistics data to study energy and t dependence.
statistical precision increased by orders of magnitude over existing data.

Work with JPAC to refine model using both cross section and polarization 
(SDME) data.

Access to hard scattering cross sections up to s ≈ 17 GeV2
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