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High  momentum correlations in nuclei
Short -range
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A quick  look at coordinate and momentum deuteron wave functions
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D-wave dominates in momentum space between 300 and 800 MeV/c in spite of 
being much smaller than S wave at all distances. High momentum tail in this region 
is due to Fourier transform of rapidly changing integrand. 
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No simple relation  “high momentum — small distance”

Is w(k) /u(k) universal for k> 300 MeV/c?

No direct calculations so far.

Critical to perform measurements with polarized deuteron. To 
separate S and D wave and also probe light cone dynamics 
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Experience of quantum field theory - interactions at different resolutions 
(momentum transfer) resolve different  degrees of freedom - renormalization,.... 
Describe the effects of the Dirac sea…  No simple relation between relevant 
degrees of freedom at different resolution (virtuality)scales. 

➟ Complexity of the problem

① To resolve nucleons with k < kF , one needs Q2≥ 0.8 GeV2.

related effect: Q2  dependence of quenching, Q

Three important scales

related to the rate of eA—> e’p(A-1) process
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Hard nuclear reactions I:  energy transfer > 1 GeV and momentum transfer q > 1 GeV. 

 Sufficient to resolve short-range correlations (SRCs) = direct observation of SRCs but  
not sensitive to quark-gluon structure of the constituents 

Hard nuclear reactions II:  energy transfer ≫ 1 GeV and momentum transfer q ≫ 1 
GeV.  May involve nucleons in special (for example small size  configurations).    
Allow to resolve quark-gluon structure of SRC: difference between bound and free 
nucleon wave function, exotic configurations

③

②
q0 � 1GeV ⇥ |V SR

NN |,  q � 1GeV/c⇥ 2 kF

Principle of resolution scales (FS 76) was ignored in 70’s, leading to believe SRC could 
not  be unambiguously observed.  Hence, very limited data 

Historical remark: in 70’s   it was considered hopeless to look for SRC experimentally, hence Phys.Lett. 
rules (informal)  stated to us by the editor were to reject claims to the opposite without peer review  

Hence one has  to treat the processes in the relativistic domain.  The  price 
is a need to treat the nucleus wave function using light-cone quantization - - 
One cannot use (at least in a simple way) nonrelativistic description of 
nuclei as well as covariant approaches. (More about this in the second part 
of the talk (EMC effect…) 
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Is simplest  /easiest to interpret when final mass is large (for example x=const Q large)

4



290 L.L. Frankfurt and MI. Strikman, High-energy phenomena, short-range nuclear structure and (lCD

102 -

10 —

/

7,
/
/

I I I I

10 1.2 lIt

Fig. 5.2. The estimate of the (F~.(x)/A)J(F2D(x)/2)ratio using realistic nuclear WF with few-nucleoncorrelations (eq. (5.11)) (solid curve) and using
the two-nucleon correlation approximation.

The factor 1.5 arises due to compression of the deuteron cluster [164].Therefore the ratio F2A(x)/A
should decrease in transition from A = 4 to n = 6.
Similarly in the frame of cluster model one can obtain:

F~(x)= p~Fte(x)+F~i’(x), F~(x)= 2F?~(x) for x > 1, F~(x)= 3p~He(X)

The check of these relationships would help to understand the range of applicability of these models,
which are usually applied to description of the average distance effects.
In the range of 12< A <200 the A dependence of F2A(x)/A can be estimated using analysis of [721

(eq. (2.40)) where A dependence of few-nucleon correlations was estimated in the framework of dilute
gas approximation. F2A(x)/A — A’”~F(x)where n(x) — 0.2 and rather weakly increases with x since
different few-nucleon correlations have rather similar A dependence for A > 12 (see section 2.4). To
conclude, we have demonstrated in this section that investigation of high energy deep inelastic reactions
enables to investigate absolute magnitude of the short range nucleon WF and probably its cluster de-
composition.
A comment. One can use the measurements of I~A(X,Q

2) in the near-threshold region to determine
the values of a. Indeed, applying the FNC the composition of p~(a,k

1) we obtain:

FIA(x,Q
2)=A~aJ(A)cr~(x,Q2) (5.16)

where o~(x,Q2) = 0 for x >j. Evidently by choosing the appropriate kinematical region one can
suppress here contributions of 2,3-nucleon correlations, thus enhancing high correlations. o-~can be
calculated using eq. (3.3) (as in the 3He case); though e.g. o~can be determined from 3He data, etc.

The estimate of the (F2A (x)/F2D(x)  in ratio using realistic nuclear WF with few-nucleon  
correlations (solid curve) and using the two-nucleon correlation approximation.  

  

2N SRC

2N + 3N+…SRC

PARTON DENSITIES

<α> ~  x+0.5

Early sensitivity to 3 N high momentum correlations

F&S 80
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PROBLEM IS HIGHER TWIST / QUASIELASTIC CONTRIBUTIONS

DAY, SARGSIAN, FANKFURT, MS    1993  

SCALING TERM DOMINATES STARTING AT Q2 ~ 15 —20 GEV2

FEASIBLE AT 22 GEV J.Arrington talk

Possible to perform  e time check - measure the ratio for wide 
range of  x, Q with different role of 2N and 3 N correlation 
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+
xF 0

2N (x,Q2) + (x2/2)F 00
2N (x,Q2)

F2N (x,Q2)
· 2(TA � T2H)

3mN

Fermi motion

F2N / (1� x)n, n ⇡ 3 +
xn [x(n+ 1)� 2]

(1� x)2
· (TA � T2H)

3mN

small negative  for x <0.5 
> 0  and rapidly growing for x >0.5

RA(x,Q
2) = 1� �AxF 0

N (x,Q2)

FN (x,Q2)

RA(x,Q
2) = 1� �Anx

1� x

Since spread in  α due to Fermi motion is modest ⇒ do Taylor series 

expansion in (1- α):   α= 1+ (α-1)

EMC effect is unambiguous evidence for presence of non nucleonic degrees of 
freedom in nuclei. The question - what are they? 

O.Nash: God in his wisdom made a fly 
         But he forget to tell us why

22

Jlab - due to HT 
effects n~ 2. 
Crossover x=0.66

Convolution model for parton densities (α -light cone fraction) = 
 nucleons are not deformed + no other constituents

7

New directions for study of nuclear pdfs & EMC effect
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Fig. 13. The solid (dashed) curve is the estimate of smearing for the quark (antiquark) distribution in 
nuclei. 

Therefore, smearing leads to small shadowing at x < 2/(n + l) and antishadowing 
at x > 2/(n + 1). Shadowing is maximal at x = 1/n where R --~ 1 -~<k2/m2>n/(n 
- 1). Since for heavy nuclei <k2/m2>,~,O.1 (see sect. 4), maximum shadowing is 
about 2% for n ~ 3. Antishadowing effects are numerically much larger but to 
estimate them reliably it is necessary to use eq. (3.5) since at large x the k2/m 2 
decomposition becomes a very poor approximation. Therefore, we have performed 
the calculation using the realistic W F  introduced in sect. 4. The results of the 
calculation of the ratio F2A(x)/AF2N(X ) are presented in fig. 13 (we use here 

3 F2N(x) = F2p(X)+ F2n(x) and take F2n(x)/F2p(X ) = l - ~ x  and use the scaling fit 
for F2p(x ) [42] and for FEqN(X)~(1 - - x )  7 which really fits antiquark distribution). 
Fig. 13 demonstrates that the effect of the high-momentum component  of the 
nucleus WF is large especially for the antiquark distribution where it considerably 
changes the x dependence at x > 0.5. Therefore, Fermi motion could not be 
neglected in the extraction of ~/(x) as was done in ref. [41]. Similarly for F2A(x ) the 
smearing qualitatively changes the behaviour of the cross section at x > 0.8, which 
will be reached in experiments in the near future. As a result of large smearing, to 
determine F2N(x ) for x • 0.8 it is necessary to measure F2a(x ) in a wider region up 
to x ~ 0.9. 

5.2. MOMENTS OF THE NUCLEUS STRUCTURE FUNCTION 

In this section we calculate the moments  of the nuclear structure function: 

M; = f o dx. 

RA/D(x)

qA(x)/qD(x)

q̄A(x)/q̄D(x)

DY highest x

crossover (R=1) point

Rcr = 2/(n+ 1)

xq̄(x) / (1� x)n, n = 7.

from MS & Leonid Frankfurt, Nucl.Phys. B,1980

Fermi motion expectations  - no nonnucleonic degrees of freedom

EMC effect for antiquarks ?                   

      MS + Alvioli analysis of preliminary Drell Yan data
8
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For antiquarks no evidence for enhancement for x> 0.25 expected  due to Fermi motion

Need more  theoretical  studies and  reduced experimental errors to rule out large contribution of the energy losses 

EMC e!ect like pattern?

Present by Arun Tadepalli

EMC effect for antiquarks ?                        MS + Alvioli analysis of preliminary Drell Yan data. 
 Can energy losses explain the observed pattern? Does not work.

9

R(Fermi motion) ~1.2



More DY data is needed. Can  DIS help - study   K-  production/

Does  similar pattern holds for gluons? Open charm at 22 GeV probes a right kinematics. 

Study total cross section for charm reduction off  D, 4He, C to reduce effects of f.s.i.

General pattern : Soening of x distribution of quarks and antiquarks (and gluons?) in bound nucleons  
 

If confirmed with a better precision  DY measurement would be a second critical contribution of DY studies into 
understanding of quark- gluon nuclear structure (the first one was ruling out enhancement of antiquarks due to 
scattering off pions). 
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Evidence from data analysis that EMC SUPRESSION  IS PROPORTIONAL TO PROBABILITY OF HIGH MOMENTUM CORRELATIONS

Could the EMC effect be solely due to SRCs?  Difficult - indeed

Suppression for say carbon / nucleon is 12 %. 

Probability of SRC in C ~15 — 20%

Nucleons with momenta > K_Fermi practically do not have quarks with x> 0.5.



interesting to measure  tagged structure functions where modification is expected to 
increase quadratically with tagged nucleon momentum. It is applicable for searches of 
the form factor modification in (e,e’N).

1� F bound
2N (x/↵, Q2)/F2N (x/↵, Q2) = f(x/↵, Q2)(m2 � p2int)

Here α is the light cone fraction of interacting nucleon

Tagging  of  proton and neutron in  e+D→e+ backward N 
+X as  a probe of the origin of the EMC effect  (FS 85)

↵spect = (2� ↵) = (EN � p3N )/(mD/2)

34

γ

D p
α

2-α

In practice, small background for 2- α >1, and  in this kinematics one expects an EMC like 
effect already for smaller  spectators momenta, since  x/α > x. 

Importance caveat: for large nucleon momenta nucleons closer to each other 
and chances of f.s.i maybe larger. Not the case in semi exclusive case eD—>e +p + “resonance”.
But maybe relevant for larger W. Need dedicate studies of f.s.i. in DIS in the nucleus fragmentation region.

12
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Optimistic possibility - EMC effect maybe missing some significant 
deformations which average out when integrated over the angles 

A priori, deformation of a bound nucleon can also depend on the  angle φ 
between the momentum of the struck nucleon and the reaction axis as 

Here <σ> is cross section averaged over φ and  dΩ is  the phase volume and the 
factor  c characterizes non-spherical deformation. 

d�/d⌦/ < d�/d⌦ >= 1 + c(p, q).

Optimistic possibility - EMC effect maybe missing some significant 
deformations  

A priori the deformation of a bound nucleon can also depend on the  angle φ 
between the momentum of the struck nucleon and the reaction axis as 

Here <σ> is cross section averaged over φ and  dΩ is  the phase volume and the 
factor  c characterizes non-spherical deformation. 

Such non-spherical polarization  is well known in atomic physics (discussion with 
H.Bethe). Contrary to  QED detailed calculations of this effect  are not possible 
in QCD.    However, a qualitatively similar deformation of the bound nucleons 
should arise  in QCD. One may expect that the  deformation of bound nucleon 
should be maximal in the  direction of radius vector between two nucleons of 
SRC.

d�/d⌦/ < d�/d⌦ >= 1 + c(p, q).

Such non-spherical polarization  is well known in atomic 
physics (discussion with H.Bethe). Contrary to  QED 
detailed calculations of this effect  are not possible in 
QCD.    However, a qualitatively similar deformation of 
the bound nucleons should arise  in QCD. One may 
expect that the  deformation of bound nucleon should 
be maximal in the  direction of radius vector between 
two nucleons of SRC.

35
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further open questions: 

with what is accuracy WF  of pn pair  ∝ ψ2D(κ)?; FSIs Boeglin talk✷

✷

✷ off shell eN cross section
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FIG. 7.6: (cont.)

and the corresponding wave functions is rather rigid. However, once this relationship is changed, e.g., by introducing
the transitions of two nucleons into a quark compound bag (QCB), the prediction for R(ps) changes significantly at
ps > 0.3 GeV/c, see, e.g., fig. 7.5b.96

It is worthwhile to emphasize that eqs. (7.3) and (7.4) predict a di!erent momentum dependence at fixed angle
and at fixed nucleon momentum (fig. 7.6), It can be seen from fig. 7.6 that the calculation based on eq. (7.4) leads
to R ! ( 1

2 cos2 ! " sin2 !), although a rather complicated angular dependence follows from eq. (7.3) (! is the angle
between ps and the 3-axis). To our knowledge the discussed angular dependence of R(ps) is the clearest relativistic
e!ect suggested so far in the literature. Actually this is the only e!ect where the relativistic relation between k and
ps becomes important at momenta as low as 0.3 GeV/c.

Equation (7.3) predicts Q2 independence of R(ps). Besides, the same R(ps) is expected for di!erent final states
like Nsp + N, Nsp + ", Nsp + N!, . . .. Such a universality of R(ps) at fixed ps is a general feature of the two-
nucleon approximation (valid in all approaches, nonrelativistic, covariant, and light-cone). Thus, the independence
of w(k)/u(k) extracted from di!erent measurements for the same spectator momentum would provide an important
check of the extraction procedure and of the role of the final state interaction.

At the same time one can expect that at large spectator momenta R(ps) would depend on Q2 in the transitional Q2

range 2" 4 GeV2, where scattering o! the compressed nucleon configuration becomes important. This is because the
deformation of the bound nucleon wave function should be somewhat di!erent for S- and D-waves due to the di!erent
relative roles of the one- and two-pion exchange potentials. Indeed, the contribution of the two-pion exchange potential,
which leads to a larger deformation of the bound nucleon wave function (cf. the discussion in section 2 2.5 2.5.2), is
more important for the S-wave.

In the impulse approximation eq. (7.1) is also valid for the deep inelastic reaction e+D # e+p+X. The final state
interaction between the struck nucleon and the spectator is a correction because a large amount of energy (! 1 GeV)
is transferred to the interacting nucleon in an average process. Moreover, the contribution to the nucleon yield due to
the production of nucleons in "!N interaction (the direct mechanism) constitutes a small correction to the production
of spectator nucleons in a wide kinematical region, # = (

!
m2 + p2

s " ps3)/m > 1 " x. This region includes (for
su#ciently large x) emission of spectators in the forward direction.

Equation (7.1) may be modified due to suppression of the spectator nucleon yield (with # > 1 " x) as a result
of the final state interaction between hadrons produced in $N interaction and would-be spectators. However, the
suppression of the nucleon yield in di!erent spin states should be rather close, at least at small pt, because secondary
hadron rescatterings mostly suppress the contribution of configurations in the deuteron wave function where p, n are

96 We are indebted to I. M. Narodetski for supplying numerical results for the QCB deuteron wave functions [405].

105

FIG. 7.6: Angular dependence of (!±!!0)/"!# for the spectator distribution in the reaction e+ "D $ N+X at di!erent nucleon
momenta. Solid and dashed lines are predictions of relativistic theory and nonrelativistic quantum mechanics, respectively.

FIG. 7.6: (cont.)

for nucleon momenta ps ! 0.1 GeV/c (fig. 7.5a),95 although no significant e!ect is expected for ps ! 0.4 GeV/c in the
6q model (see the above discussion in section 7 7.1). The use of di!erent realistic potentials with nuclear core leads
to quite similar expressions for R(ps), probably because in this framework the relationship between the phase shifts

95 Indeed, the qualitative picture of the ps dependence of R at not too large nucleon momenta within the deuteron (k/m ! 1) is quite
simple. It is well known that in corrdinate space, due to the presence of the D-wave, the charge distribution in the deuteron with spin
pointing in the direction of the 3-axis is “cigar-shaped”. Evidently due to the properties of the Fourier transform in momentum space
the deuteron with helicity ±1 has the form of a ball flattened in the direction of the 3-axis. As a result the yield of the backward
spectators is minimal for deuteron helicity ±1.

42
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Since NN interaction is sufficiently singular for large momenta

⇥N
A (�, pt) can  be expanded over contributions of j-nucleon correlations ⇥j(�, pt)

Three nucleon SRCs = three nearby nucleons with large relative momenta

238 L.L. Frankfurt and MI. Strikman, High -energy phenomena, short-range nuclear structure and (lCD

dominated by the configurations, where the momentum of a fast nucleon-k is balanced by the rest of

the nucleus (i.e. the nucleon configuration p’ = k; P2 p
3~ PA — —k/A — 1). This hypothesis has

recently been revived by Amado and Woloshyn [44] in their analysis of the backward nucleon
production at initial energies T~= 600—800 MeV. Practically the same hypothesis was discussed by

Blankenbecler and Schmidt in connection to the backward p, IT production at large energies in the
framework of the Bethe—Salpeter light cone formalism [46—48].

At the same time for a realistic NN potential with a core, the contribution of two-nucleon

correlations dominates at k —* ~. This follows from the large difference between the scales of the
long-range potential characterizing the depth of the potential well (—40MeV), and of the short-range

repulsive potential (the value of the barrier is ~0.6 GeV for the realistic NN potentials). Numerical

calculations with realistic potentials [82] indicate that two-nucleon correlations dominate in n(k) at
k  0.4—0.5 GeV/c.

In relativistic theory the answer is more complicated. It seems fruitful for the theoretical analysis of

hard phenomena to define formally the notion of f-nucleon correlation. Look at a subsystem of j
nucleons in the ground state having invariant mass —~jmN,where nucleons obtain large relative

momenta due to hard short-range interactions between all j nucleons. Typical example of the

three-nucleon correlation is shown in fig. 2.11. Before a hard interaction the j nucleons are in the
average configuration (a, —— a~‘— 1), f-nucleon correlation contribute to p~(a,k± )in the region a <I only

due to momentum conservation. In the non-relativistic Schrödinger equation this kinematic decom-

position of f-nucleon correlations is not evident. Therefore onecannot relate simply n(k) to p~(a,k1) for

a~2.

Though at a —~A A-nucleon correlation should dominatep~(a,k± ),in the region 1 <a -~A relative
contributions of different configurations are determined by the competition of two factors: the small

probability a3 to find a correlation with large / and the enhancement of higher correlations due to a
slower decrease of their contribution to p~(a,k1) at large a (see eq. (2.43)). Therefore it seems natural

to expect that at least in the region of not too large a S 3 (which is probed until now) few-nucleon

correlations (FNC) dominate. Thus, the nucleon density matrix p~(a,k± )can be effectively expanded

over the contribution of j-nucleon correlations p1(a, k1):

k.1) = ~ a1p,(a, k1). (2.38)

More accurate treatment is required to account for the c.m. motion of the j-nucleon configuration in the

mean field of the nucleus. It is expected that this effect should lead to small corrections except near the

edge of the f-nucleon correlation. This is because the scale of the repulsive potential is considerably
larger than that for the long-range potential.

The a1’s in eq. (2.38) can be estimated on the basis of the non-relativistic Schrödinger equation for

nuclear WF since they are determined by the mean internucleon distances. The well known fact that the

/34 ,

Fig. 2.11. A typical diagram for the three-nucleon correlation.⇥j(�, pt)(j � �)n(j�1)+j�2, where ⇥j(�, 0) ⇥ (2� �)n

FS 79

iterations of NN interactions (Plus 3N from 3N forces possible)

α  up to 2  (3) are allowed for 2N (3N) SRC ( plus small mean field corrections) 

NR case large k = 2N SRC, qualitative difference relativistic and 
nonrelativistic dynamics

 14

⇢NA (↵ > 1.3, pt) =
AX

j=2

aj(A)⇢j(↵, pt)
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of the correlated nucleons by energetic projectile was suggested in [5] as a spectator
mechanism for production of nucleons in the reaction of Eq.(4). It was experimentally
confirmed in high momentum transfer triple coincidence A(p, 2p, N)X experiment[15,
16] in which clear correlation between pin and pr was observed.

Therefore already this example demonstrates that moving from spectral to decay
function we obtain an additional tool for probing SRCs, such as correlation between
initial and recoil nucleon momenta.

Another advantage of decay function is the possibility to isolate three-nucleon
correlations and probe their di!erent dynamical aspects. Fig8 shows the dependence
of decay function on the relative angle of recoil nucleon momentum with respect to
pin and recoil nuclear energy for pin, pr ! 400 MeV/c.
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Figure 8: Dependence of the decay function on the residual nuclei energy and relative
angle of struck proton and recoil nucleon. Figure (a) neutron is recoiling against
proton, (b) proton is recoiling against proton. Inital momentum of the struck nucleon
as well as recoil nucleom momenta is restricted to pin, pr ! 400 MeV/c.

Fig.8 shows a rather extensive possibiliteis to isolate 2N and 3N correlations vary-
ing recoil energy of the reaction. In the calculation presented above the threshould

for type 2N-I SRCs (Fig.4(a)) will be " p2
in,min

2mN
# 80 MeV, while for type 3N-I SRCs

(Fig.6) the threshold for recoil energies is twice as large. Upper left side of the figure
demonstrates how type 2N-I SRC evoles to type 3N-I SRC with recoil nucleon being
spectator in correlations. The figure also shows who with an increase or recoil energy
type 3N-II correlations start to dominate. The important signature in this case is the

18

Evidence from NR calculations?  3N SRC can be seen in the 
structure of decay of 3He (Sarsgian et al).
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Three nucleon short range correlations (SRCs) are one of the most elusive structures in nuclei.
Their observation and the subsequent study of their internal makeup will have a significant impact
on our understanding of the dynamics of super-dense nuclear matter which exists at the cores
of neutron stars. We discuss the kinematic conditions and observables that are most favorable
for probing 3N-SRCs in inclusive electro-nuclear processes and make a prediction for a quadratic
dependence of the probabilities of finding a nucleon in 2N- and 3N- SRCs. We demonstrate that
this prediction is consistent with the limited high energy experimental data available, suggesting
that we have observed, for the first time, 3N-SRCs in electro-nuclear processes. Our analysis en-
ables us to extract a3(A,Z), the probability of finding 3N-SRCs in nuclei relative to the A=3 system.

I. INTRODUCTION:

Three nucleon short-range correlations (3N-SRCs), in
which three nucleons come close together, are unique
arrangements in strong interaction physics. 3N SRC’s
have a single nucleon with very large momentum (>⇠
700 MeV/c) balanced by two nucleons of compara-
ble momenta. Unlike two-nucleon short-range correla-
tions (2N-SRCs), 3N-SRCs have never been probed di-
rectly through experiment. As the consequence of the
factorization of short-distance e↵ects from low momen-
tum collective phenomena [1, 2], 2N- and 3N- SRCs dom-
inate the high momentum component of nuclear wave
function which is almost universal up to a scale factor (see
e.g.[1, 3]).

The dynamics of three-nucleon short-range configura-
tions reside at the borderline of our knowledge of nuclear
forces making their exploration a testing ground for “be-
yond the standard nuclear physics” phenomena such as
irreducible three-nucleon forces, inelastic transitions in
3N systems as well as the transition from hadronic to
quark degrees of freedom. Their strength is expected
to grow faster with the local nuclear density than the
strength of 2N-SRCs [1, 2]. As a result, their contribution
will be essential for an understanding of the dynamics of
super-dense nuclear matter (see e.g. Ref. [4]).

Until recently a straightforward experimental probe of
2N- and 3N-SRCs was impossible due to the requirements
of high-momentum transfer nuclear reactions being mea-
sured in very specific kinematics in which the expected
cross sections are very small (see Ref.[1] and references
therein). With the advent of the high energy (6 GeV)
and high intensity continuous electron accelerator at Jef-
ferson Lab (JLab) in the late 1990’s, an unprecedented
exploration of nuclear structure became possible, opening
a new window to multi-nucleon SRCs.

FIG. 1: (a) Geometry of 2N-SRCs, pr ⇡ �pi. Two config-
urations of 3N-SRCs: (b) Configuration in which recoil nu-
cleon momenta pr2,pr3 ⇠ �pi/2, (c) configuration in which
pr2 ⇠ pr3 ⇠ pi. Here ms is the invariant mass of the recoiling
2N system.

II. TWO NUCLEON SHORT RANGE
CORRELATIONS (2N-SRCS)

The first dedicated study of 2N-SRCs in inclusive,
A(e, e0)X, high momentum transfer reactions revealed
a plateau in the ratios of per nucleon cross sections
of heavy nuclei to the deuteron [5] measured at Stan-
ford Linear Accelerator Center (SLAC) with momentum
transfer, Q

2 >⇠ 2 GeV2 and Bjorken variable x > 1.5.

Here x = Q
2

2mNq0
with mN the nucleon mass and q0 the

transferred energy to the nucleus, and for a nucleus A,
0 < x < A. The observed plateau, largely insensitive
to Q

2 and x, sets the parameter a2(A,Z)[6] which is the
probability of finding 2N-SRCs in the ground state of
the nucleus A relative to the deuteron. These plateaus
were confirmed in inclusive cross section ratios of nuclei
A to 3He[7, 8], at similar kinematics with the magnitude
of plateaus taken to be related to the relative probabil-
ity, a2(A,Z)

a2(
3He)

. Qualitatively and quantitatively the latter

results were in agreement with Ref.[5]. These, together
with more recent and dedicated measurements of the nu-
clear to the deuteron inclusive cross section ratios[9], pro-
vided compelling evidence for the sizable (⇠ 20%) high
momentum component of the ground state nuclear wave
function for medium to heavy nuclei originating from 2N-
SRCs.
While inclusive processes provided the first evidence
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Triple correlations in (e,e’) - expect flat region in x where 3N dominate & faster A dependence of 3N SRC
FIG. 16: Per-nucleon cross section ratios for 9Be, 12C, 64Cu, 197Au to 3He. Horizontal lines

indicating a2(A)

a2(
3He)

in the 2N-SRC region.
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FIG. 17: (a) The A dependence of the experimental evaluation of R3 compared with the prediction

of Eq.27. (b) The A dependence of a3(A, Z) parameter compared to a2(A, Z) of Ref.[6].

in Fig. 17(a) we evaluated the weighted average of Rexp

3
(A,Z) for ↵3N > 1.6 and compared

them with the magnitude of ( a2(A,Z)

a2(3He)
)2 in which a2(A,Z)’s are taken from Ref. [55]. In these

evaluations 3He cross sections were taken from the F (y) fit to the SLAC data. Numeri-

cal data of Fig. 17 are presented also Table I. The comparison in Fig. 17(a) shows good

agreement with the prediction of Eq.(27) for the full range of nuclei. We investigated the

sensitivity of the weighted average of R3(A,Z) on the lower limit of ↵3N (before rebinning)
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However statistic is low, data have significant systematics issues.

Need data at larger Q  and much higher statistics

Reminder: 3N forces, correlations are important for dynamics of neutron stars



18

Suplement slides



19

2
4
6
8
10
12
14

9Be 12C

2
4
6
8
10
12
14

0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7

64Cu

α3N
0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8

197Au

α3N

FIG. 16: Per-nucleon cross section ratios for 9Be, 12C, 64Cu, 197Au to 3He. Horizontal lines

indicating a2(A)

a2(
3He)

in the 2N-SRC region.

0
1
2
3
4
5
6
7
8
9

10 100

(a)

(a
2(
A)
/a
2(
3 H
e)
)2
,R

3e
xp

A

(a2(A)/a2(3He))2

R3exp

0
1
2
3
4
5
6
7
8
9

10 100

(b)

a 2
an
d
a 3

A

a2(A)
a3(A)

FIG. 17: (a) The A dependence of the experimental evaluation of R3 compared with the prediction

of Eq.27. (b) The A dependence of a3(A, Z) parameter compared to a2(A, Z) of Ref.[6].

in Fig. 17(a) we evaluated the weighted average of Rexp

3
(A,Z) for ↵3N > 1.6 and compared

them with the magnitude of ( a2(A,Z)

a2(3He)
)2 in which a2(A,Z)’s are taken from Ref. [55]. In these

evaluations 3He cross sections were taken from the F (y) fit to the SLAC data. Numeri-

cal data of Fig. 17 are presented also Table I. The comparison in Fig. 17(a) shows good

agreement with the prediction of Eq.(27) for the full range of nuclei. We investigated the

sensitivity of the weighted average of R3(A,Z) on the lower limit of ↵3N (before rebinning)

28


