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FORWARD �0 PRODUCTION IN DIS AT HERA�L. Goerli
hFor the H1 CollaborationH. Niewodni
za«ski Institute of Nu
lear Physi
sRadzikowskiego 152, 31-342 Kraków, Poland(Re
eived June 24, 2002)The dynami
s of QCD evolution at low values of Bjorken-x are studiedvia the measurement of hard �0 probes in deeply inelasti
 positron protons
attering with the H1 experiment. The �0 mesons are produ
ed 
lose tothe fragmented proton dire
tion whi
h is 
alled forward region. Measure-ments of the forward �0 
ross se
tions and the a

ompanying transverseenergy �ow around the �0 are presented and used to dis
riminate betweendi�erent s
hemes for QCD evolution.PACS numbers: 13.60.�r,12.38.�t,12.38.Aw1. Introdu
tionThe HERA 
ollider has extended the available kinemati
 spa
e for Deep-Inelasti
 S
attering (DIS) to regions of large values of the four momentumtransfer Q2 (� 105) and small Bjorken-x (x � 10�5). A variety of measuredpro
esses has made detailed tests of perturbative QCD possible. In parti
-ular, studies at low x 
ould reveal novel features of parton dynami
s. Atsmall x it is very probable that the quark stru
k by the virtual photon orig-inates from a QCD 
as
ade initiated by a parton in the proton. In di�erentregions of the Q2 and x spa
e di�erent equations are expe
ted to des
ribethe parton evolution: the mostly dis
ussed being DGLAP [1℄, BFKL [2℄ andCCFM [3℄. At high Q2 and high x the initial state radiation is des
ribedby the 
onventional DGLAP evolution equations whi
h resum the leading�s ln(Q2=Q20) terms. In this s
heme a spa
e-like 
hain of subsequent gluonemissions is 
hara
terized by a strong ordering in transverse momenta kT.� Presented at the X International Workshop on Deep Inelasti
 S
attering (DIS2002)Cra
ow, Poland, 30 April�4 May, 2002.(3287)
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hHowever, at small x the 
ontribution of large leading ln 1=x terms may be-
ome important. Resumation of these terms leads to the BFKL evolutionequation. No ordering on transverse momenta kT of emitted gluons is im-posed here. The CCFM evolution equation based on angular ordering and
olor 
oheren
e interpolates between the BFKL and DGLAP approa
hes.An extended parton ladder at low x leads to high kT partoni
 emissionin the forward region to whi
h measurements of jets and leading parti
lesare sensitive. Produ
tion of DIS events with a single forward parti
le is amore re�ned version of the forward jet produ
tion; a forward jet is identi�edby its single energeti
 fragmentation produ
t. In analogy to the forwardjet analysis, inspired by the proposal of Mueller [4℄, sele
tion of a singleparti
le with transverse momentum squared of the order of Q2, kT2 � Q2,suppresses the kT ordered DGLAP evolution and the 
hoi
e of the fra
tionalmomentum x� = E�=Ep (Ep is the proton beam energy) greater than theBjorken-x enhan
es the phase spa
e for BFKL e�e
ts. An advantage ofstudying single parti
les, as opposed to jets, is the potential to rea
h smallerangles than is possible with jets with broad spatial extension. However, therate of the pro
ess is suppressed in 
omparison to forward jet produ
tion andfragmentation e�e
ts are expe
ted to be more signi�
ant. Di�erential 
ross-se
tions for in
lusive �0-meson produ
tion [5℄ have been measured by theH1 Collaboration. The BFKL 
al
ulation approximating some of the NLOe�e
ts [6℄ was found to be in good agreement with the data, parti
ularlyfor the shape des
ription, but the absolute normalization remained stronglya�e
ted by the s
ale un
ertainty. A reasonable des
ription of the data isalso given by the Monte Carlo model RAPGAP [7℄ based on the DGLAPformalism with in
lusion of resolved photon pro
esses.In this analysis we present new results from the H1 experiment on hightransverse momentum forward �0 produ
tion in DIS with statisti
ally in-
reased (by fa
tor 3.5) sample that allows for more di�erential studies. Inaddition an investigation of the additional 
hara
teristi
s of the hadroni
�nal state has been performed.2. Experimental setup and data sele
tionThe data used for this analysis were 
olle
ted in 1996 and 1997 withthe H1 dete
tor at HERA, whi
h 
ollided beams of 27.5 GeV positrons and820 GeV protons, and 
orrespond to an integrated luminosity of 21 pb�1.A detailed des
ription of the H1 dete
tor 
an be found elsewhere [8℄. DISevents are sele
ted by identi�
ation of s
attered positrons in the ba
kwardlead/s
intillating �ber 
alorimeter with energy resolution for ele
trons �E=E�0:075=pE. The analysis is restri
ted to the range 0:1<y<0:6 and 2:0<Q2<70:0 GeV2, and Bjorken-x extends over two orders of magnitude down tox�10�5. The photoprodu
tion ba
kground is redu
ed to a negligible level.



Forward �0 Produ
tion in DIS at HERA 3289The �0-mesons are measured in the �nely segmented liquid argon (LAr)
alorimeter 
onsisting of an ele
tromagneti
 se
tion, that provides an en-ergy resolution of �E=E � 0:12=pE, and of hadroni
 se
tion with energyresolution for 
harged pions �E=E � 0:50=pE. The absolute energy s
alesare known to 3% for ele
tromagneti
 se
tion in the forward region relevantfor this analysis and to 4% for hadroni
 se
tion. The �0-mesons are identi-�ed via the dominant de
ay 
hannel �0 ! 2
 using 
alorimetri
 informationonly. The �0 
andidates are sele
ted in the HERA laboratory frame1 withpolar angles in the region 5Æ < �� < 25Æ and with x� greater than 0.01. The
ut on the minimum transverse momentum of the �0-meson, p�T;� de�ned inthe photon�proton 
enter of mass system (CMS) is set to 2.5 GeV. At high�0 energies requested here, the de
ay photons 
annot be separated in theLAr 
alorimeter and their energy deposits are re
onstru
ted as one 
alori-metri
 
luster. Photon indu
ed showers are sele
ted by a detailed analysis oflongitudinal and transverse shower shape development in the LAr 
alorime-ter [5℄. The e�
ien
y for �nding �0-mesons after all sele
tion 
uts is above45% and the purity of the sele
ted �0-meson sample is at the level of 80%.Other sour
es of high energy photons (su
h as prompt photon produ
tion)are at negligible level [9℄. The in�uen
e of �-meson produ
tion is also takeninto a

ount in the analysis. 3. ResultsIn
lusive forward �0 
ross-se
tions for p�T;� > 2.5 GeV are shown as afun
tion of x and p�T;� for di�erent regions of Q2 in Fig. 1. All 
ross-se
tionsare 
orre
ted for dete
tor e�e
ts and for the in�uen
e of QED radiationby a bin-by-bin unfolding pro
edure. Systemati
 errors are dominated bythe model dependen
e of the 
orre
tion pro
edure whi
h gives rise to typ-i
ally 10�15 % un
ertainty. The QCD 
al
ulations are presented using theMonte Carlo model RAPGAP based on LO DGLAP parton showers with(DIR+RES) and without (DIR) resolved photon pro
esses. The MonteCarlo model CASCADE [10℄ has been used as an implementation of theCCFM equation. The predi
tion of RAPGAP with a point-like photon iswell below the data. A reasonable des
ription of the 
ross-se
tions is ob-tained by in
luding in RAPGAP additional resolved photon 
ontributionand using a renormalization and fa
torization s
ale of Q2+4p2T. CASCADEundershoots the data for lower values of Q2. The fa
t that CASCADE de-s
ribes the forward jet 
ross-se
tion [11℄ but not the forward �0 produ
tion,may indi
ate the importan
e of the quark splitting fun
tions whi
h are nottaken into a

ount in CASCADE. Fig. 2 shows the transverse energy �ow1 H1 uses a a right-handed 
oordinate system with the z-axis de�ned by the in
identproton beam.
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Fig. 1. In
lusive forward �0-meson produ
tion 
ross-se
tions in three regions of Q2.Left: as a fun
tion of Bjorken-x and Right: as a fun
tion of p�T;�. The inner barsare statisti
al, the outer error bars give the statisti
al and systemati
 error addedquadrati
ally.
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Forward �0 Produ
tion in DIS at HERA 3291around the forward �0 in the hadroni
 CMS, for di�erent ranges of ���, asa fun
tion of the distan
e from the �0 dire
tion in units of pseudorapid-ity. The energy �ow is highly 
ollimated around the dire
tion of the �0,with an average 
ontribution to the bin 
ontaining this parti
le of about4 GeV. Large amounts of transverse energy are also produ
ed away from the�0. The QCD models presented here give similar predi
tions, however the
al
ulations whi
h in
lude resolved pro
esses tend to agree better with thedata. The transverse energy �ow around the �0 re�e
ts how the transversemomentum of the jet is 
ompensated along the ladder. It is best seen in theET �ow distribution for the most forward �0 shown in the left upper plot ofFig. 2. RAPGAP with only dire
t 
ontribution taken into a

ount predi
tsless radiation in the vi
inity of the �0 and the pT of the forward parti
leis mainly 
ompensated far away from the �0 as expe
ted for kT orderedDGLAP emissions. For the CCFM approa
h, there is more QCD radiation
lose to the �0 dire
tion, while the predi
tion of RAPGAP with resolved 

omponent lies between predi
tions of CASCADE and RAPGAP-DIR. Themean transverse energy along the ladder, in the region 0:5 < �� � ��� < 3:0,for di�erent ranges of ��� in the hadroni
 CMS as a fun
tion of Bjorken x ispresented in the right part of Fig. 2. The data,within the presently limitedstatisti
al a

ura
y, show no dependen
e on x and the best des
ription isgiven by RAPGAP with resolved photon intera
tions.4. SummaryHigh pre
ision measurements of the forward �0 
ross-se
tions and theira

ompanying energy �ow were presented. The data allow us to dis
riminatebetween di�erent QCD models and are best des
ribed by an approa
h inwhi
h partoni
 substru
ture of virtual photons is also taken into a

ount.REFERENCES[1℄ V.N. Gribov, L.N. Lipatov, Sov. J. Nu
l. Phys. 15, 438 and 675 (1972);Yu.L. Dokshitzer, Sov. Phys. JETP 46, 641 (1977); G. Altarelli, G. Parisi,Nu
l. Phys. 126, 297 (1978).[2℄ E.A. Kuraev, L.N. Lipatov, V.S. Fadin, Sov. Phys. JETP 45, 199 (1972);Y.Y. Balitsky, L.N. Lipatov, Sov. J. Nu
l. Phys. 28, 822 (1978).[3℄ M. Ciafaloni, Nu
l. Phys. B296, 49 (1988); S. Catani, F. Fiorani, G. Mar
h-esini, Phys. Lett. B234, 339 (1990); S. Catani, F. Fiorani, G. Mar
hesini,Nu
l. Phys. B336, 18 (1990); G. Mar
hesini, Nu
l. Phys. B445, 49 (1995).[4℄ A.H. Mueller, Nu
l. Phys. B (Pro
. Suppl.) 18C, 125 (1990); J. Phys. G 17,1443 (1991).[5℄ H1 Collab., C. Adlo� et al., Phys. Lett. B462, 440 (1999).



3292 L. Goerli
h[6℄ J. Kwie
inski, A. Martin, J. Outhwaite, Eur. Phys. J. C9, 611 (1999).[7℄ H. Jung, Comput. Phys. Commun. 86, 147 (1995).[8℄ H1 Collab., I. Abt et al., Nu
l. Instrum. Methods A386, 310 and 348 (1997).[9℄ J. Kwie
inski, S.C. Lang, A.D. Martin, Phys. Rev. D55, 1273 (1997).[10℄ H. Jung, Comput. Phys. Commun. 143, 100 (2002).[11℄ H. Jung, G.P. Salam, Eur. Phys. J. C19, 351 (2001).


