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- the 4 independent helicity amplitudes of single pseudoscalar meson photoproduction can be uniquely determined
by 8 out of 16 accessible observables, among:

- 4 double polarization observables (at least 2 recoil observables),
- 2 with transversally polarized target,

- with transversally polarized target, P can be measured without measuring the polarization of the recoil proton
- completeset: £, 5, T, P, G, E, C, C,

- C,, C, are measured for single = production (Phy. Rev. C66 034614 2002)
— with these measurements a complete experiment is possible
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Well-established nucleon resonances
revisited by double-polarization measurements.

The first mesurement & reported of the double-palanzation observable (¢ i photapraduction af
nentral pions off protans, covering the photon energy range from 820 to 1120 MeV and the full sofid
angle. {7 describes the comrelation between the photan polarization plane and the scattermg plane for
pratems palarisd aling the direction of the incaming photan. The observable is highly sensitive to
comtributions fram baryan resanances. The new results are compared to the predictions from SAID,
MAID, and Bn(ia partial wave analyses. [n spite of the long-lmting efforts to understand vp — pa
# the smplst photoproduction reaction, surprsmgly large differsnces between the new data and
the latest predictions are abserved which are traced to different contnibutions of the N{1535) with
spinparity J° =1/27 and N{1520) with J* =3/2". In the third resonance region, where N'{1830)
with J* = 5/2% production dominates, the new data are reasonably close to the predictions.
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Fignre L {Calar onlime) a) The central part of the detector system. The CsI{T1) aystak [blue and green) are read aut via
wavelength shifters and photodiodes ar photommiltipliers, Bal'y crystak (velkbw) i forward dirsction with photommltipliers.
b The mising mass distribution, and {c) the 7° angular distribution for reaction (1) for an incident phaton energy of £, =
100025 MeV'; butanal {0}, hydrogen {4), carban {2}, and the sum of hydrogen and carbon data (<), From these dutnbutions,
the dilition factor (d) B determmned.

Linearly polarized photons were produced by scattering of a 3.3 GeV electron beam off a diamond crystal,
whereby maximal polarization of 65% at 950 MeV and 59% at 1150 MeV for second data set where
reached. The photons then hit a butanol (C,H,,0) target with longitudinally polarized protons, with a mean
proton polarization of about 75%. The butanol target was replaced by a hydrogen or carbon target for
background studies and for normalization.



The Incoming photoms may produce a % In the reactlon

i —+ pa”. [

For linearly polarlzed photons (with polarlzatlon p,)
and protons [with polarkatlon py), the mumber of events
N at the polar angle &, due to reactlon (1) as a [unctlon
of the azimuthal angle ¢, can be wreltten in the lorm

Nig. 8. )
Nol#: )

where N, 1s given by averaging N[ &) over & . The
beam asymmeiry Eg and tle observahle g lor the bu-
taml target are related to the corresponding quantitles
for scattering ofl [ree () protons E & and bound [6)
nucleons by
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Figure 2. [Calor onfine) a) A typical $,-dBtribution with a it wsing eq {2). bg) The beam asymmetry ¥ as a function
of cosdy far B, = 800 MeV and for E, = 1100MeV. Black dots show our data, red squares GHAAL data [20]. The curves
represent predictions from different partial wave malyses. Sobid (black) curve: BnGa [24]; dashed (red): SALD [22]; long-dashed
(black): BnGa with By, and £, amphtudes fram SAID; dotted [blue): MAID |23]; dashed-dotted {black): BnGa with B,
and E,- amplitudes fram MAID. Gray area shows the systematic errar due to mteractions on nucls and uncertainty in the
photon palareaton.
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Figure 3. {Calor anfine) The palanzstion observable & @ a

function of cosd; fram E, = 800 MeV up to B, = 1100 MeV.
Systematic errom are shown in gray bars. Curves: see fig. 2.
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Figure 4. The double-palarization abservable 3 @ a function

of energy for two selscted bing in 8;. Curves: ses fig. 2. Far
comparson the positions of several resonances are marked.




Summarizing, we have repored the st e Asirement
of the double-polarization observable &7 In the reacilon
T —+ pa” In a wide range of energles and coverlng tlhe full
golld angle. The new data on ¢ resolve ihe discrepant re-
sgulis on the elicity amplitedes of ow-1ylng lour-star na-
cleon resonances obialned Irom Biza, MATD, and 5ATD
and are an lmportan step towards a complete data base
which will define umamblgeously the nuckon excltation
§pecirm.
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Transparency ratio in vA — 1'A’ and the in-medium 7’ width

Abstract

The photoproduction of 7'-mesons off different nuclei has been measured with the
CBELSA/TAPS detector system for incident photon energies between 1500 - 2200 MeV. The
transparency ratio has been deduced and compared to theoretical caleulations describing the prop-
agation of 7'-mesons in nuclei. The comparison indicates a width of the r'-meson of the order
of ' = 15 — 26 MeV at p = py for an average momentum py = 10560 MeV/c, at which the 7y'-
meson is produced in the miclear rest frame. The inelastic n'V cross section is estimated to be 3§
- 1) mb. Parameterizing the photoproduction cross section of 1f-mesons by af 4) = oA, a value
of @& = (L84 = 0.03 has been deduced.

Transparency ratio is the ratio of production cross sections per nucleon in different
nuclei with respect to the elementary cross section on the nucleon.

The photoproduction cross section A(y,’)A’ in nuclei is not proportional to A for
different nuclei, and the deviation from A scaling can be related to the width of the
produced particle in the nucleus.
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Tagged photons with energies of (.9 - 2.2 GeV, produced via bremsstrahlung at a rate of 8-10
MHz, impinged on a solid target. For the measurements, "C,*"Ca, **Nb and *"*Pb targets
were used with thicknesses of 20, 10, 1, and 0.6 mm, respectively, each corresponding roughly
to about 8-10% of a radiation length. The data were collected during two running periods
totaling 575 h. Events with ' candidates were selected with suitable multiplicity trigger
conditions requiring at least two hits in TAPS or at least one hit in TAPS and two hits in
the CB, derived from a fast cluster recognition encoder. A more detailed description of the
detector setup and the running conditions can be found in [28, 29].

The i/-mesons were identified via the 77 — 7%"p — 6+ decay channel, which has a
branching ratio of 8.1%. For the reconstruction of the n-meson, only events with at least 6
or 7 neutral hits were selected. Because of the competing channel 5 — 777" — 6 with
the same final state, this reaction was also reconstructed and the corresponding events were
rejected from the further analysis. In addition, only events with one combination of the 6
photons to two photon pairs with mass 110 MeV /¢ < m.., < 160 MeV/c? close to the 7"
mass and one pair with mass 500 MeV /c? < m.., <600 MeV /c? close to the p mass were
analyzed further.
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FIG. 1. Invariant mass spectrum of 2"x%; for C, ¥ Ca, ®*Nb and *™Pb targets for the incident

photon energy range 1500 - 2200 MeV. The solid curve is a fit to the spectrum. Only statistical
errors are given. See text for more details.
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FIG. 2. Transparency ratio relative to that of *3C, T4 = ’I_‘_.{J-"’f‘m: as & function of the nuclear mass
number A4, for different in-medium widths of the 5’ at three different incident photon energies. Only
statistical errors are shown. The systematic errors are of the order of 209 but tend to partially
cancel since cross section ratics are given.
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FIG. 3. The transparency ratio for f-mesons as a function of the nuclear mass mumber 4 for the
full incident photon energy range of 1500 - 2200 MeV. The solid curve is a fit to the data using

expression in Eq.(11).
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FIG. 4. Momentum distribution of 1-mesmns produced off a C target for Ef:'“‘“ = 15N - 2300
MeV. The dashed curve is to guide the eye.
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FIG. 5. (Left) Transparency ratio for the f'-meson normalized to C for three different targets: Ca,
Nb, and Pb and four bins in ' momentum (full triangles) for the full incident photon energy range
from 1500 - 2200 MeV. The open triangles show the values when infegrated over all momenta and
energies. [Hight) The in-medium width [upper panel} and inelastic cross section (lower panel | as
a function of the n' momentum. For comparisan, the theoretical predictions for 4,4 [7] are shown
by a blue [solid) curve.




III. CONCLUSIONS

The transparency ratios for '-mesons measured for several nuclei deviate sufficiently from
unity to allow an extraction of the 7 width in the nuclear medium, and an approximate
inelastic cross section for o NV at energies around /s == 2.0 GeV. We find ['= 15 — 25 MeV
o pa roughly, corresponding to an inelastic ' N cross section of oy == 6-10 mb. If inelastic
and two-body absorption processes were equally strong the inelastic cross section would be
reduced to ogg == 3-5 mb. Despite of the uncertainties and approcimations involved in the
determination of &gy, this is the first experimental measurement of this croes section. A
comparison to photoproduction cross sections and transparency ratios measured for other
mesons (7,1, w) demonstrates the relatively weak interaction of the r-meson with nuclear
matter. Regarding the observability of f mesic states the measured in-medium width of
' == 15 — 25 MeV at normal nuclear matter density would require a depth of about 50 MeV
or more for the real part of the ' - nucleus optical potential.




Crystal Ball at MAMI, TAPS and A2 (ManHu)
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Crystal Ball: TAPS:
- pt 233 MeV - pt 165 MeV
- 1= 240 MeV - 1= 180 MeV
- K= 341 MeV - K= 280 MeV
- p: 425 MeV - p: 360 MeV

Experimental Setup

N
%\
PID & tracking / 0%
detectors ’ ag;@,Q

Crystal Ball:
— 672 Nal crystals about 16 r.l.
— Cover 94% solid angle
— Angular resolution: o(@) is 2-3 degree and o(©)
is (2°-3°)/cos(@)
—  Epergy resolution of about AE/E=0.02(E[GeV])

TAPS:
— 366 BaF, and 72 PbWO crystals
— Time resolution 160 psec
— Overall acceptance for EC calorimeter 97%

— Barrel of 24, 4 mm thick plastic strips

— Good time resolution

— Proton identification using AE/Ax
MWPC:

— Two-layers cylindrical chamber

— Angular resolution 2-3 degrees

—  Minimum material in particular in forward
direction
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Spectrometer

Collimator

Maximum electron energy — 1604 MeV
Maximum energy of tagged photons —
1453 MeV with the main tagger,

and up to 1548 MeV with the end-point
tagger

Energy resolution ~ 4 MeV in the main
tagged ladder, ~1 MeV resolution in the

microscope
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Study of the vp — w"a"p reaction with the Crystal Ball/TAPS at the Mainz
Microtron

The yp— ' n p reaction has been mesured from threshold to 14 GeV nsing the Crystal Ball
and TAPS photon spectrometers together with the photon tagging ality at the Mamz Microtran.
The experimental results inchide total and differential crms sections 2 well as specific angular
distnbutions, which were wsed o eviract parfial-wave amplitudes. [n particular, the ensrgy mgion
below the Dyy{1520) resonance was studied.




The present measurement used 255-MeV and 1508-
MeV electron beams from the wpgraded Mainz Mi-
crotron, MAMI-C [31]. The data with the 1508-MeV
beam were taken in 2007, and with the B55-MeV beam
in 2008, Hremsstrahlung photons, produced by the 1508-
MeV electrons in a 10-pm Cu radiator and collimated by
a 4-mm-diameter Ph collimator, were incident on a 5-
cro-long liquid hydrogen (1H; ) target located in the cen-
ter of the CB. The energies of the incident photons were
measured in the range 617 o 1402 MeV by detecting the
post-bremssirahlung electrons in the Glasgow tagger [32].
With the 855-MeV electron beam, bremsstrahlung pho-
tons were produced ina diamond radiator, collimated by
a Jmm-diameter Ph collimator, and incident on a 10-
cm-long |Hz target. In this experiment, the energies of
the incident photons were tagged from 84 o 796 MeV.
The energy resclution of the tagged photons is mostly
defined by the widih of the tagger focal plane detectors,
amnd by the electron beam energy. For a beam energy
of 1508 MeV, a typical width of a tagger channel was
about 4 MeV, and about 2 MeV for a beam energy of
855 MeV. Due to the beam collimation only part of the

bremsstrahlung photon flux reached the 1Hy target.
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FIG. 1t [Color online) Total eross sections for yp — " n'p
are shown a8 & function of the incident-photon energy. The
resulta obtained in this work are compared to the existing data
from GHAAL [6], CB-ELSA 11, 12], DAPHNE [8], TAPS[12],
and Crystal Hall"TAPS [40]. Only statistical nncertainties are
shown for all data.
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FIG. 3 Definition of the coordinate system used in the
present formalism. ;: i, g1, and §a are respectively three-
momenta of the incident-photon, out-going proton, two pions
in the center of mass system. Axis & is a normal to the decay
plane. Axis X is along @@ © and @ are respectively the palar
and azimuthal angles of .




W(e,e) = l-r."-cr

—EE

L0 M

WLHFLH (&, &), (3)

which 58 expanded over spherical harmonics with Wy =
1. The coeflicients Wiy in Eq. (3] are bermitian combi-
nations of the partial-wave amplitudes tﬂf . The corre-
sponding expression was obtained in [26]:

ww_—jl:fmimzz: R Vs

v L MM
KFJ-M*JM,.FJ-'FJ yt'l".l-" "':“-'h“-'z] Lﬁf" (i, wa), (4)

where K is an appropriate phase space [actor. Formula
(3] determines the general structure of an angular dis-
tribution in a manner analogous to the expansion of the
cross section for single-meson photoproduction in terms
of the Legendre polynomials,
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FIG. 4: (Color online) Distribution W(8) = [ W8 &)db FIG. & (Calor  online) DMstribution W [d) =
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of the incident photon in the coordinate frame presented in the incident photon in the coordinate frame presented in
Fig. 3. Our experimental realts with statistical uncertainties Fig. 3. (tther notations are the same &s in Fig. 4.

are shown by filled drcles. The predictions from the model

of Ref. [18] are shown by dashed lines. The results of fitting

our data below B, = 0.8 GeV are shown by solid lines. The

energy label in each panel indicates the central photon energy

far each bin.
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FIG. 6 (Color online) Moments Wrar (normalized such that
Won = 1) a8 & function of the incident-photon energy. Our
experimental results for the real part of Wirar are shown by
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FIG. 7: (Calor online} Total cross section far yp — 7%7"p as
a function of the incident-photon energy. Our experimental
reanlts are shown by triangles and circles, reapectively for the
data with the 855-MeV and 1508-kMeV electron beam. Cnly
statistical uncertrinties are shown. The fit results for the
total cross section are shown by the solid line, and for the
/27, 3/2%, and 1/2" waves by long-dashed, dash-dotted,
and dotted lines, respectively. The Dhs(1520) contribution,
calculated from the model of Ref. [14], is shown by the shart-
dashed line
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experimental results with statistical uncertainties are shown
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madel [11, 12].
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FIG. 10: [Color online) yp — 77 p differential cross sections
a3 & function the invariant mass squared mi(ﬂuﬂu]. Chir ex-
perimental results with statistical uncertainties are shown by
filled circles. The predictions from our model are shown by
galid lines. The dashed lines result from the Bonn-Gatchins
maodel [11. 1Z].
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FIG:. 11: (Color online) Same as Fig. 10, but for mw®(x%).
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senta the average of two distributions.
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FIG. 12: (Color online) The partial wave contributions to the
o spectrum for B, = 425 (&) and 775 MeV (b} (enlarged
from Fig. 10). Lang-dashed, dash-dotted, and dotted lines
correapond to the 327, H,-’E"': and 1;"2"' waves, respectively.
The sum of all waves is shown by solid lines.




Onr analysis of the energy dependence of Wi e showed
that a large contribution from the J = 3/2 waves is nec-

essary not only in the region of IMa(1520) but also at
energies below. According to our results, these waves
soem Lo be responsible for an almost linear rise of the
TP b ':ITI:I':ITUF total cross section in the region B =
450 - 725 MeV. Isobar models with the dominant contri-
bution from £} 4 1520) and a moderate role for the Roper
resonance cannot explain such features in double-7" o b
toprodoction. Whether these features are the reflection
of a large J™ = 3/2% fraction of 7#ta~ — 7" rescat-
tering, or are a consequence of the strong D (1700) ex-
citation, found in Hefl [12], requires further experimental

amd theoretical studies.
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Coherent photoproduction of r-mesons off *He- search for -mesic nuclei

Abstract

Caoherent photoproduction of rmesons off “He, i.e. the reaction v*He — 1°He, has been investigated in the near-threshald region.
The experiment was performed at the Glesgow tagged photon facility of the Mainz MAMI accelerator with the combined Crystal
Hall - TAPS detector. Angular distributions and the total cross section were measured using the 7 — vy and n — 3" = Gy decay
channels. The observed extremely sharp rise of the cross section at threshold and the behavior of the angnlar distributions are
evidence for a strong tfl-le final state interaction, pointing to the existence of & resonant state. The search for further evidence of
this state in the excitation function of 7 -proton bacl to-back emission in the v*He — 7" pX resction revealed a very com plicated
structure of the background and could not suppart previons conclusions.




2. Experiment and analysis

The experiment was performed at the tagged photon
beam of the Mainz MAMI accelerator [50,51]. The electron
beam of 1508 MeV was used to produce bremsstrahlung
photonsin a copper radiator of 10 um thickness, which were
tagged with the upgraded Glasgow magnetic spectrometer
[52-54] for photon energies from 0.45 GeV to 1.4 GeV. The
typical bin width for the photon beam energy (4 MeV) is
defined by the geometrical size of the plastic scintillabors in
the focal plane detector of the tagger. The intrinsic resclu-
tion of the magnetic spectrometer 1s betber by more than
an order of magnibude The size of the tagged photon beam
spot on the target was restricted by a 3 mm diameter col-
limakor placed downstream from the radiator foll. The tar-
get was a mylar cylinder of 3.0 em diameter and 508 em
length filled with liquid *He at a temperature of 2.6 K. The
corresponding target density was 0.073 nuclei/barn.

The reaction products were detected with an electro-
magnetic calorimeter combimng the Crystal Ball detector
(CB) [55] made of 672 IMal crystals with 384 BaF» crystals
from the TAPS detector [56,57], configured as a forward
wall. The Crystal Eall was equipped with an additional
Particle Identification Detector (FID) [58] for the identi-

ficabion of charged particles
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Fig. 1. Missing energy spectra for the +5He — ®He reaction for
the two-photon amd 3729 decay modes for diferemt rangss of inch
dent photon energy. Black dots: experiment. Curves: Monte Carlo
simulations. Solid (red): coberent contribution, dashed (Blue): recndl
taken by cquuasi-free nocleon, detted [(green): recodl taken by di-ma-
cleon, solid (black) sum of all.
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Fig. 2. Total cross section for the 4*He— 1P He reaction from n — 24
and n — 6y decays, The shaded band at the bottom indicates the
systematic uncertainty. The two vertical hnss mdicate coherent and
breakup thrshold. Theory curves: (blue) dotted amd dashed from
Shevchenko et al. [66] for two different versions of elastic nN scat-
tering, [red) solid (dash-dotted): Fix and Arenhivel |65] full model
(plane wave), (black) long dash-dotted: Tiator et al. |64].
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Fig. 3. Total cross section for v+ He—n%He [averaged over 2+ and
G decays) [red dots) compared to previous data {7 (green trian-
gles). Solid [dashed) curves: PWIA with realistie [isotropic) angular
distrdbution for 4n — ng [3ee text). The present data are binned
in the same way as the angular distrbutions in Fig. 4 (bin width
8 MeW). Insert: rathe of measured amd PWIA cross sections.
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Fig. 4. Angular distributions of *He—"He in the photomsmiclesn
¢.m. system for different energy hins (rangs of incident photon en-
ergy in MeV indicated by the labels). (Red) dots: 5 — 2v decay,
[blue) open squares: § —+ by decay, dashed curves: resulls of PWIA
mdlel with isotropic angular distribastions for 4n — nn, solid curves
with realitic angular ditributions, dotted curves: folded with ex-
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perimental resolition [see text).
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4. Summary and conclusions

Coherent photoproduction of p-mesons off *He has been
measured with much improved statistical quality compared
to the pilot experiment of Peiffer et al [47]. The total cross
section rises sharply between the coherent and brealup
thresholds. Compared to a PWIA, which s in fair agree-
ment wikth the data in the 5, peal:, the threshaold values are
enhanced by nearly one order of magnitude This is very
different e g. from the behasvior of coherent 7 photoprodue-
tion cff the denteron, which isin reasonable agresment with
PWIA [15]. The angular distributions at threshold are al-
most iscbropie, and are unlikze the forward pealed distribu-
tions expected to result from the form fackor behasvior. This
result is similar to that previously observed for the hadron
induced reactions pd — 1" He [37] and dp — 7" He [38-40].
This independence from the tnitial stabe 1s strong evidence
for dominant -nucleus interaction effects, related to a res-
onant state in the vicinity of the i production threshold.
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