The PANDA Experiment @ FAIR

Subatomic Physics with Antiprotons
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Johan Messchendorp (KVI-CART) for the PANDA coIIaboratlon




Why I joined PANDA!
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Community

- interdisciplinair: nuclear, hadron & particle physics
- international: 500 scientist from 17 countries

Uniqueness

- usage of antiprotons: precision & exploration
- strange and charm “factory”

Technology

- data complexity & detector developments
- versatile instrument

@_-\
g
s




Facility for Antiproton and Ion Research
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Facility for Antiproton and Ion Researéh

3000 physicists [ ' _ g
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ﬁma nd = |
Facility for Antiproton and Ion Research

22-04-2015

Phase 0 - experimental program using FAIR
instrumentation before FAIR becomes available

Phase 1- experimental program with SIS100 and
secondary beams with “start setups”, “day 1" ~2022

Phase 2 - experimental program at full potential of
Modularised Start Version (MSV) ~2025

723l Phase 3 - beyond MSV operation
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High Energy Storage Ring

' '. | B Helix dipole 93 Stochastic

magnet kickers

| | : el 1 e R EEE o g | .
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\"\
’\’ Electron cooler
'-..'\ B Dipole magnet
i B Quadrupole magnet
= B Sextupole or steerer magnet
= [] Solenoid magnet
i [ Injection equipment
= O RF cavity / stochastic cooling device
[}
"" [] Space reserved for future upgrade
LY
«,
Y,
o ,'-."“"";- ’ it —t—d _H-l-H-|-|"'""-\
fféfnbgr,{ngéggg) RF cavites | Stochastic
0 50m
High resolution mode: High intensity mode:
» e cooling : p<8.9 GeV/c  Stochastic cooling
« 1079 antiprotons stored « 10" antiprotons stored
 Luminosity up to 2x103' cm-2s-"  Luminosity up to 2x1032 cm-2s-"
« dp/p = 4x10-° « dp/p = 2x104

Note: for MSV, no RESR present -> max. 10'° antiprotons stored
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The "magic” of antiprotons

l. Versatile
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Probing QCD at various distance scales

Particle Hadron Nuclear
physics physics physics

Oy perturbative QCD strong QClD
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Versatility of antiprotons at PANDA

p momentum [GeV/c]
Large mass-scale coverage
4 6 8 10 12 15

- center-of-mass energies from 2 to 5.5 GeV : ? — T
- from light, strange, to charm-rich hadrons AR Q0 DD AR, QR
- from quark/gluons to hadronic degrees of freedom g% DD, ZZ

=c=cC

qqaq ccqq

nﬁ:g,s§g ccg

High hadronic production rates T
- charm+strange factory -> discovery by statistics! : nng,ssg ccg
- gluon-rich production -> potential for new exotics :

: 999,99
‘ 999
Access to large spectrum of JPC states g‘%“fqg o B
- direct formation of all conventional JFC states bt P Tl :
- large sensitivity to high spin states | B | | L |
1 2 3 4 5 6

mass [GeV/c?]

Systematic and precise tool to rigorously study the dynamics of QCD



PANDA physics ambitions

Study of the strong force using antiprotons

Hadron spectroscopy & dynamics
- charmonium(-like)

- gluons excitations (glueballs, hybrids,

- open charm
- light meson systems

Nucleon structure
- electr. magn. form factors
- TMDs, GPDs, TDAs

Hyperons & Hypernuclei
- A A - hypernuclei
- hyperfine splitting in () atom
- (multi) strange baryons

Hadrons in nuclear medium
- antiproton-A collisions
- nuclear potentials of antibaryons
- charmonium-nucleon interactions

Physics Performance Report for:

PANDA

(AntiProton Annihilations at Darmstadt)

Strong Interaction Studies with Antiprotons

PANDA Collaboration

1estions of hadron and nuclear physics in interactions of antiprotons wi
1 PANDA dete t or w111 be build. G
studies will be perfc
e strong interaction. The p ed ;
tor tth HESR at FAIR allov gtl 1t ction and ider th atio: fnet 1 d
rated within the relevan t gul and energy range.

ents a summary of Lh phys: 11 at PANDA and what performance can be

p Momentum [GeV/c]
0 2 4 6 8 1012 15

1 T T T T T T T
byp
(Panda 200
R—r— Db, D5

[ 999,99
[ gaag | cqq |

arXiv:0903.305
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The "magic” of antiprotons

Il. Discovery by precision and exploration
= a few examples




Charmonium-like spectroscopy

P(4450)
2(4430) |- wws)
P(4380) | Y(4360) | T
Viazeo)| <3P | Xe1(3%P1)
42 f-
T anl ey ¥Es)]
=1 Z(4020)
o Xc2(23P2)
I 2(3900) X(3872)?
@ 38| Xc0(23Po)
CD 17
< 2MDqI-I-I-I-I-I-I-I--I-I-I-I-I-I-I-I-I-l-I-I-Iul-I-II-I-II-I-II-I-I—I-I-I
= V' (2%S)) Open charm threshold
J(21S
3.6 | &0
c2(13P
g
3.4 |
predicted, discovered
32}
predicted, undiscovered
3.0 unpredicted, discovered

Alenoosiq
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r‘/{i'_

uolIsIoald

1+ O++ 1++ 2++
JrPC



P(4450)

Z(4430)

S

“XYZ&P” states

]

MASS

4380

4.2

Z(4020)
Z(3900)

2Mp}

36}

34 |

3.2 |

20T [nrso

31So)

Ne’(2'So)

Y(4360)

Y(4260) | "gP'P1) Xe1(3%P1)

Xc2(33P2)

Y(2°D1)

P(3°%S1)

X(23P2)

he(2'P1) X(3872)?

Xco(23

V(257 Open charm threshold

w2(13P
g

predicted, discovered

predicted, undiscovered

unpredicted, discovered

1-— 1+ O++ 1++ 2++
JrPC

uolIsIoald
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Charmonium-like spectroscopy
P(4450) PANDA opportunities (benchmark):
Z(4430)
S .
s (N __gawmy |~ line shape of X(3872)
N 2oy _co(sspo):"“‘ ! © neutral+charged Z-states
VD) © hidden-charm pentaquark
T 35y | LS - X,Y,Z decays
Z(4020) P, 3
0 T XY2P2) : segrch for ne', °F4, % ;
gL NG A | SPin-parity/massdwidth of "Dz |
= ° @Sy Open charm threshold
3.6 | D&
] ]
34| - line shape/width of the h¢
S -~ radiative decays (multipole)
a0l predicted, discovered |Ight-qual’k SpeCtI’OSCOpy
predicted, undiscovered
3.0 —m unpredicted, discovered
o+ 1-—- 1+ O++ 1++ 2++

arXiv:1311.7597,1410.5201

JrPC
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Case study: the nature of the X(3872)::

P(4450)
2(4430) |- w(s) Surprisingly narrow:
P(4380) |  Y(4360)| T
e mees | [ < 1.2MeV  (D(¥”) = 27 MeV)
4.2 | -Xc0(33P0)

Suspiciously close to DD* threshold:

c}'l_' LA m Y(33S4) 387168 :l: 017 MeV
> 7(4020) NG
9 2@3900) [= = = = = = (@Py = = & S = - AE = —0.13 £+ 0.40 MeV
] 3.8 XcO(23
o L] TR0 I
= 7 v @Ss) Large isospin breaking:
n:'(2'S0)
3.6

me ™ | B(X — pJ/¥) ~ B(X = wJ/T)

34} - -
Spin-parity:
predicted, discovered
32 P
- predicted, undiscovered J C — 1+—|— PRL110, 222001 (2013)
JIP(13Sy) ’
3.0 —m unpredicted, discovered What iS ItS nature?
o+ 1-—- 1+ O++ 1++ 2++

JrPC
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Case study: the nature of the X(3872)::

400

C. Hanhart et al.,

: : PRD 76 (2007) 034007
Theoretical line-shape:

- depends on final state ... J/LIJ'IT'IT 300
- ... and nature of particle
-> sensitive observable!

Number of events/5 MeV

PANDA:
- direct formation of X(3872) 100 -
- tagging of various final states
(neutral&charged) w' cusp
- access to line-shape parameters — F\
| - | E [MeV]
virtual state

binding state



Resonance scanning

Resonance cross
section

) Line shape measurement with
CM energy resolution down to 50 keV
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Monte Carlo studies for X(3872)

Cross sections:

pp — X (3872) — J/ypmtm™

_,(L)16O._' T | Prob 0.0055
o(pp — X (3872)) = 100 nb 5,40l FANDA A w2723
Cnon—reslBp = I/t ) = 12003 | b oo

non—res \PP . [Ty = 130 keV O\ IMeV] 0.0839
o(pp — inelastic) = 46 mb 120¢ F[MeV]  0.147 0028
B(X(3872) — J/ymtn7) = 5% 100. 08719 |

Luminosity (MSV, HESRYr): 80}
1170 (nb - day)~* 60

Energy resolution (HESRr): 40;

AE = 84 keV 20 : $
P .;. T S I S T SR NN SO T T N ST PRI T R
20 points each 2 days data taking! 0206 04 02 0 02 04 06
\\'\ E - E, [MeV]

(o)
0 Klaus Goetzen et al.
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Monte Carlo studies for X(3872)
— _|_ —
Cross sections: pp — X (3872) — J/ymTm
— 80—
o(pp — X (3872)) = 100 nb > [PANDA —e— HESRr mode
Jnon_res(ﬁp % J/w’ﬂ'—i_ﬂ'_) — 12nb §70:-MG'study ............................ —m— HL mode

o(pp — inelastic) = 46 mb
B(X(3872) — J/yrtn™) = 5%

Luminosity (MSV, HESRr):
1170 (nb - day)™*

Energy resolution (HESRr):

AFE = 84 keV

~00 200 800 400 500
20 points each 2 days data taking! N T, [keV]
N

(o)
0 Klaus Goetzen et al.



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)

Py 10 e
E y* P e+
ﬁ
3]
(TDA M
| HE
P
M
e,u p
e,u

©
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Analytical nature of form factors
P q%>0 e-
Time-like Electromagnetic Form Factors
(lepton pair production) arXiv:1606.01118
p et
do T 1

_ 2 2 a2 2
Joosd 23 (1 4 cos” 0)|G | —I—Tsm 0|Gg|



Analytical nature of form factors

p qa%>0 e-
Time-like Electromagnetic Form Factors
(lepton pair production) arXiv:1606.01118
P et
R =|GEg|/|GuM]|
2.5
B A BaBar
2 + FENICE+DM2
. 1 m CMD-3
- + E835
N o
0.5 1 R
i L=2 fbl
i 2.1032 cm2s-!
0_|||||I|||I|||I|||I||1||
4 6 8 10 12 14 ~5 months data taking /point

Alaa Dbeyssi s [(GeV/c)]



Exploring the hyperon sector

v\

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

proton

Karin Schoenning



Exploring the hyperon sector

ol
T1

, Oh Models based on
1) quark-gluon picture®
=ﬂ 2) the hadron picture**

3) a combination
of 1) and 2) ***

ol
E = =
‘ | E
LA wi] vy Ci
1]l
=1
_—
+
-
[}

T - r =5} _
P e i QO P—r—r—t Q
G : D oo ‘—O PLB 179 (1986) 15; PLB 165 (1985) 187;
LK KO K NPA 468 (1985) 669;
; o _PRC 31(1985) 1857; PLB179 (1986) 15;
p ] ] @ P Q PLB 214 (1988) 317;

*** PLB 696 (2011) 352.
Karin Schoenning
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PANDA is a hyperon factory!

1000 grr T T T [T T T T [T T T T[T I T T [TT T T TTTT1= LN B B |||||||||||||§
- 1 0F ® pp— AA =
e . 1".'“"' . O..t.o: = %:s ) . e/__\z“ﬂL—E
§ # o* * S g ¢ o LTI 7

— ° ° o + _
Q IOE_ ° _E ; # ° %2”20 _é
= :! t : 1 oEmle T e ¥y
° e =l . SEFE 3
- 1 F T 7
OJE_ /_\A /_\20 iz _E ?—E f_lﬂ A _é
001:/| b B
140015 16 17 18 19 2 2.1 2 4 6 8 10 12 14

Momentum [GeV/c] Momentum [GeV/c]

* A lot of data on pp — AA near threshold, mainly from PS185 at LEAR*
 Very scarce data bank above 4 GeV
* Only a few bubble chamber events on pp —

- No data on pp — QQ norpp—)AA

[I]I

P
=
[

Karin Schoenning * See e.g. T. Johansson, AIP Conf. Proc. of LEAP 2003, p. 95
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PANDA is a hyperon factory!
pp— AA, T2, X030 T3t E'EY, EYET, Q'Q L ACAT
N i i Lol
pr~ pr’ Ay nr An® Am AK Anm
64%  52% ~100% =~100% =~100% =~100% 68% ~1%

1.64
4
4
12
12

Karin Schoenning

pp — AA

pp —> AL’ ~40
pp > EE ~2
Pp — O~ ~0.002
pp—> AN O

29 s
50 s
1.5
~4 h
~2 day"

N
o



PANDA is a hyperon factory!

Rich set of polarisation observables /

(double) strange and charm baryons M

A

Explore hyperon dynamics above 4 GeV

1.64 p — AA 29 s
4 PP —> AS° ~40 ~30 50 s
_ — ) N
4 pp — :,+:, ~2 ~20 1.5s 0@‘*
12 p—>Q'Q  ~0.002 ~30 ~4 h-t
12 p—>A AT ~01 ~35 ~2 day-’

Karin Schoenning
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NPA 954, 323 (2016)

» missing mass (K ,K*) reactions

>
>

capture

[x] [1]

particle
unstable
states

Y-unstable
states

ground state

Josef Pochodzalla

capture and = p—>AA

A
AAZ

~

= = bound state J-PARC
= = atoms J-PARC, FAIR
= AA hypernuclei J-PARC, FAIR,HI

[1]

strong decay - fragmentation
heavy ion reactions

inv. mass reconstruction in 4x
STAR, ALICE, HYPHI, CBM,...

A
y-decay AZ
hadronic interactions
y-detection in Ge-arrays
PANDA

W weak decay - fragmentation
I meson induced reactions

y
A

y

N4

A

inv. mass reconstruction in emulsion
J-PARC-EQ7



=" production
PN—o = =

rescattering in
primary target nucleus

deceleration In
secondary target

capture of =2

atomic cascade of Z-

= p—=>AA conversion
fragmentation
— excited AA-nucleus

y-decay of AA hypernuclei

weak pionic decay

Josef Pochodzalla



Double A hypernuclear spectroscopy

Cooler Electronics Germanium

Alicia Sanchez Lorente, Hyperfine Interact 213, 41 (2012)
14 14 e T )
12 12| .
r 9 .. 1
10 10F b) , ,Li .
secondary " o oF
target £ 8 z 8f E
ge S c
3 = r
8 6 8 6
4 41
2 2f
o0 12 345 6 7 8 9 10 06 12 345 6 7 8 9 10
Energy (MeV) Energy (MeV)
14 12_""I""I""I'"'I""I""I""I""I""I""
12 10:_ n
primary 10 d) ’Be
target 8 .
28 2 ]
S S 6 .
30 86 8 :
4 4: ]
25 I ]
2 2r p
Target " 20 | I : ]
Beam 0 0
1% 01 2 3456 7 8 910 01 2 3456 7 8 910
15 Energy (MeV) Energy (MeV)
10

~33.000 stopped = "’s per day

-x [er..,

Josef Pochodzalla



Quadrupole moment of hyperatoms

- reaching for the unthinkable!

l_]j'c'l nda

NPA 954, 323 (2016)

”The precision measurements of X-rays from Q™ -Pb atoms will certainly require a future
generation of accelerators and probably also physicists” - C.J. Batty (1995)

Study “shape” of spin 3/2, |[S|=3 ()~
Complementary to nucleon structure

Meson cloud correction expected small

1.5

Transverse charge

densities (LQCD)
1.0 1.0

0.5 0.5
z € / )
£ 0.0 £ 0.0 ' '
> - \ i
~05 ——— ~05 =
~1.0 ~1.0 ]
Q L Q P
pT3/2(b)- pﬂ/z(b)-
-15 ~ ~ ~ ~ ~ -15 t t t t t
215 -10 -05 00 05 1.0 15 -15 -10 -05 00 05 1.0 15
b, [fm] b, [fm]

Alexandro et al., PRD82, 034504 (2010)

Model Qq [e-fm?]
NRQM 0.02
NRQM 0.004
NRQM 0.031
SU(3) Bag model 0.052
NRQM with mesons  0.0057
NQM 0.028
Lattice QCD 0.0.005
HByPT 0.009
Skyrme 0.024
Skyrme 0.0
QM 0.022
YQM 0.026
GP QCD 0.024
QCD-SR 0.1
xPT+qlQCD 0.0086
Lattice QCD  0.0096+0.0002

Reference
NP33,772 (1981)
ZPC12,369 (1982)
PRD25,2395 (1982)
NP45,109 (1987)
PRD41,924 (1990)
PRD43,3763 (1991)
PRD46,3067 (1992)
PRD49,3459 (1994)
PLB334,287 (1994)
PLA10, 1027 (1995)
ZN52a, 877 (1997)
JPG26,267 (2000)
PRD65,073017 (2002)
EPJC61,311 (2009)
PRD80,034027 (2009)
PRD83,054011 (2011)

Josef Pochodzalla



The "magic” of antiprotons

lll. Technological innovation
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Glueballs
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100nb ® X2
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@ X(3872)
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Detector requirements

» 47 coverage (partial wave analysis)

» High rates (2 x 107 annihilations / s)

» Good PID (v, e, u, &, K, p)

» Momentum res. (~1%)

» Vertexing for D, K%, A (ct =123 pum for D?, p/m »2)

> Efficient trigger (e, n, K, D, A)

» No hardware trigger (raw data rate ~TB/s)
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The PANDA detector

~13 m




5=
x
=8
PH

The PANDA detector

_ 03.12.2015
Clusterjet- or

Pellet-target

cluster beam
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The PANDA detector

Barrel DIRC Muon
Forward
Barrel TOF | Detectors Shashlyk EMC
“ i Endcap DIRC Muon Range
‘ ™S / Forward RICH System

Hypernuclei: pamiii

Forward TOF

i
il
 —— - ; ¥ - v
. 1 = -4
TR ), — d 7
%\‘ Ex |
L lili { | »
i IR 2 i
N [ y
Ll i
NN & L — =l |
| il LI | &
|
- g
% %

T8
= by V
GE Forward . -

Straw Tube Detector Tracking System  Luminosity
Tracker Monitor

Detector



QCD physics - the next generation computing

Me, “tomorrow”...

PANDA

107

10°

10°

10t

Reaction Rate / Hz

High Reaction Rate Andreas Herten (FZ)),
200 GB/s) Klaus Goetzen (GSI)

LHCD
O

HERA-B
o

BESIII

R

High Level-1 Trigger
(1 MHz)

ATLAS
CMS

Me, ~20 years ago...

.UA1
10° 10° 107
EP Event Size / bytes




New paradigm in data processing

Towards a free-streaming data-processing scheme for PANDA!!!

\
|

Signals Buffers Level 1 Feature Extraction Event Selection
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The PANDA experiment at FAIR ...

... offers a unique environment to study QCD
in its many facets.

... is working on a long-term program for todays
and the next generation physicists.

... with key experiments already at “day one”.
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Thanks for your attention and
for all the support to PANDA!!
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New optimism for panda survival

BBC N inv and aud

The giant panda has a better
chance of survival than
previously thought,
scientists have discovered.

Africa
Americas
Asia-Pacific
Europe

Middle East The fear had been that their
South Asia pamboo diet, slow reproduction[it
UK rate and isolated habitat made ;

England them unable to adapt as a
lorthern Ireland species in the modern world.

Scotland
Walesl But research by Cardiff

University and scientists in Beijing shows they are more

UK Politics
Education

capable of evolving than believed.



