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SEARCH FOR QCD INSTANTON INDUCEDPROCESSES AT HERA�B. KoblitzMax Plan
k Institut für Physik (Werner Heisenberg Institut)Föhringer Ring 6, 80805 Mün
hen, Germany(Re
eived August 19, 2002)A sear
h is presented for QCD instanton-indu
ed events in Deep-Inelas-ti
 S
attering (DIS) at the ele
tron-proton 
ollider HERA in a kinemati
region de�ned by the Bjorken-s
aling variables x > 10�3, 0:1 < y < 0:6and photon virtualities 10 . Q2 < 100GeV. Several observables 
hara
-terising hadroni
 �nal state properties of QCD instanton-indu
ed eventsare exploited to identify a potentially instanton-enri
hed domain. Whilean ex
ess of events with instanton-like topology over the expe
tation of thestandard DIS ba
kground is observed it 
annot be 
laimed to be signi�
antgiven the un
ertainty in the predi
tions for the ba
kground. Upper limitson the 
ross-se
tion for instanton-indu
ed pro
esses are set and 
omparedto non-perturbative latti
e simulations of the QCD va
uum.PACS numbers: 12.38.Lg, 12.38.Qk, 13.60.Hb1. Introdu
tionInstantons [1, 2℄ are tunnelling phenomena between topologi
ally di�er-ent va
uum states present in non-Abelian gauge theories, whi
h 
annot bedes
ribed by perturbation theory. In the 
ase of QCD, instantons (I) indu
ehard pro
esses violating 
hirality. Deep-inelasti
 s
attering (DIS) o�ers aunique opportunity [3℄ to dis
over pro
esses indu
ed by QCD instantons be-
ause a sizeable rate is predi
ted within �instanton-perturbation theory� [4℄,and instanton events exhibit a 
hara
teristi
 �nal state signature.At HERA, the predi
ted 
ross se
tion is large enough to make an ex-perimental observation possible, although the expe
ted signal is still small
ompared to the standard DIS ba
kground. Therefore, in this �rst dedi
ated� Presented at the X International Workshop on Deep Inelasti
 S
attering (DIS2002)Cra
ow, Poland, 30 April�4 May, 2002.(3263)
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h, dis
riminating observables based on the expe
ted ��re-ball� like topol-ogy of I-indu
ed events are 
ombined to a powerful dis
riminant to identifya possibly I-enri
hed region in phase spa
e.This paper 
on
entrates on the results of this new dis
riminant sear
hand a 
omparison of the derived 
ross-se
tion limits with latti
e 
al
ulationswhi
h has be
ome available re
ently. Details of the experimental strategy
an be found in [5℄.2. QCD instanton-indu
ed pro
esses in DISThe theory and phenomenology of I-indu
ed pro
esses at HERA hasbeen worked out by Ringwald and S
hrempp. These pro
esses dominantlyo

ur in photon�gluon fusion
� + g !Xnf (qR + �qR) + ngg ; (I ! �I;R! L) ;where qR (�qR) denote right handed quarks (anti-quarks) and g gluons. Inevery I-indu
ed event, one quark anti-quark pair of all nf kinemati
allya

essible �avours is produ
ed. Charm and bottom quarks 
an in prin
iplebe produ
ed, but their 
ross se
tion is strongly suppressed. Chirality isviolated by these events with �� = 2nf . Anti-Instantons 
ontribute to the
ross se
tion in the same manner, but here only left handed quarks are inthe �nal state. The quarks are emitted isotropi
ally together with gluonsand fragment into a densely populated band of hadrons, homogeneouslydistributed in azimuth. This band together with the relatively hard jetoriginating from the 
urrent quark form the 
hara
teristi
 �nal state of I-indu
ed events. The QCDINS [6℄ Monte Carlo (MC) generator is used tosimulate the 
omplete �nal state of I-indu
ed events in DIS.The total I-produ
tion 
ross-se
tion at HERA, �(I)HERA, is essentially de-termined by the 
ross-se
tion of the I-subpro
ess q0 + g ! X (the quarkwith 4-momentum q0 is produ
ed by the photon splitting in two quarks),denoted by �(I)q0g . The latter 
an be 
al
ulated by integrating over all 
ol-le
tive I-
oordinates, that is over the I (�I)-size � (��) and the II distan
e4-ve
tor R�:�(I)q0g(x0; Q02) � Z d4R ei(g+q0)�R 1Z0 d� 1Z0 d�� e�(�+��)Q0D(�)D(��) : : : e� 4��s
 ;where several parts of the integrand have been omitted. D(�) (D(��)) is theI-size (�I-size) distribution that is 
al
ulable within I-perturbation theory [2℄



Sear
h for QCD Instanton Indu
ed Pro
esses at HERA 3265for �s(�r) ln (��r) � 1 with �s(�r) being the strong 
oupling and NC = 3for QCD. The I-size distribution follows a power law D(�) � �6�2=3nf+O(�s)and the integral over � (��) generally diverges for large � (��). However, inthe DIS regime the exponential fa
tor e�(�+��)Q0 ensures the 
onvergen
eof the integral. For large enough Q02 e�e
tively only small size instantons
ontribute to the 
ross-se
tion. Therefore the I-
ross-se
tion is 
al
ulableperturbatively in DIS.I-perturbation theory is only valid for small enough instantons and adilute instanton gas, i.e. for small � and large R=�. To �nd this region ofvalidity, 
omparisons of the I-density as 
al
ulated in I-perturbation theoryare done with quen
hed (nf = 0) latti
e simulations of the QCD va
uum.The derived limits � . 0:35 fm, R=� & 1:05 then translate into x0 & 0:35and Q0=�nfMS & 30:8 where �nfMS is the QCD s
ale in the MS s
heme fornf �avours. In the resulting kinemati
al region de�ned by x0 > 0:35, Q02 >113GeV2 and with the additional experimentally motivated 
uts x > 10�3,0:1 < y < 0:9, Q2 < 100GeV2 and the angle of the s
attered ele
tron�e > 156Æ, the 
ross-se
tion 
al
ulated by QCDINS1 is �(I)HERA = 43pb.3. Event sele
tion and sear
h strategyFor this analysis data taken with the H1 dete
tor in the years 1996 and1997 was used, when HERA operated with 27:5GeV ele
trons and 820GeVprotons. The a

umulated data sample amounted to an integrated lumi-nosity of 21:1 pb�1 and in the kinemati
 region de�ned above, 375000 DISevents were found. Details of the event sele
tion may be found in [5℄.To separate possible I-indu
ed events from the standard DIS ba
kgroundevents a dis
riminant based on range-sear
hing [7℄ is employed whi
h 
om-bines the information about the spheri
ity of the event, the re
onstru
tedQ02re
 = �q02re
 and the number of 
harged parti
les in the region of the re
on-stru
ted I-band. The standard DIS ba
kground is modelled by the RAP-GAP MC generator, whi
h implements LO matrix elements mat
hed withparton showers and will be referred to as MEPS, and the ARIADNE genera-tor whi
h implements the 
olour dipole model (CDM). I-indu
ed events aremodelled by QCDINS. The dis
riminant is optimized for a maximum ratioof sele
ted I-events to ba
kground events while demanding an I-e�
ien
y ofat least 10% by studying only MC generated events.1 To further redu
e remaining theoreti
al un
ertainties 
onne
ted with non-planar dia-grams, an additional 
ut Q2 > Q02min was advo
ated [4℄, this has been negle
ted here.It was shown however, that the observables used in this analysis are not a�e
ted.



3266 B. Koblitz4. ResultsThe resulting dis
riminant D is shown in �gure 1(a) normalized to theshape of the distributions. QCDINS events are 
on
entrated in the regionof high likelihood of being I-indu
ed at D � 1, while data and ba
kgroundMCs peak atD = 0. Figure 1(b) shows the absolute normalized distributionson a double logarithmi
 s
ale, illustrating that the ba
kground events aresuppressed towards D � 1 to about the same number of events as expe
tedfor the signal. The ratio of the di�eren
e of the data and the ba
kgroundMC predi
tion to the data is �nally shown in �gure 1(
) along with the ratioof the QCDINS predi
tion to the data. While both ba
kground modelsdes
ribe the data in the leftmost bin where the bulk of events is lo
ated,the CDM model overshoots the data for medium values of the dis
riminant,while MEPS des
ribes the data up to D � 0:95. For large likelihoods of theevents to be I-indu
ed the data ex
eeds the MEPS predi
tion. This ex
ess,however, 
annot be 
laimed to be signi�
ant given the large dis
repan
ywith the CDM model whi
h des
ribes the data within errors. Cutting atD > 0:988, 410 events are found in the data while CDM predi
ts 354+40�26and MEPS 299+25�38 (full statisti
al and experimental errors are in
luded). No
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riminant.ex
ess of I-indu
ed events 
an be 
laimed due to the large un
ertainty of thestandard DIS ba
kground. Therefore we derive limits on the I-
ross-se
tion.A ba
kground independent limit is obtained by assuming that all seen eventsare I-indu
ed. This limit depends only on the expe
ted number of I-events.In addition, the dependen
e of the I-predi
tion on the distribution of x0 andQ02 
an be redu
ed by using small bins in x0 and Q02 for whi
h limits onthe I-
ross-se
tion are derived. These bins translate into bins in � and R=�allowing for a 
omparison with latti
e simulations as shown in Fig. 2. InFig. 2(a) the I-density in the va
uum as a fun
tion of the I-size � is shown forthe UKQCD latti
e simulations [8℄ (data points) as well as the predi
tion ofperturbative theory. A zoom shows the region where a growing dis
repan
yis expe
ted. The same region is shown in Figs. 2(b), (
), where the 
ross-
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h for QCD Instanton Indu
ed Pro
esses at HERA 3267se
tion limits are shown for two bins in R= h�i, one being slightly outside(0:99 < R= h�i < 1:06, (b)) and inside (1:06 < R= h�i < 1:12, (
)) the�du
ial region of I-theory. In the �du
ial region H1 data 
annot ex
lude thepredi
ted I-
ross-se
tion, a �naive� extrapolation towards large � is howeverruled out.
10

−2

10
−1

1

10

  [fm]ρ

]
−5

 [f
m

ρ
x 

d
4

d
I

I+
dn

0.2 0.4 0.6 0.8 1

������
������
������
������
������
������
������
������
������
������
������
������
������

������
������
������
������
������
������
������
������
������
������
������
������
������

������
������
������
������
������
������
������
������
������
������
������
������
������

������
������
������
������
������
������
������
������
������
������
������
������
������

������
������
������
������
������
������
������
������
������
������

������
������
������
������
������
������
������
������
������
������

������
������
������
������
������
������
������
������
������
������
������

������
������
������
������
������
������
������
������
������
������
������

���
���
���
���
���
���
���

���
���
���
���
���
���
���

���
���
���
���
���
���
���

���
���
���
���
���
���
���

���
���
���
���
���

���
���
���
���
���

���
���
���
���
���

���
���
���
���
���

10

0.25 0.3 0.35

> <1.12ρ1.06 < R/<> <1.06ρ0.99 < R/<Lattice−Data: UKQCD
I Pert. Theory

10
3

10
4

10
5

10
6

) [fm]
2

(x’,Q’effρ

) 
 [p

b/
fm

]
ef

f
ρ

 d
(R

/
ef

f
ρ

 / 
d

σ
d

0.25 0.3 0.35

10
3

10
4

10
5

10
6

) [fm]
2

(x’,Q’effρ

) 
 [p

b/
fm

]
ef

f
ρ

 d
(R

/
ef

f
ρ

 / 
d

σ
d

0.25 0.3 0.35

INSσExcluded  
MC−Independent

INSσExcluded  
MC−Independent

H1

INSσ
 (QCDINS)INSσ

H1

MEPS Background Model

CDM Background Model

MEPS Background Model

CDM Background Model

 (predicted)
 (extrapolated)

 :  :

 (QCDINS)

a) b) c)Fig. 2. Confrontation of limits with latti
e 
al
ulations.5. Con
lusionsH1 has 
ondu
ted the �rst dedi
ated sear
h for I-indu
ed events. Al-though some ex
ess of events with I-like signature is seen in the data, thisex
ess 
annot be 
laimed to be signi�
ant due to the large un
ertainty ofstandard DIS ba
kground. Ba
kground model independent limits however
an rule out the strong rise of I-indu
ed events predi
ted by extrapolatingI-perturbation theory towards large I-sizes in a

ordan
e with latti
e simu-lations.I would like to thank T. Carli and S. Miko
ki for their 
ollaborationon the sear
h for Instantons and A. Ringwald and F. S
hrempp for manyenlightning dis
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