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The areas of hadron physics

C Hadron Structure )
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How to study hadrons?

All hadrons except the proton are unstable and have to be produced

* Build them together in a controlled manner

+ eTe~ collider can produce vector mesons (other particles in decays)

+ hadron beams have high production cross sections but little control
(except for antiprotons)

* QObserve them in a spectroscopic way
+ study their properties (mass, spin, lifetime, ...)
+ study their decay patterns

+ study their production modes

* Explore their structure and interactions
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There are certain rules for building hadrons:

* Even though quarks and gluons carry color, hadrons are colorless
 The total angular momentum J = S(spin) + L(angular momentum)

 There are rules for parity and C parity
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Striking evidence for quarks: The Charmonium Spectrum
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A typical hadron physics experiment nowadays

BESIII has produced beautiful new results and delivers many important papers.

(336 1n high-ranking refereed journals from 2010 — now)

One lesson from the past:
To determine nature of states: different production mechanisms and decay pattern necessary
=> combine results from as many as possible sources
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BESIII data quality

Y — X
s , ,
£§ ; X2 ]\Xbl E
I B I /
e
200! Xeo
Wl o [ ) \ 5
-] I l /! E

;-'_r ~ | Xet2 ™Y Jhy
100 ' A l N
;‘ \,J % T]C ;
\‘\‘-,_‘
1 ’

! ]
200 300 400 500

—

B
- —

1000
E /MeV

Ulrich Wiedner



Hadronic Structure
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The Nucleon (as composed by fundamental particles)
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More than form factors and quark distributions
= Generalized Parton Distributions (GPDs)

fix)

Elastic scattering reveals

Deep 1nelastic scattering:

form factors.: Structure functions.
transverse charge and quark longitudinal
current densities momentum & helicity
Common description: distributions

GPDs are correlated quark momentum
and helicity distributions in
transverse space (tomography)

Extending longitudinal quark momentum & helicity distributions

Ulkich Wi = transverse momentum distributions (TMDs).
rich Wiedner



Electromagnetic Processes: ‘ pp — VY ‘
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crossed-channel \.\(\j\j\
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Handbag diagram separates a soft part described
S g dlag
Y by GPDs from a hard qq annihilation process
P2 k2 q2

Predicted rates™: several thousand / month or above

Exp. problem: Background channels like nt%y or m0n0 5% - 100% stronger.

*A. Freund, A. Radyushkin, A. Schéifer, and C. Weiss, Phys. Rev. Lett. 90, 092001 (2003).
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From GPDs to TDAS

forward region backward region
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The ©0 could come from the p or the p

proton

Non-pert. object

J.P. Lansberg, B. Pire, L. Szymanowski,
Phys. Rev. D 76 (2007) 111502(R).

J.P. Lansberg, Workshop PANDA
Orsay, France 2011
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Spectroscopy 1n the Charmonium regime
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Even more exotic: Z*
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Amplitude analysis (PWA): Breit-Wigner and K-Matrix formalism

Breit-Wigner fitting might not be sufficient:
Jhy — yoo PAWIAN K-Matrix (Malte Albrecht)

25 25 N .
i : N l — Fit 3
250 BW 25t BW 2 dh —+ Data S
2 K-Matrix 2 K-Matrix || S 00 + — 0" contrib. | 21
175 | 175 % 0** contrib. &
15 | 15 : = — 2" contrib. 5001
- E - E ﬁ |
125 | 125 | 1000—_ .
1 1 ’
075 L 076 [ co0. ; &
0.5 05 [ - PPy %000"
025 | 0.25 | ] o * 2
E...I...l...l -l aarl e S EIIIIIIIIIIIIAIIII IIAIIIAIII[IIIAI—I i = | L | I T T o s ‘“ 1 Lu500_
2 1 11 12 13 14 15 16 17 a 1 11 12 13 14 15 16 17 18 19 2 0
543 o
. 0 Sy T A S i S N .
f0(1200), I" =100 . . fo(1350), I' = 300 5 : 7 0
Plots: Curtis Meyer _ 16 18 2 22 24 26 28 3 -
fo(1800), I' =100 fo(1500), I' =100 mioo) [GeV/c?]

but still might give an equally good description: ... unfortunately unphysical:
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The burning question: Al /s whad'?

Clearly or hidden exotic

Hadro-
States Molecules Charmonium

Four-quark

T — T
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Zcs (3985) from ete~ annihilations

ete” — K*(D~D*0 + D* D0)

PRL 126, 102001 (2021)
40
©35F Vs =4.681 GeV —+— Data
=30 Total fit
=25 — )
320 } l L J. l i D* (2600)°D*
215 \ T !. |I'I'l ------- non-Res
§10 \ ﬂ ------------------- D, DY
w s I comb. BKG
0 4 4.05 4.1 415
RM(K") (GeV/cz)
L. | (s=4.628 GeV L. | 's=4.641GeV
2 | (b) e | (c)
310 310} * +
e | T
£ 5[ £ 5/ :
¢ 4 4.05 4.1 0 4 4.05 4.1
RM(K*) (GeV/c?) RM(K") (GeV/c?)

ey
(8}

Events/ 5._(L)MeV/c2
P

(6)]

o

- (s =4.661 GeV

\v) %

4 4.05

4.1 1
RM(K™) (GeV/c?)

Ulrich Wiedner

-
(&)

Events/ 5_.pMeV/c2
o

4.15

o O,

- Vs =4.698 GeV

4 405 41 4.15
RM(K™) (GeV/c?)

v2(3823) decay modes

ete” — mny2(3823)

W2(3823) — yyco,12 , Tl , Iy, w0J/y

PRD 103, L091102(2021)

35 (a) YX —+- Data
== Fit result
- = Background

3.78 3.8 3.82 3.84 3.86 3.88
RM(r*r) (GeV/c?)

- (b) vx

c2

Events / 5 MeV/c?

C L NDNWhd,OOON®

LLLLUL ANRARE!

3.78 3.8 3.82 3.84 3.86 3.88

RM(r*r) (GeV/c?)

378 3.8 382 3.84 3.86 3.68
RM(r'r) (GeV/c?)

|

(e) Wy

TYTTTT T I IT ITITT I TI]Y
| b hlatdd | | ke BT |

378 38 382 3.84 386 3.88

RM(*n) (GeV/c?)

Events / 5 MeV/c?

- () noJhy

s L

T 1 T

T 5 AN AN RS

Events / 5 MeV/c?
O A NWPAOON ®©®O

3.78 3.8 3.82 3.84 3.86 3.88
RM(n*) (GeV/c?)

ot

e R R RN R

378 3.8 3.82 3.84 3.86 3.88

RM(r*n) (GeV/c?)

8 3.8 3.82 3.84 3.86 3.88

RM(n*) (GeV/c?)




Charmonium production 1n e*e~ at B-factories (BELLE)

provides kinematical
constraints

Direct formation

00070

Typical b.f. for decays 1nto @

charmonia < 104 g.n. limited to low spins
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THCH Selection

Polyakov Ivan, Moriond QCD, 24 March 2014

Trigger on detached vertex and high-p_ hadrons and muons

K
Good quality tracks

M, K, 1T, y identification (Muon, RICH, CALO)
Vertex quality

PV and SV separation Primary

-
“

| + higher cross section
for B production

Daughter particles not from PV /
/
B-candidate from the PV — missing kinematical constraints lead
Decay structure consistent to reduced resolution
Efficiencies:
Rectangular cuts or = Efficiencies from simulation

Boosted Decision Trees (BDT) _ _
= when possible from data — for PID, trigger
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The advantage of antiproton annihilations:

* gluon-rich
* high-spin states possible without limitations on q.n.
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The FAIR facility
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The PANDA detector
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Eiffel Tower Eiffel Tower -- Eiffel Tower Eiffel Tower

65,000 tons of steel:

2,000,000 m3 of earth excavated:
5,000 single-family homes
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Very complex buildings with several beam lines crossing
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