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Bound States of QCD

- guark model states and their interaction

- exotic states _ + + Bl + o @ + + ...
(@@o (99)s(qq)s(q9)o(qq)o (9989 (99)0
Tetraquark Molecule Hybrid Glueball
- glueballs

n [y Barrel TOF uon Shashlyk

spectroscopy and scattering

Micro Vertex  Straw Tube Forward
Detector Tracker Tracking System
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Glueballs: results

JPCglueballs
6
o
51
. . L4 T
14 5 LT VA B
> x . =
S - - r
s m
& (3 8-
900 MeV i .l ) . .BS.E [Hube.r. Fischer, Sanchis-Alpuz 2021]
" - lattice [Morningstar, Peardon, 1999]
1 = lattice [Athenodorou, Teper, 2020]
ot 0+ o++ o—+ g++ 3+ 4+ 4—I+ Jpc

Huber, Fischer, Sanchis-Alepuz, EPJC 81 (2021) [arXiv:2110.09180]

® Experiment: unique opportunity for PANDA at large |

® Theory: very good agreement between Lattice and Continuum QCD
To do: chart mixing of glueballs with conventional meson states...

Christian S. Fischer (University of GieBen, HFHF) Exotic mesons with functional methods



Partonic Nature of Hadrons

- parton distributions

- generation of mass

- guantum number decomnncitinn

scattering and spectroscopy
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Apparatus for Meson and Baryon Ove rVI eW

Experimental Research

* AMBER has been approved as NA66
experiment in December 2020

* the Collaboration consists of ~200
physicists from 34 institutes

* two new groups in 2022

e atthe M2 beamline at SPS muon and
hadron beams 60 — 250 GeV

« AMBER inherited, extended and modernized the 2-stage spectrometer of the COMPASS collaboration

e Approved Phase | physics: * Intended Phase Il physics (>LS4):
e p production cross-sections * strange-meson spectroscopy
e proton radius * kaon polarizability
» pion/kaon structure functions e prompt-photon production
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‘666 Physics Program

Apparatus for Meson and Baryon

Experimental Research

Anti-proton production cross sections in p-He and p-p collisions
to constrain cosmic dark-matter search data: unique data sets in
unexplored beam momentum range 60-250 GeV/c, successful p-
He data taking in 2023

Proton radius via muon-proton scattering,
recoiling proton and scattered muon are

RICH PID: Cerenkov angle vs. momentum

3m

25m 3m

lay

measured in coincidence: unique in terms of
systematics control I

I
I
]

eam tracking

Pion and kaon partonic structure via Drell-Yan
processes: separate valence and sea contributions in
unprecedented precision

e early-career DOE fund for
the Los Alamos group
(vertex detector)

proton 94%

]T TPC (20 ban) ,Ll’ tracking
I [Tl
1 =

Mass budgets: emergence of the
light-hadron masses is linked to both
the QCD partonic structure and to
confinement

M chiral limit (EHM) ® EHM+HB L HB



7566 Deutschland

Apparatus for Meson and Baryon
Experimental Research

The engagement of the German groups focuses on the parts of the program where long-term
expertise is proven, concerning hardware and analysis (proton radius, in phase 2: meson
spectroscopy, low-energy constants, meson radii).

Most new detector developments have been successfully tested as prototypes.
Many of the BMBF investments into COMPASS in the past two decades will be utilized.

WP’s and responsibilities

e Triggerless DAQ and HLT (Freiburg, Mainz, Munich, Prague, Warsaw)

e High-pressure hydrogen TPC (GSI, PNPI, Glasgow)

 C/W, LH2, LHe target (Lisbon, CERN, Prague, Virginia, Yamagata)

 SciFi/Silicon Pixel tracking stations (Freiburg, Munich, Giessen, Torino)

* DY vertex detector (lllinois, Los Alamos, Torino)

* Large-area MPGD detectors with self-triggering readout (Bonn, CERN EP-DT, Torino, JINR)
e Self-triggered electronics for ECAL (Munich, Giessen, Trieste, Warsaw)

e Upgrade CEDAR electronics for high rates (CERN, Warsaw)
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Apparatus for Meson and Baryon C u rre nt Stat u S : TP C

Experimental Research

, “".

A
0

\|
\

TPC vessel production finished.

Middle flange design on-going.
Installation of H2 pipes on-going.
Integration studies with BE are on-going.

Gas system planning is evolving.
TPC table under HSE review.

Discussion with safety for HV-feedthrough

started.



Last FAIR review: physics reach and program rated world-class and unique

Yet, severe impact of FAIR delay and cost hike, world politics etc.

Detector construction progressing well until recently (large Russian
contribution missing!)
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COSY Campaign

Beamtimes - 2740 MeV/c protons (Aug 7 — 11, Sep 11 — 15, 2023)

4

Energy calibration Pp—

Calibration can be done via cosmic tracks or via minimum ionizing particles from beam data.

Examples for single crystal cluster energy distribution

cho chl

4x10?

Cate HWeunl Cate
Ohen livks (35 [33|32|42u8 Oben rechts——
A1 _ [33[30[37[34us [543 BA

L4o|y | 34136 Y, 47 (50 43 3

4 ‘& ‘4834
@ Endcap 6F

3x10?

2x10?

10?

6x10!

Lﬂ Backside-View :‘i 0 100 200 300 400 500 600 700 800 0
g 45

IT
2t\20/77T78 128167 57| b6 |55

AZ  |23]24/26|5453|63|64 B2
Crate |23/25/5660 /62| (yrafe

unken links | 24583 yuen vechts
N2 | A0 ]| F0
A3 A4 U
Y ARLALY
A+ 45168

ch 16 ch17

10% 4

10?
0 100 200 300 400 500 600 700 800 0 1000 2000 3000 4000 5000 6000

KTB,KHuK Dec 08, 2023 11



First quick analysis - pandaroot

UNIVERSITAT

4

Faint line visible

inv mass / [GeV]

Invariant mass of 2 particles vs photon energy (one run of 2nd beamtime ~20min):

0.5

04|

>0.1 :

; : 2 25
| | Photon Energy / [GeV]
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- first quick analysis looks promising!
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Flex-PA and squared sensor
assembled on a test board and
successfully tested at SPS, CERN
(September 2012)

ToAST card (INFN Turin)

MDC implemented on FPGA (beam test setup)

- ) 3
FSM Async. FSM Register
Control FIFO Readout Configuration &
Controls

s, To LpGBT

FIFO
32 x1024

—> 320 MH;

FSM

Readout ]
FSM align Trailer check

Main FSM Intelligent MUX (by Priority logic)

Breakout card (INFN Turin)

Readout and control
by ETH



In parallel:

0.020

0.015

hits

0.010

0.005

TO1_ClusterToT

disch_dac0: 0x11
disch_dac0: 0x12

80 100 120 140
fot

Successful test of hardware and readout for
the luminosity detector (based on HV-Maps,

Bochum, Mainz)

KTB,KHuK Dec 08, 2023

Channel 0 Cluster ToT

Channel 1 Cluster ToT

Channel 2 Cluster ToT

Channel 3 Cluster ToT

Channel 4 Cluster ToT

Channel 5 Cluster ToT
40

Channel 6 Cluster ToT

Channel 7 Cluster ToT

400

500

400 | == Channel 0 == Channel 1 == Channel 2 == Channel 3 = Channel 4 = Channel 5 3001 | mmm Channel 6 400 == Channel 7
400 400 400
=300 & 300 = =2 = 4 300 = = 300
2 i g0 £300 R0 3 £ i
£ £200 g g g €200 g g
2 H] 3200 3 200 3 200 3 2 S0
Ed £ 2 2 S £ £ 100 2
100 Je0, 100 100 100 200 100
0 o 0 0 o 0 o
0 200 400 0 200 400 0 200 400 0 200 400 0 200 400 0 200 400 0 200 400 0 200 400
or Tor Tor Tor Tor T Tor Tor
Channel 8 Cluster ToT Channel 9 Cluster ToT Amg:hanne\ 10 Cluster ToT Channel 11 Cluster ToT Channel 12 Cluster ToT Channel 13 Cluster ToT Channel 14 Cluster ToT Channel 15 Cluster ToT
500
400 | W Channel 8 400 | ™= Chennels = Channel 10 50071 | mmm channel 11 = Channel 12 2501 | mmm Channel 13 250 | == Channel 14 5001 ‘mmm Channel 15
. . 300 _ 400 22 200 =200 2990,
g 300 g 300 g g % 300 ] g i}
S oy B30 %300 2 3150 S150 %300
5 200 5200 5 5 s 5 g s
£ £ £, £200 £200 £ 100 £ 100 £200
100 100 100 100 s0 s0 100
0 0 0 o 0 0 0
0 200 400 0 200 400 0 200 400 0 200 400 0 200 400 o 200 400 0 200 400 0 200 400
T T T T T T woT T

Channel 16 Cluster ToT

Channel 17 Cluster ToT
500

Channel 18 Cluster ToT

Channel 19 Cluster ToT

Channel 20 Cluster ToT

Channel 21 Cluster ToT

Channel 22 Cluster ToT

4oShannel 23 Cluster ToT

500 1000 5 500 400 0
== Channel 16 = Channel 17 = Channel 18 m= Channel 19 00 | W Channel 20 m= Channel 21 m= Channel 22 = Channel 23
400 . 400, 5 1000 L4 s 400 . 300 . 30
£ 300 £ 300 £ o0 %5 £ £ 300 2 %-zuo
£ £ £ £ 2 2 2200 £
§200 3200 3 a0 32 3% 3200 H H
100 100 200 i NI 200 100 200 100
0 0 o o o o
0 200 400 0 200 400 0 200 400 0 200 400 0 200 400 0 200 400 0 200 400 0 200 400
T T w7 T T T T T

Channel 24 Cluster ToT

Channel 25 Cluster ToT

Channel 26 Cluster ToT

Channel 27 Cluster ToT
601

Channel 28 Cluster ToT

Channel 29 Cluster ToT

Channel 30 Cluster ToT

Channel 31 Cluster ToT

40071 'mmm Channel 24
300

00

Haufigkeit
o 8

200 400
ToT

Channel 32 Cluster ToT

Haufigkeit

300 | = Channel 25

0
0 200 400
wor

Channel 33 Cluster ToT

300

= Channel 26
o L

o 200 400
T

Channel 34 Cluster ToT

== Channel 27

Haufigkeit
o 8 8 8

200 400
Tor

Channel 35 Cluster ToT

Haufigkeit

5007 | 'mmm Channel 28

°

200 400
ToT

Channel 36 Cluster ToT

200, = Channel 29

DL
5 e

400
T

Haufigkeit

Channel 37 Cluster ToT

= Channel 30

OL
o 20

0 400
Tor

R

Haufigkeit

Channel 38 Cluster ToT

Haufigkeit

500
= Channel 31

°

200 400
Tor

Channel 39 Cluster ToT

400 | /== Channel 32

Haufigkeit
g8 8

o
0 200 400
ToT

Channel 40 Cluster ToT

Haufigkeit

3835

5001 | mmm Channel 33
100 k

0 200 400
T

Channel 41 Cluster ToT

500 | = Channel 34

= 400
S0
£ 200
100
o
0 200 400
T

Channel 42 Cluster ToT

4001 mmm Channel 35
300

200

Hautgkei
-

200 400
Tor

Channel 43 Cluster ToT

Haufigkeit

300 mm Channel 36

°

200 400
woT

Channel 44 Cluster ToT

800

== Channel 37
600
2
£ 400
2
200
0
0 200 400
T

Channel 45 Cluster ToT

Hautgket
E =

3

= Channel 38

0

0 200 400
wor

Channel 46 Cluster ToT

Haufigkeit

8007 | 'mmm Channel 39

600

°

200 400
wor

Channel 47 Cluster ToT

6001 mmm Channel 40

400

Haufigkeit
8

o
0 200 400
ToT

Channel 48 Cluster ToT

Haufigkeit

6001 | mmm Channel 41
2 t
0

0 200 400
Tor

Channel 49 Cluster ToT

Haufigkeit

8001 | mmm Channel 42
600
200

0

0 200 400
Tor

Channel 50 Cluster ToT

500 | mEm Channel 43

« 400
$300
£ 200
100
0
0 200 400
T

Channel 51 Cluster ToT

Haufigkeit

400 'mmm Channel 44

300

°

200 400
ToT

Channel 52 Cluster ToT

NI
g 300
S200
H
0
o

hannel 45
0 400
ToT

Channel 53 Cluster ToT

200 ] [ crannetss
30
£ 200
]
100
0

200 400
wor

Channel 54 Cluster ToT

== Channel 47

"rf

200 400
wor

Channel 55 Cluster ToT

00| mmm Channel 48

Haufigkeit
g 8

o
0 200 400
ToT

Channel 56 Cluster ToT

Haufigkeit

004 = Channel 49

400
300
200
100
0
0 200 400
T

Channel 57 Cluster ToT

= Channel 50

°

200 400
T

Channel 58 Cluster ToT

== Channel 51

Hautigkei
o 1B B &

200 400
ToT

Channel 59 Cluster ToT

Haufigkeit

400 | mmm Channel 52

300
200
100
0
0 200 400
ToT

Channel 60 Cluster ToT

400 { | mm channel 53
£
i L

0 200 400
ToT

Channel 61 Cluster ToT
300

= Channel 54

400
§ 30
2
S 200
2
100
o 200 a0
Tor

Channel 62 Cluster ToT

Haufigkeit

= Channel 55

r

00

00

00

200 400
Tor

Channel 63 Cluster ToT

== Channel 56

8

Haufigkeit
g8 8

50
o

200 400

Haufigkeit

400

= Channel 57
00
00
00
0

0 200 400
woT

200 mmm Channel 58

50

00

Haufigeit

0
0 200 400
T

== Channel 59

Haufigkeit
8 8 8

o
0 200 400
ToT

Haufigkeit

=

3001 | ‘mmm Channel 60

200

°

200 400

= Channel 61
% 200
£ 100
0
0 200 400
T

400 { | === Channel 62

5300

S 200
2

100

0

0 200 400
woT

250 | == Channel 63

5200
B
£ 100
s0
o
o 20 a0
o



Detector Component Status

PANDA Barrel DIRC =i FAR R FAUse & Zw
German In-Kind contribution, 100% project funding for construction via GSI BParmda
Close cooperation between GSI, FAU Erlangen, GU Frankfurt, JGU Mainz, HI Mainz 2D quantum efficiency scan

at FAU Erlangen

Key component of the PANDA PID system, innovative design Photonis MCP-PMT %,

Series production of MCP-PMT DIRC photon sensors underway

(Photonis Netherlands BV), QA measurements performed at FAU Erlangen
(A. Lehmann et al., supported by BMBF and GSI)

Preparation of fused silica DIRC bar assembly at HI Mainz near

completion, tooling and gluing procedure documented, review pending

Long-term study of impact of material candidates considered for
construction of DIRC bar boxes on bar surface reflectivity started at GSI

Preparation of first-item vertical slice “sector #0” for detector tests
starting in 2026

J. Schwiening, GSI




PANDA Component Use

Backward EMC (Mainz)

Mounting Plate

Mounting Plate

Vacuum Insulation Panels

Vacuum Insulation Panels

Cooling Shells

Cooling Shells ~—

Ealie S UErSIon Phase-0 Version

Measurement of the electromagnetic
transition form factor of the % in the
space-like region via Primakoff
electroproduction at MAMI in the Al
experimental hall

|-
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Commissioning of and Physics with the PANDA-FW-EMC at ELSA

Crystal Barrel + GEMs dipole magnet straw-tubes ToF Forward
0,15Tm endcap &

pixel detector
——

pol. target l

preliminary =

4 measurement of photons and
detection of charged particles

VSpax = 2.6 GeV

+ polarisation measurements

Strange baryon spectroscopy (A", X*):

More states expected than in the

< Do they exist ?

< Nature of the observed states=?

Non-strange baryon spectroscopy:

Gain a complete picture of the light-
quark N*, A*- baryon spectrum:

= Polarized photoproduction off the
polarized proton and neutron!

< unambiguous PWA not possible without the
measurement of polarization observables

* Multi-meson photoproduction

u, d-sector but much less states found so far!

& Are they consistent with SU(6)xO(3)- symmetry? i

e.g. \(1405), 2-pole structures / multiquark-states? w00

PDG’2022: “.., the field is starved for data”

1600F T T .
= 1 1 .
1400 L 4 3
= 1 1l 3|
1200/ i 3
5 £ : ]
- A(1405) ' E
800~ { t E =
5005_ .‘ h i A(1520) -
i H } ]
E # ity ]
200 background sum
OE‘ Yy ,qu;mi‘m‘ww‘)‘“m/m o 9 ]
1300 1400 1500 1600 1700 1800

I inv. mass [MeV]

Use of PANDA equipment and
know-how in co-operations:

BWEMC: MAMI, Mainz
MAPS: Mainz
Tracking (Straw detectors):

HADES
FWEMC: ELSA

Barrel EMC ?



1st slice of 16

cooling tests
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Status

PANDA is outcropping into hadron physics in a variety of settings, contributing
equipment and expert know-how.

PANDA is exploring options and scenarios in discussions and simulations, e.g. usage
of available equipment, ramp-up scenarios with reduced set-ups.
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 German hadron physics is very much alive.

* New exciting developments.
« AMBER is taking data and gearing up for more.

« PANDA is commissioning and using equipment for physics even without
antiprotons, while preparing for FAIR operation.
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