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THREE-JET PRODUCTION IN DEEP-INELASTICSCATTERING AT HERA�Christian S
hwanenbergerOn behalf of the H1 CollaborationDeuts
hes Elektronen-Syn
hrotron DESYNotkestraÿe 85, D-22607 Hamburg, Germanye-mail: s
hwanen�mail.desy.de(Re
eived July 15, 2002)Three-jet produ
tion has been studied in deep-inelasti
 positron-protons
attering. The measurement 
arried out with the H1 dete
tor at HERA
overs a large range of four-momentum transfer squared 5<Q2<5 000GeV2and invariant three-jet masses 25<M3jet . 140GeV. Jets are de�ned bythe in
lusive k? algorithm in the Breit frame. The size of the three-jet
ross se
tion and the ratio of the three-jet to the dijet 
ross se
tion R3=2are des
ribed over the whole phase spa
e by the predi
tions of perturbativeQCD in next-to-leading order. The shapes of angular jet distributions de-viate signi�
antly from a uniform population of the available phase spa
ebut are well des
ribed by the QCD 
al
ulation.PACS numbers: 12.38.Qk, 13.87.Ce1. Introdu
tionMulti-jet produ
tion in deep-inelasti
 s
attering (DIS) has been su

ess-fully used at HERA to test the predi
tions of perturbative QCD (pQCD)over a large range of four-momentum transfer squared Q2. Re
ently the H1
ollaboration has determined the strong 
oupling �s and the gluon densityin the proton [1℄ from the in
lusive jet and the dijet 
ross se
tions measuredin the Breit frame. While these 
ross se
tions are dire
tly sensitive to QCDe�e
ts of O(�s), the three-jet 
ross se
tion in DIS is already proportionalto �2s in leading order (LO) in pQCD. The higher sensitivity to �s and thegreater number of degrees of freedom of the three-jet �nal state thus allow� Presented at the X International Workshop on Deep Inelasti
 S
attering (DIS2002)Cra
ow, Poland, 30 April�4 May, 2002.(3153)
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tions to be tested in more detail. Here we present di�eren-tial measurements of the three-jet 
ross se
tion in neutral 
urrent DIS andmeasurements of shapes of angular jet distributions whi
h are sensitive todynami
 e�e
ts of the intera
tion [2℄. The present analysis in
ludes the �rst
omparison of three-jet distributions measured in hadron indu
ed rea
tionswith a pQCD 
al
ulation in next-to-leading order (NLO) i.e. O(�3s ) [3℄.2. Measured observablesIn neutral 
urrent DIS the lepton intera
ts with a parton in the protonvia the ex
hange of a boson (
, Z). At a �xed 
enter-of-mass energy thekinemati
s of the lepton in
lusive rea
tion (for unpolarized lepton and protonbeams) is given by two variables whi
h are here 
hosen to be the four-momentum transfer squared Q2 and the Bjorken s
aling variable xBj. Thesubpro
ess 1 + 2 ! 3 + 4 + 5 in whi
h three massless jets emerge from theboson-parton rea
tion is fully des
ribed by six further variables whi
h 
anbe 
onstru
ted from the energies Ei and the momenta ~pi of the jets in thethree-jet 
enter-of-mass (CM) frame. It is 
onvenient to label the three jets(i = 3; 4; 5) in the order of de
reasing energies in the three-jet CM frame.Two of these variables are the angles �3 and  3 that spe
ify the relativeorientation of the jets,
os �3 � ~pB � ~p3j~pBj j~p3j ; 
os 3 � (~p3 � ~pB) � (~p4 � ~p5)j~p3 � ~pBj j~p4 � ~p5j ; (1)where ~pB denotes the dire
tion of the proton beam. �3 is the angle of thehighest energy jet with respe
t to the proton beam dire
tion.  3 is the anglebetween the plane spanned by the highest energy jet and the proton beamand the plane 
ontaining the three jets. The angle  3 indi
ates whether thethird jet (i.e. the lowest energy jet) is radiated within ( 3 ! 0 or  3 ! �)or perpendi
ular ( 3 ! �=2) to the plane 
ontaining the highest energy jetand the proton beam.The observable R3=2, de�ned by the ratio of the in
lusive three-jet 
rossse
tion and the in
lusive two-jet 
ross se
tion, is of interest espe
ially forquantitative studies, sin
e in this ratio both experimental and some theo-reti
al un
ertainties 
an
el to a large extent.This 
ontribution presents measurements of the in
lusive three-jet 
rossse
tion in DIS as a fun
tion of Q2. Distributions of three-jet events aremeasured in the variables 
os �3 and  3. The ratio R3=2 is measured as afun
tion of Q2. Measurements of further observables 
an be found in [2℄.



Three-Jet Produ
tion in Deep-Inelasti
 S
attering at HERA 31553. ResultsThe analysis is based on data taken in positron-proton 
ollisions withthe H1 dete
tor in the years 1995�1997 with a positron beam energy ofEe = 27:5GeV and a proton beam energy of Ep = 820GeV, leading to a
enter-of-mass energy ps = 300GeV.We present results from two event samples whi
h 
orrespond to inte-grated luminosities of Lint = 21:1 pb�1 (low Q2: 5 < Q2 < 100GeV2)and Lint = 32:9 pb�1 (high Q2: 150 < Q2 < 5000GeV2), respe
tively. Jetsare sele
ted in the Breit frame with ET > 5GeV. The data are 
orre
tedfor e�e
ts of dete
tor resolution and a

eptan
e, as well as for ine�
ien
iesof the sele
tion and for higher order QED e�e
ts.
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Fig. 1. The in
lusive three-jet 
ross se
tion (a) measured as a fun
tion of thefour-momentum transfer squared Q2. The predi
tions of perturbative QCD in LO(dotted line) and in NLO with (solid line) and without hadronization 
orre
tions(dashed line) are 
ompared to the data. Also shown is the ratio of the measured
ross se
tion and the theoreti
al predi
tion, in
luding the e�e
ts from variationsof �s(MZ), the renormalization s
ale �r and the gluon density in the proton. Theratio R3=2 of the in
lusive three-jet 
ross se
tion to the in
lusive dijet 
ross se
tion(b) is 
ompared to the LO (dotted line) and the NLO 
al
ulations (
entral valueof the light band) in
luding hadronization 
orre
tions. The sensitivity of the NLO
al
ulation to parameter variations is indi
ated as in (a).The measured three-jet distributions are presented in Figs. 1 and 2. Theinner error bars represent the statisti
al un
ertainties and the outer onesthe quadrati
 sum of all un
ertainties. The data are 
ompared to pQCD



3156 Ch. S
hwanenbergerpredi
tions in LO and NLO with and without hadronization 
orre
tions.The LO and NLO 
al
ulations are 
arried out in the MS-s
heme for �vemassless quark �avors using the program NLOJET [3℄. Renormalizationand fa
torization s
ales (�r, �f) are set to the average transverse energyET of the three jets in the Breit frame. Hadronization 
orre
tions Æhadr aredetermined using the Monte Carlo event generator LEPTO [4℄ as the relative
hange of an observable before and after hadronization.Fig. 1(a) shows that over the whole range of Q2 the NLO predi
tion(
orre
ted for hadronization e�e
ts) gives a good des
ription of the data� not only at high Q2, where NLO 
orre
tions are small, but also at lowQ2, where the NLO predi
tion is a fa
tor of two above the LO predi
tion.The theoreti
al predi
tion is subje
t to several un
ertainties, the dominantsour
es being the value of the strong 
oupling, the parton density fun
tionsof the proton (espe
ially the gluon density) and the renormalization s
aledependen
e of the NLO 
al
ulation (see lower part of Fig. 1(a) ). While forQ2 & 50GeV2 the variation of �s gives the largest e�e
t, the renormalizations
ale dependen
e is the dominant sour
e of un
ertainty at lower values ofQ2, i.e. in the region where NLO 
orre
tions are also large. Over the wholeQ2 range the 
hange of the 
ross se
tion, indu
ed by the variation of thegluon density is approximately half as large as the 
hange indu
ed by the �svariation.While the LO 
al
ulation predi
ts a stronger Q2 dependen
e of the ratioR3=2 than observed in the data (Fig. 1(b)), the NLO 
al
ulation gives agood des
ription of the data over the whole Q2 range. Un
ertainties in thetheoreti
al predi
tion for R3=2(Q2) are investigated in the same way as forthe three-jet 
ross se
tion. The NLO 
orre
tions for the three-jet and thedijet 
ross se
tions are of similar size. At low Q2 this leads to a smaller NLO
orre
tion and renormalization s
ale dependen
e for the ratio R3=2 than forthe 
ross se
tion. Furthermore, when measured in the same region of xBjand Q2, with the same 
ut on the invariant multi-jet mass, the three-jetand the dijet 
ross se
tions probe the parton density fun
tions of the protonin the same range of proton momentum fra
tions � = xBj(1 +M2n�jet=Q2).Sin
e both jet 
ross se
tions are dominated by gluon indu
ed pro
esses, R3=2is almost insensitive to variations of the gluon density in the proton. Forthe 
entral value of �s(MZ) � 0:118 used in the 
al
ulations, the theoreti
alpredi
tions are 
onsistent with the data for the three-jet 
ross se
tion andthe ratio R3=2.The normalized distributions of the angular variables 
os �3 and  3 areshown in Fig. 2. The 
os �3 distributions in both Q2 regions (here onlythe low Q2 region is shown) are peaked at the 
ut value of 
os �3 = �0:8,
orresponding to angles 
lose to the proton and the photon dire
tion. Thephase spa
e predi
tion shows the opposite behavior, falling towards



Three-Jet Produ
tion in Deep-Inelasti
 S
attering at HERA 3157

0

0.5

1

1.5

2

-0.8 -0.4 0 0.4 0.8

cos θ3

1/
σ 3j

et
 d

σ 3j
et

/d
 c

os
 θ

3

  H1 data
QCD  NLO
QCD  LO
Phase Space

5 < Q2 < 100 GeV2

0

0.2

0.4

0.6

0.8

0 1 2 3

ψ3

1/
σ 3j

et
 d

σ 3j
et

/d
 ψ

3

  H1 data
QCD  NLO
QCD  LO
Phase Space

150 < Q2 < 5000 GeV2

(a) (b)Fig. 2. Distributions of 
os �3 at low Q2 (a) and  3 at high Q2 (b). The data are
ompared to the predi
tions of perturbative QCD in NLO (solid line) and in LO(dashed line) and to a uniform population of the available three-jet phase spa
e(dotted line).
os �3 ! �0:8. The QCD 
al
ulation in NLO gives a good des
riptionof the e�e
ts seen in the data. This is also the 
ase for the measured  3distributions (here only the high Q2 region is shown) whi
h are relatively�at, while the underlying phase spa
e is peaked at  3 = �=2. Although atlow Q2 the NLO predi
tion is almost a fa
tor of two higher than the LOpredi
tion, the shapes of the angular jet distributions are almost una�e
tedby the NLO 
orre
tion. QCD 
al
ulations, in 
ontrast to the phase spa
epredi
tions, indi
ate that, due to the bremsstrahlung nature of the pro
ess,
on�gurations are preferred in whi
h the plane 
ontaining the two lowestenergy jets 
oin
ides with the plane spanned by the proton beam and thehighest energy jet. This 
orresponds to values of  3 ! 0 and  3 ! �.The e�e
ts of 
uts redu
e this preferen
e (Fig. 2(b) ). These results are inqualitative agreement with measurements in �pp 
ollisions [5, 6℄ and in 
p
ollisions [7℄. 4. SummaryThe in
lusive three-jet 
ross se
tion and the ratio R3=2 of the in
lusivethree-jet and the in
lusive dijet 
ross se
tion have been measured as a fun
-tion of Q2. The predi
tions of perturbative QCD in next-to-leading ordergive a good des
ription of the three-jet 
ross se
tion and the ratio R3=2 overthe whole range of Q2 for values of the strong 
oupling 
lose to the 
urrentworld average of �s(MZ) ' 0:118 [8℄. Angular jet distributions have been
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enter-of-mass frame. The angular orientation ofthe three-jet system follows the radiation pattern expe
ted from perturba-tive QCD. While the angular distributions are not 
onsistent with a uniformpopulation of the available phase spa
e, they are well des
ribed by the QCDpredi
tions. This is the �rst � su

essful � test of O(�3s ) 
al
ulations atHERA. REFERENCES[1℄ C. Adlo� et al. [H1 Collaboration℄, Eur. Phys. J. C19, 289 (2001).[2℄ C. Adlo� et al. [H1 Collaboration℄, Phys. Lett. 515, 17 (2001).[3℄ Z. Nagy, Z. Tro
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hi et al. [D0 Collaboration℄, Phys. Rev. D53, 6000 (1996);F. Abe et al. [CDF Collaboration℄, Phys. Rev. D45, 1448 (1992).[7℄ J. Breitweg et al. [ZEUS Collaboration℄, Phys. Lett. B443, 394 (1998).[8℄ D.E. Groom et al. [Parti
le Data Group Collaboration℄, Eur. Phys. J.C15, 1 (2000).


