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Introduction A) 0LICH

FORSCHUNGEIENTRUM

Since 2003

s Unexpected observations posed the potential models into questions
s Charm (cq) and Charmonium (cc + gq) sectors populated by several new states
s Strangeness in Charm and Charmonium physics still to be exploited

s Great contribution from past and still presently running experiments
[BaBar, Belle, CLEOZ2, BES Ill, CDF, CMS, DO, LHCDb]:
» spectrum still to be understood
» different interpretations

s Charm sector: D mesons interesting for weak- and strong- interactions:
D and D_ mesons predicted;

D_mesons below DK threshold still of unclear interpretation [BaBar, Belle, CLEOZ2]:
> limitations due to the past experiments to measure the D_line shape;

» limitation at LHCb to detect DS states below the DK threshold.
— low momentum photons

Mitgliedin_der Halmboltz_Cemainschaft
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Introduction A) 0LICH

FORSCHUNGEIENTRUM

Since 2003

s Unexpected observations posed the potential models into questions
s Charm (cq) and Charmonium (cc + gq) sectors populated by several new states
s Strangeness in Charm and Charmonium physics still to be exploited

s Great contribution from past and still presently running experiments
[BaBar, Belle, BES Ill, CDF, CMS, DO, LHCDb]:
» spectrum still to be understood
» different interpretations

s Charm sector: D mesons interesting for weak- and strong- interactions.
D and D_ mesons predicted;

D_mesons below DK threshold still of unclear interpretation [BaBar, Belle, CLEOZ2]:
» [imitations due to the past experiments to measure the D line shape;
b

This talk is mainly devoted to D_spectroscopy

STRONG INTERACTIONS 4
E 7, Sitges
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A) JULICH

FOREGHUNGEIENTRUM

Charm physics

Quarks

HE t ‘ Forces

EId’

Leptons

D°= |cu>, D* = |cd>; D *= |cs>

Charged and neutral D mesons Charged D_mesons

Why is that interesting?

5
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A) JULICH

FOREGHUNGEIENTRUM

Charm physics

0°= [cu>, D" = [od> o

DS+: |cs> : :s ;~ -
pe 24

s \Why the interest in charm physics

» Strong interactions Leptons
o QCD
o Intermediate case between heavy and light quarks
o Spectroscopy
o Strong decay modes

» Weak interactions
o CP violation
o Mixing
o Possible window to search for New Physics beyond the Standard Model

6
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Charm spectrum
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A) JULICH

FOREGHUNGEIENTRUM

— established

s States having J" =07, 1, 2", 37, ... are defined as having “Natural Parity”
s States having J" =07, 17, 2, ... are defined as having “Unnatural Parity”
s Aresonance decaying to Dr has “Natural Parity” (labeled D)
s The D' system can access to both “Natural Parity” and “Unnatural Parity”,

except for J' = 0" (forbidden)

s Access via inclusive e'e —»D X (BaBar, Belle) and pp—D X (LHCb)
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Charm spectrum, today
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A) JULICH

FOREGHUNGEIENTRUM
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A) JULICH

FOREGHUNGEIENTRUM

Charm-strange spectrum, today
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courtesy of A. Palano ¢
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A) JULICH

FOREGHUNGEIENTRUM

Charm-strange spectrum, today
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How did the D -story begin?
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Observation of D_*(2317) and D_ (2460)
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m(D_*(2317)" - m(Ds")) = (349.420.6) MeV/c’

['<3.8 MeV CL=95.0%

s \What did we learn after 14 years?

40
20

A) j0LICH

FORGLHUNGELIENTRUM

BABAR, PRL 93 (2004) 181801
e "Dy (2460)F - DAY
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m(D_(2460)")= (2459.5+0.6) MeV/c?
m(D_ (2460)" - m(D_*)) = (347.3£0.7) MeV/c?

m(D_,(2460)" — m(D_")) = (491.2+0.6) MeV/c?

I'<3.5MeV CL=95.0%
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D_spectroscopy, today: remarks A) jULICH

FORSCHUNGEIENTRUM

i __D,(3040)
3000 |
— D_*(2860) —D_*(2860) D mesons: cu> ,cd>
—D,"(2710 -~
3 e * D_mesons: cs
D, 2536y D2 (2579 - s
2 2500 ‘33{ |
g _W, DK Predicted from Godirey-Isgur (1985);
S 02112 Update: Di Pierro- Eichten (2001)
2000(=_D(1968)
Observed D " states
0 1 0+ v 24 32 2

s Many excited D_ states have been found:

some of these not in agreement with potential models (—below the DK threshold);
the identification of D_*(2317) and D_ (2460) states as 0" or 1" cs states is

difficult to accommodate in the potential models.

s | HCb recently performed amplitude analyses:
D_(2573) confirmed with J=2;

D_ . *(2860): for the first time a heavy flavored J=3 state is observed. 1
E. Prencipe FAIRNESS 2017, Sitges




Highlighted paper: D_'(2317)" KJJNg

FORGLHUNGELIENTRUM

s BaBar experiment optimized for CP violation study, measurement of angles and sides of
the CKM matrix. For comparison:

“Observation of CP violation in the B® meson system”

Phys.Rev.Lett. 87 (2001) 091801 824 citations
e-Print: hep-ex/0107013
Experiment: SLAC-PEP2-BABAR

“Observation of a narrow meson decaying to D+ST[0 at a mass of 2.32-GeV/c*“

Phys.Rev.Lett. 90 (2003) 242001 786 citations
e-Print: hep-ex/0304021
Experiment: SLAC-PEP2-BABAR

HIGH INTEREST IN HADRON PHYSICS! y
E. Prencipe FAIRNESS 2017, Sitges



http://arXiv.org/abs/hep-ex/0304021
https://inspirehep.net/search?ln=en&cc=Experiments&p=119__a%3ASLAC-PEP2-BABAR&of=hd
http://arXiv.org/abs/hep-ex/0107013
https://inspirehep.net/search?ln=en&cc=Experiments&p=119__a%3ASLAC-PEP2-BABAR&of=hd

Experimental overview of V| JULICH
- J
DSO (2317) and D31(2460) FORRGHUNGEIENTRUM
s Most of theoretical works treat
Decay Channel D:;(2317)" Dss(2460)" cs-systems as the hydrogen atom
D{ ™ Seen. Forbidden  (potential models, ¢ = heavy quark):
Doy Forbidden Seen s D _(2317)" and D _(2460)" are
D% (a) Allowed Allowed sl - s2
D*(2112)* 7 Forbidden Seen predicted, found with good accuracy
s (2317) Ty — Seen but:
DY nr” Forbidden Allowed m(D_*(2317)") found 160 MeV/c? lower
DI v~ (a) Allowed Allowed S0 . 5
D: (2112)+,}, Allowed Allowed m(Dsl(2460) ) found 120 MeV/c“ lower
Dimtme Forbidden Seen than predicted by potential models

(a) Non-resonant only

s D_'(2317)" is found below the DK threshold:
s D_'(2317)" can in principle decay

- electromagnetically (no exp. evidence); or

- through isospin-violation D_‘T strong decay

IS Dso* the missing 0" state of the cs-spectrum?

s D_(2460)" is found in the inv. mass D"y

s Spin at least 1
s \We can exclude the hypothesis 07,
because D_(2460)" —D_y

Is D_ the missing 1" of the cs-spectrum?

Do these 2 particles belong to the same family of exotics?

15
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D_’(2317)" theoretical overview J JULICH

Different theoretical approaches, different interpretations r(D_*(2317) * —>Dsn°) (keV)

M. Nielsen, Phys. Lett. B 634, 35 (2006) 6+2

P. Colangelo and F. De Fazio, Phys. Lett. B 570, 180 (2003) 7+1

S. Godfrey, Phys. Lett. B 568, 254 (2003) 10 Pure cs state
Fayyazuddin and Riazuddin, Phys. Rev. D 69, 114008 (2004) 16

W. A. Bardeen, E. J. Eichten and C. T. Hill, Phys. Rev. D 68, 054024 (2003) 21.5

J. Lu, X. L. Chen, W. Z. Deng and S. L. Zhu, Phys. Rev. D 73, 054012 (2006) 32

W. Wei, P. Z. Huang and S. L. Zhu, Phys. Rev. D 73, 034004 (2006) 39+5

S. Ishida, M. Ishida, T. Komada, T. Maeda, M. Oda, K. Yamada and |I. Yamauchi, AIP 15 - 70
Conf. Proc. 717, 716 (2004)

H. Y. Cheng and W. S. Hou, Phys. Lett. B 566, 193 (2003) 10 - 100 Tetraquark state
A. Faessler, T. Gutsche, V.E. Lyubovitskij, Y.L. Ma, Phys. Rev. D 76 (2007) 133 79.3 + 32.6 DK had. molecule
M.F.M. Lutz, M. Soyeaur, Nucl. Phys. A 813, 14 (2008) 140 Dynamically gen. resonance
L. Liu, K. Orginos, F. K. Guo, C. Hanhart, Ulf-G. Meil3ner 133 + 22

Phys. Rev. D 87, 014508 (2013) - DK had. molecule
M. Cleven, H. W. Giesshammer, F. K. Guo, C. Hanhart, UIf-G. MeiRRner NEW! Strong and radiative

Eur. Phys. J A (2014) 50 -149 decays of D_ 0*(2317) and D_ (2460)

s The measurement of the narrow width plays a leading role in the interpretation of D *

16
E. Prencipe FAIRNESS 2017, Sitges




DSO and Dsl theoretical overview: | JﬁLICH

Hadl‘onic Width FORSCHUNGSZENTRUM
M. Cleven, H. W. Griesshammer, F.-K. Guo, C. Hanhart, Ulf-G. Meissner, Eur. Phys. J. A(2014) 50, 149

(a) (b) (c)
D+ , T Do , U S
TN # st W n &
o
N Ds+ N ol DS+
K" K+

Figure 2: The two mechanisms that contribute to the hadronic width of the D%,. (a) and
(b) represent the nonvanishing difference for the loops with DT K? and DK T, respectively.
(c¢) depicts the decay via 7"-n mixing.

s Contribution (a) — (b) non-zero form__#m_., m _# m _;: this applies to molecular states

Table 2: Hadronic decay widths from different mechanisms.

Decays loops mV-n mixing full result
D¥y — Dem® | (26 £3) keV | (23 £3) keV | (96 +19) keV
Dy — D% | (20£3) keV | (194 3) keV | (78 +14) keV

17
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DSO* and D _, theoretical overview:

Radiative width

A) j0LICH

FORGLHUNGELIENTRUM

M. Cleven, H. W. Griesshammer, F.-K. Guo, C. Hanhart, Ulf-G. Meissner, Eur. Phys. J. A(2014) 50, 149

Table 3:

The decay widths (in keV) calculated only from the coupling to the electric

charge (EC), from the magnetic moments (MM) and from the contact term (CT), respec-
tively, compared to the total (including interference). The CT strength for the transitions
to odd parity mesons is fixed to data, while that to even parity states, marked as "7, is
undetermined and part of the uncertainty.

Decay Channel | EC | MM | CT | Sum [1] [2] [3,4,5]
D, — D2y 20 [003] 33| 94 || 4-6 | 1.946.47) | 0.55-1.41
D¢ — Dy 42 | 02 | 11.3 | 24.2 19 — 29 | 44.50(45.14) | 2.37-3.73
De1 — D~y 04 | 05 [103 | 252 |[06—1.1] 21.8(12.47) -
De1 — DXy ~ 13| 2 | 13 |[os-08] 0.13(059 -

[1] P. Colangelo, F. De Fazio, A. Ozpineci. PRD 72, 074004 (2005);

[2] M. F. M. Lutz, M. Soyeur, Nucl. Phys. A 813, 14 (2008);

[3] A. Faessler, T. Gutsche, V. E. Lyubovitskij and Y. L. Ma, PRD 76, 014005 (2007);
[4] A. Faessler, T. Gutsche, V. E. Lyubovitskij and Y. L. Ma, PRD 76, 114008 (2007);
[5] A. Faessler, T. Gutsche, V. E. Lyubovitskij and Y. L. Ma, PRD 77, 114013 (2008).

s Only hadronic decays are sensitive to a possible molecular component of Dso* and D_|
s Hadronic width of > 100 keV: unique feature for molecular state
s Demand for a new generation machine: Am ~100 keV, 20 times better than attained at B factgries
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What do we know about the Open-charm Cross Section?

19
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Cross section A) j0LICH

FORGLHUNGELIENTRUM

s Predictions are difficult due to the presence of s-quark in D_ mesons:

o(pp —DD) expected <100nb
s Inclusive search: better for cross section measurement, but higher background. Challenge!
s Exclusive cross section measurement: theoretical predictions are difficult

Phys. Rev. Lett. 98, 092001 (2007)

o, V. Flaminio, W.G. Moorhead, D.R.O. Morrison, N. Rivoire
Phys.Rev. D79, 092001(2009) \g

E16 - pp annihilation into charged mesons
‘-6' N ; - = = ¥ =
145 Nt i CERN-HERA 84-01
1Lk BaBar:e’e > DD,DD,D D =t 17 April 1984
- via ISR

10 +
- ﬂ + Sum of two body
open charm final states

| F
| &]L | WTMWI*‘#%W i '+‘+++“+=

M1CROBARNS

= ke O o
| TT T 1T
Lo ool

.I[...I...I..

3.8 4 4.2 44 4.6

3
LABORATORY MOMENTUM GEV/C

xfis), GeV

CHS ENERGY SQUARED GEVww2
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Cross section q) JULICH

s Theoretical predictions for the charmed ground states (D*, D).

s Calculations for excited D states (no s-quark) are difficult:
calculations in perturbative regime can under-estimate the real cross section

1000 F T T T T T T T T
- m.=1.5GeV
100 _ Me<it; g<4mg
0.5<u,/us<2
10 | 1.
— : E
e 1 I3
o =
NLO E
0.1 ¢ : 3
1/ inclusive charm production
0.01 in pp collisions
0_001_ : ' ' ' ' | 6 T8 10 Tz 14 16 18 zn
4 4.5 5 5.5 6 Prb (GeV)
Vs (GeV) Eur. Phys. J. A48 (2012) 31
Phys. Rev. D 79 (2009) 114005 o :
_ A. Khodjamirian, C. Klein, T. Mannel, Y.M. Wang
E. Braaten, P. Artoisenet o1
FAIRNESS 2017, Sitges
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Cross section A) j0LICH

FORSCHUNGEIENTRUM

C | | | - - 1 - T 1 T L
I pp -~ DD° "=smm Baryon exchange Pp->D'D
10°F 10 E Quark model E
_1 | _ '1 — -
= 10°E = 10 ¢ E
= - = -
= I 6 L
107 F . 10%E .
10°F E 10°F E
i ] ] |i ] ] ] ] ] ] ] - |i | I 1 1 I ] 1 L 1 1 | 1 1 L 1
6.0 6.5 7.0 7.0 7.5 8.0

Phiys. Rev. 080 (2014) 114008 °° | v
J. Haidenbauer, G. Krein e
s Cross section predictions described in the PRD 89 (2014) 114003 are higher than in
the paper cited as EPJ A 48 (2012) 31
— different assumption: here (PRD paper) they rely in SU(4); coupling constant is fixed

P,y (GeV/c)

D° D° D~ D*
AC+ Z (+,++). 3 , and Z 0)
p p p p
this contribution this contribution 22
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Cross section A) j0LICH

FORSCHUNGEIENTRUM

T T [ T T T T I T T T T T T T T T T T T
I bp -> DD "=smm Baryon exchange Pp->D'D
0 ol |
10°F E 10 E Quark model
Al ] AL i
o I 6 L[
107 F . 10%E .
10°F E 10°F E
- 1 1 |i | 1 1 1 1 | 1 1 | 1 1 1 1 - I I 1 'i | 1 1 1 1 ] L I L L | I I 1 I
6.0 6.5 7.0 5 8. 6.0 6.5 7.0 7.5 8.0
o (Goviy  PMYs. Rev. D'89 (2014) 114003 o, (GEVIC)

J. Haidenbauer, G. Krein

s Cross section prediction in the PRD 89 (2014) 114003 are higher than in EPJ A 48 (2012) 31
— different assumption: here (PRD paper) they rely in SU(4); coupling constant is fixed

D° D° D~ D*
A + Z (0,+,++) , and Z (0,+,++)
p p p p
this contribution is >10 larger than this contribution 23
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Cross section A) j0LICH

FORSCHUNGEIENTRUM

F | | T - - 1 . r T 1 r T T
I bp -> DD "=smm Baryon exchange Pp->D'D
0 ol n
10°F E 10 E Quark model ]
al ] Al i
=2 - = -
>3 I 6 L
107 F . 10%E .
107 F E 107 3
- ] |: | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 ] - I I 1 ' | 1 1 1 I ] L I I I | I I 1 L
. 6.5 7.0 7.5 8.0
6.0 &5 7.0 Phys. Rev.®9 89 (2013114003

Piap (GEV/C) P,., (GeV/c)

J. Haidenbauer, G. Krein

s Cross section prediction in the PRD 89 (2014) 114003 are higher than in EPJ A 48 (2012) 31

— different assumption: here (PRD paper) they rely in SU(4); coupling constant is fixed
Can we rely in SU(4)?

D° D° D D"

A + y (0,+,+4) ’ and y (0,+,++) ’ but y (0,+,+4)
C C C C

- ~ n
P P P P

This contribution is >10 larger than this contribution; but a neutron in the loop as
intermediate state can rise up the o(pp— D*D") at same level as o(pp —D°D?) 24
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Cross section A) j0LICH

FORSCHUNGEIENTRUM

Phys. Rev. D 89 (2014) 114003
J. Haidenbauer, G. Krein

" == Baryon exchange Pp->D.D, i
10° Quark model .

1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
7.0 7.5 8.0 8.5 9.0

P, (GeV/c)

s With the approach described in slide 24, G(Ep—>DS+DS‘) should be feasible

What about the cross section of pp to excited D_state?

It is more complicated!
s We do not know anything about the coupling constant for Ds*

= we heed REAL data! -
E. Prencipe FAIRNESS 2017, Sitges




Cross section A) j0LICH

FORSCHUNGEIENTRLUM

s In the theoretical calculation for the cross section of pp—DD states, vector states
could be involved in the loop, but technical problems occur.
s There are divergences difficult to cure.
s Regge trajectories are introduced for this purpose ().
D. Ebert, R. N. Faustov, V. O. Galkin

M? PRD 79 (2009) 114029
15+ ® Experimental data o 4 qsl ® Experimental data xf>
| A Prediction e : - A Prediction T
& r © " A
- C> {}, /./ — f}}.‘:}"’ - -
L JJ,—"'"”’ P — fg;.»"f" | T - ~ P _(}_f-”
10 & ;;f - ,,-f""'( | 10L @ o -~ -
" o ] - _— o
P L - .
v« - I & " D.;(2860)
D* (2640) 4 ] I Dyy (2700) _#~
5h ~ D} (2460) 1 sl 7 Ds2(2573)
@ | ¥
D* (2010) | D2
0 —L l L l . O I /T\ | | | |
1) 2" 3 4" = 1 2 3" 4 5-
N~ J \_/ ;

s Regge trajectories for D(s) mesons with Natural Parity

s Both light (q = u,d,s) and heavy (Q = ¢,b) quarks are treated fully relativistically
without application of the heavy quark 1/m_ expansion. 26
E. Prencipe ; FAIRNESS 2017, Sitges




Cross section A) j0LICH

FORSCHUNGEIENTRLUM

15+ ® Experimental data . - D. Ebert, R. N. Faustov, V. O. Galkin __ |
— 15

| A Prediction P - PRD 79 (2009) 114029 / :
I & _ [ o

i 5 _— ] I P 7

1 0 B /"f‘-f /’Q/ / _ B ,.r-—"'—ff '_,.a"')f,j 4
I (}_/" f_{/__/ / //ﬁ/ - 1 0 I o - __.-9’ A

B & ]

7 o _ /{ 3040) o
— / 5 o

o ) | -
5F -///}31(2420) : 5l f/,x/ﬁsl{2536) 1

¥ S

L D
s ( Z ) 2 3 = ol k/A'\) | | —
"/ ] 0 \vl/ 2 3 4J

s Regge trajectories for D(s) mesons with Unnatural Parity

We calculated the masses of ground, orbitally and radially excited heavy-light mesons
up to rather high excitations. This allowed us to construct the Regge trajectories both
in (J, M?) and (n,, M?) planes. It was found that they are almost linear, parallel and
equidistant. Most of the available experimental data nicely fit to them. Exceptions are the
anomalously light D?,(2317), D,(2460) and D?*;(2860) mesons, which masses are 100-200
MeV lower than various model predictions. The masses of the charmed-strange DZ,(2317),
D,1(2460) mesons almost coincide or are even lower than the masses of the partner charmed
D§(2400) and D1(2427) mesons. These states thus could have an exotic origin. It will be
very important to find the bottom counterparts of these states in order to reveal their nature. o7
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A) JOLICH

FORSCHUMGEIENTRLUM

Is that feasible to perform the measurement
of the Open-charm Cross Section in pp?

Is that feasible to perform the measurement
of the D "(2317)" width in pp?

28
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A) JOLICH

FORSCHUMGEIENTRLUM

Is that feasible to perform the measurement
of the Open-charm Cross Section in pp?

Is that feasible to perform the measurement
of the D *(231%)" willth in pp?

YES!

N\ 29
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A) JOLICH

FORSCHUMGEIENTRLUM

Is that feasible to perform the measurement
of the Open-charm Cross Section in pp?

Is that feasible to perform the measurement
of the D *(231%)" willth in pp?

But...

N\ 30
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A) JOLICH

FORSCHUMGEIENTRLUM

Is that feasible to perform the measurement
of the Open-charm Cross Section in pp?

puse~Zht

.we need
~ the proper

detec/tg'N"

— "\
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aclility for / ntiproton and 'on '~esearch OJULICH

FORSCHUNGEIENTRUM

Anti protons
Prc: duction

&y Targ et

3000 Physicists

50 Countries
Scientific pillars of FAIR: --
1. Atomic, Plasma Physics and Applications — APPA

J .
P
2. Compressed Baryonic Matter — CBM N

3. NUclear STructure, Astrophysics and Reactors — NUSTAR v
4. antiProtons ANnihilation at DArmstadt - PANDA
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HESR with PANDA

A) jULICH

FORSCHUNGEIENTRUM

Stochastic
magnet 1 kickers
e e = = il "
\O\"-H- ( ) Hm.h'."’h,
'\;" Electron cooler “’g‘,‘ HESR | |
¥ B Dipole magnet )
. p g v
1 ® Quadrupole magnet ] 1.5-15GeVle
] B Sextupole magnet L] _
' 2 Solenoid oo 9GVie
i spacer for skew quad &
’gf‘ m injection equipment '\0‘
&/ N
."‘: o’
-— - = 8 — - ; . . 15 -2
p,pbar injection e = cav%*““ r"""“'——smch—"*""asﬁc - @ Thick target: 4 - 10" cm
R e {ESR)_ - PANDA  pickups @ Beam life time >30 min
0 50m

High resolution mode

@ e cooling, 1.5< p< 8.9 GeV/c

@ 10" antiprotons stored

@ Luminosity upto 2 -10** cm™@s™
® Ap/p=4-10°

High intensity mode

Stochastic cooling, p> 3.8 GeV/c
10" antiprotons stored
Luminosity upto 2 -10* cm™ s™
Ap/p=2-10*
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E. Prencipe

FAIRNESS 2017, Sitges



_ "SI0
PANDA < JULIcH

Scintillafion Tile Hodoscope
Straw Tube Tracker Forward Tracker

Micro Verfex Detector | Target System GEM-Tmcker

k Forward EM Calorimeter

)

Barrel DIRC TOF Wall

Dipole

EM Calorimeter Disc DIRC ‘
Muon Detection System
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The detector PANDA @ FAIR [EJ IR

FORGLHUNGELIENTRUM

@ PANDA is a fixed target detector
O Antiproton beam up to p = 15 GeV/c g T e s

cto "
Tischar Straw Tube Tracker Shashlyk Calorimeter

O Particles in formation and production
O Mass resolution ~ 100 KeV

O Ap/p :[107 - 107]

O High boost3_ = 0.8

O Many tracks and photons in fwd
acceptance ( 8 <30°), high p,, Ey

ey e
4 : '% F oF wan
T3 'l" 5

Dipole |

Muon Detection

L=13m

Target spectrometer Forward spectrometer

@ High background from hadronic reactions Solenoid B,=2T  Dipole B-L <2 Tm
O Expected S/B - 10—6 helix tracks parabola tracks
O S (signal) and B (background) have same signature
O Hardware trigger not possible
O Self-triggered electronics
O Free streaming data
O up to 20 MHz interaction rate
O Complete real-time event reconstruction

35
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Why antiprotons in PANDA?  [EJJIRS:

FORGEHUNGEIENTRUM

s Annihilation is a gluon rich process

s |In production: B J=0,2, C=+
all guantum numbers accessible in pp reactions

s High mass / width resolution in formation

s High angular momentum accessible

s Resonance scan technique:
i i ) Resonance
iInvariant mass resolution depends Cross
on the beam resolution section

s PANDA is in an unique position to
perform such a study!

Charm and Charmonium resonance mass scan

36
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PANDA construction A) j0LICH

FORSCHUNGEIENTRUM

s PANDA will be realized in different phases:

Phase 0: pre-commissioning

Phase | : start-up mode

Phase II: complete setup (low luminosity)
Phase lll:complete setup (high luminosity)

37
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PANDA construction A) j0LICH

FORSCHUNGESZENTRUM
s PANDA will be realized in different phases:
Start Setup
Cluster Solenoid Muon Dipole Muon Luminosity
Target Magnet Chambers Magnat Range Detector
f '1..". |
/ \
———— f \‘\i \
_' ' Ei’ﬁ-: 'l |\
l.l | . 5 < s Start-up:
-. w—'f:-:—- 5 ’ mmm l N _\.. . Phase | design
l N I'.‘-r-—- 1= ' - -‘.. \ '
-._'l-" 6= 1108, — 'I =YL
|h ru -.u"-"""
| -
B
§ I.h. '\ "1
3 J \\ L\
i i )
§ Barrel MVD STT Barrel GEM FE Fwd FToF FSC
:%‘ DIRC EMC [Plane EMC Trk1-4 38
=
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PANDA construction A) j0LICH

FORSCHUNGEIENTRUM

s PANDA will be realized in different phases:

Full Setup
Cluster Solenoid Muon Dipole Dipols Muon Luminosity
& Pellet Hag?et Chambers Magnet ToF Range Detector

Targe 0 . ; / System

NE .._.If--—«'I = ‘*x. Complete setup:

1,‘ll T — '-T i e Phase Il design
i - e T . I ¢

i | '1 " 1l :_f R __ .l __ “i":— ,” : . |I;II,.Il;jli|.||-!||,.l;lll'i|!I l
] ».iq —_—— | !: / S

Barrel MVD STT Barrel GEM Disc FE Fwd FRICH FToF FSC
DIRC EMC Trk DIRC EMC Trk1-6
& ToF
39
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Perspectives for the first period of ) 0LicH
data tak'n 0 at PANDA FORSCHUNGSZENTRUM

. Pre-Commissioning

Phase 0 & First Physics
3 Design
\ Construction
~ Installation %
 \ > -~ “Phase-C”
: Physics
start setup PANDA Hall available r
Phase 1 low luminosity _—
p Design y
N Construction >

3 .
: ,
% Installation
3'? -
g full setup Physics
g ™
3 |Phase 2 low luminosity
3
3 full setu . 40
= Phase 3 P N

high luminosit P
igh luminosity courtesy of J. Messchendorp (PANDA Physics coordinator)



Perspectives for the first period of ) 0LicH
data tak'n 0 at PANDA FORSCHUNGSZENTRUM

-~
2
‘3\3
— ":\9
. Pre-Commissioning Lo
Phase O & First Physics o \\?}
‘ .
Design . S)\ %
C i ( \/J
3 onstruction R \J"
* Installatii~a 20
g\s) < - "Phase-C"
' Physics
start setup PANDA Hall available J_,y ) r
Phase 1 low luminosity *X‘S\ v
Y
= J_(‘ ~
3 Design \ J
“_9 3 Construction \
] (@ 7%
% %e) Installation
B o 9
| W Physics
; fulls;tQ(;.\J y
1 | Phase 2 lor \k‘mﬁmsity
: 2%
E
=S phpi X‘// :lullhstletup . a
it B | |
igh luminosity courtesy of J. Messchendorp (PANDA Physics coordinator)



A) JULICH

FORGLHUNGELIENTRUM

What do we need
to investigate
Open-charm Physics
INn pp?

42
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A) JULICH

FORSCHUNGEIENTRUM

1. Good tracking system

43
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—»TDR approved

Tracking system

A) JULICH

FORGLHUNGELIENTRUM

= Muﬂ'

 * ul!l“ ”‘ -

DR

\‘\

-'—g.m.

Square-strip _ |
Sensor Prgtotype
L L -y

-, / A o £l Sen
- T e
R i J
-l sl ~
Ll . 5

_N‘ 3

44

E. Prencipe

FAIRNESS 2017, Sitges



PANDA tracking performance [JJUIN;

FORGLHUNGELIENTRUM

dE/dx 16 hit track, TM40

6000

‘courtesy af P. Wintz :

dE/dx; April "16; protons
5000

— 0.55GeVic

400,0 .................. ...................... ....................... ............... — 0-75 Gevfc

3000

So
T 2.95GeVie _ f[Wal‘ Q

E.P., EPJ C. 127 (2016) 00013

Good reconstruction for low momentum

.................. tracks with the GENFIT2 toolkit in
PandaRoot

2000

1000

-y
[}
[~}

OD

20 40 60 80 100 120 140

STT Test-beam, April 2016 i il ilialutesa

e °: i : 3
a( ) L t::;ﬁ:l—o—?——.:' i
5 [ % —— GENFITZ]

L — o |

(P . ______________________________ _______________________________ _____________________________ ______________________________ _________________ -

. & W S — I o

0 0.2 0.4 0.6 0.8 1
P, [GeV/c]
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PandaRoot: official PANDA framework

s PandaRoot: code inside the FAIRRoot project, based on Root;
code for simulation and analysis;
working on many Linux distributions, and OS X.
D. Bertini, M. A-Turany, |. Koenig and F. Uhlig , Journal of Phys: Conf. Series

119 (2008) 032011; S. Spataro, Journal of Phys: Conf. Series 396 (2012) 022048
E.P., EPJ C. 127 (2016) 00013

Event generation (BoxGen, Transport model
EvtGen, Ftf, DPM, UrQmd) (Geant3, Geant4)

B field, detector geometry

genfit2

ANALYSIS

46
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A) JULICH

FORGLHUNGELIENTRUM

2. Excellent photon reconstruction

energy resolution below 2% at 1 GeV pANDA Coll.,, EPJ A51 (2015), 107
photon energy detection < 30 MeV PANDA Coll., EPJ A52 (2016), 325

47
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(Fanda #) JULICH

FORSCHUNGEIENTRUM

0l
T |

= 'l'i' n

3 LT
" !

Ll
A==,
|
-

m B & ad Forward Shashlyk EMC
'ﬂﬁi PbWO, Calorimeter \ .

Calorimeters:
All endcap crystals produced
TDR approved

48
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PANDA calorimeter A) j0LICH

FORSCHUNGEIENTRUM

PANDA EMC (Electromagnetic Calorimeter)

17,200 crystals

PbWO, (radiation hard, fast Toeca,~6 NS) s Crystal length: 20 cm = 22X
28 X _ _
dE/dx=13.0 MeV/em s Increase of light yield:

- PbWO 1I~x2 CMS PbWO, Crystals

- Operation with 2 APDs (1 cm? each)
increase effic. ~ x4 compared to CMS

- Operation at -25 °C increases light
yield compared to +18 °C ~x4 times

[
big improvement compared to CMS

-----
ASAR R L L
.................

....................
TR e P

ihrnd
NN AN AR

operated at -25°C
Barrel Calorimeter Forward Calorimeter
s 11360 PbWO, Crystals s 3600 PbWO, Crystals
s LAAPD readout, 2x1 cm? s High occupancy in center Backward endcap
s O(E)/E ~ .5% E = const s LAAPD or VPT s 524 PbWO, Crystals

49
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Challenges in D_meson spectroscopy [J Jile;

ICHEP2014 — E.P., Nucl. Part. Phys. P?oc. 273 (2016) 231 FORSCHUNGSZENTRUM

s pp —D_D_"

& 200 ] ] _

§ LeoF-3 states included in this simulation: D {[2535) s Missing mass of DS :

© [ D_(2317), D (2460) and D_(2535)

=, "*°ETRUTH MATCHED VARUES | p— _

%0 140D 50 MeVic D (2460 ( pa .@d & » D, reconstructed exclusively

'E 120 —=

o D_(2317) _ _
o s s Bkg cross section > thousand times

02
=]

than expected on signal

a2}
=]

iy
e [=]
S—III|III|III|III|III|III|

[
[=]

.-oJ.a.-P"Ld"‘l’!-”‘l-LHﬁ"hllllllllll

1 1 1 1
|
21 2.2 2.3 2.4

1 11 |
2.5

1 I N
2.6 2.7

H

=]

1
2.8

D_~ missing mass [GeV/c?] © 'Sm:__ Fit to Sig. events D_(2317)" simulation
%)« -—— Sig+comb bkg Mea 2.317
a GOa|S 2 ___ RAMS 0.01624
| o ¢ ffE anda i
1. Cross section measurement in pp 7% Mean 231775 + 0.00067
Sigma 0.01604 + 0.00018

Even

300

2. Measurement of the width with mass scan

200

3. Mixing between D states with same J*,

100

4. Chiral symmetry breaking

L L i | ! Lo
215 2.2 2.25 23 21358

L TR T
24

245 25

D_~ missing mass [GeV/c?]
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Cross section A) J0LICH

FORSCHUNGEIENTRUM

s Excitation function of the cross section for pp -D_ Dso*(2317)+:

|12
o(s) = d(E)

64-7t-p1*-s
*T % MEM -
D(E) = MM de\/E-S 1
T A
{0

M =M(D,)
M* = M(D_(2317)")
I* = I(D,'(2317)")

S = square energy in the center-of-mass system
p,* = momentum of the antiproton beam

E=Vs—M-M*
E= 2ET
1 = MM*/(M+M¥)

51
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A) JULICH

FORSCHUNGEIENTRLUM

VEN-de/(82+1)=n

I IT* cm =
P(E) — v2EM™ - p ps2a17’  TOr E>>1 E.P, PoS Bormio2015 (2015) 044

E.P., Nucl.Phys. A948 (2016) 93

nb ST _
_ Approximation: m__= M peor2a17)
4 M. Mertens PhD theis, FZJ

[ 1 MeV
3-_ 500 keV
— 200 keV
)| —  100keV
B —  10keV

= e
4286/@133 1290 Vs [MeV]
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Scan of D D_'(2317)" A) JULICH

FORGLHUNGELIENTRUM

s D *(2317)'->D " 1°
s0 S M. Mertens

= = :

iy [ =100 keV 4 L "

60| i 60 80| 60 i

d o { ST i £ i

- LY I E T I W What do we want to measure?

......
zzzzzz

s PDG: [ <3.8 MeV at 95% c.l.

s Excitation function of the cross section:

_ X N
o(A) = x!-m.RI‘|ﬂI2|é/ dax, L

2+ 1

| o(0) =/ 5 IM7| s m[D_] - m[D (2317)']
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Summary: expected produced events A) J0LICH

FORGGHUMGEZENTRLUM

L=10"cm?s™ L=10*%cm?s*
Input o Produced events Produced events
(nb) per day (Start up) per day (Full lumi)
20 17280 172800
10 8640 86400 B
o 4320 43200 pp—D_~D_*(2317)*
2 1728 17280
1 864 8640

s Conservative range: ¢ [1 — 100] nb
s With L = 10°* cm™ s™ (average), 864 produced events/day (hyp: ¢ = 1nb)
s B factories: o
S/B ~5/1, ¢ =8.2%ine'e" —D_D_'(2317); | Phys. Rev. Lett. 52, 012002 (2004)
SIB ~ 2/1, ¢ €[0.42-2.75] - 10 through B decays, | < "o et o1 207002 (2003

Belle Il will collect 43750 Dsc_‘(2317) in 10 years (/' =50 ab™)
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q) JULICH

PANDA is suitable not only for
Open-charm Physics studies.

It IS I\/IUC.H more...

55
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PANDA physics program A) j0LICH

FORSCHUNGEIENTRLUM

") [/ Gev®

it

s Hadron spectroscopy:
search for particles and measurement of hadron properties

OD-

s Nucleon structure:

generalized parton distribution, Drell-Yan processes and o-é“"ﬁ"‘-‘-ﬂ
time-like form factor of the proton

Vacuum Nuclear Medium

s Hadrons in matter:
study in medium effects of hadronic particles

s Hypernuclei:

measurement of nuclear properties with an additional
strangeness degree of freedom

E. Prencipe




PANDA physics program A) J0LICH

FORSCHUNGEIENTRLUM

") [/ Gev®

it

Hadron spectroscopy:
_ Charmonium-like spectroscopy
2 X(3872) line shape and decays (precision and uniqueness)
_ Charged Z spectroscopy (uniqueness)
2 High-spin states (unigueness)

]
z0. —e
£y ®
i, &
® < °
5 o'
L = v
Vacuum Nuclear Medium
o TE_ ~E
T st 1 - 25 MeV
p—— +
e K
K "
.\\ 100 MeV

Mitgliedin_der Halmboltz-Cemainschalt
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PANDA physics program A) J0LICH

FORSCHUNGEIENTRLUM

") [/ Gev®

f2(1565)

it
~

2 Nucleon structure: EMFF in time-like regime k) %
_ Form factors via 0 production (uniqueness) .%, :
_ Light meson spectroscopy: glueballs, ,,, (precision) N A
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PANDA physics program A) J0LICH

FORSCHUNGEIENTRLUM

") [/ Gev®

f2(1565)

it
~

_ Hyperon structure: spectroscopy (unigueness)

» Hyperon production: cross sections, CP, ... (precision and unique)
_ p-A interaction (uniqgueness)

E. Prencipe FAIRNES é =N



A) JULICH

FORSCHUNGEZENTRLUM

Some examples from PANDA recent publications
on highlight topics of the physics program:

60
E. Prencipe FAIRNESS 2017, Sitges




EXAMPLE:

Investigating the structure of the proton f) JULICH

FORSCHUNGEZENTRLUM

PANDA Coll, EPJ, A51 (2015), 107

g L R I I B I RS RN RN R
‘:‘. - C. Mora-Espi . :
812 e E s Good particle identification!
S0 A ,{ Background7 power Séjppressmn:
e ] - up to 5+10"at low g7
a.08- - - 1+10° for larger ¢°.
0.6/ —:
0.4 '
0.2~ PANDA Coll, PRD95 (2017), 032003
:I 1 r|||4 il |||| [pr |'i-'iI I:' E 1{:}:_
% 05 1 15 2 25 3 35 4 45 5 — = pp—nin®
momentum [GeVic] ¢ - b Worldd
o - k orid data
g_ 1 = - { o Cross sections for simulation
e [ ’
o - } f § ©
s Feasibility studies (MC) on 10" ’

time-like proton electromagnetic ;
form factor and transition distribution f °
amplitudes (TDAS)

3

= TTTTT]

E. Atommsa

2 4 6 8 10 12 14
p_[GeVic]
[i]
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EXAMPLE:

Investigating the structure of the proton f) JULICH

FORSCHUNGEZENTRLUM

PANDA Coll, EPJ A52 (2016), 325

@ 3 L A BaBar
- B LEAR
25 -  FENICE+DM2
= 4+ E835
B BESIII
- B PANDA Method |
2 + PANDA Method I
15 + %
; +4=ﬁ |
0.5 }
- D. Khaneft. A. Dbeyssi
0 (I A T T NN TR TN N AN NN N SR NN N NN SN AN S SO S R
4 b 8 10 12 14
q? [(GeVic)]
R=|G_|/|G,|
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EXAMPLE:

X, Y, Z cross sections at PANDA EKJJUIRY:

E.P., HADRON2015 - AIP Conf.Proc. 1735 (2016) 060011 HSEHENERERTRL

s Detailed balance method:

(2J+1)-4r B(R—pp)-B(R—> f) -T'R
8—4?’?1% 4(\/§—m3)2+1%

opp— R|-B(R— f) =
for non polarized incident beam.

s If BR(R —pp) is known (from PDG), 6(X, Y, Z —pp) — use the detailed balance method

s If BR(R —pp) is unknown (from PDG), o(X, Y, Z —pp) —
evaluate BR(R —pp) by scaling widths, then use detailed balance method

Ftot&l (RQ)

BR(Ry — pp) = BR(Ry — pp) - Ciotal (1)

s Reference resonance for our calculation: y(3770)

s Assumption: partial width of charmonium states are identical

How do we know that this method works? o

E. Prencipe FAIRNESS 2017, Sitges




EXAMPLE:

Detailed balance method A)0LICH

E.P., HADRON2015 - AIP Conf.Proc. 1735 (2016) 060011 R

~ Cross Check for Jfy from E760 Paper Cross Check for ¢ from E760 Paper

M. Galuska i ok AR ST M. Galuska LA e AL ST

30

25

Bt
O

Jhy

I~
[T

Events | Luminosity (nk)
E

Events / Luminosity (nb)

1

k=

[
3.094 1.095 3096 3,097 3.098 3,093 31 3,682 IEE3 3604 1,685  3.686 1.687 3.688 3,669 3.69
nominal Ecm [GeV] nominal Ecm [GeY]

s Detailed balance method: check on E760 data
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EXAMPLE:

X, Y, Z rates at PANDA A) j0LICH
E.P., HADRON2015 - AIP Conf.Proc. 1735 (2016) 060011 ORSCHUNGSZENTRLM
Resonance Cross section (nb)
X(3872) <50
Y(4260) [0.077 — 2.2]
Z(3900)" [0.017 — 0.473]
é

How many X(3872), Y(4260), Z(3900)" can PANDA produce?

Upper limit Start-up  Full lumi
Resonance L = 8.64 L= 0.864 pb*'/day
X (3372) 432000 43200
Y (4260) 19000 1900
Z(3900)* 4050 405

Lower limit
Resonance £ — 864 L— 0.864 pb'/day
X (3872) - -

Y (4260) 665 67
Z(3900)" 140 14

65
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EXAMPLE:

Challenge: search for new exotic Z states f) JULICH

E.P., Z workshop 2015, Giessen; HADRON2015 - AIP Conf.Proc. 1735 (2016) 060011 A EHNGRZERTRM
Resonance Mass [MeV /¢?] Width [MeV] Decay JF
Z(4430)* 4433+4(stat)£2(syst) 45715 (stat) T 5 (syst) V(29)TT [1]
Z,(3900)"  3899.043.6(stat)£4.9(syst)  46410(stat)£20(syst)  J/omt, DVD* [2]

Z.(3900)° 3804.82.3(stat) 29.6:£8.2(stat) J 4 3]
Z.(4020)"  4022.9+0.8(stat)+2.7(syst)  7.9%2.7(stat)42.6(syst) her™ [4]
Z,(4020)"  4023.612.2(stat)£3.9(syst) - h,m [5]
7.(3885)F  3883.9+1.5(stat)£4.2(syst) 24.843.3(stat)+11.0(syst)  D*D® 1+ 6]
Z,(4025)T  4026.3£2.6(stat)£3.7(syst)  24.845.6(stat)E7.7(syst) D**D* 7]

[1] PRL 100(2008)142001; [2] PRL 110(2013)252001: [3] PLB 727(2013)366; [4] arXiV:1309.1806; [5] ICHEP2014;
[6] PRL 112(2014)022001: [7] PRL 112(2014)132001.

s Expected Z states near DD threshold, never observed (m;~ 3730 MeV/c?)

# Production forbidden by parity conservation at ee colliders

s X(3872)—Z(3730) r transition kinematically allowed
(but maybe rare decay and X(3872) statistics limited at e"e” colliders)

s Proposal @ PANDA:
pp — Z(3730)°, Z(3730)° —J/wy
pp — Z(3730)°, Z(3730)° —y,, 7
pp — Z(3730)'7, Z(3730)" — x &’ x, — J/yy 66
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....and more and more....

67
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A) j0LICH

FORGLHUNGELIENTRUM

s Still many open questions in hadron physics:

a pp machine is needed

s Open-charm physics is still of very high interest
s PANDA is in a unique position to perform such measurements
s Original measurements are expected during the Phase-1 of data taking

s Big hardware effort: test beam started, TDRs ongoing

PANDA has lots of high profile and unique physics cases

Important contributions expected from PANDA physics program.

68
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A) JULICH

FOREGHUNGEIENTRUM

’9’ “The greatest danger for most of us lies not in
[ setting our aim too high and falling short;
but in setting our aim too low, and achieve our

mark .” (Michelangelo, 1475 - 1564)

THANK YOU!

e.prencipe@fz-juelich.de
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