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Signals of QCD instanton-induced processes are searched for in neutral current deep-inelastic

scattering at the electron-proton collider HERA in the kinematic region defined by the Bjorken-

scaling variablex > 10−3, the inelasticity 0.2 < y < 0.7 and the photon virtuality 150< Q2 <

15000 GeV2. The search is performed using H1 data corresponding to an integrated luminosity

of 351 pb−1. No evidence for the production of QCD instanton-induced events is observed.

Upper limits on the cross section for instanton-induced processes between 1.5 pb and 6 pb, at

95% confidence level, are obtained depending on the kinematic domain in which instantons could

be produced. Compared to earlier publications, the limits are improved by an order of magnitude

and for the first time are challenging predictions.
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1. Introduction

The Standard Model of particle physics contains certain anomalous processes induced by in-
stantons which violate the conservation of baryon and lepton number (B+ L) in the case of elec-
troweak interactions and chirality in the case of strong interactions [1, 2]. In quantum chromody-
namics (QCD), the theory of strong interactions, instantons are non-perturbative fluctuations of the
gluon field. They can be interpreted as tunnelling transitions between topologically different vacua.

The theory and phenomenology for the production of instanton-induced processes at HERA
in neutral current (NC) electron/positron-proton collisions has been worked out by Ringwald and
Schrempp [3, 4]. Instanton processes predominantly occur in photon gluon (γg) fusion processes
as sketched in figure 1. The partonic final state contains pairof quark and anti-quark of each light
flavour and some number of gluons, where one of the quarks (anti-quarks) acts as the current quark
(q′′). The partons from the instanton subprocess are distributed isotropically in the instanton rest
frame (~q′ +~g = 0). The hadronic final state is expected to have following signature: the densely
populated band in the pseudo-rapidity (η) with the particles of relatively high transverse momen-
tum isotropically distributed in azimuth, a high particle multiplicity and a current jet emerging from
the outgoing current quarkq′′.

The instanton production cross section at HERA,σ (I)
HERA, is determined by the cross section

of the instanton subprocessq′ + g
(I ,Ī)
→ X. which is calculable in instanton perturbation theory. It

involves the distributions of the sizeρ of instantons and of the distanceR between them. There is
a one-to-one relation between the variables in momentum spaceQ′2andx′ and the space variableρ
andR . LargeQ′ andx′ values correspond to smallρ and largeR/ρ , respectively. The region of
validity of the instanton perturbative calculation was derived by confronting this calculation with
non-perturbative lattice simulations of the QCD vacuum [5]. The obtained limitsρ . 0.35 fm and
R/ρ & 1.05 can be translated into regions of the kinematical variablesQ′2 ≥Q′2

min ≃ (30.8×Λnf

MS
)2

andx′ ≥ x′min ≃ 0.35 [6] whereΛnf

MS
is the QCD scale fornf flavours. The cross section depends

significantly on the strong couplingαs, or more precisely onΛnf

MS
.

The analysis is performed in the kinematic region defined by 0.2 < y < 0.7 and 150< Q2 <

15000 GeV2. In this kinematic region, and additionally requiringQ′2 > 113 GeV2 andx′ > 0.35,
the cross section predicted by QCDINS Monte Carlo generator[6] is σ (I)

HERA = 10±3 pb, using the

QCD scaleΛ(3)

MS
= 339±17 MeV [7]. The quoted uncertainty of the instanton cross section σ (I)

HERA

is obtained by varying the QCD scale by one standard deviation.

2. Data Selection, Definition of the Observables and the Search Strategy

This analysis [8] is performed using the fulle±p collision data set taken in the years 2003-
2007 by the H1 experiment corresponding to a total integrated luminosity of 351 pb−1 The High
Q2 neutral current DIS events are selected to cover the phase space region defined by 0.2< y< 0.7,
x > 10−3 and 150< Q2 < 15000 GeV2. The data sample consists of about 350000 events.

The observables used to discriminate the instanton-induced contribution from that of the stan-
dard DIS processes are based on the hadronic final state (HFS).

All HFS objects are boosted to the hadronic centre-of-mass frame (HCM). Jets are defined by
the inclusivekT algorithm as implemented in FastJet, with the masslessPT recombination scheme
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Jets are required to have transverse energy in the HCM frameET,jet> 3 GeV. Additional require-
ments on the transverse energy and pseudorapidity of the jets in the laboratory frame are imposed
in order to ensure that jets are contained within the acceptance of the Liquid Argon calorimeter and
are well calibrated. The events are selected by requiring atleast one jet withET,jet> 4 GeV. The
jet with the highest transverse energy is used to estimate the 4-momentumq

′′
of the current quark

(see figure 1).Q′2 is reconstructed from the particles associated with the current jet and the photon
4-momentum.

The hadronic final state objects belonging to the current jetare not used in the definition of the
following observables. A “instanton band” (I-band) in pseudo-rapidity with a width of±1.1 units
in η is defined around the mean̄η. The number of charged particles in theI-bandnB is measured.

An approximate instanton rest frame, where all hadronic final state objects in theI-band are
distributed isotropically, is defined by~q′ + ξ~P = 0 whereξ = 0.076 is a constant determined from
studies of the instanton simulation. The axes~imin and~imax are found for which in the instanton rest
system the summed projections of the 3-momenta of all hadronic final state objects in theI-band are
minimal or maximal. The relative difference betweenEin = ∑h |~ph ·~imax| andEout = ∑h |~ph ·~imin|

is called ∆B = (Ein −Eout)/Ein. This quantity is a measure of the transverse energy weighted
azimuthal isotropy of an event. For isotropic events∆B is small while for pencil-like events∆B is
close to unity. Using two methods to calculate the invariantmass of the quark gluon system,WI , x′

is reconstructed asx′rec = (x′1 +x′2)/2, wherex′i = Q′2
rec /(W2

I ,i +Q′2
rec ) with W2

I ,1 = (q′rec+ ξ P)2 and
W2

I ,2 = (∑h ph)
2 where the sum runs over the HFS objects in theI-band.

The measured distributions of the five observablesET,jet, nB, x′rec, ∆B andEin are compared
in figure 2 (upper left) to the expectations from the standardDIS QCD models (RAPGAP [9],
DJANGOH [10]) and from the instanton model (QCDINS). The data are reasonably well described
by the reweighted standard DIS Monte Carlo simulations.

3. Search for Instanton-Induced Events and Results

A multivariate discrimination technique is employed to increase the sensitivity to instanton
processes. The PDERS method as implemented in the TMVA ROOT package [11] is used.

The set of observables,ET,jet, nB, x′, ∆B andEin, has been chosen since it provides the best sig-
nal to background separation. and the distributions of these variables are overall well described by
both Monte Carlo simulations. The distribution of the discriminatorD is shown in figure 2 (upper
right). Taking into account the systematic uncertainties,the discriminator distribution is described
by the DIS Monte Carlo simulations in the background dominated region (low D values). The
instanton signal peaks at large values of the discriminator.

A signal region is defined forD > Dcut = 0.86, optimised for a determination of the instanton
signal from event counting. The distributions of the expected instanton signal and of the back-
ground are shown in figure 2 (lower right). No excess of eventsis observed and the DJANGOH
MC describes the data well, while the prediction of RAPGAP issystematically above the data.

No evidence for QCD instanton-induced processes is observed and the data are used to set
exclusion limits.

The upper limit is determined from a CLs statistical analysis using the method of fractional
event counting [12], optimised for the presence of systematic uncertainties, which are treated as
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Gaussian distributions. Limits are calculated using the full range of the disciminator distribution
as shown in figure 2 (upper right).

Figure 2 (lower left) shows the behaviour of the observed CLs as a function of the instanton
signal cross section. In this study the total instanton cross section is taken as a free parameter,
whereas the signal shape is taken from the QCDINS simulation. The observed limit is 2 pb at 95%
CL and the predicted cross section 10 pb estimated using QCDINS is excluded by the H1 data.

In order to assess the sensitivity of the instanton cross section on the kinematic variablesx′min

andQ′2
min, limits are also determined as a function of the lower boundsx′min andQ′2

min. The results
are shown in figure 3 (left), where the observed confidence levels, using the QCDINS predictions,
are shown in the(x′min,Q

′2
min) plane. A less model-dependent search is presented in figure 3(right).

Here, limits on the instanton cross section are determined as a function of the parametersx′min

andQ′2
min, using the signal shapes predicted by QCDINS. No uncertainty on the instanton cross

section normalisation is included in this determination ofthe experimental cross section limit. The
most stringent exclusion limits of order 1.5 pb are observed for largeQ′2

min and smallx′min. For
increasingx′min the limits are getting weaker. At the nominal QCDINS setting, x′min = 0.35 and
Q′2

min = 113 GeV2 , one expects to find back an exclusion limit of 2 pb, as discussed with figure
2 (lower left). The limit in figure 3 (right), however, is observed to be somewhat better, because the
theory uncertainty on the cross section normalisation is included in figure 2 (lower left) but not in
figure 3 (right).

4. Conclusions

A search for QCD instanton-induced processes is presented in neutral current deep-inelastic
scattering at HERA in the kinematic region :x> 10−3, 0.2< y< 0.7 and 150< Q2 < 15000 GeV2.
The search is performed using H1 data corresponding to an integrated luminosity of 351 pb−1.

Several observables of the hadronic final state of the selected events are exploited to identify
a potentially instanton-enriched sample. Two Monte Carlo models, RAPGAP and DJANGOH,
are used to estimate the background from the standard NC DIS processes. The instanton-induced
processes are modelled by the program QCDINS. In order to extract the expected instanton signal
a multivariate data analysis technique is used. No evidencefor QCD instanton-induced processes
is observed. In the kinematic region defined by the theory cut-off parametersx′min = 0.35 and
Q′2

min = 113 GeV2 an upper limit of 2 pb on the instanton cross section at 95% CL is determined
Thus, the corresponding predicted instanton cross sectionof 10±3 pb is excluded by the H1 data.
Limits are also set in the kinematic plane defined byx′minand Q′2

min. These limits may be used
to assess the compatibility of theoretical assumptions such as the dilute gas approximation and
theoretical instanton properties such as their size and distance distributions, with the H1 data.

Compared to earlier publications, QCD instanton exclusionlimits are improved by an order
of magnitude and are challenging predictions based on instanton perturbative calculations with
parameters derived from lattice QCD data.
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NC DIS variables:
s= (e+P)2 Q2 = −γ2 = −(e−e′)2

x = Q2/ (2P · γ) y = Q2/ (s x)
W2 = (γ +P)2 = Q2(1−x)/x
ŝ= (γ +g)2 ξ = x (1+ ŝ/Q2)

Variables of the instanton subprocess:
Q′2 ≡−q′2 = −(γ −q′′)2

x′ ≡ Q′2 / (2 g·q′)

W2
I ≡ (q′ +g)2 = Q′2 (1−x′ )/x′

Figure 1: Sketch of an instanton-induced preocess and kinematic variables.
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Figure 2: Upper left: Distributions of the observables used in the multivariate analysis. Upper right: The
distribution of the discriminatorD. Lower left: Observed CLs as a function of the instanton cross section.
Lower right: The distribution of the discriminatorD in signal regionD > 0.86.
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