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Subjet distributions in deep inelasti
s
attering at HERA

ZEUS Collaboration
Abstra
tSubjet distributions were measured in neutral 
urrent deep inelasti
 ep s
atteringwith the ZEUS dete
tor at HERA using an integrated luminosity of 81.7 pb�1.Jets were identi�ed using the kT 
luster algorithm in the laboratory frame. Sub-jets were de�ned as jet-like substru
tures identi�ed by a reappli
ation of the
luster algorithm at a smaller value of the resolution parameter y
ut. Measure-ments of subjet distributions for jets with exa
tly two subjets for y
ut = 0:05 arepresented as fun
tions of observables sensitive to the pattern of parton radiationand to the 
olour 
oheren
e between the initial and �nal states. PerturbativeQCD predi
tions give an adequate des
ription of the data.
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1 Introdu
tionJet produ
tion in ep 
ollisions provides a wide testing ground of perturbative QCD(pQCD). Measurements of di�erential 
ross se
tions for jet produ
tion [1{3℄ have alloweddetailed studies of parton dynami
s, tests of the proton and photon parton distributionfun
tions (PDFs) as well as pre
ise determinations of the strong 
oupling 
onstant, �s.Gluon emission from primary quarks was investigated [4, 5℄ by means of the internalstru
ture of jets; these type of studies gave insight into the transition between a partonprodu
ed in a hard pro
ess and the experimentally observable jet of hadrons. The patternof parton radiation within a jet is di
tated in QCD by the splitting fun
tions. Thesefun
tions, Pab(z; �) with a; b = q or g, are interpreted as the probability that a parton oftype b, having radiated a parton of type a, is left with a fra
tion z of the longitudinalmomentum of the parent parton and a transverse momentum squared smaller than �2,where � is the typi
al hard s
ale of the pro
ess. The splitting fun
tions are 
al
ulable aspower series in �s. Thus, the 
hara
teristi
s of jet substru
ture provide dire
t a

ess tothe QCD splitting fun
tions and their dependen
e on the s
ale.The understanding of jet substru
ture is also important in the 
ontext of jet identi�
ationin boosted systems, like hadroni
 top de
ays [6℄ or b�b �nal states at LHC [7℄. The �rstexample 
alls for a dire
t appli
ation of jet substru
ture, the se
ond requires knowledgeabout jet substru
ture to distinguish between single- and double-quark indu
ed jets. Thispaper presents a study of jet substru
ture in a more 
ontrolled hadroni
-type environmentthan that provided by hadron-hadron 
olliders.Jet produ
tion in neutral 
urrent (NC) deep inelasti
 s
attering (DIS) was previously usedto study the mean subjet multipli
ity [4℄ and the mean integrated jet shape [5℄ with valuesof �s(MZ) extra
ted from those measurements. In the present study, the pattern of QCDradiation is investigated by means of the subjet topology, providing a more stringent testof the pQCD 
al
ulations.In this paper, measurements of normalised di�erential subjet 
ross se
tions for those jetswhi
h 
ontain two subjets at a given resolution s
ale are presented. The measurementswere done as fun
tions of the ratio between the subjet transverse energy and that of thejet, EsbjT =EjetT , the di�eren
e between the subjet pseudorapidity1 (azimuth) and that ofthe jet, �sbj��jet (j�sbj��jetj), and �sbj, the angle, as viewed from the jet 
entre, betweenthe subjet with higher transverse energy and the proton beam line in the pseudorapidity-1 The ZEUS 
oordinate system is a right-handed Cartesian system, with the Z axis pointing in theproton beam dire
tion, referred to as the \forward dire
tion", and the X axis pointing left towardsthe 
entre of HERA. The 
oordinate origin is at the nominal intera
tion point. The pseudorapidity isde�ned as � = � ln(tan �2 ), where the polar angle � is taken with respe
t to the proton beam dire
tion.1



azimuth plane (see Fig. 1). The predi
tions of pQCD at next-to-leading order (NLO)were 
ompared to the data.2 Jets and subjetsThe analysis of subjets presented in this paper was performed using the laboratory frame.In this frame, the 
al
ulations of the subjet distributions 
an be performed up to O(�2s),i.e. NLO, with jets 
onsisting of up to three partons. The analysis used events with highvirtuality of the ex
hanged boson, Q2; at low values of Q2, the sample of events with atleast one jet of high EjetT (EjetT � pQ2) is dominated by dijet events. In that 
ase, the
al
ulations in
lude jets 
onsisting of up to only two partons and, therefore, 
orrespondto lowest-order predi
tions of jet substru
ture.The kT 
luster algorithm [8℄ was used in the longitudinally invariant in
lusive mode [9℄ tode�ne jets in the hadroni
 �nal state. Subjets [10℄ were resolved within a jet by 
onsid-ering all parti
les asso
iated with the jet and repeating the appli
ation of the kT 
lusteralgorithm until, for every pair of parti
les i and j the quantity dij = min(ET;i; ET;j)2 �((�i � �j)2 + (�i � �j)2), where ET;i, �i and �i are the transverse energy, pseudorapidityand azimuth of parti
le i, respe
tively, was greater than d
ut = y
ut �(EjetT )2. All remaining
lusters were 
alled subjets.The subjet multipli
ity depends upon the value 
hosen for the resolution parameter y
ut.Subjet distributions were studied for those jets with exa
tly two subjets at a value ofthe resolution parameter of y
ut = 0:05. This value of y
ut was 
hosen as a 
ompromisebetween resolution, size of the hadronisation 
orre
tion fa
tors and statisti
s. The e�e
tof the parton-to-hadron 
orre
tions on the shape of the subjet distributions be
omesin
reasingly larger as y
ut de
reases. On the other hand, the number of jets with exa
tlytwo subjets de
reases rapidly as y
ut in
reases.Subjet distributions were studied as fun
tions of EsbjT =EjetT , �sbj��jet, j�sbj��jetj and �sbj.One of the goals of this study was to investigate the extent to whi
h pQCD 
al
ulations areable to reprodu
e the observed distributions. In addition, the dependen
e of the splittingfun
tions Pab(z; �) on z 
an be investigated using the EsbjT =EjetT distribution. The splittingfun
tions at leading order (LO) do not depend on � but a
quire a weak dependen
e due tohigher-order 
orre
tions. Su
h a dependen
e 
an be investigated by measuring the subjetdistributions in di�erent regions of EjetT or Q2.The substru
ture of jets 
onsisting of a quark-gluon pair (the quark-indu
ed pro
ess eq !eqg) or a quark-antiquark pair (the gluon-indu
ed pro
ess eg ! eq�q) are predi
ted tobe di�erent (see Se
tion 8.1). Furthermore, the relative 
ontributions of quark- andgluon-indu
ed pro
esses vary with Bjorken x and Q2. The predi
ted di�eren
e mentioned2



above is amenable to experimental investigation by 
omparing the shape of the subjetdistributions in di�erent regions of x and Q2.Colour 
oheren
e leads to a suppression of soft-gluon radiation in 
ertain regions of phasespa
e. The e�e
ts of 
olour 
oheren
e between the initial and �nal states have beenstudied in hadron-hadron 
ollisions [11℄. These e�e
ts are also expe
ted to appear inlepton-hadron 
ollisions. For the pro
ess eq ! eqg, 
olour 
oheren
e implies a tenden
yof the subjet with lower (higher) transverse energy, EsbjT;low (EsbjT;high), to have �sbj��jet > 0(�sbj� �jet < 0). The variable �sbj, de�ned in 
lose analogy to the variables used to study
olour 
oheren
e in hadron-hadron 
ollisions [11℄, re
e
ts dire
tly whether the subjetwith the lower transverse energy has a tenden
y to be emitted towards the proton beamdire
tion.
3 Experimental set-upA detailed des
ription of the ZEUS dete
tor 
an be found elsewhere [12, 13℄. A briefoutline of the 
omponents most relevant for this analysis is given below.Charged parti
les were tra
ked in the 
entral tra
king dete
tor (CTD) [14℄, whi
h operatedin a magneti
 �eld of 1:43 T provided by a thin super
ondu
ting solenoid. The CTD
onsisted of 72 
ylindri
al drift-
hamber layers, organised in nine superlayers 
overing thepolar-angle region 15Æ < � < 164Æ. The transverse-momentum resolution for full-lengthtra
ks 
an be parameterised as �(pT )=pT = 0:0058pT � 0:0065 � 0:0014=pT , with pT inGeV. The tra
king system was used to measure the intera
tion vertex with a typi
alresolution along (transverse to) the beam dire
tion of 0:4 (0:1) 
m and to 
ross-
he
k theenergy s
ale of the 
alorimeter.The high-resolution uranium{s
intillator 
alorimeter (CAL) [15℄ 
overed 99:7% of thetotal solid angle and 
onsisted of three parts: the forward (FCAL), the barrel (BCAL)and the rear (RCAL) 
alorimeters. Ea
h part was subdivided transversely into towers andlongitudinally into one ele
tromagneti
 se
tion and either one (in RCAL) or two (in BCALand FCAL) hadroni
 se
tions. The smallest subdivision of the 
alorimeter was 
alled a
ell. Under test-beam 
onditions, the CAL single-parti
le relative energy resolutions were�(E)=E = 0:18=pE for ele
trons and �(E)=E = 0:35=pE for hadrons, with E in GeV.The luminosity was measured from the rate of the bremsstrahlung pro
ess ep! e
p. Theresulting small-angle energeti
 photons were measured by the luminosity monitor [16℄, alead{s
intillator 
alorimeter pla
ed in the HERA tunnel at Z = �107 m.3



4 Data sele
tionThe data were 
olle
ted during the running period 1998{2000, when HERA operated withprotons of energy Ep = 920 GeV and ele
trons or positrons2 of energy Ee = 27:5 GeV,and 
orrespond to an integrated luminosity of 81:7� 1:9 pb�1.Neutral 
urrent DIS events were sele
ted o�ine using 
riteria similar to those reportedpreviously [5℄. The main steps are given below.A re
onstru
ted event vertex 
onsistent with the nominal intera
tion position was re-quired and 
uts based on tra
king information were applied to redu
e the 
ontaminationfrom beam-indu
ed and 
osmi
-ray ba
kground. The s
attered-ele
tron 
andidate wasidenti�ed using the pattern of energy deposits in the CAL [17℄. The energy, E 0e, and polarangle, �e, of the ele
tron 
andidate were also determined from the CAL measurements.The double-angle method [18℄, whi
h uses �e and an angle 
 that 
orresponds, in thequark-parton model, to the dire
tion of the s
attered quark, was used to re
onstru
t Q2.The angle 
 was re
onstru
ted using the CAL measurements of the hadroni
 �nal state.Ele
tron 
andidates were required to have an energy E 0e > 10 GeV, to ensure a high andwell understood ele
tron-�nding eÆ
ien
y and to suppress ba
kground from photopro-du
tion. The inelasti
ity variable, y, as re
onstru
ted using the ele
tron energy and polarangle, was required to be below 0:95; this 
ondition removed events in whi
h fake ele
tron
andidates from photoprodu
tion ba
kground were found in the FCAL. The requirement38 < (E � pZ) < 65 GeV, where E is the total CAL energy and pZ is the Z 
ompo-nent of the energy measured in the CAL 
ells, was applied to remove events with largeinitial-state radiation and to redu
e further the photoprodu
tion ba
kground. Remaining
osmi
 rays and beam-related ba
kground were reje
ted by requiring the total missingtransverse momentum, pmissT , to be small 
ompared to the total transverse energy, EtotT ,pmissT =pEtotT < 3 pGeV. The kinemati
 range was restri
ted to Q2 > 125 GeV2.The kT 
luster algorithm was used in the longitudinally invariant in
lusive mode to re
on-stru
t jets in the measured hadroni
 �nal state from the energy deposits in the CAL 
ells.The jet algorithm was applied after ex
luding those 
ells asso
iated with the s
attered-ele
tron 
andidate. Jet transverse-energy 
orre
tions were 
omputed using the methoddeveloped in a previous analysis [5℄. Events were required to have at least one jet ofEjetT > 14 GeV and �1 < �jet < 2:5. The �nal sample of 128986 events 
ontained 132818jets, of whi
h 21162 jets had exa
tly two subjets at y
ut = 0:05.2 In the following, the term \ele
tron" denotes generi
ally both the ele
tron (e�) and the positron (e+).4



5 Monte Carlo simulationSamples of events were generated to determine the response of the dete
tor to jets ofhadrons and the 
orre
tion fa
tors ne
essary to obtain the hadron-level subjet 
rossse
tions. The hadron level is de�ned as those hadrons with lifetime � � 10 ps. Thegenerated events were passed through the Geant 3.13-based [19℄ ZEUS dete
tor- andtrigger-simulation programs [13℄. They were re
onstru
ted and analysed applying thesame program 
hain as to the data.Neutral 
urrent DIS events in
luding radiative e�e
ts were simulated using the Her-a
les 4.6.1 [20℄ program with the Djangoh 1.1 [21℄ interfa
e to the hadronisationprograms. Hera
les in
ludes 
orre
tions for initial- and �nal-state radiation, vertexand propagator terms, and two-boson ex
hange. The QCD 
as
ade is simulated usingthe 
olour-dipole model (CDM) [22℄ in
luding the LO QCD diagrams as implemented inAriadne 4.08 [23℄ and, alternatively, with the MEPS model of Lepto 6.5 [24℄. TheCTEQ5D [25℄ proton PDFs were used for these simulations. Fragmentation into hadronsis performed using the Lund string model [26℄ as implemented in Jetset [27, 28℄.The jet sear
h was performed on the Monte Carlo (MC) events using the energy measuredin the CAL 
ells in the same way as for the data. The same jet algorithm was also appliedto the �nal-state parti
les (hadron level) and to the partons available after the partonshower (parton level) to 
ompute hadronisation 
orre
tion fa
tors (see Se
tion 6).6 QCD 
al
ulationsThe O(�2s) NLO QCD 
al
ulations used to 
ompare with the data are based on theprogram Disent [29℄. The 
al
ulations used a generalised version of the subtra
tionmethod [30℄ and were performed in the massless MS renormalisation and fa
torisations
hemes. The number of 
avours was set to �ve; the renormalisation (�R) and fa
torisation(�F ) s
ales were set to �R = �F = Q; �s was 
al
ulated at two loops using �(5)MS = 220 MeVwhi
h 
orresponds to �s(MZ) = 0:118. The ZEUS-S [31℄ parameterisations of the protonPDFs were used. The results obtained with Disent were 
ross-
he
ked by using theprogram Nlojet++ [32℄.Sin
e the measurements refer to jets of hadrons, whereas the QCD 
al
ulations refer tojets of partons, the predi
tions were 
orre
ted to the hadron level using the MC sam-ples des
ribed in Se
tion 5. The multipli
ative 
orre
tion fa
tor, Chad, de�ned as theratio of the 
ross se
tion for subjets of hadrons to that of partons, was estimated withthe Lepto-MEPS model, sin
e it reprodu
ed the shape of the QCD 
al
ulations better.5



The normalised 
ross-se
tion 
al
ulations 
hanged typi
ally by less than �20% upon ap-pli
ation of the parton-to-hadron 
orre
tions, ex
ept at the edges of the distributions,where they 
hanged by up to �50%. Other e�e
ts not a

ounted for in the 
al
ulations,namely QED radiative 
orre
tions and Z0 ex
hange, were found to be very small for thenormalised 
ross-se
tion 
al
ulations and negle
ted.The following theoreti
al un
ertainties were 
onsidered (as examples of the size of theun
ertainties, average values of the e�e
t of ea
h un
ertainty on the normalised 
rossse
tion as fun
tions of EsbjT =EjetT , �sbj��jet, j�sbj��jetj and �sbj are given in parentheses):� the un
ertainty in the modelling of the parton shower was estimated by using di�erentmodels (see Se
tion 5) to 
al
ulate the parton-to-hadron 
orre
tion fa
tors (5:6%,13:2%, 7:6%, 5:3%);� the un
ertainty on the 
al
ulations due to higher-order terms was estimated by varying�R by a fa
tor of two up and down (0:01%, 0:46%, 0:58%, 0:34%);� the un
ertainty on the 
al
ulations due to the 
hoi
e of �F was estimated by varying�F by a fa
tor of two up and down (0:05%, 0:43%, 0:11%, 0:12%);� the un
ertainty on the 
al
ulations due to those on the proton PDFs was estimatedby repeating the 
al
ulations using 22 additional sets from the ZEUS analysis [31℄;this analysis takes into a

ount the statisti
al and 
orrelated systemati
 experimentalun
ertainties of ea
h data set used in the determination of the proton PDFs (0:07%,0:18%, 0:12%, 0:05%);� the un
ertainty on the 
al
ulations due to that on �s(MZ) was estimated by repeatingthe 
al
ulations using two additional sets of proton PDFs, for whi
h di�erent valuesof �s(MZ) were assumed in the �ts. The di�eren
e between the 
al
ulations usingthese various sets was s
aled to re
e
t the un
ertainty on the 
urrent world averageof �s [33℄ (0:02%, 0:04%, 0:05%, 0:01%).These un
ertainties were added in quadrature and are shown as hat
hed bands in the�gures.7 Corre
tions and systemati
 un
ertaintiesThe sample of events generated with CDM, after applying the same o�ine sele
tion asfor the data, gives a reasonably good des
ription of the measured distributions of thekinemati
, jet and subjet variables; the des
ription provided by the MEPS sample issomewhat poorer. The 
omparison of the measured subjet distributions and the MCsimulations is shown in Fig. 2. 6



The normalised di�erential 
ross se
tions were obtained from the data using the bin-by-bin
orre
tion method, 1� d�idA = 1� Ndata;iL ��Ai � NhadMC;iNdetMC;i ;where Ndata;i is the number of subjets in data in bin i of the subjet variableA, NhadMC;i (NdetMC;i)is the number of subjets in MC at hadron (dete
tor) level, L is the integrated luminosityand �Ai is the bin width. The MC samples of CDM and MEPS were used to 
omputethe a

eptan
e 
orre
tion fa
tors to the subjet distributions. These 
orre
tion fa
torstook into a

ount the eÆ
ien
y of the trigger, the sele
tion 
riteria and the purity andeÆ
ien
y of the jet and subjet re
onstru
tion.The following sour
es of systemati
 un
ertainty were 
onsidered for the measured subjet
ross se
tions (as examples of the size of the un
ertainties, average values of the e�e
tof ea
h un
ertainty on the normalised 
ross se
tion as fun
tions of EsbjT =EjetT , �sbj � �jet,j�sbj � �jetj and �sbj are given in parentheses):� the deviations in the results obtained by using either CDM or MEPS to 
orre
t thedata from their average were taken to represent systemati
 un
ertainties due to themodelling of the parton shower (0:5%, 2:9%, 2:6%, 1:3%);� variations in the simulation of the CAL response to low-energy parti
les (0:3%, 1:6%,1:2%, 0:6%).Other un
ertainties, su
h as those arising from the un
ertainty in the absolute energy s
aleof the jets [1, 34℄, the un
ertainty in the simulation of the trigger and the un
ertainty inthe absolute energy s
ale of the ele
tron 
andidate [35℄, were investigated and found tobe negligible. The systemati
 un
ertainties were added in quadrature to the statisti
alun
ertainties and are shown as error bars in the �gures.8 ResultsNormalised di�erential subjet 
ross se
tions were measured for Q2 > 125 GeV2 for jetswith EjetT > 14 GeV and �1 < �jet < 2:5 whi
h have exa
tly two subjets for y
ut = 0:05.The distribution of the fra
tion of transverse energy, (1=�)(d�=d(EsbjT =EjetT )), is presentedin Fig. 3a. It 
ontains two entries per jet and is symmetri
 with respe
t to EsbjT =EjetT = 0:5by 
onstru
tion. This distribution has a peak for 0:4 < EsbjT =EjetT < 0:6, whi
h shows thatthe two subjets tend to have similar transverse energies.7



The �sbj� �jet data distribution is shown in Fig. 3b and also has two entries per jet. Themeasured 
ross se
tion has a two-peak stru
ture; the dip around �sbj � �jet = 0 is due tothe fa
t that the two subjets are not resolved when they are too 
lose together.Figure 3
 presents the measured normalised 
ross se
tion as a fun
tion of j�sbj � �jetj.There are two entries per jet in this distribution. The distribution has a peak for 0:2 <j�sbj � �jetj < 0:3; the suppression around j�sbj � �jetj = 0 also arises from the fa
t thatthe two subjets are not resolved when they are too 
lose together.The data distribution as a fun
tion of �sbj (one entry per jet) in
reases as �sbj in
reases(see Fig. 3d). This shows that the subjet with higher transverse energy tends to bein the rear dire
tion. This is 
onsistent with the asymmetri
 peaks observed in the�sbj � �jet distribution (see Fig. 3b). Figure 4 shows the �sbj � �jet distribution for thosejets whi
h have two subjets with asymmetri
 EsbjT (EsbjT;low=EjetT < 0:4, or, equivalently,EsbjT;high=EjetT > 0:6), separately for the subjet with higher and lower EsbjT . It is to be notedthat sin
e the jet axis is re
onstru
ted as the transverse-energy-weighted average of thesubjet axes, the subjet with higher EsbjT is 
onstrained to be 
loser to the jet axis thanthat of the lower EsbjT subjet. The measured distributions show that the higher (lower)EsbjT subjet tends to be in the rear (forward) dire
tion. All these observations support theexpe
tation of the presen
e of 
olour-
oheren
e e�e
ts between the initial and �nal statesand, in parti
ular, the tenden
y of the subjet with lower EsbjT to be emitted predominantlytowards the proton beam dire
tion.8.1 Comparison with NLO QCD 
al
ulationsNext-to-leading-order QCD 
al
ulations are 
ompared to the data in Figs. 3 and 4. TheQCD predi
tions give an adequate des
ription of the data. However, the data points aresituated at the upper (lower) edge of the theoreti
al un
ertainty in some regions of thesubjet variables su
h as EsbjT =EjetT � 0:5, j�sbj � �jetj � 0, �sbj � 0 and the peaks inthe �sbj � �jet distribution (EsbjT =EjetT � 0:25, j�sbj � �jetj > 0:3 and j�sbj � �jetj > 0:5).Sin
e the 
al
ulations are normalised to unity, the un
ertainties are 
orrelated among thepoints; this 
orrelation gives rise to the pulsating pattern exhibited by the theoreti
alun
ertainties.The 
al
ulation of the 
ross se
tion as a fun
tion of EsbjT =EjetT exhibits a peak at 0:4 <EsbjT =EjetT < 0:6, as seen in the data. The 
al
ulations for the �sbj � �jet and �sbj dis-tributions predi
t that the subjet with higher transverse energy tends to be in the reardire
tion, in agreement with the data. This shows that the me
hanism driving the subjettopology in the data is the eq ! eqg and eg ! eq�q subpro
esses as implemented in thepQCD 
al
ulations. 8



To gain further insight into the pattern of parton radiation, the predi
tions for quark- andgluon-indu
ed pro
esses (see Se
tion 2) are 
ompared separately with the data in Fig. 5.The NLO 
al
ulations predi
t that the two-subjet rate is dominated by quark-indu
edpro
esses: the relative 
ontribution of quark- (gluon-) indu
ed pro
esses is 81% (19%).The shape of the predi
tions for these two types of pro
esses are di�erent; in quark-indu
edpro
esses, the two subjets have more similar transverse energies (see Fig. 5a) and are 
loserto ea
h other (see Fig. 5b and 5
) than in gluon-indu
ed pro
esses. The 
omparison withthe measurements shows that the data are better des
ribed by the 
al
ulations for jetsarising from a qg pair than those 
oming from a q�q pair.8.2 EjetT , Q2 and x dependen
e of the subjet distributionsFigures 6 to 9 show the normalised di�erential subjet 
ross se
tions in di�erent regionsof EjetT . Even though the mean subjet multipli
ity de
reases with in
reasing EjetT [4℄, themeasured normalised di�erential subjet 
ross se
tions have very similar shapes in all EjetTregions for all the observables 
onsidered. This means that the subjet topology does not
hange signi�
antly with EjetT . This is better illustrated in Fig. 10, where the data for allEjetT regions are plotted together. In parti
ular, it is observed that the maximum of ea
hmeasured normalised 
ross se
tion in every region of EjetT o

urs in the same bin of thedistribution. To quantify the EjetT dependen
e more pre
isely, Fig. 11 shows the maximumvalue of the measured normalised 
ross se
tion for ea
h observable as a fun
tion of EjetTtogether with the NLO predi
tions. The spread of the measured maximum values of thenormalised 
ross se
tions is �(4� 6)%. For ea
h observable, the s
aling behaviour of thenormalised di�erential subjet 
ross se
tions is 
learly observed and in agreement with theexpe
tation that the splitting fun
tions depend weakly on the energy s
ale. The NLOQCD 
al
ulations are in agreement with the data and support this observation.Figures 12 to 15 show the normalised di�erential subjet 
ross se
tions in di�erent regionsof Q2. In this 
ase, it is observed that while the shape of the EsbjT =EjetT distribution does not
hange signi�
antly with Q2, some dependen
e 
an be seen in the other observables. Forexample, the dip in the �sbj� �jet distribution is shallower for 125 < Q2 < 250 GeV2 thanat higher Q2 and the shape of the �sbj distribution for 125 < Q2 < 250 GeV2 is somewhatdi�erent than for the other regions (see Fig. 16). These features of the data are reasonablyreprodu
ed by the NLO QCD 
al
ulations and understood as a 
ombination of two e�e
ts:the fra
tion of gluon-indu
ed events is predi
ted to be 32% for 125 < Q2 < 250 GeV2and below 14% for higher Q2; the shape of the normalised 
ross se
tions as fun
tions of�sbj��jet and �sbj 
hanges from the region 125 < Q2 < 250 GeV2 to 250 < Q2 < 500 GeV2(see Fig. 17) for quark- and gluon-indu
ed events. It is observed that the maximum ofea
h measured normalised 
ross se
tion in every region of Q2 o

urs in the same bin9



of the distribution, ex
ept for j�sbj � �jetj in the highest-Q2 region. Figure 18 shows themaximum3 value of the measured normalised 
ross se
tion for ea
h observable as a fun
tionof Q2 together with the NLO predi
tions. The spread of the measured maximum valuesof the normalised 
ross se
tions as fun
tions of EsbjT =EjetT and j�sbj � �jetj is �(3 � 4)%.On the other hand, the measured and predi
ted maximum values for the normalised 
rossse
tions as fun
tions of �sbj � �jet and �sbj exhibit a step-like behaviour between thelowest-Q2 region and the rest.Figures 19 to 22 show the normalised di�erential subjet 
ross se
tions in di�erent regionsof x. Figure 23 shows the data for all x regions plotted together. It is observed that themaximum of ea
h measured normalised 
ross se
tion in every region of x o

urs in thesame bin of the distribution, ex
ept for j�sbj � �jetj in the highest x region. Figure 24shows the maximum3 value of the measured normalised 
ross se
tion for ea
h observableas a fun
tion of x. The shape of the EsbjT =EjetT measured distribution does not 
hangesigni�
antly with x, whereas some dependen
e is expe
ted (see Fig. 24a). The dependen
eof the �sbj � �jet and �sbj distributions with x exhibits features similar to those observedin the study of the Q2 dependen
e; in parti
ular, the maximum values (see Figs. 24b and24d) exhibit a monotoni
 in
rease as x in
reases, whi
h is reasonably reprodu
ed by the
al
ulations. As dis
ussed previously, these features are understood as a 
ombination oftwo e�e
ts: a de
rease of the predi
ted fra
tion of gluon-indu
ed events from 44% for0:004 < x < 0:009 to 6% for x > 0:093 and the 
hange in shape of the normalised 
rossse
tions for quark- and gluon-indu
ed pro
esses as x in
reases (see Fig. 25).To investigate the origin of the 
hange in shape of the normalised di�erential 
ross se
tionsbetween the lowest and higher Q2 and x regions, LO and NLO 
al
ulations were 
ompared.The most dramati
 
hange is observed when restri
ting the kinemati
 region to 125 <Q2 < 250 GeV2 or 0:004 < x < 0:009 (see Fig. 26); the LO 
al
ulation of the �sbj � �jetdistribution does not exhibit a two-peak stru
ture as seen in the NLO predi
tion and inthe data. In addition, the LO 
al
ulation of the �sbj distribution peaks at �sbj � �=2 in
ontrast with the NLO predi
tion and the data. This proves that the NLO QCD radiative
orre
tions are responsible for these variations in shape and ne
essary for des
ribing thedata.In summary, while the shapes of the normalised di�erential 
ross se
tions show only a weakdependen
e on EjetT , their dependen
e on Q2 and x have some prominent features at low Q2or x. The weak dependen
e on EjetT is 
onsistent with the expe
ted s
aling behaviour of thesplitting fun
tions; however, the restri
tion to low Q2 or x values demonstrates that theNLO QCD radiative 
orre
tions are important there. The NLO QCD 
al
ulations, whi
hin
lude the two 
ompeting pro
esses eq ! eqg and eg ! eq�q and radiative 
orre
tions,3 For the j�sbj � �jetj distribution, the same bin has been used for 
onsisten
y.10



adequately reprodu
e the measurements.9 SummaryNormalised di�erential subjet 
ross se
tions in in
lusive-jet NC DIS were measured inep 
ollisions using 81:7 pb�1 of data 
olle
ted with the ZEUS dete
tor at HERA. The
ross se
tions refer to jets identi�ed in the laboratory frame with the kT 
luster algorithmin the longitudinally invariant in
lusive mode and sele
ted with EjetT > 14 GeV and�1 < �jet < 2:5. The measurements were made for those jets whi
h have exa
tly twosubjets for y
ut = 0:05 in the kinemati
 region de�ned by Q2 > 125 GeV2.The 
ross se
tions were measured as fun
tions of EsbjT =EjetT , �sbj��jet, j�sbj��jetj and �sbj.The data show that the two subjets tend to have similar transverse energies and that thesubjet with higher transverse energy tends to be in the rear dire
tion. This is 
onsistentwith the e�e
ts of 
olour 
oheren
e between the initial and �nal states, whi
h predi
t thatsoft parton radiation is emitted predominantly towards the proton beam dire
tion.An adequate des
ription of the data is given by NLO QCD 
al
ulations. This means thatthe pattern of parton radiation as predi
ted by QCD reprodu
es the subjet topology inthe data. Furthermore, the subjet distributions in the data are better des
ribed by the
al
ulations for jets arising from a quark-gluon pair.The normalised 
ross se
tions show a weak dependen
e on EjetT , in agreement with theexpe
ted s
aling behaviour of the splitting fun
tions. By restri
ting the measurements tolow Q2 or x values, signi�
ant di�eren
es in shape are observed, whi
h 
an be primarilyattributed to NLO QCD radiative 
orre
tions.A
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Figure 2: Dete
tor-level normalised subjet data distributions (dots) for jets withEjetT > 14 GeV and �1 < �jet < 2:5 whi
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Figure 3: Measured normalised di�erential subjet 
ross se
tions (dots) for jetswith EjetT > 14 GeV and �1 < �jet < 2:5 whi
h have two subjets for y
ut = 0:05in the kinemati
 region given by Q2 > 125 GeV 2 as fun
tions of (a) EsbjT =EjetT ,(b) �sbj � �jet, (
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aptionto Fig. 3.
32



 ZEUS

0

2

 0.004 < x < 0.009

 (
1/

σ)
 d

σ/
d(

E
sb

j T
/E

je
t T
)

 0.009 < x < 0.019

0

2

 0.019 < x < 0.043

0.4 0.6 0.8

 0.043 < x < 0.093

  E
sbj

T/E
jet

T

0

2

0.4 0.6 0.8

ZEUS 82 pb-1

NLO 0.093 < x < 0.447

  E
sbj

T/E
jet

TFigure 19: Measured normalised di�erential subjet 
ross se
tions (dots) for jetswith EjetT > 14 GeV and �1 < �jet < 2:5 whi
h have two subjets for y
ut = 0:05 inthe kinemati
 region given by Q2 > 125 GeV 2 as fun
tions of EsbjT =EjetT in di�erentregions of x. Other details are as in the 
aption to Fig. 3.
33



 ZEUS

0

2  0.004 < x < 0.009

 (
1/

σ)
 d

σ/
d(

ηsb
j -η

je
t )

 0.009 < x < 0.019

0

2  0.019 < x < 0.043

-0.5 0 0.5

 0.043 < x < 0.093

 ηsbj-ηjet

0

2

-0.5 0 0.5

ZEUS 82 pb-1

NLO

 0.093 < x < 0.447

 ηsbj-ηjetFigure 20: Measured normalised di�erential subjet 
ross se
tions (dots) for jetswith EjetT > 14 GeV and �1 < �jet < 2:5 whi
h have two subjets for y
ut = 0:05 inthe kinemati
 region given by Q2 > 125 GeV 2 as fun
tions of �sbj��jet in di�erentregions of x. Other details are as in the 
aption to Fig. 3.
34



 ZEUS

0

2

 0.004 < x < 0.009

 (
1/

σ)
 d

σ/
d|

φsb
j -φ

je
t |

 0.009 < x < 0.019

0

2

 0.019 < x < 0.043

0.2 0.4 0.6 0.8

 0.043 < x < 0.093

 |φsbj-φjet| (rad)

0

2

0.2 0.4 0.6 0.8

ZEUS 82 pb-1

NLO

 0.093 < x < 0.447

 |φsbj-φjet| (rad)Figure 21: Measured normalised di�erential subjet 
ross se
tions (dots) for jetswith EjetT > 14 GeV and �1 < �jet < 2:5 whi
h have two subjets for y
ut = 0:05in the kinemati
 region given by Q2 > 125 GeV 2 as fun
tions of j�sbj � �jetj indi�erent regions of x. Other details are as in the 
aption to Fig. 3.
35



 ZEUS

0

0.5  0.004 < x < 0.009

 (
1/

σ)
 d

σ/
dα

sb
j

 0.009 < x < 0.019

0

0.5  0.019 < x < 0.043

1 2 3

 0.043 < x < 0.093

 αsbj (rad)

0

0.5

1 2 3

ZEUS 82 pb-1

NLO

 0.093 < x < 0.447

 αsbj (rad)Figure 22: Measured normalised di�erential subjet 
ross se
tions (dots) for jetswith EjetT > 14 GeV and �1 < �jet < 2:5 whi
h have two subjets for y
ut = 0:05in the kinemati
 region given by Q2 > 125 GeV 2 as fun
tions of �sbj in di�erentregions of x. Other details are as in the 
aption to Fig. 3.
36



 ZEUS

0

1

2

3

0.2 0.4 0.6 0.8
  E

sbj

T/E
jet

T

 (
1/

σ)
 d

σ/
d(

E
sb

j T
/E

je
t T
)

0

0.5

1

1.5

2

-0.5 0 0.5
 ηsbj-ηjet

 (
1/

σ)
 d

σ/
d(

ηsb
j -η

je
t )

0

1

2

3

0 0.2 0.4 0.6 0.8
 |φsbj-φjet| (rad)

 (
1/

σ)
 d

σ/
d|

φsb
j -φ

je
t |

0

0.2

0.4

0.6

0 1 2 3

ZEUS 82 pb-1

 0.004 < x < 0.009

 0.009 < x < 0.019

 0.019 < x < 0.043

 0.043 < x < 0.093

 0.093 < x < 0.447

 αsbj (rad)

 (
1/

σ)
 d

σ/
dα

sb
j

(a) (b)

(
) (d)

Figure 23: Measured normalised di�erential subjet 
ross se
tions for jets withEjetT > 14 GeV and �1 < �jet < 2:5 whi
h have two subjets for y
ut = 0:05 inthe kinemati
 region given by Q2 > 125 GeV 2 as fun
tions of (a) EsbjT =EjetT , (b)�sbj� �jet, (
) j�sbj��jetj and (d) �sbj in di�erent regions of x. Details 
on
erningthe error bars are as in the 
aption to Fig. 3.
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Figure 24: Maximum of the measured normalised di�erential (a) EsbjT =EjetT , (b)�sbj � �jet, (
) j�sbj � �jetj and (d) �sbj subjet 
ross se
tions (dots) for jets withEjetT > 14 GeV and �1 < �jet < 2:5 whi
h have two subjets for y
ut = 0:05 in thekinemati
 region given by Q2 > 125 GeV 2 as a fun
tion of x. For 
omparison,the NLO predi
tions for quark- (dotted histograms) and gluon-indu
ed (dot-dashedhistograms) pro
esses are also shown separately. Other details are as in the 
aptionto Fig. 3.
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Figure 25: Predi
ted normalised di�erential subjet 
ross se
tions (solid his-tograms) for jets with EjetT > 14 GeV and �1 < �jet < 2:5 whi
h have two subjetsfor y
ut = 0:05 in the kinemati
 region given by Q2 > 125 GeV 2 as fun
tions of(a,
) �sbj � �jet and (b,d) �sbj in di�erent regions of x. The NLO predi
tions forquark- (dotted histograms) and gluon-indu
ed (dot-dashed histograms) pro
esses arealso shown separately.
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Figure 26: Measured normalised di�erential subjet 
ross se
tions (dots) for jetswith EjetT > 14 GeV and �1 < �jet < 2:5 whi
h have two subjets for y
ut = 0:05in restri
ted Q2 and x regions as fun
tions of (a,
) �sbj � �jet and (b,d) �sbj. TheNLO (solid histograms) and LO (dashed histograms) 
al
ulations are also shown.The hat
hed bands represent the NLO theoreti
al un
ertainty.
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