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Vector mesons V = ρ, ω, ϕ,K ∗(892) etc. can be transversely (helicity
λ = ±1) or longitudinally λ = 0 polarized.
Why the knowledge of σT (VN) and σL(VN) is important?
Color transparency:
According to QCD hard exclusive processes select configurations,
where the quarks are close together forming a color neutral object
with transverse size r ∼ 1/Q. Similar effect is well known in QED in
photoproduction of e+e− pairs (Chudakov effect).
The effect of color transparency is seen in electroproduction of vector
mesons on nuclei as a grows of nuclear transparency TA = dσA

AdσN
with

the mass of virtual photon Q2 (weakening absorption)
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Fig. 2. (Color online.) The (π+ , π−) invariant mass histogram for iron. Panel (a):
Before applying kinematic cuts. Panel (b): After applying kinematic cuts. The blue
shadow area represents the background contribution. Panel (c): After background
subtraction. Panel (d): The (π+ , π−) invariant mass histogram for deuterium after
background subtraction. The solid curves are non-relativistic Breit–Wigner fit to the
data.

the acceptance was defined in each elementary bin in all rele-
vant variables; Q 2, t , W , the ρ0 momentum Pρ0 , and the decay

angle in the ρ0 rest frame θπ+ , as the ratio of accepted to gen-
erated events. Each event was then weighted with the inverse
of the corresponding acceptance. The weighted (π+ , π−) mass
spectra were fitted as shown in Fig. 2(c) using a non-relativistic
Breit–Wigner for the shape of a ρ0 while the shape of the back-
ground was taken from the simulation. The magnitudes of each
contributing process were taken as free parameters in the fit of
the mass spectra. The acceptance correction to the transparency
ratio was found to vary between 5 and 30%. Radiative corrections
were extracted for each (lc , Q 2) bin using our MC generator in
conjunction with the DIFFRAD [34] code developed for exclusive
vector meson production. The radiative correction to the trans-
parency ratio was found to vary between 0.4 and 4%. An additional
correction of around 2.5% was applied to account for the contri-
bution of deuterium target endcaps. The corrected t distributions
for exclusive events were fit with an exponential form Ae−bt . The
slope parameters b for 2H (3.59 ± 0.5), C (3.67 ± 0.8) and Fe
(3.72 ± 0.6) were reasonably consistent with CLAS [35] hydro-
gen measurements of 2.63 ± 0.44 taken with 5.75 GeV beam en-
ergy.

The transparencies for C and Fe are shown as a function of lc
in Fig. 3. As expected, they do not exhibit any lc dependence be-
cause lc is much shorter than the C and Fe nuclear radii of 2.7
and 4.6 fm respectively. Consequently, the coherence length effect
cannot mimic the CT signal in this experiment.

Fig. 4 shows the increase of the transparency with Q 2 for both
C and Fe. The data are consistent with expectations of CT. Note

Fig. 3. (Color online.) Nuclear transparency as a function of lc . The inner error bars
are the statistical uncertainties and the outer ones are the statistical and point-
to-point (lc dependent) systematic uncertainties added in quadrature. There is an
additional normalization systematic uncertainty of 1.9% for carbon and 1.8% for iron
(not shown in the figure) with acceptance and background subtraction being the
main sources. The carbon data has been scaled by a factor 0.77 to fit in the same
figure with the iron data.

Fig. 4. (Color online.) Nuclear transparency as a function of Q 2. The inner error
bars are statistic uncertainties and the outer ones are statistic and point-to-point
(Q 2 dependent) systematic uncertainties added in quadrature. The curves are pre-
dictions of the FMS [39] (red) and GKM [38] (green) models with (dashed–dotted
and dashed curves, respectively) and without (dotted and solid curves, respectively)
CT. Both models include the pion absorption effect when the ρ0 meson decays in-
side the nucleus. There is an additional normalization systematic uncertainty of 2.4%
for carbon and 2.1% for iron (not shown in the figure).

that in the absence of CT effects, hadronic Glauber calculations
would predict no Q 2 dependence of T A since any Q 2 dependence
in the ρ0 production cross section would cancel in the ratio. The
rise in transparency with Q 2 corresponds to an (11 ± 2.3)% and
(12.5 ± 4.1)% decrease in the absorption of the ρ0 in Fe and
C respectively. The systematics uncertainties were separated into
point-to-point uncertainties, which are lc dependent in Fig. 3 and
Q 2 dependent in Fig. 4 and normalization uncertainties, which
are independent of the kinematics. Effects such as kinematic cuts,

Figure: Nuclear transparency TA = dσA
AdσN

as a function of Q2.
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Fig. 20 Q2 dependence of the longitudinal-to-transverse cross-section
ratio for exclusive ρ0 production on the proton. Left panel: R04 calcu-
lated from the SDME r04

00 according to (69). HERMES proton data
(filled squares) are compared to measurements of CLAS [61, 62], Cor-
nell [63], E665 [64], H1 [12], and ZEUS [10, 11]. The more recent
CLAS data [62] (small squares) are from a narrow bin in xB with
approximately the same 〈xB 〉 as the HERMES data, which are inte-

grated over the xB acceptance. Right panel: R04 for ZEUS (trian-
gles) and RNPE for HERMES (squares), fitted separately according
to (76). For all data points, total uncertainties are shown. Theoretical
calculations [38] of R0 = |T00|2/|T11|2 are shown as a dashed line at
W = 5 GeV; the uncertainties arising from the uncertainties in the par-
ton distribution functions are shown as a shaded band [38]

11.3 Comparison to world data and models

Results for R from different experiments can be com-
pared only if either R is independent of t ′, or the t ′ de-
pendences of the cross sections dσL

dt
and dσT

dt
and the t ′

intervals of the measurements of R are the same. The t ′
dependence of R is determined essentially by the t ′ de-
pendence of the SDME r04

00 (see (A.1)), which is found
to be approximately flat in t ′ both at HERMES (see
Fig. 10) and at H1 [12] and ZEUS [11] kinematics. For
this case, the ratio of the total cross sections coincides
with the ratio of the cross sections that are differential
in t (see (34)).

The left panel of Fig. 20 shows HERMES results on the
Q2 dependence of R04, as measured on the proton, in com-
parison to world data. Given the experimental uncertain-
ties, there is no discrepancy with the data at lower energies
from CLAS [61, 62] and CORNELL [63]. The HERMES
data at intermediate energies are not expected to agree ex-
actly with those at high energies because of the UPE con-
tributions observed in the HERMES data, as discussed in
Sects. 9 and 10. We note that SCHC violating amplitudes
are also observed in the new CLAS data [62]. Additional
reasons may be the importance of valence-quark exchange
for NPE amplitudes and also a generally different W de-
pendence of the longitudinal and transverse cross sections,
as recently discussed in Ref. [38] in the context of a GPD-
based model.

The right panel of Fig. 20 presents the HERMES re-
sults on the longitudinal-to-transverse cross-section ratio

RNPE, which is corrected for the UPE contributions shown
in the previous section to be of substantial size at in-
termediate energy. The HERMES data are compared to
the recent high-energy data on R04 from ZEUS [11], for
which the UPE contribution is expected to be strongly sup-
pressed.

In order to investigate a possible W dependence of the
longitudinal-to-transverse cross-section ratio, the HERMES
and ZEUS data are fitted separately to a Q2 dependence sug-
gested by VMD models [2, 8, 65]:

R
(

Q2) = c0

(

Q2

M2
V

)c1

, (76)

where c0 and c1 are free parameters and MV is the mass
of the ρ0 meson. The fit results are c0 = 0.56 ± 0.08,
c1 = 0.47 ± 0.12 for HERMES and c0 = 0.69 ± 0.22, c1 =
0.59 ± 0.15 for ZEUS, with χ2/d.o.f. = 0.45 and 0.15 re-
spectively. These χ2 values indicate that the fits are domi-
nated by systematic uncertainties.

A W dependence of the Q2 slope is consistent with recent
calculations using a GPD-based model [38]. We note the
agreement of these calculations performed at W = 5 GeV
for Q2 values down to 3 GeV2 (see dashed curve in Fig. 20)
with the highest Q2 = 3 GeV2 point of HERMES. Uncer-
tainties in the model calculations originating from uncer-
tainties in the parton distributions employed are shown as
a shaded band superimposed on the curve.

Figure: Nuclear transparency TA = dσA
AdσN

as a function of Q2. Experimental
data are from CLAS, JLab (left). Q2 dependence of the ratio of the
longitudinal-to-transverse cross sections R = σ(γ+p→ρL+p)

σ(γ+p→ρT +p)
for exclusive ρ0

electroproduction on the proton(right).
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Vector mesons absorption in nuclei

In the late 60’s and early 70’s many experiments on vector mesons
V (ρ, ω, φ) photoproduction on nuclei have been done at SLAC, DESY,
Cornell etc. to check the predictions of vector dominance model and
quark model which for instance predict:
σ(ρN) = σ(ωN) = σ(π+N)+σ(π−N)

2 .
At that time the possibility of vector meson polarization impact on its
interaction with nucleons has not been considered, as the naive
quark model predicts that σT (VN) = σL(VN).
Moreover in vector mesons coherent photoproduction which is huge
and has clear and unique theoretical predictions, only transverse
vector mesons can be produced. As to the incoherent region to
extract σL(VN) one has to pick out the process, where the
longitudinally polarized vector mesons can be produced, which is not
the case for ρ, ϕ photoproduction, where s-channel helicity
conservation takes place at moderate momenta transfer.
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ω meson photoproduction off nuclei
Recently we proposed to measure the incoherent photoproduction of
ω mesons on nuclei, where appreciable part of ω’s can be produced
longitudinally polarized.
1.E. Chudakov, SG, A. Somov “ Photoproduction of ω mesons off
nuclei and impact of polarization on meson-nucleon
interaction.”,Phys. Rev. C93, 015203 , 2016
2.E. Chudakov, SG, A. Somov “Study of ω mesons photoproduction
off nuclei with the Gluex detector.” A Letter of Intend to Jefferson Lab,
PAC-43,2015
3. GlueX collaboration ”Photoproduction of vector mesons on nuclei
with GlueX” Proposal PAC46,2018
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The vector meson forward scattering amplitude off spinless target
reads:

f (~k , ~k ′) = f0(0) + f1(0)(~S~n)2

with ~S the spin of the vector meson and ~n = ~k/k the unit vector in the
direction ~k . According to the optical theorem imaginary parts of
complex functions f0(0), f1(0) can be expressed in terms of the
corresponding total cross sections σT , σL:

Imf0(0) =
k

4π
σL, Imf1(0) =

k
4π

(σT − σL)

A vivid example of the dependence of vector particle interaction on its
polarization is the deuteron interaction. The D-wave component in the
deuteron wave function leads to different absorption in the matter for
transversely and longitudinally polarized deuterons.
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Deuteron interaction with matter

Spin dichroism (dependence of interaction on particle polarization)
leads to the appearance of tensor polarization. The intensity of
unpolarized deuteron beam (I0

+1 = I0
−1 = I0

0 = 1/3) after it passage
the distance z in the target with density ρ depends on the value of
total cross sections of deuteron interaction with atoms of the target
σ±1, σ0

I±1(z) = I0
±1e−σ±1ρz ; I0(z) = I0

0e−σ0ρz

The deuteron beam tensor polarization is determined by the
difference σ0 − σ±1:

pzz(z) =
I+1(z) + I−1(z)− 2I0(z)

I+1(z) + I−1(z) + I0(z)
≈ 2

3
(σ0 − σ±1)ρz

Thus the difference of the tensor polarization from zero indicates that
interaction of deuterons with target atoms depends on the deuteron
polarization.
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The spin dichroism was experimentally measured at JINR, Dubna in
interaction of unpolarized deuteron beam with momenta
pd = 5Gev/c with carbon target (L. Azhgirey et al. Phys. Part. Nucl.
Lett.,2008; 2010)
The effect is noticeable:

∆σ = σ±(dC)− σ0(dC) = 38mb;σ(dC) = 650mb

σ±(dC) > σ0(dC) result of D-wave in deuteron!!!
The similar effect take place at much lower deuteron energies
E=5-10MeV ( H. Seyfarth et al. Phys. Rev. Lett.,2010), Juelich
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Color dipole model of strong interaction.
SG, A. Kotzinian, V. Jaloyan, Phys.Lett., 1988 ; N. Nikolaev, B.
Zakharov, Zeit. Phys.,1991
Before interaction the vector meson fluctuate into a virtual Q̄Q pair
which than scatter diffractively off a nucleon.
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Figure: Vector meson total cross section with nucleon in different
parameterizations for the wave function. a) Boosted Gaussian (left) b)
Forshaw & Sandapen (right) ADS/QCD
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The determination of σL.

1) ITEP: π− + A→ ρ0 + A′, G. Leksin et al. pπ=3.7 GeV/c; C,Ne,
Preprint ITEP 1973; p,C,Al,Cu,Pb Yad. Phys. 1978
Spin density matrix element ρ.00 ≈ 0.7 Result:
σ(ρN) = 27.6± 4.5mb.
From coherent photoproduction:σ(ρN) = 31.3± 2.3mb
Account of the decay of ρ mesons in nuclei leads to much smaller
cross section A. Pak, A. Tarasov, Yad. Phys. 1975.
2) Argon: π+ + Ne→ ρ0(f (1270)) + Ne′,pπ = 3.7GeV/c B.
Chaudhary et al. Nucl. Phys. 1973;
Account of mesons decay in nuclei leads σ(ρN) ≈ 12mb in sharp
disagreement with photoproduction data!!!!
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Vector mesons production at high energy
(COMPASS).

τ = pV
mV ΓV

. At COMPASS energies decays take place out of the
nuclei!!!
We ( Letter of Intend. ”Vector mesons production off nuclei with the
COMPASS-like detector. Physics motivation.” SG , A. Guskov, I.
Savin) propose to measure at COMPASS the production of light
vector mesons V = ρ, ω, f (1270),K ∗(892) on nuclei targets by high
energy pions π− + A→ V + A′ at small transfer momenta
0.1(GeV/c)2 < t < 0.5(GeV/c)2. This allows uniquely determine the
unknown longitudinal cross section σL(VN)!!!
In the presence of kaon beam COMPASS++/AMBER can investigate
the charge exchange process K± + A→ K ∗ + A′.
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Production of K ∗(892) mesons in kaon beam

Recently Alice Collaboration at LHC measure the polarization of
K ∗(892) in pp → K ∗(892)X and Pb + Pb → K ∗(892)X as a function
of centrality and K ∗ transverse momenta.

Figure: Left: The dependence of ρ00 on the transverse momenta of K ∗0 in the
reaction p + p → K ∗0 + X ; Right: The same dependence in lead-lead
collisions Pb + Pb → K ∗0 + X
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Summary

The difference in interaction of transversely and longitudinally
polarized vector mesons with nucleons is a result of presence of
D-wave in the vector meson wave function.
Measuring the absorption of vector mesons with different polarization
in nuclei (ω mesons photoproduction off nuclei,GlueX JLAB) and in
charge exchange reactions on different nuclei π− + A→ V + A′

(COMPASS, COMPASS++/AMBER,CERN) allows to extract the
σT (VN) and σL(VN) and get the information on the presence and
magnitude of orbital momenta in vector mesons.

Thanks for attention
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