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Recent results from H1 and ZEUS - outline

e The azimuthal correlation between the leading jet and the scattered lepton in DIS at
HERA, ZEUS Collaboration, arXiv:2406.01430 [hep-ex]

e Observation and differential cross section measurement of NC DIS events with an
empty hemisphere in the Breit frame, H1 Collaboration, Eur. Phys. J. C84 (2024) 720

e Measurement of jet production in DIS and NNLO determination of o, at ZEUS,
ZEUS Collaboration, Eur. Phys. J. C83 (2023) 1082

e Measurement of groomed event shape observables in DIS at
HERA, H1 Collaboration, Eur. Phys. J. C84 (2024) 718 E . _27.6GeV E, = 920 - 460 GeV

e Measurement of the 1-jettiness event shape observable in )
DIS at HERA, H1 Coll., Eur. Phys. J. C84 (2024) 785
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https://arxiv.org/abs/2406.01430
https://doi.org/10.1140/epjc/s10052-024-13003-1
https://doi.org/10.1140/epjc/s10052-023-12180-9
https://doi.org/10.1140/epjc/s10052-024-12987-0
https://link.springer.com/article/10.1140/epjc/s10052-024-13115-8

Azimuthal correlation between jet and scattered lepton

o At the Born limit (O(a?)) of NC DIS, the
final state jet is produced in the process:

e+p—etjet+ X

in the back-to-back topology with the electron
scattered lepton, A¢ = |@jet — ¢c| = 7.

azimuthal angle
DG = b= =

proton

o Small deviations from the back-to-back
topology arise if soft gluons are emitted scattered electron
and/or if the struck parton carries a

non-zero transverse momentum.

jet 1

o Larger deviations from A¢ = 7 are
expected when additional jets are

produced through hard gluon radiation.

azimuthal angle
\\\\A(b = |¢jet - ¢e| <m
N

electron K proton

o Sensitivity to various QCD phenomena, :
including both soft and hard processes, jet 2
. . (hard)
allows evaluation of theoretical models scattered electron
without explicitly describing the additional
jets arising from higher-order processes.
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Azimuthal correlation between jet and scattered lepton
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M. Przybyciei (AGH University)

Recent results from H1 and ZEUS

o Measurement of azimuthal
correlation, A¢ = |Pjer — Pel,
in the fiducial region:

10 < Q? < 350 GeV?,

0.04 <y <0.7,

E. > 10 GeV,

140° < 6, < 180°,

2.5 < pr, jet < 30 GeV,

=15 <M < 1.8

Jets were reconstructed in
the LAB frame using the
kr-clustering algorithm with
FE-recombination scheme and
the radius parameter R = 1.

Measured cross section
compared with O(a;) and
O(a?) predictions corrected

for hadronization effects.
814 September 2024



Azimuthal correlation between jet and scattered lepton

ZEUS
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%ig: F ] J— . dat.a in the region A < 3r7r/4,

10 f [ """ "|2  which is sensitive to additional

v 4 4 " hard jet production.
k]
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v 4 displaying a reduced azimuthal
Sk 1 # correlation angle with

wE v bt E 7"1v increasing jet multiplicity is

a3 F observed. (Also observed in
s 2 pp collisions, CMS EPJC78
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https://link.springer.com/article/10.1140/epjc/s10052-018-6033-4
https://link.springer.com/article/10.1140/epjc/s10052-018-6033-4

Azimuthal correlation between jet and scattered lepton

ZEUS o Differential cross sections for
10GeV2< Q?<50 Gev? 50 Gev2< Q? <100 GeV? 100 GeV2 < Q< 350 GeV? various ranges of Q2®]Vjet

§}:§ii e e .| o O(a?) corrections significantly
BOFT s [ e 1 _T___T** % improve agreement with data
0§ Eij e * in the region A¢ < 37 /4,
o, which is sensitive to additional
§§ : hard jet production.
%mj o The slope of the measured
%i& F  Cross section increases as a
v v function of @2, as the HO
! contributions are suppressed
g for Niee > 1. For Niet > 2,
5 the slope only increases with
g: Z ‘ Q7 for Ag < 3r/4.
) if;: ! e S e " o Similar trend is observed at
1k 1 - hadron colliders in the dijet
ge 2 cross section growing with
= 1618 2 22242628 3 18 2 22242628 3 18 2 22242628 3 IncreaSIng pT Of the
Ag Ag Ap highest-pr jet.
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DIS in Breit frame

o DIS in the Breit frame (M72/Q? < 1):

o The scattered parton is well separated

quark

electron

' t
from the proton’s remnant. pro:on
L . _ Q
o The separation in momentum increases Pz = 34p . ( 1 1) o
with increasing @ and decreasing z5. Pz = e 2

o Hadrons are produced all along the intermediate momenta because of the color flux
between scattered parton and the remnant.

o Breit frame has several advantages for the study of QCD processes in DIS:

o The exchanged virtual boson V* (y or Z) 220 420
collides collinearly with an incoming parton. V‘

N

o The single-jet production process (V*q — ¢,
referred to as QPM-like) is predominantly of
zeroth order in «s. %

L ——

o In dijet (or multi-jet) production processes, v
which involve hard QCD interactions O(«s) N z
or higher, jets have in general a non-zero Jet Jet
transverse momentum in the Breit frame. jot

o The leading-order contributions are from . /p’ jet
QCD-Compton and boson-gluon fusion.
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DIS events with empty current hemisphere in Breit frame

o At O(as) (or higher) for xp < 0.5 configurations are kinematically accessible where all
outgoing partons are scattered into the target hemisphere, such that the current
hemisphere remains empty (Z. Phys. C2 (1979) 237).

o H1 measured the total probability of such configuration for 150 < Q% < 1500 GeV? and
0.14<y<0.7 to be 0.0112 £+ 6.2% and also differentially.

@ The measurement can help to improve parton shower and hadronization models.
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https://doi.org/10.1007/BF01474667

Measurement of inclusive-jet cross sections

ZEUS ) oo )
~ 10%F —— o Double differential inclusi-
2 Ll . .
& i g - o e ve jet cross sections have been
° i i L - R measured in the fiducial region:
wth \ o = i 0.2<y<0.7,
™ = w Q% > 150 GeV?
it > 7 GeV
= D1 Breit )
. il —1< ¥ <25
10° | = =
[ = . .
i ¥ i f f t | o Compatible with H1 results
[|s+ZEUS 347pb~! mm NNLO (grid®scale@PDF®had.) E} (EPJC75 (2015) 65) and
oH1 Jet-energy-scale uncertainty } with QCD predictions:
101 E e - .
; 13) 1 - Matrix elements: NNLOJet
1.2
g 12 i (JHEP7 (2017) 18),

o ; ai 1l - PDFs: HERAPDF2.0Jets
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3]Z§ { { | o Inner error bars: unfolding

0.5 ‘ | ‘ — 1 uncertainty; outer error bars:
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https://doi.org/10.1007/JHEP07(2017)018
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Extracting a; from inclusive-jet cross sections

ZEUS
~ 0.35 T T
3 I mm PDG world average @ The measured cross sections were
5 ® ZEUS jets 347 pb™ . .
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1-jettiness event shape observable

o 1-jettiness is defined as (¢p , ¢; are massless four-vectors chosen to lie along the
beam and jet directions):

= o me{qB Pis 47 i} QQme{mP pi, (q+aP) - p;}

i€ X ieX

o Important features of 1-jettiness from theory point of view:

o infrared safe and free of non-global logs,
o sensitive to as and parton shower models.

o 1-jettiness is experimentally robust and provides clear insight into QCD dynamics,
making it a superior choice for detailed studies of event shapes in the context of
electron-proton collisions.
¢ e Breit frame pJ

Hp %C /

1 =q+aP

PB

D / .. PRD103(2021)054005
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1-jettiness cross section in DIS
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M. Przybyciei (AGH University)

Recent results from H1 and ZEUS

o Measurement of differential 1-jettiness
cross section in fiducial region:

0.2 <y < 0.7 and 200 < Q% < 1700 GeV?

No significant differences between the e p
and e'p cross sections.

Features of the cross section:

o A peak populated by DIS Born-level
kinematics with a single hard parton, the
position and shape of which are dominated
by hadronization and resummation effects.
Tail region populated by events with hard
radiation, including two-jet topologies.
Events with empty current hemisphere peak
at 7P =1.

None of the MC models works perfectly,
now have precision data for tuning.

Exact QCD predictions have sizeable scale

uncertainties and hadronization corrections.
8-14 September 2024 11/18



Triple-differential 1-jettiness cross section
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1-jettiness in DIS
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Grooming procedure in DIS

o All four-vectors in the event are clustered in the Breit frame by the Centauro algorithm.

@ The tree is then iteratively declustered in reverse order, and at each declustering step
the z; values of the branches are compared to the grooming condition:

P -p; i - min (z;, 2;
2= bi  Breit D; (2i, %)) > Zeut
P-q frame Q zi + 25

o If the grooming condition is not met, the branch with smaller z; is removed and the
remaining branch is again subdivided and compared to the grooming condition.

@ The procedure continues until the grooming condition is met (or the event is removed).
Event 1 Event 2 Event 3

proton

S o= - N PRD103(2021)054005
M. Przybycieri (AGH University) Recent results from H1 and ZEUS 814 September 2024 14 /18
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Benefits of groomed event shapes in DIS

o Classical global event shape observables incorporate summation over all particles in an
event icluding those escaping the detector acceptance at small angles.

o Event grooming suppresses non-perturbative contributions to event shape distributions
in a theoretically well-controlled way.

@ Not groomed detector-level distributions can show significant differences from
particle-level ones due to detector acceptance and efficiency.

o Grooming procedure applied in DIS at high-Q? removes most of the particles produced
outside the detector acceptance and brings distributions at particle and detector levels

into much better agreement.
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Recent results from H1 and ZEUS

Lab
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Measurement of groomed invariant mass in DIS

+ H1 data Djangoh Pythia 8.3 Herwig7.2 —— Sherpa2+AHADIC++
Rapgap - - - Dire+Pythia - -~ Herwig7.2 NLO®PS - -- Sherpa2+Lund
[ | NNLO@NLLeHad. POWHEG+Pythia -~ Herwig? 2 Merging | | Sherpa3

H1 (o The analysis phase space:
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o Comparison of MC models and analytical
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tests of implementations of both perturbative
and non-perturbative processes.
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Measurement of groomed 1-jettiness in DIS

+ H1data —— Djangoh —— Pythia 8.3 —— Herwig7.2 —— Sherpa2+AHADIC++
Rapgap - - - Dire+Pythia - - - Herwig7.2 NLO®PS - - - Sherpa2+Lund
[ NNLO®NLL@Had. - POWHEG+Pythia ---- Herwig?.2 Merging [ | Sherpa3
- s - ; .
2.0l H1|° Rapgap and Djangoh describe the data in
ns‘f = fixed-order tail regions of the groomed event
5 shape distributions but underestimate the
single-jet peak region.
1k o Sherpa 3 provides best description of both
groomed observables.
= Zeyt = 0.1 Zeyt = 0.2
J
15 4 F 1 F 3
1 == —— 5 —— —e—
o5F 4 F 4 F 3
S 15 1 F 1 F E
Cl ass S
o 05 o === 1 F o T4 —_— E
g 1.5 R 9 r 1 F . -
T e e R e — —]
X 05 o ER st b e
15 1F 1 E =
1 e e R o] e ]
05 1k 1F ]
0.2 0.4 0.6 0.8 b 10 0.2 04 0.6 0.8 b 1 0.2 0.4 0.6 0.8 b 1
Tor. Tor Tor

M. Przybyciefi (AGH University)

Recent results from H1 and ZEUS

8-14 September 2024

17/18



Azimuthal correlations between the scattered lepton and the leading jet in NC
DIS have been measured at the hadron level inclusively and differentially in bins
of plfé?et@)Njet and Q2®]Vjet-

First measurement of the fraction of NC DIS events with an empty hemisphere in
the Breit frame both inclusively and differentially as functions of 2, y and Q2.

The higher-order pQCD corrections show a significant improvement in describing
regions that are driven by hard jet production. The LO+PS predictions by
ARIADNE also describe the data well.

First measurement of the 1-jettiness event shape observable in NC DIS. Cross
sections measured inclusively and in bins of 25 and Q2.

The groomed event shape distributions provide new, differential constraints for
the tuning of MC models and offer the possibility for extracting PDFs and «.

Precise MC modeling of the DIS hadronic final state will be crucial for the future

facilities like EIC or FCC-eh to achieve their physics goals.

Thank you for your attention!
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Deep Inelastic electron-proton(nucleon) Scattering (DIS)
@ Virtuality of the probe - measure of resolution power: : TR

—¢° = —(k—k)? Ao —

/ Q2 Electron @

q
Q2 = 2EeEé(1 —cos 0.)

e large distances
elementary quarks constituent quarks Nucleon 172 o < _______
electron

o Relative lepton energy loss (inelasticity):

_rq_, E 2<9e) Y
y_p-k_l i S

/A xp
@ Momentum fraction of struck quark: p—(pz—{ w
5 ) ) proton/
Lo @ _Q Q nucleus

T 2pq sy W2HQ?

@ CMS energies squared in ep and yp frames: Z‘.:,f
s=(k+p)’ =4E.E,  W?=(q+p)’
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Azimuthal correlation between jet and scattered lepton

ZEUS
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Recent results from H1 and ZEUS

o The LO+PS prediction from
ARIADNE is compared to the
inclusive measurement of A¢.

The LO+PS approach
describes well HO processes
characterised by A¢ < 37/4
and A¢ = 7, even though
they are not fully represented
in the LO matrix elements.

The double differential cross
sections, pif*d, @ Nje; and
Q*® Njer, compared with
ARIADNE provide additional
information on how PS could
be improved to describe HO
processes better.
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NC DIS events with empty hemisphere in the Breit frame

@ 0%y . .
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Measurement of inclusive-jet cross sections

ZEUS
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Inclusive-jet cross section - determination of ay
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Infrared safe - it is unaffected by soft or collinear emissions, making it a reliable
and stable observable for theoretical predictions and experimental measurements.

Being free of non-global logs simplifies the calculation of 1-jettiness and ensures
that it reflects the global structure of the event without being overly sensitive to
soft radiation in limited regions.

Sensitivity to ag - 1-jettiness directly probes the strength of the strong force, as
it reflects the amount and pattern of QCD radiation in an event.

Sensitivity to parton shower models - 1-jettiness is influenced by how well MC
simulations describe the parton evolution and radiation, making it useful for
tuning and validating these models.

1-jettiness is designed to quantify how much the event resembles a single jet,
making it particularly sensitive and effective in scenarios where one expects a
dominant jet structure.

1-jettiness is relatively straightforward to measure. It relies on summing over
final-state particle momenta in a way that is less susceptible to detector effects
like resolution and acceptance compared to some other event shape variables
that might require more intricate particle or jet reconstructions.
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H1 measurement of 1-jettiness in DIS
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Double differential DIS cross sections - integrated over
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Centauro clustering algorithm (PRD104 (2021) 034005)

o Particles are combined according to the following distance measure:

q-pi  Breit  2p}
48 bret 4f
xgP - pi  frame p:r

dij = (A7i;)? 4+ 20 (1 — cos (Agyj)), dip =1, 7 =2,/1+

photon photon photon
i

collinear, 7; < 1 mid-rapidity region, 7; ~ 1 anti-colinear, 7; > 1

o Comparison of jet clustering in the Breit frame using the longitudinally-invariant
anti-kt, Centauro, and spherically-invariant anti-k+ algorithms:

anti-k¢(LI) Centauro anti-kr(SI)

Tg=—m o PRD104(2021)034005 o
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The grooming procedure in DIS events serves as a powerful tool to refine the
analysis of jets by selectively removing contributions from soft radiation and
other non-perturbative effects.

Grooming isolates the perturbative aspects of QCD dynamics by focusing on the
hardest part of the jet, which originates from the parton involved in the hard
scattering.

By focusing on the core components of jets, grooming enhances the sensitivity
to the hard scattering process, reduces the impact of non-perturbative effects,
improves the resolution of jet observables, and increases the theoretical
predictability of the measurements.

This leads to a more accurate and reliable understanding of the underlying QCD
processes in DIS, making grooming an essential technique in modern HEP
analyses.
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Double differential groomed cross sections

@ A reasonable agreement between Sherpa prediction and data is found also in double
differential distributions in bins of GIM ® Q? and 7P ¢, ® Q2.

o At higher Q?, the mean values of the event shape distributions decrease, in accordance
with the expectations from QCD.
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