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® From Hadrons to QCD — brief motivation of the fundamental theory

» Quarks as building blocks— QCD Lagrangian

® From QCD to Hadrons — deriving expectations from QCD Lagrangian

» €.9g. Symmetries of QCD — potential models, Effective theories, Lattice

® Determination of Hadron properties

» Methods: eTe~ Annihilation, v+Baryon, Hadron-Hadron Collisions, Electron Scattering

» = Mass, Width, Decays, Quantum Numbers,
Wave-Function (Form-Factor, Polarizabilities, ...)

@ Compare experiments with expectations: Exotics, ...



The Standard Model of Elementary Particles
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Quark Model

Introduced 1964 by Gell-Mann/Zweig to clean up “particle zoo”

Mesons as Quark-Antiquark Pair:

Pions:
i AR L . |
ud) | I (|uzt) — |dd)) ‘ du) | =5 (|ui) +|dd))
Kaons:

K+‘K0‘K("K—

\us) | |su) | |us) | |su)

... b flavours — 36 Mesons?

C: Charm, Y: Hypercharge, I,: Isospin



Baryons

Baryons as three quark states

Examples:

p: utuldt)
n: utdld?)
A(1232): [ututd?)
A utdlst)

Ground states are OK, excited states?




Color

Problem: A™" with angular momentum J =

AT = |uuw) - [ 11T) - |[=0)
—_ = =

flavour spin orbital /

\SJ L8

® Not possible for Fermions — additional antisymmetric charge neccessary

® Not visible for three- and two-quark states

Color Analogy:
Three colors: Two Colors:
Primary Colors Color — complementary Color

Y D

Physical objects are colorless (i.e. SU(3) Color-Singulets):
Baryons: red—green—blue tripletts
l999) = \/4(IRGB) — |RBG) + |BRG) — |BGR) + |GBR) — |GRB))
Mesons:  color—anti-color pairs B
l99) = |RR) +|GG) +|BE)
= SU(3) Symmetry of Gluons



QCD Lagrangian

Lagrangian field theory:

: d /dL oL
L=T-V and Lagrange’s Equation — =0

dr \9gi) 9gqi
or with continuous field ¢(x,) ai (a(azfax )> — aa—i =0
U u

Only two ingredients for Lqocp:

® Quarks are massive spin % particles = Dirac equation for free lagrangian

Ly= q]'(iyyau —m)q;

@ Gauge invariant under SU(3) color symmetry

j.e. invariant under local phase rotation: g(x) — ¢/%®

g(x) with eight 3 x 3 matrices T,

— 7/ — a 1 a
Laco = q(iy"9u—m)q = g(@v"Taq) G — ;G GE"
1
with 8 massless vector gauge fields transforming like G, —G,— gayoca — fabcO G,

gauge field strength tensor Gy = d,Gy — E)VG;Z — gfach/]jGVC

SU (3) structure constants given by [T, T)| =i fupc T = “non abelian”




Charge Screening

@ Quark loops like lepton loops in QED
@ For each flavour, large mass supressed
® Additional:

» Gluon Loops
» Large contribution: 8 gluons
» opposite sign!

F. Halzen, A. Martin, Quarks and Leptons

' K N X J



Strong Coupling Constant

Quantum chromodynamics {QCD)

but zlsg
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Strong Coupling Constant

o (Q%)

0.3

0.2

0.1

April 2016
v T decays (N3LO)
a DIS jets (NLO)
0 Heavy Quarkonia (NLO)
o e'¢ jets & shapes (res. NNLO)
® c.w. precision fits (N3LO)
v pp —> jets (NLO)
v pp —> tt (NNLO)

QCD ag(M,) = 0.1181 + 0.0011

10 Q [GeV] 100 1000

= running of oi; = non-abelian structure of QCD!




Possible Quark States

gg Meson

' qqq Baryon
@@ aac Hyprid

qqqq Tetraquark

qqqqq Pentaquark

D

999999 Dibaryon
999999

00000
00000 060000 88: 888 Glueballs

& 00000 w5060

@ Not only gg and gqq states = a new zoo of “Exotics” is expected!

® Important for most of them: “Color-Singulet” does not mean “white”!
Two singulets are always decoupled — non-trivial binding (e.g. “white” exchange) neccessary



etTe” Annihilation: Cross Section
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e"e” Annihilation: general features

|dea: Relate gg cross section to known (i.e. QED) cross section (u to be distinguishable from e):
e M e q

3S

c(e

qq cross section (also only QED!):

clee” — qq) = Ncefl clete” —utu)
1
—x forg = d,s,b
with e, = { ; !
T3 u,c,t
and N.=3 number of colors.
R =

c(eTe” — Hadrons) 5
+ o - 223661
olete” —ptu) %




ete~ Annihilation

@ with QCD corrections: R = ¥, 3¢2(1 + %)

@ confirms quark charge

® confirms (again) N. = 3 colors
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R-Ratio: u, d, s
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R-Ratio: ¢
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R-Ratio: b
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Consequences from QCD for Hadron Properties



Symmetries of the QCD Lagrangian: Parity

Lqcp is invariant under parity transformation (i.e. point reflection)

A

P:(t,X) — (t,—X)
Eigenvalues:

Y A

P2(0(1,%)) = P(P(0(1,%)) = P(¢(t, —X)) = 0(¢,%)
=  P(¢(t,%) =Po(t,¥) with Eigenvalues P =41 (actually +=¢'®, but we can redefine P)

Consequences for Hadrons:
® All states can be decomposed into states with P = +1or P = —1

» Might be degenerated?

® System of Hadrons
P(01(1,X) @ 4o(t,X) @+ @ On(1,X)) = Py (1(2,X)) X Pa(¢2(2,X)) x - - X Py (¢n(2,%))
Parity is a “multiplicative” quantum number
@ Hadrons produced via QED/QCD from a state with defined total parity have same total parity

@ Additional U (1) Symmetries for Baryon-Number, Charge, Lepton Number =- combined parity
operators

C) Define intrinSiC parity Pproton — PNeutron — PElectron — +1:



Symmetries of the QCD Lagrangian: Experimental determination of Parity

Example: Parity of the pion
H+m —n+n

@ measure angular momentum (i.e. angular distribution)

@ intrinsic parity P(p) =P(n)=1

@ Deuteron has Spin §; = 1
Plon has Spin S B 0 = total orbital momentum of final state L =1 = P = (—1)*
s-Wave L =20
n antisymmetric
® Sum
1) (1) (Pr)=(—1) (1) (1
(1) (1) (Pr) =(=1) (1) (1)
pt  nT Pion L=1 nt nt
= Pion has parity P, = —1, it is a “pseudoscalar” particle

General approach:

@ calculate parity of initial state
® examine strong and electromagnetic (not weak!!!) decays, determine angular momenta

@ tie to defined intrinsic parity



Symmetries of the QCD Lagrangian: Charge Conjugation

Lqcp is invariant under Charge Conjugation (i.e. exchange particle — antiparticle)
C:10) — o)
Same properies as a parity operator
® Eigenvalues C = +1
@ Multiplicative quantum number for a system

@ New: only neutral particles can be eigenstates!

Experimental determination: e.g. C-Parity of the pion from decay:

= y+y

@ C-Parity of photon C(y) = —1 from QED
@ Multiplicative = C(n°) = (—1)y(—1)y=1

Quantum numbers of the Pion:  JF¢ =0""



Natural Quantum numbers

@ “Natural” quantum numbers for mesons: J©¢ with |[L — S| <J < |L+ ]
P(R(r)Yim(8,0)) = Yin(R— 0,0+ 1) = (=1)Vin(8,0) = Plgg) = (=1)""'|4q)

@ Charge Parity of a Meson as a Quark-Antiquark pair:

C(l99)) = Clqg)
» Charge Conjugation corresponds to exchange of quark/antiquark
> L =0,2,4,... symmetric, L = 1,3,5, ... antisymmetric = C ~ (—1)*
» Spin = C ~ (—1)5"!
» Exchange particle — antiparticle = C ~ (—1)

C(lgq)) = (—D*(=1)**'(=1)|qq) = (=1)*"°|qq)

@ Allowed: O, 0, 1-—, 1T, 1+, 27—, 27" 2+ 37— 3+ 3+ .

Not allowed: 0~ —,0"—,1-",277,37", ... = Exotic Mesons
SHLAS|L{J|P|C|JFC Mesons Name
ISo 10]0|0|—|+|0""||® m N K |pseudo-scalar
3 [1]olo||—=|—=|1"|p ® ¢ K* vector
P (o1 |1||+|=|1T"|[b1 ki K, K;|pseudo-vector
Py |1 1|0+ |+]|0" a0 fo fi K¢ scalar
Py |11 1| +|+| 1T |ai fi f| Ki| axial vector
Py 112+ +|2T a2 f» /5 Ki tensor




Theoretical Approaches



The “brute force” approach: Lattice QCD

Starting point: Feynman’s Path Integral formulation of Quantum Mechanics:
Y(xy,1) = %/eisw(xl,tl) Dx
with / Dx : Integration over all paths x(¢) with x(0) = x;
and the action  S= /ttzL(x,x,t) dr
|

(a.k.a. Fermat’s principle, Hamilton’s principle, principle of least action)




Lattice QCD

® Quark
> Gluon

-—ag—>
® Transform to Euclidean Space (neccessary to use Monte-Carlo-Methods):
t — 1T
—(dt?) + dx? 4+ dy* + dz? — dt? 4+ dx* + dy* + d?

® Define Link Variables for gluonic field

U, = exp (iaGy (n + g))

U, (n) : closed loop around one tile, “plaquette”

0(t+a)—0(t—a)
2a

@ Fermion action bei discretizing derivatives 0¢; ~

- (U0t +af) — Ul —ad) q(x—af]

S = /ﬁ(iDHyy+m)ud4x — D, = >
a

® Gluonic action:

1
S = ——Tr/G VG,qu4 — SL = —ngZa‘lTr(l — Uﬂv(l’l))



Lattice

Final Step: Numeric solution via Markov-chain Monte-Carlo:
® Choose a start-configuration C
@ Accept a random next configuration C,, ; with probability

= We don’t need to know the probability density function,
we need only the relative weight W (C),
calculated by discretized path integral!

@ Repeat until “thermalization”, i.e. distribution of configurations corresponds to W (C)
® Repeat everything with different Lattice spacing a

@ Extrapolation a — 0

Summary:
@ Gauge invariant
@ Works in the non-perturbative regime

@ Finite volume, finite momentum



Hadron Spectrum from Lattice QCD

2000
| Pseudo- | Vector Octet Baryons
| scalar Mesons —_§:Q
1500 - Mesons —*_=
i _ - = y*
- —— =
> B
D _
= : 5 1p Decuplet Baryons
] —— experiment
5001 ——K P
| —— width
| o input
e m ¢ prediction
0

S. Durr, et al., Science 322 (2008)



Still one symmetry of QCD not used...



Chirality

Helicity: Spin projection in direction of motion
Right-handed: Left-handed:
o o
P P

— ==

S S

Not a good quantum number: inversion by “overtaking” reference frame!

Better: Chirality

0010
oo 0001
0100

For massless particles:

G p
E+m

1 0
Py = ( . ) | O =hu e pu=y | )| =
0
Eigenvalues of y° are the eigenvalues of helicity for particles with m — 0

Chirality =~ Lorentz invariant version of Helicity



Chiral Symmetry

Projection Operator |
51 +7)u = ug

Consequences for Dirac Equation (iy*p, —m)u = 0:

%(1 Y )u=u

uyu = (ug+up) Y (ug +uy) = ugy" ug +ury  ur

for m — O: left-/right-handed particles interact only with left-/right-handed particles

Def.: Chiral Symmetry: invariant under separate rotations
v, — ¥y and  wr — yg

or  Wr—e®yr and Yy — gy

Chiral Symmetry in QCD: combination with Isospin rotation of g = ( Z ) ;

UR)LxUR)rg=SUQ2)LxSU(2)r xU(1)y xU(1)4

TV TV
Chiral Symmetry Baryon number, Quan. anomaly

Chiral Symmetry: QCD invariant under separate isospin rotation for left- and right-handed quarks
in the limit of massless quarks



The Power of Chiral Symmetry...

QED Example: Bremsstrahlung

2000

1500

@ Virtual intermediate electron

do/(dkdQdQ)™ [ub/(GeV sr))
S

o

o

) ﬁ — 0 Peak in electron direction
@ Exactly at 6,, = 0:

500 » Emmission of Spin 1 Photon

» No orbital angular momentum

» =Spin Flip of electron
breaks Chiral Symmetry

» Cross section — 0

= Chiral symmetry is powerfull




Expectations from Chiral Symmetry for Hadron Physics

Mass of light quarks:
m, = 2.2MeV my = 4.7TMeV

mg << Myadrons

Chiral symmetry SU (2)g x SU(2),, should be conserved at least at 1% level!

Expectations:
@ Parity doublets: all light quark states have partner with oposite parity
Observation:
@ No parity doubletts in baryon or meson spectrum seen! e.g. p(770) < a;(1200)
@ Three ridiculous light mesons 7°, %, ©~ with m; < 2m,
Hypothesis:
@ Chiral Symmetry is spontaneously broken
@SUR2),xSUR)g — SU(2)y x SU(2)4

of standard vector SU(2)y and rest (...SU(2)4 is not quite axial vector)



Spontaneous Symmetry Breaking and Goldstone-Theoreme

2-dimensional Example:

1 1 A
L:_a,ua T gk Yk N D
S09,0 —5m’0"0 — 7(6"0)
Minimum at
o] = k= /=
Replace complex scalar field ¢ =ke®®*,  6ecR
1. - 1 A, 1 1 A
= L = E(—le e/ka‘ue>(l€ e/ka‘ue) — Emzkz — Zk4 == aneaye — \§m2k2 — Zk4j
con;t.rin 0

= Real scalar field 0 ist massless!

Spontaneous Symmetry Breaking = massless Goldstone-Bosons. = QCD: Pions



Chiral Effective Field Theories

What are the relevant degrees of freedom? = e.g. pions as Goldstone-Bosons

Ingredients for an effective field theory:
® Choose degrees of freedom: = Pions

@ Most general Lagrangian in theses DoF respecting the Symmetries of Lycp
= series in terms of derivatives, fields
= this is a perturbative theory!

@ Most important: sort these terms!

» Expansion in mass terms (explicit symmetry breaking by —q Mgqy)
» Simultaneously expansion in p
» Order Scheme — define what is LO, NLO, NNLO!

@ Derive Feynman rules, calculate observables order by order, ...

To deal with:
® Regularization = Low Energy Constants  Fit to experiment, limits predictive power
@ Degrees of freedom: e.g. better to include resonances?
@ Convergence of series

Systematic expansion, not a Model!



N.B.: Theorists’ “Slang”

If a theorist uses the word

"chiral”

like e.g. in "Chiral Extrapolation of Lattice QCD” this usually means

"Using methodes from Effective Field Theories
using the Chiral Symmetry of QCD”



Potential Models



The gq Force of QCD

distance

dislance

® |ldea: heavy quarks — non-relativistic

@ A quark in the potential of a mean field



Simple Model: Non-relativistic Potential Model

Model: quarks in the potential of the rest of the meson/baryon

A

S 1
=
<
@ V(r—0) ~
» Asymptotic freedom
» Massless gluons
0

— infinite range Coulomb like potential 1

@ V(r— oo)

» Confinement potential k- r
» Running coupling constant

4 oL




Simple Model: Non-relativistic Potential Model

Non-relativistic gg potential:

4 o

1 >
>

V(F)=—s—+k- > 1

(”) 3, +K-r @

Running Coupling constant: g

1271
(XS(Qz) — 5
(33 —ny)log <%)
0
ng. number of flavours

A =~ 0.2GeV: QCD Scale parameter
k~15:  QCD String constant




gq Potential from Lattice calculation

r/rg
Quenched approximation, i.e. no disconnected quark loops

G. S. Bali et al., PRD62 (2000)



Other usefull Ingredients: Spin Dependent Potential

Neccessary extensions of potential model:

@ Spin-Orbit (fine structure)

Vis =

® Spin-Spin (hyperfine structure)

2
Veg = S; -5, ) VW
) 3m§r(1 2) V(’”)
@ Tensor force
2 S 1dvy,  d*Vy
V. 3(S-A)(S-F)—8) [ ——= —
! 12mg( (S-2)(S-7) >(r dr dr2>

with Vi, Vs vector and scalar part of the previous potential



Finding Hadrons
= Just looking for Bumps?



What is a Bump? The Line Shape:

@ Strong Decay = Lifetime T~ 10"%s
= Width [y ~ 100 MY

c

@ Breit-Wigner Amplitude (complex mass in Dirac-propagator)

To/2
B —
W (m) mo—m—ily/2

valid for I'y < my
mg > Threshold Energy

@ Better (relativistic, orbital momentum, phase space included):
mol"(m)

BW =
(m) m —m? — imol(m)
F2
with C(m) =170 P fi )
m po £ (po)

angular momentum barrier:  Fo(p

(p) =1
Fi(p) =+/2z/(z+1) with z = (p/pg)’
(p)=+/




Example p(770)
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Reality Check: p —»> ™

1 400 | | | | | | |

|
BaBar (09) s
Ll New Fit
1200 KLOE (10) ——— ]
/ | KLOE (08) +—=—

1000 | 1/ _
£

800

600 [ ig .

400 1,315 -

200 .

o%e*e” — ') [nb]

0 ! ! ! ! ! ! ! !
0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95

Vs [GeV]

no clean Breit-Wigner — p — o interference at the position of the @ mass
— amplitude and phase changed
= all open channels have to be considered on complex amplitude level!



Coupled channels

Simplest Example: proton around the pion production threshold
three open channels: Y+ p, n+n", p+

® Scattering matrix (S-Matrix) of complex transition amplitudes:

PEY Ay Am A P
n+n0 = | 4m Am Az |- n+n0
p+m ) Ay Agipo Anp P ) el

@ Conservation of Probability < Unitarity of S-matrix
@ All channels are seen in all other channels

@ y+p— p+7°, s-wave:

-0.2

=044
|
-0.64

-0.84

Re E0+

1 : o : -
144 146 148 150 152 154 156 158 160

K (MaV)



Compton-Scattering

Polarizabilities in Compton Scattering (partial waves):




Is the Scattering Phase an Observable?

Quantum-mechanics: An absolute phase is not measureable!

But:

® Elastic scattering: optical Theorem

6=—Im{f(6=0)}

® Elastic phase is a fransition phase

® Direct measureable at forward direction (6 = 0) in

Y+p—=Y+Pp
T +n—7n +n
oL +p— m +p (not measured yet...)

@ Unitarity of S-matrix fixes phase of all scattering amplitudes

=- Scattering amplitudes have relative phases (inital state — final state)!

= Production amplitudes are also Observables (but in reality hard to determine absolute)



The Art of Partial Wave Analysis

(a) resonance: Xdecay  (b) isobar: R__decay
X(27) - £(275)x £(1275) > nn

@ Limited significance of single channels (even if this presentation is “standard” in talks...)
@ All open channels have to be fitted simultanously

® Separate for every angular momentum (Partial Wave)

® Fit on Amplitude level (not cross section!)

® Polarization degrees of freedom

@ Resonances: Breit-Wigner width (line shape, pole position), mass

@ Background contributions

@ Combinatorical background

Hundreds of parameters, most determined with limited significance
...choose wisely



| only believe in peaks seen

...In several channels
... by different groups,
... measured with different apparatus,
... with different analysis

and still | have doubts...



Heavy Quark Mesons



The J /v discovery

@ Simultanious discovery 1974 in BNL and SLAC
@ First evidence of a new quark: charm
@ Confirmation of quark model (¢ missing partner of s)

® Bound state of cc quarks

= new era of heavy quark physics

—_ 40 E‘ﬁ" BNL
= | | T 1 ] T 1 ] = E p+B€%
- fa) = H et +e
§ SLAC : = ol g e +e —I—X
000 = e te - E' g
o E = %
— I = =TS
c f ] &
100 = ..
= 3 2 20
= = =
& 4 ™
| | - D
T Y R T R Y RN VT N . T : T}

Energy, GeV




J /w-Decays

Below open charm threshold:

Y +
JIY %:NWW‘< ”_ J~~ = electromagnetic decay possible

[

g
Ne %:’ﬁjﬂ( Hadrons States with C = +1 can decay via two gluons
d
JIY E:%: Hadrons States with C = —1 can only decay via three gluons
c

= electro-magnetic decay of same order of magnitude as strong decay

= J/wy is a very small resonance

Above open charm threshold:

cl O
o “Q_l
wl

2]

c—/
—<

ol -

= broad resonances



Heavy Quark Systems

Heavy Quarks:
m. = 1.3GeV my, = 4.2GeV m; = 170GeV

® Heavy Quark Systems are non-relativistic:

mypy = 3.1GeV =2 xm.+2x0.25GeV

p 0.25GeV
= =—~——=0.2
p E 1.3GeV
® The mass scale is perturbative:
mQ > AQCD

@ Potential model for description well suited

L E 3
N

f,f---' Agen
Low lying(QC) * High lying QQ
-
T e R -
kif;:

ARV RS R AR
\
!

o Godfrey Isgur PRD 32(85)189

non-perturbativ — transition — perturbative regime



Positronium as Model for Quarkonium (Charmonium or Bottomonium)

Positronium

Binding energy

[meV]
4 lonization Energy
O [|om o oom on oom oo oon oon oo e o e e o e e e e e e o o e
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-5000}
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¥eTI0) o P(~3800) D, 5
I — 1

7'«(3590)

x23556)
£i(3510)

hi(3525)

xo(3415)

W (3097)

7:(2980)

e
@‘}fm




Production channels

e Weak decay

Belle

e ¢Te  annihilation and
initial state radiation

i} i
L& C ¢ C
— only JPC = 1++ e+>’\/y\/~< +%y\/~<
— 0 <E<c.m. energy

e Double Charmonium

: c BES I
- J \lj -
/Y + cc 6+ME

e Two-photon production

¢
- C=+l1 7}:2
L
L~
_\ C p _\ C
e pp annihilation PANDA
— 2gluons: 0~ F, 0", 27 _/
— 3gluons: 177,17 F p

=
iz



Charmonium States below open charm threshold

Discovered Charmonium States:

Mass (GeV/c?)

3.8

'l’"(lle)

3 2Myp
3.6 3
Xc1(13P1)

34 Xeo(1’Py)
3.2

Jiy(13S,)
3070 | gatsy

0o+ 1 1t ot ) 2t

JFC

@ Solution of non rel.
Schrodinger-Equation

@ Notation:
0+t 1 1t Jr+
Ne ' hc X1,2,3

@ 8 States well established

@ Hyperfine splitting to adjust
spin dependent potential Vg
Amy(1S) = m(J /W) —m(M)

=116 MeV

@ Look for

» Missing States
» Additional States



Charmonium Spectrum

Mass (GeV/c?)

4.6

44

4.2

4.0

3.8

3.6

34

32

3.0

w(4’s)

1448y

X3Py

3
e

WMy |
r@®) | S
: | Xa@Py) | My Mpye %
§
n c’(le 0) W'(2ssl) ZMD
-hc(l ip) Xe(1°Py)
Xc1(13P 1)
Established cc states
-J/y/(13S )
- Predicted, undiscovered
11'Sy)

JFC

4.6

44

4.2

4.0

3.8

3.6

34

32

3.0

Xe23°P)

1(1'Sp)

Established cc states

Predicted, undiscovered

O—I-

1+—

JFC

O-H-

™ VAN




The X (3872) (new PDG2018 naming scheme: y.1(3872))

Belle (2013): A new state, not quite fitting into spectrum:

Events/5 MeV/c?

3 0 ‘ I I \ ‘

_a) signal region

—
o
|

3820 3860

M(z* T J/Ay) (MeV/c?)

Discovery channel:

ete” - Y(4S) - BB
BT —wK ' ntn J/y

N———
subsystem

@ Decay to J/y: cc content neccessary

@ Isospin: Decay viap - T or ® — T 1T
® p decay is isospin violating — suppressed
@ Both channels are of same order

= additional u and d content?

@ Resonance confirmed by BaBar, BES, CDF, DO, LHCb, ...

@ LHCb: Quantum Numbers J¢ = 17", I = 0 (these are not exotic!)



X (3872) Decay to pJ /v

X(3872) =p+J/y
p— T 1

40

(b) |

35
30

25

20

15

Events/ 0.02 GeV

04 0.45 05 055|06 065 0.7 0.75 08

M(rr) (GeV)
@ Two Pion distribution described by Breit-Wigner with known p(770) width
® Violates Isospin conservation = at least two gluons

@ Should be suppressed compared to decay via ® — ntnn’



Interpretations of the X (3872)

X (3872) Properties
@ Mass is very close to open charm threshold DoDgx*
@ Width is very narrow < 1.2MeV
@ small binding = huge separation
@ Decays to pJ /vy
@ Decays to wJ /y
@ Decays dominant to DD
Interpretation:
@ Exotic nature? Probably...
@ Many interpretations on the market

@ Loosely bound DyDy* molecule?



Y (4260)

BaBar (2005) via Initial State Radiation

et e = YT J/y

S~
S

L
~
o -
~ A

Events / 20 MeV/c?
S

® -
{ ]
+— | I I | | I I | I I |

20 ‘
10_l )l ‘ ! . N . I
I | .TT I .-|.|"T'| ........... ....t — o. ! .l °
I | | | [} |T i [ | ®
i . [ o= tel 1] 11
oo e e b e e e
9.8 4 4.2 4.4 4.6 4.8 5
m(mJAy) (GeV/c?)

@ Quantum numbers are now J7¢ =1~
@ Confirmed by CLEAO, CLEOIII, Belle, BESIII

@ Weak coupling consistent with hybrid meson



Z+(3900)

= ¢c content neccessary

N
o

BES Il (2013)
- —4— Data
100 = — Total fit I 4 /
i ---- Background fit ee - nJ \lj
80~ -.=- PHSP MC subsystem
i + DSideband
- \ @ Decay to J /y:

Events / 0.01 GeV/c?
3

N
o

-
SR

— at least ccud

o

37 38 39 40
M, ox (TEJ/Y) (GeV/cz)

Status:
@ Confirmed by several experiments
® Several states
@ also Z, states seen

@ PDG 2018 naming scheme: X nowy IsospinO

Y nowvy
Z |sospin 1



Growing number of states...

Particle Data Group (2018): States near open c¢ or bb threshold

PDG Former/Common m (MeV) r (MeV) I1%JFC)  Production Decay Discovery ~ Summary
Name Name(s) Year Table
xc1(3872) X (3872) 3871.6940.17 <1.2 0t(1*t*) B—- KX ata = J/ 2003 YES
pp— X... 3 J /1
pp — X... p*op°
ete” 54X ~J /9
7Y (25)
Z(3900) 3886.6 + 2.4 28.2+2.6 1T(117) ¢(4260) - 7~ X 7t I/ 2013 YES
¥(4260) — 19X 70T/
(DD*)*
(DD*)°
X (4020) Z(4020) 4024.14+ 1.9 1345  17(?77)  (4260,4360) = 7~ X 7T he 2013 YES
(4260, 4360) — 7°X 70,
(D*D*)*
(D*D*)O
Z,(10610) 10607.24+2.0 184+24 1T(11T7) T(10860) — 7~ X 7t (18,28, 3S) 2011 YES
T (10860) — 70X w0 (15,285, 35)
7t hy(1P,2P)
(BB*)*
Z3,(10650) 1065224+ 1.5  11.5+£22 17(11T7) T(10860) — 7~ X 7t (18,28, 3S) 2011 YES

7t hy(1P,2P)
(B*B*)*

...and = 25 more unassigned states above threshold



Bottomonium

i ~— BB = = = Z_M(_B) ______
10.50 |- y(’2D)
10.25 h(2p) X 2P
— . | ~ 3 ]
& O y(1D)
= (%)
@ 1020 h,(1P) / X,(1P) N
‘-;: h
()]
[4v]
S 975 4 _
Bottomonium
950 | ey family
(Ye,)
el R 1+- (0.1,2)**  (1,23)"
L=0 0 1 1 2
@ higher b-quark mass gm T(38) — my(15) CF
@ lower coupling o,,(Q?) < 4000~ } g
@ dominated by Coulomb term of the potential EMH j ] L H 1, [
® better description by potential models 2 } | ‘H' H M' AR
-20001 7
@ ground state 1, (1S) discovered 2008 FoL TR



Pentaquark (LHCb 2015)

(b) 5
g} JAP W [ K

b
A} u—— b

C
—> \8

)
> 2200 * —=— data % 800
= 2000 LHCb gigiound =
L0 (@) L0 700
= 1800 : SeEs P (4450) =)
S~~~ ~~
0 —=— P,(4380) >
% 1600 2 --<-- A(1405) % 600
¥ - A(1520)
> ¥ >
m M i A(1600) 1] 500
1200 i A(1670)
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1000 o --%-- A(1800)
E !,“ ---E+-- A(1810)
800 ;! ", e~ A(1820) 300
e A N A(1830)
600 "
~a-- A(1890) 200
400 ~g-- A(2100)
---Ac-- N\(2110) 100
200
9 !B o '-:-‘-'4_:» SE i VDR T . 0
4 1.6 1.8 2 2.2 2.4 2.6
m, [GeV]

A) = J/y+K +p



Glueballs

12 |

10 +

ro Mg

Reprinted with permission from Y. Chen et al, Phys. Rev. D73, 014516 (2006).

Copyright (2006) by the American Physical Society.

++ -+ +- --

@ Mixing with scalar mesons f;(1370)
@ Candidates f;(1500), fo(1710), ...

@ No clear signature yet

Mg (GeV)

000000 R
000000 G
00000 B

RG
00000
00000
GR
@ Calculable in Lattice QCD

@ Predictions:
JPC _ g+t ot

X oo G



Testing the wave-function: Form-Factors



Form-Factor of the Nucleon

Elastic Cross Section (Rosenbluth-Formula):

do ([ do 1 200 L Y 2 2
dQe_ (dQe>Mott (1_|_,c) |:GE(Q )+8GM(Q )]

. o Q2
with 1T = I

1
e = (1+2(1+7)tan’>%)

Gr(Q?%): Electric Form-Factor — related to charge distribution
Gy(0?): Magnetic Form-Factor — related to distribution of magnetic moments

Normalization:
Gp(0*=0) = 1 GL(Q*=0) = 0

Gh(Q*=0) = 2.79 G (Q*=0) = —1.91
Root-Mean-Square Radius:
d 5 6 d

2\ _ g @ 2 _ - 2
<rE> = —6 dQZ GE(Q ) . <rM> - 1, dQZ GM(Q ) .



Gross features of the Nucleon Form-Factors: Dipole formula

Results of Rosenbluth separation:

1.0
G _nP
08l t=G
i §=GF/279
0.6 i
[ ]
}=G"/(-1.91
04l %Ph‘}}; % e
.
0.2} 1HIH'J* F bl b
0 3 o 3 3 —3
-0.2
0 0.2 0.4 0.6 0.8 1.0 12
Q% [(GeV/c)?]
Empirical dipole fit:
GP QZ G" QZ e
Gg(Qz) — M( )_ M( ):GDpl(QZ)

279  —1.91

: 0\
Goipote(Q) = <1+O.71GeV2>




Polarization Transfer

Polarization transfer reaction:
e+n—e+n

Longitudinal and transverse polarization:

E+E' 0
P = + \/1(1+1)G12Wtan2§

ml, 0

2 0
P = —I—\/ ’C(l —|-’C)GEGMtaI1§
0

6
Iy = Ga+1 1+2(1+r)tan2E G2,

Ge P(E+E) ©
Gy P, 2m 2

@ Signal proportional to Gg(Q?)
® Systematic errors cancel out

@ Requires measurement of recoil polarization



Rosenbluth vs. Polarization Transfer

Error propagation for Rosenbluth-separation (example: € = 0.2,0.9):

5G(Q?)/G(Q?) / 8ol

dQ2, dQ,

@ High 0*: G2, ~2.79> x G
G2 suppressed by T >> 1
@ Low Q*: Gj, suppressed by T = 4Q—Mzz —0
» BUT: Recoil polarization difficult below Q% ~ 0.2 GeV?/c?
» Utilize knowledge at 0> =0 = uGr =Gy

do do 1 T
~(35) G+,
Mott



Rosenbluth-Separation by Fit

1.7 F +0.5, 855 MeV.
1.6 =

. +0.4, 720 Mg

1.4 +0.3, 585 MgV

1.3

+0.2, 450 MeV
1.2 e aptasansbatale—

csexp/ Ostd. dipole

+0.1, 315 MeV |

180 MeV
09 | . . . . . .
20° 40° 60° 80° 100° 120°
scattering angle

¢u | Data spectrometer A, B, C, error bars by spread of data — 0.2% — 0.4% (stat.: 0.1% — 0.3%)
— Spline fit



Form-Factor results

1.1
1.05 F I | “H | B Christly etal. r~ Borkowski et al.
' 1.08 - = Priceetal. et Janssens et al.
e+ Berger etal. =/ Bosted et al. /
1 i ~  1.06 |- ret Hanson etal. i Bartel etal. meﬂﬂ“‘“
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0.8 - ~ei Bergeretal. + Murphy etal. | I
' ' ' 0.94 +
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
1.04 : , , - | 11
----- Arrington et al. &+ Borkowski et al.
1.03 - --- Friedrich/Walcher ~ i Janssens et al. } 1.05
1.02 | = Simon et al. ko4 Murphy et al. _
' & Price et al. - 1
o 1.01 i - : _
é_ 1 (DE e s g 1‘ ‘
b < R
Qm Bk C)o. 0.9 ‘ . kumuwnm
g 098 = . ' s et Al QN
0.85 | ~— Arrington w/ TP &7 Pospischil et ‘"“m‘m;;u
0.97 ' Crawford etal.  +i Dieterich et al.
+= Gayou et al. t=4 Ron et al.
0.96 0.8 - \a: Milbrath et al.
0.95 e+ Punjabi et al.
0.75 ' '

L 0z 042 (Gevid®

re = 0.879 + 0.0054y £ 0.0044g £ 0.002m00 £ 0.004 40y fm,
vy = 0.777 £ 0.013gy £ 0.009. *+ 0.005m0001 & 0.00240y fm.

Jan C. Bernauer et al., Phys. Rev. Lett. 105, 242001 (2010), Phys. Rev. C 90, 015206 (2014)



Muonic Hydrogen

Electron

Muon

m
@ —~ =~ 200 = Muon spends more time at center
N,

® Increased overlap wave-function with nucleus (at least s-wave...)
® Incresed sensitivity to charge distribution

® First order: electric radius of the proton



The Radius Puzzle: Lamb shift in uH-Atom

Nature 466, 213-216 (8 July 2010)

H, target

Multipass cavity
==

PM,

" Qur value

PM,
— e-
Z S,
U
1 //1 —
PM, 4 e
ExB /Iﬁ - - -
10 cm I
Laser pulse
7 — CODATA-06
@ n a4 —_ c C
8.4 meV
1% 99% [ e—p scattering
2P3/2 ’Ei% _ 6 =
2P op F; 1 j—_-, :
28— Ve F=0 = 50 H,O calibration
%) _
2 keV X-ray € L
(Ku’ K[’J’ K‘{) ﬂ>J :
206 meV & A=
18— 50 THz g— »
6 um g _E
" a 3
2P = F
> 5[
25 o 2
Finite size (m) - l
effect: I
2 keV X-ray 3.7 meV 1 e
(K) \F= 1 -
28 - |
23 meV 0 '
/e 49.75
18— -

Laser frequency (THz)



Radius of the Proton

T T T T T T
Pohl et al. (2016) |- (/(’712:’;)5" ——
Antognini et al. (2013) |= i ——
ohl et al. §20103 - HH (ﬂ;}g'{,‘;)c data e
Fleurbaey et al. &2018;
Bayer et al. (2017 ——

Combined spectr. data
Melnikov et al. EZOOO;
Udem et al. (1997

Higinbotham et al. (2016
Griffioen et al. (2015
Lee et al. (2015
Arringron et al. (2015
Lorenz et al. (2015
Lorenz et al. (2012
Adamuscin et al. (2012
Sick et al. (2012

Ron et al. (2011
Borisyuk (2010

Hill et al. (2010
Belushkin et al. (2007

eH atomic data

Reanalyses

Sick et al. (2005

Blunden et al. (2005
Rosenfelder et al. (2000
Mergell et al. (1996

Wong et al. (1994

Zhan et al. (2011
Bernauer et al. (2010
Eschrich et al. (2001
McCord et al. (1991
Simon et al. (1980

N uclear scat. data

Borkowski et al. (1975
Murphy et al. (1974
Akimov et al. (1972

Frerejacque et al. (1966
Hand et al. (1963

CODATA 2014

® 50 Discrepancy between atomic physics and electron scattering
@ Situation still unclear
@ Serious problem far beyond nuclear science: e.g. Rydberg Constant

@ Trigger experimental program in atomic and nuclear physics




Models for Form-Factors



Charge Distribution

@ Non-Relativistic charge distribution:

5 Fourier transform of form factor F (k)
I
£ 20 F(k) = / 2 jo(kr)p(r)dr
— 0
p(r) = [ Kolkr)F()ar
0
with k = |G|

® Lorentz boost

K — 0%/ (1+1)

N
O

® Relativistic prescription (not unique)

F(k) = (1+1)°G(Q?)

o

s
LI L L] LB 'Ig_lll r[lll_-l-l'|l I|IPIIIIIIIIIIIIIKIIII
SRR S 3
Fidiss 7, s
AR fitiny L
B Wi %+ j
LR fzsreey
Jraht [ AT

density [fm™] density

® Limit for k (position uncertainties!)

kpax = 2M

J.J. Kelly, Phys. Rev. C 66 (2002)



Nucleon Form-Factor in Lattice QCD

py Lattice results
0.0} (plateau method)

¢ Experiment

Q2 [GeV?]

0.0 0.2 04 0.6

0.3

0.14} a
[}

T
Lattice results
(plateau method)

Experiment

T

0.2

0.4

0.6

Q2 [GeV?]

C. Alexandrou et al., PRD96 (2017)

0.8

8 Lattice results
(plateau method)

0.0t ¢ Experiment
0.0 0.2 0.4 0.6 0.8
Q2 [GeV?]
0.0+ Lattice ;‘esults Y Y Y
L (plateau method)
¢ Experiment

-2.0
0.0

0.2

0.4 0.6 0.8
Q2 [GeV?]




Charged Pion Form-Factor

Measurement: -

— Linear i
--- HO
Ao Amendolia et al. (86) T
0.8 e Bebeketal. (78) —]

Huber et al. (08)

® Pion electroproduction
@ Virtual pion in initial state
® Measurement at different virtualities

@ Extrapolation to viruality zero




Pion Form-Factor

el 50 .
= Interpretation:
A B
m |
— 45 I
i ent-en’
i _—
40 |-
i e e
- ==
¥ 5 |9 © .
L © |9 © Y
30 b '-'CE g '(é eet-nmn’
L |@| O p(770)
- £ | &
75 - o || —
I c | Q ll:
20 I O é ~— i nt nt
i al - Q
15 [ ® Crossing symmetry
o0 b @ Photon is virtual vector meson
5 |
0 _ L L L L L L L | L L L | L L L | L L L | L L I-
-0.2 0 0.2 0.4 0.6 0.8 1 1.2
t (GeV?)

= “Vector Meson Dominance”



Vector Meson Dominance

Also the Proton Form-Factor can be described by mesons:

102 :
ep—ep e'e">pp

10F

Space-like Time-like

un-physical

1072 . . . . . . |

o’ [GeV?/c?

Space-like: d reference frame where virtual photon is emmitted and absorbed at the same time
Time-like: d reference frame where virtual photon is emmitted and absorbed at the same position

NB: Blue line from 1974 (G. HOhler), data are much later!



Time-like Form-Factors

Cross section of ete™ — pp:

4TC(XZB 2 2 2m2 2 2
c=——7+C| |G - |G
3 g2 (‘ M(q)} + 7 ’ E(Q)‘
do (XZB NP 5 4m2 2
dQ: 1 C(‘GM(Q )‘ (1+cos 6)+—q2 ‘GE(Q )‘ sin 0
with Coulomb correction factor C = 1_;” and y = 2%%

@ Separation of Gz (g?) and Gy(q?) via angular structure

® ¢° — 4m? at threshold:
Ge(4m?*) = Gy (4m?)

@ g*> — oo limits from perturbative QCD:

Oﬂq(f) F1(q2)N

Fi(q®) ~




Time-like Form-Factors (BESIII)

Fit

BESII 2018
BESIN 2015
BESI{unTagged)
BaBar(Tagged)
BaBar(unTagged)
CMD3

BESII

FENICE

E7G0

EG35

P5170

i DM2

¥2ndf=0.6798

G 5(S) [Pb]

O > =

5 |
500t




Proton Timelike Form-Factor (BaBar)

IIIIIII|-—‘i

1072 =
107° =
:I | | | | | | | | | | | | | | | | |
10 20 30 40
o [GeV’]
2 2
Effictive Form-Factor with assumption Gg = Gy;: o 2nat (2+ %)\Fplz



Low ¢ region

“Dipole-like” over-all fit subtracted:

0.06

A BESIII (unTagged)
0.04 |

0.02

Q
LL

o

-0.02

-0.04

-0.06

o III|III|III|III|III

05 1 15 2 25 3 35
P (GeV/c)

® Interference structure

® Interpretation: Rescattering in pp final state, e.g. &, p, ® exchange



Separation Gg — Gy

o _
= 2r
S :
O 15)
Uy
051

0:. I !

e Jr—l— 1L

—

W EBESII 2018

® BESII 2015

% BESIII{Tagged)
BESI{unTagged)

in BaBar(Taggsd)
& CMO3

PS170
windf=0.6769

@ Separation via angular structure:

do

o’f

dQ

4s

(s[GeV]

2
C (‘qu(qz)!2 (1+cos*0) + % ‘GE(qz)‘2 sin29)



Conclusions

Hadron Physics

® An invaluable tool for a deep understanding of strong interaction and QCD
@ Exciting experimental Results
» New discoveries ~ 1/year
» XYZ and clear signatures of Exotic States
@ Continuing Progress in Theory
» Lattice QCD
» Modelling of exotic states
® Running and new Facilities for Spectroscopy

» LHC, e"e~ Colliders
» JLab 12
» PANDA at FAIR
® Precission Physics
» Determination of the Wave Function

» Connection to Atomic Physics

@ And still a lot to do ...



