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Hadron Physics with PANDA
Nuclear

* QCD well understood at high Q2 S

Emergence of eff. DoF at low Q2 "°| T .
O 1 perturbative QCD strong QCD

* Study of the strong interaction ;. B
in the transition region | ST

* Phenomena appear that are hard °°
to predict from QCD: ' -
e.g. confinement, nature of
hadrons, hadronic masses...
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How Do We Study the Hadrons?

Hadron Structure: Hard (virtual) photons, typically accessed via
leptons, allow us to measure the constituents

- Generalized parton distribution S
- Drell-Yan processes o <™,
- Time-like form factor of the proton '
Hadron Spectroscopy: Excitation spectrum accesses
rare quark/gluon configurations
- Search for glueballs, hybrids, molecules, tetraquarks ...
- Baryon spectroscopy

- In-medium effects

Hadron Interactions: Pion/Kaon reactions, as well as Hvnernne
and Hypernuclei provide information about
the strong force

- Double hypernuclei
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Hadron Structure with Electromagnetic Probes

Jim Ritman



Time-Like & Space-Like EM Form Factors ~ #) jiLicH

pace-like st I Constraints:
. . * GEp(0)=1
Time-like TL P(O)

* GMp(0)=pp

S X
'Q% . * GEp(4mp?)= GMp(4mp?)
5
2 A\ Asymptotics

Real FFs §‘ = * |GE,M(a?)| ~ (q*)-?

e+p —» e+p 0 [zs2(ceviz PP > e++e- G2

SL
i lm Gy, (q° ).hm Igifr (feh- Lindelh&f theorem)

* Imaginary part of Time-Like form factors vanishes for g*—+o0
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Time-Like& Space-Like EM Form Factors "™

electron scattering annihilation p-p - ete-
q2 > gmp2

e- scattering ( Jlab.... A2/Mainz) e+e- - pp (BES, Novosibirsk, PANDA)

From S. Pacetti, arXiv:1012.1232v1

Spacelike
Timelike

10 20, 30

-30 -20 ~10 A= (Gawv>>
Dispersion relations: ( 2) |1 i 4m§ImG%dS o ImG(S)dSD
a2<0 |Glg’)3 — [, ; o z
T m; S-q My ST ([ ]
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ross-sections: pp — e+e- angular distributions: pp — e+e-
2 g do o’ 0 2 i
g hﬂ; T :lf = (GO (1+ cos’ )+ Sin * §
tot eff o 2| dieostyy) 8M i)t ow) i
I:;ef - ‘GM‘ lf ‘GM‘ or 1>>1 3: ] o :
2.5?— ]
o P ZTQE\Z +1G,[ & of R -
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C 2
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107 w; | v' Geff : large error bars above 13 (GeV/c)2
i \ v |GE/GM| :
A4 | | | | " Inconsistent data above threshold
ST e s 200 25 30 = Lack of precise data above 5 (GeV/c)2
q?[(GeV/c) ]
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Goal of PANDA Measurements

Extract Time-Like |GE| and |GM| for proton up to 14 (GeV/c)2
from lepton angular distributions in pp - e+e- reaction
and measure Geff up to 30 (GeV/c)2

Two major challenges:

v" Decrease of sensitivity to GE
with increasing g2

v" Huge hadronic background
o(pp ~T#TE)/ 0 (pp —e+e-) ~ 106

Jim Ritman



Counting Rate and Sensitivity to |GE| #) j0LICH
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dO' ma 2 D 2 ) )
- T(lzyed (14 cos™ )1 4in * §
d(cosf cyy)  8M (1 -1)° on) ‘@

~120 days, £ =2x1032 cm-2s-1
L int= 2 fb-1

Statistical errors only
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Number of Counts

Ntot=1.1 106 : Ntot=64000 Ntot=2000
M. Sudol et al. EPJA 44 (2010) 373
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I Rejection of pp -

dodt [ub/(GeVi/cy’]
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T#+T- Background

A jOLICH

FORSCHUNGSZENTRUM

parametrization of CERN data for p p — To-TE
s <6 (GeV/c)2 : Legendre polynomial fits

s > 6 (GeV/c)2

counting rules (Ong et Van de Wiele, IPNO-DR-08-01)
or Regge trajectories (idem, EPJA46 (2010) 291).

q2 = 8.21 (GeVic)2
7

2.4 106

- o(TeHTE)/o(ete

cI:sGdVI

10

1

New measurements of
pp— THTE

will be provided by
PANDA (also
important for pQCD
mechanism studies)



Time-Like Form Factor Measurement #) J0LICH
with PANDA : Estimates of Precision

L =2 fb-1 Courtesy of S. Pacetti

Sudol et al. EPJA 44 (2010) 373 g tomasi-Gustafsson and M.P. Rekalo, PLB504.291
E. Tomasi-Gustafsson, arXlIv:0907.4442

Ggsff:i;_ g "k | Goplomete
Y LE T T PANDA
10" i%i 4 BUd 3
m 1 PANDA -
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Time-Like Form Factor Measurement #) J0LICH
with PANDA : Estimates of Precision

L=2 fb-1

Sudol et al. EPJA 44 (2010) 373  -VDM: F. Iachello et al., PLB43, 171 (1973)
...extended VDM, PRC66, 045501 (2002)

- Egle Tomasi-Gustafsson et al., EPJA24 (2005) 419
Geft |, L -
v cLeo : + BaBar
107 g‘g & BME | 251 = LEAR
: i - ot + FENICE
Y I PANDA | . * E835
b :ag%%}r L1 - 4] PANDA
T e
e I 1;
/ : { I : M{
10 5 10 15 28 25 30 0'5;_\
o [(GeV/c)’] -
<1% ~10%" ~23% ~50% B S e
@? [(GeV/c)’]

pQCD ? PANDA will bring

Precise determination of |GE| and | GM | up to 14 (GeV/c)2
Geff up to 30 (GeV/c)2 : transition towards perturbative QCD

Jim Ritman
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I 2y Contributions and Radiative Correction®) jiLICH

Important role of 2y
exchange and
radiative corrections

1 { do  do
5=3 (dgzﬁ+ N u!gzﬁ_)

No C-odd terms
contribution

0.0 2.0 4.0 &.0 8.0 1.0 12.0

1_5{5 = ! I ! | ¥ I 1
I ™
1.00 .
o = Re IV .
=% LN Ol
050 - ~ e, . .
wﬂ- == ji, T Polarization
i & Puckett & -‘a. /
u - I measurements
e ] . Punjub i 1"" -
0.00 el
i e ol : :
i =y ( do
_1}.5{: 1 | 1 | 1 | 1 | 1 | A —

do do do
a0, A0, a0, T do,

)

C-odd terms
contribution

Q* (GeV?)

(M. Sudol et al EPJA 44(2010) 373)

* Advantage of annihilation reactions pp - e+e-
The e+ and e- angular distributions are measured in the same experiment

[l PANDA measurements are sensitive to odd cos 6 terms
do/dcosBe ~ A (1+ b cosBesin2 Be + ¢ cos208e+..) with b=5% or more

Jim Ritman
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Hadron Spectroscopy with Antiproton Annihilation

Jim Ritman
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Why Antiprotons?

= difficult to make
i BUT:

= gluon rich process

= gain ~2 GeV in annihilation, reduced momentum transfer

all fermion-antifermion quantum numbers accessible
= very high resolution in formation reactions

= high angular momentum accessible

Jim Ritman
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c.f. Only JPC = 1-- allowed in e+e-

(to 1st order)

PC=1"

Jim Ritman
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Example: xc1,2

COUNTS/(2.5 % Bin)

Crystal Ball

15000

5000

und Subtricted
1

200

Ey (Mav)

E/760

Jim Ritma
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+

A A VAR T

*Invariant mass reconstruction depends
*on the detector resolution = 10 MeV

Formation:
D~ Ko I sy

Resonance scan: Resolution depends
on the beam resolution

Resonance
Cross
section

Beam CM Energy

@Fermilab = 240 keV  PANDA = 30 keV

17



Charmonium Spectroscopy

open questions below ED
threshold: widths, branching

new ,XYZ" states (Belle,
BaBar, CLEO, CDF, DO, ...)

new degrees of freedom:

(25+1)
L,

<5000

k)
= 4750
=

)
©
= 4250

4000

molecules, tetraquarks, gluonic

excitations?
conventional states above DD

high L states: access in pp but
not in e+e-

Jim Ritman
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% 4500
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| | | | | | | | | T | T |
¥(4660)
_y(4415)
g | ]
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——
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0.+ 1 2++ 1++ O.H. 1+- 3--
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X(3872)

PRL 91,262001 (2003)

30
a) signal region

M(r'xJhv) (MeVic®)

Y(4260)

PRL 95,142001 (2005)

Events / 20 MeV/c?
g 5
e

= 8
3 S
T

m( 1rJ/\|/) (G eV/c)

2(4430)

PRL 100,142001 (2008)

Jim Ritman

N/20 MeV/c?

Events / S0MeV/c?
=

X(3940)

PRL 98,082001 (2007)

s n(2s) XG0

X 3 s !
Migeonl ) Gevic!

Y(4350)

PRL 98,212001 (2007)

@I (GcV/ 2)
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PRD 78,072004 (2008)
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PRL 94,182002 (2005)
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Y(4008)

PRL 99,182004 (2007)

4.5 5
Mix'x W) (GeWic™

Y(4140)

PRL 102,242002 (2009)

Il Preliminary, 2.7 fb™"
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S
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X(3915)

PRL 104,092001 (2010)

(b)

W (GeV)

Y(4660)

PRL 99,142002 (2007)
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o w
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5]
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-

T 45 5
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PRL 104,112004 (2010)
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.
o
L
3 ef
=
w
2 4r
2
& 2f
LY 4.2 4.4 4.6 48 5
M(oJAy) (GeVic’)

in addition to many more open charm states



How can PANDA contribute?

* simulation studies for several
channels and Vs:

o Jlprr+r-, JJwrrOm0, xcy — J/wyy, J/py,
J/yn, ncy

* direct formation in Bp: line shapes !

- d target: pn with p spectator tagging,
e.g. Z-(4430)

15 -

; “or C. Hanhart et al.,
! PRD 76 (2007) 034007

J/YTHTE |

=
o

1 1200

Number of events/4.25 MeV

Number of events/5 MeV

00 -

—————————————————

A jOLICH

3 sl y,  (Randa
17
2505_ +-}+{- .]:[i\
- % £=32%
1505_ ++ {‘ S/N - 2
5 f Y
100/~ it +++
= # t
50— £
a%*ﬁfﬁqh'aﬁ“'@%wn o
’ | ' . Invariant Iyt Mass {GeWcz.]
ip - Y (4260) - JIgm'm" =100 events/day
S 3 lgm ' o= 40 events/day
S/N =25
._ T T T T ‘
"D0DO0 70 E. Braaten, M. Lu,
'_ PRD 77 (2_008) 014029
ET;_
%_ _
) 1 I1 2
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Beyond standard quark configurations O JULICH

°* QCD allows much more than what we have observed:

9

qa g
q
_ Baryons Mesons
Exotics:
(o0 hybrid B
N ybrid:
|'a. | o | ' with gluon excitation
- - __may have JPC not
Do ool luebal allowed for qq
|U|' L ‘ /." pure gluon state |
A 4 quark stat
[ [ quark state:
|'1 ; .-"l compact 4—quark state
\ Y
[ hadronic molecule:
|n Q /I'I bound state of iwo mesons

Courtesy C. Hanhart
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Exotics production in Bp collisions

°*  Production: all JPC

accessible Hybrids
15‘1 ﬂ—+ ‘| ++ ‘| o

n.a.
5 36, 1— (0t 0-+
12 Lm' " O
—_— 0" ] "
" " - O
10 + ; % ? ﬁ } ! 2+-- 44 @ 2+
9 r i [ 'I-_'_' 4 3.5
== Yc. Xc _—— .
g o Ty tor T2 S JPC exotic
T -57‘-1‘ — 13 €
7 c | . . .
| = N Pl T 125 Exotic JPC would be clear signal
B — DD ——
CP-PACS —=—
5r Columbia +—+— 1 2
hybrids +—e—
4 _— glueballs mm— _
... 415 G.Bali, EPJA1(2004) 1 (PS)

JPC O'+ 1“ 1+' O++ 1++ 2++ 2'+ 2“ 3“ 3+' 3++ex0tic
22



A jOLICH

FORSCHUNGSZENTRUM

Open charm: The Ds spectrum

Mass (GeV/c?)

3 I I I 1 1]
2.8 —_
2'6 __ ................... "“"".m"m _—
proseey S .
................... D'K
L @ _
2.4 - D. Besson et al., Phys. Rev. D68,
L 032002 (2003) . DK
O
" B. Aubert et al., Phys. Rev. Lett. 90, i
- 242001 (2003) .
2.2 I~ —
I = — Godfrey/Isqur (1985) i
., Di Pierro/Eichten (2001) | -
2+ ® Observed —
e @ 1 0* 1" 2* 3*

B. Aubert et al. (BaBar Collab.),
Phys. Rev. D 74 (2006) 032007

Jim Ritman

new narrow states Ds*(2317)
and Ds*(2460) seen by BaBar,
Belle, CLEO

masses significantly lower
than quark model expectation

states are just below DK and
D*K threshold

interpretation unclear: DK/
D*K molecules, tetraquarks,
chiral doublers, ...?

23
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Ds0*(2317) Theoretical Predictions

M. Nielsen, Phys. Lett. B 634, 35 (2006)

P. Colangelo and F. De Fazio, Phys. Lett. B 570, 180 (2003)

S. Godfrey, Phys. Lett. B 568, 254 (2003)

Fayyazuddin and Riazuddin, Phys. Rev. D 69, 114008 (2004)

W. A. Bardeen, E. J. Eichten and C. T. Hill, Phys. Rev. D 68, 054024 (2003)
J. Lu, X. L. Chen, W. Z. Deng and S. L. Zhu, Phys. Rev. D 73, 054012 (2006)

W. Wei, P. Z. Huang and S. L. Zhu, Phys. Rev. D 73, 034004 (2006)

S. Ishida, M. Ishida, T. Komada, T. Maeda, M. Oda, K. Yamada and |. Yamauchi,
AIP Conf. Proc. 717, 716 (2004)

H. Y. Cheng and W. S. Hou, Phys. Lett. B 566, 193 (2003)
A. Faessler, T. Gutsche, V.E. Lyubovitskij, Y.L. Ma, Phys. Rev. D 76 (2007) 133
Y. I. Azimov and K. Goeke, Eur. Phys. J. A 21, 501 (2004)

M.F.M. Lutz, M. Soyeaur, arXiv: 0710.1545 [hep-ph]

Feng-Kun Guo, Christoph Hanhart, Siegfried Krewald, UIf-G. Meil3ner
Phys Lett. B 666 (2008) 251-255

Jim Ritman
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Method: Threshold Scan
e reaction: pp — Dy D’ (2317)7

(s —(m+ mDS)2> (5 —(m — mDS)2>

) a(s) F\/E /_\{)—‘Z_mDs .

T 2 2
‘M ‘ A (m — mD(2317)) + (F/Q)
S 160 T T I
o M, = 2.0 GeV Lo s
— 140 - dp/p =1e-5 I=1.0MeV .
=
B 120 - .
."/

* excitation function only 100 - rd .
depends on m and " of 50 L / .
Ds(2317)

60 -

* experimental accuracy el

. 40 /"— 7’,.7.‘\\ -
determined by beam / F/EN
. 4 \

quality (Ap, op/p), not 20 - / ,- '
T (e Vo 3 /

by detector resolution i — YO B A
-10 5 Rt i i 5 10
Excess energy [MeV]

Jim Ritman
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Simulation Results: Energy Scan

#) 0LICH

Msum = Mmiss(Ds) + M(Ds)

N5=4284.4 [[masso ] 5=42847 masst 5= 4285.0 rissa2) rassd)
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= s )
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L L
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ool o2 | . oo |
1001

100

1
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1
4260 4266 4270 4275 4280 4285 4290
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Hadron Interactions:
Double Strange Hypernuclei

Jim Ritman
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Production Mechanism and Detection Strategy

@

hyperon-
antihyperon
production
at threshold

+28MeV
slowing down e o
and capture of P A
E- in secondary .
target nucleus TVVW ; V'~ )
F \ '
- I
“0°A oy
p— ' | 4
« =~ atoms: x-rays B A o A .9\/\/\/\/3(
- conversion: ® '\\‘ -
= p— AN v-spectroscopy of \
— excited states 4
AQ = 28 MeV

conversion probability ~5-10%

decay pion
[originally drawn by J. Pochodzalla et al ] spectroscopy
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Instrumentation

Germanium detector
array for hypernuclei
spectroscopy

the Panda detector
for forward angle
particle identification

secondary target for
hypernuclei formation




FAIR and the PANDA Detector

Jim Ritman
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Facility for Antiproton and lon Research

Antlprotons
Productlon

CR/RESR

tertextf ea
mmmﬁ&(g
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Vierte Ebene Jim Ritman
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Facility for Antiproton and lon Research

Areal view May 2013




, 1)
HESR with PANDA and Electron Cooler < et

A 1010 - 1011 Antiprotons
W\ stored
p | ?EliCk target 4-1015 cm-2
ﬁ 7 Ap/p <4-10-5

W, g7 Lumi up t&2+H32cm-2s-1
— el __#  Phase space cooling
= [Wa beam life time: > 30 min

575 m Circumference

1.5-15 GeV/c Momentum
up to 9 GeV/c Electron Cooling
Full range Stochastic Cooling
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Electron Cooler, HESR Injection energies

* HESR Injection energies (3.5 GeV/c)
* 2MVXx1A

* Installation in COSY in spring 2013

Jim Ritman
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PANDA Detector Characteristics

Antiproton momentum: from 1.5 to 15 GeV/c
Lmax ~ 2 - 1032 cm-2s-1 - 0.5 fb-1/ mo.
high rate capability: 2 - 107 s-1 interactions
nearly 41t solid angle needed to measure full decay chain and for PWA
high acceptance
Tk, K&, pt, e, ut, vy identification  PID in all regions
displaced vertex detection —
vertex info for D, KS, Z, A (ct = 317 um for D)
photon detection from 10 MeV to 10 GeV
efficient event selection & good momentum resolution

Jim Ritman
35



RRRRRRRRRRRRRRRR

PANDA Detector Scenario

High background: exclusive event reconstruction essential
-> simultaneous neutral and charged particles
- close to full 41tacceptance

Glueballs/Hybrids/etc.: high kaon yield
- PID over full forward hemisphere

Resonances/Molecular states/etc.:
concurrent measurement of different decay branches
- MVD and EMC

Electromagnetic final states: e+/- and p+/-
- EMC and Muon Detectors

Jim Ritman
36



#) JOLICH

FORSCHUNGSZENTRUM

Mastertextformat bearbeiten N
Target System and Trackjpg. BPssise ) panda detector
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