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HERA Collider, Outline of the talk

e HERA collider: operated 1992-2007
e Two collider experiments H1 and ZEUS ° Papers discussed in this talk
e Harvest 0.5fb' each experiment _ o
e Colliding beams: - Particle multiplicities
© protons 920 GeV - 1-jettiness event shape,
o Electrons or positrons 27.6 GeV empty hemisphere events

o sqgrt(s)=320 GeV
e Kinematic variables
o Momentum transfer Q2 - Jet substructure
m Low Q% 5<Q?<100 GeV?
m High Q% 150<Q?<10000 GeV?

o Inelasticity y _ _
o Bjorken x: Q>=s x y — Outlook: unbinned unfolding

of all particles
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- Groomed event shapes

- Lepton-jet azimuthal
correlation
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Charged particle multiplicity distributions in DIS |

ep Vs =319 GeV
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EPJC81 (2021) 212

Charged particle multiplicity P(N) is
measured four-differential, in:

QZ’ Y, Niab, N (pT,track>15O MeV)

Models have difficulties to describe
the data at low Q?2, high y, large N

Main scope of the paper is entropy
and entanglement, but the
underlying particle multiplicities may
of high interest for MC tuning

There is an older H1 publication on
pT spectra Eur.Phys.J.C73 (2013) 2406
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1t measurement of 1-jettiness event shape
in DIS ep scattering at HERA

5 5000 T T T T
I:%— ¢ H1Data Sys. unc.
« Observable 1,°: equivalent to classical event shape § ool H1
observable thrust normalized with Q/2. 200<Q%<1700 GeVz?
q-Di q-Di 2000
=1-2 Zmax( ) =1-2. Z EPJC84 (2024) 785 i
ieX iene 1714 10005— .
* It quantifies how the hadrons are collimated along 3 T / =E
the exchanged boson direction. 1%%%% e Z;
- Low t,°: fragmentation of a single jet Ny e /
%@ 1:— ) el ! p—— ’;—E
- High 1,*: hard QCD radiation, multiple jets * R B U
* Triple-differential cross section is measured in: A et
lel in y §§ 151: 7 = i p __________ p_L ‘ig :
. : : osE :
« Shown here: 1-differential measurement in t,° g5 '
g-c 0_5%— VKT +Cascade (S t1) —Ka T +Cast d(isia)\; _§
0 02 0.4 06 0.8 1
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1st measurement of 1-jettiness event shape
in DIS ep scattering at HERA

Observable 1,°: equivalent to classical event shape
observable thrust normalized with Q/2.

P=1-2. Zmax( ‘1’13;) =1-2. 5 P EPJC84 (2024) 785

ieX i€He 7

Models have difficulties to describe all aspects of the
measurement.

Peak in the data at 1,’=1 corresponds to events with
empty hemisphere — measured in a dedicated H1
paper EPJC84 (2024), 720 (backup slides)
Comparison is most illusive for triple-differential
measurement

LPCC March 2026 S.Schmitt, recent H1 results

% [pb]

1

do/dt

200<Q%<1700 GeV?

NNLOJET (0(cd)e Had)

' W%ﬁ(%(

// NNLO®NLL" @H d

Ratio to
data

Ratio to
data

I i
T T T T
Herwig 7.2 - - Herwig 7.2 (Merging) - - - Herwig 7.2 (Matchbox)

Ratio to
data

P ————

! . \ !
i t t t
Sherpa 3 (NLO+PS) Sherpa 2 (Cluster) — - Sherpa 2 (String)

Ratio to
data

Ratio to
data

KT +Cas d(s1) KT +Cas d(sa) \_

||n|||||||||| | RS RURTE Pl | PR STy vl A FEewd Frewd i I P |

a
=T


https://inspirehep.net/literature?sort=mostrecent&size=25&page=1&q=FIND%20EPRINT%20arxiv%3A2403.10109

Triple-differential: Ratio to models
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. . . . y [0.05...0.10] y [0.10..0.20]
 Example of triple-differential model comparison: A i
Sherpa3 and PYTHIA 8.3 e iy
------ Pythia 8.3 (Vincia)
» Dots: ratio of Data/Sherpa3 B O B i =
* Line at unity: Sherpa 3, describes the data well e

y [0.20...0.40] y [0.40...0.70] y [0.70...0.94]
gﬂ 15 _I T I_
E i [aglie H1
2305 |-

 Green lines: ratio Pythia8.3/Sherpa3 (e
* Pythia 8.3: difficulties to describe the data at very el "N
low 1," — already evident from 1D distribution B (R P v LN
» Additional feature: high 1:" is not described o 70 0-3-,,'",'“,,,‘,,‘, |
accurately by Pythia and Pythia variants. At highy, e " ‘
Vinca and Dire definitely do not perform well, T { —
Powheg and “plain” Pythia are doing better. e | pala
_ v et M el
Sherpa2, NNLOJET, HERWIG7.2 also available T R
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HELMHOLTZ

Dy

Measurement of groomed event shapes

EPJC84 (2021) 718 « Grooming conditions (modified Mass-

Drop Tagging algorithm): remove jets
TF%Z min (p,-qg, p;-q,) a_nd particles failing condition on a
Q distance parameter z;
qz=xP (incoming parton direction)

e Groomed 1-jettiness

e Jet algorithm: Centauro phys. Rev. D 104

q,=xP+q (scattered parton direction) (2021) 034005,
* Distance parameter: [arXiv:2006.10751]
 Groomed invariant mass (backup) p. Groqmmg condition:
_ b min(z,,z;)
7.=— 27 >z
The sums % run ' P-q Z+2, cut
z pl over all particles _ - _ o
GIM=In contained in jets Grooming conditions investigated
len which pass the
grooming condition z.={0.05, 0.1, 0.2}
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Results on the groomed 1-jettiness T:°

= 50007 ; - ; T : ™ + H1 data —— Djangoh - Pythia 8.3 —— Herwig7.2 —— Sherpa2+AHADIC++

cﬁi r ¢ Hi Data Sys. unc. H1 ] Rapgap - - - - Dire+Pythia --- Herwig7.2 NLO®PS ---- Sherpa2+Lund
Mea-SUfement of ] 4000:— | :.' * [ ] nNLOeNLL@Had, POWHEG+Pyiia ---- Hewig7.2Merging [ | Sherpa3
T.° without i ] &n ] , - —

. Lo i L=3511pp’ |
grooming, similar et m.f=a129§ev : H1, | Q*>150 GeV?H14
kinematic : _ R | Fm 0.2<y<0.7 '
lection ol - ] -
selectio I z,,=0.05 Z o=k
10001 == ]
: = 3 JH e

6]

Stronger grooming: large shape change near
1.*~0.15, corresponding to single-jet
events+fragmentation (i.e. soft QCD)

Ratio to data

The pQCD regime 1:°>0.2 changes less in
shape with changing zcu
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Comparison of groomed T:° to models

HELMHOLTZ

* Sherpa does very well

 Pythia 8.3 and Herwig 7.2: fail to
describe the groomed 1, within the
data accuracy

- Pythia 8.3 fails at small 1," and is
low at large 17"

- Herwig 7.2 is above the data at
medium 1, and below at large
TP

Backup: double-differential
measurements as a function of Q2.
— can use 2D measurements for tuning

LPCC March 2026

do/dt ., [nb]

Ratio to data

4 Hidata — Djangoh
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(=]
T

i)

+ Herwig 7.2 = Fom—=m==x :
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Measurement of jet substructure in DIS

PLB844 (2023) 138101 s —
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Table 1: Description of the jet substructure observables measured in this work. By ey L e L T e T
. 1
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10
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Intermediate observable ln(/ll ) D 5.00F * DJANGOH Total urc. @m0 4 8 [ % DJANGOH Total une Q%> 150 GeV® 2 F & DIANGOH Tetal unc: G » 150 Gol*
L5 No B F ¢ Herwig7z n'—:_> lacer ] ©ogb @ tewar2 ;r',';};ﬂ_G’e;' 1 Db © tewn2 a!?;‘a_tjsg
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Jet substructure: extraction of moments

HELMHOLTZ &octas

PLB844 (2023) 138101

Shown here: first moment as
a function of Q2 for jet charge

and charged particle
multiplicity

Sizable difference to Models

— room for tuning

Extraction of first moments is
free of binning effects due to

the unbinned unfolding

LPCC March 2026

<Jet Charge Qs (A})>

S.Schmitt, recent H1 results
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Orther substructure variables: see paper
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Lepton-jet azimuthal correlation

- Size of lepton-jet azimuthal . ST ek ) S T ;E?;R@;;ggg
(de-)correlation is sensitive to soft < ® ] = | “’Eﬁ

gluon radiation and intrinsic pT ave | gomen B 1 Thea g ]
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O%ﬁo
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| O
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> =

|
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. | T iy . ;i Vo : p B .
F JANGOH ==s TMD (LO + NLL) E o DJANGOH ==+ TMD (LO + NLL')
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,’ - - - e 48 RAPGAP SHERPA LO i  RAPGAP SHERPA LO 48 RAPGAP SHERPA LO
asymmetry”) is less sensitive to o B DT 1 g TEEAR 1 e W DmEY
h = < Pythia + Vincia il < Pythia + Vincia = <0 Pythia + Vincia
intrinsic pT — complementary study > 134 *
! (p - < 8 S
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Outlook: unfolding of all particles >

Idea to unfold all particles of the final state using Omnifold H1lprelim-25-031

User can decide which variables to study

o RAPGAP H1Preliminary
% [ DJANGOH Unfolded single particle dataset
; . ; . ; ; D4t d
=} 4 Data Unfolded (inc. stat uncertainty) Breit F
Flexible jet algorithm, no predefined binning, etc B} oo uioea . i
- » Q%5150 GV, 02¢y<0.7 |

Preliminary results show that this goal is in reach ! ]
Example 2: new ]
o _¢ Data Unfolded (inc. stat uncertainty) Lab Frame i I Observable (energy-

[ Systematic Uncertainty Q7> 150 GeV2,02 <y < 0.7

B A energy correlator) |
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T
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More H1 results
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A request to the community

* Classical HERA generators, used for For HERA analyses, QED radiative and
data unfolding and QED corrections: EW corrections are of high importance

“Leading-order” QCD, including All results shown here are “corrected”
boson-gluon-fusion for scattering for radiative effects.

off gluons in th? proton * We are missing state-of-the-art
- RAPGAP (leading-log) and generators with both

DJANGOH (color-dipole) for parton

showers, both generators include - NLO QCD+PS and

HERACLES for LO QED+EW - Full QED+EW

effects

LPCC March 2026 S.Schmitt, recent H1 results 15
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Summary

e Surprising enough, HERA experiments produce new results ~20
years after end of data taking

* Can use modern techniques (unfolding) and new observables
(1-jettiness, grooming) not available at the time of operation

* Availability of H1 data on HEPdata/RIVET often is delayed —
limited personpower

— Best is to contact the H1 managements and set priorities with urgent
requests on HEPDATA and RIVET

LPCC March 2026 S.Schmitt, recent H1 results 16
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Backup
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Kinematic properties of EH events

EPJC84 (2024) 720

* The rate of empty hemisphere events
IS measured at the particle level

L o B B B L |
L % Hidata —PylhlaB.3

03 Systuncen - Pyiiag3 o —|
| — Djangoh 14 — Powheg:Pyinia |
| — Rapgap 3.1 SREIpa 3.0 (Custon
L ---- sheipaz.2z — - SNeIpa 3.0 puwd |

* Measurement phase space
150<Q?%<1500 GeV?, 0.14<y<0.7

[+]
[+
Ote =0) ! S pisy
o
2
T T T I T T
—
l

S -0y SN ois)
=]
2
T
1 1 1 1 I 1 17
St o)/ S ois)
=]
2

D.02= 0.02

* The rate is measured as a function of
log(Xe)), y, Q? i
0.01

e Confronting with MC models, the
data have discriminative power / I

0.01 0.01

1

ﬁﬁ

« The “traditional” HERA models DJANGOH D_I_e_sl-z_:tl-e_zl p—— _4; ol o_lz I c-l_s I o|_4 : :175 I o.la IO.I_?' ol 20-0 — 1000 -
and RAPGAP bracket the data: 10g,,(x,) y QP [GeV?]

- estimate model uncertainties from DJANGO-RAPGAP differences. Unfolding uses extra bins
(=extra nuisance parameters) to obtain results with small model uncertainties

Result integrated over full phase space: = 0.011243.9 %0t + 4.5 Ysys + 1.6 Yomod
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HELMHOLTZ : RBERUNGEN

The Centauro jet algorithm

pseudorapidity

- Study final state in DIS: Breit Frame (BF) * Atleading order, no Prin the BF:

Incoming photon: (0;0,0,-Q/2)
Incoming proton: (Q/2xg;;0,0,+Q/2Xs))
Scattered parton: (Q/2;0,0,-Q/2)

- Kkt type jet algorithms not optimal

* Centauro: hybrid of longitudinally- and
spherically-invariant jet algorithms

A ant'i_kﬂu}':ﬁ:}; "1 Asymmetric jet clustering in

1 . { deep-inelastic scattering

ol 1 i 2 . ._: S ]

3 o T T W | ¢ ceai 1 M. Arratia, Y. Makris, D.

y 1A\ . | RO "% 1 Neill, F. Ringer, N. Sato

. AREAL RS N remnant £33 X

_6_-1..._. EEl A e t ' ) L ) R __ Phys. Rev. D 104
0.0 | 0.2 0. 0 1.01.0 U.Q GI-‘I DIG\U:S.')ID 0 DIQ DI4 IJIE .IJISI I (2021) 034005

Anti-kr ‘Ulst%ce Zet> ST T Tantike " [arXiv:2006.10751]

(longitudinally invariant) Centauro (spherically-invariant)
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Grooming techniques

HELMHOLTZ &octas

 Grooming: suppress particles attributed to soft QCD

Processes

— Widely used in pp to reconstruct jet final states
— This analysis: test grooming in ep events

— Grooming procedure (modified Mass-Drop
Tagging algorithm): remove jets and particles
failing condition on a distance parameter z;

Grooming condition:
_P-p min(z,,z,)

Zl_ l, J
P-q Z+z,

P : incoming proton
g : virtual photon
p; : particle or jet

> ZCllt

reject “soft” particles/jets with z<zcu

LPCC March 2026 S.Schmitt, recent H1 results

T T T T T T T T T T T T T T T T T

> L - -
= Centauro™: R.= Ry
E L1h - - . I .-. -
Q : B . ]

m - [

- .

o v

e o

S e o

% = ..__..r.:{' v Ry --",-

o

Feject . keep .
<« —>

II[I_EII ID.cll ID.E-I | DE
z of the reconstructed jet

Example result from Centauro paper:
Suppress proton remnant for z>0.2

Phys. Rev. D 104
(2021) 034005, [arXiv:2006.10751]

20



Groomed invariant mass GIM

LPCC March 2026

Small GIM: single, collimated jet
Large GIM: multijet events

None of the model is able to
describe the first two bins

Reasonable description by
models for larger GIM, and
improving with increasing zcu

Similar to large 1:°, Pythia and
Herwig have difficulties to
describe the region of large GIM

$ Hidata — Djangoh
Rapgap

[ |NNLO®NLL@Had.

e
'S

do/dGIM [nb]

H]

Ratio to data

HELMHOLTZ

—— Sherpa2+AHADIC++
- - Herwig7.2 NLO®PS - - - Sherpa2+Lund

POWHEG+Pythia

- - -- Herwig7.2 Merging l:l Sherpa3d

a2 02 A -8 " 24
GIM = |n(M2G[f1 50 GeV?

S.Schmitt, recent H1 results
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Double-differential measurements

HELMHOLTZ

 Measurements are repeated
double-differentially in Q2 and the
groomed event shapes, each for
three choices of zqu

e Very detailed comparisons to
models are possible using these
data — tune your MC

* For example: double-differential
comparison to Sherpa3 shows that
the description at small 1,° is difficult
but improves significantly with
increasing Q2 and increasing Zcu

LPCC March 2026
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The HERA ep collider

HELMHOLTZ ©

HERA collider:

operated from 1992 to 2007
Circumference 6.3 km

Electrons or positrons colliding with protons
Proton: 460-920 GeV, Leptons 27.6 GeV
Peak luminosity ~7x103% cm=s*

LPCC March 2026

H1 integrated luminosity [pb™]

300|~
200

100

— clectrons
— positrons
— low E
HERA-2

Integrated luminosity:
about 500pb™ per
collider experiment

HERA-

Two collider f
100 0| EXperiments: %\
Days of running Hl and ZEUS

500

~=— Electrons / Positrons
-=— Protons
<A  Photon Radiation

HERA-b &
HERMES
Fixed-target, not
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HELMHOLTZ &0 aitstinee

The H1 Experiment

Asymmetric detector
Centre-of-mass system is
boosted to proton-direction
E.=27.6 GeV, E =920 GeV

Drift-chamber: main tracking SpacCal
device
electron beam proton beam
15°<6<165° <
27.6 GeV 920 GeV

Liquid Argon calorimeter
Ohae=0.5VE, 0ev=0.11VE, -1.5<n<3.4 Silicon
Lead+fiber in backward (electron) direction Central
[SpaCal] 0en=0.07/VE, -4<n<-1.4 tracker

LPCC March 2026 S.Schmitt, recent H1 results 24



HELMHOLTZ

Deep-inelastic scattering at HERA

n>0 | n<o0
Neutral Current DIS forward # > backward

Scattered electronygy,.

Electron beam === .. D m

Momentum transfer: Q°=—q°=—(e—e

| H
<— | [ Proton beam

Inelasticity: y= 9P e : incoming lepton 4-vector - H
ep p: incoming proton 4-vector R 22
Q2 e ': scattered lepton 4-vector e
Bjorken-x: x=—— : i.*.
Sy Jet from scattered parton

Hadronic mass: W’=(p+q)’ _
Event at high Q2>150 GeV?

 Leading order picture . .
J p, - Electron in LAr calorimeter
e\./e i
- Hadrons in the central tracker and
o (ragments in- LAr (~current hemisphere)
current hemisphere)
D proton remnant - Proton remnants in forward direction
(fragments in target hemisphere) m OSt|y escape d eteCtl on
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HELMHOLTZ &oeide

Dy

The Breit frame (BF)

e proton along +z axis e Current hemisphere: particles with p,<0 in BF
 virtual photon along -z axis with (scattered parton, full acceptance)
energy=0

« Target hemisphere: particles with p,>0
* in LO, the quark is scattered along the

_; axis of the BF (proton remnants, limited acceptance)

Breit frame
Lorentz
Laboratory frame orent . \
boost Virtual photon ___iF Proton
' "; NI N :!% 47
H' Proton beam \ , 1/ 4
I Target — Current

hemisphere Hemisphere (CH)
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