
Physics opportunities with 
proton beams at SIS100

Setting the stage for discussion…

Johan Messchendorp (GSI/FAIR)

Satellite workshop MESON2023, June 21, 2023






Facility for Antiproton and Ion Research - 

“The Universe in the Laboratory”



Properties of strongly interacting matter?


Formation of hadronic matter?


Underlying symmetries


Degrees of freedom: from quarks/gluons to baryons/mesons?


Origin of mass?
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 Instruments the field-free forward hemisphere
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 Boost physics capability for hyperon e/m 

transition Ffs

 InnerTOF improves triggering efficiency
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HADES/PANDA@FAIR-Phase-0: 

“Hadron physics meets heavy-ion physics”

p+p@4.5 GeV 

HADES Preliminary (gen1/Sep22)

Eur. Phys. J. A (2021) 57:138

 G-PAC 44: HADES III – beam time in 2023
 Production and decay of hyperons, and inclusive hadron and 

dilepton production in p+p reaction at 4.5 GeV

1) Hyperon electromagnetic decays Y→Λγ  and Y→Λγ∗

2) Hyperon hadronic decays

3) Production of double (Ξ− , ΛΛ) and hidden strangeness (φ)

4) Inclusive hadron and dilepton production

as a reference for p+A and heavy-ion data

 Proposal for p+Ag@4.5 GeV positevely evaluated but moved 

to future due to limited beam – time availability

12

Table 2: Projected number of events reconstructed during 84 shifts.

Electromagnetic hyperon decays ( ⇤�⇤
and ⇤�)

⌃(1385)
0 ! ⇤e+e� ⇤(1520) ! ⇤e+e� ⌃(1385) ! ⇤� ⇤(1520) ! ⇤�
302 352 1484 1559

Hyperon hadronic decays

⇤(1405) ! ⌃
0⇡0 ! ⇤ 3� ⇤(1405) ! ⌃

±⇡⌥
⇤(1520) ! ⇤⇡�⇡+

3.6⇥ 10
4

7.2⇥ 10
4

5.2⇥ 10
5

Production of double and hidden strangeness

⌅
� ! ⇤⇡�

⇤⇤ � ! K+K�

(4.7� 47.6)⇥ 10
4

(0.62� 6.17)⇥ 10
4

3.1⇥ 10
6

Inclusive measurement of hadrons and dielectrons

Mee < 0.15GeV/c2 Mee > 0.15GeV/c2 ! !e+e� � ! e+e� Mee > 1.1GeV/c2

5.72⇥ 10
6

7.41⇥ 10
5

5.8⇥ 10
4

1.86⇥ 10
3 69

a 5% systematic error associated to "AR. The real photon decays of these excited hyperons
will have about a factor 5 higher yield than for the Dalitz-decay, however the increased
statistical precision will be largely compensated by the increased systematic error due to
the background subtraction (mostly ⇡0) for a similar overall precision.

The hadronic decays of the ⇤(1405) will have an order of magnitude more overall statis-
tics than the real photon decays, however since the yield must be spread into a differential
distribution covering the resonance structure, the overall precision per point remains simi-
lar. Studies of VDM in the ⇤(1520) di-pion decay are most sensitive to the high mass tail
of the distribution, thus requiring even higher yield to decisively conclude on the role of the
⇢ meson in that decay (VDM). Measurements of most of the other hadronic decay channels
will be limited by the systematic uncertainty of "AR.

The inclusive dilepton yield is subdivided into invariant mass bins. The availability of 84
shifts of physics data taking will result in about 100 times more dielectrons than previously
measured. This yield is in particular essential for the Mee > 1.1GeV/c2 range with a
projected 69 events in order to attain an overall (statistical plus systematic) precision in
this reference for later heavy ion studies of the ⇢� a1 mixing.

We thus request 84 shifts for the physics measurements. In addition, we require four
engineering shifts that are described in a separate proposal: two shifts for tuning of the
beam, and two shifts for running HADES without magnetic field. The latter is crucial for
the precise detector alignment.

Three of the most relevant publications of the authors for this proposal are [11, 56, 31].
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• Identify a physics program with proton beams, win-win:

• Heavy-ion physics communities: enrich program with “elementary” 

component, strengthen political impact at FAIR

• Hadron physics communities: probe terra incognita regime, keep 

“flame” alive at FAIR

• Strengthen collaborations among hadron and heavy-ion communities

• Reach out for new collaborators from both experiment and theory!

QCD



Purpose
…the process

• Various brainstorming activities have been ongoing this year


• Feasibility studies using “fast simulations” in progress


• Discussions among physicists from various FAIR collaborations


• Presentations at FAIR advisory boards ECE/ECSG and JSC


• Planning a follow-up workshop “Proton induced physics at FAIR”



Purpose
…this satellite workshop (my wish)

Hadron spectroscopy

Heavy-ion dynamics Hadron production

“p100”

• Identify key elements as a basis for a proton-driven 
physics program


• Identify the requirements, experiment and theory, for a 
successful endeavour


• Plan follow-up activities towards a position-/white-paper


• Form a (federated) collaboration connecting the common 
interest among FAIR communities and theory colleagues!  “p100”
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• From max #protons/cycle of 1012 (SIS18) to 2x1013 

(SIS100)

• Even during “commissioning” (1010 protons/cycle) 

and 5 cm LH2 target: ~8 pb-1 day-1

• Detector enrichment: 
• Towards high-rate capabilities and free-streaming 

DAQ’s etc.
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Hadron Physics aspects with p100
… incomplete shopping list!
Strangeness physics 
• Hyperon (Y) spectroscopy in |S|=1,2,3 systems, f.e. , spin-parity determination

• N* spectroscopy and coupling to strangeness, f.e.  

• YN, YY interactions in exclusive pp reactions and via Femtoscopy

• Hyperon structure, e.g. , precision eTFF studies 

• Low-energy constants in chiral SU(3) via axial-vector transition form factors, e.g.  

Ξ*, Ω*
N* → ΞKK

Y* → Yℓ+ℓ−

Ξ* → Ξπγ
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Ξ- hyperon, model comparison

Mini-symposium “Hyperons@FAIR” | HADES2021-10-25 11

Observations:
Double strange hyperon multiplicity above 

expectation of Statistical Hadronization Model 

(SHM)
o Not in equilibrium?
o Role of YY interaction, high mass baryonic 

resonances?

HADES p+Nb 3.5

HADES Ar+KCl 1.76

HADES, PRL 103 (2009) 132301

RVUU: F. Li et al., PRC 85 (2012) 064902

UrQMD: J. Steinheimer et al., J.Phys. G43 (2016) 015104

ART: C.M. Ko et al., PLB595 (2004) 158-164

Explanations:

UrQMD explains data by  Ξ- production 

via high mass baryonic resonances?

Spectroscopy of N*→Ξ+K+K in p+p is badly 

needed

p+p@4.5 GeV
sim

Projections for new data:

Sensitivity for signal with 200-400 nb 
 3.5 µb - extrapolation from Ξ/(Λ+Σ) 

at HADES
 0.35 µb - extrapolation from higher 

energy experiments

What happens if  
we replace one of the 

light quarks in the proton 
with one - or many - 
heavier quark(s)? 

proton 

Λ Σ0 

Ξ- Ω- 

Key question in hyperon physics: 
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Acceptances, generated particles

Fraction of all generated particles that are emitted between 2.5 and 25
degrees

Jenny Taylor FastSim Ξ− Simulations May. 30, 2023 6 / 1

Jenny Taylor, fast simulation, CBM acceptance
<latexit sha1_base64="GfYno58mG/LQqfOXq9tBH+hfzps="></latexit>
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Liu, Ko, Lee

+ D∗µ(!τ · !ρν∂µD̄∗

ν − !τ · ∂µ!ρνD̄∗

ν)],

LDNΛc
= igDNΛc

(N̄γ5ΛcD̄ +DΛ̄cγ5N),

LD∗NΛc
= gD∗NΛc

(N̄γµΛcD
∗µ + D̄∗µΛ̄cγµN),

LπΛcΣc
= igπΛcΣc

Λ̄cγ
5!Σc · !π +H.c. ,

LρΛcΣc
= gρΛcΣc

Λ̄cγ
µ!Σc · !ρµ +H.c. ,

LDNΣc
= igDNΣc

(N̄γ5!τ · !ΣcD̄ +D!τ · !̄Σcγ
5N),

LD∗NΣc
= gD∗NΣc

(N̄γµ!τ · !ΣcD̄
∗

µ +D∗

µ!τ · !̄Σcγ
µN). (1)

In the above, !τ are Pauli spin matrices, and !π and !ρ de-
note, respectively, the pion and rho meson isospin triplet,
while D = (D+, D0) and D∗ = (D∗+, D∗0) denote, re-
spectively, the pseudoscalar and vector charmed meson
doublets.

B. coupling constants

For coupling constants, we use the following empirical
values: gπNN = 13.5 [16], gρNN = 3.25, and κρ = 6.1
[17], and gπDD∗ = 5.56 [18], and gρDD = gρD∗D∗ = 2.52
[12]. Other coupling constants, which are not known em-
pirically, are obtained using SU(4) relations [3,7,8,12],
i.e.,

gD∗NΛc
= −

√
3gρNN = −5.6,

gDNΛc
=

3− 2αD√
3

gπNN # gπNN = 13.5,

gπΛcΣc
# −

2αD√
3
gπNN , gDNΣc

# (1− 2αD)gDNΛc
,

gD∗NΣc
= −gρNN . (2)

where αD = D/(D+F ) # 0.64 [19] with D and F being
the coefficients for usual D-type and F -type couplings.

C. form factors

To take into account finite sizes of hadrons, form fac-
tors are introduced at interaction vertices. In previous
studies on J/ψ absorption and charmed hadron scatter-
ing by hadrons, monopole form factors have been used.
Following the work on J/ψ absorption by nucleons [7],
the form factors at πNN and ρNN vertices are taken to
have the form:

F1(t) =
Λ2 −m2

Λ2 − t
, (3)

with t being the squared four momentum of exchanged
pion or rho meson, while those at πDD∗, ρDD, ρD∗D∗,
DNΛc, D∗NΛc, DNΣc, and D∗NΣc vertices, that in-
volve heavy virtual charm mesons or baryons, are

F2(q
2) =

Λ2

Λ2 + q2
. (4)

with q being the three momentum transfer in the center-
of-mass frame for t and u channels or momentum of ini-
tial or final particles in center-of-mass frame for s channel
[12]. As in Refs. [16,17], we take ΛπNN = 1.3 GeV and
ΛρNN = 1.4 GeV. For the cutoff parameters in F2(q2),
they are taken to be 0.42 GeV. As discussed later in
Section III, this cutoff parameter is needed in a similar
hadronic model to reproduce the empirical cross section
for pp → K+pΛ reaction at center-of-mass energy from
threshold to a few GeV,

III. CHARMED HADRON PRODUCTION FROM

PROTON-PROTON COLLISIONS

In proton-proton collisions at low energies, charm pro-
duction is dominated by three particle final states. Two
possible reactions are pp → D̄0pΛc and pp → D̄∗0pΛc. In
the following, we discuss their contributions separately.
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In the above, !τ are Pauli spin matrices, and !π and !ρ de-
note, respectively, the pion and rho meson isospin triplet,
while D = (D+, D0) and D∗ = (D∗+, D∗0) denote, re-
spectively, the pseudoscalar and vector charmed meson
doublets.

B. coupling constants

For coupling constants, we use the following empirical
values: gπNN = 13.5 [16], gρNN = 3.25, and κρ = 6.1
[17], and gπDD∗ = 5.56 [18], and gρDD = gρD∗D∗ = 2.52
[12]. Other coupling constants, which are not known em-
pirically, are obtained using SU(4) relations [3,7,8,12],
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where αD = D/(D+F ) # 0.64 [19] with D and F being
the coefficients for usual D-type and F -type couplings.

C. form factors

To take into account finite sizes of hadrons, form fac-
tors are introduced at interaction vertices. In previous
studies on J/ψ absorption and charmed hadron scatter-
ing by hadrons, monopole form factors have been used.
Following the work on J/ψ absorption by nucleons [7],
the form factors at πNN and ρNN vertices are taken to
have the form:

F1(t) =
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, (3)

with t being the squared four momentum of exchanged
pion or rho meson, while those at πDD∗, ρDD, ρD∗D∗,
DNΛc, D∗NΛc, DNΣc, and D∗NΣc vertices, that in-
volve heavy virtual charm mesons or baryons, are
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with q being the three momentum transfer in the center-
of-mass frame for t and u channels or momentum of ini-
tial or final particles in center-of-mass frame for s channel
[12]. As in Refs. [16,17], we take ΛπNN = 1.3 GeV and
ΛρNN = 1.4 GeV. For the cutoff parameters in F2(q2),
they are taken to be 0.42 GeV. As discussed later in
Section III, this cutoff parameter is needed in a similar
hadronic model to reproduce the empirical cross section
for pp → K+pΛ reaction at center-of-mass energy from
threshold to a few GeV,

III. CHARMED HADRON PRODUCTION FROM

PROTON-PROTON COLLISIONS

In proton-proton collisions at low energies, charm pro-
duction is dominated by three particle final states. Two
possible reactions are pp → D̄0pΛc and pp → D̄∗0pΛc. In
the following, we discuss their contributions separately.
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Trace Anomaly and a Mass Radius from Experiment

• Following Kharzeev PRD 104 (2021), the production of J/ 

and ⌥ are threshold may be sensitive to the trace anomaly
⌦
p
0 ��Tµ

µ

�� p
↵
/ G (t)

• G(t) thought of as a scalar EMT/gravitational form factor

• Factorization of two gluons into F 2 not yet proven

• Assuming vector meson dominance can relate quarkonium

production to the scalar EMT form factor

• Taking a dipole form for the scalar EMT form factor gives

G (t) =
M

[1� t/m2
s ]
,

⌦
r
2
m

↵
=

6

M

dG (t)

dt

���
t=0

!
12

m2
s

• Fitting to GlueX data Kharzeev finds

rm = 0.55± 0.03 fm c.f rc = 0.8409± 0.0004 fm

• for a light cone radius: rLC
m = 2/

p
6 rm ' 0.45 fm

• Kharzeev argues smaller mass radius is because “pion cloud” decouples from Tµ
µ —

⌦
0 |T |⇡+⇡�↵ = q2
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Figure 2.12: The mass radius of the proton measured at Hall C [52] for various bins in photon
energy, compared to the first GlueX [51] measurement and a lattice QCD prediction [53]. Also
shown is the charge radius of the proton from PRad and CODATA [54]. Taken from [52].

bound proton and neutron, the average mass radius extracted from w photoproduction gives
Rm = 0.741±0.028 f m and Rm = 0.795±0.092 f m for the proton and neutron respectively [57].
These results first off suggest consistency between the neutron and proton mass radius, within
the measured statistical uncertainty. The difference between the bound proton and free proton
was explained as potentially due to nucleon swelling in nuclear medium [57].

This concept of nucleon swelling was initially proposed as a solution to the EMC effect [58]
which is the observation that the cross section for deep inelastic scattering (DIS) from an atomic
nucleus is different from that expected for the same number of free protons and neutrons, es-
sentially suggesting that the nuclear medium modifies parton distribution functions. This was
initially demonstrated by the European Muon Collaboration when measuring a ratio signifi-
cantly different from 1 in DIS from iron and deuterium targets [59], but in principle should
apply to any nuclear medium. The suggestion is then that the quark constituents of the nucleon
within a nucleus are shared with other nucleons [58, 60], leading to a de-confinement scenario

Duran et al., Nature 615, 813 (2023),

“Determining the gluon gravitational 
form factor of the proton”
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