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What to expect from this presentation?

Features of PANDA

Overall physics ambitions

Focus: baryon studies from |S|:o-3

Focus: “Phase One”

Touch the “beyond” Phase One



The dynamics of QCD!

Strong coupling

perturbative QCD
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Facility for Antiproton and lon Research




Facility for Antiproton and lon Research

ESFRI Landmark near Frankfurt, Germany
Top priority for European Nuclear Physics Community

Driver for Innovation in Science and Technology
3000 researchers (200 institutes, 53 countries)
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High Energy Storage Ring - precision antiprotons
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« Momentum range: 1.5 -15 GeV/c
» Stochastic cooling: dp/p<5x10-5
« Accumulation: 1010 antiprotons in 1000 S =]y 101! antiprotons

o Luminosity up to 2x1031 cM2S"! m—————————p  2x1032 cm-2s-1



Versatility of antiprotons

E:FEI_I da

Large mass-scale coverage
- center-of-mass energies from 2 to 5.5 GeV
- from light, strange, to charm-rich hadrons
- from quark/gluons to hadronic degrees of freedom

High hadronic production rates
- charm+strange factory -> discovery by statistics!
- gluon-rich production -> potential for new exotics

- good perspectives already at “Day-One"!
|

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

- large sensitivity to high spin states

Associated hadron-pair production
- access to hidden-strange/charm hadrons

- tagging possibilities

- near thresh.: good resolution and low background
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Systematic and precise tool to rigorously study the dynamics of QCD




PANDA physics overview

E-FEI_I da

LIGHT

BESIIl, COMPASS, EIC, JLAB, ...

Generalized parton distributions

CHARM STRANGE
BELLEII, BESIIl, COMPASS,
JLAB, LHCD, ...
Spectroscopy
Hidden/open-charm states
Gluon-rich QCD states
Light-meson systems
Bound States
Strangeness and Dynamics

Strange baryon spectroscopy
Hyperon production & polarization

Hyperon transition form factors

of QCD

Nucleon Structure

Drell Yan process

Time-like form factors

BESIII, JLAB, JPARC, HADES,

Hadrons in nuclei
Hyperon-nucleon dynamics

Hyper-atoms and nuclei

Nuclear Physics

MAMI, ELSA, ...

CBM, HYPHI, JPARC, ...




Staging of PANDA

Day-
One

 Startup  Startup * Full detector  Full detector
detector detector e 1 fb- « 10 fb-
e 5pb1 « 0.5 fb-1
t + RESR

Today: Phase O
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Physics staging at PANDA

Cross section

= e

10

100

10

ub

ub

nb

Nnb

Nnb

Center-of-mass energy

@

CIECZ 3o CCEiCxe

T 1ra >

Hyperons

Glue#alls

@ X(@3872)
charm ®

NTT°
@
Xco Hybric

e e s E = |

I R Y s S =T = S
P e S

""" Physics sensitivity

at the various phases

Integrated
luminosity:

5 pbtl

0.5 fb1
1 fbl

>10 fb!



11

PANDA “full” setup

DPDanda

Not shown: modular
hypernuclei detector

Barrel

Muon

Barrel
DIRC

"
Cluster Jet rﬂf |."—_r-
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PWO

Micro Vertex
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Tracker
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Muon Range
System
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parnda
PANDA “startup” setup

Not shown: modular
hypernuclei detector

Forward
- End%[)”qc ‘I-II:(a);I/:er
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=8 wmum \'-

' GEM
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Forward
Tracking System
41 2 Stations + LHCDb
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PANDA- the structure of the proton

Time-like Electromagnetic Form Factors
(lepton pair production) arXiv:1606.01118

Transition Distribution Amplitudes
(meson production) arXiv:1409.0865

Generalised Distribution Amplitudes
(time-like Compton, hard exclusive
processes)

Transverse Parton Distribution Functions
(Drell-Yan production)

Ol
Q
N
\'4
o
(4]
1

e-l-
[3
v
P
v
e,u P
e,u



15

E“EI_I cda

Analytical nature of form factors EPJA 52 325 (2016)
b q2>0 e
Time-like Electromagnetic Form Factors
(lepton pair production) arXiv:1606.01118
o .‘_::_\__I:_ e +
do T 1

(14 cos? 0)|Gar|* + = sin? |G g|?
—_— T

dcosf 2—53



16

Analytical nature of form factors

DPDanda

EPJA 52 325 (2016)

Time-like Electromagnetic Form Factors

(lepton pair production) arXiv:1606.01118
T 2
Ao BaBar v CMD-3
R — Gel . PS170 BESII2015

BESII2019

E )| ’GM‘ = BESII(ISR)

Phase-1
pp =2 e‘e
pp =2 ete
4 6 8 10 , 12 124
g [(GeV/c) ]

Alaa Dbeyssi

P a?>0 e-

p et

@1.5 GeV/c ~220/day
@3.3 GeV/c ~10/day
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Analytical nature of form factors

Time-like Electromagnetic Form Factors
(lepton pair production)

Results for Phase-3((L=2 fb!

x 2 ] + -
B e PANDA sim p M v CMD-3
L A BaBar BESII2015
- | LEAR BESIII(ISR)
15 B FH, + BESII2019
il =NINATE
i T~ Ul
1 ~ T v/r T 'Y i
0.5 + ‘ 1 |

| 4 5 6 7 8 9 10
q° [(GeVic) ]

Iris Zimmermann, Alaa Dbeyssi

_ 2 =
P Vet ut
Features:

 Lepton universality
» Radiative corrections

EPJA 57, 30 (2021); arXiv:2006.16363
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Ppanda
Form factors from space to time-like region

> B
€ _ B
B 3 ete” - BB
BB — (T4~
e B—-e™ B BES III
e.g. JLAB BELLE II
PANDA
O =g | - >
T =0 T =0 q> = (memBJz = me"mBQ2 g?

Space-like and time-like are related by dispersion theory!
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Ppanda
Form factors from space to time-like region

Day-1
R pp 2 eten® @1.5GeV/c ~ 3'500/day
ﬁ 1'[0 et B
e e R B S R
a _ B
B B ete” - BB
BB — ¢ti~
e Boe B e BES III
e.g. JLAB unphysical” region BELLE II
N PANDA
2 2 | >
_Q = q <O q2 =0 qz — (mBl_mBJZ qz _ (mBI+mBQZ q2

Space-like and time-like are related by dispersion theory!




Ppanda
Form factors from space to time-like region
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Space-like and time-like are related by dispersion theory!
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Ppanda
Exploring the hyperon sector

What happens if
we replace one of the
light quarks in the proton
with one - or many -
heavier quark(s)?

proton

Courtesy: Karin Schoenning



Hyperon dynamics

Strong production dynamics
* Relevant degrees of freedom?
 Strange versus charm sector?

* Role of spin?

Courtesy: Karin Schoenning
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Ppanda
PANDA Is a hyperon factory!

1000

:l LT T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 143 T T I T T T T | T T | 1T | |§
1 T.Johansson, AIP Conf. Proc. of LEAP 2003, p. 95. j o Fp s E
100;— o 0 $~..‘ 0. “‘00 —§ L% £ & ® —>/_\20+cc—§
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© 1g I E = 3=
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0,1 ==L S0 = o= ==l — 7 =
=% AA A" | >, 3 EZE QQ AA, E
0’01 _l [ | [ | | |L | I [ | | |l| 1 I [ I L1 I_ —l | i
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|
1,4 1,5 1,6 1;7 1,8 1;9 2 21 2 4 6 8 10 12 14

Momentum [GeV/c] Momentum [GeV/c] \(\‘3'6
A
@ 103' cm?s’! /day
1.64 pp = AA 64.0 16.0 44 87 3.8-10°
1.77 pp - Z°A 10.9 5.3 2.4 8™ >11** 207 000
6.0 pp — %A 20 6.1 5.0 87 21 432 000
4.6 pp > ETE” ~1 8.2 0.3 274 26000
7.0 pp —» EYE~ ~0.3 7.9 0.1 65 8600

Courtesy: Karin Schoenning **90% C.L.
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PANDA Is a hyperon factory!

Rich set of polarisation observables

(double) strange and charm baryons

Explore hyperon dynamics above 4 GeV

I(cosfp) = %(1 ycoseB) N

66
BESIII, Nature Physics 15, 631 (2019) \(\@'

Pbeam (GeV/c) Reaction o (ub) £ (%) Rate Events
@ 103' cm?s? /day

1.64 pp = AA 64.0 16.0 44 87 3.8-10°
1.77 pp - Z°A 10.9 5.3 2.4 8™ >11** 207 000
6.0 pp — %A 20 6.1 5.0 87 21 432 000
4.6 pp > ETE” ~1 8.2 0.3 274 26000
7.0 pp —» EYE~ ~0.3 7.9 0.1 65 8600

Courtesy: Karin Schoenning **90% C.L.



Ppanda
PANDA is a hyperon factory! EPJA in print, arXiv:2009.11582

N —
- 1-PANDA

o MC simulation
+

Rich set of polarisation observables = LPp — ]\A

(double) strange and charm baryons

-0.5 T
b (PN +P))2
Explore hyperon dynamics above 4 GeV -1 — Input

\
-1 -0.5 0 0.5

Cos 6_1
A

Day-1:
Reproduce LEAR studies @1.64 GeV/c

Spin correlation C_
Spin correlation ny

Extend at 4 GeV/c and for |S|=2 hyperons

Phase-1:

Spin correlations in |S|=1,2

(€, +C2

Spin correlation C |

0.5

b

Extend to |S|=3 and charm hyperons

— Input

1
-1 -0.5 0 0.5 Cos exl
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Ppanda
Antihyperons in nuclei @ Phase-1

Josef Pochodzalla

Phase-1: antihyperon optical potential

A
©

Exploit abundantly produced hyperon-
antihyperon pairs near threshold

Momentum asymmetry measurements:
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PpPandas
Antihyperons in nuclei @ Phase-1

Josef Pochodzalla

Phase-1: antihyperon optical potential

Exploit abundantly produced hyperon-
antihyperon pairs near threshold

P UL AL
i 005 4 1.52 GeV/c ®Ne(p, AA) E
© n GiBUU rel. 2017 "
£ O-— —+—1:t + -
Spectrum: ~12 hours of beam 3 F LT Aol ™
time at interaction rates 106 s-1 S osHE 4T %—f—“ﬁ# + B
8 K _+_ e oo ]
- . 5 F- @&Pﬁw:
Striking sensitivity to potential 2 0.5+ +
: i—o 155 *x jE
First step towards hyperatom and § L 0.00 #0.25 .
hypernuclei program 3 -02F 4050 v0.75 :
= +1.00 + J( :
U&7 -0.5 1

Iongltudlnal asymmetry oy



Hyperon spectroscopy

Overall
Particle JF status

=2(1318) 1/2+ el
2(1530) 3/24 | k%

e PDG: "[...] nothing of significance on = resonances ;82382 S

has been added since our 1988 edition®* =(1820) 3/2— s#xx

=(1950) ;

e Phase-1: 20 events/s produced ngggg
e Good background suppression through tracking §§§§;8§ ok
=(2500) *

M. Tanabashi et al. (Particle Data Group),
Phys. Rev. D 98, 030001 (2018)



Parnda
Hyperon spectroscopy

Map out the |S|=2 excited baryon spectrum

: b
N <
A
_r[+

+
Tt



Hyperon spectroscopy

DPDanda

EPJA in print, arXiv:2012.01776

Map out the |S|=2 excited baryon spectrum
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MC generator
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Detector response.

— -
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final sample

counts

2.6
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3

P N T T T R
3.2 34 36 3.8
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2,

Jennifer Puetz, Albrecht Gillitzer
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Hyperon structure with PANDA@HADES

HADES UPGRADE

Forward Detector

[T 1Y

|
Straw Tracker RPC

n
2
g
a

4

Flagship example:

HADES with PANDA@HADES Collaboration, EPJA in print, arXiv:2010.06961 (2020)

Y0 5 Aete

Sa*










=" production
PN—> = =

’hase 1/ Day 1
rescattering in

primary target nucleus

“Late” Phase 1
deceleration In

secondary target

capture of =2

atomic cascade of Z-

Zp->AA conversion

fragmentation
— excited AA-nucleus

cia Sanchez Lorente,
perfine Interact 213, 41 (2012)

y-decay of AA hypernuclei

weak pionic decay
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Ppanda
Hyperatom/nucleus setup

Marcell Steinen, PhD dissertation

PANGEA

Target system

......

.......
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Ppanda
Hyperatom/nucleus setup

Marcell Steinen, PhD dissertation

Primary target Secondary target

Hyperatom
passive, ““Pb

Hypernuclei
active, "*"'B
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Hyperatoms - the basic concepts

Hyperon puzzle in
neutron stars

Mpeqz = 2570 Myed,e
High initial (n,l) states
X-ray energy to keV-MeV
— Germanium detectors

n2

Radius of states: r «
Myed

—> Nuclear interaction in
neutron rich periphery

- Measurement of Vz

= NWHArOI1ONOCO

Marcell Steinen, PhD dissertation

012 68 69

KA ____¥

_________________ S

_________________ Auger

transitions

CIIIIIIINGT

___¥_ ______ v

__________ 2»'n +2 Radiative

’ 0 . ew

mmmrmramczsnmeeceaew B transitions
~ n.+1

R il e e e _’ 0

i

I : = .208pp

— — — Nuclear

— —  absorption :

D T T

Adaptation from T. Aramaki et al Astroparticle
Physics 49 (2013), pp. 52-62
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Hyperatoms - the observables

Marcell Steinen, PhD dissertation

(n=11)

Nuclear
Y2 absorption = (n=10)

Yo

[i°  and width N\ .1 ce=. (n=9)
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panda
Hyperatoms - the expected signal

Based on GIBUU tanspor mode“ Marcell Steinen, PhD dissertation

Inclusive events

-
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©
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Counts/0.5 keV
2 3
_I]TI'I'—['TITTTTII ||1||m| TT IIIITI Illlﬂ'ﬂl IIIIIﬂTI IIIIIIII| T[TTIT]

Illllllllllllll[ll[

Signal to noise ratio
o

I].l.ll._.LLLLllllL..l_LLLllﬂI_.L.L_I.llI.l] IHIJ.I.UI lliIlLI.ll lllllll!l i
o
& o

100 (EAE)
10° (EY‘/\EYZ) A K* E__H_ “' $ +
i (EY1/\EY2) A K* A Veto —0-1; "' + _é
| L ( ] i | . ! L | i : i 2 | i i i | 1 1 L 1 | 1 L L 1 | L 1 L 1 | I 1 n
> ot ——f AL 550 555 560 565
L 1400 + - E, [keV]
(g + +++ + 72
S 1200( H“lr kbt T "H e +++++++-l++++ +:F
*,:-_;' PANDA
o1°°° 550 555 560 565
© [keV]

» Signals after cuts (180 days): 1237
* Signal efficiency: 0.9%

* Background suppression : 2-10°
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Hyperatoms - complementary experiments

to Hyperball-X

Fe target

to KURAMA
spectromter

g
K+

J-PARC EO3

"-hyperatom transitions (n

Marcell Steinen, PhD dissertation

Expected number of observed transitions
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PANDA
180 days, 2 10° s
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We have follow-up ambitions!

E“EI_I cda

Spin dynamics

\/

/

Spectroscopy

Q*

-2 Ph

Quadrupole moment!

Stay tuned ....




Strangeness Studies
with PANDA at Phase One

w
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