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Introduction: what are we trying to learn?

Introduction to electron scattering

Form factors

Deep inelastic scattering

New insights about the nucleus

Exotic spectroscopy
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The Nucleus
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DIS on Nuclei:  The EMC Effect and x>1
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The EMC Effect
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dR/dx = slope of line fit to A/D 
ratio over region   x=0.3 to 0.7

EMC effect scales with average nuclear density 

Suggests EMC effect 
depends on local 

nuclear environment C. Seely, A. Daniel, et al, PRL 103, 202301 (2009)

?

9Be = 2𝞪 clusters + 
“extra” neutron
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Short Range Correlations
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2H

Nuclear 
Matter

3He
4He

Similar shapes for few-
body nuclei and nuclear 
matter at high k (=pm).
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p n

Short-range repulsive core gives 
rise to high proton momenta

b = 0.75
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Exclusive Varification
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A(e,e’)X, A = 3He, 4He, 12C, 56Fe

Measured Composition ( %)

1N state 2N SRC
2H 96 ± 0.7 4.0 ± 0.7
3He 92 ± 1.6 8.0 ± 1.6
4He 86 ± 3.3 15.4 ± 3.3
12C 80 ± 4.1 19.3 ± 4.1
56Fe 76 ± 4.7 23.0 ± 4.7

Q2/2Mn

A(e,e’pN)X, A =12C

Proton-neutron rate is ~20 x 
proton-proton rate à

two nucleons close
together are almost
always a p-n pair!

Expected to be due to (short-
range) tensor correlations.



Mark Dalton ASP2021Nuclear Physics

DIS on Nuclei:  The EMC Effect and x>1
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Correlation is suggestive of deeper relationship. 


How do short range correlations the quark content of nucleon?

Fomin et al., PRL 
108, 092502 (2012) 

SRC: nucleons see strong repulsive core at short distances

EMC effect: quark momentum in nucleus is altered

Weinstein et al., PRL 106, 052301 (2011)



Mark Dalton ASP2021Nuclear Physics 9

Spectroscopy



Mark Dalton ASP2021Nuclear Physics

Constituent Quark Model

10

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
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1
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3
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2
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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
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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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Meson Quantum Numbers
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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
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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
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COMPASS: 

PLB 740 (2015) 303 

JPAC: 

PRL 122 (2019) 042002 

1−+

1−+

2++

2++
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            spectroscopy
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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++



Mark Dalton ASP2021Nuclear Physics 20
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
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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
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~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
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Summary

23

Electron scattering is a versatile and powerful experimental technique

It continues to provide new insights in nucleon structure and nuclear 
structure and the spectroscopy of strongly interacting systems.


