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Famous exotic (?) XYZ states o B
[PRL 118 (2017) 092001] [PRL 110 (2013) 252001]
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Mesons and (spin) exotic states -~ o
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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)sg
Tetraquark (qqqq); - (‘?) Hadro-quarkonium (QQ)1(qq),

Glue-ball (gg); or (999)1 \\\ o]® Di-quarkonium (qq)s (qd)s

[e.g. Braaten, PRD 90 (2014) 014044
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Hadron Physics — Major labs & experiments "%
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Frank Nerling Spectroscopy of exotic charmonia with BESIII/PANDA, 5 04/12/2019



UNIVERSITAT

FRANKFURT AM MAIN

* Symmetric e*e- collider:
> Vs=20-4.6 GeV
* Design luminosity:

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

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

* Operating since March 2008

y t =g
Frank Nerling Spectroscopy of exotic charmonia with BESIII/PANDA, 6 04/12/2019




BESII Unique BESIII data set

(collected so far ...)
‘._I_I B T | T e I ® ]
o) B N
L - .
= 10°E high lumi ° o —
i = XYZ data" . o o =
10% ¢ ¢ e =
- : o °° * e’ o E
= o i
- . o® " . ® .
10%="** s P =
E’ C "R scan data" E
1 - — ® ® o | ! | L —
2 3 4 5
* XYZ region: 3.8 ~ 4.6 GeV, integrated luminosity: > 5 fb-" Ecn [GeV]
* 104 energy points between 3.85 and 4.59 GeV (R scan)
* ~20 energy points between 2.0 and 3.1 GeV .
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[PRD 72 (2005) 054026] & [PDG]
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The puzzle of XYZ states =S

44 | Ne(4'So) | P(43S,) I
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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

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

The puzzle of XYZ states i
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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

Frank Nerling
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BESTT The puzzle of XYZ states =550
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[PRD 72 (2005) 054026] & [PDG]
Bz * Below open charm threshold:
4 J2ER0 ) yass,) | .
2T [ne(4S0) | e » Good agreement theory vs. experiment
r Xc2(33P2)|
[Yiaze0) | M<(3"P1 | [Xe1(3%P) |
42 0(33Po
* Above open charm threshold:
T o[z sy (w@s) | i I\'\jany predicted s(;tates not Slscovzred
> any unexpected states observe
S [z650) he@Py) S X2
0 38 | Xc0(23Po)
g o wm) -
- [y'(@s)) BESIII: Study conventional as well as
| c'(2'So) . . .
36| i charmonium-like (exotic) XYZ states
Xe2 2
Xe1(13P1)
3.4 I- * Direct access to Y states (1) in
direct formation (e*e-annihilation)
3.2 predicted, discovered
predicted, undiscovered * Study (charged & neutral) Z states
3.0 - unpredicted, discovered
0+ 1= 1= 0% 1+ 2w * Study X states in radiative decays
JPC

10
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BESTT The puzzle of XYZ states =5

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

Z(4430) I I
4.5 I l']c(41So) 3(4331)
( ) X&(33P2)|

Xc2(2%P2)

X(3872)

MASS [GeV/c?]

predicted, discovered

predicted, undiscovered

unpredicted, discovered
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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)

* Study (charged & neutral) Z states

0+ 1— 1+ O++ 1++ 2++

11

* Study X states in radiative decays
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BESI The charged Z(3900) =
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* Discovery of Z,(3900)* — J/p1r*

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

AN
o

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

Events / 0.01 GeV/c?
N
o

N
o

* Manifestly exotic:
> decays to JAy => contains cc

» electrical charged => contains ud

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

* Confirmed by Belle and CLEO-c

[PRL 110 (2013) 252001]
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BESIL The neutral partner of the Z(3900) =5
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[PRL 115 (2015) 112003]

1
38

L
40 42

M ., (GeV/c)

NNNNNNNNNNN JANG SOETHE

UNIVERSITAT

FRANKFURT AM MAIN

* Observation of Z,(3900)° = J/Ym0
> in ete” = J/Yn'n® GeV (2.8 fb-1, 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
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BESIT The neutral partner of the Z_,(3900) E=5MX
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<« MF i
> 0F (2) 4230 GeV, 1091.7pb" | e Opservation of Z,(3900)° — J/rm?
5 = _
o 2 3 > in ete~ = JAUmOn® GeV (2.8 fb-, 10.40)
g 20 E » confirms earlier evidence in CLEO-c data
S\ - AN & A ke 2 S SR .
Y E “When | see a bird that walks like a
= ° . .

< OF — : duck and swims like a duck and quacks
3 WE + (b) 4260 GeV, 825.7 pb' like a duck, | call that bird a duck.”

30 %—
E, 25 - + + ° — James Whitcomb Riley
% ol 4 [T | + Indiana Poet
I i e RN

13 LA

0 - - *
H 8 (c) 4360 GeV, 539.8 pb"

16 —
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0= 3i8 ‘ ‘ 4f0 A A ‘ 42
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[PRL 115 (2015) 112003] [Taken over from M.Sheppard, different context, Hadron'l7]
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BESTT Two Z,_ triplets established GSa
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[PRL 115 (2015) 112003] A
[PRL 110 (2013) 252001] « 120
oF — g” 4230 MeV
l\b : ~—— Total fi N’
3 oo e gw
g o | j\ 2
é} 20: ‘+ 20
8 0

3.6 38 4.0

3.7 4.0

3.8 39 N
Mnax(J/y) (GeV/c?) M(n"J/y) (GeV/e)

ete” —» /Y ete™ — nO70J/yp
[PRL 112 (2014) 022001]

[PRL 115 (2015) 222002]

4+ Data
— Global Fit
-~ Signal

M Incl. Bkg

D @
=] =]
T T

Everﬂs/(wvew(?)
o

4.0
M(DD") (GeV/c)

J

Z(3900)=0 > JP =1+

* 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 Spectroscopy of exotic charmonia with BESIII/PANDA,15 04/12/2019




BESTT Two Z_ triplets established S

JOHANN WOLFGANG GOETHE
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[PRL 115 (2015) 112003] FRANKIDRT AMMATE
[PRL 110 (2013) 252001] o [PRL 111 (2013) 242002] [PRL 113 (2014) 212002]
1ooF Fom -3 4230 MeV S 1m0 . s
% r — Total fit : > \ -s “— 40|
E 80;— -_--_-:::::;mm ‘g 80 glﬂo YI % :
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[PRL 112 (2014) 022001]

[PRL 112 (2013) 132001]
T [PRL 115 (2015) 182002]
[PRL 115 (2015) 222002] % [ - oov — total fit ol T T evazmon < ¢ -
~ S e0f- Z,(4025) 2 [ £,
R 4 Data g - - - PHSP signal g f
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ete” — = (DD*)* ' , &7e” = (D*D*)" ' |
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? i
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BESTT The puzzle of XYZ states =5
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[PRD 72 (2005) 054026] & [PDG]

] * Below open charm threshold:
43S .
4 ‘m% » Good agreement theory vs. experiment
T X2(3°P2)]
Y(4ado) | 3P0 | X @R
42 - vt Al «(3%Po
T ) * Above open charm threshold:
— / » Many predicted states not discovered
(&)
E e » Many unexpected states observed
— X(3872)
9}
S TR 122 ) U
= BESIII: Study conventional as well as
harmonium-like (exotic) XYZ states
Xc2(13P2) cha ( )
Xe1(13P4)
sal T - -
A4 * Direct access to Y states (1-) in
direct formation (e*e- annihilation)
3.2 |- predicted, discovered
predicted, undiscovered * Study (charged & neutral) Z states
3.0 - unpredicted, discovered
0+ 1= 1= 0% 1+ 2w * Study X states in radiative decays
17 JPC
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BES]]I The Y states, e*e- production of
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Some history:

ete” — JAPmm
[PRL 95, 142001 (2005) ]
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* Discovery of the Y(4260) using ISR * Discovery of the Y(4360) using ISR
by BaBar in J/mttr by BaBar in Y(2S)mmtt
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B'ES]]I The Y states, e*e- production of =S i
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J/q’ﬂﬂ, hcﬂ“ and qj(zs)ﬂﬂ FRANKFURT AM MAIN
BESIII result, published
ete- — J/Y - at BESIII (direct) ete- — P(2S) - at BESIII (direct)
[PRL 118, 092001 (2017)] 120 [Phys. Rev. D 96, 032004 (2017)]
100r o T T = BESIN ]
—_ N _+_ XYZ 8 100 . ]
Q - - Belle -
e 80 —Fitl 5 I ]
P : = 80F -+ BaBar -
2 b - -Fitll & f :
2 60: # S 6ok
+l;’ i % C
T 40 o 40¢
Qg ‘ S gt
L 20} 20:
© N ¢ * 0 F
0—38 4 a2z a4 a5 _2915
Vs (GeV) :
* Cross-section in-consistent with a
single peak for the Y(4260) ! * 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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BESII Open charm: ete- — D°D* 1r* =

JOHANN WOL
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rrrrr

Based on data samples from E,s = 4.05 to 4.6 GeV
Reconstructed: D? — K- 1t

(%)
o
o

_—'.WIIIIIIIIIIIIIIII

Using RM(D°rtt) + M(D? — m(D°) to select D*~ signal 200

Peaking bkgd from isospin partner ete- — D*°D~ n*

Events/(1.0 MeV/c?)

—_
o
=]

Fit of coherent sum of 3-body PHSP and 2 BW fctns.

Significance of two over one structure: >10c o s T 205 2.1
RM,(D°+) (GeV/c?)

1000— —
i ’ ’ 1 Y(4220):
» M= (4224.8 = 5.6 =4.0) MeV/c?
»I'=(723 £ 9.1 £0.9) MeV/c?

Y(4390):
» M =(4400.1 &= 9.3 =2.1) MeV/c?
»I'=(181.7 = 16.9 =7.4) MeV/c?

Gdress (pb)

=> Consistent with structures
observed in hertrt , P(2S)m

[Phys. Rev. Lett. 122, 102002 2019)]  Bom(GeV)
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BESII What happened to the Y states? =5

Events / 20 MeV/c?

o(e’e—n*nJ/y) (pb)
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ete” — JAPmn ete- — h, wn- efe” — l|J(28) T

[PRL 95, 142001 (2005)]

[PRL 98, 212001 (2007)]
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[PRL 118, 092001 (2017)] [Phys. Rev. Lett. 118 092002 (2017)]
e - 250:_ -+ BESIII R scan data sample
i _ C =BESIII datasample
80~ § 200? —Fit curve: Total
- £ 150 Fit curve: Y(4220)
60 N § F - Fit curve: Y(4390)
L 2 100
i £ E
40 N % 50:
i Eoob. . Mgt elemvro
201 s %
r 50F
e R LI U TR T E T T
! . . ! is (e
Vs (GeV)

Cross Section (pb)

45 5 55
mQm)INY) (GeV/ich)

o JPhys Rev. D 96, 032004 (2017)]

100 ‘ l‘ ~ Belle

Two structures now observed/resolved in all three cases

=>Y(4260) - Y(4220), Y(4360) > Y(4390) ?

Frank Nerling Spectroscopy of exotic charmonia with BESIII/PANDA,21
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BES]]I What happened to the Y states? ety "

ete” — JAPmn ete- — h, - ete” — Y(2S) mn-
[PRL 118, 092001 (2017)] [Phys. Rev. Lett. 118 092002 (2017)] Phys. Rev. D 96, 032004 (2017)]
00 ~ 12N
B 250~ +BESII R scan data sample -8_ L "'éES"'
o~ N + XYZ F =BESHI datasample ~ 100F ~ Bell
8 sl . =00 c : l elle
- L — Fit | & £ —Fit curve: Total o 8ok | = BaBar
= i . _§ 150 Fit curve: Y(4220) ° r ] ]
? 60 ~ 7 Fit Il € F - Fit curve: Y(4390) % 60F
! r g 100/ o :
N r S _f : 9
40~ = 50 ; 3 o
qT, [ i | Lol O
‘o - 5 o T
5 200 _ - lf b H
: 50—
0 “39 740 a1 42 43 a4 a5 a6
Vs(e)
1 1 1 I 1 1 1 1 I 1 I 1 1 I 1 1 I 1 I I 1 1 I I 1 I 1 1 I
1000— ’ — Two structures consistently
observed: Y(4220) & Y(4390)

=>Y(4260) -> Y(4220) ?

[Phys. Rev. Lett. 122, 102002 (2019)]  E(GeV)
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The puzzle of XYZ states
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[PRD 72 (2005) 054026] & [PDG]

Bz * Below open charm threshold:
4 Z(_4430) : P(43S1) I .
' M@ » Good agreement theory vs. experiment
” ‘ X&(33P2)|
Yadhio) | "3"P | Xe1(3°P1)
42 -t Al «0(3°Po
i * Above open charm threshold:
— Y » Many predicted states not discovered
D 424020
E RN a@ra)] » Many unexpected states observed
s Z(3900) X(3872)
§ 38 |-
2Mp | T .
- v . BESIII: Study conventional as well as
| ¢'(21So - . . .
36| mn charmonium-like (exotic) XYZ states
Xc2(13P2)
Xe1(13P4)
3.4 - * Direct access to Y states (1) in
direct formation (e*e-annihilation)
3.2 |- predicted, discovered
predicted, undiscovered * Study (charged & neutral) Z states
3.0 - unpredicted, discovered
0+ 1= 1= 0% 1+ 2w * Study X states in radiative decays
JPC

Frank Nerling
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Experimental Review of the X(3872) ™
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[Belle, PhysRevLett.91 (2003) 262001]

T * The first unexpected states
300 |- 2200 f » and the most intriguing one
B [ ~6K events
- 2000
200 1800 f * First observed by Belle in 2003
i 0k > X(3872) — JA T
i 100+ smeuoaeots ey > very narrow state with JPC = 1+
100 + 3.85 3.86 3.87 3.88 3.89
i X(3872)
L * Both, Belle & BaBar report signal in
0 - ' ———— > X(3872) — D'D* (D°D°r® and D°DC)
0.40 0.80 1.20

M(z 1) - M(I'T) (GeV)

Frank Nerling Spectroscopy of exotic charmonia with BESIII/PANDA,24 04/12/2019



Experimental Review of the X(3872) ™=
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[Belle, PhysRevLett.91 (2003) 262001]

T T T T T T T * The first unexpected states
300 M 2900 c:_[)FPRL1003152001 » and the most intriguing one
B [ ~6K events
B 2000 g
500 2 800 f * First observed by Belle in 2003
i 1000% > X(3872) — JA T
i MOOFY } monosioss vy > very narrow state with JPC = 1+
100 3.85 3.86 3.87 3.88 3.89
i X(3872)
L * Both, Belle & BaBar report signal in
0 - | e > X(3872) — D'D* (D°D'n® and DD%)
0.40 0.80 1.20
M(m T I*T) - M(I"T) (GeV)
_ Intriguing Analogon
* Mass: m(X) - m(D*9) - m(D?9) = "binding energy" of 1.8 GeV 2 GeV
=012 + 019 Mevjcz ~ iErOBIMeV? _
* Width: Upper limit by Belle PION
> I'xasiy< 1.2 MeV (90% c.l., 2011) 1 GeV 1 GeV

OO
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Experimental Review of the X(3872) ™=
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[Belle, PhysRevLett.91 (2003) 262001]

T * The first unexpected states
300 |- 2200 f » and the most intriguing one
B [ ~6K events
- 2000
200 1800 f * First observed by Belle in 2003
i 0k > X(3872) — JA T
i 100+ smeuoaeots ey > very narrow state with JPC = 1+
100 + 3.85 3.86 3.87 3.88 3.89
i X(3872)
L * Both, Belle & BaBar report signal in
0 - ' ———— > X(3872) — D'D* (D°D°r® and D°DC)
0.40 0.80 1.20

M(" 1) - M(I"T) (GeV)
_ Intriguing Analogon
* Mass: m(X) - m(D*%) - m(D9) = "binding energy" of 1.8 GeV = 2 GeV

=-012 £ 0.19MeV/z O 1ETOPMeEV? _
* Width: Upper limit by Belle PION
> I'xasiy< 1.2 MeV (90% c.l., 2011)
(@Q) Molecule ?
For clarification: Precision measurement of Nx(3372) (.’, (aq)1(qq).
in the sub-MeV range needed!
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BESIL First observation of cte= — vX(3872) &=

UNIVERSITAT

FRANKFURT AM MAIN

* X(3872) is the first-discovered and best-studied of the XYZ states
* BESIII: First observation of eTe™ — v X (3872) — yr 7~ J/hp
> Analysed at Vs = 4009, 4229, 4260, 4360 MeV

[Phys. Rev. Lett. 112 (2014) 092001] cross section
—— 0.6
15— - . - —+4- data
i —+- Data ] 2 .50 — Y(4260)
o X(3872) — Total fit § - -- Phase Space
S 630 --- Background S 04 -~ Linear
g 10 _— - B -
20 : f
£ F . N
gl AT
i =
LLL 3l L} 3 - i %
o ST T T T AT
3.8 3.85 3.9 3.95
M(r*c /) (GeV/c?)
. 2
— (3871°9 +0.7% 0'2) MeV/c * Cross-section shape hints to production
0o .
e ' < 2.4 MeV (90% CL) via a Y state — more data needed!
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BESIT First observation of cte — vX(3872) &=
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* X(3872) is the first-discovered and best-studied of the XYZ states
* BESIII: First observation of ete™ — vX (3872) — ywJ /v
> Analysed based on 11.6 fb-'at Vs = 4009 to 4600 MeV

N§ : X(>3§ 702) - Ei?st:so N§ i: EigZSO)
% 20 —_ -- Z'()§X396og % 20 N Bac?(ground
f i Bac(i<ground f i ¢ - Sideband
i -Sd band i
210; aeban 2 10¢
() (O]
> >
w : it w e
85 3.9 3.95 4 405 S5 30 395 4 405
M(wJ/y) (GeV/c ) M(wJ/y) (GeV/c?)

* Applying a fit including three (left) and

, S => FEvidence for two more structures
two (right) Breit-Wigner resonances

[Phys. Rev. Lett., 122, 232002 (2019)]
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BESIL First observation of cte™ — vX(3872) ==

UNIVERSITAT

FRANKFURT AM MAIN

* X(3872) is the first-discovered and best-studied of the XYZ states
* BESIII: First observation of e"e™ — vX (3872) — ywJ /v
> Analysed based on 11.6 fb-'at Vs = 4009 to 4600 MeV

__ cross section =
o) 2 0.8
£ of —+-Data ~ —+-Data
— [ — Fit > - BESIII 2014
< S 0.6f — Fit
2 1.5F B
> i ?
T a < 0.4
o 1: T
N L Al
& 0.5F @ 0.2
é OE; (| S 3 >\><: O: [ S | S W T
° Yy 42 44 46 © 4 42 44 46
\'s (GeV) I's (GeV)
.o +7.9 2
m = (4200.6713'5 = 3.0 MeV/c * Cross-section shape consistent with
* T' = (115755 £ 12 MeV /c? production via a Y state

[Phys. Rev. Lett., 122, 232002 (2019)]
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BESIL First observation of cte™ — vX(3872) ==
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* X(3872) is the first-discovered and best-studied of the XYZ states
* BESIII: First observation of e"e™ — vX (3872) — ywJ /v
> Analysed based on 11.6 fb-'at Vs = 4009 to 4600 MeV

cross section =
B 20.8
oF —+-Data — —+-Data
: — Fit > -4 BESIII 2014
i = 0.6 Fit
1.5 =

o(yX(3872)—ywJ/vy) (pb)

4.4

4.6

s (GeV)
_ +7.9 2
*m= (4200'6—13.3 +3.0 MeV/c * Cross-section shape consistent with
* T' = (115755 £ 12 MeV /c? production via a Y state

[Phys. Rev. Lett., 122, 232002 (2019)]
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m=ne=  pANDA Physics Programme =S
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Anti-Proton ANnihilation in DArmstadt p momentum [GeV/c]
0 2 4 6 8 10 12 15
R | | 1 T 1 T ¢t
Hadron spectroscopy AR o6 DS AR Q0.
» Light mesons gg DD, ZZc
» Charmonium
> Exotic states: 99499 ceaq
glue-balls, hybrids, Hybrids nﬁig,s§g ccy
molecules / multi-quarks :
. ) Hybrids+Recoil : nng,ss cc
* (Anti-) Baryon production ’ L J
* Nucleon structure Glueball 999,99
* Charm in nuclei Glueball+Recoil .
* Strangeness physics
: light qq : cc
> hypernUCIGI Tr!p!w!fZ!K!K* § Jllp! nC! XcJ
» S =-2 nuclear system : :
| | | | L |
1 2 3 4 5 6

mass [GeV/c?]
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Facility for Antiproton and lon Research i

GERMANY
@Praha

CZECH
REPUBLIC

LIECHT
Vaduz )

m
? SWITZERLAND
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=="== High Energy Storage Ring - HESR =5
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FHH—T1— - -HH } i

) RF f stocha§tic cooling ’
SPARC barrier bucket KOALA kickers SPARC .
j PANDA Experiment, Detector
. Dipole magnet ’
B quadrupole magnet //
(] Sexlupf:le or steerer magnet // :
e S o
[ RF cavity, stochastic cooling devices ) // ‘;\ \\\l\ |
injection PA{f/‘]DA s
mages [ | |
— L — - —HIE 3 I
p,pbar,HI s \‘
(from CR) \\ ;\ 0
\\ ' F%Q:ﬁ
\ =
\
\
\\
XYZ region: \ | |
*p=15-15GeV/ic | il—~wn_—aa
\ O D
=>Vs=22-55GeV |
\\\ 15 m
High Resolution (HR) mode: High Luminosity (HL) mode:
* Luminosity up to 2 x 1031 cm-2 s-" * Luminosity up to 2 x 1032 cm-2 s

* Ap/p=2x10-° * Ap/p=1x10+4
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PSm=S  Some Advantages of Anti-Protons T Th%

FRANKFURT AM MAIN

Formation:

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

* Access to states of high spin J
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E"EI—I da . = I
Some Advantages of Anti-Protons
PR A MATY
Formation:
* Access to all fermion-antifermion P 8?0
quantum numbers (not in e*e’) .
* Access to states of high spin J only JPC = 1- all qq JPC

* Precise mass resolution in ! Resonance
|

[ — —- cross-section |\
exp. yield

_ _ Cross Section |
formation reactons == 0------------

Measured
Rate

cms

Frank Nerling Spectroscopy of exotic charmonia with BESIII/PANDA, 04/12/2019



Efaru da

Some Advantages of Anti-Protons

UNIVERSITAT

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 qg JP¢
=8 2
. . = | + BES
* Precise mass resolution in S'TPE x (JPe=1+)
. . Q 1.5}
formation reactions A :
@ 1.25
o £
S T
0.75 |
0.5 F
0.25 |
E760/835@Fermilab =~ 240 keV 0 FPFHEEE 77 T 15T,
3460 3470 3500 3510 3520 530
PANDA@FAIR = 50 keV i e MV
Ablikim et al., Phys. Rev. D71 (2005) 092002: Andreotti et al., Nucl. Phys. B717 (2005) 34:
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: needed t
sub-MeV resolutloﬂ arnd

Frank Nerling Spectroscopy of exotic charmonia with BESIII/PANDA,37 04/12/2019
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20 E,,s scan point within £0.4 MeV window around nominal mass

Scan Procedure Principle (Example)

JOHANN WOLFGANG GOETHE

UNIVERSITAT

FRANKFURT AM MAIN

PANDA

MC study

o]
o

events / 20 MeV/c?
& o
o o

n
o O

— —- cross-section
exp. yield

------ resolution

o]
o

events / 20 MeV/c?
» o
o o

n
o O

o]
o

events / 20 MeV/c?
s o
o o

n
o O

o]
o

events / 20 MeV/c?
r& o
o o

n
o O

o]
o

events / 20 MeV/c?
B D
o o

n
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?]

[PANDA, arXiv:1812.05132, hep-ex]

Frank Nerling
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Scan Procedure Principle (Example) =%
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20 E,,s scan point within £0.4 MeV window around nominal mass

(2}
- study
go} PANDA ] 1 G>.) I, =130 keV
v 100 [T, = 120 + 20 keV

events / 20 MeV/c?
& o
o o

n
o

80

o0

g 60
>80}

=

= 0 ]
N

240} 40
c

[

>

(O]

n
o

o

20

o]
o

P | P R L 1 1 |

o L L T L L L L L
-04-63-02-01 0 0102 03 04
E - E, [MeV]

events / 20 MeV/c?
s o
o o

n
o

o

o]
o

IS
<)

events / 20 MeV/c?
D
o

n
o

o

o]
o

n b
o O

events / 20 MeV/c?
D
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?]

[PANDA, arXiv:1812.05132, hep-ex]
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Efam da

Scan Procedure Principle (Example)

20 E,,s scan point within £0.4 MeV window around nominal mass

PANDA

MC study

o]
o

events / 20 MeV/c?
& o
o o

n
o O

o]
o

events / 20 MeV/c?
» o
o o

n
o O

o]
o

events / 20 MeV/c?
s o
o o

n
o O

o]
o

IS
<)

events / 20 MeV/c?
D
o

n
o O

o]
o

B
o

events / 20 MeV/c?
nN D
o o

29 3 3.1

3.2
m(IT) [GeV/c?]

3 31 3.2 3 3.1 3.2 3 3.1 3.2
m(I'T) [GeV/c?] m(I'T) [GeV/c?] m(I'T) [GeV/c?]

[PANDA, arXiv:1812.05132, hep-ex]

Frank Nerling

Spectroscopy of exotic charmonia with BESIII/

events

UNIVERSITAT
FRANKFURT AM MAIN
120 [HR PANDA
I, =130 keV MG study
100 [T, = 120 + 20 keV

P R

L 1 1 |

-02-01 0 01 02 03 04
epeat many times

E - E, [MeV]

FHR

T, =130 keV

' Mean = 2.0 keV
L RMS =25.5 keV

N [\
o ()]
T T

—_
o
T

PANDA

MC study

50 100 150 200

I'y—T, [keV]



=="== Sensitivities Breit-Wigner I" (40 x 2d) =5

UNIVERSITAT

FRANKFURT AM MAIN

* Extract standard deviation from toy MC fits
* Show relative error rmsg/ [t in [%]

Al—‘meas/ I_‘meas [o/ °]

1171 Al—‘meas o RMS . .
SenSItIVIty [~ Moan Ty (Breit-Wigner case)
120 T
:‘ PANDA ~+P1 mode
100 _|| t MC study -»-HR mode
) i = HL mode
80 [k
[ |= & og = 50 nb
60 ¥
SR\
B )
20 3 V'3
Y \‘:-.‘_ — 20% @['= 50 ... 120 keV
20w w W HR HL
L - haN L LT
.“h*:___q_L__4
N .
0 100 200 300 400 500
” I, [keV]

[PANDA, arXiv:1812.05132, hep-ex]
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P=n== gensitivities Breit-Wigner I" (40 x 2d)

* Extract standard deviation from toy MC fits
* Show relative error rmsg/ [ in [%]

(Breit-Wigner case)

Sensitivity Arrmeas — Mei‘j:dfp
meas 0
—~ 120 T
o, :I‘ PANDA ~+P1 mode
%) - : t MC study -»- HR mode
g 100 | E
B = HL
E(,, | : \» mode
G so0f |k
SHENEE G = 50 nb
< o |W
-y \®
N
SR
40 F 4 "$
- ’g\ \ %, 3
[ Q\ ‘i\ ‘G._N. o)
20 w_ w e
: .“h*:___q_L__':*
N .
0 100 200 300 400 500
45 I, [keV]

UNIVERSITAT

FRANKFURT AM MAIN

[PANDA, arXiv:1812.05132, hep-ex]

Frank Nerling
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="== Sensitivities Breit-Wigner " (40 x 2d) =5

Al—‘meas/ l_‘meas [0/ °]

N R
* Extract standard deviation from toy MC fits
* Show relative error rmsg/ [t in [%]
H HV'H Al—‘meas o RMS . .
SenSItIVIty T~ Mean i Ty (Breit-Wigner case)
120 T — 400
o PANDA ~+P1mode | 3 - PANDA. ~+P1 mode
100 |/! i MC study - HR mode f 350 [ MC study -+-HR mode
-y b c
| '{ *‘ - HL mode % 300f o -= HL mode
| )
80 -k ;
| s 8 250f 30
e og = 50 nb e :
60 1 1%y (200 i
40 | ';‘ \\§ 150 '\\.
o 30 100F o \\1 .
i h - N ~— ST
20 »w m e kéﬁ » R
L - ha ""*--.._,_____.""".-h“ [ \~"~ ———»_._‘
L ."\":-'-—-.g.—__:.::__ ____ __'* 50 : L R P O e -
_ -4 i
0 TN Y SN TN T TN TN N N T T T N [N T S T T N TN N S S 0-llllllllIllllllllllllllllllllll
0 100 200 300 400 500 0 20 40 60 80 100 120 140 160
42 I, [keV] o4 [Nb]
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Distinction of Lineshapes (40 x 2d)
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* Extract standard deviation from toy MC fits
* How well can virtual vs bound state be distinguished? — integrate mismatch region:

Sensitivity Pris = Nmis—ia/Nyvce  (Molecule case)
"? 60_ | i
>  PANDA | -+ P1 mode 10% P,,s , bound as virtual state
® [ MC stud ' < [
£ 50/ study -»- HR mode 2 14f PANDA -+ P1 mode
o : 5 = HL mode = | MCstudy - HR mode
40F :"I: ;f 1'2_' -= HL mode
[ Sl - e
- if}" s =50 nb I 1T
30} o ‘} = 1
I : i ‘ﬁ 2 0.8r .
[ X7 : “ C\Lf S
20f 30 u 06 R0t e
- S g 0 TN T
[ S0 A Pmis(10%) 0.4+ \\ . g
10: :_.'. F / | \\l:"" E \“‘\~-.‘_. _______________ -
0 }% | \‘"'». UO.ZT Iiaiiias Seritrreo
0500 95 “9.0 85 8.0 -75 —70 ) N S T S
0 20 40 60 80 100 120 140 160
" Ero [MeV] o4 [nb]
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Distinction of Lineshapes (40 x 2d) ™54%

UNIVERSITAT

FRANKFURT AM MAIN

* Extract standard deviation from toy MC fits
* How well can virtual vs bound state be distinguished? — integrate mismatch region:

Sensitivity Pris = Nmis—ia/Nyvce  (Molecule case)
"_o‘ 60_ | i
>  PANDA | -+ P1 mode 10% P,,s , bound as virtual state
L I r—
E 50._MC study -» HR mode % 1.4:_ PANDA -+ P1 mode
o = HL mode = [ MC study ode
X

',
T

“10.0 95 -9.0 -85 —8.0 -75 -70 oL

0 20 40 60 80 100 120
E;, [MeV] o [nb]

P R
140 160
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Bmrycim Models and Multiplets for XYZ it
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[Drenska, Riv. Nuovo Cim. 033 (2010) 633]

(S

* Need to measure complete multiplets

4. — - -
i CSCS [Cq][cq]
-2 to really understand XYZ nature 4.2¢ s = - ]
— [ cscu cscd 1+
% 4.1F cdcs cucs ]
. . _ r [ = =i
¢ e.g. d|'quark0n|um [CQ][CQ] models % 4t X(3872)? ]
provide predictions a2 [Z(3900)7? Z(3900)°? Z(3900)*?
V0T== e =
3 8 | cdcu cdcd cucd |
» Look for stranged partners S S— S S
> Look for light high spin states
I 1 -05 0 05 I
[Cleven et al., arXiv:1505.01771] I3
ol @ I F ® Y(3630) e.g. light J=3 state!
Z,(4020) 0 o
> a0f — -—&-- — 1 a4l T — _
S Z.(3900 o CHl! (4290)
z’ X(33]5) XL3§7—2) -E-.---) X(3940) ] ';' _42 _O . ]
S38f { 242 Y(4260) ]
| input I [ Y(4008) ]
361 prediction ] 401 Bl ’
0 1+ 1+ 2+t L0 12— 3= ot 1t ot
Jl’('. Jl’(‘.
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Bmrycim Models and Multiplets for XYZ it
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[Drenska, Riv. Nuovo Cim. 033 (2010) 633]

* Need to measure complete multiplets 4.3 T cses ' [Cq]-[cq]
-2 to really understand XYZ nature 4.2¢ s = - ]
— [ cscu cscd 1+
% 4.1F cdcs cucs ]
. . _ r [ =i
®°e.q. dl-quarkonlum [Cq][Cq] models % 4 /*-X(3872)? e
provide predictions ~ 1Z(3900)°? Z(3900)°? Z(3900)*?
39 == — 3. == |
2 QI cdca gt cucd ]
> Look for stranged partners 3.8  h— cdtd —r—
> Look for light high spin states
IS 1 -05 0 05 1
[Cleven et al., arXiv:1505.01771] I3
ol @ I F ® Y(3630) e.g. light J=3 state!
Z,(4020) 0 o
> 40f — - ®-- T 1 B — e — — i
S Z.(3900 3 | (4290)
; X(33]5) XL3§7—2) -E-.---) X(3.340) ] ';' 5 . ]
.; 38t - < 42 Y (4260) 1
| input I [ Y(4008) ]
361 prediction ] 401 Bl ’
0 1+ 1= 2t Lo 12— 3= ot 1Tt o
Jl’(’. Jl’(‘.
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* Need to measure complete multiplets
- to really understand XYZ nature

* e.g. di-quarkonium [cq][CQ] models
provide predictions

» Look for stranged partners
> Look for light high spin states

[Cleven et al., arXiv:1505.01771]

Models and Multiplets for XYZ

JOHANN WOLFG ANG

UNIVERSITAT

FRANKFURT AM MAIN

[Drenska, Riv. Nuovo Cim. 033 (2010) 633]

CSCS '
—aat— leqlleq]
cscu cscd 1+
[ cdcs CUucs ]
: —am—X(3872)? —mm—
1 Z(3900)7? Z(3900)°? Z(3900)*?
 —e— —_——a— == |
[ il cucu -
! cdcu cdcd cucd |
[ —p— —r—
-0.5 0 0.5 1
I3

ol @ e.g. light J=3 state!
Z.(4020) 1 o I
= 40r T - — 4 = 44y o) — ]
) X(3872) Z.(3900) ® v I ) |
2 X(3915) — - X(3940) 1 ” . - ]
3 Z ;
‘S“: 38t 7 < 42 ( ) .
_ input Y(4008) T .
361 prediction ] 4.0 Bl .
0+ 1 1+ 2+t o~ 1T 2— 3= ot 1=t 2t
JPC JPC
Spectroscopy of exotic charmonia with BESIII/PANDA, 48 04/12/2019
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Models and Multiplets for XYZ

UNIVERSIT
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[Drenska, Riv. Nuovo Cim. 033 (2010) 633]

csC
cdc

w0 i

1 Z(3900)7?

i/fﬁ__xman)?

CSCS
+

Z(3900)°?

e ]
Z(3900)*?

[cq]'[cq]

1™

T

% 4.0 % i
g X(3872) Z:(3900) & : .(2' i
ARG A N ™)
o | i 7L .
2 38 s 4-—_ I
361 nput ] 40| Y — T — =
’ prediction | dl
0 | 1 pAR . 07 1= 2= 3— 0" 1= 2~
Jl’(’. JP(‘.
04/12/2019
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Summary and Prospectives

JOHANN WOLFGANG GOETHE
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* BESIII/BEPCII successfully operating since 2008
» World largest data sets in tau-charm mass region, unique XYZ data
> ldeally suited to explore transitions and decays of Y states
2 Y(4220) & Y(4390) observed in J/yrrm, herrr and w(2S) T
> First two isospin triplet states Z.(3900), Z.(4020) established
- Charged states manifestly exotic matter

* Upcoming PANDA experiment at FAIR
» Complementary production mechanisms and measurements needed
» Precise knowledge of decay width and line shape essential
» Complete the exotic multiplets
- Unique: High statistics + precision resonance scans + high spin states

Outlook

* More XYZ (energy scan) data (4.2-4.3 GeV), extension to > 4.6 GeV
* Further data taking for 10 more years approved for BESIII ...

* PANDA coming soon ...

Frank Nerling Spectroscopy of exotic charmonia with BESIII/PANDARg. 50 04/12/2019



Summary and Prospectives
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* BESIII/BEPCII successfully operating since 2008
» World largest data sets in tau-charm mass region, unique XYZ data
> ldeally suited to explore transitions and decays of Y states
2 Y(4220) & Y(4390) observed in J/yrrm, herrr and w(2S) T
> First two isospin triplet states Z.(3900), Z.(4020) established
- Charged states manifestly exotic matter

* Upcoming PANDA experiment at FAIR
» Complementary production mechanisms and measurements needed
» Precise knowledge of decay width and line shape essential
» Complete the exotic multiplets
- Unique: High statistics + precision resonance scans + high spin states

Outlook

* More XYZ (energy scan)
* Further data taking for 10
* PANDA coming soon ...

a PAN
BES\“ \S a“tudy Q. D

to
ac\ \ty eC
fstructure 8 SR

Frank Nerling Spectroscopy of exotic charmonia with BESIII/PANDApg. 51 04/12/2019



Y

C ol
-/
. ,’
.
N PR
.a
¢¢?

'/“ .

d;} 14 countries
61 institutions

. ~ 450 members

Frank Nerling Spectroscopy of exotic charmonia with BESIII/PANDA, 04/12/2019

°r
*
T

\V/
/1N




—~\"

L~ *
— ~

The PANDA Collaboration o -y
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U Bochum LNF-INFN Frascati MPEI Moscow Suranaree University
U Bonn U & INFN Genova BARC Mumbai SVNIT Surat-
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IFIN-HH Bucharest U Glasgow BINP Novosibirsk South Gukarat U,
AGH UST Cracow BITS Pilani KKBGC, Novosibirsk State U Surat-Gujarat
IFJ PAN Cracow Goa Novosibirsk STU FSU Tallahassee
JU Cracow KVI Groningen IPN Orsay U & INFN Torino
U Cracow Sadar Patel U, Gujart U & INFN Pavia Politecnico di Torino
FAIR Darmstadt Gauhati U, Guwahati Charles U, Prague U & INFN Trieste
GSI Darmstadt FH Iserlohn Czech TU, Prague U Uppsala
JINR Dubna FZ Jiilich ITHEP Protvino U Valencia
U Edinburgh IMP Lanzhou Irfu Saclay SMI Vienna
U Erlangen INFN Legnaro U of Sidney U Visva-Bharati
NWU Evanston U Lund SINS Warsaw
HDMaiyr 18 countries
> 65 institutes
> 420 members
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