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Abstract

We discuss the recent results on the measurements of jets and hadronic final states in e*p collisions at HERA by the
ZEUS and H1 experiments. The studies of jet production are presented with the measurements of multijets in low-Q?
region. Results of further measurements of isolated photons in different kinematic regions are provided as well as

multiple results on exclusive meson production.

The recently performed searches are presented with the searches of strange pentaquarks and QCD instanton induced

processes.
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1. Introduction

The data collected in the years 1992-2007 at HERA,
the only e*p collider so far, provides unique opportuni-
ties to study many physics topics [1, 2]. This contribu-
tion presents results of recent measurements of the jets
and hadronic final states in the HI and ZEUS experi-
ments at HERA.

The detailed description of the experiments can be
found elsewhere [3, 4], schematic views of the H1 and
ZEUS detectors are given in Figures 1 and 2.

The presented measurements of H1 consist of the
searches of signatures of processes induced by Quan-
tum Chromodynamics (QCD) instantons and the mea-
surements of multijet production in low Q?(photon vir-
tuality) region.

The presented measurements of ZEUS consist of ex-
tended studies of prompt photon production accompa-
nied with jet and searches of narrow baryonic states de-
caying to pK‘S) / [)Kg in deep inelastic scattering (DIS).
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Figure 1: Schematic view of ZEUS detector. Features: almost 47 solid
angle coverage, asymmetric design, muon detection systems, precise
tracking, high resolution compensating uranium-scintillator calorime-
ter.

Figure 2: Schematic view of HI detector. Features: almost 47 solid
angle coverage, asymmetric design, muon detection systems, precise
tracking, liquid argon sampling and scintillating fiber calorimeters.
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2. Search for a narrow baryonic state decaying to
pK{ and pK{ in deep inelastic scattering at HERA

The motivation for a search for a narrow baryonic
state decaying to pK(S)/ﬁKg are the predictions [5] of
existence of exotic baryonic states with five quarks.
A candidate for a uudds state, ®*, was observed at
HERA-I in M(pK}) spectrum [6], see Figure 3. Ear-
lier, the LEPS experiment observed a signal consistent
with uudds state in nK* decay channel [7, 8]. There-
fore, @, as well as other predicted pentaquark states,
were searched in many experiments [9]. The recent ob-
servation of LHCb can be considered as the strongest
evidence of existence of five quark states [10] (in this
case uudcc) and revealed interest to the topic.

A search for a narrow baryonic state decaying to
ng /ﬁK(S) has been performed using an integrated lumi-
nosity of 358pb~! taken in 2003-2007 by ZEUS. DIS
and photoproduction samples from HERA-II were anal-
ysed. The analysis was performed with DIS events at an
e*p centre-of-mass energy of 318 GeV for exchanged
photon virtuality, 0?, between 20 and 100 GeV2. The
analysis technique is similar to one used in Ref. [6] but
uses improved dE/dx proton identification capability
available with the ZEUS micro vertex detector [11].

A large sample of K(S) with high purity is recon-
structed using Kg — n'n~ decays. The Kg candidates
from the sample were combined with the proton track
candidates and the invariant mass was calculated, see
Figure 3. The A}(2286) — pKJ decay was recon-
structed to check the quality of the reconstruction pro-
cedure.

Contrary to the results from the previous ZEUS anal-
ysis, which used a sample of 121pb~! taken in 1996—
2000, no bump is found in the p(l_))Kg invariant-mass
distribution in the range 1.45 — 1.7 GeV.

Therefore, the limits on the production cross-section
of ®* were set assuming B(0@ — ng) = 1 and imply-
ing different widths hypotheses motivated by the detec-
tor mass resolution and the width of the bump observed
in HERA-I analysis [6].

Upper limits on the production cross section of a res-
onance decaying to pK(S)/ﬁKg have been set as a func-
tion of the pK° mass in the kinematic region: 0.5 <
pr(pK®) < 3.0GeV, In(pK%)| < 1.5and 20 < Q? <
100 GeV.

The presented results do not confirm evidence of nar-
row pK(S)/ﬁKg state existence obtained earlier [6], but
are in agreement with the results of H1 [9] and set sig-
nificantly lower production cross section limits, see Fig-
ure 4.
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Figure 3: ng invariant-mass spectrum for Q> > 20 GeV2. Top,
HERA-I: Data(dots), fit(solid line) and signal component of the fit
(dahsed line). The histogram shows the prediction of the AriaDNE MC
simulation normalised to the data in the mass region above 1650 MeV.
The inset shows the [JKgand the pl(g candidates separately. See
Ref. [6] for details. Bottom, HERA-II: Data(dots), fit(solid line) and
simulated signal(dahsed line).
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Figure 4: The 95% CL upper limits on o-(®") for different hypothe-
ses on the width of the observed peak; (a) 6.1 MeVand (b) the mass
resolution and twice the mass resolution. In (a), the limit set by the
statistical uncertainty only is also shown. In (b), the limit from the H1
result[9] is also shown.
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3. Search for QCD instanton-induced processes at
HERA in the high-Q? domain

The Standard Model of particle physics contains cer-
tain anomalous processes induced by instantons which
violate the conservation of baryon and lepton number
in the case of electroweak interactions and chirality in
the case of strong interactions [12]. In QCD instan-
tons are non-perturbative fluctuations of the gluon field.
They can be interpreted as tunnelling transitions be-
tween topologically different vacua. DIS offers a unique
opportunity to discover a class of hard processes in-
duced by QCD instantons that exhibit a characteristic
signature, e.g. a hard jet with an isotropic band [13, 12].

Signals of QCD instanton-induced processes are
searched for in neutral current deep-inelastic scattering
at the HI experiment in the kinematic region defined by
the Bjorken-scaling variable x > 1073, the inelasticity
0.2 <y < 0.7and 150 < Q% < 15000 GeV>. The search
is performed using data corresponding to an integrated
luminosity of 351pb~".

Observables used to discriminate the instanton in-
duced contribution from the standard DIS processes are
based on the hadronic final state (HFS). All HFS ob-
jects are boosted to the hadronic centre-of-mass frame
(HCM). Jets are clustered with inclusive k7 algorithm,
with the massless Py recombination scheme. The Q2
observable is reconstructed from the particles associated
with the current jet (most energetic jet) and the pho-
ton 4-momentum, which is obtained using the measured
momentum of the scattered electron. Next, constituents
of hard jets are removed from the event and the rem-
nants within [, —n| < 1.1 are considered to be parts of
instanton candidate, see Figure 5.

Several observables of the selected events (spheric-
ity, Fox-Wolfram moments, azimuthal isotropy, num-
ber of charged particles, the energy of the instanton
band) are exploited in a multivariate analysis to iden-
tify a potentially instanton-enriched sample, see Fig-
ure 6. The standard NC DIS processes were simulated
with RAPGAP and DJANGOH, the instanton-induced
processes are modelled by the program QCDINS (see
details in Ref. [14]). No evidence for QCD instanton-
induced processes is observed. In the kinematic region
defined by the theory cut-off parameters x . = 0.35 and
Q2. =113 GeV? an upper limit of 2pb on the instan-
ton cross section at 95% CL is determined, as compared
to a median expected limit of 3.7*1-6(68%)*3-8(95%)pb.
Thus, the corresponding predicted instanton cross sec-
tion of 10 + 3pb is excluded by the H1 data. Limits are
also set in the kinematic plane defined by x/ . and o2,
see Figure 7.

Compared to earlier publications [15, 16], QCD in-
stanton exclusion limits are improved by an order of
magnitude and are challenging theory predictions for
the first time.

NC DIS:
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Figure 5: Kinematic variables of the dominant instanton-induced pro-

cess in DIS.

H1 QCD Instanton Search

15000 ® HiData

Events

— QCDINS x 50
10000— = % lae. RAPGAP

—— DJANGOH

5000

02 04 06 08 1
discriminator D

Figure 6: Distribution of the discriminator D in the signal region D >
0.86. Data (filled circles), the RAPGAP(dotted), DJANGOH (solid
lines) and the QCDINS prediction (red line).

n Search
d at 95% CL
G > 40 pb
s >6:0Pb

-- region of validity
perturbation theory

Prediction (QCDINS):
o =15pb

= 0,5 =30pb
G =6:0pb

@ R
Ao uncertainty

,05

min

0.3 0.35 0.4 0.45

Figure 7: Upper limits on the instanton cross section at 95% confi-

dence level, as a function of x’ . and Q’2. .
min min



A. Verbytskyi / Nuclear and Particle Physics Proceedings 282-284 (2017) 42-47 45

4. Further measurements of isolated photons ac-
companied by jets in deep inelastic ep scattering

Isolated (prompt) photons are produced in the hard
process predominantly from quarks (QQ photons) or
leptons (LL photons). The properties of produced pho-
tons are largely insensitive to the effects of final-state
hadronization and measurements of these provides an
access to the structure of the proton. The previous stud-
ies [17] of the prompt photon production accompanied
by jets covered the dependence of production cross-
section on Q?, Njet> Ny> @jer and ¢,, (here n and ¢ stand
for pseudorapidity and azimuthal angle). The presented
study is aimed to extend the measurements with new
observables.

Isolated photons with high transverse energy compo-
nents have been studied in e*p scattering with ZEUS
detector at HERA, using 326pb~! integrated luminos-
ity. The kinematic region includes photon virtualities
10 < Q% < 350 GeV?. Photons with transverse en-
ergy 4 < Er, < 15GeV and pseudorapidity —0.7 <
ny < 0.9 were measured with accompanying jets clus-
tered with k7 algorithm in 2.5 < E7j,; < 35 GeV and
—1.5 < njs < 1.8 regions. The differential cross sec-
tions are measured as functions of: Anp = 1 — 7y,

A¢ = ¢_iel - Q)ﬁy, Ane,)’ = Te — My, A¢€a7 = ¢ — ¢7’
_ Zjuy(E-p; _ Zjery(E-pz)
Xy = and x, = S5 where x, stands

for the fraction of the incoming proton energy that is
given to the photon and the x, for the fraction of pro-
ton energy taken by the parton that interacts with the
photon. Differential cross sections as functions of these
variables are presented within the regions defined by:
0<x,<1,0<x,<007,0<A¢p <7, -22<An<?2,
0 < A¢., < m, =3.6 < An,, < —0.6 in the laboratory
frame.

The signal extraction procedure in this analysis is
similar to one used in Ref. [17]. The prompt photons
and background photons (e.g. from %) produce differ-
ently shaped clusters in the Electromagnetic Calorime-
ter (EMC) [3] (see Figure 9). Therefore, a discrimi-
nator variable (6Z) is used to measure the amount of
signal and background. The later is defined as (6Z) =
— dtlelo fz‘c";‘l‘l‘”le > Where E; is the energy deposit in the cell
in the cluster, z; is the position of the cell and z e, 1S
the position assigned to cluster.

The cross- sectlons are extractedcfrom a fraction fit:

do _ _NQQO) do LL
AV = Rpg LAY dY from Monte Carlo.

It was found the obtained results are satisfactory de-
scribed with Pythia6 Monte Carlo predictions after a
rescaling has been applied. The results were also com-
pared to BLZ model [18] (see Figure 10) and can be

used to make further improvements in the QCD cal-
culations and comparison with recent theory predic-
tions [18, 19].
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Figure 8: Lowest-order diagrams for photon production in e*p scat-

tering. Left: one of lepton radiative diagrams. Right: one of quark
radiative diagrams.
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5. Measurement of multijet production in e*p colli-
sions at low-Q? at HERA

Studies of jet production in e* p collisions provide an
important information on the proton content and serves
as a test of perturbative QCD.

The production of jets is studied in neutral cur-
rent deep-inelastic scattering for photon negative four-
momentum-transfer squared 5 < Q%> < 100 GeV? and
inelasticity 0.2 < y < 0.65, using HERA data taken
by the H1 detector in the years 2006 and 2007, corre-
sponding to an integrated luminosity of 184pb~' . Jets
are clustered in the Breit frame using the inclusive kp
cluster algorithm and required to have a minimum jet
transverse momentum Pz of 5 GeV and pseudorapidity
in the laboratory frame of —1.0 < n(lab) < 2.5. Inclu-
sive jet cross sections are obtained as a function of Q°
and Pr in the range 5 < Pr < 45 GeV. Dijet and tri-
jet cross sections are obtained as a function of Q? and
the average transverse momentum of jet the two lead-
ing jets (Pr) in the range 5 < (Pr) < 45 GeV with an
additional requirement on the invariant mass of the two
leading jets of M(jj) > 18 GeV. The data are corrected
for acceptance and resolution effects using a regularised
unfolding procedure deriving the full correlation matrix
for the results, see Figure 11. The measured cross sec-
tions are compared to next-to-leading order QCD pre-
dictions using NNPDF3.0 PDF set. Overall good agree-
ment is found.

The results, together with other HERA measure-
ments, can be used for the first @, extraction at NNLO
(2-jets) in DIS using the recent theoretical predic-
tions [20, 21] and constrain proton PDFs, see Figure 13.
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6. Summary

Several new results on jets and hadronic final states
from HERA experiments are presented. Nine years after
the end of data taking, HERA experiments continue to
deliver innovative, valuable physics results. Despite the
results are in good agreement with the theory, some of
them can be used to test and improve state-of-the-art
theoretical predictions.
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