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Quantum Chromodynamics (QCD)

3

coupling is to 3 color charges

gluons carry color—anti-color 
charges and self interact

color charge is conserved

QCD conserves flavor

QCD conserves parity

Gluons
Gluons are massless spin-1 bosons, which carry the colour quantum number
(unlike � in QED which is charge neutral).

Consider a red quark scattering o↵ a blue quark. Colour is exchanged, but
always conserved (overall and at each vertex).
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q

q

p
↵s

p
↵s

 

r

rb
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b r̄↑ ↓r b̄

Expect 9 gluons (3x3): r b̄ r ḡ g r̄ g b̄ bḡ br̄ r r̄ bb̄ g ḡ

However: Real gluons are orthogonal linear combinations of the above states.
The combination 1p

3
(r r̄ + bb̄ + gḡ) is colourless and does not participate in

the strong interaction. ) 8 coloured gluons

Conventionally chosen to be (all orthogonal):

r b̄ r ḡ g r̄ g b̄ bḡ br̄
1p
2
(r r̄ � bb̄)

1p
6
(r r̄ + bb̄ � 2gḡ)

Dr. Tina Potter 7. QCD 7
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Running Coupling

4

30 9. Quantum Chromodynamics

in this category, removing this pre-average would not change the final result within the quoted
uncertainty.

αs(MZ
2) = 0.1179 ± 0.0010

α s
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Figure 9.3: Summary of measurements of –s as a function of the energy scale Q. The respective
degree of QCD perturbation theory used in the extraction of –s is indicated in brackets (NLO:
next-to-leading order; NNLO: next-to-next-to-leading order; NNLO+res.: NNLO matched to a
resummed calculation; N3LO: next-to-NNLO).

9.4.3 Deep-inelastic scattering and global PDF fits:

Studies of DIS final states have led to a number of precise determinations of –s: a combination [501]
of precision measurements at HERA, based on NLO fits to inclusive jet cross sections in neutral
current DIS at high Q

2, provides combined values of –s at di�erent energy scales Q, as shown
in Fig. 9.3, and quotes a combined result of –s(M2

Z
) = 0.1198 ± 0.0032. A more recent study

of multijet production [373], based on improved reconstruction and data calibration, confirms the
general picture, albeit with a somewhat smaller value of –s(M2

Z
) = 0.1165±0.0039, still at NLO. An

1st June, 2020 8:27am

PDG 2020

QED: screening of charge by 
fermion pairs.

QCD: screening by quarks—
anitquark pairs


anti-screening by gluons 
(dominates)

small distancelarge distance
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q

5

QCD and confinement

Large Distance
Low Energy

Small Distance
High Energy

Perturbative QCD Strong QCD
High Energy Scattering

Gluon Jets
Observed

QCD

Hadron Spectrum - no signature of gluons?
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QCD'Poten=al'

5/2/10' Par=cle'Physics''''Lecture'8'''Steve'Playfer' 14'

V'('q'q')'='�4'αs''+'k'r'
'''''''''''''''''''''3'r'

Long'distance'part''(k'r'term)''
is'modelled'on'an'elas=c'spring'

k'is'known'as'the'string'tension'

Short'distance'part''(1/r'term)''
from'quarkCan=quark'gluon'exchange'

This'model'provides'a'good'descrip=on''
of'the'bound'states'of'heavy'quarks:'
charmonium'('c'c')''
bohomonium'('b'b')'
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Colour'FluxCtube'Model'

5/2/10' Par=cle'Physics''''Lecture'8'''Steve'Playfer' 15'

Field'lines'extend''
out'to'infinity'with''
strength'1/r2'

Electromagne=c'flux'
conserved'to'infinity''

Field'lines'are'compressed'''
into'region'between'quark'
and'an=quark''

Colour'flux'is'confined'within''
a'tube.'No'strong'interac=ons''
outside'the'fluxCtube'.'

Breaking'a'flux'tube'
requires'the'crea=on''
of'a'quarkCan=quark'pair''

Like'breaking'a'string!'
Requires'energy'to''
overcome'string'tension''

QED' QCD'

Leinweber flux tube visuals

http://www.physics.adelaide.edu.au/theory/staff/leinweber/VisualQCD/Nobel/


|  Mark Dalton Hadron Dynamics  |  ASP  |  15 July 2024

Why Electron Scattering?

8

Well known
Vint = ρϕ + JA

scaler 
potential

vector 
potential

Weak
one photon 
exchange 
(simple)

Energy and momentum 
transfer independent

Magnetic, electric and 
charge transitions

Mλ, Eλ, Cλ

Except: charge elastic 
scattering of the 

Coulomb field of a 
heavy-Z nucleus

small cross 
section

Charged

Light Mass

Difficult to access neutrons,

Beam heating of the target,

Bremsstrahlung, causes 
radiative tails and potentially 
large corrections

α ∝ 1/137

e e

p pp p

penetrating

stable, pre-existing

 high intensity, high duty cycle, 

high energy, and high polarization 

“Easy” experimentally

calculable in SM 
using QED to 
high precision
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Jefferson Lab

9

CEBAF Accelerator, 12 GeV electron beam
4 experimental end stations
Newport News, Virginia, USA
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Electron Scattering Kinematics

10

Scattering is a function 
of 2 variables, energy 
and angle

Q2 = EE′￼sin2(θ/2)

x =
Q2

2Mν

Early experiments at JLab

We choose to use other 
variables.
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Electron Scattering

11

If photon carries low 
momentum  
-> long wavelength 
-> low resolution

Q2: 4-momentum of the virtual 
photon

Increasing momentum 
transfer  
-> shorter wavelength 
-> higher resolution to 
observe smaller 
structures

e e

p p
e e

p p

e e

p pp p

λ =
h
pDe Broglie wavelength

Photon is off mass shell

Q2 measures 

• virtuality or “mass” of the 

photon

• momentum transferred to the 

target

•

Matter wave Q2 = EE′￼sin2(θ/2)
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Electron Scattering

12

w

Elastic
D

N*

Deep 
Inelastic

m
Q
2

2

MeV300
2

2

+
m
Q

Proton
Wωd
σ2

d
d

Wωd
σ2

d
d

w

Elastic

Quasielastic D
N*

Deep 
Inelastic

M
Q
2

2

m
Q
2

2

MeV300
2

2

+
m
Q

Nucleus

Vary energy 
transfer at constant 
momentum transfer

Fermi motion 
broadening

achieved by 
varying the angle 
and energy of the 
scattered electron. 

e e
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Electron Scattering

13
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short range 
correlations

Baryon 
spectroscopy

Form factors 

Nucleon charge, 
magnetization 
distributions

Partonic 
structure 

of nucleon
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Spectroscopy and Structure

14

Spectroscopy

Map out the all states of QCD

determine properties such as charge, 
mass, quantum numbers (spin, parity 
conjugation, charge conjugation)

partial wave analysis (PWA) to separate 
broad and overlapping states,

phenomenological models, effective 
field theories and lattice QCD

Structure

Study internal structure of QCD states 

determine internal properties properties 
such as distribution of partons (flavor, 
momentum, spin) and correlations

scattering from long-lived objects, 
scattering from virtual objects, transition 
from one object to another

Factorization of scales, lattice QCD
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Structure



|  Mark Dalton Hadron Dynamics  |  ASP  |  15 July 2024

Elastic Scattering and Form Factors

16

The point-like scattering probability for elastic 
scattering is modified to account for finite target 

extent by introducing the “form factor”

Figure from Particles and Nuclei, Povh et al.

F (q) =
�

eiqr�(r)d3r

Form factor is the Fourier 
transform of charge distribution

d�

d�
=

⇥
d�

d�

⇤

Mott

�� F (q)
��2

point-like target, electron spin

Assuming spherically symmetric 
(spin-0) target

This is a non-relativistic picture
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Historical Nuclear Charge Distributions

17
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Nuclear Potential

18

Acta Phys.Polon.B 40 (2009) 2389-2404

depends on the nucleon spins, 

relative momentum of the 
nucleons

has a tensor component
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Proton Form Factor

19

Gp
M(Q2)
μp

≈ Gp
E(Q2) ≈ Gdipole(Q2)

Phys. Rev. B139 (1965) 458

Kinematics make electric 
form factor difficult to 
measure at high Q2

( dσ
dΩ ) = ( dσ

dΩ )Mott
⋅ [ ϵG2

E(Q2) + τG2
M(Q2)

ϵ(1 + τ) ]

Measurements using 
polarization can measure 
form factor ratio directly  

polarization of scattered proton

GE

GM
= −

Pt

Pl

τ(1 + ϵ
2ϵ

Many systematics cancel

Slope of FF at Q2=0 
gives radius
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Proton Form Factor

20

Charge & magnetization 
distributions in the 
proton are different

charge depletion in 
interior of proton

Orbital motion of quarks play a key role 

(Belitsky, Ji + Yuan PRL 91 (2003) 092003)   

PHYSICAL REVIEW C 96, 055203 (2017)

e + p → e′￼+ p

drops with Q2
Gp

E

Gp
M

e + p → e′￼+ p
Gp

E

Gp
M

constant

2-photon exchange

i.e. failure of the Born 

approximation 

Polarization transfer 
measurements give 

different result. 

POLARIZATION TRANSFER OBSERVABLES IN ELASTIC . . . PHYSICAL REVIEW C 96, 055203 (2017)

TABLE IX. Estimated model-independent relative radiative cor-
rections to R = µpG

p
E/G

p
M and the longitudinal transferred polar-

ization component Pℓ, calculated using the approach described in
Ref. [65]. Note that a negative (positive) value for the radiative
correction as presented below implies a positive (negative) correction
to obtain the Born value from the measured value for the observable in
question. These corrections have not been applied to the final results
shown in Tables X and XI. See text for details.

Q2 (GeV2) Ee (GeV) umax (GeV2) Robs

RBorn
− 1 Pobs

ℓ

P Born
ℓ

− 1

2.5 1.87 0.03 −1.4 × 10−3 1.2 × 10−4

2.5 2.848 0.08 −2.8 × 10−4 6.2 × 10−4

2.5 3.548 0.1 −1.6 × 10−4 8.3 × 10−4

2.5 3.680 0.1 −1.5 × 10−4 8.4 × 10−4

5.2 4.052 0.08 −5.0 × 10−4 2.2 × 10−4

6.8 5.710 0.12 −3.3 × 10−4 3.2 × 10−4

8.5 5.712 0.1 −8.0 × 10−4 1.3 × 10−4

discussed extensively in Refs. [64–67] and include standard
virtual RC such as the vacuum polarization and vertex
corrections, and emission of real photons (bremsstrahlung).
Radiative corrections to double-polarization observables, such
as the beam-target double-spin asymmetry in scattering on a
polarized target, or polarization transfer as in this experiment,
tend to be smaller than the RC to the unpolarized cross sections,
because polarization asymmetries are ratios of polarized and
unpolarized cross sections, for which the factorized, virtual
parts of the RC tend to partially or wholly cancel in the
expression for the relative RC to the asymmetry. Moreover,
the effect of bremsstrahlung corrections can be suppressed by
the exclusivity cuts used to select elastic events. The ratio of
transferred polarization components Pt/Pℓ, which is directly
proportional to G

p
E/G

p
M in the Born approximation, is a ratio of

ratios of cross sections, and is subject to RC that are typically as
small as or smaller than the RC to the individual asymmetries,
depending on the kinematics and cuts involved.

The model-independent RC to the ratio R were estimated
using the formulas described in Ref. [65]. The results for the
relative RC to R and Pℓ/P

Born
ℓ are shown in Table IX. The

corrections are very small in all cases. For the ratio R, the
correction is negative for every kinematic. The corrections
to Pℓ are also negligible in magnitude and do not exceed
10−3 for any kinematic. The upper limit on the Lorentz-
invariant “inelasticity” u ≡ (k1 + p1 − p2)2, with k1, p1, and
p2 denoting the four-momenta of incident electron, target
proton, and recoil proton, respectively, was chosen according
to the effective experimental resolution of u by plotting the
distribution of u for events selected by the exclusivity cuts
described in Sec. III A. It is assumed in the calculations that
only the outgoing proton is observed, and the kinematics of
the unobserved scattered electron and/or the radiated hard
bremsstrahlung photon are integrated over. In reality, the tight
exclusivity cuts applied to the kinematics of both the electron
and proton angles and the proton momentum are such that
bremsstrahlung corrections are even more strongly suppressed
than in the case of a simple cut on u reconstructed from the
measured proton kinematics. The “true” model-independent

FIG. 18. Final results of GEp-III (black filled triangles) for
µpG

p
E/G

p
M , with selected existing data from cross section and

polarization measurements. The error bars shown are statistical.
The band below the data shows the final, one-sided systematic
uncertainties for GEp-III. The originally published results [31] (black
empty triangles) are shown for comparison, offset slightly in Q2

for clarity. The final weighted-average result of GEp-2γ for R at
Q2 = 2.5 GeV2 is shown as the pink empty star. Existing polarization
transfer data are from Refs. [29] (blue filled circles) and [30,42] (red
filled squares). Rosenbluth separation data are from Refs. [17] (green
empty circles), [16] (green empty diamonds), and [18] (green filled
diamonds).

RC to the ratio could be expected to be even smaller than those
reported in Table IX, which can be regarded as conservative
upper limits. No radiative corrections have been applied to the
final results for R and Pℓ/P

Born
ℓ reported in Sec. IV below,

as the estimated values of the RC are essentially negligible
compared to the statistical and systematic uncertainties of the
data. Note also that no hard TPEX corrections are applied to the
results, as there is presently no model-independent theoretical
prescription for these corrections. Existing calculations give a
wide variety of results, varying both in sign and magnitude,
but are in general agreement that these corrections are small.

IV. RESULTS

A. Summary of the data

The final results of the GEp-III and GEp-2γ experiments
are shown in Fig. 18 and reported in Tables X and XI. The
acceptance-averaged values of the relevant observables can
be considered valid at the acceptance-averaged kinematics
(Q2 and ϵ). The final results of the GEp-III experiment
for R = µpG

p
E/G

p
M are essentially unchanged relative to

the original publication [31], showing small, statistically and
systematically insignificant increases for all three Q2 points,
despite nontrivial modifications to event reconstruction and
elastic event selection in the final analysis. The statistical
uncertainties of the GEp-III data are also slightly modified,
as it was discovered during the reanalysis of the data that
the effect of the covariance term expressing the correlation

055203-25
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Deep Inelastic Scattering

21

https://www.ellipsix.net/

Inelastic scattering requires 2 
quantities to describe the kinematics

x =
Q2

2Mν

Interpreted as the 
fraction of nucleon 
momentum of the 

parton that was struck. 

q = ( q , ν)



|  Mark Dalton Hadron Dynamics  |  ASP  |  15 July 2024

Structure Functions

22

Independent of Q2 ⇒ 
quarks pointlike
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Parton Distribution Function

23

12 18. Structure Functions
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Figure 18.4: The bands are x times the unpolarized (a,b) parton distributions f(x) (where f =
uv, dv, u, d, s ƒ s̄, c = c̄, b = b̄, g) obtained in NNLO NNPDF3.0 global analysis [76] at scales
µ2 = 10 GeV2 (left) and µ2 = 104 GeV2 (right), with –s(M2

Z) = 0.118. The analogous results
obtained in the NNLO MMHT analysis can be found in Fig. 1 of Ref [55].The corresponding
polarized parton distributions are shown (c,d), obtained in NLO with NNPDFpol1.1 [78].

1st June, 2020 8:28am
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Spectroscopy
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Constituent Quark Model

25

Classification scheme for hadrons in terms of “valence quarks” 
which give rise to the quantum numbers of hadrons.


    J- total angular momentum, P-symmetry and C-
symmetry


SU(3) flavour  “Eightfold way”


Organizes a huge number of hadrons

JPC

Chapter 16

Constituent Quark Model

Quarks are fundamental spin-1

2
particles from which all hadrons are made up. Baryons

consist of three quarks, whereas mesons consist of a quark and an anti-quark. There are six
types of quarks called “flavours”. The electric charges of the quarks take the value +2

3
or

−1

3
(in units of the magnitude of the electron charge).

Symbol Flavour Electric charge (e) Isospin I3 Mass Gev/c2

u up +
2
3

1
2

+
1
2

≈ 0.33
d down −1

3
1
2

−1
2

≈ 0.33
c charm +

2
3

0 0 ≈ 1.5
s strange −1

3
0 0 ≈ 0.5

t top +
2
3

0 0 ≈ 172
b bottom −1

3
0 0 ≈ 4.5

These quarks all have antiparticles which have the same mass but opposite I3, electric
charge and flavour (e.g. anti-strange, anti-charm, etc.)

16.1 Hadrons from u,d quarks and anti-quarks

Baryons:

Baryon Quark content Spin Isospin I3 Mass Mev/c2

p uud 1
2

1
2

+
1
2

938
n udd 1

2
1
2

−1
2

940

∆++ uuu 3
2

3
2

+
3
2

1230
∆+ uud 3

2
3
2

+
1
2

1230
∆0 udd 3

2
3
2

−1
2

1230
∆− ddd 3

2
3
2

−3
2

1230

113
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Chapter 16

Constituent Quark Model

Quarks are fundamental spin-1

2
particles from which all hadrons are made up. Baryons

consist of three quarks, whereas mesons consist of a quark and an anti-quark. There are six
types of quarks called “flavours”. The electric charges of the quarks take the value +2

3
or

−1

3
(in units of the magnitude of the electron charge).

Symbol Flavour Electric charge (e) Isospin I3 Mass Gev/c2
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2
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3

0 0 ≈ 172
b bottom −1

3
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These quarks all have antiparticles which have the same mass but opposite I3, electric
charge and flavour (e.g. anti-strange, anti-charm, etc.)

16.1 Hadrons from u,d quarks and anti-quarks

Baryons:

Baryon Quark content Spin Isospin I3 Mass Mev/c2

p uud 1
2

1
2

+
1
2

938
n udd 1

2
1
2

−1
2

940

∆++ uuu 3
2

3
2

+
3
2

1230
∆+ uud 3

2
3
2

+
1
2

1230
∆0 udd 3

2
3
2

−1
2

1230
∆− ddd 3

2
3
2

−3
2

1230

113

Mesons:

Meson Quark content Spin Isospin I3 Mass Mev/c2

π+ ud̄ 0 1 +1 140
π0 1√

2

(

uū − dd̄
)

0 1 0 135

π− dū 0 1 −1 140

ρ+ ud̄ 1 1 +1 770
ρ0 1√

2

(

uū − dd̄
)

1 1 0 770

ρ− dū 1 1 −1 770
ω 1√

2

(

uū + dd̄
)

1 0 0 782

• A spin-1

2
quark and an anti-quark with the same spin can combine (when the orbital

angular momentum is zero) to give mesons of spin-0 or spin-1.

• The neutral mesons are not pure uū, or dd̄ states, but quantum superpositions of these.

• The neutral mesons have I3 = 0. They could be in an isospin I = 1 state, (π0, ρ0),
in which case their masses are similar to those of their charged counterparts, or I = 0
(ω) in which case their masses are somewhat different.

The strong interactions conserve flavour. There a d-quark cannot be converted into an
s-quark (or vice versa), even though the electric charge is the same.

However, in a scattering process a quark can annihilate against an anti-quark of the same
flavour, giving some energy which can be converted into mass and used to create a more
massive particle. An example of this is

π− + p → ∆0

(dū) (uud) (udd)

d
ūπ−{

u
u
d

p{

d
u
d
}∆0

115
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16.2 Hadrons with s-quarks (or s̄ anti-quarks)

Baryons:

Baryon Quark content Spin Isospin I3 Mass Mev/c2

Σ+ uus 1
2

1 +1 1189
Σ0 uds 1

2
1 0 1193

Σ− dds 1
2

1 −1 1189
Ξ0 uss 1

2
1
2

+
1
2

1314
Ξ− dss 1

2
1
2

−1
2

1321
Λ uds 1

2
0 0 1115

Σ∗+ uus 3
2

1 +1 1385
Σ∗0 uds 3

2
1 0 1385

Σ∗− dds 3
2

1 −1 1385
Ξ∗0 uss 3

2
1
2

+
1
2

1530
Ξ∗− dss 3

2
1
2

−1
2

1530
Ω− sss 3

2
0 0 1672

• For historical reasons the s-quark was assigned strangeness equal to −1, so these
baryons have strangeness −1, −2 or −3 for one, two, or three strange quarks respec-
tively. (likewise the b-quark has bottom flavour -1, whereas the c-quark has flavour
charm=+1, and the t-quark has flavour top=+1)

• As in the case of ∆− and ∆++, the Ω− which has three s-quarks (strangeness=-3) has
spin-3

2
.

The Ω− had not discovered when the Quark Model was invented - its existence was a
prediction of the Model. Furthermore its mass was predicted from the observation

MΣ∗ − M∆ ≈ MΞ∗ − MΣ∗ ≈ 150 MeV/c2

giving a predicted value for MΩ of

MΩ = MΞ∗ + 150 = 1680 MeV/c2.

117
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Mesons Baryons

Q = I3 +
1
2

(B + S)

Greek word for "heavy" (βαρύς, barýs)Ancient Greek μέσον (méson, “middle”)

I3 =
1
2

[(nu − nū) − (nd − nd̄)]
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14 15. Quark Model

Figure 15.5: SU(4) multiplets of baryons made of u, d, s, and c quarks. (a) The spin 1/2 20-plet
with an SU(3) octet. (b) The spin 3/2 20-plet with an SU(3) decuplet.

1st June, 2020 8:28am

6 15. Quark Model

Z

Figure 15.1: SU(4) weight diagram showing the 16-plets for the pseudoscalar (a) and vector mesons
(b) made of the u, d, s, and c quarks as a function of isospin I z, charm C , and hypercharge Y
= B + S ≠ C

3 . The nonets of light mesons occupy the central planes to which the cc̄ states have
been added.

1st June, 2020 8:28am
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Exotic Hadrons

30

tetra-quark

c

c

d
u

Z(4430)

hybrid meson

u d

Why don’t we find other color-singlets?
If they exist: what are their properties?  

Why are they so rare?

Evidence for resonant behavior
PRL 112 (2014) 222002

penta-quark

glueball

PRL 115, 072001 (2015)

Pc(4450)

u

c d
u

c

g g

f0(1710)

u d
g

𝞹1(1600)
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Heavy Exotics (XYZ states)

31

0 2 4 6 8 10 12 14

M
as

s [
M

eV
]

3000

3200

3400

3600

3800

4000

4200

4400

4600

4800

(1S)ψJ/

(1S)
c
η

(2S)ψ(2S)
c
η

(3S)ψ

(4S)ψ

(1P)
c2
χ

(1P)
c1
χ

(1P)
c0
χ

(1P)ch

(2P)
c2
χ

(1D)ψ
(1D)

2
ψ

(2D)ψ

X(3872)
X(3915)X(3940)

X(4140)X(4160)
Y(4220) X(4274)
Y(4360)
Y(4390)

X(4500)

X(4700)
Y(4660)

(3900)+,0
cZ

(4020)+,0
cZ

(4200)+Z

(4430)+Z

(4050)+Z

(4250)+Z

(4380)+
cP
(4450)+

cP

-+0 --1 +(-)1 ++0 ++1 ++2  & other--2

DD

*DD

*DD*

γ

π

p

ω,0ρ

φ

η

ππ

https://doi.org/10.1103/RevModPhys.90.015003 Olsen
As of 2017

What are they?
Observations that don’t fit with 
conventional quark model 
charmonium

Why called XYZ?
X: Everything else! 
Y: JPC=1-- in e+e- 
Z: Electrically charged

There are many!

https://doi.org/10.1103/RevModPhys.90.015003
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Meson Quantum Numbers

32

P (qq̄) = (�1)L+1

C(qq̄) = (�1)L+S

0��, 0+�, 1�+, 2+�, 3�+, . . .explicitly exotic quantum numbers

Mesons have well defined 
quantum numbers:
total spin J, parity P, and C-
parity C represented as JPC

particle—anti-
particle exchange

mirror
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Light Quark Mesons from Lattice

33

Dudek et al. PRD 88 (2013) 094505

Exotic 
quantum 
numbers

lowest-lying hybrid super-multiplet

C. SUð3ÞF point, m! ¼ 702 MeV, ð16; 20Þ3$128

In this case we take all three quark flavors to be mass
degenerate, with the mass we have tuned to correspond to
the physical strange quark. Here, because there is an exact
SUð3Þ flavor symmetry, we characterize mesons in terms of
their SUð3ÞF representation, octet (8) or singlet (1), and
compute correlation matrices using the basis in Eq. (5).
The octet correlators feature only connected diagrams
while the singlets receive an additional contribution from
a disconnected diagram. Since the strange quarks are now
no heavier than the ‘‘light’’ quarks, any splitting between
states in the octet and singlet spectra is purely due to the
disconnected diagrams and thus to ‘‘annihilation dynam-
ics.’’ In Fig. 13 we present the spectra extracted on two
lattice volumes.

D. Quark mass and volume dependence

Figures 14–16 show the quark mass and volume depen-
dence of the extracted isoscalar and isovector spectra.

In general, the extracted spectrum is fairly consistent
across quark masses. There are some cases, such as the
second level in 3þ$, that are not cleanly extracted at the
lowest pion mass.

We refrain from performing extrapolations of the masses
to the limit of the physical quark masses, since, as we have
already pointed out, we expect most excited states to be
unstable resonances. A suitable quantity for extrapolation

might be the complex resonance pole position, but we do
not obtain this in our simple calculations using only single-
hadron operators.
We discuss the specific case of the 0$þ and 1$$ systems

in the next subsections.

E. The low-lying pseudoscalars: !, ", "0

In lattice calculations of the type performed in this
paper, where isospin is exact and electromagnetism does
not feature, the ! and " mesons are exactly stable and
"0 is rendered stable since its isospin conserving "!!
decay mode is kinematically closed. Because of this,
many of the caveats presented in Sec. III B do not apply.
Figure 17 shows the quality of the principal correlators
from which we extract the meson masses, in the form of
an effective mass,

meff ¼
1

#t
log

$ðtÞ
$ðtþ #tÞ ; (16)

for the lightest quark mass and largest volume consid-
ered. The effective masses clearly plateau and can be
described at later times by a constant fit which gives a
mass in agreement with the two exponential fits to the
principal correlator that we typically use.
Figure 18 indicates the detailed quark mass and volume

dependence of the " and "0 mesons. We have already
commented on the unexplained sensitivity of the "0 mass
to the spatial volume at m! ¼ 391 MeV, and we note that

500

1000

1500

2000

2500

3000

FIG. 11 (color online). Isoscalar (green and black) and isovector (blue) meson spectrum on the m! ¼ 391 MeV, 243 & 128 lattice.
The vertical height of each box indicates the statistical uncertainty on the mass determination. States outlined in orange are the lowest-
lying states having dominant overlap with operators featuring a chromomagnetic construction—their interpretation as the lightest
hybrid meson supermultiplet will be discussed later.

TOWARD THE EXCITED ISOSCALAR MESON SPECTRUM . . . PHYSICAL REVIEW D 88, 094505 (2013)

094505-11
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            spectroscopy

34

COMPASS: 
PLB 740 (2015) 303 
JPAC: 
PRL 122 (2019) 042002 

1−+

1−+

2++

2++
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            spectroscopy

35

coupled channel fit to ηπ and η’π determine 
pole positions for a2, a2’, and exotic π1 

COMPASS: 
PLB 740 (2015) 303 
JPAC: 
PRL 122 (2019) 042002 

1−+

1−+

2++

2++
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the physical region is thus unavoidable. It is, however,
possible to isolate the physical poles by testing their
stability against different parametrizations and data resam-
pling. We select the resonance poles in the m ∈ ½1; 2" and
Γ ∈ ½0; 1" GeV region, where customarilym ¼ Re

ffiffiffiffiffi
sP

p
and

Γ ¼ −2Im ffiffiffiffiffi
sP

p
. We find two poles in theDwave, identified

as the a2ð1320Þ and a02ð1700Þ, and a single pole in the P
wave, which we call π1. The pole positions are shown in
Fig. 2, and the resonance parameters in Table I. To estimate
the statistical significance of the π1 pole, we perform fits
using a pure background model for the P wave, i.e., setting
gP;1
ηð0Þπ

¼ 0 in Eq. (4). The best solution having no poles in

our reference region has a χ2 almost 50 times larger, which
rejects the possibility for the P-wave peaks to be generated
by nonresonant production. We also considered solutions
having two isolated P-wave poles in the reference region,
which would correspond to the scenario discussed in the
PDG [58]. The χ2 for this case is equivalent to the single
pole solution. One of the poles is compatible with the
previous determination, while the second is unstable; i.e., it
can appear in a large region of the s plane depending on the
initial values of the fit parameters. Moreover, the behavior
of the ηπ phase required by the fit is rather peculiar. A 180°
jump (due to a zero in the amplitude) appears above
1.8 GeV, where no data exist. We conclude there is no
evidence for a second pole.

Systematic uncertainties.—Unlike the COMPASS mass
independent fit, the pole extraction carries systematic
uncertainties associated with the reaction model. To assess
these, we vary the parameters and functional forms which
were kept fixed in the previous fits. We can separate these
in two categories: (i) variations of the numerator function
nJkðsÞ in Eq. (1), which is expected to be smooth in the
region of the data, and (ii) variations of the function ρNðs0Þ,
which determines the imaginary part of the denominator in
Eq. (2). As for the latter, we investigate whether the specific
form we chose biases the determination of the poles. Upon
variation of the parameters and of the functional forms, the
shape of the dispersive integral in Eq. (2) is altered, but the
fit quality is unaffected. The pole positions change roughly
within 2σ, as one can see in Fig. 2. As for the numerator
nJkðsÞ, we varied the effective value of teff and the order
of the polynomial expansion. Given the flexibility of the
numerator parametrization, these variations effectively
absorb the model dependence related to the production
mechanism. None of these cause important changes in
pole locations. Our final estimate for the uncertainties is
reported in Table I, while the detailed summary is given in
the Supplemental Material [56].
Conclusions.—We performed the first coupled-channel

analysis of the P andD waves in the ηð0Þπ system measured
at COMPASS [33]. We used an amplitude parametrization
constrained by unitarity and analyticity. We find two poles
in the D wave, which we identify as the a2ð1320Þ and the
a02ð1700Þ, with resonance parameters consistent with the
single-channel analysis [40]. In the P wave, we find a
single exotic π1 in the region constrained by data.
This determination is compatible with the existence of a
single isovector hybrid meson with quantum numbers
JPC ¼ 1−þ, as suggested by lattice QCD [13–15]. Its mass
and width are determined to be 1564' 24' 86 and
492' 54' 102 MeV, respectively. The statistical uncer-
tainties are estimated via the bootstrap technique, while the
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FIG. 2. Positions of the poles identified as the a2ð1320Þ, π1, and a02ð1700Þ. The inset shows the position of the a2ð1320Þ. The green
and yellow ellipses show the 1σ and 2σ confidence levels, respectively. The gray ellipses in the background show, within 2σ, variation of
the pole position upon changing the functional form and the parameters of the model, as discussed in the text.

TABLE I. Resonance parameters. The first error is statistical,
the second systematic.

Poles Mass (MeV) Width (MeV)

a2ð1320Þ 1306.0' 0.8' 1.3 114.4' 1.6' 0.0
a02ð1700Þ 1722' 15' 67 247' 17' 63
π1 1564' 24' 86 492' 54' 102

PHYSICAL REVIEW LETTERS 122, 042002 (2019)

042002-4
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Experiment and Detector

37

Linearly polarized photon beam
Proton target 
Hermetic detector — high 
efficiency for charged and 
neutral particles

Nucl. Instrum. & Meth. A987, 164807 (2021)

Hall D at Jefferson Lab

https://doi.org/10.1016/j.nima.2020.164807


|  Mark Dalton Hadron Dynamics  |  ASP  |  15 July 2024

75 m 

Collimator 
select � < 25 �r 

polarized photons 
Hall-D 

Diamond Radiator 
​"↑− "%→&​"↑− %  

Tagger Area 

Photon Tagger Pair Spectrometer 

GlueX 
Spectrometer 

Photon 
Beam Dump 

Electron 
Beam Dump East ARC 

North LINAC 

Triplet Polarimeter

75 m 

Collimator 

select � < 25 �r 

polarized photons 
Hall-D 

Diamond Radiator 

​"↑− "%→&​"↑− %  

Tagger Area 

Photon Tagger 

Pair Spectrometer 

GlueX 

Spectrometer 

Photon 

Beam Dump 

Electron 

Beam Dump 

East ARC 

North LINAC 

Photon Beamline

38

  (GeV)γE
8 9 10 11

Po
la

riz
at

io
n

0.0

0.1

0.2

0.3

0.4
~12 GeV electrons from CEBAF
Coherent bremsstrahlung on thin 

diamond wafer
Linearly polarized in coherent 

peak ~35%
Tagged photon energy

GlueX phase 1 tagged luminosity
8.2 - 8.8 GeV      125 pb-1

6.0 - 11.6 GeV    440 pb-1

~35% γe− → e−e+e−
triplet polarimeter



|  Mark Dalton Hadron Dynamics  |  ASP  |  15 July 2024

LHCb Pentaquarks (2015)

39

Λ0
b → J/ψpK−

https://doi.org/10.1103/PhysRevLett.115.072001

higher mass states are 9 and 12 standard deviations,
respectively.
Analysis and results.—We use data corresponding to

1 fb−1 of integrated luminosity acquired by the LHCb
experiment in pp collisions at 7 TeV center-of-mass
energy, and 2 fb−1 at 8 TeV. The LHCb detector [13]
is a single-arm forward spectrometer covering the
pseudorapidity range, 2 < η < 5. The detector includes a
high-precision tracking system consisting of a silicon-strip
vertex detector surrounding the pp interaction region [14],
a large-area silicon-strip detector located upstream of a
dipole magnet with a bending power of about 4 Tm, and
three stations of silicon-strip detectors and straw drift tubes
[15] placed downstream of the magnet. Different types of
charged hadrons are distinguished using information from
two ring-imaging Cherenkov detectors [16]. Muons are
identified by a system composed of alternating layers of
iron and multiwire proportional chambers [17].

Events are triggered by a J=ψ → μþμ− decay, requiring
two identified muons with opposite charge, each with
transverse momentum, pT , greater than 500 MeV. The
dimuon system is required to form a vertex with a fit
χ2 < 16, to be significantly displaced from the nearest pp
interaction vertex, and to have an invariant mass within
120 MeV of the J=ψ mass [12]. After applying these
requirements, there is a large J=ψ signal over a small
background [18]. Only candidates with dimuon invariant
mass between −48 and þ43 MeV relative to the observed
J=ψ mass peak are selected, the asymmetry accounting for
final-state electromagnetic radiation.
Analysis preselection requirements are imposed prior to

using a gradient boosted decision tree, BDTG [19], that
separates the Λ0

b signal from backgrounds. Each track is
required to be of good quality and multiple reconstructions
of the same track are removed. Requirements on the
individual particles include pT > 550 MeV for muons,
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FIG. 2 (color online). Invariant mass of (a) K−p and (b) J=ψp combinations from Λ0
b → J=ψK−p decays. The solid (red) curve is the

expectation from phase space. The background has been subtracted.
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FIG. 3 (color online). Fit projections for (a)mKp and (b)mJ=ψp for the reduced Λ" model with two Pþ
c states (see Table I). The data are
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PRL 115, 072001 (2015) P HY S I CA L R EV I EW LE T T ER S week ending
14 AUGUST 2015
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LHCb Pentaquarks (2019)
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Λ0
b → J/ψpK−

9 times more data

https://doi.org/10.1103/PhysRevLett.122.222001
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Dalitz Plot

41

Dalitz plot for a three-body decay of a 
spin-0 particle of the mass

 into three spin-0 particles of masses
. The grey area depicts the 

allowed kinematic region. The blue line 
shows a possible position of 
accumulation of events in case a spin-0 
resonance is present as an intermediate 
state in this three-body decay, which 
then decays to particles 1 and 2. The 
orange line shows the position of 
accumulation of events in case another 
spin-0 resonance is present, decaying to 
particles 1 and 3.

M
m1, m2, m3
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Vector Meson Dominance (VMD)

42

Predates QCD 

Vector mesons have the same quantum numbers ( ) as a photon

the hadronic components of the physical photon consist of the lightest vector 
mesons, 

interactions between photons and hadronic matter occur by the exchange of a 
hadron between the dressed photon and the hadronic target

JPC

ρ, ω, ϕ
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J/ψ Photoproduction at GlueX

43

• Electron identification: E/p and E-dE in 
calorimeters, pion background 
suppression by  

• Kinematic Fit with precision on 
photon beam energy 
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J/ψ Photoproduction at GlueX

44

First measurement of J/ψ photoproduction cross section at threshold 

GlueX Phys. Rev. Lett. 123, 072001

3-gluon exchange needed to 
describe cross section at 
threshold

Heavy quarks  system interacts with proton via gluon exchange.cc̄

27% normalization uncertainty

inclusive, nuclear, 
 at dσ/dt t = tmin

Dimensional scaling rules, 
number of exchanged gluons
 energy dependence→

https://doi.org/10.1103/PhysRevLett.123.072001
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J/ψ Photoproduction at GlueX
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s-channel photoproduction probes 
nature of 5-quark interaction!

8 9 10 20, GeV            γE

1−10

1
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p)
, n

b
ψ

 J
/

→
p γ(

σ

GlueX
SLAC
Cornell

 BR=2.9%-(4312) 3/2+
cJPAC P

 BR=1.6%-(4440) 3/2+
cJPAC P

 BR=2.7%-(4457) 3/2+
cJPAC P

• Model-dependent upper limits 
at 90% CL: , 

• Br(Pc(4312) → J/ψ p) < 4.6% 
• Br(Pc(4440) → J/ψ p) < 2.3% 
• Br(Pc(4457) → J/ψ p) < 3.8%

Full Phase-I under analysis: 
• additional 300% stats
• unbinned analyses planned 

Jp = 3/2− L = 0

3 body rescattering
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J/ψ Photoproduction at GlueX
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diquarks in color anti-
triplet states -diquark 
reduces the probability 
to form -state 

uC

CC̄

subsystems are color singlets

Very close to threshold 
created with low relative 
momentum 

Strongly disfavored
Model predicts large Br 

M.Eides and V.Petrov
Phys.Rev.D98,114037 and 
M.Eides, V.Petrov, and M.Polyakov
arXiv:1904.11616

A.Ali, A.Parkhomenko
Phys.Lett.B793, 365

hadrocharmonium molecular compact diquark
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J/ψ Photoproduction at GlueX
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Factor of 5 more data.
Still no evidence of pentaquark enhancement 
in total cross section.

Full t-channel acceptance:
s-channel states have weaker t-
dependence
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GlueX PRC 108, 025201 (2023)

https://doi.org/10.1103/PhysRevC.108.025201
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Mandelstam Variables

48

s-channel (timelike) u-channel (spacelike)

square of the 
center-of-
mass energy

t-channel (spacelike)

square of the four-
momentum transfer

  
s = (p1 + p2)2 = (p1 + p2)2

t = (p1 − p3)2 = (p4 − p2)2

u = (p1 − p4)2 = (p3 − p2)2
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Dip Region in Data

49
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Dependence on t

50

Differential cross sections vs 

Expect exponentially decreasing t 
dependence in the differential cross 
sections
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Target Structure

51

Charm is heavy so it’s production is a hard process.
Charm exchange (heavy)
Light exchange (OZI suppressed)
Then the scattering could give information about internal structure of 
the proton
(PDFs or GPDs) and can be used to extract gravitational form factors, 
the trace anomaly contribution to the proton mass, and the mass radius.
The data could also be used to extract the J/ψ-p scattering length.

Threshold charmonium photoproduction - GPD and holographic 
approaches

• Compton-like amplitudes , 

 and form-factors  as in DVCS

ℋgC(ξ, t)
ℰgC(ξ, t)

J/ψγ c

c̄g g

pp
gGPD(x, ξ, t)

1 + ξ 1 − ξ

GPD analysis by Guo, Ji, Yuan PRD 109 (2024)

• In contracts: threshold kinematics is very 
different: at high momentum transfer  and 
skewness  (hard process): 

 

• Leading terms in  and  contain 

gGFFs    

• Absolute calculations, but require knowledge 
of gGFFs

t
ξ

( dσ
dt )

γp→J/ψp
= F(Eγ)ξ−4[G0(t) + ξ2G2(t)] + . . .

G0(t) G2(t)
Ag(t), Bg(t), Cg(t)

• Using gauge/string correspondence  
• In the double limit of large  and strong gauge 

coupling (soft process): 

 

• Approximate theory, requires  corrections 

• Relative calculations (  normalized to 

GlueX total cross-sections), but predicts  

and  shapes from Regge trajectories

Nc

( dσ
dt )

γp→J/ψp
= H(Eγ)[A2

g(t) + η28Ag(t)Cg(t)] + . . .

1/Nc
H(Eγ)

Ag(t)
Cg(t)

Holographic analysis by Mamo and Zahed PRD 106 (2022), 
PRD, PRD 101 (2020), Hatta and Yang PRD 98 (2018)

Witten diagram 
representation

https://doi.org/10.1103/PhysRevD.109.014014 Guo

https://doi.org/10.1103/PhysRevD.109.014014
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https://doi.org/10.1140/epjc/s10052-020-08620-5 Du

+ rescattering

1870 MeV
D+ = cd̄
D0 = cū
D̄0 = c̄u
D− = c̄d

2287 MeV
Λ+

c = udc

direct relation between the trace anomaly 
contribution to the nucleon mass and the J/ψ 
near-threshold photoproduction, that is 
present in the VMD model

https://doi.org/10.1140/epjc/s10052-020-08620-5
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Cross sections for open charm 
expected to be much larger  γp → K+Λ /K+Σ0 ≫ γp → φp

Clear prediction, cusps at the thresholds
cusp shape is a measure of the strength of the 
transition leading to the cusp
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Cornell
M.-L. Du et al. (qmax = 1.0 GeV)
M.-L. Du et al. (qmax = 1.2 GeV)

thresholds just 116 and 258 
MeV above the J /ψ p threshold
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https://doi.org/10.1103/PhysRevD.108.054018 JPAC

integrated and differential cross sections can be 
described with a small number of partial waves

incorporate effects of nearby open-charm thresholds

May violate factorization



|  Mark Dalton Hadron Dynamics  |  ASP  |  15 July 2024

Summary

55

The study of hadrons is vital to understanding QCD.

Once can study the spectrum of states or the internal dynamics of states but 
everything is connected.

There are constant surprises and there is a lot left to be discovered.


