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The exclusive diffractive productionof light vectormesons(ρ0,φ ) at the HERMESexperiment

with 27.5GeV beamenergy andin the kinematicregion 1 GeV2 < Q2 < 5 GeV2 and3.0 GeV

< W < 6.3 GeV is described.The longitudinalcomponentsof the crosssectionsareshown in

comparisonwith theoreticalcalculationsbasedon theGeneralizedPartonDistributions. In addi-

tion, spindensitymatrix elements(SDMEs)have beendeterminedfrom exclusive diffractiveρ0

production.BeampolarizationdependentandindependentSDMEshavebeenextractedfrom the

dataonhydrogenanddeuteriumtargetsaccumulatedin theyears1996- 2000.A smallbut statis-

tically significantviolationof s-channelhelicity conservationis observed.Kinematicdependence

of beampolarizationindependentSDMEson t
�
is presentedandcomparedwith availabletheoret-

ical calculations.An indicationis seenof acontributionof unnatural-parity-exchangeamplitudes

to exclusiveρ0 production.
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1. Introduction

New andpublishedHERMESdataon diffractive vectormesonproductionarepresented,and
arecomparedto available theoreticalcalculationsbasedon the GeneralizedPartonDistributions
(GPDs)[1] which describedynamicalcorrelationsbetweenpartonswith differentmomenta.Ex-
perimentally, GPDscanbe investigatedin hard-exclusive productionof mesonsor non-resonant
pion pairsby longitudinally polarizedvirtual photons.The HERMESlongitudinalcrosssection
(σL) dataon ρ0 [2] andφ mesonproductionhave beencomparedto theGPD basedcalculations
of [3] to estimatethe contributions of the two major productionmechanismsinvolved: quark-
exchangeandgluon-exchange.

The spin transferfrom the virtual photonto the vectormesonis commonlydescribed[4] in
termsof spin densitymatrix elements(SDMEs). SDMEsareusuallydescribedin the center-of-
masssystemof thevirtual photonandtargetnucleonby thehelicity amplitudesTλV λ �N � λγ λN

whereλV

(λγ ) is thehelicity of thevectormeson(virtual photon)andλN , λ
�
N denotethehelicitiesof incident

andoutgoingnucleon,respectively. Thefull expressionfor thedecayangulardistribution is given
in Ref.[4] in termsof SDMEsrα

i j, whicharerelatedto theinitial spindensitymatrixelementsρα
λV λ �V

of thevectormeson:ρα
λV λV � � 1

2Nα
∑λγ λγ � TλV λγ Σα

λγ λ �γ T
�

λ �V λ �γ � HereNα denotesa normalizationfactor,

andΣα
λγ λ �γ (α � 0, 1,�	�	��
 8) arenineHermitianmatricesdefinedin Ref. [4]. The index valuesα �

0
 1
 2
 3 representtransversephotons:unpolarized,the two directionsof linear polarization,and
circularpolarization.Purelongitudinalphotonscorrespondto α � 4,andtheremainingvaluesα �
5
 6
 7
 8 areattributableto theinterferenceof longitudinalandtransversephotons.Summationover
final nucleonhelicitiesandaveragingover initial protonhelicitiesis implied. As thecontributions
of longitudinalandtransversephotonsarenotdistinguishableatfixedbeamenergy, thealternative
matrices(hence-forward referredto asSDMEs)areused[4]: r04 �� ρ0 � εRρ4 �	�� 1 � εR � , rα �
ρα �� 1 � εR � for α � 1
 2
 3, andrα ��� Rρα �� 1 � εR � for α � 5
 6
 7
 8, whereε is the virtual
photonpolarizationparameterandR � σL

� σT is thelongitudinal-to-transverse crosssectionratio.

If s-channelhelicity conservation (SCHC) is assumed,the helicity of the vector mesonis
the sameas of the virtual photon. The validity of SCHC was tested,and as shown below, the
observation of several non-zeroSDMEs for ρ0 productionindicatescontributions from SCHC-
violating helicity-flip amplitudes.In addition,the relative contribution of natural-andunnatural-
parity exchangewasestimatedfrom thecombinationof certainSMDEs. Natural-parityexchange
indicatesthat the interactionbetweenthe virtual photonandthe target nucleonis mediatedby a
particle of ‘natural’ parity (JP � 0� 
 1� 
	����� e.g. ρ0, ω , A2), while ‘unnatural’ parity exchange
denotesthecontribution of exchangedmesonswith JP � 0� 
 1� 
	����� , e.g.π or A1.

2. The cross section of ρ0 and φ production

Theρ0 andφ mesonsareobservedin theHERMESspectrometer[5] by detectingtheirdecay
productsin thefollowing channels:ρ0 � π � π � (100%)andφ � K � K � (49%). Theρ0 mesons
areidentified[2] by requiring0.6GeV < Mππ < 1 GeV, with Mππ beingthe invariantmassof the
π � π � system.Theφ � K � K � backgroundin theρ0 spectrais removedby therequirementthat
MKK � 1� 04 GeV, if thehadronsareassumedto bekaons.Theφ mesonsareselectedby requiring
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Figure 1: Thelongitudinalρ0 productioncrosssection[2] is comparedto theresultsof calculationsbased
on generalizedpartondistributions(GPDs). Thedottedcurvesrepresentthe gluon-exchangecontribution,
thedashedcurvesthequark-exchangecontributionandthesolidcurvestheir sum.

0.99 GeV < MKK < 1.04 GeV. The absenceof a signal in the Cherenkov detectoris requiredto
identify kaontracks.

For the calculationof the longitudinal crosssection[3], higher twist effects have beenin-
cludedin a phenomenologicalfashion,andtheQ2-dependenceof thestrongcouplingconstantαs

hasbeenaccountedfor. In orderto extractinformationonthelongitudinalproductioncrosssection,
dataon r04

00, the longitudinalfractionof theρ0 crosssection,have beenused[2]. Usinga param-
eterizationof R the longitudinalcrosssectionfor ρ0 andφ productionhasbeendeterminedusing
σL

� Rσtotal
�� 1 � εR � , whereσtotal representsthetotal measuredcrosssection[2]. Theresulting

valuesfor ρ0 andφ productionareshown in Fig. 1 andthe left panelof Fig. 2, respectively, and
arecomparedto thecalculationsof Ref.[3]. Thecalculationsfor ρ0 arein agreementwith thedata
if boththequark-exchangeandthegluon-exchangecontributionsareincluded.

For φ -mesonproductiononly thegluon-exchangemechanismis expectedto contribute,asthe
protoncontainsonly asmallpopulationof s-quarks.Calculationsbasedon thisassumption[3] are
in agreementwith thedataaspresentedin theleft panelof Fig. 2.

TheQ2-dependenceof thecrosssectionratio for φ to ρ0 productionis displayedin theright
panelof Fig. 2, togetherwith the resultsof otherexperiments[6, 7, 8]. The ratio of total cross
sectionsshows aclearW -dependence.By contrast,aW -independentratio of 2/9betweenthetotal
ρ0 andφ productioncrosssectionswouldbeexpectedif bothprocessesweredrivenby thegluon-
exchangemechanismalone.This is indeedobserved for thehigh Q2 datawhich, alsocorrespond
to highervaluesof W . The deviation in the φ � ρ0 total crosssectionratio from 2/9 confirmsthe
conclusionsderived from Fig. 1, i.e. that thequark-exchangemechanismrepresentsan important
contribution to theρ0 productioncrosssectionat intermediateW values.
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Figure 2: In theleft panelthederivedlongitudinalφ productioncrosssectionis comparedto theresultsof
GPD-basedcalculationswhereonly thegluon-exchangecontribution hasbeenused.In the right panelthe
ratioof φ mesonproductionrelative to ρ0 mesonproductionasa functionof Q2 is presented.

3. Spin Density Matrix Elements

Theangulardistribution of thescatteredleptonandof thedecayproductsis describedin terms
of thefollowing angles:Φ is theanglebetweenthescatteringplaneandtheρ0 productionplane,
while Θ andφ arethepolarandazimuthalanglesof thedecayπ � in thevectormesonrestframe,
with the z-axis alignedoppositeto the outgoingnucleonmomentumin the γ

�
p center-of-mass

system[4]. The SDMEsareobtaineddirectly from the measuredquantitiesby minimizing the
differencebetweenthe3-dimensional cosΘ 
 φ 
 Φ � decayanglematrixof thedataandasampleof
fully reconstructedMonteCarloevents,usingthemaximumlikelihoodmethod.An 8 � 8 � 8 bin-
ning wasusedfor thevariablescosΘ, φ , Φ. TheMonteCarloeventsweregeneratedwith uniform
angulardistributionsandwerereweightedin an iterative procedurewith the angulardistribution
W  cosΘ 
 φ 
 Φ 
 rα

i j
� [4], wherethe matrix elementswere treatedas free parameters.The bestfit

parametersweredeterminedusinga binnedmaximumlog-likelihoodmethod.Theminimization
itself andtheerrorcalculationwereperformedusingtheMINUIT package.All theseSDMEswere
analyzedwithout theassumptionof SCHC.

The extractedSDMEsfor the kinematicregion 1 GeV2 < Q2 < 5 GeV2, 3 GeV < W < 6.3
GeV and0� 03 � xB j � 0� 25,arepresentedfor theprotonanddeuterondatasamplesin Fig. 3. All
unpolarizedSDMEsmeasuredon theprotonagreewith thoseon thedeuteronwithin onestandard
deviationof thecombineduncertainty. Thestatisticaluncertaintiesarelargerfor theeightpolarized
SDMEs(in thebottomof theplot) dueto thelimited leptonbeampolarization(0.53).

Thesectionsof thecentralverticalline in Fig. 3 indicatethoseSDMEswhichareexpectedto
bezerounderSCHC.Thegapsin thislinecorrespondtoelementswhicharenotrestrictedby SCHC
to bezero,andwhichareindeedfoundto benonzero.SeveralunpolarizedSDMEs,however, show
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Figure 3: The23 SpinDensityMatrix Elementsextractedfor ρ0 productionfrom proton(full squares)and
deuteron(full circles)targets. The sectionsof the vertical line denotethe zeropredictionsfor the caseof
thes-channelhelicity conservationassumption.Theinnererrorbarsrepresentthestatisticaluncertaintiesas
given by MINUIT, while the outererror barsindicatethe statisticalandsystematicuncertaintiesaddedin
quadrature.EnlargedsymbolsrepresentSDMEsviolating SCHC;thecorrespondingspin-flip amplitudeis
notedbesidethepoints.

significantviolationsof SCHC.Theiroffsetsfrom zeroareexpressedin unitsof standarddeviations
asfollows (with proton-anddeuteron-target resultsseparatedby commas):r5

00 : 4.7,5.5,Re� r04
10 � :

4.1,3.9,Re� r1
10 � : 4.0,3.7,Im � r2

10 � : 2.9,2.6. Theseresultsindicateanon-negligible contributions
of spin-flip amplitudesto exclusive ρ0 productionat intermediateenergies.

The t
�
-dependenceof the 15 unpolarizedSDMEs obtainedfor protonanddeuterondatain

four bins of t
�

(0 - 0.05 - 0.1 - 0.2 - 0.4) GeV2 is shown in Fig. 4. It is comparedto calcula-
tions performedusing threedifferent approaches,basedon pQCD kT factorization[10], Regge
phenomenology[11], andon a pQCDGPD-basedcalculations[12]. Only two-gluonexchangeis
consideredin all approaches,andit couldbea reasonfor thedisagreementbetweenthedataand
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Figure 4: Thet
�
-dependenceof theunpolarizedSDMEsfor proton(full squares)anddeuteron(full circles)

targetscomparedwith theoreticalcalculations. The inner error barsrepresentthe statisticaluncertainty,
while theouteronesindicatethestatisticalandsystematicuncertaintiesaddedin quadrature.

the calculations.GPD-basedandRegge-phenomenologycalculationsareplannedto includethe
quark-exchangeprocessin additionto gluon-exchange.

Disregardingtheassumptionof SCHC,thehypothesisof theabsenceof unnatural-parityex-
change(UnPE)in the t-channelimplies thatU1

� 1 � r04
00
� 2r04

1 � 1 � 2r1
11 � 2r1

1 � 1
� 0� TheHER-

MES protonresult,U1
� 0� 112  0� 033stat  0� 049syst , is different from zeroat a level of 2σ of

thetotaluncertainty, demonstratingthesignificanceof theunnatural-parity-exchangecontribution.
Thedeuteronresult is compatiblewith zero: U1

� 0� 059  0� 026stat  0� 047syst . For coherentρ0

productionon the deuterononly NPE is expected,as the isovectorcontribution is absentin the
t-channel,aslong asone-pionexchangeis considered.A signalof UnPEis importantasevidence
of quark-antiquarkexchange,correspondingto the polarizedGPDs. The kinematicdependences
of U1 for theprotononQ2, t

�
andxb j arepresentedin Fig. 5. Thoughtheerrorsarelargedueto the

largenumberof SDMEsinvolved,all measuredvaluesof U1 arepositive.

Thiswork is supportedin partby theHeisenberg-Landauprogram.
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Figure 5: The Q2, t
�
, andxB j dependenceof the combinationof SDME’s U1 for hydrogen,which should

be zero if only naturalparity exchangecontributes. The datagiven in the openpoint for the first Q2 bin!#"
1GeV2 $ arenot includedin thet

�
andxB j plots,which representdatawith a Q2 > 1 GeV2 imposed.The

error barsrepresentthe statisticaluncertaintywhile the bandsbelow indicatethe systematicuncertainties.
For theintegratedpoint,theinnererrorbarrepresentsthestatisticaluncertaintywhile theouteroneindicates
theadditionalsystematicuncertainty.
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