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Momentum range

Momentum range 1.5-15 GeV

at 5 GeV AE=250 KeV !!
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High resolution mode of HESR

» Stochastic and electron cooling of beam for p < 8.9 GeV/c
«  Momentum resolution: Ap/p < 4x10-°

» Peak luminosity: 10°' cm? s’

Precise measurement measured
of masses and widths of rate
resonances

- only dependent on beam

momentum resolution bea!'n
> unique at PANDA profile

resonance



PANDA Physics in General

Charmonium Spectroscopy. A precise measurement of all states below
and above the open charm threshold. All charmonium states can be formed
directly in annihilation in the invariant mass range GeV;

Search for Gluonic Excitations. i.e., hadrons consisting of pure glue and
hybrids, which consist of a qgbar pair and excited glue. These objects may
have exotic guantum numbers JP¢- Exploration of X, Y, and Z ( cc-like) states,
multi-quarks, quark molecules, etc.

Electromagnetic Processes. Study of proton form factors in the time-like
region up to 14 (GeV)?. pp—e’e’, pp—>e‘exw

Study of Hadrons in Nuclear Matter. So far, experiments have been focused
on the light quark sector. The high-intensity antiproton beam of up to 15 GeV/c
will allow an extension of this program to the charm sector both for hadrons
with hidden and open charm.

Hyperon Physics. Efficient production of hypernuclei with more than one
strange hadron. Measurement of the cross sections and polarization parameters
in exclusive reactions like pp— A4, pp> £ 5, pp—> 22, pp o> AA,

Of particular interest is the study of production of multi-strange and charm
baryons.

PANDA Collaboration, Physics Performance Report



Example X(3872)

HESR: average luminosity 1170 nb-'/d (MSV0-3, no RESR)

« PANDA: estimate of cross section:
o(pbar p -> X(3872)) = 100nb i.e. 1.17x10° X(3872) produced per day
X(3872) -> Jhpp? —>ere/utn wrx only:
statistics: ~120 reconstructed events per day (full simulation)
with RESR: factor 10 more
precise measurement of width/line shape by energy scan ~100keV,
decisive for 4 quark states
« BELLE Il
estimated statistics: 1500 events in 4 years
« BESIII:
statistics: ~20 events in 4 weeks

PANDA: ~120 X(3872)/day, 820 Y(4260)/day, 180 Z(3900)/day

PANDA is a X,Y,Z factory
high statistics X,Y,Z data sample RN GCD.S016.002, QWG 2016

/



Sept. 139 2016:
FAIR got the formal approval to start going to the market
for inquiry, award and execution of civil works contracts
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PANDA Collaboration

More than 520 ihismlsts from 70 institutions in 19 countries
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PANDA detector

0 100 KeV mass resolution
by beam momentum scan

U1%06 produced particle
momentum resolution

O 2x107 st event rate capability
Ostand 1032 cm=? stinst. luminosity

Unearly 4n acceptance,
high detection efficiency

Usecondary vertex
reconstruction

for D, K%, A (ct = 317 um for
DY)

QPID (y, e, u, &, K, p)

Uphoton detection 1 MeV — 10
GeV

Target Spectrometer Forward Spectrometer

Forward RICH | i . =

Muon/Hadron ID

Figure 2.1: Artistic view of the PANDA Detector

Targets: pellet H(D) target

frozen drops of 25-40um, controlled position;
Target station for hyper-nucleus physics;
Wire targets for pbar-A interaction

Total integrated luminosity about 1.5 fb-1/year



PANDA startup/ full configuration detector

Cluster Solenoid Muon Dipole Muon Luminosity
& Pellet Magnet Chambers Magnet \[oF Range Datector
Target 0 \ f System

Hypnr e
nuclear | [N —"I e -—h . I"""m"
Setup |j| A .-.._.__

= ,.Jmnmnﬂ],'.‘!

T

Barrel MVD STT Barrel GEM Disc  FE Fwd FRICH{ FToF ) FSC
DIRC EMC Trk DIRC EMC Trk1-6
& ToF
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Forward TOF wall functions

PID of forward emitted particles using time-of-flight information:

protons < 4.5 GeV, kaons < 3.5 GeV, pions < 3. GeV
where forward RICH is not effective

time resolution of 50-100 ps required

FS momentum resolution 0.01
Al ..k ~2-3mm (10 ps)

Event start stamp reference time — T

with RICH identification A T, =100 ps
without any PID for Ml particles AT, = few ns

Possibility to use Abar for detector calibration
very high Abar detection efficiency

Can be used as start for determination of the drift time in DCs

12



Forward TOF wall configuration

Project cost 471 kEU 2x23 counters

positioned at 7.5 m

from IP

Side parts

46 plastic scintillators
Bicron 408
140x10x2.5 cm

92 Hamamatsu R2083 (2”)

140

L .M!a!n!a!s!t!t'

Central part
20 counters
20 plastic scintillators
Bicron 408
140x5x2.5 cm
40 Hamamatsu R4998 (17)

W
|-l.|!|!|!|'|!l'|!i||'l" o "
"y ?"

Sensitive area
width = 5600 cm
height= 1400 cm

Bicron 408 Fast PMTs (hamamtsu)
(recommended for large TOF counters) R4998 17 (R9800) , R2083 2 (R9779)
Rise time 0.9 ns Anode pulse rise time 0.7-1.8ns

Decay time 2.1ns TTS 250-370ps (FWHM)
1/e light attenuation length  210cm Gain 1.1-5.7x1068

13



Prototyping / PMT characteristics

PMT Photocathode | Anode Electron Transition Gain/ | Typical
diameter pulse rise [ transition | time spread | 10° voltage
(mm) time (ns) | time (ns) (ps) (V)
R4998 |25 (linch) |0.7 10 160 5.7 2250
R9800 |25 (linch) |1. 11 270 1.1 1300
R2083 51 (2inch) 0.7 16 370 2.5 3000
R9779 |51 (2inch) |1.8 20 250 0.5 1500
XP2020 |[51(2inch) |1.6 28 ?? 30 2000
- signa Lo
?-g: * _noise 1,04 .
16} R4998 ‘ 0s]  RO77I
. 1:2: - = 0,6
E 10 =
5 06! - g o4
2 gi ? 02
02 L v " | 0,0
004 = s e s e & e e : - - : : - - T
A 1:6 1:8 2:0 2:2 2:4 1011121314 1516 1,7 18
HV (kY HV (kV)
. = signal
4,04 : iggzl 25! * noise
22 R2083 o v R9800
< 2,51 ) . ) ‘?: 1,5+
5 201 L T 10
& 1,51 . o
? 40 R 05
05, =" ) 0,0-
0 o2 2 25 2550 32 54 58 0607 080910111213 14 15

HV (kV) HV (kV)




Prototyping at test station

BC408 plastic scintillator

L=20 mm (1 inch PMT)

:

PMT 0 H PMT |

d=45 mm

L=30 mm (2 inch PMT)

After offline amplitude

corrections ‘ ‘

PMT_1 6 1pc 1 (PS) |6 pmr (PS)
R4998 72. 63.7
(4998/4998)

R9800 86. 79.2
(4998/9800)

R2083 72.6 64.4
(2083/2083)

R9779 64 54.5
(2083/9779)

XP2020 (2.5, 82 74.8
2.36kV)

2 MeV energy deposition, 2x10% photons

Track walk in scintillator o, = 15 ps
Electronics contribution o, = 30 ps

After corrections
for electronics and track walk

|




SiPM timing tests

. : 1 1
Amplitude correction At=At,-a(-——=-—)-b

4 9

variant A S10931
after corrections ¢ =103 ps

variant B KETEK 6660

Variant A .
after corrections ¢ =65 PS
$10931-50p 3340 mm $10931-50p _ _ _
e i >—————€¢ 33mm Table 4. Main parameters and time resolution of KETEK 6660.
gué’ Supply Siguz?] }Coiu.e Cllu‘rent C.'llu'rent OTDC 1 | Gy | OKETER
Sr voltage | amplitude | amplitude | without | with (ps) i (ps)
(V) (mV) (mV) 25y 25y (P\;)
Variant B mm (mkA) | (mkA)
26.35 [ 2030 ~0.3 7.5 9 120 | 84.8 §1.1
‘ KETEK \ 6x6X15 mm | KETEK \ 26.85 | 70-90 ~0.5 11 13 100 | 707 66.1
2 —p | 2
6x6 mm 6x6 mm
%
Sr

16




Readout electronics

O In prototyping, available at home electronics ( LEDs, TDCs,QDCs) used

O In real experiment, PPGA standard based on TRB-3 and Padiwa 2(3) developed
in GSI planned:
-TRB 256 channel programmable TDC,; " -
- Padiwa 8/16 channel discriminator
- for amplitude correction TOT principle used

Threshold

\ I.l,-"l?mmlog signal
N
Test results

Measured
* TRB+PADIWA resolution with pulser 25-30 ps
*  With KETEK's -112 ps
* Dependency of TRB on temperature
*  With pulser —shift 10 ps
*  With KETEK’s — shift 100 ps

Online TOF calibration

17



Beam tests at 1 GeV PNPI SC

g/ s1
1 GeV proton beam s3 | = S4

Proton beam ~ S22 10
M1-M3 ) Protons

Spectrometer MAP

i@ S,S, scintillation slabs B408:
o Tl length 100, 140cm
width 2.5, 5,10cm
thickness 1.5, 2.5cm
S;S, 1x1xlcm
R4998, R2083, Electron187

Proton energy E_ =740 and

920MeV, o(E,) about 0.5%
Scattered protons up to 108/cm? (Ep) 0

B408 thickness 2.5cm
Energy deposition = 5MeV

Scintillation Efficiency
several 104 photons/MeV



Beam tests using 920 MeV protons (summary)

scintillation slab PMT timing resolution comment
dimensions (cm) o (ps)
140 x 10 x 2.5 Hamamatsu R2083 |70 (64.4 °°Sr) | Recommended for a
(both ends) prototype for the FTOF
wall.
140 x5 x 2.5 Hamamatsu R4998 |67 (63.7 %°Sr) | Recommended for a
(both ends) prototype for the FTOF
wall
140 x 2.5 x2.5 Hamamatsu R4998 55 a variant of a prototype with smaller
(both ends) stintillator width
140x5 x 1.5 Hamamatsu R4998 (both | =90 projected originally for the FTOF wall
ends)
140 x2.5 x25 Electron PMT 187 (both | 80 magnetic field protected,

ends)

19



MC studies. FTOF wall particle ID

TOF resolution oo =50 - 100 ps

FS momentum resolution Ap/p=0.01

AL/L neglected

Oror




MC studies. Count rates of FTOF wall at 10 GeV and e* e~ background

2107 Pyoam =10 GeV

All
Pbar forward
peak
et e all

=200 =100 0 100 200)" cm 0 2 4 6 8 b, Ge\v:'

e* @ produced in
vacuum pipe

e* @ backward
scattering from
EMC (dashed)

0 0.2 0.4 0.6 08 o Ge\F 0 0.02 0.04 0.06 0.08 b, Geg'.l
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MC studies. Abar detection with FTOF

p+po>A+X Ao p+n’

0.72x10° pp interactions,10 GeV

600 DPM,p+p-A+X A detected with high efficiency (20%)
F m,=1.11568 GeV at weak selection criteria
ox= 08 MeV N, /N ; 1/40
400 Na= 2819 A events also well detected
n =0.99
h*h"
200 Algay <100 ps @10°%'target interactions (L ~10%*s'cm™)
N, =4x10°s™ 1
can be used to tag exclusive reactions, e.g.,
J L _ pp — AA production 25x10° events/ 7days

0 -~
1.1 1.11 1.12 1.13 1.14
m,, GeV

22



Summary

O MC simulation demonstrates functionality of FTOF wall:

- FTOF wall can stand to maximum count rate in central part of FTOF wall at L =1032 cm™ s!
Background related to e*e pairs production peaked at very low momenta is small;

- FTOF provides PID for forward emitted particles with momenta below 3-4 GeV,

- FTOF provides determination of event start time stamp within 100 ps

- High rate and good efficiency - Abar detection with FTOF wall may be used for calibration.

O Prototyping is completed. Geometry of FTOF wall and its components is

optimized.

- Preliminary selection of photo detectors (PMTs and SiPMs) is performed using test station.
For Hamamatsu PMTs timing resolution about 60 ps is obtained. A similar result is
obtained for KETEK PM6660 (6x6 mm?) samples .

-Big counters (mounted on scintillation slabs of 140 cm length) has been investigated

at proton beams. Thickness of the slabs is optimized.

- Timing resolution of 70-75 ps is obtained at the PNPI SC using 920 MeV

under condition that hit position is measured

- Without hit position independent information, timing resolution better than 80 ps

can be obtained by measuring T3+T4 combination.

The obtained results on FTOF design, prototyping and obtained experimentally timing
resolution meet the requirements of PANDA experiment.

23
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Key experiments of the start phase

Concentration on unique and forefront physics topics

« Precise measurement of the line shape of narrow XY/Z-states, e.g. X(3872)
(only possible in proton—antiproton, counting experiment, clarification of the
nature of the states)

« Resonant formation of the negative and uncharged partners of the Z-States
(only possible in proton—antiproton, clarification of the nature of the states)

* Production of multi-strangeness baryons
(unexplored, new territory, ,Strangeness-Factory”)

« Production of high spin charmonia (only possible in proton—antiproton)
light mesons, baryons and production of hybrides und glueballs

« Measurement of the electromagnetic form factors of the proton in the time-like
domain with electrons and muons in the final state

XYZ-, hyperon factory

4D



Forward TOF wall functions

PID of forward emitted particles using time-of-flight information:

protons < 4.5 GeV, kaons < 3.5 GeV, pions < 3. GeV
where forward RICH is not effective

time resolution of 50-100 ps required

FS momentum resolution 0.01

Event start stamp reference time

Possibility to use Abar for detector calibration

Can be used as start for determination of the drift time in DCs

26



Open questions

e MC simulation.

- time dependent event reconstruction analysis ?7? lack of manpower

» Related to FSTT.

- FS momentum resolution Ap/p must be 1%
-vertical hit position uncertainty ? Ay=1 mm corresponds 5.3 ps (BC-408)
expected at present design FSTT Ay=5-10 mm — up to A(tof) =60 ps
-uncertainty in track reconstruction? AL, ./ Liack = 0.1% — A(tof) =30 ps

« FTOF wall position behind RICH.
- RICH width is smaller than sensitive area of FTOF wall, deterioration of track
information at FTOF wall side slabs
« FTOF wall width is 5.6 m while FSTT last station width is 3.9 m, thus side parts of
FTOF wall are out of FSTT acceptance.
reduce FTOF wall width ??

 Hardware:
- finalize TRB-3 readout tests
- definitive decision on Hamamatsu PMs (type, housing, divider, price,.).
- on-line laser calibration system (??)
- HV-power supply: commercial or
PNPI production HVDS3200



Track multiplicity/event in TOF detectors at 10 GeV

No dedicated start

counter
Ppeam=10: GeV, Inclusive rates
coincidence 40000 -
efficiency 20000 | [ barrel TOF
SC'T'I z500/o n - R I B
1 2 3 4 5 6 7
Number of hits
FTOFwall =31% i
25000 [
u L1 L1 Loy o A

Number of hits

28



FTOF wall and barrel TOF interplay

No dedicated start
BTOF o FTOF coincidence

counter
30000 E
20000 £ b om=2.5 GeV —
FTOFsBTOF coincidence e ... B . e
probabilities - 2 - : Nt o oot
2.5 GeV 23.6% 30000 ¢ ‘
m s ph“m=560V | e
0 T L ks :|_J___|__i! {2 P (el tete®
5.GeV 35.1% ’ ‘ ’ : * Niracks por ovet
30000 _
20000 £y am=10 GeV i
10000 ; - |
S BRI W - I v e M v N F s
10.GeV 45.4% S : 2 3 Cos
per
30000
20000 | p o n=12.5GeV o I < J
12.5GeV 48.3% hed ST N N
0 1 2 3




Detection Efficiency of FTOF wall

0.72x10° pp interactions @10 GeV, a(p) _ 0.0, o(TOF) =50ps
P

acceptance of FS +10deg. hor. £5deg. ver. —» Q_. =0.09sr

Generated by Detected by detection

DPM FTOF wall efficiency

7T 880346 172188 0.195

" 877255 150440 0,171

K™ 30179 5820 0.192

K+ 26811 2863 0.107

P 453293 202174 0.446

Both P 398323 51241 0.129
girg:‘on 2 TN D+t 19874 3840 0.193

detected A—>p+7r 19518 =100 ~5-107°

with FTOF



PMT characteristics

PMT Photocathode | Anode Electron Transition Gain/ | Typical
diameter pulse rise [ transition | time spread | 10° voltage
(mm) time (ns) | time (ns) (ps) (V)
R4998 |25 (linch) |0.7 10 160 5.7 2250
R9800 |25 (linch) |1. 11 270 1.1 1300
R2083 51 (2inch) 0.7 16 370 2.5 3000
R9779 |51 (2inch) |1.8 20 250 0.5 1500
XP2020 |[51(2inch) |1.6 28 ?? 30 2000
- signal -
?-g: * _noise 1,04 .
16} R4998 0s]  RO77I
. 1:2: = 0,6
S ol =
5 06! g o4
@ 0] * 0,21
02 . . * 0,01
004 = s e s e & e e : - - : : - - T
14 1:6 1:3 2:0 2:4 1011121314 1516 1,7 18
HV (kY HV (kv)
. = signal
4,04 : iggzl 25 * noise
T R2083 ' 20, R9800
< 2,51 ‘?: 1,5
3 291 21,0
S 1,51 >
? 40 051
0,51 . 0,0

0,0 . e —— ——
202224 26 28 30 32 34 36

HVY (K\V)

0607 080910111213 14 15

HV (kV)
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Test station results

After offline amplitude

corrections

TDC1 vs 1/{gdci-1/Yqdcd

980

970

960

950

940

930

gbI\|\II\|III\|I\I\|IIII‘I\I\|\I

qust
Entries 59063
0.0007495

¥y 953.6
RMS x 0.001399
2778

o
af

ﬂ kR
PMT_1 6 tpc_1 (PS) 6 pur (PS)
R4998  (4998/4998) |72. 44.4
R9800 (4998/9800) | 86. 64.6
R2083 (2083/2083) [72.6 44.9
R9779 (2083/9779) |64 56.5
XP2020 (2.5, 2.36kV) |82 52,3

corrections

After
for electronics and track walk
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Off-line time resolution

TRE- T LT e, K

-EI:I'E
40,
B530F . oy
5“’ e __L-‘-i‘—-n-ﬂ‘
-'I.'|§
20|
30}
-40)|
(I TSR U FR
TOGC2-TOCT ve, 1AQDC2-1,100DG
5 20
S 40f
20| 2
ar ee— :
9 |:| . .
20|
-30|
40

Hit position and pulse amplitude corrections

on event basis calculated are

T131T140 Togs T24 ’T34

ff

X hit position along the scintillation slab,
t .t time stamp measured with TDC,

)—bx—c,

Tnk

d,,d, measured with QDC,

a,b,c free parameters to minimize t
timing resolution Is o of
(corrected) <, distribution.



Timing resolution results from 1 GeV PNPI SC

160 = _ 160 =
140 140x2.5x2.5 - 140 =
120 120F- 140x2.5x2.5
o E w =
= q100E- S 100
g 80~ = g 80F-
& 60 ;— - o 60 ; n
40F - 40F- - w = = =
20 20F-
0 :I Il 4: 2I 1 2I 4\ L 1 0 :\ 1 4: 2I 1 2\ 4\ 1 1
80 60 -40 0 0. 0 0 60 80 80 -60 -0 20 0 0 0 60 80
140x5x2.5 weighted mean
160 E ] 160 E
140 = 140x5x2.5 140
120 120 = 140x5x2.5
17,3 = w md
S 100F- = = - = 100
o = o =
g) 80 E - E, 80 E- ] n
» B0 & 60 - = - =
40 a0
20 20F-
0 :I Il 1 1 L L 1 I I 1 L L I L 1 0 :\ 1 1 I 1 1 L I L I I L I I I 1 I L L 1
-80 60 40 20 L0 20 40 60 80 80 60 40 200 L, Q0 20 40 60 80
160 160 =
140 - - 140x10x2.5 140
120 - 120 140x10x2.5
& 100f- = & 100f-
£ sof - £ sof - .
b BOF- - n 60 - - = -
40 EL]=S
20 20
oE: ‘ . . . . ‘ ‘ . oEs . . . . ‘ ‘ . .
80 60 -0 20 L, 0 20 40 60 80 -80 60 -0 20 L0 20 40 60 80

O.or VS hit position Oor Weighted means

weighted mean
1 1 1
_|_

2 2 2
Otor  Otpcs  Otpes

: _ - -
inthe middle of slab o, ¥ 2% ~ 124
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Time resolution without hit position correction

T,+71, =1 constant

PMT 3 Y light propagation
time through slab
PMT 1
D T3 PMT 2
: |1‘ T,=T +t+z, T,=T +t+7,
= Z
LY (Ts _T1)+ (T4 _Tl):T31 + Ty @ 4

sensitive tomeasured time, not sensitive to hit position

(T,-T)~(T,-T)=T,-T,+7 -z

PMT 4 sensitive to hit position, not sensitive to measured time
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Time and hit position measurements using TDC information only

(T41-T31)/2 (ps)

9000
8000

7000

(4.} =2
[=3 [=]
[=3 (=]
o o

4000
3000
2000 +

1000

X (Ta-T)/2 G431- (Tt T2 64t (Tar T2 643 (Tt T2 64+
cm ps ps ps ps ps ps ps ps

60 1504 g 11950 148,5 1503,5 100,5 11580 120,5
40 2770,5 74 11865 138,5 2770,5 74,5 11510 102
20 3904 90,5 11975 145,5 3904 90,5 11630 114

0 5025 76 11920 136,5 5025 75,5 11580 103,5
-20 6255 81,5 11940 150 6255 82,5 11630 115,5
-40 7460 84 11895 143,5 6890 85 11560 112,5
-60 8655 93,5 11945 148,5 8655 93,5 11600 121

Lnear fit

5082(16) - 59.12(0.43)x

T
-60

T T T
-40

T T
-20

X (cm)

T T T T T
20 40

T |
60

1=59.12ps/cmx140cm =8276.8ps

Vgcaos = 1/59.12 = 0.17mm/ps

speed of light in BC408 = 0.19 mm/ps

hit position resolution
80ps x 0.17mm/ps = 13.6 mm




Hadron count rate by TOF wall at 0.35x107/s interactions

pp—pp
pp—nnn’

Count rates in frame of DPG

Number of events selected from 100 generated PP
collisions chosen arbitrarily, at 10 GeV

pp—>ppn

pp—pnrt °
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2
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pp—>ppn’
pp—>pna’

pp—>npr’n

Bp—)BpnO T

ppoppln T

in target
P beam
momentum, Pion rate, 1/s Kaon rate, 1/s Proton rate, 1/s Antiproton rate, 1/s
GeVie
2 3.9=10° 2x10° 1.2=10* 107108
5 6x10° 7.8=10° 3.8x10* 9 5x10°
15 0.6=10° 4.7=10" 3.2x10* 8.2=10°

High rate of 10
Bgr expected from

T—2y y—e'e
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Cost estimation update

FTOF wall

Plastic scintillators
B408 20u.140x5x2.5cm+46u.140x10x2.5cm
PMTs 17 760 € 40u. +5u.(spare)

PMTs, 2”7 1270 € 92u.+20u.(spare)
FEE+DAQ

HV power supply
Monitoring/calibration system

Supporting structure , mechanical items
Test stand for mass production

Transportation, custom expenses

From RRB February 2014 470 k€

40 k€
42
155
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FTOF wall mechanics.
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FTOF wall front view

Scintillation counter mechanical
components
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LIGHT GUIDES FOR 1” AND 2” PMTs

Plexiglas, Mylar

wrapping,
Magnetic field
protected
housing
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@20

100

@16
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