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PANDA physics: light, strange, charm

K. Peters | PANDA Overview | EuPPS Workshop

pp and pA

Key questions in “strong” QCD

Nucleon properties

Exotics hadrons

In-medium hadron properties

Color transparency

Neutron stars

Matter-antimatter asymmetry

PANDA Physics Pillars

Nucleon structure

Strangeness physics

Charm and exotics

Hadrons in Nuclei

No need for textbook moKvaKons about the 
non-abelian structure of QCD and its problems

Impact by precision (staKsKcs & resoluKon) 
and uniqueness (terra incognita) 



Why Antiprotons
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Large mass-scale coverage
- creaQon of mass rather than momentum

- center-of-mass energies from 2 to 5.5 GeV

- from light, strange, to charm-rich hadrons

High hadronic production rates
- charm+strange factory à discovery by statistics!

- gluon-rich production à potential for new exotics

Access to large spectrum of JPC states
- direct formation of all conventional JPC states 

- large sensitivity to high spin states

Associated hadron-pair produc6on
- zero net quark content

- access to hidden-strange/charm hadrons

- tagging possibiliQes

- near threshold: good resoluQon and low background

Systema6c and precise tool to rigorously study the dynamics of QCD

Mass scan experiments with beam-resolution
- unique linescans à discovery by precision!



An#proton Chain: HESR & PANDA
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PANDA

HESR
P-Target

CR



New

Beamline ∑ 3.2 km
thereof

Syncrotron 1.1 km

Existing only SIS 18

Civil Engineering
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600.000 cbm > 1 Mio tons of concrete
35.000 tons of steel

New



Construction Site (last month)



Full Setup
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Day-1 Setup
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PANDA Installa,on Schedule
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Phase-0

Phase-1
start setup

Phase-2
full setup

Phase-3
RESR included

2016 2017 2021 202420232018 2019 2020 2022 in 2025 beyond

construc,on

installation

physics

Commissioning with protons

FAIR Master Plan: PANDA Hall available

today

installation

construc,on

Day-1 as soon
as an,protons
become available

design

design



Status of HESR Dipoles and Quadrupoles complete

� 46 dipoles  and 84 quadrupoles are wai<ng for installa<on
� Power converters delivered
� Sextupoles in produc<on

FZ Jülich
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All components will be finished end of 2019



Phases of PANDA – Sensi0vi0es in a nutshell
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Charmonium-like particles – a mystery
P(4450)

P(4380)

pentaquark candidates

Precision
D
iscovery

Molecules & 
MulD-quarks

Hybrids

Mesons

Glueballs
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Charmonium-like particles – a mystery
P(4450)

P(4380)

pentaquark candidates

Exploratory search of new Z states using
direct formation in antiproton neutron

Line-scan proof-of-principle with narrow
conventional charmonium

Da
y-

1

Line-scan of “exoDc” candidates
such as X(3872)

Search for high-spin states with 
hidden-charm

Ph
as

e-
1

Day-1
J/ψ forma1on   2.9 μb (meas.)
incl. 12% BR to leptons, and 
30% reco efficiency, 
30% loss due to convoluQon with 
beam-profile
à 7k events/day

Qmes duty factor (60-80%)

Phase-1
X(3872) scan 50 nb (theory) 
à 60 events/day
duraQon for
complete scan 80-100 days



Light Quark/Meson Spectroscopy

Kaon spectrum
� every SU(3) meson nonet contains kaons but most of them have not been found

� their properties remain unclear and how well we really understand light mesons

(Strangeonium) hybrids
� predicted in the mass region of about 1.8 to 2.3 GeV (LQCD)

� spin-exotic quantum numbers signal exotic nature, JPC = 1-+ seen in pp reactions, πp scattering

� efforts will be continued and extended by GlueX and BESIII

Glueballs 
� f0(1500) discovered at LEAR/CB 1991 in pp / pn à large glueball admixture

� LQCD predicts also 2++, 0-+ below 2.5 GeV/c2

� mixing with qq states complicates clear identification 

� BES III rad. J/ψ for masses below 2.5 GeV/c2 in (not conclusive so far)

� 4-5 GeV/c2 region unexplored, where spin-exotic states are predicted

Multiquarks/Molecules
� Where are the strange/strangeonium counterparts to the Zc‘s

� Is the recent a1(1420) finding by Compass a hint to that area?

COMPASS,  πp à (πππ)p
PRL 115, 082001 (2015)
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Day-1
> 500k pp ➞ f0(1500)π0/day
> 100k pp ➞ f0(1500)η/day

reconstructed, duty factor of 80% included

pp dominated by resonance produc@on !!
LEAR: exoics yield is similar to ordinary mesons 

f0(1500) ~ O(f2(1270))



ϕϕ Resonances - Light Glueball Search

Jetset (1998):
- cross sec6on 100x larger than expected from OZI

- large gluonic component?

- glueball candidate?

- limited phase space, low rates

PANDA (2025):
- scan above 2.25 GeV: terra incognita

- physics studies at reduced luminosities feasible

- accesses 2++ and 0-+

- conventional mesons are suppressed due to OZI

series of 2++states with weak evidence by Etkin et al.

tensor states in this mass region seen by BESIII 
in J/ψ à γϕϕ (13k events in 2+ wave in 1.3B J/ψ)
γϕϕ lacks crossing interferences in Dalitz plot à JPC biased
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it is 10% vv, then the expected ff cross section is 10 nb,
two orders of magnitude lower than our measurements.

VIII. SEARCH FOR j/fJ„2230…
To search for the j/ f J(2230) resonance, a fine scan of the

ff cross section was performed during two different data
taking periods. The results from these scans are shown in
Fig. 13 and displayed in Table II.
Here the empty and full dots distinguish the two different

sets of the data, showing good agreement in the size of the
ff cross section. No narrow structure is visible in the data.
We have fitted the ff mass spectrum using a polynomial

and a Breit-Wigner form representing the j/ f J(2230) with
m52235 MeV and G515 MeV, parameters measured in the
reaction J/c!gj where j! p̄p by the Beijing Spectrometer
~BES! experiment @19#. The Breit-Wigner form is written as:

sBW5~wiw f !
~2J11 !

~2S111 !~2S211 !

4p~\c !2

s24mp
2

3
G2

~As2mres!
21G2/4

. ~4!

Here (wiw f) is the double branching ratio, wiw f5B(X
! p̄p)3B(X!ff). The Si terms are the spins of the initial
proton and antiproton (1/2), and J is the total angular mo-
mentum of the resonance, reducing the angular momentum
term, (2J11)/@(2S111)(2S211)# to 5/4 in the case of a
J52 resonance. A limit on the product of the branching
ratios of B(j! p̄p)3B(j!ff)<631025 at 95% c.l. is
obtained.

IX. CONCLUSIONS

We have performed a high statistics study of the reaction
p̄p!4K6 using in-flight p̄ from 1.1 to 2.0 GeV/c incident
momentum interacting on a hydrogen jet target of the JETSET
~PS202! experiment at CERN LEAR. The reaction is domi-
nated by a strong ff production at threshold whose strength
exceeds by two orders of magnitude the yield extracted from
a simple interpretation of the OZI rule.
Several models have been proposed in order to explain

the large OZI violations observed in hadron induced reac-
tions and particularly in some p̄p annihilation channels.
However, few quantitative calculations exist for the specific
channel under investigation in the present experiment.
A model which interprets p̄p annihilations to ff as due

to KK̄ rescattering @39# is able to predict the order of mag-
nitude of the cross section ('2.4 mb), but not the detailed
shape of the observed spectrum. Other models make use of
hyperon-antihyperon intermediate states @10#. In this case the
size of the cross section is underestimated by a factor of
about 4. Other ways to enhance production of the ff system
have been suggested in Ref. @12# by invoking the hypothesis
of intrinsic strangeness content in the proton. The authors
suggest that ff production could originate from rearrange-
ment diagrams with strange quarks originating from the pro-
ton sea which are polarized with total spin S51. The authors
conclude that these connected rearrangement diagrams very
likely mask any possible glueball resonance contributions
which are expected to be dominant among the disconnected
diagrams. Further information and possible new inputs to the
problem may come from a spin analysis of the observed ff
threshold enhancement @37#.
No evidence for narrow resonance is found and we set an

upper limit for the production of j/ f J(2230) with
m52235 MeV and G515 MeV of: B(j! p̄p)3B(j!ff)
<631025 at 95% c.l. Combined with our scan of p̄p
!KS

0KS
0 @20# a consistent and stringent rejection of a narrow

resonance (G,30 MeV) appears.

FIG. 13. Cross section in mb for the reaction p̄p!ff in a fine
scan over two different periods of data collection corrected for un-
seen f decay modes. Open circles: 1991 data; full circles: 1993
data. The line is the result from the fit described in the text, the
curve represents a Breit-Wigner resonance whose amplitude is at
the 95% c.l. upper limit for the production of a j/ f J(2230) with a
mass of 2235 MeV and a width of 15 MeV.

TABLE II. ff cross section for the fine scan.

c.m. energy
GeV/c2

s~ff!
mb

2.219 4.1560.34
2.221 4.1660.36
2.221 3.8760.54
2.222 3.9460.35
2.224 4.4060.36
2.226 3.9060.34
2.226 3.6860.34
2.228 3.0060.30
2.229 3.2060.32
2.231 3.7360.35
2.231 2.9760.33
2.233 4.2060.35
2.235 3.5260.34
2.236 2.4860.30
2.242 3.3860.45
2.247 2.6860.39
2.254 2.6360.35

5380 57C. EVANGELISTA et al.

Jetset, Phys. Rev. D57, 5370 (1998)

pp à ϕϕ cross sec6on

accessible
at HESR

Phase-1
> 500k pp ➞ ϕϕ/day

Day-1
> 50k pp ➞ ϕϕ/day

reconstructed
(duty factor of 80% included)



Previous measurements of pp ➞ YY
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A lot of data on pp ➞ ΛΛ near threshold, mainly from PS185 at LEAR
Very scarce data bank above 4 GeV/c
High event rates & low background for Λ and Σ
No data on pp ➞ ΩΩ nor pp ➞ ΛcΛc
Even with conservaQve cross secQon esQmates, Ω / Λc channels are feasible
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A lot of data on pp ➞ ΛΛ near threshold, mainly from PS185 at LEAR
Very scarce data bank above 4 GeV
High event rates & low background for Λ and Σ
No data on pp ➞ ΩΩ nor pp ➞ ΛcΛc
Even with conservaIve cross secIon esImates, Ω / Λc channels are feasible

Previous measurements of pp ➞ YY
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PANDA is a strangeness factory

Phase-1
|S| = 1 ~ 7M ΛΛ/day

~ 4M ΛΣ0/day
|S| = 2 ~ 90k ΞΞ/day
|S| = 3 ~ 100 ΩΩ/day

duty factor of 80% included

Day-1
|S| = 1 ~ 700k ΛΛ/day

~ 400k ΛΣ0/day
|S| = 2 ~ 9k ΞΞ/day
|S| = 3 ~ 10 ΩΩ/day excl.

more w/incl. studies
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Figure 19: Average transverse momentum asymmetry ↵T (Eq. 1) as a function of the longitudinal
momentum asymmetry for ⇤⇤-pairs produced exclusively in 1.522 GeV/c (left) and 1.696GeV/c
(right) p+20Ne interactions. The different symbols show the GiBUU predictions for different scaling
factors ⇠⇤ of the ⇤-potential.

8.2 Potential for Phase One
Karin: Are the studies presented in the following blue paragraph disconnected with the paragraphs
afterwards? It would be better to describe them on more equal footing to avoid redundancies.
Right now it is difficult to discern how many MC studies that have been performed and how hey
are connected. As concluded in Section 6.1.2, a unique feature of antiproton interactions within
the PANDA energy range is the large production cross sections of hyperon-antihyperon pairs.
However, due to the strong absorption of antibaryons in nuclei the exclusive production rate of
antihyperon-hyperon pairs will be smaller in antiproton-nucleus collisions compared to antiproton-
proton interactions. With a neon target, a Phase One luminosity of 1031 cm�2s�1) and assuming
a reconstruction efficiency of 10%, approximately one ⇤⇤-pair will be reconstructed per second.
This means that in one one day running with beam available 90% of the time, we expect almost
8·104 reconstructed ⇤⇤ pairs. This corresponds to a sample about ten times larger Karin: Is it
larger? It sounds like it in the text but it seems very strange that only a small sample has been
simulated than the one produced by simulations using the Giessen Boltzmann-Uehling-Uhlenbeck
(GiBUU) transport model [?], shown in Fig. 19. Within one week of data collection, more detailed
studies of e.g. co-planarity, polarization and transverse momentum asymmetry ↵T will be possible.
The latter can be measured in exclusive antihyperon-hyperon pair production close to threshold
and gives access to quantitative information on antihyperon potentials in nuclei in the absence of
conventional spectroscopy studies [?, ?, ?]. These are often very challenging or even unfeasible since
antihyperons annihilate quickly [?, ?]. Schematic calculations of Ref. [?, ?] revealed a significant
sensitivity of the transverse momentum asymmetry ↵T to the depth of the antihyperon potential.
The asymmetry is defined event-by-event in terms of the transverse momenta of the coincident
particles

(1)

The equation does not compile. Is it necessary (it seems to be the first / onlyequation in the
document)?

More realistic calculations of this new observable, including secondary deflection and absorption
effects, have been performed using the GiBUU transport model. In this study, simulations were
carried out for ⇤⇤ pairs at 1.522 GeV/c and 1.696GeV/c p+20Ne [?] and for ⌅�⌅

+ pairs produced
at p+12C interactions at 2.9 GeV/c [?]. Karin: and for ⌃�⇤ if I understood the text in a following
paragraph and the figure correctly? the GiBUU model, non-linear derivative interactions are not
yet included and a simple scaling factor ⇠p = 0.22 was applied for the antiproton potential to ensure
a Schrödinger equivalent antiproton potential of about 150MeV at saturation density [?]. Since no
experimental information exists so far for antihyperons in nuclei, G-parity symmetry was adopted
as a starting point. In the same was as for antiprotons, the potential for antihyperons was scaled
by a factor ⇠Y .

Fig. 19 shows the predictions for the transverse asymmetry ↵T (Eq. 1) for different scaling
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Figure 20: Average transverse momentum asymmetry as a function of the longitudinal momentum
asymmetry for ⌃�⇤ pairs (left) and ⌅�⌅

+ pairs (right) produced exclusively in 1.696 GeV/c p-20Ne
and 2.9GeV/c p-12C interactions, respectively. The different symbols show the GiBUU predictions
for different scaling factors for the antihyperon potentials.

factors ⇠⇤ of the ⇤-potential plotted as a function of the longitudinal momentum asymmetry ↵L

[?]. For 1.522 GeV/c (left) as well as for 1.696GeV/c (right) antiproton momenta a remarkable
sensitivity of ↵T on the Here something is missing/does not compile, please check. -potential is
found at negative values of ↵L. I is clear that secondary effects do not wipe out the dependence
of ↵T on the antihyperon potential. The large ↵T sensitivity as well as the negative shift in ↵T

are linked to the substantial ⇤ transverse momentum smearing due to secondary scattering. For
positive values of ↵L, where ⇤̄ is emitted backward with respect to ⇤, the MC sample was too
small to draw quantitative conclusions. However, it is possible that a larger sample would reveal
a systematic variation of ↵T with the antihyperon potential even in this ↵T region. Karin: Why
not run a larger sample to sort this out?

This method can also be applied to other hyperon-antihyperon pairs. The left panel of Fig. 20
show predictions for ⌃�⇤ pairs produced in 1.696 GeV/c p-20Ne reactions. The right panel show
the first attempt to calculate the momentum asymmetry for ⌅�⌅

+-pair production in 2.9 GeV/c p-
12C interactions. As in the case of ⇤⇤̄, the production of hyperon-antihyperon pairs was artificially
enhanced by a factor of 10 in the GiBUU sumulatoins [?]. Thus, this figure corresponds to 790
million inclusive reactions. For an average antiproton interaction rate of 8·105 s�1 this corresponds
to a running time of about 15 minutes. For each value of the scaling factor ⇠

⌅
+ , about 1800

⌅�⌅
+ pairs were generated. Assuming a reconstruction efficiency of 20%, PANDA we expect

⇡5 reconstructed ⌅�⌅
+ pairs per minute. The accumulation of 105 ⌅�⌅

+ pairs required for
quantitative statements about the ⌅

+ potential will require a running time of the order of 16 days.
This is compatible with the earlier estimates based on a schematic model [?, ?]. Hence, the prospect
of this measurement at PANDA is very good, once a reasonable interaction rate for nuclear targets
has been established.

The studies proposed here require measurements the reference reaction pp ! Y Y . However, as
discussed in section 6.1, such measurements already constitute an important part of the hyperon
production programme and can, thanks to the predicted large production rate, be completed in a
very short time.

The numbers presented here illustrate that even with rather conservative assumptions about
luminosity, PANDA can provide unique and relevant information on the behaviour of antihyperons
in nuclei already during Phase One.

8.3 Impact

Jozef and Albrecht, could you please write a few sentences here?
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Antihyperons in Nuclei

K. Peters | PANDA Overview | EuPPS Workshop

An=protons sensi=ve tool to study 
an#hyperon poten#al in nuclei !

Exploit abundantly produced 
hyperon-antihyperon pairs near threshold

Benchmark data to test theore=cal concepts to 
describe dynamics of (an=)hyperons in heavy-
ion collisions

Important first step towards the |S|=2 
hypernuclei program of PANDA

PANDA, NPA954, 323 (2016)

Need ~106 YY pairs for unique physics
(polarization, planarity and everything)

Phase-1
à ~10 d for Λ-Potentia & ~75 d Ξ-Potential

Day-1
à 1 day for 105 for Λ-Potential (12x simu)



Nucleon Electromagnetic Final States
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PRL 114 (2015) 232301 
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Analy&cal Structure of the Formfactor

K. Peters | PANDA Overview | EuPPS Workshop

Time-like Electromagne&c Form-factors
(lepton pair produc&on)
Integrated luminosity (Phase-1)

q2>0

Day-1 activities:

Build database on mul&-pion produc&on 
in pp as input to QCD calcula&ons

Demonstrate the feasibility to iden&fy 
di-lepton (+π0) channels

Phase-1 
pp à e+e- @1.5 GeV/c ~ 220/day
pp à e+e- @3.3 GeV/c    ~ 10/day
pp à μ+μ- @1.5 GeV/c ~ 170/day
Day-1
pp à e+e-π0 @1.5 GeV/c ~ 3’500/day

Analy&cal Structure of the Formfactor
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Time-like Electromagnetic Form-factors
(lepton pair production)
Integrated luminosity (Phase-1)

q2>0

Day-1 ac(vi(es:

Build database on mul&-pion produc&on 
in pp as input to QCD calcula&ons

Demonstrate the feasibility to iden&fy 
di-lepton (+π0) channels

Phase-1 
pp à e+e- @1.5 GeV/c ~ 220/day
pp à e+e- @3.3 GeV/c    ~ 10/day
pp à μ+μ- @1.5 GeV/c ~ 170/day
Day-1
pp à e+e-π0 @1.5 GeV/c ~ 3’500/day



Key-Experiments of the Start Phase

Concentra7on on unique and forefront physics topics

� Produc7on of (mul7-)strangeness baryons

(unexplored, new territory, „Strangeness-Factory“)

� Precise measurement of the line shape of narrow XYZ-states, 

e.g. X(3872) (only possible in proton–an7proton, coun7ng 

experiment,  clarifica7on of the nature of the states)

� Resonant forma7on of the 

nega7ve and uncharged partners of the Z-States 

(only possible in proton–an7proton, goal is the nature of the states)

� Measurement of the electromagne7c form factors of the proton in 

the 7me-like domain with electrons and muons in the final state

� Produc7on of high-spin charmonia 

(only possible in proton–an7proton)

light mesons, baryons and produc7on of hybrids und glueballs

K. Peters | PANDA Overview | EuPPS WorkshopXYZ-, Hyperon Factory 



Key-Experiments of the Start Phase

Concentra7on on unique and forefront physics topics

� Produc7on of (mul7-)strangeness baryons

(unexplored, new territory, „Strangeness-Factory“)

� Precise measurement of the line shape of narrow XYZ-states, 

e.g. X(3872) (only possible in proton–an7proton, coun7ng 

experiment,  clarifica7on of the nature of the states)

� Resonant forma7on of the 

nega7ve and uncharged partners of the Z-States 

(only possible in proton–an7proton, goal is the nature of the states)

� Measurement of the electromagne7c form factors of the proton in 

the 7me-like domain with electrons and muons in the final state

� Produc7on of high-spin charmonia

(only possible in proton–an7proton)

light mesons, baryons and produc7on of hybrids und glueballs
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Please stay tuned for start 

of proton beam 2024

and an7-proton beam 2025

with interes7ng results already on Day-1



Thank you

.gsi.de


