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We develop a theoretical approach for nuclear spectral functions at high missing momenta and removal
energies based on the multinucleon short-range correlation (SRC) model. The approach is based on the effective
Feynman diagrammatic method which allows us to account for the relativistic effects important in the SRC
domain. In addition to two-nucleon (2N) SRC with center of mass motion we also derive the contribution of
three-nucleon SRCs to the nuclear spectral functions. The latter is modeled based on the assumption that 3N
SRCs are a product of two sequential short-range nucleon-nucleon (NN) interactions. This approach allows us to
express the 3N SRC part of the nuclear spectral function as a convolution of two NN SRCs. Thus the knowledge
of 2N SRCs allows us to model both two- and three-nucleon SRC contributions to the spectral function. The
derivations of the spectral functions are based on two theoretical frameworks for evaluating covariant Feynman
diagrams: In the first, referred to as virtual nucleon approximation, we reduce Feynman diagrams to the time
ordered noncovariant diagrams by evaluating nucleon spectators in the SRC at their positive energy poles,
neglecting explicitly the contribution from vacuum diagrams. In the second approach, referred to as light-front
approximation, we formulate the boost invariant nuclear spectral function in the light-front reference frame in
which case the vacuum diagrams are generally suppressed and the bound nucleon is described by its light-front

variables such as momentum fraction, transverse momentum, and invariant mass.
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I. INTRODUCTION

The knowledge of the nuclear spectral functions at high
momenta of bound nucleon becomes increasingly important
for further studies of nuclear QCD such as medium modifica-
tion effects (EMC effects) or evolution equation of partons in
nuclear medium measured at very large Q2.

The importance of the high momentum properties of
bound nucleon for nuclear EMC effects follows from the
recent observations of apparent correlation between medium
modification of partonic distributions and the strength of
the two-nucleon short-range correlations (SRCs) in nuclei
[1,2]. Concerning the QCD evolution of nuclear partonic
distributions (PDFs), one expects that at very large Q2 the
knowledge of the high momentum component of the nuclear
spectral function becomes important due to the contribution of
quarks with momentum fractions larger than the ones provided
by an isolated nucleon (i.e., partons with x > 1) [3,4]. The
same is true for the reliable interpretation of neutrino-nuclei
scatterings in which case both medium modification of PDFs
as well as realistic treatment of SRCs are essential [5,6]. All
these require a reasonably good understanding of the nuclear
spectral functions at high momenta and removal energies of
bound nucleon. With the advent of the Large Hadron Collider
and expected construction of electron-ion colliders as well as
several ongoing neutrino-nuclei experiments the knowledge
of such spectral functions will be an important part of the
theoretical interpretation of the data involving nuclear targets.

Despite impressive recent progress in ab initio calculations
of nuclear structure (see, e.g., Ref. [7]) their relevance to the
development of the spectral functions at large momenta and
removal energies is rather limited. Not only the absence of
relativistic effects but also the impossibility of identifying the
relevant nucleon-nucleon (NN) interaction potentials makes
such a program unrealistic. One way for progress is to develop
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theoretical models based on the short-range NN correlation
approach in the description of the high momentum part of
the nuclear wave function (see, e.g., [8—17]). In such an
approach one will be able to take into account the empirical
knowledge of SRCs acquired from different high energy
scattering experiments thus reducing in some degree the
theoretical uncertainty related to the description of the high
momentum nucleon in the nucleus.

Our current work is such an attempt, which is based
on the several phenomenological observations obtained in
recent years in studies of the properties of two-nucleon
(2N) SRCs [18-27]. We first develop the model describing
the nuclear spectral function at large momenta and missing
energies dominated by 2N SRCs with their center of mass
motion generated by the mean field of the A — 2 residual
nuclear system. We then develop a theoretical framework
for calculating the contribution of three-nucleon SRCs to the
nuclear spectral function based on the model in which such
correlations are generated by two sequential short-range NN
interactions. As a result in our approach the phenomenological
knowledge of the properties of NN SRCs is sufficient to
calculate both the 2N and 3N SRC contribution to the nuclear
spectral function. We expect the considered approach to be
valid for nucleon momenta p > kg, where kg ,c—momentum
characteristic to NN SRC—is sufficiently large that NN
short-range interaction can be factorized from residual mean
field interaction. As a result our approach has limited validity
in the transitional region of kr < p < kg (kp is the Fermi
momentum) where the role of the long-range correlations are
more relevant.

In Sec. II we give a brief summary of recent advances in
studies of the structure of NN SRCs which provides us with the
phenomenology for developing the 2N and 3N SRC models of
nuclear spectral functions.
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Since the domain of multinucleon SRCs is characterized
by relativistic momenta of the probed nucleon, special care
should be given to the treatment of relativistic effects. To
identify the relativistic effects, in Sec. III, we first formulate
the nuclear spectral function as a quantity which is extracted
in the semiexclusive high energy process whose scattering
amplitude can be described through the covariant effective
Feynman diagrams. The covariance here is important since it
allows us to consistently trace the relativistic effects related
to the propagation of the bound nucleon. We then identify the
part of the covariant diagram which reproduces the nuclear
spectral function. Doing so, we adopt two approaches for
modeling the nuclear spectral function: virtual nucleon and
light-front, general features described in Sec. III. Section IV
outlines the calculation of nuclear spectral functions based
on the effective Feynman diagrammatic method, identifying
diagrams corresponding to the mean field, 2N SRC with center
of mass motion and 3N SRC contributions.

In Secs. V and VI we present the detailed derivation of
the spectral functions within virtual nucleon and light-front
approximations. In Sec. VII we discuss briefly the set of param-
eters which will be used for numerical estimates of the spectral
functions to be presented in Ref. [28]. Section VIII summarizes
the results. This work represents the theoretical foundation and
derivation of spectral functions; the follow-up paper [28] will
present numerical estimates and parametrizations that can be
used in practical calculations of different nuclear processes.

II. PHENOMENOLOGY OF TWO NUCLEON
SHORT-RANGE CORRELATIONS IN NUCLEI

Recent experimental studies of high energy eA and p A pro-
cesses [18-21,23,26,29,30] resulted in a significant progress
in understanding the dynamics of 2N SRCs in nuclei. The
series of electron-nucleus inclusive scattering experiments
[18,19,23] confirmed the prediction [31,32] of the scaling
for the ratios of inclusive cross section of a nucleus to the
deuteron cross section in the kinematic region dominated
by the scattering from the bound nucleons with momenta
p > krp ~ 250 MeV/c. Within the 2N SRC model, these
ratios allowed us to extract the parameter a,(A,Z) which
characterizes the probability of finding 2N SRC in the nucleus
relative to the deuteron.

High energy semi-inclusive experiments [20,21] allowed
us for the first time to probe the isospin composition of the
2N SRCs, observing strong (by factor of 20) dominance
of the pn SRCs in nuclei, as compared to the pp and
nn correlations, for internal momentum range of ~250-
650 MeV /c. This observation is understood [20,33,34] based
on the dominance of the tensor forces in the NN interaction at
this momentum range corresponding to the average nucleon
separations of ~1.1 fm. The tensor interaction projects the
NN SRC part of the wave function to the isosinglet—relative
angular momentum, L = 2, state, almost identical to the high
momentum part of the D-wave component of the deuteron
wave function. As a result pp and nn components of the NN
SRC are strongly suppressed since they are dominated by the
central NN potential with relative angular momentum L = 0.
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Based on the observation of the strong dominance of pn
SRCs in Refs. [35,36] it was predicted that single proton or
neutron momentum distributions in the 2N SRC domain are
inverse proportional to their relative fractions in nuclei. This
prediction is in agreement with the results of variational Monte
Carlo calculation of momentum distributions of light nuclei
[37] as well as for medium to heavy nuclei based on the SRC
model calculations of Ref. [15]. The recent finding of the pn
dominance in heavy nuclei (up to 208pp) [26] validates the
universality of the above prediction for the whole spectrum
of atomic nuclei. The inverse proportionality of the high
momentum component to the relative fraction of the proton
or neutron is important for asymmetric nuclei and they need
to be included in the modeling of nuclear spectral functions in
the 2N SRC region.

The pn dominance in the SRC region and its relation to the
high momentum part of the deuteron wave function makes the
studies of the deuteron structure at large internal momenta a
very important part for the SRC studies in nuclei. In this respect
the recent experiments [38,39] and planned new measurements
[40] of high energy exclusive electrodisintegration of the deu-
teron opens up new possibilities in the extraction of the
deuteron momentum distribution at very large momenta. The
measured distributions can then be utilized in the calculation of
the nuclear spectral functions in the multinucleon SRC region.

Finally, another progress relevant to the SRC studies was
the extraction of the center of mass momentum distribution
of 2N SRCs from the data on triple coincidence scattering
in A(p,ppn)X [41] and A(e,e’,pn)X [42,43] reactions. The
Gaussian form and the width of the extracted distributions were
in a good agreement with the predictions made in Ref. [10],
which were based on the estimate of the mean kinetic energy
of the NN pair in the shell-model description of the nuclei.
Similar results have been also obtained within the correlated
wave function method of Ref. [44].

As it will be elaborated in the text, all above discussed
results will provide us with the necessary empirical input for
modeling nuclear spectral function in the SRC region.

III. FORMULATION OF NUCLEAR
SPECTRAL FUNCTION

Our approach in the definition of nuclear spectral functions
is based on identifying a nuclear “observable” which can be ex-
tracted from the cross section of the large momentum (>>My,
the nucleon mass) transfer semi-inclusive h + A — h' + N +
(A — 1)* reaction in which the N can be unambiguously
identified as a struck nucleon carrying almost all the energy
and momentum transferred to the nucleus by the probe /. The
reaction is specifically chosen to be semi-inclusive that allows
us, in the approximation in which no final state interactions are
considered, to relate the missing momentum and energy of the
reaction to the properties of bound nucleon in the nucleus. With
above conditions satisfied the extracted observable, referred to
as a nuclear spectral function, represents a joint probability
of finding bound nucleon in the nucleus with given missing
momentum and energy.

In Refs. [45-47] we developed an effective Feynman dia-
grammatic approach for calculation of the h + A — ' + N +
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(a) (b)

FIG. 1. Representation of the covariant Feynman amplitude through the sum of the time ordered amplitudes. Panel (b) corresponds to the
scenario in which first, the bound nucleon is resolved in the nucleus which interacts with the incoming probe /4. In panel (c), initially, the
incoming probe produces NN pair with N being subsequently absorbed in the nucleus.

(A — 1)* reactions. In this approach the covariant Feynman
scattering amplitude is expressed through the effective nuclear
vertices, vertices related to the scattering of the probe 4 with
the bound nucleon, as well as vertices related to the final-state
NN interactions. The nuclear vertices with the propagator of
bound nucleon cannot be associated a priori with the single
nucleon wave function of the nucleus, since they contain
negative energy components which are related to the vacuum
fluctuations rather than the probability amplitude of finding
nucleon with given momentum in the nucleus. This problem is
illustrated in the diagrammatic representation of the reaction
shown in Fig. 1, in which the covariant diagram (a) is a
sum of two noncovariant time ordered scattering diagrams
(b) and (c). Here, for the calculation of the Lorentz invariant
amplitude of Fig. 1(a) one can use the Feynman diagrammatic
rules given in Ref. [47]. However the nuclear spectral function
can only be formulated for the diagram of Fig. 1(b), where
the time ordering is such that it first exposes the nucleus as
being composed of a bound nucleon and residual nucleus,
followed by an interaction of the incoming probe % off the
bound nucleon. The other time ordering [Fig. 1(c)] presents
a very different scenario of the scattering in which the probe
produces a NN pair with subsequent absorption of the N in
the nucleus. The latter is usually referred to as a Z graph and is
not related to the nuclear spectral function. It is worth noting
that the Z-graph contribution is a purely relativistic effect and
does not appear in the nonrelativistic formulation of the nuclear
spectral function. Its contribution however increases with an
increase of the momentum of the bound nucleon (see, e.g.,
Ref. [8]).

The above discussion indicates that while defining the
nuclear spectral function is straightforward in the nonrel-
ativistic domain (no Z-graph contribution), its definition
becomes increasingly ambiguous with an increase of bound
nucleon momentum. This ambiguity is reflected in the lack
of uniqueness in defining the nuclear spectral function in the
domain where one expects to probe SRCs.

In the present work we consider two approaches in defining
the nuclear spectral function from the covariant scattering
amplitude. In the first approach we neglect the Z-graph
contribution considering only the positive energy pole for the
nucleon propagators in the nucleus. The energy and momen-
tum conservation in this case requires the interacting nucleon
to be virtual which renders certain ambiguity in treating the
propagator of the bound nucleon. The approach we follow

is to recover the energy and momentum of the interacting
nucleon from kinematic parameters of on-shell spectators (see
Ref. [48] for general discussion of the spectator model of
relativistic bound states). The advantage of this approximation
is that the spectral function is expressed through the nuclear
wave function defined in the rest frame of the nucleus which
in principle can be calculated using the conventional NN
potentials. One shortcoming of the approximation is that while
it satisfies baryonic number conservation, the momentum sum
rule is not satisfied reflecting the virtual nature of the probed
nucleon in the nucleus. We will refer to this approach as
virtual-nucleon (VN) approximation [49,50].

In the second approach the nuclear spectral function is
defined on the light front which corresponds to a reference
frame in which the nucleus has infinite momentum. In this
approach, referred to as light-front (LF) approximation, the
Z-graph contribution is kinematically suppressed' and as a
result the invariant sum of the two light-cone time ordered
amplitudes in Fig. 1 is equal to the contribution from the
graph of Fig. 1(b) only (see, e.g., Refs. [8,51-53]). This
situation allows us to define the boost invariant LF spectral
function in which the probed nucleon is the constituent of the
nucleus with given light-front momentum fraction, transverse
momentum, and invariant mass. It is worth noting that the
LF approximation satisfies both baryonic and momentum
sum rules, thus providing a better framework for studies of
the effects associated with nuclear medium modification of
interacting particles. Our approach is field-theoretical in which
Feynman diagrams are constructed with effective interaction
vertices and the spectral functions are extracted from the
imaginary part of the covariant forward scattering nuclear
amplitude. Another approach, in LF approximation, is the
construction of the nuclear spectral function based on the
relativistic Hamiltonian dynamics representing the interaction
of fixed number on-mass shell constituents [54].

IV. DIAGRAMMATIC METHOD OF CALCULATION
OF NUCLEAR SPECTRAL FUNCTION

In both VN and LF approximations we can use the
diagrammatic approach of Ref. [47] to calculate the spectral

I'This statement is exact for a specific component of the interacting
nucleon spinor which in electromagnetic interaction constitutes the
“good” component of the nuclear electromagnetic current.
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FIG. 2. Expansion of the nuclear spectral function into the contributions of mean field (a), 2N (b), and 3N (c) SRCs. For each case the
initial nuclear transition vertices are different, corresponding to transition of A - N,A —1; A— NN,A —1;and A - NNN,A — 3 for the
mean field, 2N, and 3N SRCs respectively. The NN (b) and NNN (c) labels identify 2N and 3N SRCs with effective NN and NNN vertices

elaborated in the text.

functions. For this we identify the effective interaction vertices
V such that the imaginary part of the covariant forward
scattering nuclear amplitude will reduce to the nuclear spectral
function either in VN or LF approximations. The specific form
of these vertices can be established by considering amplitude
of Fig. 1(b), taking into account the kinematics of mean field,
2N and 3N SRC scattering within VN and LF approximations,
with subsequent factorization of the scattering factors related
to the external probe 4. As a result the V vertices will be
different for mean field, 2N and 3N SRCs. They will also
depend on the VN or LF approximations used to calculate the
scattering amplitude.

In applying the diagrammatic approach one can express the
forward nuclear scattering amplitude as a sum of the mean field
and multinucleon SRC contributions as presented in Fig. 2,
with (a), (b), and (c) corresponding to the contributions from
mean field, 2N, and 3N short-range correlations.

Since the mean field contribution is dominated by the
momenta of interacting nucleon below the characteristic
Fermi momentum ky, one can approximate the corresponding
spectral function to the result following from nonrelativistic
calculation. In this case both VN and LF approximations are
expected to give very close results.

For 2N SRCs, the momenta of probed nucleon is kr <
p < 600-700 MeV/c and the nonrelativistic approximation
is increasingly invalid. Currently there is a rather robust
phenomenology on 2N SRCs in nuclei [18-21,23,24,26],
which should be taken into account in the calculation of the
2N SRC contribution to the nuclear spectral function.

Finally, Fig. 2(c), corresponds to 3N SRCs. Currently, there
are a few rather contradictory experimental evidences on 3N
SRCs [19,23,55] and the first high-energy dedicated studies
are expected in the near future [56]. In the present work we
develop a model for 3N SRC which is based on the assumption
that 3N SRCs are a result of the sequential short-range NN
interactions. The final result represents a convolution of two
2N SRCs. In this way just the knowledge of 2N SRCs will
be sufficient to account for both two- and three-nucleon short-
range correlation contributions to the nuclear spectral function.

In the calculation we apply the effective Feynman rules [47]
to the covariant forward scattering amplitudes corresponding
to mean field, two-, and three-nucleon SRC contributions
(Fig. 2) separately. Then, within VN or LF approximation,
we estimate the loop integrals through the on-mass shell

conditions of intermediate states. Doing so we absorb nuclear
to nucleon transition vertices into the definition of nuclear
wave functions. Such a definition is based on the identification
of the interaction diagrams for the bound sates with the
corresponding equations for the bound state wave function. For
example in the nonrelativistic limit, the interaction diagrams
for the bound state, calculated based on effective Feynman di-
agrammatic rules, is identified with the Lippmann-Schwinger
equation [57,58] in the nonrelativistic limit. In the relativistic
case, similar identifications are made with Bethe-Salpeter type
[48] (for VN approximation) or Weinberg type [51] (for LF
approximation) equations for the relativistic bound state wave
function.

In the following calculations we express the covariant
forward scattering amplitude, A, in the following form:

A=AMF L APV 4 AN 4 (H

where AMF A2V and A3M correspond to the contributions
from the diagrams of Figs. 2(a)-2(c) respectively, and then
consider each contribution separately.

A. Mean field contribution

In the mean field approximation the probed nucleon
interacts with the nuclear field induced by the A — 1 residual
system. In such approximation the spectral function corre-
sponds to the nuclear configuration in which the residual
nuclear system is identified as a coherent A — 1 state with
excitation energy in the order of fens of MeV.

Applying the effective Feynman rules to the diagram of
Fig. 2(a) corresponding to the mean field contribution of
nuclear spectral function one obtains

+ My +M
A" = —tm [ il B g B
pl_MN pl_MN

y Ga—1(pa-1,2) r o d*pa_i
- AN A-1XA ——>

pA — M3 +ie A i@yt
()

where My and M4_, are the masses of nucleon and residual
A — 1 nuclear system, y4 is the nuclear spin wave function,
I"'a_ n a—1 represents the covariant vertex of A — N + (A —
1) transition, G4_; describes the propagation of the A — 1
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A residual nucleus in the intermediate state having an excitation
Van o.Thelabel[. .. ]°" indicates that one estimates the cut diagram
in which the residual nuclear system is on mass shell.
A &
kq p 2. k1 B. Two-nucleon src contribution
l/% —& * o llij In the two-nucleon SRC model one assumes that the
p3 intermediate nuclear state consists of two correlated fast (>kr)

nucleons and a slow (<kr) coherent A — 2 nuclear system. The
corresponding Feynman diagram is presented in Fig. 2(b), for
which using the same diagrammatic rules [47] one obtains

FIG. 3. Diagram corresponding to 3N SRC contribution to the
spectral function.

PR G ) My -~ M M on
ImAZN = Im/ XZA’tFL_)NN,A—z_z (pN—N)g jVN—>NN p12+ 1;/ vy p12+ 1;, |: 2/)2 ki 3 N - ]
Py — Myy Py — My Py — My Lp; — My +ic

Ga_2(pa—2)
pi_2 — Mﬁ_z +ie

r s, d'py d*pas
A—->NN,A-2X4 i(27r)4 W,

G
XTNNoNN— () |: (3)

2
Pyn — Myy

where My is the mass of the 2N SRC system, I"'4_, yy. 4—> now describes the transition of the nucleus A to the NN SRC and
coherent A — 2 residual state, while the I'yy_ yn vertex describes the short-range N N interaction that generates two-nucleon
correlation in the spectral function.

C. Three-nucleon SRC contribution in collinear approximation

The spectral function due to 3N short-range correlations is described in Fig. 2(c) in which the intermediate state consists of
three fast (>kr) nucleons and a slow (<kpg) coherent A — 3 residual system. The dynamics of 3N SRCs allow more complex
interactions than that of 2N SRCs. One of the complexities is the irreducible three-nucleon forces that cannot be described by
NN interaction only. Such interactions may contain inelastic transitions such as NN — N A. As our early studies demonstrate
[33,59] irreducible three-nucleon forces predominantly contribute at very large magnitudes of missing energy characteristic to the
A excitations ~300 MeV//c. Thus for spectral functions for which the missing energy does not exceed the A resonance threshold
~Ma — My, one can consider the contributions of NN — NN interactions only. In the present work we will follow the two
sequential NN short-range interaction scenario of the generation of 3N SRCs. In this approximation, the 3N SRC contribution to
the spectral function can be represented through the diagram of Fig. 3. Here we factored out the low momentum residual A — 3
system from consideration. This is justified by the fact that much larger momenta are involved in the 3N SRCs as compared
to the one in the 2N SRCs discussed in the previous section. As a result the effects due to center of mass motion of the A — 3
system are neglected. The present approximation assumes that the initial three collinear nucleons undergo two short-range NN
interactions generating one nucleon with much larger momenta than the other two. The collinear approximation is commonly
used in the calculation of the quark structure function of the nucleon in the valence quark region. In this respect, our calculations
for the LF approximation are analytically similar to the QCD calculation of the nucleon structure function. Here one assumes that
the momentum fractions of 3N SRCs carried by each initial nucleon is unity and their transverse momenta are neglected. Within
VN approximation the collinear approximation assumes that the initial momenta of the three nucleons are much smaller than
ksc—momenta characteristic to NN SRC—and therefore can be neglected. Note that the momenta of all three nucleons in the
intermediate state of the scattering in Fig. 3 should exceed the nuclear Fermi momentum kr to satisfy the three-particle-three-hole
condition in the Fermi distribution of nucleons in the nucleus.

Using the effective Feynman diagrammatic rules for the diagram of Fig. 3 one obtains

_ _ _ - '+ My D+ My o5y D+ My
ImAW:Im/uk,/\ ii(ka, ho)ii(k3, A3)T ] Pt My V3N
(ki Ak, A )it (k3,23) NNoNN 33 NNNN 3 VT
D+ My T” P+ My |: D3+ My T" d*ps d*p,
x| N - Py vy Ak, Ao)u(ks, As)- —_—,
[p% "M 1 e NN—NN Ry Ve [y ven Ntk doute. ks, 23) 7o g 7o
“4)

(

where “2”” labels the intermediate state of the nucleon 2
after the first short-range NN interaction, A; is the spin of
the ith nucleon, and the I'yy_ yn is the same short-range
NN interaction vertex included in Eq. (3). Note that there
are several other 3N SRC diagrams which differ from that of

Fig. 3 by the ordering of the two sequential NN short-range
interactions. In collinear approximation these diagrams result
in the same analytic form both in VN and LF approximations
(see, e.g., Ref. [3]), thus their contribution can be absorbed
in the definition of the parameter nt), [see Eq. (36)], which
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defines the contribution of the norm of the 3N SRCs to the
total normalization of the nuclear wave function.

D. Models of calculation

To calculate the spectral functions from the forward
scattering amplitudes in Eqgs. (2)—(4) one needs to define the
effective vertices V which identify the bound nucleon in the
mean field, 2N, and 3N SRCs, as well as to define the poles
at which the cut propagators of the intermediate states are
estimated. Both depend on the approximation used to reduce
the covariant diagrams to the time ordered diagrams which
allow an introduction of the nuclear spectral function. In the
following section we will derive these spectral functions from
the covariant forward scattering amplitudes AM*, A%V, and
A3 within VN and LF approximations.

V. SPECTRAL FUNCTION IN VIRTUAL
NUCLEON APPROXIMATION

Our first approach is VN approximation which describes
the nucleus in the laboratory frame treating an interacting
bound nucleon as a virtual particle while spectators are put on
their mass shells. In VN approximation the spectral function,
S 2’ (p, E,,) defines the joint probability of finding a nucleon in
the nucleus with momentum p and removal energy E,, defined
as

p2

E, =FEs_ My — My — ,
A-1+ My A M

(&)

where E5_; and M,_, are the energy and the mass of
the residual A — 1 nuclear system. Note that in the above
expression we followed the conventional definition of E,,, in
which the nonrelativistic expression for the kinetic energy of
the A — 1 system is subtracted. However in our calculation
the kinetic energy of the (A — 1) system depends on the mean
field, 2N SRC or 3N SRC picture of nuclear wave function. For
each particular case, the kinetic energy of the (A — 1) system
is accordingly defined in the text.

The normalization condition for the spectral function can
be fixed from the condition of the conservation of baryonic
number of the nucleus in hadron-nucleus scattering [61] or
from the condition for the charge form factor of nucleus at
vanishing momentum transfer, F4(0) = Z [49], which yields

A
Z/sf(p,Em)afpdEm = A, (©6)
N=1

where « is the ratio of the flux factors of the (external probe)—
(bound nucleon) and (external probe)—(nucleus) systems,
which in high momentum limit of the probe (hadron or virtual
photon) yields

E
:MZAPL' (7

My/A Pa+
Here, p; and p4 are the light front longitudinal momenta of
the nucleon and nucleus respectively, Ey is the energy of the
bound nucleon, and the z direction is defined opposite to the
direction of the incoming probe.
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Following the decomposition of Fig. 2 we consider the mean
field, 2N, and 3N SRC contributions to the nuclear spectral
function separately. In VN approximation the cut diagrams of
Figs. 2 and 3 will be evaluated at positive energy poles of the
spectator residual system. For the mean field contribution it
corresponds to the positive energy pole of the coherent A — 1
system. For the case of 2N SRC it corresponds to the positive
energy poles of the correlated nucleon and A — 2 system,
whereas for the 3N SRC case these are positive energy poles
of the two correlated nucleons and A — 3 system.

A. Mean field contribution

In the mean field approximation the missing momentum
Pm = —P = —p1 and missing energy E,, characterizes the
total momentum and excitation energy of the residual A — 1
system. In the nuclear shell model E,, also defines the energy
needed to remove the nucleon from the particular nuclear shell.
For such a situation we can define the effective vertex VM Fin
Eq. (2) as

VME = ia(p1,s1)8*(p1 + pa_1)8(En — Eg)a(pi,s1), (8)

where E,, is the characteristic energy of the given nuclear shell.
The creation and annihilation operators are defined in such a
way that

a(pi,s)(p1 + My) = ii(pr,s1) and
(o1 + My)a(pi,s1) = u(p1,s1). ©

Hereafter the a(py,s;) and a@ (p;,s;) represent the annihilation
and creation operators in the Dirac space. We follow the
convention (see, e.g., Ref. [60]) for which the product of the an-
nihilation operator, the nucleon propagator projected to the
positive energy state, and the nuclear transition vertex produces
the Fock component of the nuclear wave function. Note that
this definition is different from the conventional definition
(see, e.g., Ref. [16]) in which the annihilation operator acts
on the nuclear wave function to produce nucleon-hole states.
However the final results in both approaches are similar in the
nonrelativistic limit.

Next, in Eq. (2) we take the integral by d°p,_; through the
positive energy pole of the propagator of the A — 1 state:

dp’_, . 2mi
pi*l - M12471 + i8 2EA71 EA—1=/\/ M,24,1+17%7|

and for the on-shell (A — 1) spectator state we use the sum
rule

. (10)

Ga_1(pa-1,a)
= Z Xa—1(PA—1,54—1 ,Ea)Xj;,l(PA—l Sam1,Ee), (A1)

SA-1

where y4_ is the spin wave function of the residual (A — 1)
nucleus. Note that in relativistic treatment the spin wave func-
tions are momentum dependent as indicated in the argument
of xa—1. Such a momentum dependence is also accounted for
the spin wave function of other particles discussed in the text.
The above relations allow us to introduce the single nucleon
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wave function for the given nuclear shell E,, ;4 in the form
UNya(P1,s1,Pa-1,54-1,Ea)

_ ﬁ(Pl,S1)Xl_1(PAfl,SA71,Ea)FA»N,A71X,§A
(M3 — i)V (@n)2Ea- ’

which, inserting into Eq. (2) and taking the d* p4_, integration
through the 83( P1+ pa—1), results in the mean field nuclear
spectral function S flv, ur in the VN approximation:

S mr(P1 En) = Z Z |¢]S\]A/A(plasl»pAflsSA—lan)f

o S1,54-1

X 6(Em - Ea)a (13)

12)

which defines the joint probability of finding a nucleon in
the mean field of the nucleus with momentum p and removal
energy E,,.

For numerical estimates of the above spectral function we
note that in the mean field approximation, the substantial
strength of the VN wave function ¥y,4 comes from the
momentum range of p; < kp. Therefore in this case the
nonrelativistic approximation is valid, which allows us to
approximate this wave function by the nonrelativistic wave
function obtained from the conventional mean field calcu-
lations of single nucleon wave functions. Additionally, in

the nonrelativistic limit o ~ 1 4 JA;’;A, and from Eq. (6) one
MPAI/ 1 part does not contribute to the integral

resulting in the condition for nonrelativistic normalization:

observes that the

f SN ur(P En)dEd®p = njyp, (14)

where n}),. is the norm of the mean field contribution of
nucleon N to the total normalization of the nuclear spectral

function.

B. Two-nucleon short-range correlations

We consider now Eq. (3) with the effective vertex Von
identified as
Von = ia(p1,s1)8*(p1 + pa + Pa-2)8(Em — EiN)a(Pl,Sl),

(15)

where a(pi,s1) and a(p;,s;) are creation and annihilation
operators of nucleon with four-momentum p; and spin s;
satisfying the relations of Eq. (9).

The magnitude of E2V follows from the NN correlation
model (in which the correlated NN pair has a total momentum

J
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—Ppa—2 in the mean field of A — 2 residual nuclear system)
according to which

EXN = Et(}?r) FTaa+ T, — Ty

2
)4
=E§§2+EA_2—MA_2+T2—2M1 ., (16)

A-1

where Etfr) is the threshold energy needed to remove two
nucleons from the nucleus. In numerical evaluations, we
estimate it as Et(}i) ~2My + M4_» — M,. Furthermore, 75
and T4_, are kinetic energies of the correlated nucleon 2
and the residual (A — 2) nucleus respectively, that add up to
the actual kinetic energy of the A — 1 residual system in the

2N SRC model. The additional subtraction of the 5 Af;j_l
follows from the definition of missing energy in Eq. (5).

According to VN prescription we perform integrations by
dp3 and dp’}_, in Eq. (3) through the positive energy poles of
the propagators of 2 and A — 2 particles. This yields

term

dp(z) _ 2mi

p3— M} +ie  2E,

’

Ex=+/M3+p3

dp’_, o
 2Ex

A7)

Pi—z - M/24—2 +ie

Eq =4/ M/2472+/’3\72
Since 2 and A — 2 are now on mass shell, we can write the
sum rule relations for the numerator of their propagators as

P+ My = ZM(PZ,Sz)ﬁ(Pz,Sz),

52

G(pa—2) = Z XA—Z(PA—ZvSA—Z)X,Z_z(pA—%SA—Z)v (18)

SA-2

where x4_» is the spin wave function of the A — 2 nucleus.
The s, and s4_, are the spin projections of the nucleon 2 and
A — 2 nucleus respectively.

In the 2N SRC model we assume that the center of mass
momentum of the NN SRC is small which justifies the use of
the on-mass-shell sum rule condition:

G(pnn) = ZXNN(pNNssNN)X]t]N(pNNsSNN)» (19)

SNN

where xyy is the spin wave function and sy is the projection
of the total spin of the NN correlation with the three-
momentum, pNN = PA — Pa—2. As one will see below, the
above equation allows us to introduce the wave function of
the center of mass motion of the 2N SRC thus decoupling the
center of mass and relative motions of the NN correlation.

Inserting Egs. (9) and (17)—(19) in Eq. (3) reduces the latter to the NN SRC part of the nuclear spectral function, for which

one obtains

N
SA,ZN(pl,Em) =
52,5A-2,SNN Sy
u(p1,s1)
X= 2
Py — My

sastt
Z /XX\ Ly nn a2

8(p1+ p2+ pa2)8(En — E)

XNN(PNN,SNN)X;{/N(PNN,SNN)

2 2
Pyn — Myy

T
Cynonw

i(p1,51)
pT — My,
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u(p2,82)i(p2,52) XNN(PNNSSNN) XNy (PNNSSNN)
X —————T'ynoww 5 3
2E> Pyn — Myy

» XA—z(PA—z,SA—z)Xj;,z(PA—z,SA—z) r s, d°py dPpas
2E. A—>NN,A-2X4 @ny @y
which defines the joint probability of finding a nucleon in NN SRC with momentum p; and removal energy E,,.

Now we introduce A — (NN)+ (A —2) and (NN) — N + N transition wave functions defined in the rest frame of the
nucleus A and the 2N SRC respectively (see, e.g., Ref. [47]):

(20)

X;TVN(PNN,SNN)X,Lg(PA-z,SA—z)FAeNN,A—z)(fo

Ve (DNNSSNN, PA-2.54—2) = ,
(Myy — Pin)V2EA Q)
; iw(p1,51)i(p2,52) U Ny NN XNN(DNNSSNN)
Yun (P1,81,P2,8) = , 21
(M} — pt)V2E(2)?

which allows us to present the 2N SRC part of the nuclear spectral function in the following form:

SYon(p1.En) = Z fl/féAZJ(PNN,Sﬁ\/N,PA—z,SA—z)%SVNﬂ’T(Pl,S1,P2,S2)

Slq52,§A—215NNvS;VN
XY (PNNSNN - PA-2,54- )V NN (P1,51,02,50)8°(p1 + P2+ pa-2)8(En — E}Y ) pad’pas. (22)

We use pny = —pa—2 and integrate by d 3ps through 83(p1 + p> + pa_»). Furthermore based on the 2N SRC model in which the
wave function of the relative motion is dominated by the pn component with spin 1 with the low momentum CM wave function
being in the S state, one can perform the summation by 54— resulting in §;,, s, - Using the latter relation one obtains
N _ 54 2 SNN 2 2N\ 43
SNon(PLEn) =Y / W (pvn s sa—)| WA (P11 p2.so)| 8(Ew — E2Y)d® pun. (23)
851,82,54-2,SNN

where p2 = pnn — P1- The above expression is simplified further by introducing effective momentum distribution of the nucleon
in the NN SRC, nyy, as well as distribution of the center of mass momentum of the NN correlation, 7¢,, which results in

SQ’,ZN(PhEm) = /HCM(PNN)”NN(Pre1)5(Em - E,%,N)d3PNN, (24)
where pr = 252,
The normalization of this spectral function should be related to the total probability of finding a nucleon in such a correlation.
This can be defined from the normalization condition of Eq. (6) which yields

/ SX o (P, En)eidEpd’ py = nby, (25)
where for the 2N SRC model a = o] = W and néVN is the norm of the 2N SRC contribution of nucleon N in the

total normalization of the nuclear wave function.

As it follows from Eq. (24), given the relative and center of mass momentum distributions of the NN correlations we can
numerically calculate the 2N SRC part of the nuclear spectral function. Since it is assumed that the center of mass momenta
of the NN SRCs are small, for n¢j; we use the distribution obtained in Ref. [10] through the overlap of two Fermi momentum
distributions which results in the simple Gaussian distribution:

nem(pyn) = No(A)e POPR (26)

normalized to unity: f neu(pyn)d® pyy = 1. The parameter B(A) is estimated from the nuclear mean field distribution, while
No(A) is found from the normalization condition. The relative momentum distribution of the NN SRC, n  y (pre1), can be modeled
according to Refs. [35,36], where the high momentum strength of the nucleon momentum distribution is predicted to be inverse
proportional to the relative fraction of the nucleon in the nucleus. Such a distribution is in agreement with the recently observed
dominance of pn SRCs [20,21,26] and can be expressed in the form

ax(A,Z) ng(pret) O(Pret — ki)

Y My—Ew—Ta-1
(2xx) Eu—

nyn(Pret) = , 27)

where xy = N/A with N being the number of protons (Z) and neutrons (A — Z) in the nucleus A, the parameter ay(A,Z) is
related to the probability of finding 2N SRC in the nucleus A relative to the deuteron, and y is a free parameter y < 1. The

ng(pre1) is the high momentum distribution in the deuteron, and kg, 2 kr is the momentum threshold at which a NN system

064318-8



MULTINUCLEON SHORT-RANGE CORRELATION MODEL ... PHYSICAL REVIEW C 94, 064318 (2016)

with such relative momentum can be considered in the short-range correlation. The factor %Z{A" is the generalization of

the normalization scheme of [61] which enforces the normalization condition of Eq. (6). The normalization of the above defined
distribution, [ n¥,(p)d®p = nb),, defines the contribution of the 2N SRCs to the total norm of the momentum distribution for
the nucleon N.

It is worth mentioning that in the nonrelativistic limit, and assuming an equal 2N SRC contributions from proton and neutron,
n% ~(Prel) = a2(A)ng(prer), the expression in Eq. (24) reduces to the “NN SRC-CM motion” model of Ciofi-Simula [10].

C. Three-nucleon short-range correlations

For the 3N SRC model in collinear approximation we consider the covariant amplitude of Eq. (4) in which the effective vertex
V5w is defined as

Van = ia(pi,s1)8*(p1 + p2 + p3)8(Ew — EZN)a(p1,s1), (28)

where a(py,s1) and a(p;,s;) are the creation and annihilation operators defined in Eq. (9).
The magnitude of E2 is calculated based on the considered 3N SRC model in which the recoil nuclear system consists of
two fast nucleons and a slow A — 3 nuclear system whose excitation energy is neglected. In this case
3 ©) pi
N
E)=E,, +T:+T,— M (29)

where Etfr) is the threshold energy needed to remove three nucleons from the nucleus. Similar to the case of 2N SRC, we

estimate it as Et(sr) ~3My + Ms_3 — M 4. Within the considered 3N SRC model the kinetic energy of residual nucleus is due to
kinetic energies of correlated spectator nucleons 7, and 73 which are treated relativistically. Here, as in the case of 2N SRC, the
p2
ZM/lfl
According to VN prescription we take integrations by dp and d pg in Eq. (4), at the positive energy poles of propagators of 2
and 3 particles, i.e.,

additional subtraction of the

follows from the definition of missing energy in Eq. (5).

d’pa3 _ 2mi %
PRi— M2 +ic  2Ey;|Ea=y/Mitriy 30)

Using this and the relations of Eq. (9), as well as assuming the sum rule relations [similar to Eq. (18)] for the spinors of 2’
intermediate state, from Eq. (4) one obtains for the 3N SRC contribution to the nuclear spectral function

u(py,s2)i(py,sy)

SNav(PLEn) = > /ﬁ(kl,)»1)ﬁ(kz»)»z)ﬁ(kLM)F;;N_)NN

2 _ 2
2/,827,82,583 P MN
4 u(p1,51) 4 any 4(p1,51) u(p2,$2)ia(pz,s2)
x T 2 83(p1 + pa + p3)S(E — E2
NN—NN p]2 — M%] (pl P2 P3) ( )P]2 — M]ZV 2E,
u(py,82)i(py,32) u(ps,s3)i(ps,s3) d’py d’p;
x Cyyo vy ki, ADuky, ou(ks Az)————=, (31
WM T 2, NN—NNulky Au(ks,Ao)u(ks 3)(2]_[)3 2n)3 3D
which defines the joint probability of finding a nucleon in 3N SRC with momentum p; and removal energy E,,.
Introducing 2N SRC wave functions in analogy with Eq. (21),
I/_l( 5S )IZ( 27S )F d I/l( iaS i)u( i,SZi)
YN (P11, P2,525 PisSii pai 5ai) = DD P2 020 NN NNEE DL TP (32)

(M3 — p})V2(2E,(27 )} ’

indicates incoming nucleons with their spin projections, Eq. (31) can be expressed as follows:

[7X31)
l

where subscript
N _ i . T .
Syan(prEn) = Z /K”NN(Pl,Sl,pz,Sz,kl,)»1,PZ/,Sz/)l/fNN(quszup3,S3,kz,)»z,k3,)»3)
857,857 ,82,83
X UNN(P1,515 P2,82s ki, A1, Py, so) U NN (P2, 825 P3.53; ko, Aoy k3, A3)
x 8 (p1 + p2+ p3)8(Ew — EN)d’ p3d’ py. (33)

Based on the assumption that NN SRC is dominated by spin-1 short-range pn configuration, and using similar arguments as in
Eq. (23), one can sum over the polarizations of 2 and 3 particles resulting in s, = s = §,.. Then, taking the d° p, integration
through the 83( p1 + p2 + p3) function, one obtains

SN an(PLEn) =Y / [N N (D252, P3,53; ko, g k3, A3) P [Wwn (P1osis pa.sas ki h, paoso) P8 (Em — ExY )dP 3. (34)

51,52,83
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The above expression can be represented in a more simple form by noticing that the NN correlation wave functions depend on
their relative momenta and we sum over the final and average by all possible initial polarization configurations. This yields

SYan(p1Em) = / nyn(pr NN (P18 (En — E3Y)d’ ps, 35)
where p1 = 252 =p; + 2 andpy 3 = @ ~ —p3. The normalization condition for the 3N SRC spectral function is defined
as follows:

/SX,3N(p1’Em)a1d3P1dEm = njy, (36)

where n}y is the norm of the 3N SRC contributing to the total normalization of the nuclear wave function for the given nucleon
N.

Within the model of pn dominance of two-nucleon SRCs one predicts that the 3N SRCs are generated predominantly through
the two sequential short-range pn interactions. As a result our model of 3N SRCs predicts that the overall probability of finding
such correlations is proportional to the factor a3(A,Z), where a»(A,Z) is defined in Eq. (27). Using the relations similar to
Eq. (27), one approximates

ng(pr 3)na(pi2)
My—En—Ta
Ma/A

nyn(prInyn(pi2) = a3(A,Z)C(A,Z) O(p2 3 — ksie)O(P12 — ksic), (37

where kg > kp is the relative momentum threshold at which the N N system can be considered as a short-range correlation. Here
C(A,Z) is a function which accounts for the effects associated with the isospin structure of two-nucleon recoil system. Namely,
in the collinear approximation two recoil nucleons emerge with small relative momenta (or invariant mass). In Ref. [33] it was
demonstrated that the NN system with small relative momenta is strongly dominated in the isosinglet pn channel. This situation
introduces an additional restriction on the isospin composition of the 3N SRCs, in which the recoil NN system predominately
consists of a pn pair. For example, one direct consequence of such dynamics is that high momentum neutrons in *He nucleus

cannot be generated in 3N SRCs while protons can.

VI. SPECTRAL FUNCTION IN LIGHT-FRONT
APPROXIMATION

The nuclear spectral function on the light front was
formulated in Ref. [31] however its calculation from the first
principles is impossible due to the lack of the knowledge of
nuclear light-front wave functions. The current work uses two
assumptions which allow us to obtain calculable LF nuclear
spectral functions. The first assumption is that the nuclear
mean field contribution to the light-front spectral function
corresponds to the nonrelativistic limit of the momentum and
missing energy of a bound nucleon. As a result the mean field
part of the LF spectral function can be related to the mean
field contribution of conventional nuclear spectral function
discussed in the previous section. The second assumption
is that the dynamics of the LF spectral function in the high
momentum domain is defined mainly by the pn interaction at
short distances. Thus to obtain the calculable spectral function
in relativistic domain one will need only a LF model for the
deuteron wave function at short distances.

Before we proceed with the above approach we first define
the kinematic parameters that characterize the bound nucleon
in the light front as well as the sum rules that the light-front
nuclear spectral function should satisfy.

In defining the light-front nuclear spectral function the
primary requirement is that it is a Lorentz boost invariant
function in the direction of the large CM momentum of the
nucleus p 4. To satisfy this condition we require that the bound
nucleon N is described by a light-front “+” momentum fraction
oay = A%’ transverse (to pa) momentum py, and invariant

mass M3 = py_pn+ — Py, .- As it will be shown below My

(

is related to the excitation energy of the residual nucleus.
For future derivations it is useful to present the invariant
phase space of bound nucleon, d* p, through these light-front
variables as follows:

d*py = lde—vde-kdsz,J_ = mﬂdzpzv;dﬁ;ffv- (38)
2 20 N

After identifying the kinematic variables describing the
bound nucleon, one now defines the light-front nuclear spectral
function, P4(ay, pn. l,MI%,), as a joint probability of finding
a bound nucleon in the nucleus with light-front momentum
fraction oy, transverse momentum py,;, and invariant mass
M?. The normalization condition for such spectral functions
is defined from the requirements of baryonic number and total
light-front momentum conservations [31,61]:

A
_ o\ da _

Z/ PQJ(UN,PN,L,MIZV)ﬁdeN,LdMIQV =A,

N=I

A
_ . da .
- [ an i (awepws B3 S ity = . 39
N
N=1

where the second relation is exact if one assumes that all
the momentum in the nucleus is carried by the constituent
nucleons. From Eq. (39) one deduces the relation between
the LF spectral function and the light-front density matrix,
pﬁlv(aN,pN,J_), in the form

- |
o (N, py.1) = f ry (aN,pN,L,Mﬁ)EdM%V. (40)
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To proceed with the derivations, similar to the VN approx-
imation, we follow the decomposition of Fig. 2 considering
mean field, 2N, and 3N SRC contributions separately. In LF
approximation the cut diagrams of Figs. 2 and 3 will be
evaluated at the positive light-front (“—” component) energy
poles of the spectator residual system. For the mean field
contribution the spectator residual system consists of A — 1
nucleus, while for the SRC case it consists of one or two
on-energy-shell nucleons correlated with the bound nucleon,
as well as A — 2 and A — 3 uncorrelated nuclear systems for
2N and 3N correlations respectively.

A. Mean field approximation

To calculate the light-front nuclear spectral function in
mean field approximation one needs in principle to start with
Eq. (2) and proceed by evaluating the integral at the pole of the
“minus” component of four-momentum of the A — 1 residual
nucleus. Such an integration will express the spectral function
through the unknown light-front mean field wave function of
the nucleus.

We adopt a different approach in which one uses the fact
that the mean field nuclear spectral function is dominating at
small momenta and missing energies of bound nucleon, for
which the nonrelativistic limit of light-front approximation
is well justified. Then we need only to relate the mean field
light-front spectral function Py, -(ct1, p1,,M3) to the above
discussed VN mean field spectral function, S Av’ wur(Em.D)
in the nonrelativistic limit.> The relation between P, .

and S} ,,z(Ey,p) can be found by using the normalization
condition:

~ dO[1 ~
/PﬁMF(“l,PLL,M,ZV)T‘“dzpl,Ldev
Z/SQI,MF(Em’P)dEmd3P1 ZHﬁp, 1)

where we need to relate the LF phase space to dE,d’p.
For this, we use the relation between the total energy of
the A — 1 nucleus and missing energy E,, in the mean field
approximation:

2
p
Exy=\Mj_ |+ pi_y=Ms—My+E,+ ZM(; ,
A—1

(42)

where the last part of the equation follows from the definition

of the missing energy E, [Eq. (5)] which is inherently

nonrelativistic. In the above expression M,4_; is the mass of

the A — 1 residual nucleus which can be in the excited state,

while M/(LI represents the ground state mass of the residual

nucleus. With the above equation one obtains for o
Ea1—pi;

(X]ZA—T/A (43)

2Note that hereafter we will identify ay and py ;. with oy and p; |
respectively, giving the subscript 1to the bound nucleon.
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and for M3

2 2
~ o My +piy
My=—(M;—————=)—-pi.. (4
N A( 4 (A—al)/A) P G0

These relations allow us to relate
dM%da, = 20,dE,dp; .. (45)
This, together with Eq. (38), results in d*p, =

‘%‘dz p1.1dM% = dE,d’p, which substituting in Eq. (41)
allows us to obtain for the mean field approximation

PXMF(ahpl,J_vM]%])ZSAV,MF(Em3pl)’ (46)

where o) and 1\7[,%, are expressed through E,, and p; according
to Egs. (42)-(44). Note that the above equation is valid for
up to the overall normalization factor, since VN and LF
approximations result in different normalizations for the mean
field contribution to the spectral function. (For more details
see Sec. VII.)

B. Two-nucleon short-range correlations

To calculate 2N SRC contribution to the light-front spectral
function PQ{ZN(OM,PLL,M,%,) we start with Eq. (3), with the
vertex operator defined as follows (see also [3]):

Vo = ia(pi,s1)2078(@) + @ +ax 2 — A)
x 8%(p1,L+ P21 +Pa—2,1)8 (M, —M;(\?N)’z)a(l?l »S1),
47)

where (o2, p2.1), (€a—2,pa—2.1) are light-front momentum
fractions and transverse momenta of correlated second nucleon
and residual (A — 2) nucleus. In the considered 2N SRC
model,

~ (2N).2
MM = pry(pac — pr- — pa—as) — Pl

M2 + (pa—a.1 — 2
o m2 — a My (pa—2,1 — p11)
A A—oap—ap

2 2
_AM) — 3, (48)
HA-2
where we consider the reference frame with the z axis in p4
direction. To proceed, in Eq. (3) we treat the nucleon 2 and
residual nucleus ‘A — 2 on light-front energy shells. This is
achieved by integrating their respective — components through
the positive pole value of the propagators, provided that their
+ components are large and positive. For the 2 nucleon the
integration is performed as follows:

d*p,
P2 — M3 +ie

1dp>-dprid®p, 1
Parpa- — p3 + My +ie

3dp>-dprid®py y

Py MY .
Pa(pr- — 22—+ i€)

i @cﬁ
i Dol 2
(2%] _PitMy
Pr-="000

(49)
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Similarly for the A — 2 residual nucleus,

d*pa_s indOlAfz &p
— = —in——d " paa1
Pa,— Mj , +ie ¥p-2

Pao M, (50)

pPa-2-= PA-2,+

Note that the above integrations project the intermediate state to the positive light-front energy state thus excluding the contribution
from the Z graph of Fig. 1(c). The Z diagram in this scheme will be suppressed by the inverse power of large + component
of the nucleon’s four-momentum (see, e.g., [S1]). With the diminished contribution from the Z graph Eq. (3) will result in the
light-front spectral function PY, (1, p1, 1, M%) of the 2N SRC.

The on-shell conditions for the nucleon 2 and residual nucleus A — 2 allows us to use the sum rule relations

D+ My = Z u(p2,82)i(p2,82) and G(pa—z) = Z XA—Z(PA—ZvSA—Z)X,Z_z(PA—ZvSA—Z)' (51

52 SA-2

Using also the nonrelativistic limit for the center of mass motion of 2N SRC, k¢y < My [for kcpy see Eq. (65) below], we
approximate

G(pNN.SNN) Z XNN(pNN»SNN)X;[]N(pNstNN)’ (52)

SNN

where xyy is the spin wave function of the center of mass motion of the 2N SRC. Using also the relations a(p1,s1)(p1 + My) =
i(p1,s1) and (p + My)a(pi,s1) = u(py,sy) for the light-front spectral function, from Eq. (3) one obtains

PYon (e, pi 1, My) =Z /Xf\AYTFL_>NN_A_2XA72(pA729SA72)

S2,SNNsSA-2

u(p1,s1)u(p2,52)

% XNN(pNN»SNN)X;jN(pNN,SNN)r]‘
NN—NN— 2 r2
Py — My

2 2
Pyn — Myy

- - i1(p1,s)i(p2,52)
x [2038(a1 + o + eay — A)SA(p1L + pas + pa—a DS(MY — MyY?) | =

pT— My
NN (PN SN XNy (PNNSSNN)
xTnyswn 5 ng Xj\_z(PA—z,SA—2)FA—>NN,A—2X2A
Pvn —Myy
doy d? doap_rd*pa_
% aop a™pr | g2 A" PA-2, 1 (53)
ar 227)3 aan 2Q2m)3
Light-front wave function of the NN SRC. We now focus on the following combination in Eq. (53):
ia(p1,s1)i(p2,s2)
—————5—DIn~nonN - XNN(PNNSSNN), (54)

pi— My
which enters in Eq. (53) in a direct and complex-conjugated form. For the propagator in Eq. (54), using light-front momentum

and energy conservation at the I'yy_, yy Vvertex, one obtains

2

M3 + p?
P — M3 = (pyy — p2)* — My = (pn.+ — P2,+)(PNN,— —py — —N L

PNN,+ — P2+

My + p?\lN,L My, + P%A,L My +pi
= a1(pa+/A) - - ) (55)
aNNpa+/A wpar/A aipar/A
2 2
where in the last part of the equation we used the on-shell conditions for the nucleon 2 (p;— = %) and the condition
2 2
ke < My y, which justifies the approximation, pyy_ ~ %. Equation (55) can be further simplified using relations
o) +ay =ayy and p11 + p21 = pyw, L yielding
o Ol2 o 2
2 2 2 NN 2 2
pr-Mi=—m ——M+<p ——pNN,L> . (56)
1 N ann ( NN T |: N LT n

The above propagator can be completely expressed though the internal momenta of the N N system by introducing the momentum
fraction of the 2N SRC carried by the nucleon 1, £, and the relative transverse momentum, k;_ ; , as follows:

20 B
Bi=2—f=— and ki1 =pi1— 2L pNN.L- (57)
0NN 2
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With these definitions Eq. (54) can be written as

ia(p1,s))i(p2,52)

1 2 4 2 2
ﬁli[MNN - /.‘51(2—;‘51)(MN thiL

)] Cyvonn - XNN(PNNSSNN), (58)

where one observes that the term in the denominator which is subtracted from MIZ\,  Tepresents the invariant energy of the NN
system, syy. This allows us to introduce the relative momentum k; in the NN system, which is invariant with respect to the
Lorentz boost in the pyn direction, in the form

SNN (M3, + k7 1) =4(My + k7). (59)

. 4
Bi1(2 — B1)
The above defined relative momentum k; will be used to set a momentum scale for the 2N SRCs, requiring k| > kg similar to
Eq. (24).
The expression in Eq. (58) can be presented in a more compact form if one introduces the light-front wave function of the
NN SRC [3,8] in the form

1 iw(p1,51)i(p2,52)Cnvosnn - XNN(PNNSNN)
V2@m)? 3[Miw — 4(M5 + i)

where xyn represents the spin wave function of the NN pair emerging from the nuclear vertex I'4 yn a—2. With this definition
for Eq. (54) one obtains

inN]g(ﬁlskl,J_,S1,S2) = — | (60)

a(p1,51)i(pa,s2) V2Q2r)
%FNN»NN - XNN(PNN.SNN) = T v (Bi.k1,1,51,82). (61)

Light-front wave function of the NN (A — 2) system. Next we consider the combination that defines the wave function of the
NN (A — 2) system that will describe the motion of the center of mass of the NN correlation:
XJ]:/N(pNNsSNN)ng_z(PA—ZySA—Z)
2 2
Py — Myy

We first elaborate on the propagator of the N N system using the on-shell conditions for the initial A and residual A — 2 nucleus:

CasnN,A—2XA- (62)

M3, + p? o
NN NN, L NN
Py — Myy = pyne | Pae — paa— — = (Mi — SNN.A-2), (63)
PNN .+ A
. . . Mfﬁ—pf‘L Mi 2+pf4 ol ..
where in the last part of the equation we used the on-energy shell relations ps_ = o PA2- = ﬁ, the definition,
ApPNN .+ . B

aUNN = as well as introduced the invariant energy of the NN — (A — 2) system as follows:

Pat+

(M3 + 5 (M35 = M) + (P = % pan)’]

2
SNN.A—2 = A (64)
ann(A —any)
This invariant energy can be used to estimate the relative three-momentum in the NN — (A — 2) system:
VISNN a—2 — (Myn + Ma_2)*)(syn.a—2 — (Myy — Ma_2)?]
ke = , (65)

2\ /SNN,A—2

where, kem, 1 = pnn, L. Note that ke can be used to calculate the light-front momentum fraction of the N N pair as follows:

A(Eyn + k
o (Enn CM,z)’ (66)
Exn + Es
where Eyy = «/MI%,N +k%M and E4_, = «/MEF2 +k(2;M.

With the above definitions, similar to Eq. (60), one introduces the light-front wave function of the NN — (A — 2) system:

1 1 X]TVN(pNN,SNN)Xj\_z(PA—2,SA—2)FA—>NN -2 Xy
U @nn kny 1, SNNSa—2) = — : . (67)
o [3=2 \/2@ry 2[M3 — sanaca)
The coefficients in the above equation are chosen such that in the nonrelativistic limit, kcyy < My,
Vet (NN kNN L SNNsSa—2) X Yo (kew)2My . (68)
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Substituting Egs. (67) and (63) in Eq. (62) one obtains
A=2
X]]:/N(PNN’SNN)X,];_z(PA—Z,SA—Z) V7 z Vv 2(2m)?
5 > Pasnna—oxa = ————57—
Py — Myy anN/2

Using Egs. (61) and (69) in Eq. (53), for the 2N SRC unpolarized light-front spectral function one obtains

Ve @nn kNN, L SNN,SA—2). (69)

- A—-2 )
PXZN(Otl,Pl,LMI%/) =5 Z /I/IéAAL)(aNN»kNN,LsSNNsSA—Z)

52,SNN:SA-2

X YN Brokn Lsis2)[28(en + a2 + aama = A (prL + pau + paa, DS (M — My™?)]

doys_y

s d
X Y (@ knn, L SunSa—2)Wan (Bi ,kl,i,sl,sz)ﬂdzpz,i d’pasi. (70)

B2 A2
To obtain the spin averaged spectral function, using similar arguments as in Eq. (23), the above equation can be diagonalized
in terms of spin projections and simplified further by introducing spin averaged density matrices for the relative motion in the
2N SRC (Refs. [3,8]):

s 2
1 § : ‘w}VNZG(ﬂl,kI,L,SlysZ)‘
2 2SNN +1 2 _ ’3]

SNNsS1,52

oy (Bioki 1) = : (71)

and for the center of mass motion of the 2N SRC:

‘ 2
1 A-2 [t (ann knn, L. SunsSa—2)|

,k = — . .
pcu@ynkyn, 1) 325,11 E

SNNsSA-2

72
Aoy (72)

With the above definitions, for the 2N SRC unpolarized light-front spectral function one obtains

2
x 82(pr1 + pry — PNN,L)g(M%/ - MI(\?NM)dﬁzdzpz,idaNNdszN,L- (73)

The normalization conditions for the above introduced density matrices are defined from the sum-rule conditions of Eqgs. (39)
and (40). For the density matrices of NN SRC, p4 ., the normalization conditions to satisfy the baryonic and momentum sum
rules [8] yield

- 1
Pﬁ{zN(al,Pl,L,Mﬁ) == / Ny Bk D pem(@nn kyn.1)28(c; + oy — ayy)

dp dp
/ pﬁN(ﬂ,kL)FcﬂkL = / pr(ﬁ,kL)ﬁydsz = njy, (74)
where nQ’N is the contribution of the 2N SRCs to the total norm of the spectral function. Similar to Eq. (27) we can model the
light-front density matrix of the 2N SRC through the high momentum part of the light-front density matrix of the deuteron
pa(B1,k;,1) in the form
a(A,Z)
PN (Brki 1) = 2= (ki DOK — ko). (75)
(2xn)”
where k) is defined in Eq. (59), and a>(A,Z) in Eq. (27). In the second part of the current work [28] we will discuss the specific
models for ps(B1,k1 1) which will allow us to perform numerical estimates.
For the light-front density function of the center of mass motion the conditions of Eq. (39) require the following normalization
relations:

d(XNN dO[NN

/pCM(O‘NNskNN,J_) d*kyy.1 =1 and /pCM(aNNskNN,J_)aNN d*kyy.1 =2 (76)

ANN ONN

Since in the considered 2N SRC model the CM motion is nonrelativistic (kyy < 2My), we can use the momentum distribution
used in VN approximation [Eq. (26)] which can be related to pcy, as follows:
EvvEa—2  ncmkem)
k = ~2M kem), 77
peu(any knn, 1) Enxn + Exa)/A A —any nncemkem) (77)

where ncys is defined in Eq. (26). Note that for the “middle” form of the pcjys the first normalization condition of Eq. (76) is
exact while the second one is approximate satisfying it only in the nonrelativistic limit (last part of the equation).

Finally, it is worth mentioning that in the nonrelativistic limit of the density matrix of 2N SRC, p(B1,k1,1) =~ nyn(p1)Mn
and Eq. (73), similar to VN approximation, reduces to the SRC model of spectral function of Ref. [10].
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C. Three-nucleon short-range correlation model

To calculate the contribution of the 3N SRCs to the light-front spectral function we adopt the collinear approach discussed
in Sec. IV C. In this approach the assumption of the total momentum of 3N SRCs being negligible imposes several kinematic
restrictions on the light-front momenta of nucleons in the correlation. The vertex operator Vsy entering in Eq. (4) takes into
account these kinematic restrictions in the following form:

Vs = ia(p1.s1)2e38(er + oo + a3 — 3)82(p1.L + pas + p3 D8(My — My )a(pi.sy), (78)
where in the considered 3N SRC model

~(3N).2 2
M = L — Dy — D3 — PA_3_) — =
N P14(Pa- — p2— — p3- — pa—3.-) — PiL 3N NE PE

2 2 2 2
aj My +py,  My+p5,
SIS e R

with the mass of the 3N SRC defined as

3 M3,
M%N:Z fzx_3aA 3-

(80)

The following derivation is in many ways similar to the one in the previous section. We first substitute the vertex function V3y
into Eq. (4), expressing four-dimensional differentials through the light-front momenta. Then we estimate the dp, _ and dp; _
integrals at the pole values of the propagators of 2 and 3 nucleons corresponding to the positive values of their + components as
follows:

d* dpays.4d? da M3 + p3
P23 —i@2m) P2/3,+47P2/3, 1 — _in 2/3d2p2/3,L _ N 2/3,¢'

Py — My + i€ B 2pas3+ a3 o D23+

(81)

The above integrations allow us to use the on-mass-shell sum rule relations for the numerators of the propagators of 2 and 3
nucleons p+ My = > u(p,s)i(p,s). Using a similar approximate relation for the 2’ propagator which represents the nucleon
between consecutive N N interaction vertices, as well as the properties of creation, a(p;,s;), and annihilation a(p;,s) operators,
for the 3N SRC light-front spectral function one obtains from Eq. (4)

~ o u(pr,§2)i(py,5r) i u(pi,s1)
PYay(enpi )= Y | atk)atk)atks)Tly_ yy —— NNy g 4(P2.52)
§2,83,52,8 Py — MN Py — MN
~ - _ u(pi,s1)
x [2038(ay + o + 03 = 3)8%(p1.L + pas + p3.1)8(M3 — M}SN“)]u(pz,sz)pz—WrNNﬁNN
1~ YN
u(py,s2)i(py,s2) _ i day d®py | doz d?ps |
X u(ps,s3)i(ps,s3)! u(kulky)u(ks)—= — =, 82
02— M (p3,83)i(p3,83)C y oy vk u(ko)u(ks) % 2007 s 20n) (82)
where we suppress the spin notations of the initial and final collinear nucleons for simplicity of expressions.
Next we consider the following combination from the above expression:
a(p1,s)u(p2,5)U yn—ynu(pr,sy)ulky) 83)
pi — My
Here the denominator, similar to the previous section, can be expressed through the relative light-front momentum variables:
Bi 2
B 4 MY+ (pro— 5 pi2)
- = 2 gz, - AL srud]| 0
2 2 =B

where we also applied the kinematic conditions following from the collinear approximation:

o M3 + p3
MYy = (ko + ks — pa? ~ M3, (1= ) - 3222

3 + M3,

o3
20(1 20[1

prL~—p31 ad fi=—=_——, (85)
a2 3 - a3

i = — 3_Putpe
with o), = o) + oy = 3k1++k2++k3+'

Using Eq. (84) one introduces the light-front wave function of NN SRC similar to Eq. (60):
L a(pr,s0)i(p2,52)U vy yyu(py,saulk)

V2@2mr)3 %[M%z _ 4M12v+];12.¢]

B1(2—B1)

Unn(Bi.ki1,51,52) = — ) (86)
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where l~(1, 1 =P1L— %plz, 1 and we also define the relative momentum in the NN center of mass frame as

. M +E
== M} (87)
B1(2 — B1)
With the above definitions for Eq. (83) one obtains

a(p1,s)i(p2, )y nyu(py,s2ulky) _ 20n) Ynn Bk 1,51,52)

(88)
pi— My B
For the second NN SRC contribution in Eq. (82) we consider the term
i(p2,52)ia(p3,53) U vy yvulka)u(ks) (89)
Py — My ’
for which the denominator, similar to Eq. (84), can be represented in the form
2 2 2 — ,33 2 MIZV + p%,L
Dy — My = My — 44—, (90)
2 B3(2 — B3)
where the several relations below follow from the collinear approximation:
P+t P3+
M3y = (ka+ k3> ~4M3; py i~ —ps1; op3=—" N2 Pr=oy3— 32— P, On
3 N ' ' kiy + kot +k3y
and the relative momentum in the NN center of mass frame can be defined as
B M2 + 2
R I £ R Vi ©92)

7T B2 B)

Equations (90) and (91) allow us to use the definition of the NN SRC wave function of Eq. (86) with the replacements of
My = My, i — 2 — B3 = By, ki1,. — —p3.1 to describe the wave function of the second NN correlation. This results in the
following expression for Eq. (89):

i(py,s2)i(p3,s3)Lyn— nyuko)u(ks) 20n)} YNN(Bysp3,1.52.53)

93)
Py — Mj, 2-ps
Using Eqgs. (88) and (93) in Eq. (82) for the 3N SRC light-front spectral function one arrives at
f f 7
~ Yy (B, p3,1,82,53) Wy n(Br.k1,1,51,82)
PN oy, p ,M2 — NN > NN 5
A,3N( 1 1L N) Z 2 _ ﬁ3 ,31
81,82,53,82
x [2078(a + oz + a3 — 3)8%(p1.L + paL + p3.L)8(My — M;\?N)’z)]
y YNy (Bioki, L,51,52) Yvn (Br P31 .52,53) @dZPZ,J_@dZP&J; 94)
Bi 2—Bs o a3

In the above expression, the polarizations are summed similar to the one in VN approximation [Eq. (23)] which allows us to
express the unpolarized spectral function in the form of the convolution of two NN light-front density matrices, as those defined
in Eq. (71), as follows:

~ 3 — Q3 ~
Pz‘lx3N((¥l,Pl,L’M}2\]) = f MPNN(,BZ’,PS,L)K)NN(,BIakl,i)z‘s((xl +ay+az—3)
X 82(p1.L+ pat + p3. (M — M"Y dond® py, L dozd® ps 1., (95)
20{1

where within collinear approximation 83 = a3, 81 = - as well as 121, L=p1,L+ %pg,, 1.
In the above expression, similar to Eq. (37) for VN approximation, the product of the two density matrices is expressed
through the product of high momentum parts of the deuteron density matrices in the form

pnn (B, ps. )y (Bioki 1) = a3(A, Z)C(A, Z)pa(By p3 1)OWK1 — kse)pa (B ki 1)OUks — ksre), (96)

where k; and k5 are defined in Egs. (87) and (92) respectively. The factors a;(A,Z) and C(A,Z) are the same as in the case of
3N SRCs within VA approximation.
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VII. RANGE ON VALIDITY AND OVERVIEW
OF PARAMETERS ENTERING THE MODEL

Here we discuss briefly the range of validity and set of
parameters which will be used for numerical estimates of the
spectral functions to be presented in Ref. [28].

The main assumption on which our models are based is the
dominance of NN SRC in the nuclear dynamics for internal
momenta p = kg.. Next major assumption is the dominance
of the isosinglet pn component in the NN SRC. The empirical
evidence of the dominance of NN SRCs was accumulated
during the last several decades (see, e.g., [18,19,23,29-32])
in high energy electro- and hadroproduction reactions. Recent
triple-coincident experiments [20,21,26] indicated that the pn
dominance in the nucleon-nucleon SRC persists for up to the
heavy nuclei such as A = 208. With this one expects that our
model should be valid for the wide range of atomic nuclei.

The most important parameter that defines the strength
of 2N SRC is ay(A,Z). Within the short-range correlation
framework, this parameter can be extracted from the ratios
of the cross sections of high momentum transfer inclusive
electronuclear scattering off nuclei A and the deuteron [31,32].
Recent measurements at Jefferson Lab [18,19,23] provided the
magnitudes of a,(A, Z) for a rather wide spectrum of atomic
nuclei.

In addition to a>(A, Z), the two other parameters kg, and y
define the momentum distribution of NN SRC in Egs. (27)
and (75). The value of kg . is defined from the condition
that it is sufficiently large for mean field contribution to be
insignificant, as well as close to the threshold value for which
pn dominance is observed empirically [20,21,26]. Another
condition in defining k. is the onset of the dominance of
the d-wave contribution in the high momentum part of the
deuteron wave function. With these conditions we evaluate
ksre ~ 300 — 350 MeV/c. In the current model we neglected
the contribution of isotriplet NN SRCs. To account for the
effects due to these correlations we introduce the parameter
y. Based on the experimental observation [26] that in the 2N
SRC regions pn dominates by almost a factor of 20 for a wide
range of nuclei (up to A = 208) we take y =~ 0.8 — 0.9.

For the width of the center of mass distribution, 8(A) in
Eq. (26), we use the estimates based on the convolution of the
mean field distribution of two independent nucleons according
to Ref. [10]. The parameter Ny in Eq. (26) is defined from the
normalization condition.

For the case of 3N SRCs, the only additional parameter
needed to define the spectral function is the suppression
factor C(A,Z) in Egs. (37) and (96). This factor accounts for
the suppression of the 3N configurations with two identical
spectators like pp and nn pairs. It affects only the distribution
of the minority component in the asymmetric nucleus. For
example, according to the considered model, the neutron
cannot be generated from 3N SRC in the *He nucleus, since
it will produce two “paralle]” protons in the final state.
For parametrization of these effects we use the expression
C(A,Z)=1—-3(y/A) for the minority component, where
y=|1- 2%| is the asymmetry parameter, and C(A,Z) = 1
for the majority component.

Note that the above discussed parameters are independent
of the use of the VN or LF approximations. Therefore one
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can achieve further refinement in their values for lightest
nuclei (A < 12) by considering the nonrelativistic limit of
our approximations and comparing them with the results from
ab initio calculations like one based on the variational Monte
Carlo methods [37].

With the parameters for 2N and 3N SRCs fixed one can
calculate the normalization factors nby and nfy within VN
and LF approximations. Note that these factors will be model
dependent since the 2N and 3N momentum distributions
predicted in VN and LF approximations are different. Once
these normalizations are calculated one can estimate the
norm of the mean field distributions from the relation n%),,. =
1- néVN - nQ’N. Thus the estimates for the normalization of
mean field distributions will be indirectly VN or LF model
dependent.

VIII. SUMMARY

Based on the NN short-range correlation picture of the
high-momentum component of nuclear wave function we
developed a model for the nuclear spectral functions in the
domain of large momentum and removal energy of bound
nucleon in the nucleus. Our main focus is in treating the
relativistic effects which are important for the bound nucleon
momenta exceeding characteristic Fermi momentum, kr, in
the nucleus. The relativistic effects in this work are treated
based on the effective Feynman diagrammatic approach, in
which one starts with Lorentz covariant amplitudes reducing
them to the nuclear spectral functions that allows us to trace
the relativistic effects entering in these functions. One of the
main ambiguities related to the treatment of the relativistic
effects is the account for the vacuum fluctuations (Z graphs)
which ultimately alter the definition of the spectral function
as a probability of finding a bound nucleon in the nucleus
with the given momentum and removal energy. We employed
two: virtual nucleon and light-front approaches in treating the
relativistic effects.

The results for the 2N SRC model within VN [Eq. (24)] and
LF [Eq. (73)] approximations agree with the 2N SRC (with
center of mass motion) model of Ref. [10] in the nonrelativistic
limit. Our results represent an attempt to account for the
relativistic effects in the domain of 2N SRCs with center of
mass motion of the NN pair.

We extended both approaches to calculate also the contribu-
tions from three-nucleon short-range correlations. Derivations
in this case are based on the collinear approach in which
one assumes negligible center of mass momentum for the
residual or uncorrelated (A — 3) nuclear system. The derived
spectral functions within VN [Eq. (35)] and LF [Eq. (95)]
approximations represent results for 3N SRC contribution to
the nuclear spectral functions.

The main property of the obtained spectral functions is
that to describe them quantitatively in a high momentum
domain one needs only the knowledge of the high momentum
deuteron wave function either in the laboratory frame (for VN
approximation) or on the light front (for LF approximation).
In the follow-up work [28] we will present the quantitative
studies of the properties of nuclear spectral functions based on
specific models of the deuteron wave functions.
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