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Heavy-ion physics:

* Exploring dense QCD matter

* Probe strongly-interacting many-body systems
* Hadrons as probes of the medium

* Properties of hadrons in a dense environment

Nuclear physics:

* Map out the nuclear spectrum in isospin and strangeness

* Properties of nuclei at the edge of stability, e.g. neutron-rich

* Probe baryon/meson degrees-of-freedom in many-body systems

Hadron physics:

* Map out the hadron spectrum

e Search for “exotic” forms of hadrons

* “Microscopic” study of hadron-hadron interactions
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Heavy-ion physics:

* Exploring dense QCD matter
* Probe strongly-interacting many-body systems
* Hadrons as probes of the medium

* Properties of hadrons in a dense envi Hadron interactions:
Reference for understanding

medium effects

Temperature T [MeV]

Nuclear physics:
* Map out the nuclear spectrum in isospin and strangeness
* Properties of nuclei at the edge of stability, e.q. neutron-rich

* Probe baryon/meson degrees-of-free Hadron interactions:
Provide baryon-baryon data

in flavour SU(3)

Hadron physics:

* Map out the hadron spectrum
* Search for “exotic” forms of hadrons Meson
* “Microscopic” study of hadron-hadron| _Hadron interactions:

Enable spectroscopy of (new) Dibaryon

hadronic matter

Pentaquark
proton, neutron, ...

pion, kaon, ...
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Hadron physics:

* Map out the hadron spectrum

* Search for “exotic” forms of hadrons
* “Microscopic” study of hadron-hadron

Hadron interactions:
Reference for understanding
medium effects
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Hadron interactions:
Provide baryon-baryon data
in flavour SU(3)

Hadron interactions:
Enable spectroscopy of (new)
hadronic matter
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with pions and protons

Energy upgrade:

* From max 4.7 GeV (S1S18) to 29 GeV (S1S100)
proton energy: V(syy ) = 3.5 GeV — 7.6 GeV

* Opening new realm: double & triple strangeness and
even charm baryons and mesons!

* Significant increase in production yield of hyperons

SIS100

P-Linac

UNILAC /‘m
.0 Dumg
Intensity upgrade: FRSE:
* From max protons/cycle of 1072 (S1S18) to 2x10'3 (SIS100) 0"’y
* Even during “commissioning” (10'° protons/cycle) " .
: Dump
and 5 cm LH2 target: ~10 pb-' day’ | HESR ! HADES
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One-day satellite workshop prior to the MESON2023 conference in Cracow, June 21th, 2023.

Physics opportunities with proton beams at SIS100

ey
: JAGIELLOMIAN
Wednesday Jun 21, 2023, 9:00 AM — 11:00 PM Europe/Berlin * "“,Eﬂ"' U h.lll VERSITY
Q : sy N KRAKOW

Four-days workshop in Wuppertal, Feb 6-9t", 2024 |
4 e 13 1200]2]3]

Physics opportunities with proton beams at SIS100

6-9 February .2024. BERGISCHE H F H F
Wipperin tineniy https://indico.gsi.de/event/18475 ANINERBITAY LIRS

Europe/Berlin timezone WUPPERTAL

Overview

Timetable i . ;
Purpose of this workshop is to bring

Registration together experts working in the field of
proton induced interactions, and to explore
possibilities for exciting physics at the
Venue details SIS100 accelerator at FAIR.

Participant List

Frank Nerling
James Ritman
Johan Messchendorp

Accomodation Karl-Heinz Kampert

This workshop is a follow-up of a kick-off £ *
Workshop fee event that was held in June 2023 Piotr Salabura

connected to the MESON2023 conference. For further details including an executive summary and TetysunGalans
slides that were presented, we refer to https://indico.gsi.de/event/17693.

Payment details

Frank Nerling QCD at FAIR, 2025, Cantania, Sicily, Italy 23/06/2025
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Heavy-ion
dynamics

White Paper

Purpose:

* |Involve hadron, nuclear and
heavy-ion (QCD) communities

* Develop hadron physics program
for next decade at GSI/FAIR

Prepatory workshops

* Cracow, June 21, 2023
Wuppertal, February 6-9, 2024
GSI, November 11-14, 2024
Italy, June, one week, 2025

i 5 SN ot ‘ 3 Eds.: Johan Messchendorp & Frank Nerling
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White Paper:

* Paper under production

* ~100 contributors

* Including leading theorists &
experimentalist from strong-
QCD communities

* ~130 pages

* Publication ~ autumn 2025

Hadron Physics at GSI/FAIR:

=> Prospects for next decade

A comprehensive QCD program at GSI/FAIR!

(from SIS18 to SI1S100)
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UNIVERSITAT
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Nuclear Physics News is published on behalf of the Naclear Physics Eurapean Collaborstion Commitee (NuPECC), an Expert Cammittce of the A C ros S-Comm“nity—l) riven Hadrﬂn Phys:ics Program at 4
European Science Foundation, with colleagues from Europe, America, and Asia. G SUFAI R : ; Hadron spectroscopy

N P N Strong-Quantum Chromodynamics diti The Comp d Bary- communities at GSI/FAIR to address
(QCD) Research at the Facility for onic Matter (CBM) will examine fun- key QCD questions using advanced
Antiproton and Ion Research damental properties of dense, baryon-  detectors and beams. The facility en- AN
l (FAIR): “QCD at FAIR"” rich systems that play an important  ables studies of matter from the light- Heavy-ion dynalzdg‘s Hadron production

The strong interactions in the Stan-  role in understanding the physics of quark (up, down, strange) sector,
dard Model of particle physics are de-  the interior of neutron stars and their  accessible at GSI, to charm-quark
scribed by QCD, a gauge theory based  mergers [1]. Complementarily, the matter with the future SIS100 accel-
on the non-Abelian symmetry group nuclear physics community investi-  erator. With unprecedented beam in-
known as color-SU(3). Among the re-  gates nuclei at the limits of stability, tensities, high-acceptance detectors,
markable phenomena arising from focusing on extreme isospins and the and free-streaming data processing,
QCD are color confinement and the inclusion of strangeness, such as in  FAIR will enable precision studies in

generation of hadronic mass, both  hypernuclei [2]. The hadron physics  strong QCD.

linked to the self-interaction of glu- community maps the meson and The existing SIS18 accelerator at l

ons, the carriers of the strong force.  baryon spectrum, searches for exotic  GSI provides proton and heavy-ion

Experimental approaches aim to hadronic states, and studies the pro-  beams with center-of-mass energies FRANK NERLING '.:'}

deepen our understanding of QCD, fo-  cesses behind matter formation [3].  of up to about Vs = 3.5GeV in the - i

cusipng ON UNCOVEring I.hcgﬁ.mdamcma] At GSI/FAIR, the aim is to imcgr[at]c NN l.jsystcm. Moreover, pion beams GSFHEfmﬁﬂfrz_Ennﬂmﬁfr

degrees of freedom that determine the  these approaches to deepen our under-  are available reaching Js=2GeVin Sfﬁﬁffﬂ'ﬂﬂfﬂﬁmﬁuﬂg Gth.

formation and properties of matter standing of nonperturbative QCD  the N system with reasonable inten- .

across different conditions and scales.  (“strong QCD"), as shown in Figure 1. sities. The High Acceptance Dilepton Helmholiz FDerhHHEMMIE Hessen
A key focus of research at the Spectrometer (HADES) [4] has been T "Emm g

Helmholtzzentrum fiir Schwerionen- in operation at SIS18 for more than "ﬁlr Fﬂ# (HFH{'}' C anﬁﬁﬂfi‘

forschung GSI and FAIR accelerator  The Facilities 20 years, addressing a rich heavy-ion Goethe Universitdt Ff‘aﬂmﬂ am Main

complex in Darmstadt, Germany, is The goal of “QCD at FAIR" isto  related physies program and also 13 htq:fforc::d_mg."ﬂﬁi}ﬂ-ﬂfﬂﬂ -3581-T8E1

exploring QCD phenomena through  exploit synergies between the had- dedicated open questions and topics
the study of matter under extreme ron, nuclear, and heavy-ion physics in hadron physics, especially em-
ploying the available pion beam (see,

Compontion of hadrans : e.g., Ref. [5]).

A central part of the future FAIR
presently under construction at the
GSI site will be the SIS 100 accelerator
providing proton and heavy ion beams
to access center-of-mass energies of
up to about Vs = 7.6GeV in the NN
system. The versatile multipurpose

L

J.\"

i e o v 4 2 1 CBM detector presently under con-
— Proswcwer  struction will receive beams acceler-

Pty “imams  gted by SIS100. Ji RimManN

Both experiments, HADES at 1518 .
e — and CBM at SIS100, as wel as, for ex- JoHaN MESSCHENDORP (& GSI Helmholtzzentrum fiir
P — ample, the wide-angle shower appara- GSI Helmholtzzentrum fiir ;

Figure 1. A schematic overview of the QCD-driven research themes to be ex-  tus at the Fragment Separator [6], al- ) "r .S'f'hwermnfrif!ﬂrsc‘iiln_'r:g GmbH

plored using the proton beams at FAIR, with a particular emphasis on the cross-  low addressing a wide range of hadron Sf'ﬁwermm:’nfﬂrjchung Gmbﬂ FAIR Ruhr-Universitdr Bochum

disciplinary connections between hadron, nuclear, and heavy-ion physics. physics questions already before the Gﬂ'!bH Dﬂrm.i‘fﬂ'df, Gﬁ’l“mﬂﬂ_'l-' FGF‘E‘E‘.FPHHS’S:E‘H triim Jilich GmbH
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facilities and methods

A Cross-Community-Driven Hadron Physics Program at

GSI/FAIR

Strong—Quantum Ch dy

(QCD) Research at the Facility for
Antiproton and Ion Research
(FAIR): “QCD at FAIR"

The strong interactions in the Stan-
dard Model of particle physics are de-
scribed by QCD, a gauge theory based
on the non-Abelian symmetry group
known as color-SU(3). Among the re-
markable phenomena arising from
QCD are color confinement and the
generation of hadronic mass, both
linked to the self-interaction of glu-
ons, the carriers of the strong force.
Experimental approaches aim to
deepen our understanding of QCD, fo-
cusing on uncovering the fundamental
degrees of freedom that determine the
formation and properties of matter
across different conditions and scales.

A key focus of research at the
Helmholtzzentrum fiir Schwerionen-
forschung GSI and FAIR accelerator
complex in Darmstadt, Germany, is
exploring QCD phenomena through
the study of matter under extreme

diti The Comp d Bary-
onic Matter (CBM) will examine fun-
damental properties of dense, baryon-
rich systems that play an important
role in understanding the physics of
the interior of neutron stars and their
mergers [1]. Complementarily, the
nuclear physics community investi-
gates nuclei at the limits of stability,
focusing on extreme isospins and the
inclusion of strangeness, such as in
hypernuclei [2]. The hadron physics
community maps the meson and
baryon spectrum, searches for exotic
hadronic states, and studies the pro-
cesses behind matter formation [3].
At GSI/FAIR, the aim is to integrate
these approaches to deepen our under-
standing of nonperturbative QCD
(*strong QCD™), as shown in Figure 1.

The Facilities

The goal of “QCD at FAIR” is to
exploit synergies between the had-
ron, nuclear, and heavy-ion physics

Commposon of hadrons.

i

Mcroscope: study of
Fusireen busrin inlerattion

Figure 1. A schematic overview of the QCD-driven research themes to be ex-
plored using the proton beams at FAIR, with a particular emphasis on the cross-
disciplinary connections between hadron, nuclear, and heavy-ion physics.
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communities at GSI/FAIR to address
key QCD questions using advanced
detectors and beams. The facility en-
ables studies of matter from the light-
quark (up, down, strange) sector,
accessible at GSI, to charm-quark
matter with the future SIS100 accel-
erator. With unprecedented beam in-
tensities, high-acceptance detectors,
and free-streaming data processing,
FAIR will enable precision studies in
strong QCD.

The existing SIS18 accelerator at
GSI provides proton and heavy-ion
beams with center-of-mass energies

Toward a White Paper and a
Cross-Community-Driven Program
A group of researchers [14] from
diverse communities at GSI/FAIR or-
ganized several workshops [15-17] to

14. T. Galatyuk, N. Hermann, C. Hohne,
K.H. Kampert, J.G. Messchendorp,
F. Nerling, J. Ritman, P. Salabura, K.
Schonning and J. Stroth.

Plus: Conference contributions
- Presentations and posters at
workshops and confernece

dedicated open questions and topics
in hadron physics, especially em-
ploying the available pion beam (see,
e.g., Ref. [5]).

A central part of the future FAIR
presently under construction at the
GSI site will be the SIS 100 accelerator
providing proton and heavy ion beams
to access center-of-mass energies of
up to about Vs = 7.6GeV in the NN
system. The versatile multipurpose
CBM detector presently under con-
struction will receive beams acceler-
ated by SIS100.

Both experiments, HADES at 1518
and CBM at SIS100, as well as, forex-
ample, the wide-angle shower appara-
tus at the Fragment Separator [6], al-
low addressing a wide range of hadron
physics questions already before the
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This series of workshops is organised for:
* Hadron-driven “QCD” physics at FAIR — a win-win-win situation!
* Heavy-ion physics perspectives:

» Crucial reference to heavy-ion reactions
» Detailed information on baryons and meson-baryon couplings

* Nuclear physics perspectives:
» (Ab-initio) baryon-baryon data in flavour SU(3)

* Hadron physics perspectives:
» Controllable tool for hadron spectroscopy
& structure studies in u,d,s,c sectors
» Intermediate physics program with pions
& protons towards antiprotons

=> Summarising White Paper will be concluded this week

Let me wish us a very interesting symposium to introduce our workshop,
with constructive discussions and progress — thank you very much for your participation!

Frank Nerling QCD at FAIR, 2025, Cantania, Sicily, Italy 23/06/2025
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A Hadron Physics Program — QCD at FAIR

FAIR =

The Facility to stu QCD o™ =

What is the origin of mass (only ~2% by Higgs)?

How is QCD matter formed?

What are the underlying symmetries?

Degrees of freedom (quarks/gluons vs baryons/mesons)?
Properties of strongly interacting (baryonic) matter?
Composition and nature of (exotic) hadrons?

FAIR: “QCD matter at extremes”

Develop hadron physics program for next decades
Form a community involving all “QCD pillars”

Theory and experiment
Nearly a hundred people involved ..'.".'.%

Series of workshops in 2023-2025:

Unique combination

FRS: Precise forward spectr. & >
WASA: Large acceptance detector [t

Diverse beams, incl. p,
Up to Vs =35GeV.\/s  ~2GeV

Blectromagnetic
S transition form factoes

PR

E.m. structure of (light) baryons ©
Baryon and meson production
Strangeness formation
Hyperon-baryon interactions
SU(3) flavour dynamics!

Physics topics (among others)
Hypernuclei: heavy ion beams = ad\
7 e Mesic-nuclei & Baryon resonances K:./ s

Inv. mass spectroscopy, analyses - -
_m.wwve’  With Machine Learning (ongoing) =

High-rate capabilities!
Upto VG” =7.5GeV

Multi-strangeness and
charm-rich matter!

Multi-purpose detect

Hadron & heavy-ion &
nuclear physics

Summs

Su y & outlook

Comprehensive hadron physics program identified s & o]

Community from theory and experiment formed

Synergies & complementary expertises
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s
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Presented by: Johan Messchendorp, FFN GSI/FAIR & Frank Nerling, HFHF GSI
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GSI Centre Evaluation

GSI Helmholtzzentrum fur
Schwerionenforschung

Research Field Matter

Evaluation Report

Executive summary

Within the realm of strongly interacting systems, GSl's MU program has gained international recognition
due to its exceptional user facilities, instruments, and research focus on multi-body systems. This
program has been pivotal in achieving numerous significant research highlights through both internal
endeavors and fruitful collaborations worldwide. Nuclear Structure groups study unique properties of
exotic nuclei and the physics and chemistry of superheavy elements with very high impact results. A
remarkable example of this impact is the nuclear astrophysics program which leverages GSl's
unmatched ion and energy accessibility. The coherent combination of the high-rate capacities of HADES
and future CBM at low/intermediate energies with ALICE at high energies will provide unprecedented
insights into the hot and dense nuclear matter phase diagram. HADES has already mapped a crucial
part of this diagram at lower energies, complementing RHIC and LHC data, and its low-energy role
becomes even more vital with RHIC's anticipated closure. Due to funding constraints, the
comprehensive FAIR project will proceed in stages, with the final phase, encompassing PANDA,
currently postponed. Recognizing the significant investment in PANDA detector components, the GSI
and HIM groups have made a wise decision to integrate these elements into the FAIR Phase-0
experiments. This strategic move maximizes scientific output from existing resources. The committee
strongly supports developing a comprehensive hadronic physics program utilizing the funded FAIR
experiments, seeing it as an insightful and promising direction for their developing program.

FRANKFURT AM MAIN
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50 Years of Quantum Chromodynamics

arXiv:2212.11107 (2023) * About two years ago, important date

Frans Gross13, Eberhard Klempths => Comprehensive Review Article

I ”,
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FAIR — The Facility to study QCD
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