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Talk Outline: Diquarks & Hidden Color States,  aim 2H

• QCD definition of diquarks and 
hidden color states 

• Diquark entry into nuclear physics - 
the EMC effect 

• Diquarks as the creators of Short-
Range Correlations (SRC)  

• Hidden color Hexadiquark in  

• Hidden color in  - Questions 
looking for answers at ECT* 

• Relationship to spin observables - 
Questions looking for answers (& 
collaborators) at ECT*

4He

2H

2

b1 = ∑q e2
q [q0

↑ − 1
2 (q1

↑ + q−1
↑ )] ≡ ∑i e2

qδqi

Leading order structure function  for DIS 
with a spin-1 target:

b1

Hoodbhoy, Jaffe & Manohar 1989, Frankfurt & Strikman 1983, Miller 2013

where $qm
↑ (qm

↓ )$ is the number density of quarks with spin up(down) along the $z$ axis in a target hadron with helicity m . . .
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Building blocks: Quantum chromodynamics, spin-statistics 

• Begin with group theory mathematics of the strong interaction:  

• Next, degrees of freedom (particles carrying strong force charge) - indices run over 3 color charges:

• All combinations of D.o.F. predicted, color charged & color singlet. Examples (use  to combine):

• Higher Fock states (baryon with 3 valence quarks is lowest order Fock states), e.g., the 5-quark Fock state for 
baryons:

• Hidden color states are also predicted.  Let’s first build a nucleus out of nucleons, e.g., heavy hydrogen :

• Hidden color singlets carry same quantum numbers as a nucleus. They are subdominant states in the wavefunction 
and can be built with diquarks but need not be.  A hidden color state using baryon octets in the deuteron:

SU(3)C

qa (triplet, 3C), qa (antitriplet, 3C), gb
c (octet, 8C)

δa
b , ϵabc, ϵabc

(q̄aqa)1C
(ϵabc qaqbqc)1C

(ϵabc q̄aq̄bq̄c)1C
, (qaqbϵabc)3̄C

← (qq)c

(ϵabcqaqbqc q̄eqe)1C
⊂ N

2H

(ϵabcqaqbqc)1C
(ϵdef qdqeqf )1C

qa qb qc qd qe qf ⟹ ((ϵabf qaqbqc)8C
(ϵdecqdqeqf )8C)1C

= (p f
c nc

f )1C
⊂ 2H

Diquarks & Hidden Color: Background QCD 
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Nuclear gateway to QCD:  EMC effect

4

• Deep inelastic scattering (DIS) experiments  

• Lepton scatters from target, exchanging virtual photon with 4-
momentum  given by:   

•  strikes quark: The fraction of nucleon momentum carried by the 

struck quark is known via the Bjorken scaling variable  

where , =mass of proton, lepton mass neglected

q2 Q2 ≡ − q2 = 2EE′ (1 − cos θ)

γ*
xB = Q2

2Mpv
ν = E − E′ Mp

where  is the fraction of  energy transferred to the target.  is the nucleon structure function, defined as:y = ν
E

ℓ− F2(x)

F2(xB) ≡ ∑
f

xB e2
f ( qf(xB) + qf̄(xB))

in terms of quark distribution functions :  probability to find a quark with momentum .qf(x) xi ∈ [x, x + dx]

dσ
dxdy (e−p → e−X) = ∑

f
x e2

f [ qf(x) + qf̄(x)] ⋅ 2πα2s
Q4 (1 + (1 − y)2)

Differential cross section for DIS:

hadrons

hadrons

Adapted from  Nuclear & Particle Physics by B.R. Martin, 2003

*
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 EMC effect: Distortion of nuclear structure functions  

5

• Predicted  ratio 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, BE

 2.2 MeV? 

• Mystery has not been 
solved to this day. 

F2(xB)

≥

Vo lu m e  123B, n u m b e r  3,4 P HYS IC S  LE TTE R S  31 Ma rc h  1983  

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 tx  = 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

Plotting ratio of F2(xB) ≡ ∑
f

xB e2
f ( qf(xB) + qf̄(xB)) vs . xB
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 EMC effect experiments & explanations  

6

Malace, Gaskell, Higinbotham & Cloet, 
Int.J.Mod.Phys.E 23 (2014)

Simple mean field effects inconsistent with the EMC effect in 
light nuclei - MC of  clustering

Seely et al., 2009.

“This one new bit of information has reinvigorated the 
experimental and theoretical efforts to pin down the underlying 

cause of the EMC effect.” Malace et al., 2014

Short-range NN correlated pairs (SRC) may cause EMC effect 
(Ciofi & Liuti 1990, 1991 and many more afterward). 

Neutron-proton pairs found to dominate SRC (CLAS 
collaboration, EP & others)

9Be ⟹

POSSIBLE EXPLANATIONS

• Mean field effects involving the whole nucleus
• Local effects, e.g., 2-nucleon correlations

DOZENS OF EXPERIMENTS 
CONFIRM EMC EFFECT

New model:  Diquark formation 
proposed to create correlations at 
high nucleon overlap, modifying 
quark behavior in the NN pair

u d
q

q

q
q

N1

N2

“Diquark induced short-range 
nucleon-nucleon correlations & 

the EMC effect”
JRW, Nuc.Phys.A 2023
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Overview: Fundamental QCD dynamics in NN pairs 

7

New model:  Diquark formation proposed to create short-range correlations (SRC), 
modifying quark behavior in the NN pair

Proton & Neutron Quantum fluctuation 
 diquark bond createdSU(3)C

Color scheme: The 3 SU(3) color charges are the usual red, green, blue - anticolor charge of antigreen 
represented by lime green

Gluon exchange across nucleons

3N SRC a work in progress, diquark-based SRC makes predictions.  4N is published, the 
hidden color hexadiquark state.

JRW, S.J.Brodsky, G. de Teramond, I.Schmidt, A.Goldhaber, arXiv:2004.14659, Nuc. Phys A 2020 
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Quantum Chromodynamics prediction: Diquarks         

• Strong force described by special 
unitary group , a local 
gauge symmetry   

• QCD  Diquark creation:        
Quark-quark bond with single 
gluon exchange & group theory 
transformation into a 
fundamentally different object:   

 

SU(3)C
≡ QCD

⟹

3C ⊗ 3C → 3C

Like quarks and gluons, diquarks carry color charge. They cannot be seen 
directly due to color confinement. Only  (red+green+blue or red-antired etc.) 

directly detected.  

Therefore there is no direct evidence for diquarks. Work in progress for diquark 
detection experimental proposals (e.g., diquark jets from DIS increase  

production) 

Strong indirect evidence exists (baryon mass splittings, Regge slopes).

1C

Λ

Diquark wavefunction :

Quark in the fundamental rep of SU(3)C :

8



ECT* Workshop on Spin, 11 July 2023, Jennifer Rittenhouse West

Diquark formation across N-N pairs 

9

Requirements for diquark induced SRC: 

1.  Nucleon-Nucleon wavefunctions must strongly 
overlap 

2. Attractive short-range QCD potential between 
valence quarks  

3. Significant binding energy for diquark to form. 
Much stronger than nuclear binding energies -  
comparable to QCD confinement scale for 
spin-0 up-down diquark

q

q

q
q

q

q

N1

N2
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1. SRC 3D-overlap for relative momenta  & 
  

400 MeV/c
800 MeV/c

10

• SRC Plot 1:  According to the 
 measurements from 2021 

CLAS, NN tensor force 
dominates at 400 MeV/c relative 
momenta. Natural unit 
conversion gives 0.49 fm = 400 
MeV/c. 

• SRC Plot 2:  Tensor-scalar 
transition momenta - according 
to the  measurements from 
2021 CLAS, NN scalar force is 
in effect at 800 MeV/c relative 
momenta. Natural unit 
conversion gives 0.25 fm = 800 
MeV/c . 

12C

12C

57% of nucleon 
volume is in 
the overlap 

region!

78% of nucleon 
volume is in 
the overlap 

region!
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2.  Quark-quark potential in QCD:  calculation V(r)

11

• 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,  

• QCD potential for states in representations  is given by: 

 

• To compute  for a , we use the definition of the 
scalar ,  , the quadratic Casimir operator (NB:  
is the final state representation): 

 

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

  Diquark is bound!

SU(3)C

ℒQCD = − 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 → 3c
C2(R) ta

R ta
R ≡ C2(R) 1 Rf

V(r) = g2
s

4πr
⋅ 1

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

V(r) = − 2
3

g2
s

4πr
⟹

u d
q

q

q

q

N1

N2

Diquark induced N-N correlation:

Compare to color singlet attractive potential:

qq̄ : V(r) = − 4
3

g2
s

4πr
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3.  Diquark binding energy: Color hyperfine structure 

12

Spin-spin interaction contributes to hadron mass; 
QCD hyperfine interactions: 

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 Induced Short-Range Correlations & the EMC Effect,” 
JRW, Nucl.Phys.A 2023

Use  baryon to find binding energy of  Λ0 [ud] :

 B.E.[ud] = mb
u + mb

d + mb
s − MΛ0

Relevant diquark-carrying baryons:  Λ, Σ+, Σ0, Σ−

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

 mb
u = mb

d ≡ mb
q = 363 MeV, mb

s = 538 MeV

 B.E.[ud] = mb
u + mb

d + mb
s − MΛ = 148 ± 9 MeV
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Diquark formation across N-N pairs 

13

Requirements for diquark induced SRC: 

1.  Nucleon-Nucleon wavefunctions must 
STRONGLY overlap 

2. Attractive short-range QCD potential between 
valence quarks  

3. Significant binding energy for diquark to form. 
Much stronger than nuclear binding energies -  
comparable to confinement scale for spin-0 
up-down diquark
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Diquark formation Isospin prediction for A=3 SRC 

14

Scalar [ud] diquark formation for nucleons 
with 3-valence quark internal structure 

:|N⟩ ∝ |qqq⟩
3H : 2n + p → 4u, 5d ⟹ np ⊃ [ud] x10

⟹ nn ⊃ [ud] x4

3He : 2p + n → 5u, 4d ⟹ np ⊃ [ud] x10

⟹ 60 % np, 40 % nn

⟹ 60 % np, 40 % pp⟹ pp ⊃ [ud] x4

Scalar [ud] diquark formation for nucleons in quark-
diquark internal configuration :|N⟩ ∝ |q[qq]⟩

3H : u [ud] + d [ud] + d [ud] ⟹ 100 % np
3He : u [ud] + u [ud] + d [ud] ⟹ 100 % np

3He : 0 ≤
8pp SRC

8np SRC

≤ 2
5 , 3H : 0 ≤

8nn SRC

8np SRC

≤ 2
5 , Maximum 40 %

Combine into isospin dependent SRC ratio predictions :

Nucleon wavefunction : |N⟩ = α |qqq⟩ + β |q[qq]⟩

JRW, Nuc.Phys.A 2023
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Diquark formation induced SRC inequality comparison to data: 
JLab experiment E12-11-112 A=3 mirror nuclei results 

15

Results from JLab:
8pp

8np
= 1

4.23 ∼ 0.24

Isospin dependent SRC ratio inequalities from diquark induced SRC :

3He : 0 ≤
8pp SRC

8np SRC

≤ 0.4

3H : 0 ≤
8nn SRC

8np SRC

≤ 0.4

⟹ Nucleon wavefunction : α |qqq⟩ + β |q[ud]⟩ combination
may have approximately equal coefficients, α ≈ β

JRW, Nuc.Phys.A 2023

Li et al., Nature September 2022

At least 2 Caveats:  
1. Non-zero probability that existing diquarks may be broken up if overlap sufficient

2. Nucleon wavefunction written to lowest order - corrections in the form of spin-1 diquarks - proposed to be negligible
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3N SRC builds on diquark-based 2N SRC 

16

• Fraction of 3N SRC in nuclei follows 2N (true of most 
(all?) models, not just diquark-based SRC)

•  3N Nucleus specific, because % SRC per nucleus 
not universal

• Assume independent events: Probability to form 2N 
SRC, eg 20%, multiplied by probability to form another 
SRC (where the model gives the second probability)

• For diquark model this means probability to undergo 
another quantum fluctuation into high spatial overlap 
and temporarily “stick” - i.e., 20%, with caveats

• Diquark formation depends on the number of available 
 and  quarks in the 2N system in order to form the 

low mass  diquark between the 3rd nucleon and 
the 2N system

• Immediately this implies that 3N SRC cannot form for 
nucleons in the quark-diquark configuration

• If coefficients of nucleon wavefunction are roughly 
equal, , this reduces the 3N probability by

SRC separation energy of interest to 2N, 3N and 4N 
SRC: 150-400 MeV

∴

u d
[ud]

=q−dq
3N = 0.2 * 0 = 0

α ≈ β

=3N = 0.2 * ( 1
2 * 0.2) = 0.02 ⟹ 2 % 3N

u

N3

u d

q

d

q

q

N1

N2

q

q

u d

q

q

q

q

N1

N2
Diquark-based 2N SRC, JRW, Nuc.Phys.A 

2023

Diquark-based 3N SRC, JRW, in 
preparation
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Hidden color overview with example in  4He

Hidden-color research spans four+ decades:
Brodsky, Ji & Lepage, PRL 1983

Brodsky & Chertok, “The Asymptotic Form-Factors of Hadrons and Nuclei and the 
Continuity of Particle and Nuclear Dynamics” PRD 1976

M. Harvey, “Effective nuclear forces in the quark model with Delta and hidden color 
channel coupling” Nuc. Phys. A 1981

G.A.Miller “Pionic and Hidden-Color, Six-Quark Contributions to the Deuteron b1 
Structure Function” Phys. Rev. C 2014

• Rigorous prediction of 
 based QCD 

• Color-singlets with 
quantum numbers that 
match nuclei 

• Nucleus = bag of color 
singlets 

• Hidden-color = 1 color 
singlet 

• Example: Hexadiquark 
hidden-color state in 

SU(3)C

4He

|4 He⟩ = Cnnpp (u[ud])1C
(d[ud])1C

(u[ud])1C
(d[ud])1C⟩ +

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

([ud][ud])6C)1C⟩ + . . .

JRW, S.J.Brodsky, G. de Teramond, I.Schmidt, A.Goldhaber, Nuc. Phys. A 2021 
QCD states within the nuclear wavefunction:

• Building hidden-color states requires Fermi 
statistics upon quark exchange, Bose statistics 
upon diquark exchange.

• Spin-statistics constrains the other components 
of the wavefunction, often requires nonzero L & 
higher spin states higher mass, less 
contribution to wavefunction (small coefficient C)

 

⟹

17
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Hexadiquark (HdQ) hidden color state in A 4 nuclei ≥

18

u d

  p n

d

u d

u

u d

  n p
d

u d

u

•  nuclear wavefunction a linear 
combination of nnpp and HdQ with 
unknown coefficients 

 

• n-p dominance of SRC required by the 
HdQ model - PDF calculation work in 
progress 

• New hadronic excitations predicted due to 
 bonds between diquarks 

• X17 solution proposed

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
)1C⟩

6C
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New hadronic excitations predicted due to  bonds 
between diquarks, a proposed X17 solution 

6C

19

• First signal in :  proton capture on 
 creates excited state of . 

Decays to virtual photon which 
decays to  pair.  an anomaly in 
the angular correlation which may be 
translated to the creation and decay 
of an intermediate ~16.9 MeV 
particle, dubbed the X17.

• Also seen in : proton capture on 
, same process.

• We can fit their data with a decay 
from a new subdominant excited state 
of :

achieved with a hidden color excitation - 
radial or orbital - between 2 diquarks in 

the hexadiquark.

8Be
7Li 8Be

e+e− ∃

4He
3H

4He
E* = 17.9 ± 1MeV

Γ4He = ∫
m−m0

2me

dme+e− ℳq (q2)
2

p*e pHe

“Quantum Chromodynamics Resolution of the ATOMKI Anomaly in 4He Nuclear Transitions”
V.Kubarovsky, JRW, S.J.Brodsky, 2206.14441
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Tetraneutrons & Hidden Color

20

•  Hexadiquark wavefunction 
build can be duplicated in 4n and 
4p systems

• Different spin & isospin structure:  
2 of 6 diquarks change from  
to , adding ~400 MeV

• Tetraneutron  gives an upper limit 
on mass/virtuality of the HdQ

• Work in progress: relating mass of 
QCD Hamiltonian eigenstate 
(hidden color state) to limit on HdQ 
coefficient in nuclear wavefunction

• Goal:  Discovery of  
composition, nuclear & QCD

4He

[ud]
(uu), (dd)

∴

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
)1C⟩ + . . .

“Observation of a Correlated Free Four-Nucleon System”
M.Deur et al., Nature 606, 678–682 (2022)
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Diquark-based SRC Separation Energy implications 

21

• 2N SRC , 
single  diquark BE 

• 3N SRC , two 
 diquarks BE 

• 4N SRC also has 
 but likely 

more because it is a strongly 
bound color singlet, 2N and 3N 
are not 

• Assume  is 
from a 4N breakup 

• Assume excess  binding 
energy from HdQ, 

Esep ∼ 150 MeV
[ud]

Esep ∼ 300 MeV
[ud]

Esep ∼ 300 MeV

Esep ∼ 400 MeV

4He
∼ 12 MeV

(400x1 + 16x2 = 28, x1 + x2 = 1 (or, better, 400x1 = 12 ⟹ 3 % HdQ))

• Let =fraction of hidden color 
 contribution to  

nuclear wavefunction, =fraction 
of  

• Then 

x1
|HdQ⟩ 4He

x2
|nnpp⟩

x1 = 0.03, x2 = 0.97

phys.libretexts.org
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Work in progress:

• Brodsky, Ji & Lepage 1983 stated  5 QCD states in the deuteron - one of which is the nuclear state: 

 

• Typically the literature has color octets as the hidden-color state:  

A proposal for 3 others: 

1.  3 antitriplet diquarks:  where  - requires 2 L=1!

2.  3 sextet (symmetric - also slightly repulsive!) diquarks:  

3.  2 Triplet-1 sextet combo:  

• No longer believe this is lowest order  wavefunction (with ):

∃

|np⟩ = | (ϵabcuadbdc)1C
(ϵlmnulumdn)1C

⟩

((ϵabnuadbdc)8C
(ϵlmculumdn)8C)1C

(ϵprs (qq)p (qq)r(qq)s)1C

(qq)s = ϵabsqaqb

6C ⊗ 6C ⊗ 6C → 1C

3C ⊗ 3C ⊗ 6C → 1C

2H α ≫ β

|np⟩ = α | (ϵabcuadbdc)1C
(ϵlmnulumdn)1C

⟩ + β | (ϵabnuadbdc)8C
(ϵlmculumdn)8C

⟩ + . . .

Hidden color in , Take I 2H

6 quark hidden color possibilites 
with quantum numbers of 2H

 
PROTON NEUTRON

3 at di

di

spinIdiquark

ut ut ut
B B
dt di di

spinOdiquark spinOdiquark

ut

B E
dir di di

spin 0,1 1 spinodiquark
inlet

duodiquark witnduodiquark
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• Redux: Brodsky, Ji & Lepage 1983,  5 QCD states in the 
deuteron.  Dominant nuclear state is

 

• Octets unlikely? What is the mass cost of rearranging the 
color singlets into color octets? 

Perhaps the most likely state: 

1.  3 antitriplet diquarks:  where 

 - requires 2 L=1!

2.  3 sextet (symmetric - also slightly repulsive!) diquarks:  

3.  2 Triplet-1 sextet combo:  

∃

|np⟩ = | (ϵabcuadbdc)1C
(ϵlmnulumdn)1C

⟩

((ϵabnuadbdc)8C
(ϵlmculumdn)8C)1C

(ϵprs (qq)p (qq)r(qq)s)1C
(qq)s = ϵabsqaqb

6C ⊗ 6C ⊗ 6C → 1C

3C ⊗ 3C ⊗ 6C → 1C

Hidden color in , Take II 2H

Tri-diquark hidden color state formation in 2H

 
PROTON NEUTRON

3 at di

di

spinIdiquark

ut ut ut
B B
dt di di

spinOdiquark spinOdiquark

ut

B E
dir di di

spin 0,1 1 spinodiquark
inlet

duodiquark witnduodiquark



Fin
Jennifer Rittenhouse West

Berkeley Lab & EIC Center @JLab
ECT* Workshop on Spin

11 July 2023



ECT* Workshop on Spin, 11 July 2023, Jennifer Rittenhouse West

Tetraquarks & Pentaquarks
Hidden-color in plain sight? 

Combination of multiple color singlets vs. one 
color singlet.  Identity of tetra- and penta-quarks 
an open question in QCD: 

Compact configuration of  
diquarks? 

 

Or molecular mesonic state? 

ccūd̄

cū + cd̄

25
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Mapping between nuclear and fundamental QCD language necessary:

Proton wavefunction - tensor, scalar pieces 
  

|p ↑ ⟩ = 2
1 + a2

S [ aS

2
u ↑ S0

0⟩ + 1
3 2

u ↑ T0
0⟩ − 1

3 u ↓ T1
0⟩ − 1

3 d ↑ T0
1⟩ + 2

3 d ↓ T1
1⟩]


