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 EMC effect: Distortion of nucleon structure functions in nuclei 
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• Predicted  in 
complete disagreement 
with theory  

• Why should quark 
behavior - confined in 
nucleons at QCD energy 
scales ~200 MeV - be so 
affected when nucleons 
embedded in nuclei? 

• Diquark formation gives 
a mechanism by which 
structure functions 
become distorted 

F2(xB)
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The  va h d lty o f the s e  ca lcu la tions  ca n  be  te s te d  b y 
e xtra c tin g  the  ra tio  o f the  fre e  n u c le o n  s truc tu re  func- 
tio n s  F~/F~  from the  lio n  a nd  h yd ro g e n  da ta  o f the  
EMC. Ap p lyin g ,  for e xa mple ,  the  s me a ring  c o rre c tio n  
fa c tors  for the  p ro to n  a nd  the  n e u tro n  a s  give n b y 
Bode k a nd  Rltch le  (ta b le  13 o f re f. [8 ]),  o n e  ge ts  a  
ra tio  whmh is  ve ry d iffe re n t from the  one  o b ta in e d  
with  the  d e u te riu m  da ta  [3]. It fa lls  from a  va lue  o f 
~ 1 . 1 5  a tx  = 0 .05 to  a  va lue  o f ~ 0 .1  a t x  = 0.65 which  
is  e ve n  be low the  q u a rk-mo d e l lowe r b o u n d  o f 0 .25 . 

A d ire c t wa y to  che ck the  c o rre c tm n s  due  to  nu- 
c le a r e ffe c ts  is  to  compa re  the  d e u te ro n  a nd  iron  da ta  
for the y s hould  be  in flu e n c e d  s lmda rly b y the  n e u tro n  
c o n te n t o f the s e  nuc le i.  The  iron  da ta  a re  the  fina l 
c o m b in e d  da ta  s e ts  for the  four m u o n  b e a m  e ne rgie s  
o f 1 2 0 ,2 0 0 ,  250  a nd  280  Ge V; the  d e u te riu m  da ta  
ha ve  be e n  o b ta in e d  with  a  s ingle  b e a m  e ne rgy o f 280  
Ge V. The  ra tio  o f the  me a s u re d  n u c le o n  s tru c tu re  
fu n c tio n s  for iron  F2N(Fe ) = 1 wuFe  gg* 2 a nd  for d e u te rm m  
F N(D) = {F~  D, n e , th e r corre c te d  for Fe rmi m o tio n ,  
ha s  b e e n  ca lcu la te d  p o in t b y p o in t.  Fo r th is  compa ri- 
s on o n ly da ta  p o in ts  with  a  to ta l s ys te ma tm e rro r le s s  
th a n  15% ha ve  b e e n  us e d. The  iron  da ta  ha ve  be e n  cor- 
re c te d  for the  non-ls os ca la rlty o f 56Fe  a s s uming  tha t 
the  n e u tro n  s truc tu re  fu n c tio n  be ha ve s  hke  F ~  = (1 
- 0 . 7 5 x)F P .  This  give s  a  c o rre c tio n  o f ~ +2 .3 %  a t x 
= 0.65 a nd  o f le s s  th a n  1% fo rx  < 0.3. The  Q2 ra nge , 
which  ~s limite d  by the  e xte n t o f the  d e u te riu m  da ta , 
as d iffe re n t for e a ch x-va lue , va rying  from 9 ~< Q2 ~< 27 
Ge V 2 for x = 0 .05 ove r 11.5 ~< Q2 < 90  Ge V 2 for x 
= 0.25 up  to  36 ~ Q 2  ~< 170 Ge V 2 fo rx  = 0 .65 . 

W~thm the  h m lts  o f s ta tis tica l a nd  s ys te ma tm e rrors  
no  s lgmfica n t Q2 d e p e n d e n c e  o f the  ra tm F ~ ( F e ) /  
F N(D) is  obs e rve d. The  x-d e p e n d e n c e  o f the  Q2 a ve r- 
a ge d ra tio  is  s hown in  fig. 2 whe re  the  e rror ba rs  a re  
s ta tis tica l o n ly.  Fo r a  s tra ight line  fit o f the  form 

FN (Fe )/FN (D) = a + b x  , 

one  ge ts  for the  s lope  

b = - 0 . 5 2  + 0 .04  (s ta tis tic a l)+ 0.21 (s ys te m a ttc ).  

The  s ys te ma tm e rror ha s  b e e n  ca lcu la te d  b y d is to rt- 
mg the  me a s ure d  F N va lue s  b y the  ind ividua l s ys te m- 
a tm e rrors  o f the  da ta  s e ts , ca lcu la ting  the  co rre s pond- 
mg s lope  for e a ch e rror a nd  a dd ing  the  d iffe re nce s  
qua d ra tica lly.  The  pos s ible  e ffe c t o f the  s ys te ma tic  
u n c e rta in tie s  o n  the  s lope  is  lndma te d  b y the  s ha de d 
a re a  m fig. 2. Un c e rta ln tm s  m the  re la tive  no rma hs a - 
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2, Th e  ra tio  o f th e  n u c le o n  s tru c tu re  fu n c t io n s  F N Fig. me a - 
s u re d  on  tro n  a nd  d e u te r iu m  a s  a  fu n c tio n  o fx  = O 2 /2 M,-,v .  

- 5 6  The  iro n  d a ta  a re  c o rre c te d  fo r th e  n o n -ls o s c a la rlty o f 26Fe ,  
b o th  d a ta  s e ts  a re  n o t  c o rre c te d  fo r F e rm i m o tio n .  Th e  fu ll 

h n e a r fit F N ( F e ) / F N ( D )  = a + b x  wh ic h  re s u lts  c u r v e  is  a  in  
a s lo p e b = - 0 5 2 _ +  0 .04  (s ta t. ) -+ 0 . 2 1 ( s y s t )  Th e  s h a d e d  
a re a  in d ic a te s  th e  e ffe c t o f s ys te m a tm  e rro rs  on  th is  s lope . 

tlon  o f the  two  da ta  s e ts  will n o t cha nge  the  s lope  o f 
the  obs e rve d x-d e p e n d e n c e  o f the  ra tio  b u t ca n  o n ly 
move  it up  or d o wn  b y up  to  s e ve n pe rce n t.  The  dif- 
fe re nce  F N ( F e ) - F N ( D )  howe ve r ,s  ve ry s e ns itwe  to  
the  re la twe  n o rm a h s a tlo n .  

The  re s ult is  m comple te  d is a gre e me nt with  the  
ca lcu la tions  d lu s tra te d  a n fig .  1. At high x,  whe re  a n  
e n h a n c e m e n t o f the  qua rk d is trib u tio n s  compa re d  to  
the  fre e  n u c le o n  ca s e  is  p re d ic te d ,  the  me a s ure d  s truc- 
tu re  fu n c tio n  pe r n u c le o n  for ~ron ~s s ma lle r th a n  tha t 
for the  d e u te ro n .  The  ra tio  o f the  two  is  fa lhng from 
~ 1 . 1 5  a t x  = 0.05 to  a  va lue  o f ~ 0 . 8 9  a t x  = 0.65 
while  it is  e xpe c te d  to  ris e  up  to  1 . 2 -1 . 3  a t th is  x 
va lue . 

We a re  n o t a wa re  o f a n y pub lis he d  de ta ile d  pre dic- 
tio n  p re s e n tly a va ila ble  which  ca n e xp la in  the  be ha v- 
tou r o f the s e  da ta . Howe ve r the re  a re  s e ve ra l e ffe c ts  
kn o wn  a nd  dis cus s e d which  ca n  cha nge  the  qua rk dis - 
trib u tio n s  m a  high A n u c le u s  compa re d  to  the  fre e  
n u c le o n  ca s e  a nd  ca n  c o n trib u te  to  the  obs e rve d e f- 
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be dde d  In nuc le i Th e y ma y d iffe r from the  fre e  nu- 
c le on  ca s e  n o t o n ly due  to  kin e ma tic a l s me a ring  ca us e d 
b y the  Fe rmi m o tio n  o f the  n u c le o n s  in  the  nuc le us  
b u t a ls o due  to  o the r e ffe c ts . 

In fo rm a tio n  a b o u t the  s ize  o f the s e  e ffe c ts  a nd  the ir 
in flu e n c e  o n  the  s truc tu re  fu n c tio n s  ha s  b e e n  o b ta in e d  
b y the  E u ro p e a n  Muon  C o lla b o ra tio n  from e xte ns ive  
m u o n  s ca tte ring  e xp e rim e n ts  us ing  ta rge ts  o f h q u id  
h yd ro g e n  [2 ],  d e u te riu m  [3] a nd  o f iron  [4]. Apa rt 
from the  d iffe re n t ta rge ts  the  s a me  a ppa ra tus  ha s  b e e n  
us e d for a ll me a s u re me n ts .  

The  m e a s u re m e n ts  with  h yd ro g e n  a nd  d e u te riu m  
ta rge ts  a llow the  d e te rm in a tio n  o f the  s truc tu re  func- 
tions  for fre e  nuc le ons .  The  p ro to n  s truc tu re  fu n c tio n  
F ~  ha s  b e e n  e xtra c te d  from the  h yd ro g e n  da ta  a lone . 
The  n e u tro n  s truc tu re  fu n c tio n  F ~  ha s  b e e n  o b ta in e d  
b y a  c o m b in e d  tre a tm e n t o f the  h yd ro g e n  a nd  the  
d e u te riu m  da ta . This  th e n  d e te rm in e s  the  ra tio  F~/F p 
which , for la rge  x,  re pre s e n ts  the  ra tio  o f the  d- a nd  u- 
q u a rk d is trib u tio n s .  In  th is  p roce dure ,  co rre c tions  
ha ve  b e e n  a pplie d  to  ta ke  in to  a c c o u n t e ffe c ts  due  to  
the  n u c le o n  m o tio n  in  the  d e u te ro n  which  is  a  loos e ly 
b o u n d  p - n  s ys te m. In  the  kin e m a tic a l ra nge  cove re d 
b y the  da ta  (0 .03  ~< x < 0 .65) the s e  co rre c tions  a re  
s ma lle r th a n  3% [3]. 

In  a  s imila r wa y the  n u c le o n  s truc tu re  fu n c tio n  a nd  
the  fre e  n u c le o n  q u a rk a nd  g luon  d is trib u tio n s  cou ld  
be  e xtra c te d  from the  h igh A ta rge t da ta ,  p rovide d  one  
kn e w how to  ca lcu la te  the  co rre c tions  due  to  nuc le a r 
e ffe c ts  which  a re  d iffe re n t in  this  ca s e  s ince  the  nu- 
c le ons  in  the  nuc le us  a re  pa cke d  m u c h  tigh te r toge the r 
th a n  in  the  d e u te ro n .  

If the s e  co rre c tions  cove re d a ll e ffe c ts  ca us e d b y the  
q u a rk s truc tu re  o f nuc le i a nd  we re  comple te ly unde r- 
s tood , th e y ce rta in ly s hou ld  be  a pplie d  to  the  de e p  m- 
e la s tic  s ca tte ring  da ta  be fore  the s e  a re  compa re d  with  
the  p re d ic tio n s  o f QCD. This  a ppe a rs  to  be  de s ira ble  
as  the  Alta re lll-P a rls l e q u a tio n s  [5] in  the ir orig ina l 
fo rm re quire  a n  in te g ra tio n  from x to  1 (If the y a re  n o t 
mod ifie d  to  a llow a n  x ra nge  up  to  x = A [6 ]) a nd  the  
c o m m o n ly us e d p a ra m e triz a tlo n s  o f the  q u a rk a nd  
g luon  d is trib u tio n s  a re  b o u n d e d  to  ze ro a t x = 1. 

Up to  n o w o n ly thos e  co rre c tions  due  to  the  m o tio n  
o f the  n u c le o n s  in  the  nuc le us  ha ve  b e e n  ca lcu la te d . 
Fo r the s e  ca lcu la tions  it is  c o m m o n  to  vie w the  nuc le us  
a s  a  co lle c tion  o f s lowly moving  n u c le o n s  we a kly b o u n d  
to  e a ch o the r with  the ir in te rn a l p rope rtie s  u n c h a n g e d  
compa re d  to  the  fre e  n u c le o n  ca s e . The  m e th o d s  us e d 
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Fig. 1. Theore tica l pre dlcnons  for the  Fe rmi motion correc- 
tion of the  nucle on s tructure  function F N for Iron. Dotted 
line  Few-nucleon-corre la tion-model of Fra nkfurt and S trlk- 
man [9]. Dashed line . Collective-tube-model of Berlad e t a l. 
[10] S olid line  Correction accordmg to Bode k and Rltchle  
[8]. Dot-da s he d line . S a me  authors , but no high mome ntum 
ta il included. Triple -dot-da s he d line  S a me  authors , momen- 
tum ba lance  a lways  by a A - 1 nucleus . The  las t two curves  
should not be  unders tood as predictions  but as a n indica tion 
of the  sens itivity of the  ca lcula tions  to severa l assumptions  
which are only poorly known. 

to  ca lcu la te  the  d e u te riu m  co rre c tions  [7] a re  s imply 
tra ns fe rre d  to  the  he a vy nuc le us  ca s e . De p e n d in g  o n  
the  wa y the  n u c le u s  wa ve  fu n c tio n  IS ca lcu la te d ,  a nd  
o n  the  a s s umptions  ma de  on  the  m o m e n tu m  ta ll a nd  
the  m o m e n tu m  ba la nce , the  re s ults  [8 - 1 0 ],  s hown  in  
fig. 1, d iffe r b y s e ve ra l pe rce n t,  b u t s how in  e a ch ca s e  
a  s imila r g loba l be ha vtour.  The  ra tio  o f the  s truc tu re  
fu n c tio n  F A for a  n u c le u s  with  ma s s  n u m b e r A a nd  o f 
the  s um o f the  fre e  n u c le o n  s truc tu re  fu n c tio n s  for 
p ro to n  a nd  n e u tro n  we ighte d  with  the  co rre s pond ing  
n u c le o n  n u m b e rs  [ZF~ + (A - Z ) F~] is  ris ing with  x 
fo rx >~ 0 .2 . The  va lue  o f this  ra tio  is  a b o u t 1 .2 -1 .3  
a t x = 0 .65 a nd  incre a s e s  ra p id ly to  highe r va lue s  o fx .  
In  te rms  o f qua rks  this  me a ns  [9 ,10 ] tha t in  a  nuc le us  
the  qua rk d is trib u tio n s  a re  e n h a n c e d  a t high x a nd  e x- 
te n d  fa r b e yo n d  x = 1, the  kin e m a tic  lu n it b e in g  x = A 
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Theory 
Data 

“THE RATIO OF THE NUCLEON STRUCTURE FUNCTIONS  FOR IRON AND DEUTERIUM “
The European Muon Collaboration, J.J. AUBERT et al. 1983

FN
2

F2(xB) ≡ ∑
f

xB Q2
f ( qf(x) + qf̄(x))



Proposed QCD model:                                                  
Diquark formation across nucleon pairs  
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Diquark formation across N-N pairs in nuclei 

4

Valence quarks in neighboring nucleons 
can bind together:                                             

 donates up quark  +  donates down 
quark with spins anti-aligned: 

 

1. Binding energy ~148 MeV - 
energetically favorable 

2.  The QCD color factor - a measure of 
strength of strong force potential  - it 
is attractive - diquark is bound 

Diquark formation sticks pairs of nucleons 
together - it creates short-range 

correlations!

N1 N2

ψ[ud]
a = 1

2
ϵabc (ub ↑ dc ↓ − db ↑ uc ↓ )

V(r)

adapted from  http://fafnir.phyast.pitt.edu/particles/
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Diquark binding energy: Hadronic hyperfine structure 
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Spin-spin interaction affects hadron mass: 

1.  

2.  

(de Rujula, Georgi & Glashow 1975, Gasiorowicz & Rosner 
1981, Karliner & Rosner 2014) 

M(baryon) =
3

∑
i=1

mi + a′ ∑
i<j

(σi ⋅ σj)/mimj

M(meson) = m1 + m2 + a (σ1 ⋅ σ2)/m1m2

“Diquark Formation from Nucleon-Nucleon 
Interactions I: Nuclear Matter,” JRW, arXiv:2009.06968

Effective masses of light quarks are found using 
Eq.1 and fitting to measured baryon masses: 

 

Binding energy of  

 

mb
u = mb

d ≡ mb
q = 363 MeV, mb

s = 538 MeV

[ud] :

 B.E.[ud] = mb
u + mb

d + mb
s − MΛ = 148 ± 9MeV
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Quark-quark potential in QCD:  calculation V(r)
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• The  invariant QCD Lagragian: 

 

where covariant derivative  acts on quark fields,  are 
the 3x3 traceless Hermitian matrices (e.g. the 8 Gell-Mann matrices),  

the strong interaction coupling, . 

• The QCD potential for states in representations  is given by: 

 

• To calculate  for a , use the definition of the scalar ,  
, the quadratic Casimir operator, to find: 

 

• Diquarks combine 2 fundamental representation quarks into an anti-
fundamental, : 

  Diquark is bound!

SU(3)C

ℒ = − 1
4 FμνaFa

μν + Ψ̄f (iγμDμ − m) Ψf

Dμ = ∂μ − igsAa
μta ta

gs

αs ≡ g2
s

4π
R and R′ 

V(r) = g2
s

4πr
ta
R ⊗ ta

R′ 

V(r) 3c × 3c C2(R)
ta
R ta

R = C2(R) 1

V(r) = g2
s

4πr
⋅ 1

2 ⋅ (C2 (Ri) − C2(R) − C2 (R′ ))
3C ⊗ 3c → 3C

V(r) = − 2
3

g2
s

4πr
⟹

u d v

v

v
v

N1

N2



Complementary Model:  Novel color-singlet HEXADIQUARK in the core of 
A>3 nuclei 
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Hexadiquark (HdQ) color-singlet in A 4 nuclei ≥

8

ψHdQ⟩ = | [ud][ud][ud][ud][ud][ud]⟩

ψ[ud]
a = 1

2
ϵabc (ub ↑ dc ↓ − db ↑ uc ↓ )

•  nucleus proposed to 
contain a novel color 
singlet state 

• 6 scalar diquarks strongly 
bound together to form a 
color singlet 

• Fermi statistics upon quark 
exchange, Bose statistics 
upon diquark exchange

4He

Quark indices a, b, c = 1, 2, 3 are color indices in 
the fundamental  representation.
  
Diquarks are in the anti-fundamental 
representation:

SU(3)C

Ref: JRW, S.J.Brodsky, G. de Teramond, I.Schmidt, F.Goldhaber, arXiv:2004.14659 Nuclear Physics A 

3C ⊗ 3c → 3C
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Hexadiquark wavefunction 

9

The HdQ  is a  object which is a 
component of the  nuclear wavefunction:  

JP = 0+, I = 0
4He

All quantum numbers of the HdQ and the  
ground state are identical:  Q=2, B=4, I=0, J=0 

4He

|α⟩ = Cpnpn (u[ud])1C
(d[ud])1C

(u[ud])1C
(d[ud])1C⟩ +

CHdQ ([ud][ud])6C
([ud][ud])6C

([ud][ud])6C⟩

Important: HdQ requires 2 correlated neutron-
proton pairs.  The effect of the HdQ is 

“isophobic” because  diquarks form only 
across n-p pairs in the quark-diquark nucleon 

structure approach.

[ud]

“QCD hidden-color hexadiquark in the core of nuclei,” JRW, Brodsky, de Teramond, Goldhaber, Schmidt, 
Nucl.Phys.A 1007 (2021), arXiv:2004.14659

NB: The HdQ does not act in  - 3He, 3H



EMC & SRC workshop, 25 March 2021 Jennifer Rittenhouse West

Diquark formation across N-N pairs:  3He and 3H

10

Scalar [ud] diquark formation in A=3 nuclei 
for 3-valence quark internal structure:

3H : n − p ⟹ [ud][ud][ud] × 2
n − n ⟹ [ud][ud] + valence

3He : n − p ⟹ [ud][ud][ud] × 2
p − p ⟹ [ud][ud] + valence

⟹ 75 % n − p, 25 % n − n

⟹ 75 % n − p, 25 % p − p

SRC prediction for MARATHON experiment:

For nucleons in quark-diquark internal structure:

3H : u [ud] + u [ud] + d [ud] ⟹ 100 % n − p

3He : d [ud] + d [ud] + u [ud] ⟹ 100 % n − p
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Diquark formation implications:  SeaQuest Antimatter Asymmetry  

11

Antimatter asymmetry in the quark sea of protons 
Excess of  quarks over !d̄ ū

from Wired magazine, 28 February 2021

• Gluons produce quark-antiquark pairs in 
nucleons. 

•  and  pairs form in equal amounts 

• Binding energy of spin-0   diquarks is 
~148 MeV 

• For protons with valence  (assuming the 
proton has quark-diquark structure) the  
from gluon-to-  can be captured into a 

 diquark 

• Leaves a  quark behind - excess  in 
proton 

• Predicts excess of  in the neutron sea 

• SpinQuest prediction:   carries all the spin 
of the proton for the 5-quark Fock state: 

uū dd̄
[ud]

u
d

dd̄
[ud]

d̄ d̄

ū
d̄

[ud][ud][ud] d̄
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