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Hadron Spectroscopy -- Recent Highlights  oxveesitar

Meson Spectroscopy

BESIII, arXiv:1303.5949
100 Z.(3900) = Data

— Total fit

=== Background fit
80 ==+ PHSP MC

Events / 0.01 GeV/c?

3.7 3.8 3.9 4.0
M., (/) (GeV/c?)

unexpected,
manifestly exotic!
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American Physical Society:

pion: proton: Z.(3900):
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Viewpoint: New Particle Hints at
Four-Quark Matter > Highlight 2013!

[http://physics.aps.org/articles/v6/139]
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What are Hadrons?

JOI OET!
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* Hadrons = bound states of strong interaction, QCD (quarks/gluons)
* Well known are

Baryons:
Anti-Baryons: qqq

499

* Some examples are:

Mesons: qq

Focus in this talk

Quarks

Flavor

spin =1/2

Approx.
Mass

GeV/c?

Electric
charge

@ charm U]
@ strange 0.1

2/3
-1/3

Baryons qqq and Antibaryons qqq Mesons qq
Baryons are fermionic hadrons. Mesons are bosonic hadrons
These are a few of the many types of baryons. These are a few of the many types of mesons.
Symbol| Name [ Quark | Electric | Mass |Spin| |Symbol| Name | Quark | Electric | Mass |Spin
content| charge | GeV/c?2 content [ charge | GeV/c?

P proton | uud 1 0.938 | 1/2 n+ pion ud +1 0.140 | 0
p |antiproton| uud -1 0.938 | 1/2 K- kaon st -1 0494 | 0
n neutron | udd 0 0.940 | 112 p* rho ud +] 0.776 | 1

A | lambda | wuds 0 1.116 | 1/2 B’ | B-zero | db 0 5279 | 0
Q~ | omega SSS -1 1.672 | 3/2 e eta-c cC 0 2980 | O

Exotics: And there should be other configurations ...

Mass

GeV/c?

Electric .
charge

NB: gluons are
(colour) charged

Frank Nerling
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Comparison QED vs QCD =S
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* How do they compare to QED bound states?

QED o~ m, =0.5MeV
g m, =938 MeV Field bosons
my =938.5 MeV basically do not
Eg =-13eV influence the mass

H-Atom
my<mg+ m,

m, =2MeV

my =5MeV Field bosons
m, =139 MeV ,are’ the
Eg =+132MeV mass!

mn > mu + md
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Non-relativistic Potential eps)
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» Reproduce the asymptotic behaviour of strong interaction

. i QCD ntial
« Coulomb like at small distances 1 potentia
- Asymptotic freedom

V(r) r_—L()) _ias(r)

3

V, GeV —=

 Linear at large distances
= Confinement

as = 0.3
k =1GeVm-'
— 00
V(r) — k-r
2l
L ) 1
0 0.5 1.0

r, fm —

[Godfrey & Isgur, PRD 32 (1985) 189]
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4.2

4.0

3.8

Mass [ GeV/c?]

3.4

3.2

3.0

JPC

Charmonium spectrum (cc)

[PRD 72 (2005) 054026] & [PDG]

3.6

i m p(#3S1)

-
1c(31S0)
B c 23P2)
he(2'Py) X1 (23P)
| " (13Dy)
¢ (2°81) "DD
1t(2'Sp)
2 (13P.
/lc(llpl) Xa(1°P2)
X0 (13Pg)
J/p (1°S1)
1e(11Sp)
| predicted |
0+ 1 1+~ 0++ 1++ 7+
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* Below open charm threshold:

» Good agreement theory vs. experiment

_ 4
VCC:___S b
0 3r+r+ 9m?

1 20(q b =g = 4aq
= (= -1 ST
m? [( r3 2r)L 5+ r3 ]

+ relativistic corrections!

Vspin—dep.

[Godfrey & Isgur, PRD 32 (1985) 189]

[Barnes, Godfrey & Swanson, PRD 72 (2005) 054026]

Frank Nerling
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4.2

4.0

3.8

3.6

Mass [ GeV/c?]

34

3.2

3.0

JPC

Charmonium spectrum (cc)

[PRD 72 (2005) 054026] & [PDG]

| (2w5] [a]

$(2°Dy)

| L] fre]

lP”(13D1)

P’ (235)

Il(-(llpl)

X0 (13Pg)

3P)
I P rah
@) | [ —p] [xa @)

X2 (13Py)
xa (13Py)

BE c (11 So)
! . | predicted, discovered l
| predicted |
0—+ 1—— 1+— 0++ 1++ 2++
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* Below open charm threshold:
» Good agreement theory vs. experiment

. |
VOCC:——?—I—br—F

1 2“5 b =g = 4“5
Vspin—dep. = m_% |:<r_3 — 5) L-S+ 3 T:|

+ relativistic corrections!

[Godfrey & Isgur, PRD 32 (1985) 189]
[Barnes, Godfrey & Swanson, PRD 72 (2005) 054026]
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The puzzle of XYZ states

[PRD 72 (2005) 054026] & [PDG]

204430 | [ Ges) ]
4.5 T (@15, oS
| Y(4360) I
Xc2(3%P2)
[W@zs0) | <3P | Xe1(3%P1)
42 -
% 4.(26020) s, | &S
>
> Y(3940) | s
o [ZEw h@Py) 7 2
2 — co(23P
7 3.8 27Dy Xc0(2%Po)
<§t 2Mp [T T
P’(2384)
¢'(2'S
36 L Nnc’(2'So)
Xc2(18P2)
Xc1(13P4) |
3.4 |-
3.2 |- predicted, discovered
predicted, undiscovered
3.0 - unpredicted, discovered

O+

1__

1+

JrPC

O++ 1++ 2++
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* Below open charm threshold:
» Good agreement theory vs. experiment

* Above open charm threshold:

» Many predicted states not discovered
» Many unexpected states observed

c 4 o 327as -
VOCC = —57 +b7‘+ 9mg 5(7’)SC c
1 leq b =g = 4aq
Vsin—de.:_[<_-_—)L'S+ T:|
P P m2 r3 2r r3

+ relativistic corrections!

[Godfrey & Isgur, PRD 32 (1985) 189]
[Barnes, Godfrey & Swanson, PRD 72 (2005) 054026]
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Mesons and (spin) exotic states @ -..- -
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Quark model
* Mesons: Color neutral qq systems

Conventional (qq),

QCD: Meson states beyond qq
* Nowadays definition: Meson = Hadron with B =0
* In contrast to simple qQ allows for => huge variety of states:

Hybrid (qq)s9 % Molecule (qq),(aq),

Tetraquark (qqqq), <:: p Hadro-quarkonium (QQ),(qq),
9

Glue-ball (gg), or (ggg), . 00 Di-quarkonium (qq)z (qq);

[e.g. Braaten, PRD 90 (2014) 014044]

Frank Nerling Hadron spectroscopy of charmonium-like (exotics) 20/11/2018
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The puzzle of XYZ states

[PRD 72 (2005) 054026] & [PDG]

42—

4.0
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i
3pP)
X0 (3°Po)
$(2°Dy)
1
[@n] 11 (R) :
X (PFy)
0@ (=
B ¥ (1°Dy)
¥ (2°51) o)
1L (21S,)
XCZ(ISPZ)
- X0 (13Po)
ntm
atr
J/p(138;)
| not predicted, discovered |
[ | 7c(11S0)
c | predicted, discovered |
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0+ 1 17— (0 1T+ 2++

JO! OET!

HANN WOLFGANG

UNIVERSITAT

FRANKFURT AM MAIN

~

Exotic means:

something unusual, surprising,
not necessarily ’
forbidden ... z

A' i
v
|

, \'
.
2 ekl

The X(3872) is one of the first
unexpected and most prominent
examples,observed already in 2003 |

Frank Nerling
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Experimental Review of the X(3872) =
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[Belle, PhysRevLett.91 (2003) 262001] B
LN L * The first unexpected state
300 v 2200 c:_[)FPRmMZOOl » and the most intriguing one
: 2000 _ ~6K events
200 [ 1800 f * First observed by Belle in 2003
i 0k > X(3872) = Jiynn
i 10T ¥ serensodsios ey > very narrow state with JPC= 1+
100 3.85 3.86 3.87 3.88 3.89
i X(3872)
i J * Both, Belle & BaBar report signal in
0 E— > X(3872)—DOD* (DD and DODYy)
0.40 0.80 1.20

M(x 1) - M(I'T) (GeV)
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Experimental Review of the X(3872)

UNIVERSITAT
[Belle, PhysRevLett.91 (2003) 262001] _
T T T T T T T T * The first unexpected states
300 |- v 2200 > and the most intriguing one
B [ ~6K events
- 2000 t
200 - 1800 ¢ * First observed by Belle in 2003
i 0k > X(3872) = Jiynn
[ 10T ¥ serensodsios ey > very narrow state with JPC¢= 1+
100 3.85 3.86 3.87 3.88 3.89
i X(3872)
. * Both, Belle & BaBar report signal in
0 = el > X(3872)—DD* (DD and DD%)
0.40 0.80 1.20

M(7 1) - M(I"T) (GeV)
_ Intriguing Analogon
* Mass: m(X) - m(D*?) - m(D0?) = "binding energy" of 1.8 GeV 2 GeV

=-0.12 £ 0.19 MeV/c? “0.12+-019 Mev'? _
* Width: Upper limit by Belle PION

> Tyagrm< 1.2MeV (90% c.l., 2011) Lcey  1Gav

deuteron
®_PION®

Frank Nerling Hadron spectroscopy of charmonium-like (exotics) pg. 12 20/11/2018




Experimental Review of the X(3872)

UNIVERSITAT
[Belle, PhysRevLett.91 (2003) 262001] _
T T T T T T T T * The first unexpected states
300 |- v 2200 > and the most intriguing one
B [ ~6K events
- 2000 t
200 - 1800 ¢ * First observed by Belle in 2003
i 0k > X(3872) = Jiynn
[ 10T ¥ serensodsios ey > very narrow state with JPC¢= 1+
100 3.85 3.86 3.87 3.88 3.89
i X(3872)
. * Both, Belle & BaBar report signal in
0 = el > X(3872)—DD* (DD and DD%)
0.40 0.80 1.20

M(7 1) - M(I"T) (GeV)
_ Intriguing Analogon
* Mass: m(X) - m(D*?) - m(D0?) = "binding energy" of 1.8 GeV 2 GeV

=-0.12 £ 0.19 MeV/c? “0.12+-019 Mev'? _
* Width: Upper limit by Belle PION

5 Ty < 1.2MeV (90% c.l., 2011)
T @ Molecule ?

For clarification: Precision measurement of [y g7, (., (aq),(aq),
in the sub-MeV range needed!
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Hadron Physics — Major labs & experiments "%
P
_l-l-
L BESII
FAIR / GSI
Darmstadt IHEP
— E
| eijing
JLab - CERN O
Newport News Geneva = —
KEK
Tsukuba

D

O
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Hadron Physics — Major labs & experiments =T

JLab
Newport News H

C ﬁ:a nd a

FAIR / GSI
Darmstadt

UNIVERSITAT
FRANKFURT AM MAIN
IHEP
Beijing
Magnet yoke = Emagnet, 17

Be beam pipe

MDC, 120 ym

o lo

Csl(Tl) calorimeter, 2.5 %@1 GeV

RUNNING
(since 2008)

Frank Nerling
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* Symmetric e*e- collider:
> Vs =2.0-4.6 GeV
* Design luminosity:

> 1x1033 cm2s1 (at y(3770),
achieved in 04/2016)

* Multi-purpose 4n detector with
» good tracking
» calorimetry
» PID and muon detection

* Operating since March 2008

Frank Nerling Hadron spectroscopy of charmonium-like (exotics) pg. 16 20/11/2018




BESIT The puzzle of XYZ states =5

[PRD 72 (2005) 054026] & [PDG]

Y(4?60) Xc2(3%P2) |
Y(4260) ‘@ |Xc1(33P1)

42 - =
ey |
1

MASS [GeV/c?]

Xe2(13P2)
P

34 -
3.2 - predicted, discovered
predicted, undiscovered
3.0 - unpredicted, discovered
0—+ 1— 1+ 0++ 1++ 2++
JPC

UNIVERSITAT
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* Below open charm threshold:
» Good agreement theory vs. experiment

* Above open charm threshold:

» Many predicted states not discovered
» Many unexpected states observed

BESIII: Study conventional as well as
charmonium-like (exotic) XYZ states

* Direct access to Y states (1) in
direct formation (e*e-annihilation)

e Study (charged & neutral) Z states

Frank Nerling Hadron spectroscopy of charmonium-like (exotics) pg. 17 20/11/2018



BESIT The puzzle of XYZ states =5

UNIVERSITAT

FRANKFURT AM MAIN

[PRD 72 (2005) 054026] & [PDG]

* Below open charm threshold:

Z(4430) I

4 ‘\&% » Good agreement theory vs. experiment

YT ni * Above open charm threshold:

. Z(4020)so) » Many predicted states not discovered
X @] » Many unexpected states observed

MASS [GeV/c?]

19P
Y

BESIII: Study conventional as well as

34 - charmonium-like (exotic) XYZ states
32 - predicted, discovered * Direct access to Y states (1) in
predicted, undiscovered direct formation (e*e-annihilation)
3.0 - unpredicted, discovered
0+ 1= 1= 0% 1+ 2w * Study (charged & neutral) Z states
JPC

Frank Nerling Hadron spectroscopy of charmonium-like (exotics) pg. 18 20/11/2018



BESII The charged Z_(3900) =
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* Discovery of Z,(3900)* — J/yTr*

e m = (3899.0 + 3.6 £ 4.9) MeV/c?
I' = (46 4 10 & 20) MeV

AN
o

- 4 Data > ete = Jlytrtr
100 : — Total fit > ats =4.26 GeV (525 pb!, >80)
80 - ---- Background fit
- - PHSPMC * Mass close to DD* threshold
) + [] Sideband
[ \

Events / 0.01 GeV/c?
N
(@)

N
o

* Manifestly exotic:
> decays to J/Ay =>contains cc
» electrical charged => contains ud

1 PR T T I S S 1
3.7 3.8 3.9 4.0 _ _
M, () (GeV/c?) => First 4-quark state observation (?!)

* Confirmed by Belle and CLEO-c

[PRL 110 (2013) 252001]

Frank Nerling Hadron spectroscopy of charmonium-like (exotics) pg. 19 20/11/2018



BESII  The neutral partner of the Z.(3900) =5t

Events/(10 MeV/@) Events/(10 MeV/@)

Events/(10 MeV/@)

(a) 4230 GeV, 1091.7 pb’

TTTTTTT ||I|—|—H—T—W—T—H+'—0—H|III|III|III ||I||||II||I—H_-]:F—‘4_—MI|III|||||I||||I]|| TTTTTTTTT

[PRL 115 (2015) 112003]

1 L
38 40 42

M ., (GeV/c)
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FRANKFURT AM MAIN

* Observation of Z_(3900)° = J/ymn®
> in ete” = J/ynn® GeV (2.8 tb', 10.40)
» confirms earlier evidence in CLEO-c data

* Parameters consistent with those
of Z_(3900)*

e m = 3894.8 £ 2.3 4+ 2.7 MeV/c?
I' =29.64+ 8.2+ 82MeV

=> Establishes an
isospin triplet Z,(3900)

* Confirmed by Belle and consistent with
CLEO-c data

Frank Nerling

Hadron spectroscopy of charmonium-like (exotics) pg. 20 20/11/2018



BESIL The neutral partner of the Z(3900) &=

70 =
2 e (a) 4230 GeV, 10917 pb'
= 50
(@] -
S wp
2 b
c
:>_’I 20 P T T - .

10 £

05 :
) =
3 we + (b) 4.260 GeV, 825.7 pb'
s Wb +
.
g 20 | R ol ! ® | +
> 15 < |4 <
I AR A

5 ;— +

0=
S nc (c) 4360 GeV, 539.8 pb'
s E
o 14 —
N 12
.\9 10
g s g
L 6 —

iF

2 E

4

38

[PRL 115 (2015) 112003]

42

M o (GeV/d)

JOHANN WOLFGANG $3A GOETHE
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* Observation of Z_(3900)° = J/ymn®

> in ete” = J/ynn® GeV (2.8 tb', 10.40)

» confirms earlier evidence in CLEO-c data

“When | see a bird that walks like a
duck and swims like a duck and quacks
like a duck, | call that bird a duck.”

— James Whitcomb Riley
Indiana Poet

[Taken over from M.Sheppard, different context, Hadron'17]

Frank Nerling
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BESII Two Z_ triplets established ==

UNIVERSITAT
[PRL 115 (2015) 112003] PANKIDRT AN
[PRL 110 (2013) 252001] o [PRL 111 (2013) 242002] [PRL 113 (2014) 212002]
1ooF Fom -3 4230 MeV S 19 . s
“b r — Total fit ~ % | < “— 40
S F -+ Background fi ~ 20 E 100 E L 35
§ 805 + -::::: % 60 g 8 g : E .
g 60:— | | L: g o 2‘, g 25|
2 40p I . "0 & | 3
R , B “ S
z 2 ity ) " 1
0 36 38 4.0 2 e N3 e, g
37 Mm:.(?t*J/W) ?éew c2)4~° M Jy) (GeV/e) o5 400 405 4.10 4.15Mx:.(2(4;1e s %39 "”M’,Fﬂﬂllmlfce‘{}/cz;' 42
ete™ — n-ntJ/yP ete™ — n0n%/y ete™ - w7t he ete™ — 97%.

[PRL 112 (2014) 022001]

[PRL 112 (2013) 132001]
T [PRL 115 (2015) 182002]
~[PRL1I5(2015)222002]  § | - oon e o o
) 4+ Data g - - PHSP signal g [
380 — Global Fit o | mws 2,0
260 - ﬁ:gr.‘af;kq A H g I
540 ‘520: 10:
“20 w
39 395 4 405 41 415 Olosaddils T 4.02 4.04 4.06 4.08 0 P
M(D"D¥) X I I 4 M(D%P)s(sew A RM(r) (GeV/c?) “RM()(GeVict

ete” — (DD*)* ‘e+e‘ — = (D*D*)*

J J
Y Y
Z_(3900):0 > JP =1+ Z_(4020)0 ?
* Nature of these states?
> two isospin triplets of charmonium-like exotic states established
* Different decay modes (hidden vs. open charm) of same state observed?
» further decay channels? -

Frank Nerling Hadron spectroscopy of charmonium-like (exotics) 20/11/2018



BESIT The puzzle of XYZ states =5

[PRD 72 (2005) 054026] & [PDG]

4, —Inc(41so) :|¢(4as1)
@I X&(33P2)|
Y(aado) | N3P | Xe1(3%P1)

UNIVERSITAT
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* Below open charm threshold:
» Good agreement theory vs. experiment

* Above open charm threshold:

» Many predicted states not discovered
» Many unexpected states observed

BESIII: Study conventional as well as
charmonium-like (exotic) XYZ states

* Direct access to Y states (17) in
direct formation (e*e-annihilation)

42 - it Al
Ll bEm |
%
>
8 Xc2(2%P2)
— X(3872)
1))
7))
D S TR . 1 e O
=
Xc2(13P2)
Xe1(13P1)
p—
3.4 |- nn
3.2 |- predicted, discovered
predicted, undiscovered
3.0 - unpredicted, discovered
0+ 1— 1+ O++ 1++ 2++
JPC

e Study (charged & neutral) Z states

Frank Nerling Hadron spectroscopy of charmonium-like (exotics) pg. 23 20/11/2018



BESII The Y states, e*e- production of =S
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Some history:

ete™— J/yrnn” ete™— Y(2S) it

[PRL 95, 142001 (2005) ] [PRL 98, 212001 (2007) ]
% 40_ T T L S S N, T . e
% | 1045- ! | % " ]
= [ F i 2 HH i}
& 30 (T ] 20 i —
2 [ F et e ] g : : |
5 [ p T 2 Pl ]
[Ji 20— 36 38 4 42 44 46 48 5_ [84] -

L L

T LI I LI T I T 1

10 [ \ ]
; et i
- et St
98 —s s 2 75 5 55
m(n*nTAy) (GeV/c?) mQm)I/y) (GeV/c?)

* Discovery of the Y(4260) using ISR * Discovery of the Y(4360) using ISR
by BaBar in J/yrtnt” by BaBar in y(2S)nrt*
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BESI The Y states, e*e” production of =S
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Jiynr, h .t and Y(2S)mtw
BESIII result, published
ete”— Jyrntn at BESIII (direct) ete”— Y(2S) ttn”at BESIII (direct)
[PRL 118, 092001 (2017)] o0 [Phys. Rev. D 96, 032004 (2017)]
100F o P o = BESIN
—_ N _+_ XYZ 3 100 '_ ]
Q - - Belle -
e 80 —Fitl 5 I ]
P : = 80F -= BaBar
2 el - -Fitll & f :
[ o 60f
-f'g i n C
T 40f g 40p
Qg ‘ S gt
L 20 20:
O N ¢ * 0'
038 a4 a2 a4 a6 _2915
Vs (GeV) :
* Cross-section in-consistent with a
single peak for the Y(4260) ! e BESIII much higher precision (5.80)
» two peaks favoured over one by >70 * 3 coherent BW fit: Y(4220) and Y(4390)
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BES]]I What happened to the Y states?

ete™— J/\|m+ﬁ,

RL 95, 142001 (2005)]

efe"— h T
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rrrrrr

o 40 ,
 fT Tt L ;
> - lmr 1-
ﬁ i o 1~
8 30__ H 10%g 1_@'
P B " o.u H., .=
§ : ’ l(l)a *M 'I"f” ?”ﬁm ”0 gw@ :§
[52()__ ‘ H 3638442444648 5-2
: | g
-8
5
==}
i S R E Y S R
m(rtTAy) (GeV/cz)
[PRL 118, 092001 (2017)]
100 r
= [ tXxvz
e 80 —Fit
2 ol - -Fitll
+: -
T 40
o -
+ L
2 20
© [
0- " R . 1l R X
3.8 4 4.2 4.4 4.6
Vs (GeV)

e*e” — Y(2S) T Mpry o5 212001 2007)]

T

ol L

mle dshammmn fTreg====F b s

1

T

e | |

[ —e BESHL:wwh, 1 PRL107, 041803((2011)) i

60; CLEO-c: t*mh, 1“] 0—

i ! ] I

4o | | ]ﬁ m { i

201} H {m I] HH T

! ot o

3540 41 42 43 44 45 a6 47
Ey(GeV)

[Phys. Rev. Lett. 118 092002 (2017)]

250~ .« BESIII R scan data sample

[
=3
=)

[y
7]
S

Dressed Cross section (pb)

100F

wn
= =
TTT[TTTT 1T

wn
(=
mTTT

F =BESII datasample
E —Fit curve: Total

- Fit curve: Y(4220)
E - Fit curve: Y(4390)

Cross Section (pb)

55
mQm)INY) (GeV/ich)

2(}Phys Rev.D 96 032004 (2017)]

T T

100

80|
60f
403
20f
0:

-2

||

Two structures now observed/resolved in all three cases

=>Y(4260) - Y(4220), Y(4360) > Y(4390) ?
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Anti-Proton ANnihilation in DArmstadt p momentum [GeV/c]
0 2 4 6 8 10 12 15
* Hadron spectroscopy | /\Zl 'Qﬁ lnﬁl ll\cEcl Q:ﬁ
> Light mesons 22 DD, ZZc
» Charmonium P o
> Exotic states: q99d ccaq
glue-balls, hybrids, Hybrids nﬁfg,s§g ccg
molecules / multi-quarks o -
. (Anti-) Baryon production Hybrids+Recoil nng,ssg ccg
* Nucleon structure Glueball ggg.99
* Charm in nuclei Glueball+Recoi : a9
e Strangeness physics 5
» S = -2 nuclear system :
| L | | | |
1 2 3 4 5 6

mass [GeV/c?]
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High Resolution (HR) mode:
* Luminosity up to 2 x 103" cm2 s

Helix dipole g]

High Energy Storage Ring -- HESR

JOHANN WOLFGANG GOETHE
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PANDA Experiment, Detector

* Ap/p=2x10°

29

Stochastic
magnet N kickers
e it Sy
- — ~\
p Electron cooler ’s,‘
§ . 2
1 B Dipole magnet 3
] ® Quadrupole magnet a
1 B Sextupole magnet S
L o Solenoid 2
. i spacer for skew quad
‘,‘ o spacer for snake solenoid
4 m injection equipment
/~/~l ==
bar in'ect;ln.:.y”_ e "+
ffo,?n CR (JRESR) RF cavities ' Stoc::astlc
PANDA pickups
0 50m ‘;

1177/

High Luminosity (HL) mode:
* Luminosity up to 2 x 1032 cm2 s
* Ap/p=1x104

Frank Nerling
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Some Advantages of Anti-Protons ety -
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Formation:

* Access to all fermion-antifermion
quantum numbers (not in e*e’)

* Access to states of high spin J

30
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=TT Some Advantages of Anti-Protons STk

FRANKFURT AM MAIN

Formation:

* Access to all fermion-antifermion
quantum numbers (not in e*e’)

* Access to states of high spin J only JPC =1~ all qq JP©
. . . F o cnnamea 1 — —- cross-section |\
* Precise mass resolution in ! _Resonance , | ield
| Cross Section T— ‘:Xp' yie )

formation reactons === ------------

Measured
Rate

31 Ecms
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Some Advantages of Anti-Protons ety -
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Formation:

* Access to all fermion-antifermion
quantum numbers (not in e*e’)

* Access to states of high spin J

* Precise mass resolution in
formation reactions

X1 (JPC=1+) . E835

el
S
c
O
©
o -5
%
o
o
o
.~
O

0.75 —
0.5 F
0.25 | .
E760/835@Fermilab ~ 240 keV 0 PR
3460 B30
PANDA@FAIR ~ 50 keV e
Ablikim et al., Phys. Rev. D71 (2005) 092002: Andreotti et al., Nucl. Phys. B717 (2005) 34:
32 BES (IHEP): 3510.3 £ 0.2 MeV/c? E835 (Fermilab): 3510.641 + 0.074 MeV/c?
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Perfomance Study for energy resonance scans of
narrow resonances, like the X(3872)

Reminder: eeded 0 €
Sub-MeV resoluTion e naa
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panda

Scan Procedure Principle (Example)

«ms Scan point within £0.4 MeV window around nominal mass

JOHANN WOLFGANG GOETHE
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20 E
sof PANDA
MC study

events / 20 MeV/c?
r o
o o

n
o O

— —- cross-section
exp. yield
------ resolution

o]
o

events / 20 MeV/c?
» o
o o

n
o O

®
o

events / 20 MeV/c?
s o
o o

n
o O

o]
o

events / 20 MeV/c?
nN oy D
o o o o

o]
o

s
o

events / 20 MeV/c?
nN D
o o

29 3 3.1

3.2 3 3.1 3.2 3 3.1 3.2 3 3.1 3.2
m(IT) [GeV/c?] m(I'T) [GeV/c?] m(I'T) [GeV/c?] m(I'T) [GeV/c?]

[FN et al. for the PANDA Collab., Confinment Conf. Aug 2018]
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20 E

Scan Procedure Principle (Example)

«ms Scan point within £0.4 MeV window around nominal mass

PANDA

MC study

o]
o

events / 20 MeV/c?
r o
o o

n
o

o]
o

events / 20 MeV/c?
» o
o o

n
o O

®
o

events / 20 MeV/c?
s o
o o

n
o O

o]
o

events / 20 MeV/c?
o] nN oy D
o o o o o
1

events / 20 MeV/c?
P
o o

n
o

“\

events

100
80
60

/

40

20
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0

P IR

"HR
T, =130 keV
T, = 120 + 20 keV

P

P

L

PANDA

MC study

1 1 |

t\_*auj-w.\«%/ﬁg(

29 3 3.1

3.2
m(IT) [GeV/c?]

3 3.1

3.2
m(I'T) [GeV/c?]

3.1 3.2
m(I'T) [GeV/c?]

3 3.1 3.2
m(I'T) [GeV/c?]

4-63-02-01 0 0102 03 04

E - E, [MeV]

[FN et al. for the PANDA Collab., Confinment Conf. Aug 2018]
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20 E

«ms Scan point within £0.4 MeV window around nominal mass

PANDA

MC study

o]
o

events / 20 MeV/c?
r o
o o

n
o O

o]
o

events / 20 MeV/c?
» o
o o

n
o O

®
o

events / 20 MeV/c?
s o
o o

n
o O

o]
o

events / 20 MeV/c?
D
o

s
}( A

[\
[6)]
T

o]
o

s
o

events / 20 MeV/c?
D
o

n
o

2.9 3 3.1 3.2 3 3.1
m(IT) [GeV/c?]

3 3.1 3.2 3 3.1

3.2 3.2
m(I'T) [GeV/c?] m(I'T) [GeV/c?] m(I'T) [GeV/c?]

[FN et al. for the P/
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Scan Procedure Principle (Example)

100 [T, = 120 + 20 keV

JOHANN WOLFGANG GOETHE
UNIVERSITAT
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2100

c 120 [HR PANDA

3 I, =130 keV MC study

T, =130 keV

' Mean = 2.0 keV
30 RMS =25.5 keV

N
o
T

—_
o
T

PANDA

MC study

0
-200 150 100 50 0

50 100 150 200]



(P

Al—‘meas/ l_‘meas [0/ °]

LI Al—‘meas
Sensitivity . =
120 vy
:‘ PANDA -+ P1 mode
100 _|| t MC study -»- HR mode
) i = HL mode
o0 |t
g ' 6 = 50 nb
60 - | ¥
SE
R 3
40} \3
_ }.\ ‘\a% — 20% @
20 r L N N A >
."‘\"h-'--—..*_:____._L___'*
N .
0 100 200 300 400 500

/

'3 Here: Sensitivities Breit-Wigner I (40 x 2d)

* Extract standard deviation from toy MC fits

* Show relative error rms /I in [%]

RMS

Noan + Ty (Breit-Wigner case)

=50 ... 120 keV
HR HL

JOHANN WOLFGANG GOETHE
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l_‘0 [keV] [FN et al. for the PANDA Collab., Confinment Conf. Aug 2018]
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Sensitivities Breit-Wigner I (40 x 2d)
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* Extract standard deviation from toy MC fits
* Show relative error rms /I in [%]

Al—‘meas/ l_‘meas [0/ °]

cge AT peas RMS . .
SenSItIVIty E = Moan + T (Breit-Wigner case)
meas 0
120'” PANDA -+ P1 mode
| ‘ MC study
100_:@ -»-HR mode
) i = HL mode
80 ||
N ;
[ ¥ og = 50 nb
60 W
2\
.
N \
40 1 \Qi
_ Q\ ‘i\ ‘G"»-._ 30
20F w m_ e
Z el g g U
S .

0 100 200 300 400 500

1_‘0 [keV] [FN et al. for the PANDA Collab., Confinment Conf. Aug 2018]
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Sensitivities Breit-Wigner I' (40 x 2d) ko o
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* Extract standard deviation from toy MC fits
* Show relative error rms /I in [%]

Al—‘meas/ l_‘meas [0/ °]

L Al—‘meas RMS . .
SenSItIVIty T = Moan + T (Breit-Wigner case)
meas 0
120 T N 400 ——
:‘ PANDA -+ P1 mode o L PANDA ~+-P1 mode
100 _|| t MC study -»- HR mode : 350 r : MC study - HR mode
[ }i = HL mode ;.: 300 | ',I R -= HL mode
L | '.
80 | S
X & 3 250} | | 30
1§ cs =50 nb c : \Il '
60 | [C200F y
B AR
40 [ i\ti 150 ik
SRR : .
Y \ S 35 100 S LN To.
b ‘i\ > g [ N D S
i - —m_ T
20 \‘:: Vg o @} -~ S
| :"‘"“1:::::_‘:?_‘_‘;? : A ettt .-
o S R TR { o L [P P S B B B R

0 100 200 300 400 500 0O 20 40 60 80 100 120 140 160
r, [keV] o5 [nb]
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_mamda  Anhd: Distinction of Lineshapes (40 x 2d) o
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* Extract standard deviation from toy MC fits
* How well can virtual and bound state be distinguished? — integrate mismatch

region:
Sensitivity Pris = Nmis—ia/Nmc  (Molecule case)
< 607 | . .
>  PANDA : —~+ P1 mode . 10% P, , bound as virtual state
0 [ MC stud ST e
250l study -»- HR mode % PANDA -4-P1 mode
[ 3 S
40 ;If: 2 \\\ v = HL mode
3 i)'k Gs =50 nb i 081
I TN, ‘\ S S _ \\‘
30 | Sl A R
- SR — \ N §
20 r é !’! | Wi ' n N ¢
i i I ".' o < 0.4 I \\ ‘\\\ ‘
1 [ ::‘: Af, : \l I:,mis(‘l 0 /0) ‘\\\o\\\ 0
Y S N0 i =y
| & K L. U I -
0 e e H

= 0'0 PRI NS S S NS SR SR NS SR SN NN ST ST SR NN ST S S NS SRS N
-10.0 9.5 9.0 -85 8.0 -7.5 -7.0 0 20 40 60 80 100 120 140 160

E,, [MeV] o [nb]
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And: Distinction of Lineshapes (40 x 2d)
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* Extract standard deviation from toy MC fits
* How well can virtual and bound state be distinguished? — integrate mismatch

region:
Sensitivity Pris = Nmis—ia/Nmc  (Molecule case)
9 00y ' —~+ P1 mode 10% P bound as virtual state
(o) L | Y is?
o :“E‘,C%E\!’YDA ' -»- HR mode S 127 - - P1 mod
ES0 T @ | . PANDA mode
Q. : = HL mode =

e

S 001111111
-10.0 9.5 9.0 85 8.0 -7.5 7.0 0O 20 40 60 80 100 120 140 160

. about to be submitted to EPJ A Gg [nb]
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* Need to measure complete multiplets

- to really understand XYZ nature

* e.g. di-quarkonium [cq][Ccg] models

provide predictions

» Look for stranged partners

» Look for light high spin states

[Cleven et al., arXiv:1505.01771]

(a)
421
Z.(4020)
S S — —--- -
< . X(3872) Z,(3900) .
2 X(3915) —v - X(3940)
S 38¢
= _—
: input
36¢ prediction
O++ ]-- I-__
JPC

Mass [GeV|

Y
o

B
=

B
i

Bk

0o O A o~

(8]

Mass(GeV)

()

Models and Multiplets for XYZ
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[Drenska, Riv. Nuovo Cim. 033 (2010) 633]

(S

(W)

CsCs '
= leqlleq]
cdcs cucs ]
= =i
1 Z(3900)~? Z(3900)°? Z(3900)*?
| —— —-X-— e =l
: L_ cucu _ =
[ _cdcu cdcd cucd |
: —— i p—
-1 =05 0 0.5 |
I3

40l

(b Y(4630)

0—-

—

Y(4290)

Y (4260)

Y(4008)

-
]__

e.g. light J=3 statel]

2™ 3= 0" 1= 2-t
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_ panda Models and Multiplets for XYZ
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[Drenska, Riv. Nuovo Cim. 033 (2010) 633]

* Need to measure complete multiplets 4.3 5 cses [Cq]'[cq]
- to really understand XYZ nature 4.21 s = 1 ]
—_ [ cscu cscd 1+
% 4.1°F cdcs cucs ]
. . _ r [ =i
* e.g. di-quarkonium [cq][C€g] models S /érx@m)? —
provide predictions ~ . [£(3900)7? Z(3900)°? Z(3900)*?
39— o —
3 8} cdca cdcd cucd |
» Look for stranged partners [ S —r—
> Look for light high spin states E— S e
-1 =05 0 0.5 |
[Cleven et al., arXiv:1505.01771] I3
ol @ f ® Y(3630) e.g. light J=3 statel]
Z.(4020) _ T
> 40 —— -—&-- — ] 44l __ o . — §
3 Z.(3900 ® 3 (4290)
S38f { 242 (4260) ]
_ input | - Y(4008) = — .
36 prediction ] 401 —e ]
0 1+ 1+= AsS L0 12— 3 ot 1t ot
Jl’(‘. Jl’(‘.
Frank Nerling Hadron spectroscopy of charmonium-like (exotics) pg. 43 20/11/2018



panda .
e Models and Multiplets for XYZ e -
UNIVERSITAT
[Drenska, Riv. Nuovo Cim. 033 (2010) 633]
* Need to measure complete multiplets 4.3 5 - cses ' [Cq]'[cq]
- to really understand XYZ nature 4.21 s = 1 ]
—_ [ cscu cscd 1+
% 4.1°F cdcs cucs ]
. . _ r [ =
* e.g. di-quarkonium [cq][Cq] models 95 4 /fﬁ__x@m)? i
provide predictions 30 1Z(3900)? Z(3900)°2 Z(3900)*? |
2.7 == —-)a— =
2 Q[ cdcu e cucd |
> Look for stranged partners 3.8 | cdtd —_——
> Look for light high spin states B ——— S
-1 =05 0 0.5 1
[Cleven et al., arXiv:1505.01771] I3
ol @ () Y(E30) e.g. light J=3 statel]
Z,(4020) o o
> a0l — - > 44l oo — i
3 Z.(3900 ® 3 i )
Py X(3915) =2 S xabo) P . —
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_ input Y(4008) T .
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[Drenska, Riv. Nuovo Cim. 033 (2010) 633]
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[ csCs calle
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1
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:3 4.0 TS - % 44 i
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AntiProton Annihilation at Darmstadt
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Detector requirements:

» 4T coverage (partial wave analysis)

» High rates (2 x 107 annihilations / s)

» Good PID (v, e, 1, &, K, p)

» Momentum res. (~1%)

» Vertexing for D, K%, A (ct =123 um for D%, p/m »2)
> Efficient trigger (e, u, K, D, A)

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

Frank Nerling
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Summary and Prospectives

* Hadron physics -- Spectroscopy
» Recent hot discoveries in (baryon and) meson spectroscopy
» New exotic states observed during last decade
» Proof validity of fundamental QCD principles
» Charmonium-like exotics:
- Charged states manifestly exotic matter

°* Running & new experiments
» Complementary production mechanisms and measurements needed
» Precise knowledge of decay width and line shape essential
» Complete the exotic multiplets
- PANDA unique:
High statistics + precision resonance scans + high spin states

* Quite some way still to go ...
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Summary and Prospectives

* Hadron physics -- Spectroscopy
» Recent hot discoveries in (baryon and) meson spectroscopy
» New exotic states observed during last decade
» Proof validity of fundamental QCD principles
» Charmonium-like exotics:
- Charged states manifestly exotic matter

°* Running & new experiments
» Complementary production mechanisms and measurements needed
» Precise knowledge of decay width and line shape essential
» Complete the exotic multiplets
- PANDA unique:
High statistics + precision resonance scans + high spin states

* Quite some way still to go ...

. stay tuned for further exciting discoveries!
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Summary and Prospectives e
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* Hadron physics -- Spectroscopy
» Recent hot discoveries in (baryon and) meson spectroscopy
» New exotic states observed during last decade
» Proof validity of fundamental QCD principles
» Charmonium-like exotics:
- Charged states manifestly exotic matter

°* Running & new experiments
» Complementary production

» Precise knowledge of decay

» Complete the exotic multiple .

> PANDA unique: '

PANDA will be the facility
to study QCD -- hadron
structure and spectroscopy
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Thank you for your attention!
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The PANDA collaboration:
~ 500 Members, 72 Institutes, 20 Countries

Austria, Australia, Belarus, China, France, Germany, India, Italy, Poland,

Romania, Russia, Spain, Sweden, Switzerland, Thailand, Netherlands,

USA, UK, ... (to be updated/completed)
51
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Status of TDRs and Construction
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