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Nuclear Dynamics at Short Distances

Probing NN and NNN Interactions at < 1fm

their role in the dynamics and structure disappearance in High Density Nuclear
Matter

For NN interactions

- Identification of NN interaction in the nuclear dynamics—prrc1993,2003, PRL2004- Nuclear Scaling
- Intermediate — short distance tensor forces —rrL 2006, Science2006 pn SRC dominance

- Isospin dependence of the tensor forces, momentum sharing—rrci4, science2014, Nature 2018

- NN repulsive core

- Hadron-quark transition in the core PRL2023

- non-nucleonic components, hidden color, gluons
For NNN interactions

-ldentification of NNN interaction in the nuclear dynamics PRC2019, 2023
- Evaluation of irreducible 3N forces
- Evaluation of non-nucleonic component in NNN interactions



Probing NN Repulsive Core

- NN force is attractive: But Nuclei are Stable

“If the two-body forces are everywhere attractive and if many-body forces are neglected then
the nucleon pairs are sufficiently close to take advantage of attractive interactions and a

collapsed state of nuclear matter results “
G. Breit and E.P. Wigner, Phys. Rev. 53, 998 (1938).
Many body forces keeping nucleus stable

Jastrow 1951 assumed the existence of the infinite hard core to explain the angular
distribution of pp cross section at 340 MeV (r,=0.6fm)
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Non-monotonic NN central potential with the repulsive core was introduced:
Brueckner & Watson 1953 to obtain nuclear density saturation.
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Modern NN Potentials
VAV = Vi + VN VY
V}%N S VA VZQLZ Vtsu 1 VlsL . S 1 UZSQ(L . S)2
Vi — Vint,R + Vcare
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Currently: Probed NN structure up to > 0.8fm
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Nuclear Forces and Field Theory

- 1935 meson exchange model: H. Yukawa

Pz

- Predicted meson with around 100 MeV :

- 1947 meson discovered: C.F. Powel

- 1943-1945 — seen by: Artem Alikhanian

ot oot o+ ” Aragats Cosmic Ray Station
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Field Theory of Nucleons & Mesons 1947-
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Pomeranchuk, Landau - 1950's

92(A2) _ .9'2 Oéem<Q2) _ O‘em(éLQ) i
1 —5(%)2?1(?}2) 1 et in 2,

Q = meeza ~ 10277GeV
Infinite interaction occurs at transferred momenta approx 500 MeV/c or
at internucleon distances 1~Fm.

It seems we have a problem about which the Nature is not aware of Y.Pomeranchuk

All formal quantum field theories with Yukawa type interactions contain
the problem of the “"Zero Charge"
Pomeranchuk, Sudakov, Ter-Martirosyan, Phys. Rev. 1956
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Lattice Calculations
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QCD
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Contradicts Neutron Star Observations:
will predict masses not more than 0.1 - 0.6 Solar mass



Vc, MeV QCD
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~80% hidden color
Brodsky,Ji, Lepage, PRL 83



Probing the Deuteron at Short Distances

Vg =Wpn +Van +¥yn- + Whe -

Wie = VYN, N,

T 0,S= 1_\/7\IJNN_|_\/ 45\IJAA_|_\/7\IJC’C’

The NN core can be due to the orthogonality of
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Nuclear Forces and Nuclear Structure “Standard Approach”

A-body Schroedinger equation interacting through NN -potential

v: o1
_zz:%+§%:V<xz_x]>+zv<xlaxjaxk> ¢(x17"' 73314) :E¢($17"' axA>

ijk
(a)Hartree-Fock potential will smear out main properties NN potential 1990s
VX
=3 — Vir(@) | v (@) = Exnton (@)

(b)Ab-Initio Calculations - Modern

— 2m — —
7 1] 15k

|:Z vz +;ZV(xzxj)+ZV(xz’xj’gjk)] ¢(x1’... 7xA):Ew(3317"' 7xA)



Conceptually: How to probe nuclei
at short nucleon separations

Quantum Mechanics allows two or three nucleons
to be in short proximity at very short time intervals

- Probe bound nucleons at large internal momenta p ~ M
- Due to short range nature of Nuclear Forces nucleons
with large internal momenta are in short range NN or

NNN correlations (SRCs)

- Need high energy probes to resolve such nucleons in nuclei



Theory of High Energy eA Scattering:

- High-Energy approximations
- Relativism of bound nucleon

- Light-Front Wave Function of Nucleus

- From Schroedinger Equation to Feynman Diagrams

- Emergence of Effective Theory



High Energy Approximations:

d] = q3 ~pr3 > p ~ My
Q? > few GeV?
Both for QE/DIS

- Emergence of the small parameter

49— __ 4do—4gs3 q9—
4+  qgo-+gs <1 O(Q+)

Pf— _ Eyr—pgs Pf—
=R < O<pf+>




Light-Front Wave Function of the Nucleus

- Emergence of the light- front dynamics

q-+
=Z4 Z> Z3 Zn =4 Z= Z3 Zn
] e s ¢
. o e B VAVES VA VAN =
X X X X
(a) (b)
- non relativistic case: due to Galilean relativity T, (Z o e o t)
observer X can probe all n-nucleons at the same time 1,225 <3 > e
- relativistic case: observer X probes all n-nucleons at
. . W(z1,t1;22,t2;23,t3 -+ ;2,1
different n times (21,215 22, 825 23, 13  Zns o)
- observer riding the light-front X probes all n-nucleons W, - (=,, Z5, Z3,--- , Z,,, 7)

at same light-cone time:
T=11 —21 =1l —20=++=1, — 2 zZ;, = t; + z;



From Schroedinger Equation -> Feynman Diagrams-> Light-Front Wave Function

Schroedinger eq. -

Z+ZV

gjla"' 7:1714) :E’Qb(l’l,"‘ 71:14)

Lipmann-Schwinger Eq -2
P 1
(2272 Eb) (D(kl* akA) = _52/[]((]) Q(kl/ 7ki_Q1"'kj+q’m ’kA)dgq

i N

D(k1,- - ka)= —3—Ta Nna-1

% __
2m Eb

Weinberg Eq >

(EIM#‘M%@LF%M ) QEfULF JOrp(k: )Hdo”d2
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Lipmann-Schwinger Eq.

k2 1
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t- ordered diagrammatic method
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Wpagator
- ordered diagrammatic method

—-—@——-—CL

off-LF—energy shell
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Problem with non-relativistic description: Relativistic Invariance

Lipmann-Schwinger Eq - t- ordered diagrammatic method

(22’“;@)@@ b= [0 g —( = s

(] 1)
off—-energy shell

D(k1, - ka) = —2—Tan a1 —'—CD_)/
ST i propagator

2m b

o g s (b)) ~ (<)
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Feynman/Covariant Diagram .
Vacuum Fluctuations



Light Front Description: Relativistic Invariance

r

D(a)
Feynman/Covariant Diagram fonn (b Ivon © o
(b) =0 Frank Vera, M.S. PRC 2018
Weinberg Eq T - ordered diagrammatic method

off—-LF—energy shell

_ 1
[@LF(klf“kA)_ k2 4m? M2FA—>N,A—1 } __@%propagator
O‘i - A
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Light-Front Description of the nucleus: Relativistic Invariance

- in the momentum space

| Fourier tranform
[ (I)LF(kl""kA):Zkfﬁm? M2FA—>N,A—1 } \IJLF(Zl, ZQ, Zg, s ,Zn, ’7')
Otl' - A
. . . S _Pi
\IJLF(Oélale_? ao2,P2| ,X3,P3] ;""" 704n7an_) X = pa_JA

Lorentz boost Invariant

Variables

Proper kinematic variables are not 3d momentum
but the Light Front Momentum Fraction: o = —
and transverse momentum: P




Emergence of “effective”

T, T, T3 B
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Effective Diagrammatic Rules

M.S. JMS 2001




do/dQ’dp,dQ, (pb/GeV?, St?)

Some Results: ¢ + d— e -+ D +n

o
q GQN Pf q Gg N P f :
Py Pp
GHaN Ps Gay TS Ps e
(@ (b) L

GEA

P, ~—400MeV/c

Glauber Theory

. p,=400MeV/c

P,~—200MeV/c

K. Egiyan et al PRL 2008
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Probing Deuteron at Small Distances at large Q?
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Spectral Function Calculations for Nuclei A>2
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Asymptotics of high momentum component of nuclear W4

3
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2N SRC model
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2N SRC model Non Relativistic Approximation
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1. Short-Range NN Correlations

for large K > Krpermi

Frankfurt, Strikman Phys.

[ nA(k> ~ CI/NN (A)TLNN(k) } gzs,lFlrjiifurt,Strikman,
MS, Phys. Rev. C 1993

. . Egiyan et al, 2002,2006
- Experimental observations Fomin et al, 2011
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Nuclear Scaling in QE Inclusive A(e,e’)X reaction at x>1 region
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2N SRCs:

Proper Variables of 2N SRC are
- the Light Front Momentum Fraction:
- transverse momentum: p |
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. . Day, Frankfurt, MS, Frankfurt, MS, Strikman,
The Meaning of scaling values Strikman, PRC 1993 IIMP A 2008

Fomin et al PRL2011
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a2’s as relative probability of 2N SRCs

Table 1: The results for| as (A, vy

A Y "This Work Frankfurt et al Egiyan et al Famin et al
3He 0.33 2.07-+0.08 1.74+0.3 2.13+0.04
4He 0 3.51+0.03 3.3+0.5 3.38-+0.2 3.60-+0.10
9Be 0.11 3.9240.03 3.91+0.12
12C 0 4.1940.02 5.0+£0.5 4.324-0.4 4.754+0.16
27 Al 0.037 4.504+0.12 5.3+0.6

56 Fe 0.071 4.954+0.07 5.6+0.9 4.9940.5

64Cu 0.094 5.02-£0.04 5.21-+0.20
197 Au 0.198 4.564+0.03 4.840.7 5.16£0.22




(
[
0

N

SRC Pair Fraction (%)

2. Dominance of the (pn) component of SRC

for 1arge k> kpermi [ TLA(k‘) ~ CLNN(A)TLNN(]{) 1

+0.08

NS Sl VR AP  Theoretical analysis of BNL Data A(p, 2p) X reaction

E. Piasetzky, MS, L. Frankfurt,

P

pp/pn = (.096 = 0.018 Direct Measurement at JLab R.Subdei, et al Science, 2008
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Theoretical Interpretation

gb(Al)(kla 7ki:p7'“ 7kj%_p7'” 7kA)N VN]\;(p)f(kla"'/m/m
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Explanation lies in the dominance of the tensor part in the NN

interaction

M.S, Abrahamyan, Frankfurt,Strikman PRC,2005

Siz|pp) = 0

512|nn> — () !sospin 1 states
Si2|pn) = 0

S12|pn) £ O lsospin O states

repulsive core

-—

short range attraction




Explanation lies in the dominance of the tensor part in the NN
interaction
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- Dominance of 1 short range correlations
as compared to v and 1 SRCS

) 2006-2008s
- Dominance of NN as compared

to the NN Forces at <= 1fm

2011- present

- Two New Properties of High Momentum Component

- Energetic Protons in Neutron Rich Nuclei



3. Momentum sharing properties of Nuclear High Momentum
Component

wps=ke | 7))~ ann(A) N (p)

- Dominance of pn Correlations
(neglecting pp and nn SRCs)

nyn(p) =~ npn(p) ~ T(a) (p)

A (p) ~ apn(A) -na(p)

G,Q(A) — aNN(A) ~ apn(A)

MS,arXiv: 1102.3973, 1210.3280,2011-12
Phys. Rev. C 2014



https://arxiv.org/abs/1102.3973

- Define momentum distribution of proton & neutron
Z A—Z

A A , A
n"(p) = 2" (p) - T n (p)
fn;;l/n(]ﬂdgp = 1
- Define
1y = % / ni (p)d®p In = A;Zk{ g, (P)d>p
kg

- and observe that in the limit of no pp and nn SRCs
=10 |

- Neglecting CM motion of SRCs Z A(p) ~ A-7 4




[First Property: %pproximate Scaling Relation

-if contributions by pp and nn SRCs are neglected and

the pn SRC is assumed at rest MS, arXiv:1210.3280
Phys. Rev. C 2014

- for ~ kp — 600 MeV /c region:

pr A (p) ~ @y - A<p>} - 5 (A, Zynalo)

_Z _ A—Z
where x, = £ and z,, = =3=.



Realistic 3He Wave Function: Faddeev Equation

Ratio
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MS,PRC 2014



Be9 Variational Monte Carlo Calculation:
Robert Wiringa 2013  http://www.phy.anl.gov/theory/research/momenta/

9Be(c) - AV18/UIX
103 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘

102 — .. _|
n
101 [SE |
100 — —
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= 10-2 *
f “eees 1 .
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p(k)
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B10 Variational Monte Carlo Calculation:
Robert Wiringa

10Be - AV18/UIX

k (fm™)



[Second Property: In]verse Fractional Dependence of
High Momentum Component

va - n2t(p) ~ T, - A(ﬁ} = (4, Z)na(p)

_ Z _
where x, = 4 and z, = =3=.

[”f/n(p) N g, a2(Ay) nd(p)J

Momentum distributions of p & n are inverse
proportional to their fractions



[Predictions: q-ligh Momentum Fractions MS, arXiv:1210.3280,2012

Phys. Rev. C 2014

Ppin(A,y) = 55— az(A,y)kf nq(p)d’p
y = |Tp — x4y
A Pp(%) Pn(%)
12 20 20
27 23 22
56 27 23

197 31 20




Predictions:
Minority Component has larger high momentum

MS,arXiv:1210.3280,2017

Phys. Rev. C 2014

Checking for He3

-

Ep

kin

E'I’L

kin

Energetic Neutron

~

= 14 MeV (p= 157 MeV /c)

=19 MeV (p= 182 MeV/c)

fraction:

/

Energetic Neutron
(Neff & Horiuchi)

E;. = 13.97 MeV

kin

E’I’L

kin

— 1&8.74 MeV



MS,arXiv:1210.3280
Phys. Rev. C 2014

VMC Estimates: Robert Wiringa

Table 1: Kinetic energies (in MeV) of proton and neutron

He 0.50 30.13 18.60 11.53
He 0.33 27.66 19.06 3.60
ILi 0.33 31.39 24.91 6.48
SHe 0.33 14.71 19.35 -4.64
SH 0.33 19.61 14.96 4.65
SLi 0.25 28.95 23.98 4.97
10Be 0.2 30.20 25.95 4.25
Li 0.14 26.88 24.54 2.34
“Be 0.11 29.82 27.09 2.73
1B 0.09 33.40 31.75 1.65




Symmetric Nuclei Asymmetric Nuclei
n(p) low momentum
N—
n
: high momentum p
[
|
|
ke p
1 — .
kr = (37°pNn)? Ky = Kn Conventional Theory: [{,, > Kp
(Shell Model, HF, HO Ab Initio)
Asymmetric Nuclei Neutron Stars
New Predictions
1. Per nucleon, more protons n

are in high momentum tail P

2. Kin Energy Inversion

K,>K, 2

Protons my completely
populate the high momentum
tail



- Experimental Verification of Momentum Sharing Effects

- pn dominance persist for heavy nuclei

O. Hen, MS, L, Weinstein et.al. Science, 2014 - -- non-interacting

——interacting

a1 Majority

-~

|
= 1
= £ np fraction |
= 100 .p acto - - |
% 80— C Al Fe - —_.Pb ------ ::
E 60;— B3 68% C.L. & ::
= 40— ) :
o -0 Pp fraction 0o 95% C.L. g
e} -
X o - - e —— e =2 )
10 50 100 A n{m L
R
"\‘\
2 - >
k, s

- verifying excess/suppression of high momentum
protons/neutrons in neutron rich nuclei

- measuring proton and neutron
momentum dependences separately



High-momentum fraction

Duer et al, Nature 2018

1.8 [ nik) f===- .
| wi Protons
- k
1.6 — N=2Z _—
C ke K =
1.4 | 7 =
S — I
- tof\s
u %Q PO
12 =
- = ; - Neutrons
1.0 + s
- = i
0.8~ AI/C Fe/C &
~ =
o6l | | Pb/C |
1.0 1.2 1.4 1.6

MNeutron excess, N/Z




- New Properties of High Momentum MS, arXiv:1210.3280.2012
Distribution of Nucleons in Asymmetric Nuclei Phys. Rev. C 2014

- Protons are more Energetic in M. McGauley, MS
. q . Xiv:1102.3973,2011
Neutron Rich High Density Nuclear Matter s ’

. . . - O. Hen, et.al.
- First Experimental Indication Science, 2014,

. - R.B. Wiringa et al,
- Confirmed by VMC calculations for A<12 Phys. Rev. C 2014

W. Dickhoff et al
- For Nuclear Matter Phys. Rev. C 2014

J. Ryckebusch, W.Cosyn

- For Medium/Heavy Nuclei
M. Vanhalst., J.Phys 2015

0 0 5 . O.Artiles, M.S.
- In Light-Cone Approximation: Phys. Rev. C 2016



Implications/Predictions for Nuclear Physics and

Astrophysics
- more/less protons/neutrons per nucleon in neutron rich nuclei
- protons are extremely energetic in Neutron Stars
- protons are more modified in neutron rich nuclei
- u-quarks are more modified than d-quarks in large A Nuclei

Experimental Implications:
- Flavor Dependence of EMC effect

- A dependence of NuTev Anomaly

- u/d modification can be checked in neutrino-nuclei or pvDIS
processes

Implication for High Density Asymmetric Nuclear Matter



Implications: For Nuclear Matter

P,n(Ay) = 53—a2(A,y) [ na(p)d>

p/mn

For z, = § and y =

and using kr ny = (3772pr)%




eI

Fora:pzéandy:
and using kp ny = (37T2$NP)%

protons

P

(0 Y) =

2%

_ a(py)

neutrons




Implication for asymmetric nuclear matter




nn(k)/np(k)

Cooo ==
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Asymmetric Nuclear Matter Calculations

A.Rios, A. Polls and W.
Phys. Rev. C 2014
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Some Possible Implications of our Results

Cooling of Neutron Star:

Large concentration of the protons above the Fermi momentum will allow the
condition for Direct URCA processes p, +pe > py, to be satisfied even if z,, < %
This will allow a situation in which intensive cooling of the neutron stars will

1

be continued well beyond the critical point 2, = 5 .

Superfluidity of Protons in the Neutron Stars:

Transition of protons to the high momentum spectrum will smear out the energy
gap which will remove the superfluidity condition for the protons. This will also
result in significant changes in the mechanism of generation of neutron star
magnetic fields.



Protons in the Neutron Star Cores:

The concentration of protons in the high momentum tail will result in proton
densities p, ~ p5 > k%,p. This will result in an equilibrium condition with
"neutron skin” effect in which large concentration of protons will populate the
core rather than the crust of the neutron star. This situation may provide very
different dynamical conditions for generation of magnetic fields of the stars.

Isospin Locking and Large Masses of Neutron Stars

With an increase of the densities more and more protons move to the high
momentum tail where they are in short range tensor correlations with neutrons.
In this case on will expect that high density nuclear matter will be dominated by
configurations with quantum numbers of tensor correlations S = 1 and I = 0. In
such scenario protons and neutrons at large densities will be locked in the NN iso-
singlet state. Such situation will double the threshold of inelastic excitation from
NN — NA to NN — AA(NN¥) transition thereby stiffening the equation of
the state. This situation my explain the observed neutron star masses in Ref.[?]
which are in agreement with the calculation of equation state that include only
nucleonic degrees of freedom



- Start with Two Component Asymmetric Degenerate Fermi Gas

- Asymmetric: P1 <<< P2

- Switch on the short-range interaction between two-component
- While interaction between each components is weak
- Spectrum of the small component gas will strongly deform

Cold Atoms



Possible Experiment with Trapped Atoms




Conclusions and Outlook

- We observe two new properties of high momentum
distribution of proton and neutron in nuclei

- Predicting more energetic/virtual protons in neutron
reach matter

- May have strong implication for protons in
neutron stars Cooling & Magnetic Fields

- Can be a universal effect for any two-component
asymmetric fermi system with short-range
interaction between unlike components



QCD

AA

NN

Intrinsic strangeness/charm

Hidden Color

Vc, MeV
15000 F
/7
I /
V4
10000 | ’
. /
/7
/7
V4
I /7
5000 | b
0.2

~80% hidden color
Brodsky,Ji, Lepage, PRL 83
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Probing NN interaction at very short distances

Considering reaction: e +d — €' +ps+n
pil = [ps — g <550 MeV/C

1 il =|ps —q| > 550 MeV/C




Considering reaction: e+d — €' +ps+n

Y

> f/n > > p/n
p/n n/p
T n/p —  h/p
(c) ()
X N N R N
” > > > >
N R

m\!
=
:DV

(h) (i)




For the Deuteron it means, at Short Distances

Vg=V,,

WAA

Wie=VYnN. N,

NN

Upe o AV nogo - -

The NN repulsive core can be due to the orthogonality of

<\IjNonNucleonic ‘ \IJNN> =0



Some Paradigm Shift

Our current mindset about deuteron is fully non-relativistic, the observation that it has
total spin, J=1 and parity, P=+, together with the relation that

for non-relativistic wave function, P=(-1)!, one concludes that the deuteron consists of
S- and D- partial waves for proton-neutron system.

Paradigm Shift: The above reaction at high Q?, measures the probability of

observing proton and neutron in the deuteron at very large relative momenta.

In such a formulation the deuteron is not a composite system consisting of proton and
neutron but it is a composite pseudo - vector (J=1, P=+) "particle” from which one

extracts proton and neutron.

How such a proton and neutron produced at such extremal conditions is related
to the dynamical structure of Light-Front deuteron wave function, which may include
internal elastic P — pn as well as inelastic AA — pn, N* N — pnor NcNc — pn

transitions.



New Structure in the Deuteron and possible non-nucleonic components

M.S & Frank Vera PRL 2023

Paradigm shift:
- consider a deuteron not a nucleus that consist of proton and neutron
- but pseudovector composite particle from which we extract proton and neutron

- Light-Front Deuteron wave function

I'

i(p2, Ao)u(py, A\)Tax™

m2 + 2

0 (g, poy Ag) = —

n

- Absorbing the energy denominator into the vertex function and using crossing symmetry

i D1y Ay Ag) = —ii(pa, A po ey 1200 BV o S
Uy (@i p1, Aty Ag) (P2, A2)L () NG (p1, A1) %:u(pl D55 7

u(p1, >\’1)



Vc, MeV
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_ 1Y2%0) _ DYV
Uy (@i, pL, A1y Ae) = —U(pz,)\z)rg<k)< 7\/; >U (p1,21)" ZU p1, M)y \1@ u(pr, )
- Fﬁ; - is a four-vector, which can be constructed in a most general form satisfying

time reversal, parity and charge conjugate symmetries

- Because the deuteron is a bound system, in addition to on-shell p, and p, four momenta
one introduces

AF =pf 4+ py —p = (A7, AT, A ) = (A7,0,0)

miy + k1 m?v—l—ki_MC%_i 4(m%\f+ki)_ of _ 4| o Mi | s
T ¥ + T F M| = +k
] Py py Py L a(2—a)

A" =py +py —pg =

- Constructed vertex:

_ 7 A\ _ e
Fg — Ty y* 4+ T (p1 D2) - T (pl p2 )X
2m N 2m N 4mN
1 AH /X

—+121'5 M’Y5€“Vp7(pd>v(p1 — p2)p(A>v + L'e 4m?v



High Momentum Transfer Kinematics

For large Q?Z? limit, Light-Front momenta for the reaction are chosen as follows:

2 2 2 2
b (p7 ot B A PNy STl (A PRV Y S I
pd—(pdapdapcu_) (33\/5 —|_7_ + - /5 —I—T—I— + - y UL
Q2 33.2 Q2 :1:’2
= = _|1- 1+, = |1—a—1/1+=—],0
q (q q QJ_) <$\/§ T + —I_T 7$ S 94 —|—7_ 1

where s = (q+pg)?, 7 = Q2 and x = %qu, with g9 being virtual photon energy
in the deuteron rest frame.

- One observes that for fixed x, pjl_ ~ /(2> my



A Epﬁl "‘pg _pg = (A_aA—l_aAJ-) = (A7,0,0),

where

2 2 ) 2 )
_ _ _ _ m4, + k m4, + k M

pf Ps Py
1 [4(m3 + k2 4 M?
- - L l)—Mf%]:Tlm?v——dJrkz-
pd 061(2—031) pd 4
A-
. N AT
In high Q? limit o <1
(p1 — p2)* A (p1 —/D2)" X
o 1 _Z
Va=1Tonm+1s 2y _I_FSAmN 4L 43,
Ak A

—+21'5

v py _ A T
4mN’V5€ (Pa)v(P1 — P2)p (D) + Fras



Consider: Eu’+’l’_pd,_k‘J_A+

e = L1yt _ IA- (my+k1) _ yr2] _ [4mytkD) 4
Since: Pd, - 2Pd and A"‘ o 2A then A d + [041(3]—0;) _Md] a [Oq(g—aj) _Md
et Tpy ki Ay =ttt Tptk AT Leading Oder!

_ 2 % _ %

I‘g — T~ 4+ Ts (1 p2) 4+ Ty, AN 4T (1 P2 )X

21 N 2m N 4mN
- 1 A/J
—+215 P Vs €Y (Pa) (P11 — P2) p (D), + I‘Gﬁméx
N N

A _ _ _ Ex N,

Plak) == ) -k )T +F2—+ZZP5 EW TRAT Y =k, X))

V2

>\27>‘17>‘1

where Z;# — (()7 k27kL)



i L
C?d(ai)kL):_ z ( k>\2) {F17 ‘|‘F2m—+ Zr5w€u+z pgi_k A/ }

A2,A1,A] i=1 N

>\1,

V2

u(k, Xy)s,!

A
wgwal,kt,/\l,,\g:qu;m[—m’%ssd— — (3<0k;§ksd>—ass)+
Y

Vi VAaTV2
,$)5" Md'} \fl P,
Uy = ATV R o
Wi(k) = 2\/5\/7 |:F1(1 — E—) — Ty mek]
Where: Y, 5 (0, ¢) = ¢Z\/§Z; CLErAE
P(k) — \/EFS(%\/E—"’ TS; fully relativistic: in addition to lf,,l;l term

has additional m2, term



Light Front Density Matrix and Momentum Distribution

W(k 3(ok)(ks)
wéxd(al kiy A1, A2) = Zgblz\/ [(T \/4_75\/)_ ( ]ig a) —O‘Sé) n
- Byt l] e,

pala, ki) = na(k,k1)

2—«
1

nalk. k) = § 8 (enks) P= gk (UK + Wk + 55 P(F) )

. do do
Baryonic and Momentum Sum Rules /pd(a,lﬂ); =1 and /ozpd(a,h); =1

[(Uk)* + W(k)* + £ P?(k)) k*dk = 1.



Non-Nucleonic Components and the New Structure

nalk. k) =3 5 |03 (auky) P= & (U2 + W2 + 55 P2(0))

Ag=—1

- Momentum distribution depends on k| separately

- This is impossible for non-relativistic quantum mechanics of the deuteron since
in this case the potential of the interaction is real (no inelasticities) and the solution
of Lippmann-Schwinger (or Schroedinger) equation for partial S- and D-waves
satisfies “"angular condition”, according to which the momentum distribution
In unpolarized deuteron depends on the magnitude of relative momentum only.

- On the other hand, in the relativistic domain the definition of the interaction potential is
not straightforward to allow to use quantum-mechanical arguments in claiming that
momentum distribution should satisfy the angular condition (i.e. depends on magnitude of
k only).



- However, for the Light-Front, there is a remarkable theorem (rrankfurt, Mankiewicz, Sawitzky,Strikman, 1990)
which states that if one considers only pn component in the deuteron, then for most
acceptable forms of NN potential — constructed from elastic pn = pn scattering, the angular
condition should be satisfied also for LF momentum distribution.

Tyn(aikis,ap ky i) = TNN(Kizskis by, k1) = VI(kiz ki, kpz ky ) +
3k, TNN sy kmi ko k
/V(ki,27kilakm,zgkm,J_) X NN( , Ly hf, f,J_)

(27)3/m2 + k2, A(k2, — k3)

-The realization of the angular condition for relativistic case will require that light-front
potential to satisfy a condition

—

V(ki,m kLL? km,za km,L) — V(EE, (Em — kz)Q)

- Lorentz invariance for on-shell NN amplitude requires

TN iy Ky Koy B, 1) = TN (K2, (B, — Ki)?)



- Existence of the Born term indicates that
-

T B2, (B — Fi)?) = VRSP RS, (B — B0)Y) 4 / Vi (ki o kil ey Kom, 1) X

dgkm TNN(km,Z7ka_7kf7Z7kf7J-)
(2m)3/m? T k2, 4(k2, — k%)

Iterating the equation around the on-shell kinematic point.

TNN (&ia kiJ_a af, kf,J.) = TNN<ki,Z7 kiJJ kf,27 kf,L) — V(ki,m kiJJ kf,27 kf,J_) +
d3km TNN(km,zaka_akf,mkf,J_)

vV ki,z; kiJ_a km,za km,L X
/ ( ) (2m)3/m? + K2, Ak, — K2)

{
l

N

- will result in:
TN (Kiz kit km 2y km. 1) =Tnn(
Van (k;

SN

m _)'L')2)

k
/ZZ)2) for the general case

s (
5 (

T
0
%N

m

VNN<]€’1;,Z7 kiJ_a km,za km,J_)

-V — analytic function of angular momentum and it does not diverge exponentially in the
complex-angular momentum space it was shown that also for the off-shell case



- For Non-nucleonic components no such iteration can be done

d3l€m TN*N(km,mka_akf,Zakf,J—)
(2m)3y/m2, + k2, A(kZ, — k3 +m2, —my)

Tnn(Kiz, kis kg kpl) :/VNN*<ki,zakiJ_akm,zakm,J_>

- transition amplitudes such is TaansnnN, TN+ NoNN O TN, N.sNN Where
N€°N€ represents a hidden color component in the deuteron could not be de-
scribed with any combination of interaction potentials that satisfies angular
condition

- if I's term is not zero then it should originate from non-nucleonic component
in the deuteron.

- Our prediction is that the observation of LF momentum distribution depending
on the center of mass £ and k| separately will indicate the presence of non-
nucleonic component in the deuteron



Estimate of the effect | nalk, k1) = Z W o ky) 2= L (U(k)2+W(k)2+Z—2P2(k)>
% M=t

P(k‘) _ \/—F5("€)V k k3

V'3 my
['5(k) = ﬁ A is estimated by assuming 1% contribution to the total normalization.
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Estimate of the effect ‘ A — np 4 (k) 00T (kk) =200 (kk L)
T nd(k: k'J_)
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Possibility of Experimental Verification COHSideI‘iIlg reaction: e +d = ¢ + pft+n

ol pil = |py — gl Z 800MeV /c

P f PAC-36, 2010
| n
> B E12-10-003 (p,, C 300 MeV): “Deuteron Electro-Disintegration at Very High Missing
Momentum”

6 L . S m— Rating: B+
—  Dmiss = 1.0

el —  Dmiss = 091
—  Dmiss = 0.8

41 |
—  Dmiss = 0.7

data are essential to constrain further theory developments. Overall the experiment was viewed very
highly; the lower rating simply reflects the likelihood that the data will not reveal any particular surprise
and that their impact may thus be limited to experts in the field.

—  Dmiss = 0.6
Pmiss = 0.5
Pmiss = 0411
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Probing Deuteron at Small Distances at large Q?
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Boeglin et al PRL 2011, deuteron probed at up to 550MeV/c



Possibility of Experimental Verification ‘ Considering reaction: e +d = ¢ + pft+n

ol pil = |py — gl Z 800MeV /c

,U 3-days of commissioning measurement,

> JLab experiment Q2= 4 GeV?
101 T T T
@ This Experiment (Hall C)
6 ‘ 0 HllAData C)
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C. Yero, et al Phys.Rev.Lett. 125 (2020) 26, 262501



Possibility of Experimental Verification Considering reaction: e +d = ¢ + pft+n

ol pil = |py — gl Z 800MeV /c

p f PAC-49, 2021
! n
=
PAC 49 SUMMARY OF JEOPARDY RECOMMENDATIONS
6 ‘ Number Contact Title Hall 7\?5::%2:2 AEEEEy anays | PAc ecision
5| : P ml:SS i (1)8 | £12-09-011 | Tanja Hom Studies of the L-T Separated Kaon Electroproduction c 4 32 8 Remain active
Dmiss = V. E12-10-003 | W. Boegiin Deuteron Electro-Disintegration at Very High Missing c 21 3 18 Upgrade Rating to
e Momentum A-
—  DPmiss = 0.8
4 - i
§ —  Dmiss = 0.7
=
€3 — Pmss =061 1) I§ there any new information that would affect the scientific importance or impact of the
3 P = gi Experiment since it was originally proposed?
Prise 7 PAC 36 graded the proposal with B+ because, even though the physics motivation was viewed
1 highly, the foreseen impact of the result was judged to be limited. The results of the three days
commissioning in April 2018, published in Physical Review Letters 125, 262501 (2020), exhibit

0w w0 0 s 1w i w 1o 1  an unexpected behavior when compared with theoretical calculations. Therefore, the expected
impact of future data has increased.




Outlook on Experimental Verification of the Effect

- analysis of the experiment will require careful account for competing nuclear effects
most importantly final state interactions

- If angular dependence is found it will motivate new area of research
a: modeling non-nucleonic components in the deuteron,
b: understanding their origin and nature
c: evaluating parameters that can be used for Equation of State of high density
Nuclear Matter

- If no angular dependence is found,
a: nucleonic degrees persist at very high density fluctuations
b: non-nucleonic components conspire to preserve angular condition
c: theory was wrong



| Second Property: Inverse Fractional Dependence of
High Momentum Component

CLNN<A,y) N CLNN(A, O)f(y) with f(0) =1 and f(1) =0

Fllay —anl) = 1= 32 bila, — .|’ with

b, = 0
J =1

J

In the limit Zl bilxp — xz|* < 1 Momentum distributions of p & n are inverse
o proportional to their fractions

1/n az(A,y) - nd(P)]

p
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