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1. Introduction

Jet production and jet substructure have been extensiuatijesl at HERA. The results on
jets have proven to be a powerful tool to test perturbativdd@@d the electroweak sector of the
Standard Model (SM), to constrain the proton parton distidn functions (PDFs), to determine
the strong couplinggs, and to test the underlying colour dynamics. Jet substredtas been used
to test the pattern of parton radiation and the splittingcfioms, colour-coherence effects and the
underlying colour dynamics, as well.

Jet production in neutral (NC) and charged current (CC) deelpstice pscattering (DIS) up
to orderas proceeds via the quark-parton model, boson-gluon fusidrQa®D Compton processes.
For NC, a virtualy or Z° and for CC, aN*, is emitted by the initial electron or positron, which
interacts with a parton in the proton. An electron (for NCaameutrino (for CC) is found in the
final state together with one or more jets. The jet-prodactimss section can be written in QCD
as the convolution of the parton densities in the proton &edpartonic cross section. The DIS
processes are characterised by only two of the followingrkiatic variablesQ?, the virtuality of
the exchanged boson, Bjork&mnd the inelasticity.

2. Jet production in CC DIS

Jets were reconstructed using tgecluster algorithm in the laboratory frame in the kinematic
range given byQ? > 200 Ge\? andy < 0.9 [1]. Events with at least one jet of transverse energy,
E’Tet, in excess of 14 GeV and pseudorapidify!, in the range between -1 and 2.5 were selected.
The measurements correspond to a data sample of 36mpmtegrated luminosity. The inclusive-
jet cross sections for electron and positron beams wereureghas functions cE?t (not shown).
Both measured cross sections decreaﬁfémcreases; however, the cross section for the positron
sample decreases more rapidly than the one for the elecaropls. The next-to-leading-order
(NLO) QCD predictions describe reasonably well the shageraagnitude of the data. The ratio
of the cross sections for electron and positron beams iglyaixpected to be- 2, since there are
twice as many-quarks asl-quarks in the proton. However, this naive picture gets firdiby the
x dependence of the PDFs; the measured ratio is observe0‘elz«auimacanTet increases, in agreement
with the QCD predictions. This has been studied in more deyaneasuring the inclusive-jet cross
section as a function of(see Fig. 1). The cross section for electron (positron) Isaarsensitive to
theu (d)-quark density. The NLO QCD calculations give a good desiom of the data. Figure 1
also shows the theoretical uncertainties, clearly dorathdly the PDF uncertainty specially for
positron beams at high Therefore, these measurements have the potential tarawni&irther the
valence-quark PDFs when included in global fits.

During the HERA 1l running period, longitudinally-polaeid electron and positron beams
were available. This allowed the test of the SM predictionpf@larised cross sections: a linear de-
pendence of the CC cross section with polarisation is ergdead the right (left)-handed electron
(positron) cross section vanishes due to the chiral natutkeoweak interaction. The inclusive-
jet cross sections for electrons and positrons beams wittrelnt longitudinal polarisations were
measured as functions @? (not shown). The predictions of the SM are in good agreeméht w
the data.
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Figurel: Inclusive-jet cross sections as functionskan CC DIS.

Multijet production in CC DIS provides a test of QCD directgyond leading order (LO).
More than two jets can appear in the final state due to gluorsstom or splitting. The cross
sections as functions of the dijét}!, or three-jet M3, invariant mass were measured separately
for electron and positron beams (not shown). The QCD priedistforM3 describe well the shape
of the data; however, the predictions fidl tend to be below the data at high¥ values. This
constitutes the first observation of three-jet events ini@€ractions. Furthermore, a small number
of four-jet events was observed.

3. Angular correlations in thr ee-jet events

The colour factor&Cr, Ca andTg, which are related to the strength of gluon emission, gluon
splitting into agg pair and gluon splitting intayq pair, respectively, are given by the under-
lying gauge-group structure and so their measurement gesvilirect access to the symmetry
group. Since theqg and ggg couplings have different spin structures, the colour factive
rise to a specific pattern of angular correlations betweerfitial-state jets. At HERA, it is pos-
sible to test the underlying gauge symmetry by studying Emgrorrelations in three-jet events.
The four diagrams in Fig. 2 represent the main colour condigoms expected in NC DIS at
HERA. The three-jet production cross section can be exedess terms of the colour factors
as Ogp—3jets = CE -0p+CgCa- 08 +CeTr - oc + TeCa - 0p. Variables have been designed [2]
to highlight the contributions from the different colourndigurations: 64, the angle between
the plane determined by the high&"f‘I jet and the beam and the plane determined by the two
IowestEjTet jets; d»3, the angle between the two Iowel?f—t jets; Bcsw, defined by cofksw =
cos3[Z[(P1 x Ba), (P2 % PBe)] + Z[(P1 x Ps), (P2 X Pa)]]; andniax the pseudorapidity of the most
forward jet.

(A) (B) © (D)

Figure2: Examples of diagrams in NC DIS three-jet events for diffecmiour configurations.

Three-jet events in NC DIS have been selected usingtioiuster algorithm in the Breit frame
in the kinematic range given b®? > 125 Ge\?. The &(a?) predictions for the different colour
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configurations show that the distribution fog has a very distinct shape for all variables. The
distribution forop presents a different shape than the other configurationmmqﬁ'ﬁgx variable.
QCD, based on the SU(3) gauge group, predicts a 23%, 13%, 889526 contribution foioy,

Og, Oc andap, respectively, in the selected region of phase space.

Figure 3 shows the measured normalised three-jet crodgerseat NC DIS as functions of the
angular-correlations variables compared with th@2) predictions based on different symmetry
groups. The data disfavour the predictions based on the symyprgroup SU(N), in the limit of
large N, andCe = 0. The difference in the predictions based on SU(3) and 3488 of the same
order as the uncertainties in the data. The measuremerndsraistent with the admixture of colour
configurations as predicted by SU(3). There are some diaooggs between data and theory which
can be attributed to higher-order contributions: th@gZ) predictions based on SU(3) give a very
good description of the data (not shown). Therefore, thesasnrements have the potential to be
useful in the extraction of the colour factors in hadrorie-Ireactions.
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Figure3: Normalised three-jet cross sections in NC DIS as functidria)oby, (b) a3, (c) Bksw and (d)
jet
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4. Subjet distributions

Subjets are jet-like substructures identified by reappglyfrek: algorithm on the particles be-
longing to a jet at smaller values of the resolution param#tg. Subjets can be used to study
the pattern of parton radiation and to test colour-coheregitects. The pattern of parton radiation
from a primary parton is dictated in QCD by the splitting ftinns and, therefore, the measure-
ments provide a direct test of these functions and theiesdapendence. QCD predicts that soft
gluon radiation tends to be emitted towards the proton timec Measurements of two-subjet
distributions were performed [3] as functions of the fractl subjet transverse enerdﬁ/f;bj/ E?t,
the difference between the pseudorapidity (azimuth) ofsthigiet with respect to that of the jet,
nsbi— piet (| — ge!|), andas?), the angle which forms the highe&f™ subjet in then — ¢ plane
with the beam line as viewed from the jet centre. The crostiosecwere measured for those jets
which contained exactly two subjets w{, = 0.05. Furthermore, measurements of three-subjet
distributions were made [4] for those jets which containeaicdly three subjets 3t = 0.03.

Figure 4a shows the normalised two-subjet cross sectiofumations ofES /NS, nsbi— piet,

| — @®| andasP. The measurements show that the two subjets tend to haviarstransverse
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Figure4: Normalised two-subijet distributions in N(C)DIS.

energies. The distribution insP — ni®t has a two-peak structure. The cross section as a function of
|@P — | shows a suppression arouff” — ¢ = 0, which comes from the fact that the two
subjets cannot be resolved when they are too close togéthieris also observed in the dip between
the two peaks im s — ni¢t, The as"l distribution shows that the highe&” subjet tends to be in
the electron-beam direction. This is consistent with therasetric two peak structure observed
in 3% — piet and in agreement with the expectation from colour-coheresftects. NLO QCD
predictions, which contain the contributions for quark ghtbn splitting, are compared to the data
in Fig. 4a and give an adequate description of the measustdbdtions. Similar measurements
were performed for the three-subjet sample (not shown).la@aais conclusions to those for the
two-subjet cross sections can also be drawn from these megasnts. To study in more detail the
colour-coherence effects, the two-subjet cross sectiarfarsction ofnSbj n'®has been measured
for those jets with subjets of different transverse enerﬁéﬁ ow/ JEt < 0.4), separately for the

lower and the higheES” subjet (see Fig. 4b). The measurements show that the higfesubjet
tends to be in the electron-beam direction whereas the 4E$Pésubjet tends to be emitted in the
proton-beam direction. The NLO predictions describe tha deell. This behaviour, also observed
in the three-subjet sample, can be attributed to coloueiite effects between the initial and final
states, and indicates that soft gluon radiation is indeeitteampredominantly towards the proton
direction.

Angular correlations between the three subjets are alsitsento the underlying gauge sym-
metry. Measurements of normalised three-subjet distdbatwere performed as functions of vari-
ables sensitive to the colour configuratiomss, the angle between the two Iowesibj subjets as
seen from the jet centre in thp— @ plane, andy, the angle between the high&s¥’ subjet and
the vector difference of the two IoweEf- ] subjets as seen from the jet centre in the @ plane.
For these observables, the configurations proportion@htdisplay a very distinct behaviour (see
Fig. 5a and 5b). Figures 5¢c and 5d show the measured noroh#tisee-subjet cross sections in NC
DIS compared with the'(a?) predictions based on SU(3). The measurements are consisten
the admixture of colour configurations as predicted by SU@LD predicts a 47%, 17%, 27%
and 9% contribution fowoa, 0, oc and gp, respectively, in the selected region of phase space.
Therefore, these measurements also have the potentialuselid in the extraction of the colour
factors in hadronic-like reactions.
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Figure5: Predicteds(a2) three-subjet normalised cross sections as functions afaand (b)y. Mea-
surements of the normalised three-subjet cross sectidd€iDIS as functions of (crp3 and (d)y.

5. Conclusions

Jet production and jet substructure are still being extehsistudied at HERA. The latest
results from multijet production in CC DIS, angular cortalas in three-jet events and two- and
three-subijet distributions in NC DIS have been presentédsd measurements allowed stringent
tests of pQCD and the electroweak sector of the SM. In pdaticthey provide contraints on the
proton PDFs and allow tests of the underlying gauge symmestinglies of the pattern of parton
radiation and tests of the effects of colour coherence. Asrhin conclusion of these studies, jet
measurements at HERA represent a very powerful tool thaiges stringent tests of the theory.
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