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Outline: 
 
 

!     QCD-evolution of nuclear structure functions  
  

!     EMC-effect: ratio of nuclear structure functions  
 
!     Cumulative processes in ÒcoldÓ flucton  models 
 
!     Flucton  model EKKLS:  
     hard nuclear quark sea at large X 
 
!   Summary 
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Cold Superdense  Baryon Matter  
   
   
 

70 A. Andronic et al. / Nuclear Physics A 837 (2010) 65Ð86

Fig. 5. The phase diagram of strongly interacting matter.

low energies, such as those at the AGS, SIS, and at low energies at the SPS, and in the future at
FAIR and NICA [39].

At a special value of the baryon chemical potential and temperature, there is a triple point
where Hadronic Matter, the QuarkÐGluon Plasma, and Quarkyonic Matter all coexist. From ex-
periment, Fig. 2, we estimate that this occurs for

µ
triplept
B ≈ 350Ð400 MeV, T triplept ≈ 150Ð160 MeV. (1)

This point is presumably near where the linear and the ßat temperature regime in Fig. 2 intersect.
We argue in the following how this arises from a triple point.

In thermodynamics a triple point is the point in a phase diagram where three lines of Þrst
order phase transitions meet. A common example is where a gas, liquid, and solid coexist at a
given value of the pressure and temperature. Since there are only Þrst order phase transitions, no
correlation length diverges at the triple point. For example, in the phase diagram of water, the
phases of vapor, water, and ice all coexist at the triple point. There is also a critical point in the
phase diagram of water, but it is situated far from the triple point, at much higher temperature
and pressure.

The properties of strongly interacting matter at large density are characterized by several
order parameters. One is the thermal Wilson or Polyakov loop, which measures the degree of
deconÞnement reached. This is strictly an order parameter in theories without quarks, or in the
limit of a large number of colors,Nc → ∞, if the number of ßavors,Nf , is kept Þxed. The second
is the chiral condensate as an order parameter for chiral symmetry breaking. Chiral symmetry
is an exact symmetry when there are two (or more) ßavors of massless quarks. The last is the
density of baryons, which is an order parameter even in the largeNc limit, when Nf grows
with Nc [35].

Hadronic Matter is conÞned and exhibits chiral symmetry breaking. It is technically difÞcult to
deÞne conÞnement for ÞniteNc for a Þnite number of quark ßavors, since the potential that sep-
arates quarks is never linear at large distances. This argument has a precise meaning at zeroNf

or inÞniteNc, or for zero temperature. Nevertheless, there should be a well deÞned region of
low baryon density and low temperature where the physical degrees of freedom are mesons.
This phase is also to a good approximation free of baryons since their densities,nB/M3

B ∼
e(µB−MB)/T ! 10−2 for typical values ofµB andT not too close to the phase boundary.

The QuarkÐGluon Plasma is deconÞned with restored chiral symmetry, and has nonzero
baryon number density whenµB ≠ 0. It is composed of quarks and gluons, although we note

L.McLerran  & L.McLerran  & R. Pisarski  (2007)
 V. Braguta  et al. (2016), É

Quarkyonic  state?
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Perturbative  QCD: hard process factorization 
   
  
    
 

 
 Two cornerstones of perturbative QCD 
 for inclusve hard process description: 
 
-  factorization of hard processes 

-  GLAPD-evolution  
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Deep inelastic scattering (DIS) 
   
  
   

-  Bjorken  limit: s -> ! ,  Q2 /s = const   

-  Bjorken  scaling violation due to GLAPD-evolution  
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12!

The construction of QCD From hadrons to partons

Revealing the inner structure: Deep inelastic scattering
Probe proton again, allow its disintegration.

Use uncertainty relation momentum q ! 1/ λ:
Momentum transfer q > 1 GeV (! 1/ 0.2fm) =" reveal inner
structure.

Kinematics:

k#µ

pµ

xpµ

kµ

qµ = ( k $ k#)µ

!

inv.massW

ν = 2pq
mp

$% E $ E′

(energy transfer)

x = Q2

2pq $% Q2

E−E!

(momentum fraction of parton)

Q2 = $ q2 = $ 2EE′(1 $ cos θ)
(momentum transfer squared)

Typically: Exchange of γ’s, but sometimes also νp-scattering with
W exchange considered.

10 / 19
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Deep inelastic scattering (DIS): structure functions 
   
  
 
 
 
 
 
 
 
   
 
 
 

-  Bjorken  limit: s -> ! ,  Q2 /s = const  

-  Bjorken  scaling violation due to GLAPD-evolution  
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The construction of QCD From hadrons to partons

Bjorken-scaling
Equation for ! DIS with structure functions W1,2(" , Q2)

(cf. elastic scattering, replacing form factors F1, 2(q2) with W1, 2(! , Q2), incorporating some kinematical factors.)

d! DIS

d2!
=

#2 cos2 !
2

4E2 sin4 !
2

!
W2(" , Q2) + 2W1(" , Q2)

"

Bjorken scaling implies:

mpW1(" , Q2) !" F1(x)

Q2

2mpx
W2(" , Q2) !" F2(x) ,

(Reason: Asymptotically no spe-
cial scale present,mP can be ne-
glected.)

Independence of F2 on q2:

12 / 19
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The construction of QCD From hadrons to partons

Parton distributions and sum rules
Define probabilities fa(x) to find a parton of type a with energy
fraction between x and x + dx :

F1(x) =
!

a

q2
a fa(x) , qa = parton’s charge.

Parton momenta must add to the proton momentum:

" 1

0
dx x [fu(x) + fū(x) + fd(x) + fd̄(x) + fs(x) + fs̄(x) + . . . ] = 1 .

Parton types must yield a “net proton”, |p! = |uud ! :

1#

0

dx [fu(x) " fū(x)] = 2
1#

0

dx [fd(x) " fd̄(x)] = 1

1#

0

dx [fs(x) " fs̄(x)] = 0
1#

0

dx [fc(x) " fc̄(x)] = 0 .

14 / 19
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The construction of QCD From hadrons to partons

The Callan-Gross relation

Bjorken scaling established: DIS described asparton-photonprocess.
But what are thepropertiesof these point-like constituents?

1969, Callan and Gross:
BjorkenÕs scaling functions
are related:

2xF1(x) = F2(x) .

This is because
quarks are spin-1/2

(Spin-0 for example would lead
to 2xF1(x)/F2(x) = 0.)

Measuring the quark spin:

Derivation: Compareeq-scattering cross section (free quark) with
the DIS ep cross section and assume identity.

d 2 ! eq

d 2Ωd E′
=

" 2 cos2 #
2

4E2 sin4 #
2

2

4 1 +
Q2

2m2
p

tan2 #

2

3

5 $

0

@% −

Q2

2mpx

1

A

d 2 ! ep

d 2Ωd E′
=

" 2 cos2 #
2

4E2 sin4 #
2

2

4
1

%
F2(x) +

2

mp
tan2 #

2
F1(x)

3

5

13 / 19
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Deep inelastic process (DIS): parton  sum rules 
   
 
     Momentum sum rule:  
     all partons  (quarks, antiquarks and gluons)  
     carry protonÕs momentum  
 
  
 
 
 
 
      Quarks in proton: baryon number conservation  
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The construction of QCD From hadrons to partons
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14 / 19
The 2nd International Summer School,  Astana, Kazakhstan, June 10-23, 2012  Lectures 3-4     Victor Т. Kim, PNPI & SPbSPU        "

16!

The construction of QCD From hadrons to partons

Parton distributions and sum rules
DeÞneprobabilitiesfa(x) to Þnd a parton of typea with energy
fraction betweenx and x + dx :

F1(x) =
∑

a

q2
a fa(x) , qa = partonÕs charge.

Parton momenta must add to the proton momentum:

∫ 1

0
dx x [fu(x) + føu(x) + fd (x) + fød (x) + fs (x) + føs (x) + . . . ] = 1 .

Parton types must yield a Ònet protonÓ, |p⟩ = |uud⟩:

1
∫

0
dx [fu(x) − føu(x)] = 2

1
∫

0
dx [fd (x) − fød (x)] = 1

1
∫

0
dx [fs (x) − føs (x)] = 0

1
∫

0
dx [fc (x) − føc (x)] = 0 .

14 / 19



QUARKS2018, Valday , 1 June 201 8        Victor  Kim      PNPI  NRC KI , Gatchina & SP bPU 

!

Hard processes in QCD  
  

   
 
 

         Perturbative  QCD for hard processes 

         Q 2/s = x Ð fixed, s "  ! (Bjorken  limit)  
 
                        "  
 
 - Factorization of hard and soft contributions  
   in leading twist  
    A.Efremov  & A.Radyushkin  (78-81)  
     A.Mueller , J.Collins , D.Soper , G. Sterman , B�  
       
                      " HARD  = " parton  ! F(x, Q 2)  + (1/Q 2) 
 

 
 - GLAPD Q 2-evolution 
 V.Gribov  & L.Lipatov  (71-72), G.Altarelli  & G.Parisi  (77), Yu.Dokshitzer  (77)  
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Structure functions of free nucleon and nucleus:  
deep inelastic scattering  

   
 
 

          
    Factorization of hard and soft contributions  
    for DIS on free nucleon and nucleus:  
           
                      " HARD  = " parton  ! FN(x, Q 2)  + (1/Q 2) 
 
                      " HARD  = " parton  ! FA(x, Q 2)  + (1/Q 2) 
 
       factorization does not depend on type of target !  
 
 
 
 
 
 

! = ! ! PDF

FA(n, Q2) =
1!

C

xn! 1
A FA(x, Q2)dxA =

"
C↵

#

n,
Q2

µ2
, " (µ2)

$

f ↵/A(n, µ2) + O

#
1

Q2

$

;

f (n) =
! 1

0
dx dxn! 1f (x);

d f a/A(n, µ2)
d ln µ2

=
"

b

#ab

%
n, " (µ2)

&
f b/A(n, µ2) ;

µ2 = Q2;

Va = qa " øqa , f 1 = qs(n, Q2) =
"

a

(qa + øqa), f 2 = G(n, Q2);

dV↵(n, Q2)
d ln Q2

= #NS
qq

%
n, " (Q2)

&
V↵(n, Q2);

df i(n, Q2)
d ln Q2

= #S
ik

%
n, " (Q2)

&
f k(n, G2) , i, k = 1.2

úVA

VA
=

úVN

VN
= #NS

qq

%
n, " (Q2)

&
# VA(n, Q2) = TNS

A (n) áVN (n, Q2)

VA(x, Q2) =
A!

x

TNS
A (y)VN

%x
y

, Q2
&dy

y
$ TA ! VN ;

T = T(x) , VA, VN % 0 # T % 0,
A!

0

TNS
A (y)dy = 1 .

1
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Nuclear structure function:  
deep inelastic scattering  

   
 
 

      
 

! = ! ! PDF
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C
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#
1

Q2
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"

b

#ab
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µ2 = Q2;

Va = qa " øqa , f 1 = qs(n, Q2) =
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a
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=
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qq

%
n, " (Q2)

&
# VA(n, Q2) = TNS
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x

TNS
A (y)VN

%x
y
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TNS
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1

! = ! ! PDF

FA (n,Q2) =
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C
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n�1
A FA (x,Q2)dxA =

"
C↵

#

n,
Q

2

µ2
, " (µ2)

$

f↵/A (n, µ2) + O

#
1
Q2

$

;

f (n) =
! 1

0
dx dx

n�1
f (x);

d fa/A (n, µ2)
d ln µ2

=
"

b

#ab

%
n, " (µ2)

&
fb/A (n, µ2) ;

µ
2 = Q

2;

Va = qa " øqa , f1 = q
s(n,Q2) =

"

a
(qa + øqa), f2 = G(n,Q2);

dV↵(n,Q2)
d ln Q2

= #NS
qq

%
n, " (Q2)

&
V↵(n,Q2);

dfi (n,Q2)
d ln Q2

= #S
ik

%
n, " (Q2)

&
fk(n,G2) , i, k = 1 .2

úVA

VA
=

úVN

VN
= #NS

qq

%
n, " (Q2)

&
# VA (n,Q2) = T

NS
A (n) · VN (n,Q2)

VA (x,Q2) =
A!

x

T
NS
A (y)VN

%x

y
,Q

2
&dy

y
$ TA ! VN ;

T = T (x) , VA , VN % 0 # T % 0 ,
A!

0

T
NS
A (y)dy = 1 .

1
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1!

C

x
n�1
A FA(x,Q2)dxA =

"
C!

#

n,
Q

2

µ2
, " (µ2)

$
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#
1
Q2

$

;

f (n) =
! 1

0
dx dx

n�1
f (x);

d fa/A(n, µ2)
d ln µ2

=
"

b

#ab

%
n, " (µ2)

&
fb/A(n, µ2) ;

µ
2 = Q

2;

Va = qa � øqa , f1 = q
s(n,Q2) =

"

a

(qa + øqa), f2 = G(n,Q2);

dV! (n,Q2)
d ln Q2

= #NS
qq

%
n, " (Q2)

&
V! (n,Q2);

dfi(n,Q2)
d ln Q2

= #S
ik

%
n, " (Q2)

&
fk(n,G2) , i, k = 1 .2

úVA

VA
=

úVN

VN
= #NS

qq

%
n, " (Q2)

&
) VA(n,Q2) = T

NS
A (n) áVN (n,Q2)

VA(x,Q2) =
A!

x

T
NS
A (y)VN

%x

y
,Q

2
&dy

y
⌘ TA ⌦ VN ;

T = T (x) , VA, VN  0 ) T  0 ,
A!

0
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Nuclear structure functions:  
GLAPD-evolution (RG-evolution) for NonSinglet    

   
 
 

      
 

�H = ö�H ! PDF

f (z) " g ! h "
1!

0

1!

0

dydx�(z # xy) g(y)h(x) =
1!

z

dy g(y) áh
" z

y

#

FA(n, Q2) =
1!

C

xn! 1
A

FA(x, Q2)dxA =
$

C!

%

n,
Q2

µ2
,↵(µ2)

&

f ! /A(n, µ2) + O

%
1

Q2

&

;

f (n) =
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d f a/A(n, µ2)
d ln µ2

=
$

b

�ab

"
n, ↵(µ2)

#
f b/A(n, µ2) ;

µ2 = Q2;

Va = qa # øqa , f 1 = qS(n, Q2) =
$

(qa + øqa), f 2 = G(n, Q2);

dV! (n, Q2)
d ln Q2

= �
NS

qq
(n, ↵(Q2))V! (n, Q2);

df i(n, Q2)
d ln Q2

= �
S

ik
(n, ↵(Q2))f k(n, Q2) , i, k = 1, 2

úVA

VA

=
úVN

VN

= �
NS

qq

"
n, ↵(Q2)

#
$ VA(n, Q2) = TNS

A
(n) áVN (n, Q2)

VA(x, Q2) =
A!

x

TNS

A
(y)VN

" x
y

, Q2
# dy

y
" TNS

A
! VN ;

T = T(x) , VA, VN % 0 $ T % 0,
A!

0

TNS

A
(y)dy = 1 .

1
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Nuclear structure functions:  
GLAPD-evolution (RG-evolution) for Singlet   

   
 
 

      
 

S(n,Q2) = Kqq(n) S(n,Q2) + Kqg(n) G(n,Q2) ;

SN (n,G2)
GN (n,Q2)

=
!
1 ! Kqq(n)

" ! 1
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GA (n,Q2)

T
+ = T

! " T
S
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#
$%

$&
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S
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S
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$$$$$$%

$$$$$$&
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2
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EMC-ratio: ÓnucleonÓ distributions
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the nonrelativistic constituentquark model with parametersfitted to reproducethe nucleon form
factor). An observationof a much larger value of p would signal the presenceof large short-range
partonÑpartoncorrelationsin the nucleonwave function.

At presentthereexist severalpiecesof informationabout(p,~,whichare basicallyconsistentwith a
naive estimate(for averagex):

(i) Productionof leadinghadronsin the currentfragmentationregion in the reaction + NÑ+ 1Õ+
+ h2 + X. The EM Collaborationanalysedcorrelationsin the transversemomentumplanebetween

the leading hadronsusing the Lund model. They find that a reasonabledescriptionis reachedfor

(p,) Ñ0.44 GeV/catx Ñ0.1Ñ0.2 [21].This analysisis likely to overestimate(pj sinceit doesnot take
into accountthe QCD broadeningof thep~distributiondue to the gluon radiationin the initial state.

(ii) The p-dependenceof the leadinghadronproductionin the reaction + NÑ~e’ + h + X. The
analyses[22]of this effect leadto (ps) Ñ(0.3Ñ0.4) GeV/c for xÑ0.1Ñ0.2.

(iii) In DrellÑYan pair productionthep~distributionof the  ~ pair is reasonablywell describedby
theQCD calculationswhich takeinto accountthe gluon radiation(theDDT form factor),see,e.g.,ref.
[23].It appearsthat the agreementwould be destroyedif (~~)exceeds0.5GeV/c. Similarly, thep~
distributionof Xe-mesonproductionis reasonablydescribedby the gluon fusion model with the DDT
form factor [24].This can be consideredas an indication that (P5)g also doesnot exceed0.5 GeVIc.

3.7. Nucleareffects.Introduction

At the Paris (Rochester)Conferencein 1982 the EuropeanMuon Collaboration (EMC) first
reportedtheir observationof a differencebetweenthe structurefunctionsF2 of heavy (Fe) andlight
(D) nucleartargetsfor 0.05 x 0.65 (fig. 3.11)[25].The differencebetweentheobservationsand the
expectationsof the conventionalFermi motion calculations[26](see discussionin section5) became
known asthe EMC effect.

I I I I I

1.3 -

4+

_ II

::~ ~‘~‘

Fig.3.11. Ratio ofnucleonstructurefunctionsF~for iron anddeuteriumasmeasuredby theEM Collaborationin 1983 125]. Thesolid curveis the
expectationof the Fermi motionmodels.
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x
C

~Z. • BCDMS Fe/D
—- 1 2 -

- 0 Arnold et al. Fe/D

0 Stein et al. Cu/D

Ii -

+ 4 +

0.8 -

0.7 - (b)

I I I I I I I I
0. 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Bjorken x
Fig. 3.14. (b) Comparisonof high-Q

2 BCDMS data[34] with SLAC data [28,44].

ref. [28]) that the A-dependenceof RA(x, Q2) — 1 is practically the same for all x (fig. 3.18). As a
result, RA(x, Q2) — 1 can be fitted to a factorizedform:

RA(x, Q2) — 1 f(A)q(x, Q2). (3.22)

At x ~ 0.3the essentiallongitudinal distancesz involved in thedeepinelasticscatteringoff nucleiare
much smaller than the averageinternucleondistance in nuclei, z — (0.5Ñ1) Im~x~ 0.7fm (cf. the
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An immediate consequence of Eqs. (3,4) is the equality of average momenta fractions
of gluons and quarks in the nucleus and nucleon

< x G > A

< x G > N
=

< x q > A

< x q > N
(7)

This relation is in good agreement with BCDMS [5] data which are the most precise
nowadays, e.g. < x q > N2 / < x q > D 2 ! 1 = (0.7 ± 1.7 ± 1.0)%. The di! erence of average
momenta for other nuclei is also zero within the error bars (see Table 2 in Ref. [10]).

The relation (7) clearly contradicts the very popular rescaling hypothesis [11] in ex-
planation of the EMC–e! ect. In fact, the passage from nucleon to nucleus in these models
is equivalent to the growth of Q2 for which, according to QCD, < x G > increases and
< x q > decreases3.

In conclusion of this section let us stress once more that QCD evolution equations
just as relation (6) are results of the leading twist approximation. So, the relations (1)
and (3,4) do not include the nuclear screening which is, at least formally, a high–twist
e! ect [12, 13]. Some experimental observation of a significant Q2–dependence of FSn/F C

in the region x < 0.02 was known recently [14].

2. The EMCÐe ! ect. Let us see now what the EMC–e! ect means in the frame of
our approach. Let us assume that the functions TA determine, at least approximately, an
e! ective distribution of nucleons in nucleus and therefore they are mostly concentrated in
the region of ! = 1 (i.e. in the region of zero internal momentum of a nucleon). Expanding
FN ( x

! ) in (1) and (3) around ! = 1, it is easy to obtain for not very large x
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where < á á á> means integration over interval 0 < ! < A . If one accept that FN #
(1 ! x)k and k " 3, then x-dependence of the second and the third terms are the factors
! k[x/ (1 ! x)] and k[x/ (1 ! x)]á[(k ! 1)x/ (1 ! x) ! 2] respectively. In the region of x $ 0.5
the second term is close to zero and to obtain the depletion of R from unity in this region
discovered by EMC one should have
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for the ratio R3 of the structure functions of xF3.
In addition, in the region x $ 0.5 the sea quarks are practically absent: therefore one

can expect here R3 " R2 and

"A " " A (more exactly 2
3" A ) (11)

The relations (9) and (10), mean that the number of ”e! ective nucleons” in a nucleus
has to be larger than A, and the valence nucleons have to carry only a part of the total

3Another criticism of the hypothesis from QCD point of view can be found in Ref. [8].
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nucleus momentum. In other words, the EMCÐe! ect is the result of a repumping of a part
of momentum from valence quarks to sea quarks in the nucleus in comparison with free
nucleon.

Notice, that the shock produced by the discovery of EMC was due to the prejudice
that a nucleus is made ofA nucleons and so the condition" A = 0 has to be imposed
on the distribution TS, which unavoidably results inR2(x ! 0.5) = 1, independent of
the form of TS. In this sense, the di! erence betweenTS and TNS (necessary to explain
the EMCÐe! ect) leads to the irreducibility of the nuclear quark structure to the quark
structure of free nucleons.

In spite of generality, this approach allows one to draw a number of interesting con-
clusions:

i) It immediately follows from (9) that the ratio 4

R2(x " 0) =
∫ A

0
d! TS

A (! ) = 1 + " A > 1 (12)

The most accurate measurement of BCDMS [5] shows a small! 5% but deÞnite excess
of the ratio over 1 in the region of smallx, i.e. the same value as the loss of momenta
of the valence nucleons"A . This means a small number of particles of the non-nucleon
component which have to beheavy enough to supply the 5% repumping of the momentum
(e.g. #-mesons,N Ñ Ðpairs or pions far o! the mass shell).

ii) In addition to the internucleon sea there is a small,! " A , but hard enough Ócol-
lective seaÓ of quarkÐantiquark pairs in nuclei.

Using (1) and (3) it is easy to obtain for the sea
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where the Þrst term comes from the internucleon sea, which rapidly decreases with in-
creasingx, and the second term comes from a Ócollective seaÓ,O′

A , which is hard since
its center of gravity is

! O! =
< ! (TS

A $ TNS
A ) >

< T S
A $ TNS

A >
=

"A

" A
! 1 (14)

For pions on the mass shell this number ism! /m N ! 1/ 7. That is the reason why the
repumping of the momentum into the pions [15] gives no satisfactory description of the
data in the region of smallx (too many pions are needed to supply the 5% repumping).

iii) The place of intersectionR2(x0) = 1 does not depend on the sort of nucleus and is
at x0 ! 0.3. Really, if there are no screening and light particles in nuclei, TS

A (! ) has to
be smooth enough in the region of smallx. Using then the Þrst two terms of (8) forR2

it is easy to Þnd
x0

1 $ x0
"

1
3

(

1 $
∫ x0

0 d! ! TS
A (! )

∫ x0
0 d! TS

A (! )

)−1

The ratio of integrals in the r.h.s. is in the interval [0, x0] and thus 0.25 < x 0 < 1/ 3. This
feature of the ratioR2 has been well conÞrmed experimentally [16] withx0 = 0.278± 0.010.

4Recall that the screening phenomena are disregarded here
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standard error. This error agreed very well with!rstat, which
supports the hypothesis that variations inr within a bin are
purely statistical. Systematic bias was also studied using a cut
for Q2 > 2 GeV2, which in the region of comparison showed
no signiÞcant deviation from the data that include lowerQ2

values.
Overall systematic uncertainties were estimated by varying

the models forF p
2 /F d

2 and the kinematic cuts. The model
dependence was explored using the published CB Þts and
two later improvements applied to kinematic case 1 using the
5-GeV data. The kinematic dependence was explored using
kinematic cases 1Ð4 for the 5-GeV data and case 1 for the
4-GeV data. In order to separate the overall normalization
uncertainty from other systematic uncertainties, we Þt the
EMC slope in the range 0.35 < x < 0.7 and rescaled the
data such that the linear Þt intersected unity atx = 0.31. This
value was obtained from a global analysis of the EMC effect
in all nuclei [13]. The scaling factors ranged from 0.99 to
1.01 for the different cases. The average variation inRd

EMC(x)
at Þxedx for the different cases, the 1% scale uncertainty,
and the BONuS systematic uncertainty!Rsys

EMC were added
in quadrature to yield!Rsys

tot , which is listed in TableI and
shown as the blue band in Fig.2. The systematic uncertainties
of the BONuS data themselves dominate at largex, whereas
the model uncertainties of the global Þts dominate at lowx
(highW). The mid-x region is dominated by the normalization
uncertainty. For case 2 withx > 0.4, Rd

EMC tends to be higher
than for case 1. This arises in a region of signiÞcantly lower
statistics on account of the higher-W cut and fewer kinematic
points available for resonance averaging. Although the slope
dRd

EMC/dx in this case is consistent with zero, we Þnd this
result unstable to small changes in kinematics. Case 2 at high
x Þgures into the systematic errors on our quotedRd

EMC values,
however.

Since the data span a large and relatively lowQ2 range
starting at 1 GeV2, one needs to worry about whetherRd

EMC is

TABLE I. EMC results for the deuteron. The columns correspond
to the number of kinematic points, averagex andQ2, the EMC ratio,
the statistical and systematic errors from the BONuS data, and the
total systematic error including modeling ofF p

2 /F d
2 .

⟨Q2⟩
N ⟨x⟩ (GeV2) Rd

EMC !Rstat
EMC !Rsys

EMC !Rsys
tot

28 0.177 1.09 0.995 0.003 0.002 0.015
55 0.224 1.24 0.991 0.003 0.003 0.010
65 0.273 1.39 0.997 0.003 0.003 0.007
71 0.323 1.50 0.994 0.003 0.004 0.007
70 0.373 1.63 1.000 0.003 0.005 0.007
70 0.422 1.71 0.992 0.003 0.007 0.009
71 0.472 1.85 0.983 0.004 0.009 0.009
56 0.523 2.01 0.967 0.004 0.011 0.012
47 0.572 2.30 0.994 0.006 0.013 0.014
41 0.619 2.54 0.974 0.007 0.017 0.017
26 0.670 2.97 0.984 0.011 0.020 0.021
21 0.719 3.39 1.019 0.019 0.023 0.025
11 0.767 4.03 1.075 0.041 0.024 0.029
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FIG. 2. (Color online) The deuteron EMC ratioRd
EMC = F d

2 /
(F n

2 + F p
2 ) as extracted from the BONuS data. Total systematic

uncertainties are shown as a band arbitrarily positioned at 0.91 (blue).
The yellow band shows the CJ12 [49] limits expected from their
nuclear models. The black points are the combined 4- and 5-GeV
data, whereas the red points are the 4-GeV data alone. The dashed
blue line shows the calculations of Ref. [36]. The solid line (black) is
the Þt to the black points for 0.35 < x < 0.7.

simply an artifact of structure function evolution. To study this
we looked at the contents of eachx bin separately. Figure1
shows that eachx bin covers a wide enoughQ2 range to study
Q2 variations within that bin. For this study each data point
was converted intoRd

EMC as described above, and instead of
averaging, all values were Þt to a straight line versusQ2.
Fitting to a constant slope yieldsdRd

EMC/dQ 2 = 0.0037(45),
which is consistent with no observableQ2 variation.

Although the BONuSF2 data were extracted assuming that
the longitudinal-to-transverse cross section ratioR cancels in
the neutron-to-deuteron ratios, the associated uncertainty is
included in the published results. Some nuclear dependence to
R could, however, slightly modify our EMC results [48].

IV. RESULTS

Our Þnal result uses the new self-consistent convolution
model [44] for F p

2 /F d
2 , which was used to determine the

absolute normalization of the Þnal published BONuSF n
2 /F d

2
data [42]. It provides an excellent representation ofF2 for our
kinematics. Our result uses the combined 5.26- and 4.22-GeV
data with cutsQ2 > 1 GeV2 andW > 1.4 GeV. A linear Þt for
0.35 < x < 0.7 yieldsdRd

EMC/dx = − 0.10± 0.05 where the
uncertainty comes from theχ2 Þt. Figure2 shows these results
together with comparisons to various models. Forx < 0.5
the EMC ratiosRd

EMC agree within uncertainties with those
obtained using more stringent cuts inW. The ratio forx > 0.5
continues the trend of the lower-x data, with a hint of the
expected rise abovex = 0.7 as seen inRA

EMC for heavier nuclei,
but these high-x values are more uncertain because there are
fewer data points for resonance averaging. The black circles
are the combined results for 4 and 5 GeV, which are clearly
dominated by the 5-GeV data. The 4-GeV data by themselves
(red triangles) are consistent with the combined data set. The
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two points between x = 0.5 and 0.6 seem to be off the trend,
one being high and the other low. Because this is consistent
for the two beam energies, we suspect that there is a slight
mismatch between the model form factors and the data in this
region.

Table I gives our numerical results, in which N is the
number of F n

2 /F d
2 points contributing to a bin with average

kinematic values ⟨x⟩ and ⟨Q2⟩. Here ! Rstat
EMC and ! Rsys

EMC
are the statistical and systematic uncertainties that come
from the BONuS data themselves, and ! Rsys

tot is the total
systematic uncertainty that includes ! Rsys

EMC plus the modeling
and normalization uncertainties in F p

2 /F d
2 .

The current results can be compared to the SLAC model-
dependent extraction from Ref. [7]. Here Rd

EMC was esti-
mated assuming the hypothesis of Ref. [50] that 1 + REMC
is proportional to the nucleon density. The SLAC slope
dRd

EMC/dx = − 0.098 ± 0.005 is similar to our own, but its
quoted uncertainty takes no account of the model dependence.
The assumption of density dependence gives consistent results
with our measurements for the deuteron. Semi-empirical
models like that of Ref. [36] (blue dashed curve in Fig. 2),
which include Fermi motion, binding, and off-shell effects,
are able to describe the shape of Rd

EMC quite well. Our data are
also consistent with the CJ12 [49] band in yellow.

We have explored whether the Nachtmann variable
" = 2x/ (1 +

√
1 + 4M 2x2/Q 2) (with M the nucleon mass)

would be better suited than x to represent Rd
EMC, since our data

are at relatively low Q2. The authors of Refs. [8,47] too have
addressed this question. They and we prefer x, which has been
the common variable of discourse and calculation. Our EMC
ratios are determined using data and model at precisely the
same values of W and Q2. Therefore, plotting versus " merely
redistributes the EMC points along the x axis. Generally, " is
smaller than x. Consequently, more of the high-x resonances
in the data set now contribute to the EMC slope. Thus, using
" to reduce the effect of resonances actually increases their
influence. A fit over the rescaled interval [0.35,0.65] yields
dRd

EMC/d " = − 0.08 ± 0.06. The slope is slightly smaller and
the uncertainty slightly larger than when we plot versus x.
Resonance states above x = 0.7 drive the slope to slightly
smaller values than the fit versus x.

The analysis of Ref. [13] finds a linear relationship
of the EMC slopes dRA

EMC/dx versus the relative short-
range correlation probability R2N (A/d ) in a nucleus A with
respect to the deuteron. From that analysis the authors
conclude that the deuteron EMC slope should be dRd

EMC/dx =
− 0.079 ± 0.006. This value is somewhat smaller than our
result of − 0.10 ± 0.05 but is consistent within 1# . A more
recent analysis along these same lines brackets the slope
between − 0.079 and − 0.106 [19], and suggests that the
uncertainties of Ref. [13] are underestimated.

V. Rd
EMC AND SHORT-RANGE CORRELATIONS

We are able to use our results to estimate the in-medium
correction RA

IMC = 2F A
2 /A (F n

2 + F p
2 ) with slope dRA

IMC/dx ,
for which the normalizing factor is the isoscalar free nucleon.
We write RA

EMC = 1 + (dRA
EMC/dx )(x0 − x) assuming that all

nuclei have ratios of unity at x0 = 0.31 ± 0.04, as found
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FIG. 3. (Color online) EMC slopes per isoscalar nucleon,
− dRA

IMC/dx , vs the relative probability with respect to the
deuteron of short-range correlations, R2N (A/d ). Fits assume that
(dRA

IMC/dx )/ (R2N (A/d )) is constant. The red points are from
Ref. [13]. The blue points are from Ref. [20] and are corrected
for isospin and for x normalized to a maximum of x = A. Their
uncertainties are the same as for the red points.

in Ref. [13]. The nuclear EMC ratio RA
EMC can be multiplied

by the deuteron EMC ratio Rd
EMC to obtain RA

IMC. Hence, to
good approximation, dRA

IMC/dx = dRA
EMC/dx + dRd

EMC/dx .
Figure 3 shows the results. The data are consistent with the
ansatz that dRA

IMC/dx is directly proportional to R2N (A/d ),
the short-range correlation probability, with a proportionality
constant 0.105 ± 0.004 ($ 2/ DOF = 1.22). This effect persists
for the isospin and nuclear-x-corrected data from Ref. [20]
(blue points), which have the same uncertainties as the red
points. The linear relationship between short-range correla-
tions and EMC slopes, with the shift for the deuteron EMC
effect, is now consistent with an intercept of zero, and the
relationship becomes a straight proportion described by a
single free parameter.

VI. SYNOPSIS

In summary, we find an EMC-like slope in the ratio of
deuteron to free nucleon structure functions, using the BONuS
data (which are partially in the nucleon resonance region above
the ! resonance). This slope is consistent with conventional
nuclear physics models that include off-shell corrections,
as well as with short-range-correlation models of the EMC
effect. This first, direct measurement of the magnitude of the
EMC effect in deuterium demonstrates that the new BONuS
experiment at 11 GeV using CLAS12, with its better precision,
larger average Q2, and deep-inelastic kinematics, will be able
to determine Rd

EMC with good accuracy.
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EMC effect: momentum Òre-pumpingÓ: 
from valence to sea quarks 
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= mA/(1 + 2 A ) ~  mA,  (17) 

1 e , the depletion R(0 5) - I ~ 0 1 for Fe corre- 
sponds to g ~ 23 MeV which agrees with standard nu- 
clear physics 

In order to obtain a more detailed behawour of 
R z ( a  ) we have assumed for T S a sImpldst form of 
"shifted" Fermi step functmn 

rS03) = (4/3130) (m/kv)3 

X (kvlm) 2 - 030 - 13)2 

X 0  

for 1130 - 131 < kF/m, 

otherwise, (18) 

where 30 [or ~ due to (16) and (17)] and kF/m are 
considered as parameters to be determined from the 
data Fag 2a demonstrates the degree of  agreement 
with the NA4 data [12] for the ratio R(N2/D2) sup- 
plemented by the SLAC data [15] for R(C12/D2) 
with x > 0 65 Fig 2b demonstrates the same for the 
ratio R(Fe/D) The behaviour in the region x < 0 2 
can be considered as the prediction Fig 3 presents 
the A-dependence of  the parameters for the whole set 
of  nuclei measured at SLAC (Due to a possable cor- 
rection of  SLAC data for small x due to the A-depen- 
dence of  the OL/O T ratio only the points with x > 0 3 
were included into the fit ) One can see a shght A- 
dependence of  both parameters and an indication on 

12 

11 

I0 

09 

I't2/0 2 
x2/N= 8 52/12 [a) g / m =  0021-+0 002 

Y,F/m= 0 231"-.0 01t, 

8:1"~" Fe/O xZ/N= 10 51/11 T /m=  0 022±0 002 ] / 

0 

11 - (b )  KF= 0 2 2 / + + _ 0 0 1 0  ]/ ) ,  

~o 02 " * - - 4 _ o U  o6 o4 v ~ < 

oe 

Fig 2 Fat of NA4 (e)-SLAC (A) data for (a) the ratm 
R(N2/D2) and (b) R(Fe/D) by expressions (9) and (18) 

~ -  i I i I ii I 

,003 
KFIm c'/m 

-05 

-0 4 0 02 ..4F" 

-03 ~i ~ "  
t 

-02 

-01 
He Be [ N AL Ca Fe Ag Au 

i ~ ~ J J ~ l ~ J  ~ J I J i l l J J  I 

2 5 I0 50 100 200 

t 

f /  
- "  Ö 

/ 

01 i . . / ' "  

Fig 3 The A -dependence of the parameters 7/m (e) and 
kF/m (-) obtained from SLAC and NA4 (A = 14, 56) data 

a somewhat higher value of  g for even-even nuclm 
Notice also the good coincidence of  the parameters 
for the iron data of  SLAC and NA4 and a higher val- 
ue of  ~ for nitrogen The latter could be a consequence 
of  a small, ~ 1-2% systematic shift of  the data The 
results of  the calculation of  the Fe/D ratio for the sea 
quarks, and the gluons, and the corresponding data 
of  the CDHS [11] and of  the EMC [16] collabora- 
tions are presented in fig 4 A disagreement with 
EMC data for the gluons does not bother us very much 
because it seems difficult to agree with such a big ex- 
cess of  gluons m the nucleus wath a decrease of  the 
gluon average momentum resulting from (7) 

(4) In this way we have shown that none of the 
popular models of  the EMC effect gives an accept- 
able explanation of  the EMC and the NA4 data From 
the other side we have demonstrated that the whole 
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Nuclear structure functions at large X:  
multiquark  fluctons     

   
 
 

      
 

 
A.Efremov , A. Kaidalov , VK, G.Lykasov , N.Slavin  - EKKLS (1988) 
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Nuclear structure function at X > 1    
   
 
 
      
 

 
JLAB CLAS Coll., K. Egiyan  (06)

would demonstrate the presence of 3-nucleon (3N) SRC
and conÞrm the previous observation ofNN SRC.

Note that: (i) Refs. [5,6] argue that the c.m. motion of the
NN SRC may change the value ofa2 (by up to 20% for
56Fe) but not the scaling atxB < 2. For 3N SRC there are
no estimates of the effects of c.m. motion. (ii) Final state
interactions (FSI) are dominated by the interaction of the
struck nucleon with the other nucleons in the SRC [7,8].
Hence the FSI can modify! j , while such modiÞcation of
aj !A" are small since thepp , pn, andnn cross sections at
Q2 > 1 GeV2 are similar in magnitudes.

In our previous work [6] we showed that the ratios
R!A;3He" # 3! A!Q2;xB"

A! 3He!Q
2;xB" scale for1:5 < x B < 2 and 1:4 <

Q2 < 2:6 GeV2, conÞrming Þndings in Ref. [7]. Here we
repeat our previous measurement with higher statistics
which allows us to estimate the absolute per-nucleon prob-
abilities ofNN SRC.

We also search for the even more elusive3N SRC,
correlations which originate from both short-rangeNN
interactions and three-nucleon forces, using the ratio
R!A;3He" at 2 < x B $ 3.

Two sets of measurements were performed at the
Thomas Jefferson National Accelerator Facility in 1999
and 2002. The 1999 measurements used 4.461 GeV elec-
trons incident on liquid3He, 4Heand solid12C targets. The
2002 measurements used 4.471 GeVelectrons incident on a
solid 56Fe target and 4.703 GeV electrons incident on a
liquid 3He target.

Scattered electrons were detected in the CLAS spec-
trometer [9]. The lead-scintillator electromagnetic calo-
rimeter provided the electron trigger and was used to
identify electrons in the analysis. Vertex cuts were used
to eliminate the target walls. The estimated remaining
contribution from the two Al15 " m target cell windows
is less than 0.1%. Software Þducial cuts were used to
exclude regions of nonuniform detector response. Kine-
matic corrections were applied to compensate for drift
chamber misalignments and magnetic Þeld uncertainties.

We used theGEANT-based CLAS simulation, GSIM, to
determine the electron acceptance correction factors, tak-
ing into account ÔÔbadÕÕ or ÔÔdeadÕÕ hardware channels in
various components of CLAS. The measured acceptance-
corrected, normalized inclusive electron yields on3He,
4He, 12C, and 56Fe at 1 < x B < 2 agree with SargsianÕs
radiated cross sections [10] that were tuned on SLAC data
[11] and describe reasonably well the Jefferson Lab Hall C
[12] data.

We constructed the ratios of inclusive cross sections as a
function of Q2 and xB, with corrections for the CLAS
acceptance and for the elementary electron-nucleon cross
sections:

r !A;3He" #
A!2! ep % ! en"

3!Z! ep % N! en"
3Y !A"

AY !3He"
RA

rad; (2)

whereZ andN are the number of protons and neutrons in
nucleusA, ! eN is the electron-nucleon cross section,Y is
the normalized yield in a given (Q2; xB) bin, andRA

rad is the
ratio of the radiative correction factors for3Heand nucleus
A [see Ref. [8] ]. In ourQ2 range, the elementary cross
section correction factorA!2! ep%! en"

3!Z! ep%N! en" is 1:14& 0:02 for C

and4He and1:18& 0:02 for 56Fe. Note that the3He yield
in Eq. (2) is also corrected for the beam energy difference
by the difference in the Mott cross sections. The corrected
3Hecross sections at the two energies agree within$ 3:5%
[8].

We calculated the radiative correction factors for the
reaction A!e; e0" at xB < 2 using SargsianÕs upgraded
code of Ref. [13] and the formalism of Mo and Tsai [14].
These factors change 10%Ð15% withxB for 1 < x B < 2.
However, their ratios,RA

rad, for 3He to the other nuclei are
almost constant (within 2%Ð3%) forxB > 1:4. We applied
RA

rad in Eq. (2) event by event for0:8 < x B < 2. Since there
are no theoretical cross section calculations atxB > 2, we
applied the value ofRA

rad averaged over1:4 < x B < 2 to the
entire2 < x B < 3 range. Since thexB dependence ofRA

rad
for 4He and12C are very small, this should not affect the
ratio r of Eq. (2). For56Fe, due to the observed small slope
of RA

rad with xB, r !A;3He" can increase up to 4% atxB #
2:55. This was included in the systematic errors.

Figure 1 shows the resulting ratios integrated over1:4 <
Q2 < 2:6 GeV2. These cross section ratios (a) scale ini-
tially for 1:5 < x B < 2, which indicates thatNN SRCs
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r(
4 H

e/
3 H
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FIG. 1. Weighted cross section ratios [see Eq. (2)] of (a)4He,
(b) 12C, and (c) 56Fe to 3He as a function ofxB for Q2 >
1:4 GeV2. The horizontal dashed lines indicate theNN (1:5 <
xB < 2) and3N (xB > 2:25) scaling regions.

PRL 96, 082501 (2006) P H Y S I C A L R E V I E W L E T T E R S week ending
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JLAB E02-019 (2012), <Q2> = 2.9 GeV 2 

JLAB CLAS (2006) Ð no IS corrections, <Q2> = 1.6 GeV 2
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Cold Dense Baryon Matter: 2-nucleon correlations   

   
   
 

 
JLAB: np -pair dominance in NN-correlations in C 12  - Pb 207 

R.Subedi  et al. (2008,2014)

These kinematic settings covered (e,e'p) missing
momenta, which is the momentum of the
undetected particles, in the range from 300 to
600 MeV/c, with overlap between the different
settings. For highly correlated pairs, the missing
momentum of the (e,e'p) reaction is balanced
almost entirely by a single recoiling nucleon,
whereas for a typical uncorrelated (e,e'p) event,
the missing momentum is balanced by the sum of
many recoiling nucleons. In a partonic picture,xB

is the fraction of the nucleon momentum carried
by the struck quark. Hence, whenxB > 1, the
struck quark has more momentum than the entire
nucleon, which points to nucleon correlation. To
detect correlated recoiling protons, a large
acceptance spectrometer (ÒBigBiteÓ) was placed
at an angle of 99¡ to the beam direction and 1.1
m from the target. To detect correlated recoiling
neutrons, a neutron array was placed directly
behind the BigBite spectrometer at a distance of 6
m from the target. Details of these custom proton
and neutron detectors can be found in the
supporting online material (16).

The electronics for the experiment were set
up so that for every12C(e,e'p) event in the HRS
spectrometers, we read out the BigBite and
neutron-detector electronics; thus, we could deter-
mine the12C(e,e'pp)/12C(e,e'p) and the12C(e,e'pn)/
12C(e,e'p) ratios. For the12C(e,e'pp)/12C(e,e'p)
ratio, we found that 9.5 ± 2% of the (e,e'p) events
had an associated recoiling proton, as reported in
(12). Taking into account the finite acceptance of
the neutron detector [using the same procedure
as with the proton detector (12)] and the neutron
detection efficency, we found that 96 ± 22% of
the (e,e'p) events with a missing momentum above
300 MeV/c had a recoiling neutron. This result
agrees with a hadron beam measurement of
(p,2pn)/(p,2p), in which 92 ± 18% of the (p,2p)
events with a missing momentum above the Fermi

momentum of 275 MeV/c were found to have a
singlerecoilingneutroncarrying themomentum(11).

Because we collected the recoiling proton
12C(e,e'pp) and neutron12C(e,e'pn) data simulta-
neously with detection systems covering nearly
identical solid angles, we could also directly
determine the ratio of12C(e,e'pn)/12C(e,e'pp). In
this scheme, many of the systematic factors
needed to compare the rates of the12C(e,e'pn)
and12C(e,e'pp) reactions canceled out. Correct-
ing only for detector efficiencies, we determined
that this ratio was 8.1 ± 2.2. To estimate the effect
of final-state interactions (that is, reactions that
happen after the initial scattering), we assumed
that the attenuations of the recoiling protons and
neutrons were almost equal. In this case, the only
correction related to final-state interactions of the
measured12C(e,e'pn)/12C(e,e'pp) ratio is due to a
single-charge exchange. Because the measured
(e,e'pn) rate is about an order of magnitude larger
than the (e,e'pp) rate, (e,e'pn) reactions followed
by a single-charge exchange [and hence detected
as (e,e'pp)] dominated and reduced the measured
12C(e,e'pn)/12C(e,e'pp) ratio. Using the Glauber
approximation (17), we estimated that this effect
was 11%. Taking this into account, the corrected
experimental ratio for12C(e,e'pn)/12C(e,e'pp) was
9.0 ± 2.5.

To deduce the ratio of p-n to p-p SRC pairs in
the ground state of12C, we used the measured
12C(e,e'pn)/12C(e,e'pp) ratio. Because we used
(e,e'p) events to search for SRC nucleon pairs, the
probability of detecting p-p pairs was twice that
of p-n pairs; thus, we conclude that the ratio of
p-n/p-p pairs in the12C ground state is 18 ± 5
(Fig. 2). To get a comprehensive picture of the
structure of12C, we combined the pair faction
results with the inclusive12C(e,e') measurements
(4, 5, 14) and found that approximately 20% of
the nucleons in12C form SRC pairs, consistent

with the depletion seen in the spectroscopy ex-
periments (1, 2). As shown in Fig. 3, the com-
bined results indicate that 80% of the nucleons in
the 12C nucleus acted independently or as de-
scribed within the shell model, whereas for the
20% of correlated pairs, 90 ± 10% were in the
form of p-n SRC pairs; 5 ± 1.5% were in the form
of p-p SRC pairs; and, by isospin symmetry, we
inferred that 5 ± 1.5% were in the form of SRC
n-n pairs. The dominance of the p-n over p-p
SRC pairs is a clear consequence of the nucleon-
nucleon tensor force. Calculations of this effect
(18,19) indicate that it is robust and does not depend
on the exact parameterization of the nucleon-
nucleon force, the type of the nucleus, or the
exact ground-state wave function used to de-
scribe the nucleons.

If neutron stars consisted only of neutrons, the
relatively weak n-n short-range interaction would
mean that they could be reasonably well approxi-
mated as an ideal Fermi gas, with only perturba-
tive corrections. However, theoretical analysis of
neutrino cooling data indicates that neutron stars
contain about 5 to 10% protons and electrons in
the first central layers (20Ð22). The strong p-n
short-range interaction reported here suggests
that momentum distribution for the protons and
neutrons in neutron stars will be substantially
different from that characteristic of an ideal Fermi
gas. A theoretical calculation that takes into
account the p-n correlation effect at relevant
neutron star densities and realistic proton concen-
tration shows the correlation effect on the mo-
mentum distribution of the protons and the
neutrons (23). We therefore speculate that the
small concentration of protons inside neutron
stars might have a disproportionately large effect
that needs to be addressed in realistic descriptions
of neutron stars.
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These kinematic settings covered (e,e'p) missing
momenta, which is the momentum of the
undetected particles, in the range from 300 to
600 MeV/c, with overlap between the different
settings. For highly correlated pairs, the missing
momentum of the (e,e'p) reaction is balanced
almost entirely by a single recoiling nucleon,
whereas for a typical uncorrelated (e,e'p) event,
the missing momentum is balanced by the sum of
many recoiling nucleons. In a partonic picture,xB

is the fraction of the nucleon momentum carried
by the struck quark. Hence, whenxB > 1, the
struck quark has more momentum than the entire
nucleon, which points to nucleon correlation. To
detect correlated recoiling protons, a large
acceptance spectrometer (ÒBigBiteÓ) was placed
at an angle of 99¡ to the beam direction and 1.1
m from the target. To detect correlated recoiling
neutrons, a neutron array was placed directly
behind the BigBite spectrometer at a distance of 6
m from the target. Details of these custom proton
and neutron detectors can be found in the
supporting online material (16).

The electronics for the experiment were set
up so that for every12C(e,e'p) event in the HRS
spectrometers, we read out the BigBite and
neutron-detector electronics; thus, we could deter-
mine the12C(e,e'pp)/12C(e,e'p) and the12C(e,e'pn)/
12C(e,e'p) ratios. For the12C(e,e'pp)/12C(e,e'p)
ratio, we found that 9.5 ± 2% of the (e,e'p) events
had an associated recoiling proton, as reported in
(12). Taking into account the finite acceptance of
the neutron detector [using the same procedure
as with the proton detector (12)] and the neutron
detection efficency, we found that 96 ± 22% of
the (e,e'p) events with a missing momentum above
300 MeV/c had a recoiling neutron. This result
agrees with a hadron beam measurement of
(p,2pn)/(p,2p), in which 92 ± 18% of the (p,2p)
events with a missing momentum above the Fermi

momentum of 275 MeV/c were found to have a
singlerecoilingneutroncarrying themomentum(11).

Because we collected the recoiling proton
12C(e,e'pp) and neutron12C(e,e'pn) data simulta-
neously with detection systems covering nearly
identical solid angles, we could also directly
determine the ratio of12C(e,e'pn)/12C(e,e'pp). In
this scheme, many of the systematic factors
needed to compare the rates of the12C(e,e'pn)
and12C(e,e'pp) reactions canceled out. Correct-
ing only for detector efficiencies, we determined
that this ratio was 8.1 ± 2.2. To estimate the effect
of final-state interactions (that is, reactions that
happen after the initial scattering), we assumed
that the attenuations of the recoiling protons and
neutrons were almost equal. In this case, the only
correction related to final-state interactions of the
measured12C(e,e'pn)/12C(e,e'pp) ratio is due to a
single-charge exchange. Because the measured
(e,e'pn) rate is about an order of magnitude larger
than the (e,e'pp) rate, (e,e'pn) reactions followed
by a single-charge exchange [and hence detected
as (e,e'pp)] dominated and reduced the measured
12C(e,e'pn)/12C(e,e'pp) ratio. Using the Glauber
approximation (17), we estimated that this effect
was 11%. Taking this into account, the corrected
experimental ratio for12C(e,e'pn)/12C(e,e'pp) was
9.0 ± 2.5.

To deduce the ratio of p-n to p-p SRC pairs in
the ground state of12C, we used the measured
12C(e,e'pn)/12C(e,e'pp) ratio. Because we used
(e,e'p) events to search for SRC nucleon pairs, the
probability of detecting p-p pairs was twice that
of p-n pairs; thus, we conclude that the ratio of
p-n/p-p pairs in the12C ground state is 18 ± 5
(Fig. 2). To get a comprehensive picture of the
structure of12C, we combined the pair faction
results with the inclusive12C(e,e') measurements
(4, 5, 14) and found that approximately 20% of
the nucleons in12C form SRC pairs, consistent

with the depletion seen in the spectroscopy ex-
periments (1, 2). As shown in Fig. 3, the com-
bined results indicate that 80% of the nucleons in
the 12C nucleus acted independently or as de-
scribed within the shell model, whereas for the
20% of correlated pairs, 90 ± 10% were in the
form of p-n SRC pairs; 5 ± 1.5% were in the form
of p-p SRC pairs; and, by isospin symmetry, we
inferred that 5 ± 1.5% were in the form of SRC
n-n pairs. The dominance of the p-n over p-p
SRC pairs is a clear consequence of the nucleon-
nucleon tensor force. Calculations of this effect
(18,19) indicate that it is robust and does not depend
on the exact parameterization of the nucleon-
nucleon force, the type of the nucleus, or the
exact ground-state wave function used to de-
scribe the nucleons.

If neutron stars consisted only of neutrons, the
relatively weak n-n short-range interaction would
mean that they could be reasonably well approxi-
mated as an ideal Fermi gas, with only perturba-
tive corrections. However, theoretical analysis of
neutrino cooling data indicates that neutron stars
contain about 5 to 10% protons and electrons in
the first central layers (20Ð22). The strong p-n
short-range interaction reported here suggests
that momentum distribution for the protons and
neutrons in neutron stars will be substantially
different from that characteristic of an ideal Fermi
gas. A theoretical calculation that takes into
account the p-n correlation effect at relevant
neutron star densities and realistic proton concen-
tration shows the correlation effect on the mo-
mentum distribution of the protons and the
neutrons (23). We therefore speculate that the
small concentration of protons inside neutron
stars might have a disproportionately large effect
that needs to be addressed in realistic descriptions
of neutron stars.
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Fig. 2. The fractions of correlated pair combinations in carbon as obtained from the (e,e'pp) and (e,e'pn)
reactions, as well as from previous (p,2pn) data. The results and references are listed in table S1.

Fig. 3. The average fraction of nucleons in the
various initial-state configurations of12C.
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Cumulative Processes:  
                generic definition: 
  processes beyond one free-nucleon kinematics 
 
 -  fixed nucleus target: backward particle production 
    data: G.Leksin  et al. (57), M.Mescheryakov  et al. (57), B� 
 
 -  nucleus projectile fragmentation:  
    particles with momentum > momentum per nucleon  
    scaling:  A.Baldin  (1971), data: V.Stavinsky  et al. (1971) 
 
                       EfremovÕs  classification: hot and cold models 
   Hot models: 
    rescattering , resonances, fireballs, final state interaction, B� 
      V. Kopeliovich , M.Braun  & V. Vechernin , B�>Ì 
 
   Cold models: 
    fluctons , short-range nucleon correlations, multiquark  bags, B� 
      D. Blokhintsev , V. Lukyanov , A. Efremov , V. Burov , A. Titov , L. Kaptari , 
      L. Frankfurt, M. Strikman , A. Kaidalov , VK, G. Lykasov ,  B�  
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!

Cumulative Processes: definition 
   
  
    ÒColdÓ models ->  
 
-  Nuclear processes beyond one free-nucleon kinematics 

-  scaling property 

 
      ->  
            
          Cumulative processes (definition): 
     
          scaling nuclear processes with X > 1 
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Cumulative processes: projectile particles  
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!

Cumulative Processes: scaling properties 
   
How to distinguish “hot” and “cold” models?
 
-----------------------------------------------------------------------------------------------------
“Hot” models: 
    rescattering , resonances, fireballs, final state interaction, B� 
    may Ò ingnite Ó hot medium, etc. ->  
    dependence on projectile hadron/nucleus  
         
    nonlocal interactions -> 
    no scaling properties !  
----------------------------------------------------------------------------------------------------- 
 
   “Cold” models: 
    fluctons , short-range nucleon correlations, multiquark  bags, B� 
     
     
    local interactions -> 
    scaling properties ! 
    nuclear parton  struction  function  
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Cumulative processes: backward particles  
   
   
 

Kinetic energy T, MeV   

1 Ð evaporation 
2 Ð cumulative 
 

Exp (-T/T 0)          
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Cumulative proceess : superscaling  !  
   
   
 

Ed 3" /d3p 

A.Efremov , A.Kaidalov , VK, 
G.Lykasov , N.Slavin   (1988)  

prediction for 
pure ÒseaÓ particles: 

K -  
antiproton 

equal slopes: 
superscaling  ! 

ITEP data:  
Leksin  et al. (1989) 
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ядер быстро, за время прямой реакции 10

 

!

 

23

 

 с. Како-
му процессу обязано образование этих нуклонов?

При больших энергиях налетающих частиц Ð а
показанный спектр, напомним, был получен при
энергии налетающих протонов 7,5 ГэВ Ð обычно
считалось, что налетающий нуклон взаимодействует
с отдельным, почти свободным нуклоном ядра (что
хорошо согласуется с высказыванием о том, что ядра
состоят из нуклонов, кстати сказать из виртуальных
нуклонов). Детальные эксперименты, которые я не
буду здесь рассматривать, показывают, что, строго
говоря, упомянутая картина верна лишь в опреде-
ленных условиях. А в нашем случае приведен спектр
нейтронов, вылетающий в лабораторной системе
координат назад, куда, согласно закону сохранения
энергии и импульса, вылет нейтронов запрещен.

Рассмотрим простую задачу столкновения двух
шариков одинаковой массы, а нуклоны с точки зре-
ния законов сохранения энергии и импульса стал-
киваются как шарики. Закон сохранения импуль-
сов дает в векторной форме
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где 
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 Ð импульс налетающего шарика на покоя-
щийся шарик, 
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 Ð импульсы шариков после
столкновения. В силу закона сохранения энергии

то есть треугольник 
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прямоугольный, вокруг
него можно описать окружность, на которой лежат
концы векторов импульсов шариков после разлета,
а это значит, что угол разлета двух шариков 90

 

¡

 

, мак-
симальный угол вылета одного шарика относитель-
но направления 

 

p

 

0

 

 составляет 90

 

¡

 

, и то с нулевым
импульсом. Релятивистское рассмотрение превра-
щает окружность в эллипс и лишь усугубляет выво-
ды. Любые неупругие процессы также делают макси-
мальный угол вылета лишь меньше. Итак, нейтрон в
рамках модели столкновения с покоящимся нукло-
ном не может вылететь назад в лабораторной систе-
ме координат. Наблюдаемые быстрые нейтроны,
называемые кумулятивными, имеют другое проис-
хождение.

Шарик отлетает назад при столкновении со
стенкой или шариком, который тяжелее его. Чем
тяжелее шарик-мишень, тем больший импульс или
большую энергию может иметь шарик, отлетевший
назад. Можно вычислить минимальную массу объ-
екта, с которым должна столкнуться налетающая
частица, чтобы под данным углом могла вылететь
кумулятивная частица с данной энергией. Эта мас-
са, нормированная на массу нуклона, называется
кумулятивным числом. Итак, кумулятивные ней-
троны могут образоваться и образуются при столк-
новении налетающей частицы с несколькими ну-
клонами ядра.

p0
2 = p1

2 p2
2,+

 

Раньше было дано строгое определение кумуля-
тивной частицы: это такая частица, которая не мог-
ла образоваться в силу законов сохранения энергии
и импульса при взаимодействии налетающей части-
цы со свободным нуклоном. Полезно, наверное,
пояснить происхождение термина 
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, ее связь с более привычными понятиями

 

!"#"$%&'()./  ,)*0%1

 

, 
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. Латин-
ский глагол 

 

cumulo

 

 в основе слова (накапливать) оз-
начает накопление энергии объекта на какой-то ча-
сти объекта. В тяжелом снаряде его часть после
столкновения имеет энергию большую, чем эта
часть имела в движущемся снаряде, соответственно
она имеет и большую скорость, чем снаряд. А это
значит, что в системе координат, где покоится сна-
ряд, появится частица, летящая в сторону, противо-
положную движению мишени. В рассматриваемом
случае роль снаряда выполняет ядро, а движущийся
назад в системе координат, где ядро покоится, ней-
трон выполняет роль кумулятивной частицы.
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На рис. 2 показаны спектры кумулятивных про-
тонов, 
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-мезонов и анти-
протонов, вылетающих из ядра меди под углом 119
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Cumulative processes:  
hard ÒcollectiveÓ nuclear sea  at X > 1   

            
     hard ÒcollectiveÓ quark sea in nuclei confirmed by data 
   
 
 
 
 
 

          
    
 

V. Stavinsky  et  al. (82)   Yu. Kiselev  et al. (89)  L. Zolin  et al. (92) 
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Cumulative processes:  
 Carbon beam @ IHEP NRC KI ( Protvino )   

            
               beam:             C 12  20 GeV /N forward fragmentation 
               fixed targets: C 12 , Pb 207   
   
   
 
 
 
 
 

          
    
 

FODS-2, Bogolyubsky  et  al. ( Baldin  Conf , 2016) 
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Yields, p, π-, к- 
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Cumulative processes at NICA: 
Cold Superdense  Baryon Matter  

   
   
 

70 A. Andronic et al. / Nuclear Physics A 837 (2010) 65Ð86

Fig. 5. The phase diagram of strongly interacting matter.

low energies, such as those at the AGS, SIS, and at low energies at the SPS, and in the future at
FAIR and NICA [39].

At a special value of the baryon chemical potential and temperature, there is a triple point
where Hadronic Matter, the QuarkÐGluon Plasma, and Quarkyonic Matter all coexist. From ex-
periment, Fig. 2, we estimate that this occurs for

µ triplept
B ! 350Ð400 MeV, T triplept ! 150Ð160 MeV. (1)

This point is presumably near where the linear and the ßat temperature regime in Fig. 2 intersect.
We argue in the following how this arises from a triple point.

In thermodynamics a triple point is the point in a phase diagram where three lines of Þrst
order phase transitions meet. A common example is where a gas, liquid, and solid coexist at a
given value of the pressure and temperature. Since there are only Þrst order phase transitions, no
correlation length diverges at the triple point. For example, in the phase diagram of water, the
phases of vapor, water, and ice all coexist at the triple point. There is also a critical point in the
phase diagram of water, but it is situated far from the triple point, at much higher temperature
and pressure.

The properties of strongly interacting matter at large density are characterized by several
order parameters. One is the thermal Wilson or Polyakov loop, which measures the degree of
deconÞnement reached. This is strictly an order parameter in theories without quarks, or in the
limit of a large number of colors,Nc " # , if the number of ßavors,Nf , is kept Þxed. The second
is the chiral condensate as an order parameter for chiral symmetry breaking. Chiral symmetry
is an exact symmetry when there are two (or more) ßavors of massless quarks. The last is the
density of baryons, which is an order parameter even in the largeNc limit, when Nf grows
with Nc [35].

Hadronic Matter is conÞned and exhibits chiral symmetry breaking. It is technically difÞcult to
deÞne conÞnement for ÞniteNc for a Þnite number of quark ßavors, since the potential that sep-
arates quarks is never linear at large distances. This argument has a precise meaning at zeroNf
or inÞniteNc, or for zero temperature. Nevertheless, there should be a well deÞned region of
low baryon density and low temperature where the physical degrees of freedom are mesons.
This phase is also to a good approximation free of baryons since their densities,nB/M 3

B $
e(µ B %MB )/T ! 10%2 for typical values ofµ B andT not too close to the phase boundary.

The QuarkÐGluon Plasma is deconÞned with restored chiral symmetry, and has nonzero
baryon number density whenµ B &= 0. It is composed of quarks and gluons, although we note

L.McLerran  & R. Pisarski  (07)
 Lattice: quarkyonic  at #  > 5# 0   V. Braguta  et al. (16)

Cumulative  
X > 5 ?
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Nuclear structure functions at large X  
vs  cumulative processes    

   
 
 

      
 

Low Q 2 :  
 

A.Efremov , A. Kaidalov , VK, G.Lykasov , N.Slavin  - EKKLS (1988) 
Cumulative process JINR, ITEP, IHEP 

 
High and moderate Q 2:   

VK (1991) 
Cumulative DIS process BCDMS, JLAB 

 
 

  
in progress 
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Cumulative processes at NICA: 
Cold Superdense  Baryon Matter  

   
   
 

A. Andrianov , M. Braun, VK, V. Vechernin  et al.
 A.Stavinsky , S.Shimansky  et. al. 

 (PNPI, ITEP, SPbU , SPbPU  & JINR)  
in progress

How cumulative particle production will shed light on  
Cold Superdensed  Baryon Matter? 

 
 Cumulative process at NICA:  

 
BM@N experiment:  X > 3 - 5?  

 
Working group 

Cumulative particle production and observables 
  

 
MC event generator HARDPING with nuclei  

Ya.Berdnikov , VK et al.  
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Summary     

 
   !   Evolution of nuclear structure functions at large X  
 
 !   Multiquark  fluctons : 
       EMC effect          
       Cumulative processes   
       Cronin effect 
 
    !   Flucton  model and Cold Superdense  Baryon Matter: 
        phase transition? 
        chemical potential? 
        isoscalar  dominance? 
        quarkyonic  phase? 
 
  
                


