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* Investigations into structure
and dynamics of matter at
high luminosity, high

~, energy
Q7 \ with polarized beams
ol ¢ ) and wide range of nuclei

~ « What do we learn from HERA?
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ZEUS Experiment at HERA
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First and only etpcollider
Vs = 318 GeV (HERA 1)
Ly ~ 360 pb™1 (HERAII)
Access to low-x

(xgj ~ 1073)

with ZEUS detector

Variety of existing jet
studies

* ZEUS

General purpose detector

Jet reconstruction down to
Er > 2.5 GeV
with < 49 resolution

Two independent
luminosity monitors,
SL/L < 2%



Introduction

Jet Ap = |¢jet_ (pel =T

Proton

Lepton in
Lepton out

* At DIS Born limit, a jet is produced in an azimuthally back-to-
back topology (A¢ = m) with the outgoing lepton.
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(soft)
Proton

Lepton in
Lepton out

* At DIS Born limit, a jet is produced in an azimuthally back-to-
back topology (A¢ = m) with the outgoing lepton.

* Small deviations from this back-to-back topology occur if the
soft gluons are emitted, producing additional jets, and/or if
the struck quark carries a non-zero transverse momentum.



Introduction

Jet1l
Ap = |¢jet_¢e| <7

Proton

Lepton in {61{6
Jet 2
(hard) Lepton out

* At DIS Born limit, a jet is produced in an azimuthally back-to-
back topology (A¢ = m) with the outgoing lepton.

* Small deviations from this back-to-back topology occur if the
soft gluons are emitted, producing additional jets, and/or if
the struck quark carries a non-zero transverse momentum.

* Large deviations arise if hard jets are produced.



Previous Studies
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Previous results from Tevatron and LHC

* Improvementsin data description
by high order correction at high-pr.

e Recent results from HERA (H1)

* Improvementsin data description by TMD
calculation around the region A¢p~m




Motivation

Jet 1 + Jet-lepton correlation probes

Abgec = |¢jet - ¢e| ~ T MSOft and hard QCD effects
without explicit description of the
additional jets.

Proton

Lepton in m
Lepton out * Tests of pQCD and LO+PS models
i in describing a wide range of QCD

phenomena in various ranges of
: 2
jet-pr, Q¢, and Nj,;.

Jet 1
Adgec = |¢jet - ¢e| <m
* Can be measured with already-
Proton existing HERA jet data, which have
.............................. [ DR I . been extensivelystudied and

Lepton in Jot 2 {0”66 understood over the years.
(hard) Lepton out




Data & MC
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Jet reconstruction

» Detector jets:

 All calorimeter & tracking
signal (EFOs), except for
scattered electron as input

* kp-clusteringalgorithm,R = 1

e E-scheme, using 4-vector of
input particlesin the lab frame

* Facilitatedin FastJet3.4.0
[M. Cacciari et al., EPJC 72 (2012) 1896]

* Kinematic range (jet)
* 2.5GeV <prjer <30 GeV

* High-performance calorimetry
allows

access to low-py regime.

Detector
Response

Detector Jet

Hadron Jet

Hadronization

Fragmentation

Parton Jet

Parton

Hard Scatter



Jet reconstruction

- ZEUS
_§ ~ ZEUS NCDIS 326 pb” Je| * Detector jets with the
100 et = highest pr in the event
. Nge3 chosen as the leading jet.
N N > 4
- —AJRtlADNE
1000~ 7T « Azimuthal correlation
- ot angle A¢ formed from the
R i reconstructed electron
104 = a and the leading jet.
D e A = |Pjer — Pel
10° . T .k Good description of data
6| (I 05|| (- |1| 1 |1|5| | |2| | |25 1 |3| i by AR'ADNE
A¢ I'iarua oudadtlilci




Signal extraction

* Hadron-level Ag reconstructed
in ARIADNE events

e True electron after initial Detector Jet
and final state QED rad.

* Hadron jets with the same
jet finder algorithm &
parameters, with all final-

state particles (t > 10 ps), Hadron Jet
except neutrino/electron

Detector
Response

Hadronization

* Hadron-level A¢g extracted
using a regularized unfolding

e L-scan method as Parton Jet

implemented in TUnfold
[S. Schmitt, JINST 7 (2012) T10003]

* Migration matrix of
Ap @ Njg; as input

Fragmentation

Parton

Hard Scatter
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Signal extraction

» Hadron-level Ag reconstructed
in ARIADNE events

* True electron after initial
and final state QED rad.

* Hadron jets with the same
jet finder algorithm &
parameters, with all final-
state particles (t > 10 ps),
except neutrino/electron

* Hadron-level A¢ extracted
using a regularized unfolding

e [-scan method as

implemented in TUnfold
[S. Schmitt, JINST 7 (2012) T10003]

e Migration matrix of
Ap @ Njg; as input
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13



Differential cross section
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*
ZEUS N jet =1
= Neutral Current DIS
—  e+p oe+jet+X » ZEUS
| (5=318GeV, [ Ldt=326pb’
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= 004<y<07
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» Differential cross section of
e+ p — e + jet!®@d + X defined as:

do 1
aag "L Cern

Nhaa
50

* Njqq4: €xtracted hadron-level yield

* Coep: QED correction factor
(RAPGAP3.3)

* ¢;: correction factor for leading-
jet misidentification

e Additional measurements performed
for different pi*fs ® Nj, and Q2 @

Njet ranges.



Systematic uncertainties
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* Selection cuts and
corresponding
resolution

* Uncertainty associated
with background
estimation.

 Dependences on
simulation model
(ARIADNE) in
unfolding/cross-section
calculation.

Precision limited by
event modeling
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Theory prediction

~ Perturbative calculations from UNSAM (Borsa, de Florian, Pedron)

 Calculations for EIC adapted for HERA kinematics
[Borsa et al., PRL 125 (2020) 082001]

* Fixed order (up to O(a?)) calculations using

the projection-to-Born method

* Calculations performed with massless parton jets

* Hadronization correction

* Parton jets reconstructedin
ARIADNE

* Massless jets kT algo
w/ R =1 (Fastlet 3.4.0)

* A matrix-based correction using
a probability matrix.

* Model dependence studied
with LEPTO and added to
the scale uncertainty

ZEUS

1618 2 22242628 3



Results (Inclusive)

Model

do(e+p—oe+jet+X) / dAd (pb)
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*Inclusive refers to measurements with

N0 Niet, PYat, OF Q% requirements

other than imposed by fiducial space.

y

For A¢p = m,
O(a?) is NNLO and O(ay) is NLO.
For all the other bins, O(«;) is LO.

* Clear improvementsin O(asz),
especially A¢ < 3m/4

* No significantimprovementin
A¢ — m, which is characterized
by soft QCD and k; effects

* Consistent with findings of D@,
CMS, ATLAS, H1

e pQCD already describe data well
inA¢p — m.
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Results (plﬁ?ecl X Nje-dependent)
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Results (Q%-dependent)

ZEUS

10 GeV? < Q* <50 GeV? 50 GeVi < Q? <100 GeV? 100 GeV’ < Q* < 350 GeV?

%];’f[ — | Ll | Asforinclusive measurement,

i 0 ET e | e " |7  0(a$)improves over O(a;)
110: Bowsre £ S Y

_ ;_ o SONRRANTITNIRIN _ et * Enhancementin slope

g;ﬁ {11:'.--a-L;-...___;,_.rT--;-L.--.-_.._._...L._.j--+-'.;--4-.—.-'-.—.=—.:.—.. (A¢) < 377:/4)

g r r with increasing Q? o

S0 f — as higher order contributions

5]32:‘ ';_ — _'___Ir e and the kinematic space for
oF : i ~  additional jets diminish.

R e

g8 3f""|'"E"-':'*"“:""'L"";':_"_"""|'Z*""l' el o Consistent with hadron

S r ] experiments where the

Sk o 2 highest momentum jet in dijet
11o;:r ' | _— ' F 1 = is analogous to electron in DIS
'k ] (when one of the two jets

o 2000 ' 'J ' ' it ' carries less py than DIS

i g e e oot electron)
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Results (ARIADNE, Inclusive)
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although
higher order processes
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not fully represented



Results (ARIADNE, pr j..-dependent)

ZEUS
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Results (ARIADNE, Q%-dependent)

ZEUS

10 GeV < Q* <50 GeV? 50 GeV:<Q? <100 GeV* 100 GeV < Q<350 GeV:  ~ Excellent description of data

! i i | | by ARIADNE, although
S 10' I : F : - .
fop | ! . _.~"|z higherorder processes are
10° | r B i " not fully represented
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Summary & Outlook

~ Differential cross sections of jet production in NCDIS has been measured
as functions of A¢ with HERA Il data

* Uncertainty dominated by model-dependent assumptions made during
cross section extraction procedure.

* Performance of pQCD has been tested in the low-pr j.; regime
(D1 jer > 2.5 GeV).

* Well-tuned LO+PS models describe a wide range of characteristics of the
data well.

* Future experiments, e.g., EIC, can benefit from:

* Electronidentification atlow E,
(at ZEUS, 10 GeV vs. initial-state energy of 27.5 GeV);

 Jet reconstruction at low jet-p; accompanied by high-performance
EM and Hadron calorimetry.
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Recent jet measurements from HERA

H1/ZEUS, EP|C 82 (2022) 3, 243
ZEUS, EPJC 83 (2023) 11, 1082
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* New jet measurements from

HERA!
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DIS event kinematics

EIC wiki ' ' _
(wiki.bnl.gov/eic) > DIS events are typically described with the

following kinematic quantities:

E, » Q? = Photon virtuality

* xpj = Bjorken-scaling variable x
* y = Inelasticit

E, S y y

> ¢ ..

* These quantitiesare reconstructed
experimentally based on six quantities
________________________ < shown on the left.

* Withtwo (E,, E,) fixed, any combination of
E er=pl T
two out of the remaining four can be used to
reconstruct DIS event kinematics.

» Each provides differing reconstruction
F resolutionin different kinematic domain
with finite detector resolution.




DIS event kinematics

EIC wiki

(wiki.bnl.gov/eic)

E,

- This measurementaims to provide a wide

coverage in xgj, 0.002 < xp; < 0.2.

Kinematic selection

« 10GeV? < Q%A < 350 GeV?
(Double-Angle method)

* yjp > 0.04 (Jacquet—Blondel method)
* V01 < 0.7 (Electron method)

Selection based on the final-state electron
energy to ensure clean selection of DIS
electron.

* SINISTRA neural-networkalgorithm
« E,;>10GeV



Data/Simulation

HERA Il data collected with the ZEUS
detector

etp collisions at /s = 318 GeV
Line = 326 pb~1 (05-07)

NCDIS selection

Based on previous ZEUS jet

measurements
[PLB 691 (2010) 127, PLB 715 (2012) 88, JHEP 01 (2018) 032]

10 GeV? < Q34 < 350 GeV'?
yig > 0.04, y, <0.7

E, > 10 GeV

140° < 6, < 175°* (effective)

Jet reconstruction

kT algorithm with E-scheme
in the lab frame, R = 1

ZUFO 4-vector as input
(excld. SINISTRA electron)

Fastlet 3.4.0
2.5 GeV < prjer < 30 GeV
—-15< Njet < 1.8

MC sample
e ZEUS standard low-Q? (Q? > 5 GeV?) sample

* Colour dipole model with ARIADNE 4.12
/DJANGOH 1.6

» JETSET 7.4.1 for hadronisation,
HERACLES 4.5 for QED radiation

* CTEQSD PDF sets,
ALEPH ete™ — Z tune

* Used to extract cross section from detector
response
Used for hadronisation correction

* Used for LO+PS predictions

MC samples for additional studies
* MEPS-LEPTO 6.5 for model dependences
* Pythia 6.4 to estimate PHP contribution
* RAPGAP 3.3 for QED radiative correction



Correlation Matrix
ZEUS

Bin ID (Hadron)
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