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Introduction

* Hard exclusive vector-meson electroproduction provides information both on the
reaction mechanism and target structure.

* Production of vector mesons by heavy photons is one of two basic processes for ext-
raction of Generalized Parton Distributions (GPDs) of nucleon and nucleus from data.

e Usual method of data processing is Spin-Density-Matrix-Element (SDME) method. The
SDMEs are coefficients in angular distribution of final particles in vector-meson
production by heavy photons. SDMEs are considered as free fit parameters.

* Any SDME can be expressed via amplitudes of process y*+T—V+T",

where y* denotes virtual photon, T is a target nucleonic system (nucleus or
nucleon), V is vector meson, T' denotes final state of nucleonic system.

« Direct extraction from the angular distribution of helicity-amplitude ratios,
which are considered as free fit parameters, is called the amplitude method.
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Introduction

* Some amplitudes contain linear contribution of GPDs. Not all helicity amplitudes of vector-
meson production can be now calculated in theoretical models.

 Any SDME contains contributions of all amplitudes. Some SDMEs contain contributions of
many amplitudes to the numerator of the formula for the SDME. In case of disagreement
of model prediction for the SDME with data, it is difficult to establish which amplitude is
predicted wrong in the model.

* Therefore to obtain GPDs, we are to extract all the amplitudes from data in the amplitude
method, single out those amplitudes which can be calculated in the model and fit them
using free parameters of GPD.
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Coherent vector-meson production on spinless
targets

Subprocesses: e—e' +vy*;  y*(B)+S — V(A) + S : helicity amplitudeF ;v= °—> *+ -
S is spinless nucleus retained intact; 3 and A are helicities in center-of-mass system.

Amplitudes obey symmetry relations due to parity conservation F_;—z =(—D** F, B -

Independent amplitudes: 11> 10> 1-1» 01> 00-

*

Von-Neumann formula for spin-density matrix of vector meson N = ,

where p Is spin-density matrix of virtual photon known from QED which depends on beam polarization
, N is normalization factor, = fl + 1 &l +1 20l +e{ | ol +1| Gol*+ | 210l }

and ¢ is flux ratio of longitudinally (3 =0) to transversely polarized (= +1) virtual photons.

Angular distribution of decay pions ( © - *+ )

W(D,0,0) = X3, Y12(8,0) Y1,(8,0) Ry (De) ,

where 1 (0,¢) are spherical harmonics depending on polar 6 and azimuthal @ angles of ™ three-
momentum in vector-meson-rest frame. Angular distribution W(®,0,@) depends on Schilling-Wolf matrix
elements " being combinations of spin-density-matrix elements R of vector meson.

LXXV International Conference "Nucleus-2025"



Coherent vector-meson production on spinless
targets

Formulas for SDMEs  for unpolarized targets in terms of helicity amplitudes were obtained for nucleons
by K. Schilling and G. Wolf in 1973 (Nucl. Phys., B61, 381) and are also valid for spinless targets.
They look like = ( ) , where Is a function of amplitudes

and are basic equations for finding helicity amplitude ratios. Exact solutions of equations are found by
author in paper SIM Phys. of Part. and Nucl. Letters 21 (2024) 34.

g ¢ . . . £ *1 b ,:’l
Fig 1 (1'83 + réo) (Im{rf_l} — 1] —Tf_{+1i- Im{r.f_l}) Fiy 7 —i-Imiry_ 4}
= —= _ L : . el Imiy2
Fi1 ey/8 (rf_l — 1111{1‘%_1}) (1111{1'5’0} — i Im{rig}) i ri—y — Im{r{_;}

Fio _ T o} —2g —1- (lfl — Im{r{_l}) By 2 (1111{1'%(_2,} —1- Im{ri’{}})
Fiy 2 (?*-}_1 — 1111{1‘%_1}) iy ri_q—Im{r?_;}+r}; +i-Im{x3_,}

In order to obtain moduli and phase differences between helicity amplitudes, data on

differential cross section pm IS to be added to the angular distribution.
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Vector-meson production on nucleons:
Incoherent production on unpolarized targets

Helicity amplitudes: Natural — Parity — Exchange (NPE) amplitudes T |1 1 correspond to exchanges

-2 2
with pomeron, rho, omega, » — reggeons etc. ( %and - % correspond to nucleon helicity).

Unnatural-Parity-Exchange (UPE) amplitudes |1 1 correspond to pionand ; exchanges etc.
-2 2
» There is no interference of contributions of NPE and UPE amplitudes to Schilling-Wolf spin-density-

matrix elements for unpolarized nucleus targets. This means thatifratio 1 .1/ 1 1 ~Y IS
2 T2 -2 T2

small parameter, then contribution to SDMEs is very small ~ 2,

» There is not interference of contributions to Schilling-Wolf SDMEs of nucleon-spin-flip and non-spin-

flip helicity amplitudes. Ifratio 1 1/ 11 =Y issmall parameter, then fractional contribution

2 2 2 2

of spin-flip amplitudes to SDMEs is proportional to square of small parameter ~ 2.

Il
o

* Main amplitudes: 11>, 10, 1-1» 01 00 — 1.1 , 1.1 , 1 .1, 1.1, 1.1 . 11
_ N Lo e P 1513 7 13077 Lm0 oly 005 7 (5
Dominant helicity-amplitude ratiois 1,1 / 1.1 .
1Blz - 0303
The largest amplitude ratio violating SCHC (S-Channel Helicity Conservation) is olil / ool -
272 22
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Non-negativity of]gn uIar distribution of final
particles forspinless targets

» In SDME method, SDMEs should obey some inequalities to garantee that angular distribution
W(®,06,9) Is not negative.
This problem is discussed in details in paper by M. Gavrilova, O. Teryaev, Phys. Rev. D99 (2019) 076013.
 In amplitude method for nonzero amplitudes, W(®,0,¢) = 0 (SIM, Phys. Atom. Nucl. 87 (2024) 505).
Eigenvalues of spin-density matrix of virtual photon: ;> , > 3 =0, where
1= Q+e+y )2, ,=(A+e-y)/2, 3=0,withg=4 2+ 2 (1-£)(1+3¢)>0 for 0<e<1.
Itiseasytoshowthat ;> , >0, ;=0if0O<e<l, ? <1.
3.If  are three eigenvectors for n=1, 2, 3 of virtual-photon spin-density matrix, then

= °_ (

NW(®8@)= °_, | |>=0,where = . (6,0) (D).

Since N>0 and NW is non-negative, the angular distribution W is non- negative in amplitude method for
any non-zero helicity amplitudes of vector-meson production on spinless nuclei. Non-negativity
of the angular distributions of final particles can be proved for production on nucleons in analogous way.
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Numerical Calculation of Helicity Amplitude
Ratios in Terms of SDMEs

Re(T,,/T,,)

1.5 0.4
®  Proton, SDMEs ® Proton < B Proton. SDMEs ® Proton
b A  Deuteron F=
H‘; A Deuteron
)
X 8 $ .
L £$ -$ 02 . %
0.5 T e R e O A O A S
1 2 3 . ] 0.1 0.2 0.3
Q" [GeV~] - [GeV?]

Circles and triangles are results of amplitude analysis of HERMES data in EPJ C71, 1609 (2011).
Squares obtained with formulas from PEPAN Lett. 21, 34 (2024) and SDMEs are from EPJ C62, 659 (2009).
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Numerical Calculations of Helicity Amplitude Ratios
In Terms SDMEs
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Numerical Calculation of HeIicKcX Amplitude Ratios
in Terms of SDMEs
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Conclusions

 Itis shown that amplitude method is the best which permits to extract generalized
parton distributions from data on vector-meson electroproduction.

* For any set of non-zero helicity amplitudes, angular distribution of final particles 1s non-
negative.

* There are exact formulas for amplitude ratios in terms of SDME:s for spinless targets.

* The formulas become approximate for meson electroproduction on nucleons. They have
reasonable accuracy when unnatural-parity-exchange and nucleon-spin-flip amplitudes are
much smaller than natural-parity-exchange amplitudes without nucleon-spin flip.

* Accuracy of imaginary parts of amplitude ratios predicted approximate formulas under
discussion 1s worse than real part accuracy. This 1s due to worse statistical accuracy of
polarized SDMEs compared to unpolarized ones. Amplitude method provides imaginary
parts of amplitude ratios with reasonable accuracy since they contibute to all SDME:s.

* Statistical accuracy of polarized SDMESs should be increased to extract reliably
generalized parton distributions.
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rayo6o

[TonapmnsaumMoHHblE 3QPEKTDI B
3KCKNO3MBHOM POXKAEHUM aJPOHOB B

KOHEeynpPyrom paccesHmm 3NeKTPOHOB U

NO3UNT

DOHOB Ha fAApax

* lncceptaumna coctout n3s BeegeHua, 9 rnas, 3akntoyeHnA u
MpunoxeHun. MonHbvin 06bEM --333 cTp., 48 pucyHkos u 14 Tabaunu,.

Cnucok

NNTepaTypbl coaepKnt 168 pabor.

* Bo BBegeHuu YKa3aHa uejib ncciaegoBaHmA, ero aktya/ibHOCTD,
nepevyncieHbl OCHOBHbIE NMONOKEHNA, BbIHOCMMbIE HaA 3aLLUATY.

[lepeun
OOKNag

CN€Hbl OCHOBHble MeXAyHapoaHblie KOHPepeHLUUn, rae
bIBa/IMCb OCHOBHbIE pe3ynbTaTbl AaHHOM PaboTbl.



Ilncceptaums

* BBeaeHue = asTopedepar.
* [naBa 1. Cratyc npob6aembl CHIMHOBOMW CTPYKTYPbl HYKIOHA.
* [naBa 2. KNHeMaTUKa INEeKTPOopOKAEeHNA BEKTOPHOIo Mme30oHa.

* [nasa 3. CnupanbHble amnanUTyabl N nx ceomnctea. CnMHOBbIE
MaTpULbl NNOTHOCTU POTOHA, HYKNOHA, BEKTOPHOIO Me30Ha.

* [naBa 4. CBA3b maTpuLbl NIOTHOCTU BEKTOPHOIO Me30Ha C YI/I0BbIM
pacnpegeneHmem 4actul, B BbIXogHOM KaHane. MNpnbnmnxkenmne SCHC
(S-Channel Helicity Conservation). ®opmynbl ans oTHoweHuna R
CeYEeHUN POXKAEHUA BEKTOPHOINO Me30Ha NPOAO0/IbHbIM U
nonepe4vyHbiMm BUPTYanbHbiM poToHOM. BKnaa UPE (Unnatural Parity
Exchange) amnautyg 8 SDMEs (Spin Density Matrix Elements).



Ilncceptaums

* [naBa 5. Metog amnautyn. [lokaszaTtenbCTBO HEOTPULLATENBHOCTU
YI/10BOrO pacnpeaesieHnAa 4acTul, B BbIXOAHOM KaHase. BbipaXKeHuUA
ANA oTHoweHun amnantya vyepe3 SDMEs. TouHasa n npmnbnmnkéHHas
dopmynbl ana R. CootHoweHua cea3m ana SDMEs. YacTHble cayyau:
OUKCMPOBAHHbIN a3nMyTa/ZibHbIN Yroa, HyIEBOM NepeaaHHbIn
HYKNOHY MUMNyAbC, Manble HapyweHuna SCHC-npubanxeHua. Ponb
NPOAONAbHOMN N NONEPEYHOUN NONAPU3aLUA MULLIEHN.

* [naBsa 6. PoxXpgeHune p-me3oHa B moaenin PbICKMHA. AMNANTYAbI

nepepacceaHmna paccymtaHbl B peHomeHonornm Peayke. CpaBHeHue
pacyeToB C MUPOBLIMU AAHHbIMM.



Ilncceptaums

* [nasa 7. AHann3 aaHHbIX TEPMEC Ha Henonapmn3oBaHHbIX NPOTOHHOM
N AEUTPOHHON MULLEHAX METOA0M CMTMHOBOW MaTPULbl NAOTHOCTU
BEeKTOpHOro me3soHa (SDME-metop). BuHoBbin 1 6e36MHOBbLIN MeToAbl
MaKCMMyMa npasaonogobus. Mepapxmsa cMctemMaTnyecKkmnx owmnobok.
[MPUYNHBI HU3KOW TOYHOCTU Nonapmu3aumnMoHHbIX SDMEs. Pacyer
PA3HOCTU Pa3 AOMUHUPYIOLWLMX aMNAINUTYA NO HOBbIM POPMY/IaM.
OueHKa BKknaga UPE-amnautyn ana P v W-me30HOB. YCTaHOBAEHMe
nepapxmm amnanTya ana P n W-me3oHoB. Posnb o4HONMOHHOTO obme-
Ha B moaenu flonockokoBa-Kpona. N3yyeHne asanmyTasibHOU 3aBUCK-
MOCTU aCUMMETPUIN B POXKAEHNN W-ME30HA Ha MONepeyvHOo NnoasApu-
30BaHHOM MPOTOHE. OnpegeneHne 3Haka popmepaKTopa nepexona
() B MMOH C UcnyckaHnem ¢otoHa. CpaBHeHMe pe3ynbTaToB Konnabo-
paunn FTEPMEC c pe3ynbtatamu konnabopaumm CLAS n COMPASS.



Ilncceptaums

* [naBa 8. MeToa n3y4yeHmna NoNAPMU3aLMUOHHbBIX AAHHbIX C MOMOLLLbIO
cny4anmHoM nepemeHHomn &. BbiBoa dopmyn Ana matemaTuyeckoro
OXXMAaHMA N ancnepcuun. MasneyeHune nonapusaumm A-runepoHa n3
pacnaga Ha NPOTOH U NMMUOH, Ma/I0YYBCTBUTENbHOE K PYHKLUMU
OTK/IMKa aeTtekTopa. AHann3 MoHTe Kapno “skcnepumenTa’”.

* [nasa 9. AHanun3 aaHHbIX TEPMEC metogom amnauntya. CpaBHeHue
SDMEs, nonyyeHHbIx SDME-meToaom M paccYMTaHHbIX B
amnanTyaHom metoae. CpaBHEHUE KNHEMATUYECKUX 3aBUCUMOCTEN
oTHoweHnn amnantya (OA) c npeacKkasaHuaMM B neptypbaTtuBHOM
KX/. CpaBHeHune pe3ynbtatos [EPMEC n H1 konnabopaunn ana OA.



Ilncceptaums

* Bropasa yacTtb rmasbl 9. AMNANTYOHbIN QHANN3 POXKOEHMA P-Me30Ha Ha
nonepevyHo NoNApMU3oBaHHOM NpPoToHe. [TosnydyeHbl OUeHKU ManbiX
aMnNAnTya C NepeBopoOTOM CNMHA NPOTOHA. MIX ManocTb onpasAabiBaeT
npeHebpexeHne apdeKTom NepeBopoTa CNMHA NPOTOHA B aHaAU3E
AAHHbIX HAa HENONAPM30BaHHbIX MUWeHAX. PaccumnTtaHbl Bce SDMEs.
CTaTUCTUYECKUE OLMOKKM pacCcynTaHHbIX nonAapusaumoHHbiXx SDMEs
MeHbLle owmnboK aTnx SDMEs, nonyyeHHbix SDME-metoaom. Cpas-
HeHune nony4vyeHHbix OA ¢ BblYMCNEHHbIMK B modenn [010CKOKOBa-
Kpona noka3ano HeobxoanmocTb obaBneHna amnanTyg oaHOMNM-
OHHOro obmeHa 1 NO03BOINAO NONYUUTL 3HAK TIP-bopMPaKTOopa.



[TonoXeHna, BbIHOCUMbIe Ha 3dlLUNTY

1. BbinonHeH aHanu3 gaHHbiXx TEPMEC no poxkaeHuto p-me3oHa SDME-
MEeTOA0M MU HOBbIM aMmnNAnTyaHbIM meTogom. CpaBHeHuMe mnx
NOKa3blBaeT NnpemmyllecTsa BTOPOro metoaa.

2. SDME-aHanun3 paHHbix TEPMEC no poxkgeHuio p-me30Ha NoKasan
HapyweHune SCHC-npnbaukenmna ana rr5 {00} Ha ypoBHe 8,7
CTAaHAAPTHbIX OTKNOHEHUW NOAHOW OWNBOKK ana npoTtoHa n 10,4 ¢ ana
nentpoHa. UPE-curHan obHapyKeH Ha ypoBHe 3,5 O.

3. Mony4yeHbl HOBble OPMY/bI ANA CUHYCA N KOCUHYCA Pa3HOCTU a3
BaKHenwmnx NPE n UPE-amnauTtyg, KoTopblie NO3BOAUAN HAUTU HE
TO/IbKO MOAYNN, HO N 3HAaKU Pa3HOCTU ¢a3. BO3MOKHOCTb NPUMEHNTL
3TN popmynbl noAaBmunacb, notomy 4to FTEPMEC Bnepsbie MCNOAb30BaN

MPOA0/IbHO NONAPU30BAHHBIK AYHOK:



[TonoXeHna, BbIHOCUMbIe Ha 3dlLUNTY

4. SDME-meTogom nokasaHo, Yto Bknag UPE-amnantyg AOMUHUPYET B
POXAEHNN W-Mme30Ha B akcnepumeHTe TEPMEC. HanaeHbl napameTpbl
dopmdaKTopa B amnanTyaax oa4HONMOHHOITO obmeHa B 3TOM NMpoLecce,

KoTopble Heobxoanmo Ao6aBUTb K amnantyaam moaenu [o10CKOKOBa-
Kpona.

5. YCTaHOB/IEHA Uepapxma aMnanTyn poxKaeHua P U W-Mme30HOB B
aKkcnepumeHTte TEPMEC B SDME-meToae.

6. [ToKa3aHa HeoTpPMLATENBHOCTb YI/ZIOBOrO pacnpeaeseHus 4actul, oT
pacnaza BEKTOPHOro me3oHa B aMnIUTYAHOM NOAXOAE, YTO BarKHO A1

MCMNO/b30BaHUA MeToZa MaKCMMyMa npasaononobusa B aHaiunse
NaHHbIX.



[TonoXeHna, BbIHOCUMbIe Ha 3dlLUNTY

/. B meTooe amnanTtya NnoATBEpPKAEHA nepapxma amnanTya,
yctaHoBsieHHaa SDME-meTtogom. [1poBeaeHO cpaBHEHUE
KWHEMATUYECKOMN 3aBUCUMOCTU OTHOLLIEHUN aMMANTYA, C
npeacKkasaHmammn neptypbatmsHon KX/. B HEKOTOPbIX Cayyaax

Noay4YeHbl YKa3aHUA Ha BO3MOXKHble OTKIOHEHUA NOJYYEHHbIX
OTHOLLUEHUMN OT TEOPETUYECKMX NPeaCcKa3aHUW. DTO O3HaYaeT
HEeobxoAMMOCTb TLLATE/IbHOIO M3y4YeHMA BONPOCA O rpaHuue obnactu
NPUMEHUMOCTN AaCMMNTOTUYECKOrO NOBEAEHMUA aMNANTYA, U O POJIU
nepepacceaHnn KBapK-aHTUKBAPKOBOW Napbl Ha AApe-MULLEHMN.



[TonoXeHna, BbIHOCUMbIe Ha 3dlLUNTY

8. MNony4yeHbl popmynbl, BbliparKatoWme OTHOLWEHNA aMIIUTYA, Yyepes
SDMEs ana poxaeHna BEKTOPHOro Me30Ha Ha 6ecCnMHOBON MULLEHMW.
3T dopMynbl NPUMEHUMbI AN POXKAEHUA HA HENONAPM3OBAHHOM
HYK/IO0He, ecnun Bce UPE-amnanTygbl U amnanTyabl C NepeBoOpoOTOM
CMUHA HYK/IOHA NpeHebperKMmo masbl.

9. Mony4yeHbl HoBble GOPMY/ibl ANA OTHOLEHMA R ceyeHUn poxKaeHuns
$OTOHOM, NONAPN30BAHHBIM MPOAOSILHO M NONEPEYHO: TOYHAA -- ANA
6eccnMHoBOM MULLEHU, NPUBAMMKEHHAA -- AN HYK/IOHA.

10. NMpoBeaeHbl pacyeTbl SDMEs n R B moaenn PbiICKMHA C onncaHnem
nepepacceaHnmn B peHomeHonornmm Peaxke. 10CTUrHYTO pa3ymHoe
OnucaHMe MMUPOBbIX AAaHHbIX MPU BbICOKMUX 3Hepruax n QN2<4 GeVA/r2.



[lonoXeHnA, BbIHOCMMble Ha 3aLUUTY.

11. NMpeanoxeH metoa U3BAe4YEeHUA aCUMMETPUIN U3 AAHHbIX OMNbITa,
OCHOBaHHbIM Ha cay4anmHOM nepemeHHon &, He cnosb3yowmin MoHTe
Kapno onucaHmne cBOUCTB AeTeKTopa. [ToKa3aHo, YTO MaTeMaTUYECKOE
oXunaaHue & paBHaeTca dpmnsmnveckom acummeTpuu. MonyvyeHa dopmyna
ANA aucnepcumn €, oTIMYaoLWLAaacs oT CTaHAAaPTHOM NPU MasibiX YMCaax

Nnones3HbIX COObITUMN.



