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A general analysis of expressions for polarization observables in the reaction of coherent photoproduction of pair pseudoscalar
mesons on deuteron target, ¥ +d — d+ & + 7, has been performed. This analysis does not depend on the details of the reaction
mechanism since it is based on general symmetry properties of the electromagnetic interaction with hadrons. Expressions for the
following polarization observables have been obtained: the asymmetries due to the linear or circular polarization of photon beam, the
asymmetries caused by the vector or tensor polarized deuteron target. The experimental situation when scattered deuteron and one of
the produced pions are detected in coincidence has been considered. The expressions for the single-spin asymmetries in the reaction
¥ +d — d+ 7 have been also derived.
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OBILUHI AHAJIM3 NOJIAPU3ALIMOHHBIX D®®EKTOB B PEAKIIUA Y +d > d+ 7+ 7.
I. OJHOCIIMHOBBIE ACUMMETPHUH

I'.W. lax/, AT Tax’
' Hayuonanenviii nayunviii yenmp «Xapokosckuti usuko-mexHuueckusi uncmumym
Yxkpauna, 61108, Xapvkos, yn. Axademuueckas, 1
2 Xapvrosckuil Hayuonanvhwslil ynueepcumem umenu B.H. Kapazuna @usuxo-mexuuueckuii paxyivmem
Yxpauna, 61108, Xapwvros, np. Kypuamosa, 31
BrimonHeH o0mmii aHaMM3 BRIPAKCHUH IS MOIAPH3aLMOHHBIX HAOIOMAeMBIX B PEaKIIMU KOTEPEHTHOTO (pOTOOOpa30BaHUS Maphl
TICEBJIOCKAISPHBIX ME30HOB Ha JeiTponHoil mumenu, ¥ +d — d+ 7 +7. Dror aHanus He 3aBUCHT OT JeTaleil MexaHu3Ma
peakiuu, Tak Kak OH OCHOBaH Ha OOIIMX CBOMCTBaX CHMMETPHH 3JCKTPOMATHHTHOTO B3aWMOJICUCTBHS aJpPOHOB. BhIYmCICHBI
BBIPOKCHHS JUIA CJICAYIOIIUX TOJIAPU3AIMOHHBIX HAONIOAaeMbIX: aCHMMETPHHU, OOYCIIOBICHHBIC ITHHEHHON WIH IHUPKYJISPHON
noJsipusanueii GOTOHHOTO My4YKa, aCHMMETPUH, 00YCIIOBIICHHBIC BEKTOPHOW MM TEH30PHOW MONIApH3allUCeH ASHTPOHHON MUIIICHH.
PaccMmoTpeHa sKcmepuMeHTanbHash HOCTAHOBKA OIBITa, KOIJa pAacCcesHHbI MAEHTPOH W ONUH M3 OOpa3yIOLIMXCs IHOHOB
JETEKTUPYIOTCS Ha coBrajeHus1. [ToydeHsl Takke BEIPaKEHHs JUTs OAHOCIIMHOBBIX aCHMMETpUil B peakuun Y + d—>d+rx.

KJIIFOUYEBBIE CJIOBA: nonspusaiusi, cedcHue, GOTOpOKICHHE, ACUMMETPHS, JIICKTPOH, NCHTPOH.

3ATAJIBHUI AHAJI3 NOJSIPM3ANIIHAX EGEKTIB Y PEAKII y+d > d+ 7+ 7.
I. OJHOCHIHOBI ACUMETPI{

I'.IL Tax!, [0.I1. Pekano}, A.T'. Tax’

' Hayionansnuii naykoeuti yenmp «Xapriecokuti (isuxo-mexuiunuii incmumymy
Vxpaina, 61108, Xapxis, éyn. Akademiuna, 1
2 Xapriscokuii nayionanshuil ynisepcumem imeni B.H. Kapasina ®izuxo-mexuivnuii paxynomem

VYkpaina, 61108, Xapxkis, np. Kypuamosa, 31
BuKOHaHO 3aranpHHil aHami3 BHpPa3iB ISl MOJSIPH3ALIMHUX CIIOCTEPESKYBAHUX Yy PEakiil KOrepeHTHOro (OTO YTBOPEHHS Hapu
[ICEBJOCKAISIPHAX ME30HIB Ha JeiTponHiil mimeni, ¥ +d — d+ 77 + 7 . Lleii ananis He 3anexuTh B AeTaiell MexaHi3My peakuii
TOMY, IO BiH 3aCHOBAHO Ha 3araJlbHUX BJIACTHBOCTSAX CHUMETpIii €IEeKTPOMAarHiTHOI B3aemopii aapoHiB. BupaxysaHi Bupasm s
HACTYNHUX  TOJSPH3ALIAHUX CIIOCTEPEKYBAaHHX: acHMeETpii, ska OOyMOBJEHa JIHIHHOI a0 HUPKYISPHOK MOIAPH3ALIEI0
(oToHHOrO TMydYKa, acWMeTpii, siKi OOyMOBIICHI BEKTOPHOI a0 TEH30pHOI MOJPHU3AIIEI0 JeHTpoHa MimieHi. Po3risHyTta
eKCIIepUMEeHTaJIbHAa TOCTAaHOBKA JIOCIITy, KOJIN PO3CIIOBAaHMI IEHTPOH 1 OJHH 13 ME30HIB IO YTBOPIOETHCS IETEKTYIOTHCS Ha 30ir.
BupaxyBaHi Takox BUpPa31 I OJHO CIIIHOBUX acuMeTpiit y peaxuii ¥ +d —>d +7 .

KJIKOYOBI CJIOBA: nonspu3anis, nepepi3, poTOyTBOPEHHS, aCHMETPisl, €1EKTPOH, AEHTPOH.

Understanding the structure of hadrons (and, in particular, nucleon) and basic properties of nucleon resonances
(the spectrum, decay widths, spin and so on) is an important problem in the physics of the strong interaction.
Unfortunately, the existing at present theory of the strong interaction, Quantum Chromodynamics (QCD), is not able to
predict these properties since in the low energy regime (scale typical for the nucleon mass and its excited states) it is
necessary to use the non-perturbative approach which is absent now.
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The complex structure of the nucleon is reflected in a rich excitation energy spectrum. The electromagnetic
excitation of the nucleon with real photons and the subsequent decay via mesons allows insight into its structure and
couplings. Although studied for a long time with hadron beams, the properties of many baryon resonances are not
sufficiently well known to provide a crucial test for quark models and other descriptions of nucleon resonances. So, at
present, much of our limited understanding of these baryon resonances comes from various versions of quark models.
They predict a number of the resonances with masses above 1.8 GeV that have not been observed in the pion-nucleon
channel, the so-called "missing" resonances. Thus, the photoproduction of final states with more than one meson (the
so-called multi-meson final states) avoids the pion-nucleon state both in the initial and final states. Such experiments
can give the possibility to study the nucleon resonances which are weakly coupled to this channel. The recent progress
in the investigation of nucleon resonances with meson photoproduction on nucleons and light nuclei was given in the
review [1].

With the advent of new experimental facilities providing continuous tagged photon beams like JLab (USA),
MAMI at Mainz, and ELSA at Bonn and availability of the detectors with large solid angle allows one to investigate the
decays of the nucleon resonances into multi-meson states. Here, the availability of linearly and circularly polarized
photon beam and polarized targets has provided access to observables, which are sensitive to specific resonances.

The experiments on the meson photoproduction showed that double pion photoproduction is an important reaction
channel in the second resonance region. The cross sections for single meson photoproduction (pion or M -meson) and

double pion photoproduction are almost equal at the photon beam energies in the range 600—-800 MeV [2, 3].

Moreover, most of the rise of the total photoabsorption cross section from dip above the A-resonance to the peak of the
second resonance bump is due to the double pion photoproduction. This is not only important for resonances on free
nucleon, but also for understanding of suppression of second resonance bump in total photoabsorption from nuclei.

Let us note that investigation of the photoproduction reaction on the proton target alone does not permit a total
determination of the amplitude of the process, primarily its isospin structure. So, to investigate this structure it is
necessary to use the reactions on nuclei, especially on the deuteron and *He, which are usually used as the neutron

targets. Note that not only quasifree, but also coherent reactions like d (7,71'077)d , can give important information [4].

Up to now the majority of the experiments on the double pion photoproduction have been done on the proton
targets. At present there exist a number of experiments which use the deuteron target [S5] — [9]. The isospin channels
involving neutron targets have been studied in quasifree kinematics on the deuteron.

In the last time, the polarization observables in the double meson photoproduction reactions on the proton target
have been measured in a number of the experiments. The beam asymmetry, caused by the linear polarization of the

photon beam, was measured for the y p — z°n p reaction [10]. The asymmetries due to the circularly polarized photon

beam were measured in the double-charged-pion photoproduction on the proton target [11, 12]. The polarization
observable which is caused by the acoplanar kinematics of multi-meson final state produced via linearly polarized

photon beam in the reaction yp — 7°7 p has been measured for the first time [13]. The helicity dependence of the

total cross section for the reaction yp — nz* 7’ has been measured for the first time at photon beam energies

400 —800 MeV [14]. The circularly polarized photon beam and longitudinally polarized proton target are used in this
experiment. The first polarization measurement on the neutron target has been done at photon beam energies
0.6 —1.5GeV [15]. The beam asymmetry due to the linearly polarized photon beam was measured in the reaction of the

double 7°-meson photoproduction on the neutron.

From the theoretical point of view, the analysis of the polarization effects in the reaction of the double-meson
photoproduction on the nucleon target has been performed in a few papers [16] — [17]. The formalism for the
investigation of the polarization observables for the processes y N >z N and 7 N —zx N, using both helicity and

hybrid helicity-transversity basis, has been considered in Ref. [16]. The expressions for the differential cross section
and the recoil polarization including beam and target polarization have been derived for the 77 photoproduction on

the proton [17]. Numerical results for the linear and circular photon beam asymmetries for this reaction have been
obtained within an isobar model.

A general analysis of the polarization observables in the reaction of coherent photoproduction of pair pseudoscalar
mesons on the deuteron target, yd —z 7 d, has been derived in this paper. To do this we use the approach suggested in

Ref. [18], where a general analysis of the polarization phenomena for the processes with three-body final states (in
noncoplanar kinematics) has been presented. Our analysis does not depend on the details of the reaction mechanism
since it is based on general symmetry properties of the electromagnetic interaction with hadrons. Expressions for the
following polarization observables have been obtained: the asymmetries due to the linear or circular polarization of
photon beam, the asymmetries caused by the vector or tensor polarized deuteron target. The experimental situation
when scattered deuteron and one of the produced pions are detected in coincidence has been considered. The
expressions for the same single-spin asymmetries in the reaction yd —xd, have been also derived.

The aim of the paper is the analysis of the polarization observables in the reaction yd —7z 7 d, which can help in
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elucidation of the reaction mechanism and clarify the properties of the "missing" resonances.

MATRIX ELEMENT AND DIFFERENTIAL CROSS SECTION
We consider the process of the photoproduction of the pair of the pseudoscalar mesons (77, 777 and etc.) on the

deuteron target
k) +d(p) = d(p, )+ 7lq,)+7(q,), (1)

where the four-momenta of the particles are given in the brackets.

Let us note that considered reaction is of the following type 14+2 — 3+4+5 and the main feature of the process
with three particles in the final state is noncoplanarity of the kinematics. It means that this reaction is characterized by
two (instead of one for the case of the binary reactions) reaction planes: one plane is determined by the momenta of the
photon beam and scattered deuteron and other plane is defined by the momenta of the one of the pions and photon
beam.

In the paper [18] it was suggested the approach which permits to do a general analysis of polarization phenomena
for the three-body processes with noncoplanar kinematics. The main feature of this approach is introduction of
pseudoscalar acoplanarity parameter. The spin structure of the matrix element and the polarization phenomena for such
processes contain new contribution, with respect to binary processes, which can be conveniently expressed as functions
of this parameter.

We apply now the formalism of parametrization of the reaction amplitude with the help of the orthonormal basis to
the case of the photoproduction of two pseudoscalar mesons (pion or n-meson) on the deuteron. Since this reaction is of
the type 2 — 3 process we use the approach of the paper [18]. In the 2 — 3 process the momenta of all particles do not
lie, in general, in one plane and as a result we have a non-zero relativistic invariant (a pseudoscalar)

Pinv = g/lvpopl/zPZVqlquO' = _\/;gijkplipnqlk 4

where s =(k+ p, )2 is the square of the total energy of the reaction. This relation is written in the reaction CMS (we use

the convention &, =1). It is evident that in the center-of-mass system (CMS) of the reaction 1+2 —>3+4+5 P,

will be proportional to the following product of the three-momenta p,-p,xq, which defines noncoplanarity of the

particles three-momenta. Namely, the parameter P,,,

is connected with the angle between two reaction planes.
Let us introduce the set of the orthonormal unit vectors

- k kxq ~
k=—, n= , m = n xK, 2)
| k| | kxq|

where k(q) is the momentum of the photon (first pion) in CMS of the reaction under consideration. The coordinate
system is chosen as: z axis is directed along the momentum of the photon k , and the momentum of the first pion lies in
the xz plane. In this case the unit vector m is directed along x axis, the unit vector n is directed along y axis and the

unit vector Kk is directed along z axis.
To use the approach of the paper [18], it is necessary to introduce the acoplanarity parameter which takes into
account the features of the three-body processes. We introduce the following pseudoscalar P =n-p/|p| which is

proportional to sin ¢, where p is the scattered deuteron momentum and ¢ is the azimuthal angle of its momentum.
The number » of independent helicity amplitudes for 1+2 —3+4+5 is given, in general, by n=(2s, +1)
(2s, +1)(2s, +1)(2s, +1)(2s, +1) , where s, is the spin of the i-th particle. So, for our case this number is »=18.
The presence of the noncoplanarity (P # 0) has to be taken into account in establishing the spin structure of the

matrix element for the reaction (1). If the P — invariance of the strong and electromagnetic interactions holds, the
matrix element is described by the following general parametrization (in CMS of the considered reaction)

M = A+ PB, 3)
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A=e-m[{U;-mU5 m+ £,U; - nUy -n+ £3U; KU -k + £,U; -mU) -k + f5U -kUS -m]+

% A K * koA
+e~n[f6U1-mU2-n+f7Ul-kU2~n+f8U1-nU2-m+f9Ul-nUz-k],

— * A3k * * oA
B:e~m[f10U1-mU2-n+f11Ul-kU2-n+f12U1-nU2-m+f13U1~nU2-k]+

+e-n[f;,U; -mUs m+ /U -nUs n+ f Uy KUY -k + /.U mUS -k + f;gU; KU -m],

where Ul(UZ) and e are the polarization three-vectors of the initial (scattered) deuteron and photon, respectively.

Quantities f;, i =1-18, are the scalar independent amplitudes for the reaction (1) which are functions of the five

kinematical variables.
Let us single out the photon polarization three-vector and write down the matrix element in the following form

M = eel-J i 4

where e is the electron charge.
Since the photon polarization three-vector is orthogonal to the photon momentum (vector k), then the general
form of the hadronic current can be written as

J;= ml-A +n;B, 5)
where
* & Ak oA ® oA Ak
A:flUl-mU2-m+f2U1-nU2~n+f3U1-kU2-k+f4Ul-mUz-k+f5U1-kU2~m+

+g,0U; -mU; n+g U kU; ‘n+g,U; -nU; ‘m+g ;U -nU; K,

B:f6U1'mU§'n+f7U1'RU;'11+f8U1'nU;~m+f9U1~nU;-ﬁ+

+g1,Up - mU5 m+gsUp -nU5 -n+g Uy KUY -k +g;U; -mUj -k + g U KU, -m,
where we introduce the designation g =p fi’ (i =10—18) . The square of the matrix element can be written as
2_ »
| M "= dzap; H . (6)

(

where the tensor pijy) = el.ej. describes the polarization state of the photon beam and hadronic tensor is defined as

H ij = JiJ j . The general structure of the hadronic tensor can be represented by the formula

% % * . *
Hij = mimjAA +nl.njBB + Re(4B )(mi”j +mjnl-) +ilm(A4B )(mi”j —mjnl-).

The differential cross section of this reaction can be written as, in the reaction CMS, in terms of the reaction
matrix element for the case when the scattered deuteron and one of the pseudoscalar mesons are detected in coincidence

-5 2, - 2
do _@m P lg M|
da)ldQ,[de 32ME7, r(W —-w)+E, | 41| cosy

(7

where E7, =(s-M 2) / 2M 1is the energy of the photon beam in the laboratory system, s = W2 =(k+ Py )2 is the

square of the total energy, M is the deuteron mass, @, (| 1) and E,(p) are the energy (magnitude of the momentum)
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of the first meson and scattered deuteron in the reaction CMS, y is the angle between momenta of the scattered
deuteron and the first meson.

POLARIZATION STATE OF PHOTON BEAM AND DEUTERON TARGET
To describe the polarization state of the photon beam we use the general expression for the photon polarization
three-vector which is determined by two real parameters £ and § and it can be written as [19]

e = cosfm + sinfexp(id)n. (8)

If the parameter 0 = 0 then this photon polarization vector determines the linear polarization state of the photon at
an angle [ to the x axis. The parameters values f=7/4 and 6 =+x /2 denote circular polarization of the photon.

Arbitrary # and & correspond to the elliptic polarization of photons. In the formalism of the photon spin-density
matrix such description corresponds to the particular choice of the Stokes parameters

gy =sin2fcosd, &, =sin2fsind, &3 =cos2f.

These parameters satisfy the following condition: flz + 522 + 532 =1. The value 0 =0 (the linear polarization)
corresponds to &) =sin2/f3, &, = 0,53 =cos2f and the value & = +90°, B = 45" corresponds to § =86=0,¢ ==l

Let us stress that such choice of fi is not the most general expression for the photon spin-density matrix.

We consider the general case of the polarization state for the deuteron target which is described by the spin—
density matrix. We use the following general expression for the deuteron spin—density matrix for the case of spin one in
the covariant representation [20]

pl,uplv i

Puv = _g(gyv ) ngvaﬂsaplﬁ +Q,UV’ )

where s, is the four-vector describing the vector polarization of the deuteron target and satisfying the following
conditions, s2 =-1, s:p; =0 and Q v is the tensor describing the tensor (quadrupole) polarization of the deuteron
target and satisfying the following conditions, Q#V = QV#’ Py ,uQ uy = 0, Q,u,u =0 (due to these properties the

tensor QO uv has only five independent components). In laboratory system all time components of the tensor O uy are

zero and the tensor polarization of the target is described by five independent space components
(Qij =0 ji’Qii =0,i,j =x,y,z). The polarization four-vector §, is related to the unit vector & of the deuteron

vector polarization in its rest system: sy =—k -5/ M, §=¢+ k(k-&)y1 M(M +E)), E; is the deuteron-target

energy in the y+d — d + 7 + xr reaction CMS.

Below in the paper we assume that the recoil deuteron polarization is not measured. So, its polarization state is
described by the following spin—density matrix

, PruPay
Puv ==8uv +7;2 : (10)

All particles are unpolarized
The differential cross section of the reaction (1) in the experimental set-up when the scattered deuteron and one of
the produced pions are detected in coincidence can be written as follows (for the case when all particles participating in
the reaction are unpolarized)

Oy ko %# [P0V - @)+ Ey |Gyl cosz] . (an
da)ldQﬂde 3(4r)

where K is the kinematical factor and quantity D is
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2 2 2 2,2 2 2 2 2
| " +1g1p 7 +lgg 17+ (S5 7 +1g1g DI+ x50l /5 | |

2
I

D=xl/1 +I/g

2,2
+lgs 7+ A/,

+|f6

2 2 -2 2 2 20,2
" +1g DN+ x3ll Sy 17+ /g 17 +1g3 17 +1g7 7 +r7( /5]

* * * . 2., K *
+2J’1Re[f1g10 + f2g12 + f6g14 +f8g15 ty (f5g11 +f7g18)] +

* * * * 2 * *
+2yZRe[f1f4 +fgf9 T 812813 781481717 (f3f5 +g16g18)]+

* * * * 2 * *
+2y3Rel /813 /4810 t 16817 T Jo815 + 7 (f3811 + /7816))

where we introduce the following designations

2 ) 5
x =1+ . 5 sin290082¢, Xy =1+ p—zsinzﬁsin2¢, Xy =1+ choszg,
M M M
2 ) 2 5 -
yl = P ) sin QSin2¢, y2 = p o) Sil’l20COS¢, y3 = P 5 Sinzesin¢’ Y= 71
2M M M M

Here 6 and ¢ are the polar and azimuthal angles of the deuteron momentum.

Photon beam is polarized

2
+ gl +

2
+1816 ]+

(12)

The differential cross section of the reaction (1) can be written as follows for the case when the photon beam has

an elliptical polarization and the particles participating in the reaction are unpolarized

do 3 do,,
dwdQzdQ ;  dwdQzdQ

(1+X;cos2f3 + X sin2fcosd + X ~sin2 Bsind),

(13)

where the asymmetries X, , E'L and EC have the following expressions in the terms of the reaction scalar amplitudes

DxL, =F, DX} =2ReG, DZC =2ImG,

where the quantities ' and G are

2 2 2 2 .2 2 2 -2 2
| " +1g1p [T —lgg "+ (S5 17 =188 DI+ x50l /5 | |

F -1/

F=x1[|f1 _|f8

2 2
_|g15| v (|f7

17

2 2 2 2 2 2 2

| —|g11| )]+x3[|f4 | +|g13| _|g17| +y (|f3|
* * * * 2 * *

+2y1Re[f1g10 + f2g12 _f6g14 _f8g15 ty (ngll - f7glg)]+
* * * * 2 * *

+ 2y Rel /)14 = 3o + 812813 ~ 814817 TV (f3/5 — 81681801+

* % * % 2 % *
+2y3Rel /5813 /4810 ~ J6817 ~ To815 TV (f3811 ~ /7816))

* * 2 * * * 2 *
G=x(/1814 + 81278 +7 [5818) T X2 (2815 + 81076 + 7V &11/7) F
* * * * * * 2 * * %
0[N Je +12lg + 14817+ 81309 + 810814 812815 77 (fsf7 + /3816 + 81181801+
* % * % 2 ¢ 2
+0ol1817 + /4814 T 81378 T 81209 +7 (f3gik8+f5gik6)]+

* * * ® 2 * *
+ 3l fy + fafe + 810817 T 8138157 (f3f7 +81 1g16)]-

2
+gol -

- &16 |2)]+

(14)

(15)

(16)
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So, the elliptically polarized photon beam leads to three independent asymmetries. The use of linearly polarized
photon beam (parameter & =0) allows to determine the first two asymmetries. Changing the angle between the

polarization vector of the photon beam and X axis we can obtain the asymmetries X; and Z'L according to the
following relations
_do(B=0")-do(B=90")
L 4o(B=0")+do(f=90°)

(7

, _do(f=45)-do(ff=-45")
L™ do(B=45")+do(B=-45")

(18)

The angle S = 0° means that the photon polarization vector lies in the plane formed by the momenta of the
detected pion and photon beam and the angle f = 90° — the photon polarization vector perpendicular to this plane. To

determine the third asymmetry it is necessary to use the circularly polarized photon beam (parameter & = +90° and

S =45"). The asymmetry e is determined as follows

_do(6§=90")-do(5 =-90")
€ 4e(8=90") +do(5 =—-90")

(19)

The momenta of the particles in a single-meson photoproduction on the nucleon target form a single plane
(reaction plane). Two-meson photoproduction is not restricted to a single plane. In contrast to a single-meson
photoproduction (see, for example, Eq. (36)), here the beam polarization asymmetry can be non-zero if the photon beam

is circularly polarized. And the first measurements of this asymmetry in the yp — p7l'+71'_ reaction [11, 12] have
demonstrated its significant model sensitivity. The linearly polarized photon beam leads, in the general case, to two
independent asymmetries X 7, and Z’L. The first measurement of the Z'L asymmetry in the yp — pnﬂo reaction [13]

reveals the discrepancies between predictions of some models and the data and this fact underlines the importance of
this polarization observable.

The deuteron target is vector polarized
The differential cross section of this reaction for the case of the vector polarized initial deuteron and unpolarized
photon beam can be written as

do 3 do,,
dwdQydQ ,  dwydQg,dQ

A+ 4,¢, + Ayfy +4,E,), (20)

where the quantities 4;, i=x,y,z are the asymmetries caused by the vector polarization of the initial deuteron

provided the photon beam is unpolarized (the so—called single target asymmetries). These polarization observables have
the following expressions in the terms of the reaction scalar amplitudes

Y % * * % % %
DAy = Imlx) (fgeyg = /5812) T %2 (/2811 = f7815) + x3(fo816 ~ 3813)

ES ES ES ES ES ES ES ES
+1(815818 — 811812 T /oS5 —J773 )+ ¥ (fg816 t Jo&18 ~ /3812 ~ f5813) + @b
ES ES *k ES
+3(815816 ~ 811813 F /23 — /7/9)):
Y kS % * % Lk %
DAy =2 Iml=x (/1 /5 + 814818) =12 U /7 * 810810 + 53 (/374 T 816817)
(22)

*k k k k * R k *
+y1(f5810 = /1811 + 17814 ~ J6818) = V2 (N1 /3 + J4T5 * 814816 * 817818) +

S k k %k
+3(/3810 * /7817 ~ /4811 ~ J6816)}
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1 * # * % * *
DA, = 27““["1(1"1&2 — Jg814) + 2 (f6815 — /2810) + ¥3(/4813 ~ fog17) +

* * * * % * % * 23
+11(810812 * 814815 T 112 + T8 ) + V2 (1813 T 14812 ~ Jg817 ~ Jog14) * @)

k k % %k
+13(810813 — 815817 T foSg — S y))

From Eq. (20) one can see that for the process of two-meson photoproduction all components of the vector
describing the vector polarized deuteron target give, in the general case, non-zero contributions to the differential cross
section of the reaction (1). In contrast, for the process of single-meson photoproduction only normal (to the reaction
plane) component can give non-zero asymmetry.

The deuteron target is tensor polarized
The tensor polarization of the deuteron is determined, in the general case, by five independent parameters: O,

Oyz» Qxy, Qyz, and Q. —ny. So, the differential cross section of the reaction (1) for the case of the tensor

polarized initial deuteron and unpolarized photon beam can be written as

do doy,,

dwdQgdQ ,  dwdQ;dQ

(I+ Az2027 + Ay (O — ny) + Ay Oy + Anyxy + AyzQyz )s 24)

where the quantities Aij’ ij = zz, xx, xz, xy, yz are the asymmetries caused by the tensor (quadrupole) polarization of

the deuteron target provided the photon beam is unpolarized (the so—called single target asymmetries). These

polarization observables have the following expressions in the terms of the reaction scalar amplitudes
2 2 2
| " +1g16 1+

1 2 2 2
Azzzg[x1(|f5 Hgg [+ xy(gp [ +1 /471 +x3( /3

* * * * * *
+Rely) (f58)1 + f7818) + 2 (f3/5 + &16818) + ¥3(f3811 + /7816)]1

1 2 2 2 2 2 2 2 2
_472[x1(|f1| ST Hlga " +lgpa M) +xy( 8107+ + 1S IT +lgy517)+ (25)
/4
2 2 2 2 1 * * * *
(| Sy 7+ S 7 +lgg 7+l )]_?Re[yl(flglo + /5810 + f6814 + f3815) +

S % % %k % % k %
1o (1/y + 1glg + 814817 * 812813) + ¥3(J4810 * 2813 + J6817 * J9815)):

1 2 2 2 2 2 2 2 2
Axx=2[x1(|f1| —1 /g +lga " =181 D +x( 810" —1 AL T+ /g7 =185+

2 2 2 2. 1 * s * s 26
+x3(| fy 7 =1 fg 7 +lg7 17— 18131 )]+5Re[y1(f1g10—f2g12 + /6814 — /3815) (26)
k % % *k %k % %k *
1o (/g = Jglg + 814817 ~ 812813) + 314810 ~ /2813 T J6817 ~ /9815))
*k * *k %k * %k k *
Axz = Re[x) (/1 f5 +814818) + % (Jo /7 + 810811+ ¥3(/3/4 +816817) T 15810 + /1811 + o
*k * * * *k * k k * *k
17814 T J6818) + V2 (1S3 + /4S5 + 814816 + 817818) T Y3(/3810 T /4811 * 6816 T S7817))
A _ R % % % % k *k %k %k
xy = Relx) (/181 + fg814) + X (o810 + J6815) + ¥3(/4813 + f9817) + ¥1(810812 * 814815 + o8

* k *k * * * * *k * k
Ny + I8 )+ va (1813 fa812 + fg817  Jo814) + ¥3(810813 T 815817 * 6 So + 2y}
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* * %k * * *k % *
Ay = Relx)(f581, + /g81g) + X5 (o811 + /7815) + X3(/3813 * fo&16) + ¥1(811812 + 815818 + 9
ES ES ES ES ES ES ) ES ES *
+fofs + f70g) T ¥y (fs813 + 3810 + fg&16 T fo818) + 3(811813 T 815816 T f7g t /2 /3))

One can note that for the process of two-meson photoproduction on the deuteron target all components of the
tensor, describing the tensor polarized deuteron target, give, in the general case, non-zero contributions to the
differential cross section of the reaction (1). So, there are five independent asymmetries. In contrast, for the process of
single-meson photoproduction there are only three independent asymmetries since there is one plane (the reaction

plane) and, therefore, Qxy and Q yz components of the tensor polarization do not give contributions to the differential

cross section.

REACTION y+d »>d+x

Let us apply the formalism of parametrization of the reaction amplitude with the help of the orthonormal basis to
the case of the coherent photoproduction of a pion (or 77 —meson) on the deuteron

y(k)+d(p)) = d(py) +7(q), (30)

where the four-momenta of the particles are given in the brackets.
The coordinate frame in the reaction CMS is chosen as: z axis is directed along the momentum of the photon k,
and the momentum of the pion q lies in the xz plane, y axis is directed along the vector kxq . Then the four-

momenta of the particles have the following components

k = (a), 0, O, a)), pl = (El’ Oa 0’ _a))a

p, =(E,, —gsind, 0, — g cos?}), qg=(E,, qsint}, 0, q cos?y),
where ¢ is the angle between the photon and pion momenta in the reaction CMS, EI(E2) and w(E;) are the

energies of the initial (final) deuteron and photon (pion) in the same frame.
The differential cross section of this process can be written in terms of the reaction matrix element as follows

do 1 q 2

—= —| M, (31
dQ  6ar*w?* w

where m ; is the pion mass, and g is the magnitude of the pion three-momentum in the reaction CMS:

2 2.2

q= \/(W2 -M +m,2[)2 —AmaW= 120, o= (W2 - M2) /2W , W is the total energy of the zd or yd system,

W=w+E =Ey,+Eg, dQ is the solid angle of the pion. For the unpolarized case it is necessary to do summation

over the particle spin states and averaging over the spins of the initial particles.
Let us introduce the set of the orthogonal unit vectors for this reaction (the use of this set essentially simplifies the
calculation of various polarization characteristics)

,m=nxKk. (32)

In this case the unit vector m is directed along the x axis, the unit vector n is directed along the y axis and the

unit vector k is directed along the z axis.
The matrix element of the ¥ +d — d + 7 reaction can be written as

M= eel-Ji, (33)

where e is the deuteron charge and the electromagnetic current is
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% A % E N
Ji=mi[g)U;-mUy -n+gyU;-KUy -n+g3U; -nUy -m+g, U, -nU, K]+

* % A %A kA Ak
+n,[g5Uy -mUs -m+ g Uy -nUs -n+ g, U -kU, -k + ggU; -mU, -k + ggU, - KU, -m],

where U,(U,) and e are the polarization vectors of the initial (scattered) deuteron and the photon, respectively. We

use the three-dimensional transverse gauge for the photon: e-k=0. The quantities g;, i=1-9, are the scalar

amplitudes which are the functions of the two kinematical variables: W and cos#}.

All particles are unpolarized
The differential cross section of this reaction for the case of unpolarized particles can be written as

do, o
Lun _NFrG), N=—2 L (34)
dQ 967"~ @
where « is the fine structure constant and for the /" and G functions we have the following expressions
2 .2 2 2 2 *
F=lg " +r7 1&gy " +ay | g3 1" +ay | g4 [7 +2a3Re(g38,). (35)

2 2 2 s 2 2 2 *
G=lggl™ +a; g5 +ay | gg |” +2azRe(gsgg) + 7 [ay | g9 |7 +ay | g7 | +2a3Re(g789)],

¢ 2 ¢ 2 q’ E
a1=1+—zsin 3, a2=1+—2cos 2, ay = 2sin219, 7=—1.
M M 2M M

Note that the function F' describes the contribution of the photons polarized along the direction of the vector m
and the function G describes the contribution of the photons polarized along the direction of the vector n which is
normal to the reaction plane.

Photon beam is polarized
The differential cross section of this reaction for the case of unpolarized deuterons and polarized photon beam can
be written as follows

do doy,
dQ  dQ

(1+ 4, cos23), (36)

where 4 is the asymmetry caused by the linear polarization of the photon beam and it determines as follows

_do1dQ(B=0")-do/dQ(f =90")

1 = o o " (37)
do/dQ(B=0)+do/dQ(L=90)
This asymmetry has the following expression in the terms of the reaction scalar amplitudes
do
un 4 | =N(F-G). (38)
dQ

Note that only linear polarization of the photon beam contributes to the differential cross section.

The deuteron target is vector polarized
The differential cross section of this reaction for the case of the vector polarized initial deuteron and unpolarized
photon beam can be written as
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do, do,,
=——(1+4,¢)), (39)
dQ  dQ y=r

where the quantity Ay is the asymmetry caused by the vector polarization of the initial deuteron provided the photon

beam is unpolarized (the so—called single target asymmetry). This polarization observable has the following expression
in the terms of the reaction scalar amplitudes

doy,, y

aQ 7

==3yN Im[g,8, —ay878¢ +a;858¢ +a3(8587 + &g&9y)]. (40)

Note that real scalar amplitudes (describing the considered reaction, for example, in the impulse approximation)
leads to zero single target asymmetry. Only the normal (to the reaction plane) component of the deuteron polarization

vector E gives contribution to the differential cross section. This property can be explained as follows: due to the space

parity conservation in this reaction the only scalar that can be constructed using pseudovector Eis E.i.

The deuteron target is tensor polarized
The tensor polarization of the deuteron is determined, in the general case, by five independent parameters: O, ,

sz 5 Qxy 5 QyZ’ and Qxx —ny .

The differential cross section of the reaction under consideration for the case of the tensor polarized initial
deuteron and unpolarized photon beam can be written as

do doy,,
E = W [1+ A42,077 + Ay (Oxx — ny) + Ay 0x7 ), (41)
where 4., Ay, Ay, are the asymmetries caused by the tensor polarization of the initial deuteron provided the photon

beam is unpolarized. Note that real scalar amplitudes (describing the considered reaction, for example, in the impulse
approximation) leads, in the general case, to non-zero single target asymmetry. These polarization observables have the
following expressions in the terms of the reaction scalar amplitudes

0; 2 2 2 *
;;n Az =3N{ gy | +ay [ g7 [ +ay | g9 |~ +2a3Re(g789) —
1 2 2 2 2 2 2 4
* *
_?Hgﬂ +]gg | +ay(lg3 1" +1g5 ) +ay(lgy |” +18g17) +2a3Re(g384 +8585)1}
oy, , _3 2 2 2 2 2 2 * *
0 Axx—ENH g1 I" —lggl™ +aylgs " —1g3 ") +ay(lggI” — 184 ") +2a3Re(g58g — 8384)); (43)
doy, * * * * *
10 Ay, = 6N Re[g8,) +a18589 +ay878g +a3(8587 +8g8g)]- (44)

CONCLUSION

The model-independent analysis of the polarization observables in the process of coherent photoproduction of pair
pseudoscalar mesons on the deuteron target has been done. This analysis does not depend on the details of the reaction
mechanism and does not require the knowledge of the deuteron structure. The formalism used in the analysis is based
on the most general symmetry properties of the hadron electromagnetic interaction, such as the gauge invariance and P-
invariance.

The polarization observables for the process considered are expressed in terms of the reaction scalar amplitudes.
The features of the reaction y+d — d + 7 + &, which are due to the three-body final state, are shortly discussed. The

following experimental set-ups have been investigated:
- the photon beam is elliptically polarized which includes the particular cases of the linear and circular
polarizations of the photon beam,;
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- the deuteron target is vector polarized;

- the deuteron target is tensor polarized.

The formalism used for the analysis of the polarization observables for the process (1) was applied also to the
reaction of coherent photoproduction of pseudoscalar meson on the deuteron target, ¥ + d — d + 7. We discussed the

differences between the polarization observables of this process and the reaction (1).

Let us note that the new results, which are obtained in this paper, are the most general spin structure of the matrix
element of the reaction (1), the expressions of the single-spin asymmetries, due to the polarizations of the photon beam
and deuteron target, in the terms of the orthogonal reaction scalar amplitudes. They are represented by formulas (3),
(12), (15), (16), (21) — (23) and (25) — (29).

REFERENCES
1. Krusche B. and Schadmand S. Study of non-strange baryon resonances with meson photoproduction // Prog. Part. Nucl. Phys. -
2003. - Vol. 51. - P. 399-485.
2. MacCormick M. et al. Total photoabsorption cross sections for 'H, ?H, and *He from 200 to 800 MeV // Phys. Rev. - 1996. -
Vol. C53. - P. 41-49.
Krusche B. Meson photoproduction in the first and second resonance region // arXiv:nucl-ex/0304008.

4. Kashevarov V. et al. Photoproduction of 777 on proton and the A(17OO)D33 resonance // arXiv:0901.3888 [hep-ex].

5. Zabrodin A. et al. Total cross section measurement of the yn — pﬂ_ﬂo reaction // Phys. Rev. - 1997. - Vol. C55. - P. R1617-
R1620.

Zabrodin A. et al. Invariant mass distributions of the yn — pﬂ'_ﬂ'o reaction // Phys. Rev. - 1999. - Vol. C60. - P. 055201.

Krusche B. et al. Single and double 7° -photoproduction from the deuteron // Eur. Phys. J. - 1999. - Vol. A6. - P. 309-317.

Kleber V. et al. Double 7° -photoproduction from the deuteron // Eur. Phys. J. - 2000. - Vol. A9. - P. 1-12.
Hirose K. et al. Study of double pion photoproduction on the deuteron // Phys. Lett. B - 2009. - Vol. 674. - P. 17-22.

10. Ajaka J. et al. Simultaneous Photoproduction of 77 and 7’ Mesons on the Proton // Phys. Rev. Lett. - 2008. - Vol. 100. -

P. 052003.

11. Strauch S. et al. Beam-Helicity Asymmetries in Double-Charged-Pion Photoproduction on the Proton // Phys. Rev. Lett. - 2005.
- Vol. 95. - P. 162003.

12. Krambrich D. et al. Beam-Helicity Asymmetries in Double-Pion Photoproduction off the Proton // Phys. Rev. Lett. - 2009. -
Vol. 103. - P. 052002.

o X N

13. Gutz E. et al. Photoproduction of meson pairs: First measurement of the polarization observable 1° // Phys. Lett. B - 2010. -
Vol. 687. - P. 11-15.

14. Ahrens J. et al. Helicity dependence of the }7 ]3 —> N 7" reaction in the second resonance region // Phys. Lett. B - 2003. -
Vol. 551. - P. 49 - 54.

15. Ajaka J. et al. Double 7z’ photoproduction on the neutron at Graal // Phys. Lett. B - 2007. - Vol. 651. - P. 108 - 114.

16. Roberts W. and Oed T. Polarization observables for two-pion production off the nucleon // Phys. Rev. - 2005. - Vol. C71. -
P. 055201.

17. Fix A., Arenhovel H. Polarization observables in 7°7 photoproduction on the proton // Phys. Rev. - 2011. - Vol. C83. -

P. 015503.

18. Rekalo M.P., Tomasi-Gustafsson E. Polarization phenomena in the reaction p+ o — p + 7’ +a Phys. Rev. - 2001. -
Vol. C63. - P. 054001.

19. Akhiezer A.L., Berestetskii V.B. Quantum Electrodynamics. - Interscience Publ., New York—London, 1965, Ch. 1.2.

20. Lapidus L.I. Polarization phenomena in intermediate energy hadronic collisions // Fiz. Elem. Chastits At. Yadra - 1984. -
Vol. 15. - P. 493-554.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


