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Abstract

Diquark formation across a short-range nucleon-nucleon pair is proposed as the underlying QCD physics 
of short-range correlations (SRC) in nuclei. SRC pairs have been proposed as the cause of distorted quark 
behavior in nuclei; experimentally observed quark momentum distribution distortions termed the EMC ef-
fect. The strong spatial overlap of SRC pairs brings nucleon constituents within range of inter-nucleon QCD 
potentials and any bonds formed - such as the diquark bond - affects their distributions. In this SRC model, 
diquarks form in the 3C ⊗ 3C → 3̄C channel of SU(3)C acting on valence quarks from highly overlapping 
nucleon wavefunctions. The most energetically favorable diquark is a valence u quark from one nucleon 
with a valence d quark from the other in a spin-0 state bound together via continual single gluon exchange 
and an attractive quantum chromodynamics short-range potential. Formation of a new scalar isospin-singlet 
[ud] diquark across a NN pair is proposed as the primary QCD-level theoretical foundation for SRC models 
of distorted structure functions in A ≥ 3 nuclei. Contributions from the higher mass spin-1 isospin triplet 
states (ud), (uu) and (dd) are possible, with the spin-1 (ud) diquark proposed as a higher mass but vi-
able structure function distortion mechanism for the spin-1 ground state deuteron. Predictions are made for 
lepton scattering experiments on 3H and 3He nuclear targets, with implications for the coefficients of the 
3-valence quark Fock states in the nucleon wavefunction.
Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Diquarks are quark-quark correlations formed on short-range quantum chromodynamics 
(QCD) length scales, dqq � 1 fm [1–5]. In this work, diquark formation across two nucleons 
via the attractive QCD quark-quark potential is proposed as the underlying QCD-level source of 
short-range correlations in nuclear matter and the cause of distortions in quark behavior in the 
nuclear environment.

Theoretical models of altered quark behavior in the nucleus in the form of nuclear structure 
function modifications have been studied since the European Muon Collaboration’s deep inelastic 
scattering (DIS) experiments at CERN first revealed the surprising distortions now known as the 
EMC effect in 1983 [6]. Two leading explanations for the EMC effect have emerged over time: 
multi-nucleon mean field models [7,8] and the 2-body nucleon-nucleon short-range correlation 
(SRC) model [9,10]. Strong evidence for short-range nucleon-nucleon correlations as a source of 
distortions of measured nucleon structure functions when bound in nuclei has been found by the 
CLAS collaboration [11]. The existence of short-range correlated NN pairs in the nucleus has 
long been known [12,13] and SRC were first proposed as the cause of the EMC effect over 30 
years ago [14,15].

A QCD basis for short-range nucleon-nucleon correlations in all nuclei is given in this work. 
For neighboring nucleons with sufficient wavefunction overlap, u and d valence quarks with 
opposite spins are predicted to form a new low-mass scalar diquark via the attractive potential of 
the antisymmetric SU(3)C channel 3C ⊗ 3C → 3C . The triplet set of isospin-1 spin-1 diquarks 
can also contribute to this effect, in particular in the deuterium nucleus (Sec. 4.2), but their higher 
masses suppress their contributions to ground state wavefunctions.

The wavefunction of the nucleon-nucleon (NN) system with the newly formed diquark is 
no longer a state of two distinct color singlets but a mixed state containing a minimum of one 
and up to three diquarks. Color-charged scalar diquarks may take on the role of Cooper pairs in 
U(1)EM, potentially breaking SU(3)C symmetry by their formation in a two nucleon system [16]. 
The maximal scalar diquark formation is the tri-diquark state [ud][ud][ud], a 6-quark object 
that is suppressed from combining into a J =0 color singlet due to spin-statistics constraints 
on the di-nucleon system. This is relevant for the deuteron wavefunction, allowing for spin-1 
vector diquark induced structure function distortions as discussed in Sec. 4.2. The deuteron is an 
anomalous case in the diquark formation model due to the color confinement constraint on the 
n − p system; there is no external nuclear medium for QCD diquarks in 2H to move through.

A 12-quark color-singlet solution to the EMC effect has been published, a 6-diquark state 
dubbed the “hexadiquark,” that modifies structure functions for the 4He nucleus and all A ≥ 4 nu-
clei [17]. The diquark formation model presented in this work acts twice within the hexadiquark 
and, in addition, can occur in every NN pair, includes the higher mass isospin triplet diquarks 
and is offered as the basis of SRC in nuclei. As such, diquark formation must occur in all A=3
nuclei with SRC present. The MARATHON experiment at Jefferson Lab [18–20] is expected to 
publish EMC effect results in the near future. The E12-11-112 experiment at Jefferson Lab with 
A=3 nuclear targets has published their isospin dependent SRC results [21]. Predictions for 3He
and 3H data from the diquark formation model are given in this work.

2. NN diquark formation model

Experimental and theoretical nuclear physics have shown that approximately 20% of nucleons 
in nuclei are in short-range correlations, i.e., pairs of nucleons that have fluctuated into a high rel-
2
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ative momentum state [22,23]. High relative momentum between nucleons translates into large 
spatial overlap which can bring quarks from distinct nucleons into QCD interaction range. A di-
quark formed in the overlap region is proposed as the cause of the correlations between nucleons, 
with each nucleon donating a quark to the bound state.

Diquark formation between quarks from nearest neighbor nucleons is based on the following 
three criteria:

• Quark-quark coupling: Viability of the 3C ⊗ 3C → 3C channel of QCD
• Quark-quark potential: V (rq−q) attractive and binding at short distances
• Diquark binding energy: Much greater than average nuclear binding energy, QCD energy 

scales

The first two criteria are well-known calculations applied in a novel setting, i.e. across the NN 
pair. The third criterion, diquark binding energy, is calculated in Sec. 3. Auxiliary arguments in 
support of diquark formation are also included within this work, e.g. in the quark-quark separa-
tion distance estimates of Sec. 3.

Diquark bonds, or correlations, are a QCD combination of two quarks each in the fundamental 
representation of SU(3)C transformed into an antifundamental representation, 3C ⊗ 3C → 3C . 
The quarks in a diquark are continually exchanging single gluons for the duration of the bond.

Diquark formation utilizes the attractive potential between two quarks in the fundamental 
representation of SU(3)C, calculated to have exactly half the strength of a color singlet 3C ⊗
3C → 1C potential [5,24],

V (r) = −2

3

g2
s

4πr
, (1)

where gs is the QCD coupling, to create a quark-quark bond between a pair of nearest neighbor 
nucleons. The binding energy of the diquark is calculated in Sec. 3.

Estimations of the nucleon-nucleon separation distance sufficient for diquark formation are 
in Sec. 3. An upper limit distance scale for V (rq−q) to act is taken to be the separation between 
the centers of masses of adjacent (and in contact) nucleons. For a proton charge radius of rp =
0.84 fm [25–28] and a neutron magnetic radius of rn = 0.86 fm [29], this gives a rough estimate 
for in-contact but non-overlapping NN of dNN < 1.72 fm.

For nucleons with high enough relative momenta �pNN, the distance between nearest neigh-
bor nucleons becomes smaller than the diameter of the nucleon [22], roughly for �pNN �
300 MeV/c, a momentum value above the nuclear Fermi momentum of kF ≈ 2mπ ≈ 250 MeV/c
[30]. In nuclei, quantum fluctuations in the spatial separation between neighboring nucleons have 
been proposed to achieve sub-nucleon diameter overlap with densities up to 4 times larger than 
typical nuclear densities [31]. The quark-quark SU(3)C potential can act upon quarks across the 
individual nucleon color singlets during quantum fluctuations in NN spatial separation as well as 
fluctuations in NN relative momentum.

The lowest mass [ud] diquark combines the SU(3)C triplet up and down flavor quarks in 
isospin singlet and spin singlet states to form an overall antisymmetric wavefunction upon ex-
change of quarks,

|ψ[ud]〉a = 1

2
εabc|d↓

b u↑
c − d

↑
b u↓

c − u
↓
b d↑

c + u
↑
b d↓

c 〉. (2)

The spin-1 isospin-1 diquark wavefunctions are given here for completeness,
3
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|ψ(ud)〉a = 1√
2
εabc|d↑

b u↑
c + d↑

c u
↑
b〉, (3)

|ψ(uu)〉a =εabc|u↑
b u↑

c〉, (4)

|ψ(dd)〉a =εabc|d↑
b d↑

c 〉. (5)

All diquark wavefunctions have zero orbital angular momentum between quarks and therefore 
symmetric S-wave spatial wavefunction components.

Diquarks with spin-0 and isospin-0, [ud], are considered to be “good” diquarks in the sense 
that they are lighter mass than the vector diquarks, earlier estimated to be 200 MeV lighter [2]
which is quite close to the value found in Sec. 3. “Bad” diquarks are the higher mass spin-
1 isospin-1 diquarks. The early mass estimation was based on the masses of � baryons and 
N nucleons; e.g., for the S = 3

2 �0 baryon with quark content (ud)d and the S = 1
2 neutron 

with quark content [ud]d , the difference in diquark mass m(ud) − m[ud] was approximated by 
2
3

(
M�0 − MN0

) ≈ 200 MeV. Square brackets denote scalar diquarks and parentheses denote the 
spin-1 vector diquarks. Thus the most energetically favorable configuration of the diquark is the 
[ud] state. The spin-1 isospin-1 diquark (ud) will also be available as a binding mechanism be-
tween nucleons, despite its higher mass, as will the (uu) and (dd) isospin-1 triplet companions. 
Formation of any of these diquarks will contribute to the observed distortions of quark distri-
bution function in nuclei. Here the primary focus is on the most energetically favorable state, 
[ud].

In the quark-diquark model of baryons the only nucleon pairs with available u and d valence 
quarks are proton-neutron pairs. This can be seen by comparing the u[ud] proton quark-diquark 
content with the d[ud] quark-diquark content of the neutron. Two protons can only form a higher 
mass (uu) diquark between them since the other valence quarks are already bound in [ud] di-
quarks. Similarly for two neutrons which can only form a (dd) diquark between them. Only 
a proton-neutron pair can form the low mass [ud] because their free valence quarks are u and 
d , respectively. In this scenario, diquark induced short-range correlations between nucleons are 
strongest for the proton-neutron system with the neutron given by |d[ud]〉 and the proton |u[ud]〉, 
a conclusion strongly supporting n −p SRC as the EMC effect mechanism. Experimental results 
indicate that n − p correlations are up to ∼ 20 times stronger than n − n or p − p [30,32] for 
relative NN momenta of 300 − 650 MeV/c.

In the 3-valence quark internal configuration of baryons, formation of a [ud] scalar diquark 
will not be restricted to n −p pairs. The quark flavors of both n −n and p−p pairs allow diquark 
induced short-range correlations to form. Neutron-proton pairings are still favored because there 
are more [ud] combinations possible from the n − p system than from p − p or n − n, shown 
explicitly in the last section of this work. The ratio of [ud] combinations in n − n or p − p vs. 
n − p when nucleons have a 3-valence quark internal configuration is readily distinguished from 
the mandatory n − p correlations of the quark-diquark configuration of nucleons.

This argument can be used to probe the internal configuration of valence quarks in nucle-
ons over the EMC effect experimental parameter space. If scalar [ud] diquark formation is the 
underlying QCD model of the distortion of nucleon structure functions, then any experimen-
tal result showing only neutron-proton NN short-range interactions indicates a predominantly 
quark-diquark nucleon structure in the corresponding physical parameter space, e.g. for nucleon 
knockout experiments with missing energy of < 650 MeV [33]. Regions of parameter space 
which do not show overwhelming neutron-proton type NN interactions would indicate indirect 
evidence for a lesser weighting of the 2-body quark-diquark configuration inside the nucleon 
and an inclusion of the 3-body configuration of valence quarks, discussed in detail in Sec. 4.1.2. 
4
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Evidence for suppression of the 20:1 dominance of n − p SRC at high missing momentum in 
nucleon knockout experiments has recently been observed [33,34].

The unexpected distortion of nucleon structure functions and the relative strengths of n − p, 
n − n and p − p short-range correlations should have a theoretical foundation at the QCD level. 
Diquark formation across nucleons offers an underlying SU(3)C explanation for isospin depen-
dent SRC as well as predicting significant deviations from n −p dominance in A=3 nuclei. The 
deviations depend upon the internal configuration of the valence quarks inside nucleons. There 
are two possibilities at lowest order (i.e. for 3-quark Fock states in the nucleon wavefunction), a 
3-valence quark configuration, |qqq〉, and a quark-diquark configuration, |q[ud]〉.

3. Diquark properties

Diquark properties have been studied for many decades, first in order to understand baryonic 
properties and reactions [35] and later to understand exotic hadrons in QCD [2]. Diquark masses 
and diquark effects in hadronic physics have been estimated using lattice QCD [36,37], baryon 
spectroscopy approximations [2], instanton-induced effects [38,39], light-front wavefunction an-
alytic calculations [40], Nambu-Jona-Lasinio (NJL) calculations [41,42] and phenomenological 
models fit to data [43,44], to name some of the most prominent methods. The current work relies 
upon baryon mass spectroscopy prediction methods [45,46] as well as QCD hyperfine structure 
formulae [47] for new diquark property estimations. It is important to note that diquark prop-
erties require the group theory transformation of two quarks in the fundamental representation 
of SU(3)C (the color triplet 3C ) into an anti-fundamental representation of SU(3)C (the color 
anti-triplet 3̄C ) - this is the definition of a diquark. It is the diquark that forms a bound state, not 
simply the gluon exchange between two quarks [5].

The masses and binding energies of diquarks formed from u and d quarks may be calculated 
using a simple but powerful model of baryon and meson masses with sub-hadronic hyperfine 
interactions [45],

Mbaryon =
3∑

i=1

mi + ab
∑
i<j

(
σ̄i · σ̄j

)
/mimj , (6)

Mmeson = m1 + m2 + am (σ̄1 · σ̄2) /m1m2, (7)

with ab a free parameter that is fit to baryon data and am a free parameter fit to meson data.
The effective masses of the light quarks in baryons are found using Eq. (6) and fitting to 

measured baryon masses,

mb
u = mb

d ≡ mb
q = 363 MeV, mb

s = 538 MeV, (8)

with average error �m = 5 MeV when compared to measured ground state baryon masses 
[45,46]. These are effective masses of quarks bound in hadrons [47], not Standard Model La-
grangian masses where lattice QCD calculations give average u and d quark masses in the MS
renormalization scheme evaluated at energy scale 2 GeV as mu,d = (3.9 ± 0.3) MeV [48] and 
ms = (92.47 ± 0.69) MeV [49].

For diquarks consisting of u and d quarks, diquark parameters are calculated using the ground 
state masses of the spin- 1

2 isospin-0 �(1116) and the spin- 1
2 isospin-1 �0(1193) baryons [28]. 

Both baryons have quark flavor content uds but differ by the spin and isospin assignments of 
their u and d quarks. Their mass splittings imply that the �(1116) baryon contains the spin-0 
isospin-0 [ud] diquark and �0(1193) the spin-1 isospin-1 (ud) diquark.
5
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Using the parameters from Eq. (8) and Table 2, the scalar [ud] diquark binding energy is 
found to be

B.E.[ud] = mb
u + mb

d + mb
s − M� = 148 ± 9 MeV, (9)

where the spin coupling between the [ud] diquark and the s quark is zero due to the cancellation 
between u − s spin coupling and d − s spin coupling, and the uncertainty is obtained by combin-
ing the errors in quadrature for each term (i.e., the uncertainties on effective masses are 5 MeV
[45,46] and the uncertainty on M� is given in 2 and is effectively negligible).

The [ud] diquark mass then follows with the same uncertainty analysis,

m[ud] = mb
u + mb

d − B.E.[ud] = 578 ± 11 MeV. (10)

In order to estimate the masses of the vector diquarks, Eq. (10) cannot be used because of 
the spin-spin interaction between the valence s quark and the spin-1 diquark constituents (the 
interactions which canceled to zero for the [ud]). Explicitly, the sub-hadronic hyperfine energies 
are given by

�EHFS =
{ −3a/m2

u (�)

a/m2
u − 4a/mums (�0)

(11)

with free parameter a fit to data, a/ 
(
mb

q

)2 = 50 MeV, and q = u, d [45,46]. The mass of the 
(ud) diquark can be found by using the 2-body meson mass formula instead,

M(ud) = md + mu + a (σ̄1 · σ̄2) /m1m2 (12)

where σ̄1 · σ̄2 = +1 for S = 1, giving m(ud) = 776 MeV. The masses of (uu) and (dd) are the 
same as the (ud) in the approximation of mu = md .

Binding energies for vector diquarks cannot be calculated using Eq. (9) (with the appropriate 
baryons) because of spin-spin interactions that occur between the spin-1 diquark constituents 
and the remaining valence quark. More to the point, isolated vector diquarks do not have binding 
energies because aligned spins add mass to the system, in the case of the � baryons ∼ 50 MeV. 
However, there can be spin interactions between the vector diquark and the valence quarks in 
either nucleon of the correlated pair that lower the energy of the NN system. The combined 
binding energy of vector diquarks and valence s quarks is given here as an example of this effect, 
but the assumption in this work is that the S = I = 1 diquarks are not required to couple to other 
spins and therefore B.E.(qq) = 0.

The combined binding energy of the spin-1 isospin-1 (ud) diquark and the s quark is found 
to be half that of the scalar diquark,

B.E.(ud)s = mb
u + mb

d + mb
s − M�0 = 71 ± 9 MeV. (13)

The combined binding energies of the remaining isospin triplet spin-1 diquarks (uu) and 
(dd) with the valence s quark are found using the �−(1197) baryon, quark content dds and the 
�+(1189) baryon, quark content uus,

B.E.(uu)s = mb
u + mb

d + mb
s − M�+ = 75 ± 9 MeV, (14)

and similarly for B.E.(dd)s = 67 ± 9 MeV.
Diquark parameter results are listed in Table 1 with relevant baryon parameters listed in Ta-

ble 2.
6
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Table 1
Diquark properties.

Diquark Binding Energy (MeV) Mass (MeV) Isospin I Spin S

[ud] 148 ± 9 578 ± 11 0 0

(ud) 0 776 ± 11 1 1
(uu) 0 776 ± 11 1 1
(dd) 0 776 ± 11 1 1

Uncertainties calculated using average light quark mass errors �mq = 5 MeV [46].

Table 2
Relevant SU(3)C hyperfine structure baryons [28].

Baryon Diquark-Quark content Mass (MeV) I
(
JP

)

� [ud]s 1115.683 ± 0.006 0
(

1
2

+)

�+ (uu)s 1189.37 ± 0.07 1
(

1
2

+)

�0 (ud)s 1192.642 ± 0.024 1
(

1
2

+)

�− (dd)s 1197.449 ± 0.030 1
(

1
2

+)

I
(
JP

)
denotes the usual isospin I , total spin J and parity P quantum numbers, all have L = 0 therefore J = S.

The conclusion of the diquark parameter calculations is that a pair of nucleons in close prox-
imity such that their valence quarks sense the attractive 3C ⊗3C → 3C SU(3)C channel can lower 
their energy significantly by forming a bound scalar [ud] diquark. In addition, the [ud] diquark 
mass is ∼ 200 MeV less than the spin-1 diquark masses and [ud] diquark formation lowers the 
mass of the system.

An estimate of quark-quark separation distances in the scalar [ud] diquark are now discussed 
and compared to the NN separation distance in short-range correlated nucleon pairs. We begin 
with an estimate of the q-q separation distance that makes use of the binding energy calculated in 
Sec. 3 to find the radius of the diquark via a non-relativistic calculation from light nuclei physics 
[50]. The assumption here is that the effective masses and motions of the quarks in the diquark 
can be investigated in the non-relativistic limit, an old approximation [51] that gives a result that 
agrees remarkably well with current calculations. This estimate must be improved upon using 
relativistic calculations, as will be shown. The non-relativistic relationship between the binding 
energy of a composite object and the radius of the object is given in [50] as

R ≡
(

ln(2)

2μB

)1/2

(15)

where B is the binding energy between the two bodies, here given by 148 MeV for the scalar di-
quark, and μ is the reduced mass of the two body system, given by μ[ud] ≡ mumd

mu+md
∼ 181 MeV. 

This non-relativistic formula is derived by taking the full-width half-max distance R of an expo-
nentially decaying wavefunction for a particle bound in a square well potential. Using the values 
calculated in Sec. 3, the radius of the scalar [ud] diquark is estimated to be

R[ud] ∼ 0.6 × 10−15 m. (16)

The diquark separation distances must be compared to NN separation distances for SRC.
7
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Experimental values of the relative momenta between two short-range correlated nucleons 
include 400 MeV/c for short-range neutron-proton correlations in 12C as well as a range of 
300 − 600 MeV/c found in earlier studies [33]. The transition to inclusion of p − p short-range 
correlations occurs in some targets at ∼ 800 MeV/c [33]. These momenta correspond to a range 
of NN separation distances from dNN = 0.25 fm for �p ∼ 800 MeV/c to dNN = 0.66 fm for 
�p ∼ 300 MeV/c by simple natural unit conversion where 1 fm corresponds to 200 MeV. The 
estimates suggest that valence quarks in correlated nucleons are well within the calculated quark-
quark separation distance of the diquark.

All relative NN momenta measured in short-range correlations as of today are above the 
nuclear Fermi momentum. It is proposed that a sufficient NN separation distance in order for 
diquark formation to occur is the distance corresponding to the Fermi momentum of the nucleus, 
kF = 250 MeV/c. This translates, by the same natural unit conversion, to a separation distance 
of dF = 0.79 fm. Therefore, the phenomenologically-driven separation distance between nearest 
neighbor nucleons sufficient for diquark induced SRC to occur is proposed to be

dNN � dF = 0.79 fm. (17)

4. Phenomenology of diquark-formation induced SRC

The CLAS collaboration work found that the “isophobic” nature of SRC - defined as the 
dominance of neutron-proton SRC rather than neutron-neutron or proton-proton - holds up to 
relative momentum up to 800 MeV/c, at which point the nn and pp SRC increase in number 
[11,52]. Thus far a case has been made for diquark formation across nucleons as the underlying 
cause of the observed short-range correlations in nucleon-nucleon pairs. The case for SRC as the 
cause of the EMC effect was first made in papers circa 1990 [14,15] and has been intensively 
studied since then by many others. A 2011 paper renewed interest in the topic [53] and recent 
data mining projects at Jefferson Lab by the CLAS collaboration have made strong connections 
between SRC and the EMC effect [11].

Diquark creation across an NN pair is a QCD-based model of the SRC solution to the EMC ef-
fect. The diquark model relies upon the established SRC-EMC connection and upon the diquark 
binding energy that lowers the mass of the 2-quark system. Quark momentum depends on quark 
mass, even if the functional dependence p(mq) is unknown, and therefore diquark formation is 
likely to modify quark momentum distribution functions. However likely it may be, the diquark 
model does not yet contain direct calculations of the measured structure function distortions F2
for all nuclear targets, which is the requirement for a definitive solution of the EMC effect. F2 cal-
culations for the modification of quark momentum distribution functions from quarks with lower 
effective masses due to diquark formation are currently a work in progress and will be briefly 
commented upon at the end of this section. However, there are other tests for the model due to 
the isospin and spin content of the lowest mass diquark, [ud]. Isospin dependent predictions for 
NN flavors can be made, as will be shown in the following section.

4.1. Isospin dependent predictions

The diquark-formation based SRC model is based on the low mass [ud] diquark and the u
and d quark flavors have an effect on the nuclear isospin dependence of SRC. In the quark-
diquark approach to nucleon structure [54–57], formation of the energetically favored scalar 
[ud] diquark requires the nucleons to have available valence quarks with total isospin I = 0. 
8
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In this scenario, each nucleon already contains one [ud] diquark and therefore neutron-proton 
interactions dominate due to the available valence quark flavors,

p − n : |[ud]u〉 |[ud] d〉 (18)

p − p : |[ud]u〉 |[ud] u〉 (19)

n − n : |[ud]d〉 |[ud] d〉, (20)

in the NN systems. Neutron-proton correlations were labeled “isophobic” short-range correla-
tions and were first discovered at Brookhaven National Laboratory [58,59]. They have subse-
quently been extensively studied by the CLAS collaboration at Jefferson Laboratory [30,32,52]. 
For two nucleons with a 3-valence quark internal configuration, any nuclear isospin combina-
tion of NN pairs can form [ud] diquarks. In this case, neutron-proton correlations are favored by 
simple counting arguments; a factor of 5

4 in favor of n − p because there are a maximum of 5 
possible [ud] diquarks in the n −p system as opposed to 4 in the n −n (or p −p) systems. Both 
cases predict a distortion of quark distributions inside nuclei but the strength of the “isophobic” 
nature of short-range correlations differs.

4.1.1. Predictions for A=3 nuclei
For A=3 nuclei with all nucleons in a quark-diquark internal configuration, only n − p SRC 

can form within the diquark induced SRC model. By inspection of the 9-quark flavor content of 
the tritium nucleus 3H,

3H : |p〉|n〉|n〉 ∝ |u[ud]〉|[ud]d〉|[ud]d〉 (21)

and the 3He nucleus,

3He : |p〉|p〉|n〉 ∝ |u[ud]〉|u[ud]〉|[ud]d〉, (22)

the case is made. The ratio of the number of n − n or p − p to n − p SRC in this case is zero. 
In contrast, 3-valence quark nucleon structure modifies the isospin dependence of NN SRC less 
dramatically.

The number of possible diquark combinations in A=3 nuclei with nucleons in the 3-valence 
quark configuration is found by simple counting arguments. First, the 9 quarks of 3He with 
nucleon location indices are written as:

N1 : p ⊃ u11 u12 d13
N2 : p ⊃ u21 u22 d23
N3 : n ⊃ u31 d32 d33

(23)

where the first index of qij labels which of the 3 nucleons the quark belongs to, and the second 
index indicates which of the 3 valence quarks it is. Diquark induced SRC requires the first index 
of the quarks in the diquark to differ, [uijdkl] with i �= k. The 4 possible combinations from 
p − p SRC are listed below.

u11d23 u12d23 (24)

u21d13 u22d13 (25)

Short-range correlations from n − p pairs have 10 possible combinations,
9
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u11d32 u12d32
u11d33 u12d33
u21d32 u22d32
u21d33 u22d33
u31d13 u31d23

(26)

which gives the number of p − p combinations to n − p combinations in this case as 2
5 .

Combining these results yields the following inequality for the isospin dependence of NN 
SRC:

3He : 0 ≤ Npp

Nnp

≤ 2

5
(27)

where NNN is the number of SRC between the nucleon flavors in the subscript.
The same argument may be made for 3H due to the quark-level isospin-0 interaction, to find

3H : 0 ≤ Nnn

Nnp

≤ 2

5
. (28)

The fraction of same-nucleon NN SRC is related to the coefficients of the lowest order Fock 
states for A=3 nuclei, as will be discussed in Sec. 4.1.2. It is not possible to obtain ratios greater 
than 2

5 with diquark formation across nucleons. Finding such experimental values would rule the 
model out.

4.1.2. A=3 nuclear wavefunction implications
Individual nucleon wavefunctions at lowest order are dominated by two Fock states with un-

known coefficients; the 3 valence quark configuration and the quark-diquark configuration,

|N〉 = α|qqq〉 + β|q[qq]〉, (29)

where square brackets indicate the spin-0 [ud] diquark. The full A=3 nuclear wavefunction is 
given by

|�A=3〉 ∝ (α|qqq〉 + β|q[qq]〉)(α|qqq〉 + β|q[qq]〉)
(γ |qqq〉 + δ|q[qq]〉) (30)

where the proton and the neutron are allowed to have different weights for each valence quark 
configuration. This expands out to

|�A=3〉 ∝ α2γ |qqq〉3 + 2αβγ |qqq〉2|q[qq]〉
α2δ|qqq〉2|q[qq]〉 + β2γ |qqq〉|q[qq]〉2+
2αβδ|qqq〉|q[qq]〉2 + β2δ|q[qq]〉3,

(31)

with mixed terms demonstrating that it is not straightforward to map the Npp

Nnp
ratio to precise 

coefficients for each nucleon’s Fock states. A perhaps reasonable simplification is to assume that 
the proton and the neutron have the same coefficients for their 2-body and 3-body valence states, 
i.e. to set γ = α and δ = β in Eq. (30). In this case, the nuclear wavefunction reduces to

|�A=3〉 ∝ α3|qqq〉3 + 3α2β|qqq〉2|q[qq]〉
+ 3β2α|qqq〉|q[qq]〉2 + β3|q[qq]〉3.

(32)
10
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With this assumption, the limiting cases yield exact knowledge of the coefficients: An experi-
mental 3H ratio of Nnn

Nnp
= 2

5 implies β=0, while a ratio of Nnn

Nnp
= 0 implies α=0. Intermediate 

values for Nnn

Nnp
imply mixed internal configurations for the nucleons. The case is the same for the 

Npp

Nnp
ratios of 3He. However, an important caveat must be made: If NN overlap is strong enough 

to place valence quarks so close together that they may break up an existing diquark to form a 
new one, this argument for the extremal values of the ratio must be modified.

4.2. Diquark formation in 2H

Diquark formation across the proton and neutron in 2H is different from other nuclei be-
cause the NN system must remain a color singlet and the ground state deuteron is spin-1 due 
to spin-statistics restrictions on the n − p nuclear wavefunction. At the quark level, a 6-quark 
wavefunction does not allow a ground state [ud] diquark to form across nucleons with an inter-
nal quark-diquark configuration due to Bose statistics constraints upon diquark exchange. This 
can be seen by considering both n and p in a quark-diquark structure and building a 3-diquark 
wavefunction with individual diquark wavefunctions given by Eq. (2). The combination of 3 
such wavefunctions, each antisymmetric in color, spin and isospin while symmetric in space, has 
Fermi statistics upon diquark exchange and is therefore forbidden.

Diquark formation in this case cannot work even with a (ud) vector diquark correlation be-
tween the n − p system. The triple diquark state in this case contains only two identical scalar 
diquarks but they pick up a minus sign upon exchange in the full wavefunction,

|�2H〉 ∝ εabc(ud)a[ud]b[ud]c (33)

due to color indices abc, and diquark formation induced SRC are therefore forbidden in this 
scenario.

For nucleons in a 3-valence quark internal structure, both scalar and vector diquarks can form 
between the uud − udd quarks of the deuteron, but the overall configuration must respect the 
S = 1 ground state. Thus for a single [ud] to form the remaining quarks must combine into a spin-
1 state, together with any gluon and orbital angular momentum contributions. In this scenario, a 
reduction in the EMC effect is predicted because the maximum total number of scalar diquarks 
(different from the number of possible combinations that can create [ud]) that can form across the 
n − p system is 2 due to spin-statistics constraints on the system. This reduction is as compared 
to structure function distortions extrapolated from the EMC-SRC effect in higher nuclei (higher 
nuclei not divided through by the deuteron’s structure function) [60]. Experimental results from 
the BONuS experiment at Jefferson Lab do show structure function distortions in the deuteron 
[61], with a possible reduction in strength as defined above [62].

It is important to note that the effect of diquark formation upon nuclear structure functions 

F2, as defined by F2(xB) = ∑
f xB e2

f

(
qf (xB) + qf̄ (xB)

)
where xB is the fraction of the 

nucleon momentum carried by the struck quark, e2
f is the charge of the quark of flavor f and 

qf (xB) the probability to find a quark of flavor f in the momentum range xB ∈ [x, x + dx], can 
be very roughly estimated by the diquark binding energy calculations of ∼ 150 MeV. Lowering 
the mass of the NN system by such a large amount - the binding energy is on QCD interaction 
mass scales, not nuclear interaction mass scales - changes the momentum distribution of the 
quarks, regardless of the exact relationship between mass and momentum. This means that the 
probability of a quark having a given momentum, encoded in the parton distribution function 
11
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qf (xB), is depleted when that quark forms a diquark bond. This can suppress F2(xB) for quarks 
within the nuclear medium that form diquarks across nucleon-nucleon pairs. A direct calculation 
of the diquark formation effect on F2 is a long-term work in progress.

5. Conclusions

Diquark creation across nucleons is proposed as the underlying QCD physics of nucleon-
nucleon short-range correlations. In addition, scalar [ud] diquark formation is proposed to be the 
dominant QCD-level physics responsible for short-range NN correlation model explanation of 
the EMC effect. The short-range quark-quark QCD potential is attractive in the 3C channel of 
SU(3)C and forms a bound state. The binding energy of the scalar isospin singlet [ud] diquark 
is 148 ± 9 MeV making it a highly energetically favorable bond. Nucleon-nucleon separation 
distances sufficient for diquark formation are phenomenologically estimated from the Fermi mo-
mentum scale, proposed to be dNN ≥ 0.79 fm between neighboring nucleons.

The strength of the EMC effect in this model increases with increasing A as any two nucleons 
in close enough proximity to sense the attractive SU(3)C quark-quark potential will form a color 
anti-triplet. The EMC effect strength increase with A has been measured [34].

Isospin dependent NN short-range correlation studies by the E12-11-112 experiment at Jef-
ferson Lab have just been published [21]. The experiment observed the number of p − p SRC 
(and assuming symmetry between “mirror” nuclei, the number of n − n SRC) to n − p SRC in 
A=3 and they fell within the range 0 ≤ Nnn/pp

Nnp
≤ 2

5 required for the diquark formation model to 

be correct. The upper limit of 2
5 is a hard cutoff for the diquark formation model; higher values 

would have ruled the model out.
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