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Overview

Goal: extend the approach applied for SHe to any nuclei A and calculate the EMC ratio for ‘He
and 3 H [E. Pace, M. Rinaldi, G. Salmé, S. Scopetta, Phys. Lett. B 839 (2023) 137810]

Since *He is a strongly bound system this could provide a challenging test to our approach

Compare EMC effect for >He, *He and > H obtained by different modern NN and NNN
interactions (Argonne V18+UIX, NVIa+3N, NVIb+3N)

Compare the EMC effect for *He obtained by different choice of Fé’ and Fg’ parametrization

[R. B. Wiringa, V. G. J. Stoks, R. Schiavilla, Phys. Rev. C 51 (1995) 38-51]
R. B. Wiringa et al., Phys. Rev. Lett. 74 (1995) 4396-4399]
'M.Viviani et al., Phys. Rev. C 107 (1) (2023) 014314]

M. Piarulli et al.,Phys. Rev. Lett. 120 (5) (2018) 052503]

M. Piarulli, S. Pastore, R. B. Wiringa, S. Brusilow, R. Lim,Phys. Rev. C 107 (1) (2023) 014314]
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The EMC effect

Almost 40 years ago, the European Muon Collaboration (EMC) measured (in DIS processes)

Expected result: R(x) =1 up to corrections of the Fermi motion

Result:

Aubert et al. Phys.Lett. B123 (1983) 275 _\\

Naive parton model interpretation:

1“Valence quarks, in the bound nucleon, are in |
average slower that in the free nucleon” |

Is the bound proton bigger than the free one??
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The EMC effect

Q2
0 < x = <
=X 2My —

Ma

We remind that for DIS off nuclei: ik A

€® x < 0.3 “Shadowing region”: coherence effects, the photon interacts with partons

belonging to different nucleons

¢ 0.2=<x=<0.8“EMC (binding) region”: mainly valence
quarks involved

F,\ 1.15
® 0.8 < x <1 “Fermi motion region” =
I Y ; e Ca,SLAC
! M i | a Ca, NMC
. . . L S £ Y L : AC
main features: universal behavior independent on Qz; weakly dependent on A; -‘q.TI ;d*ﬁk + s s Fe, SL:‘(" ]
scales with the density p = global property? Or due to SRC — local property? 0.95 If rﬁ | | ¥ Te, BCOMS
0.9 [* 1] +J
e Ca, SLAC £ 41 '
0.85 1~ a Ca, NMC +)
Explanation (exotic) advocated: confinement radius bigger for bound nucleons, os L 4 Fe SLAC Y
quarks in bags with 6, 9,..., 3A | v Fe, BCDMS
quark, pion cloud effects... Alone or mixed with conventional ones... 0,75 Sbiiiibiibi bttt i L LU L
«
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The EMC effect: what do we know

Situation: basically not understood. Very unsatisfactory. We need to know the reaction mechanism
of hard processes off nuclei and the degrees of freedom which are involved:

Status of “conventional” calculatlons for Ilght nuclei:

NR Calculatlons qualltatlve agreement but no fulflllment of both partlcle and I\/ISR Not under control "

iOur approach is aimed to include only nucleonic dof through conventional nuclear physics in a |

iPoincare-covariant approach. The only way to fulfill sum rules while using realistic NR nuclear |

A completely NR calculation of the effect due to nucleonic dof (conventional nuclear physics) could
overestimate the effect due to exotic explanations (involving genuine QCD effects). We want to

remark that because of the magnitude of the EMC effect also small corrections due to relativistic
effects could be significant if we want to study the contribution of partonics dof
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Need for a relativistic treatment

Why do we need a relativistic treatment ?

General answer: to develop an advanced scheme, appropriate for the kinematics of JLAB12 and of EIC

within a non relativistic framework, has achieved [e.qg. the NR 3He and

3H Spectral Functions in Kievsky, Pace, Salme, Viviani PRC 56, 64 (1997)].

Covariance wrt the Poincaré Group, Gp , needed for nucleons at large 4-momenta and pointing to
high precision measurements.

|* At least, one should carefully treat the boosts of the nuclear states, W and W)t |

Our definitely preferred framework for embedding the successful NR phenomenology:

Light-front Relativistic Hamiltonian Dynamics (RHD, fixed dof) + Bakamjian-Thomas (BT)
construction of the Poincaré generators for an interacting theory.
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The relativistic Hamiltonian dynamics framework

In RHD+BT, one can address both Poincaré covariance and locality, general principles to be
Implemented in presence of interaction:

} Poincaré covariance — The 10 generators, P* — 4D displacements and M** — Lorentz
transformation, have to fulfill:

[P¥, P*] = 0; [M", P’] = — i(g""P* — g’ P¥)

IMacroscopic Iocality ( cluster separablllty (reIevant N nuclear phySICS)) .e. observables assocnated to
|different space-time regions must commute in the limit of large space like separation (i.e. causally
idisconnected). In this way, when a system is separated into disjoint subsystems by a sufficiently large
iIspace like separation, then the subsystems behave as independent systems.

{ Keister, Polyzou, Adv. Null. Phys. 20,225 (1991)

ThIS requires a careful choice of the intrinsic relativistic coordinates
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Forms of relativistic Dynamics

We choose the Front Form!

The 1nstant form The front form The point form
%= ct X0 = ct+2z =1 , ct= tcoshw
X! =x X! = x %!= ® , x= tsinhw sin0O cos¢
X*=y X*=y X2=0 , y= tsinhw sin0 sing
X*=z X = ct-z X'=¢ , x= tsinhwcosH

1 0 0 0 0 0 0 1 1 0 0 0
- [o-1 0 o - (0o -1 0 0 [0 = o0 0
gM‘V N 00 -1 0 gu\’ - 0 0 —1 0 guv -1 0 0 —t’sinh’w 0
00 0 -1 1 0 0 0 0 0 0  —1*sinh’w sin?0

Fig. from Brodsky, Pauli, Pinsky Phys.Rept. 301 (1998) 299-486
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Advantages of the Light-Front framework

The nght -Front framework has several advantages

7 Klnematlcal generators ) 3 LF boosts (|n mstant form they are dynamlcal')
= (Pt =P+ P’ , P ) ; iii) Rotation around the z-axis

The LF boosts have a subgroup structure: trivial Separation of intrinsic and global motion, as in
the NR case

* P™ = (0 — meaningful Fock expansion, once massless constituents are absent

* No square root in the dynamical operator P, propagating the state in the LF-time

Drawback: the transfers LF-rotations are dynamical!

But within the Bakamjian-Thomas (BT) construction of the generators in an interacting theory, one can
construct an intrinsic angular momentum fully kinematical
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The Bakamjian-Thomas construction

Bakamjian and Thomas (PR 92 (1953) 1300) proposed an explicit construction of 10 Poincaré generators
in presence of interactions. The key ingredient is the mass operator:

i) Only the mass operator /] contains the interaction since P~ = P, + P—[M - Mg] |

||) It generates the dependence of the 3 dynamical generators (P~ and LF transverse rotations) upon
Ithe interaction

i) The eigenvalue equation 1/~ |y > = 5|y > is formally equivalent to the Schrodinger equation

The mass operator is given by the sum of Mg with an interaction V, or Mg + U. The interaction, U or V,

must commute with all the kinematical generators and with the non-interacting angular momentum, as Iin
the case.
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The BT construction for a nuclear system

For a generic nucleus A, the mass f -
MLL,2,3,.... Al = Mol1,2,3,.

Where the free mass operator of the system is: Mo[l 2,3,...,A] = Z \/m )

]
Momenta in the intrinsic reference frame Z k. =0

=1
The commutation rules impose to V invariance for translations and rotations as well as

iIndependence on the total momentum, as it occurs for |74

Therefore what has been learned till now about the nuclear interaction, within a non-relativistic
framework, can be re-used in a Poincaré covariant framework.
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Reference frames

For a correct description of the structure functions, so that the Macro-locality is implemented, it is
crucial to distinguish between different frames, moving with respect to each other:

o The Lab frame whereP (M O l)

|* The intrinsic LF frame of the whole system, [1, 2 ,Al, where P = (M,[1,2,...,A],0,) with
k= EM[1,2,..., Al and My[1,2,...,A] = 2\/1% + k2 ’
=1

‘ The intrinsic LF frame of the cluster 125,00, (A — 1)] where
P = (123, A= 11),0,) with

T=E8M[1;2,3,....,A—1]and M,[1;2,3,....,A — 1] = \/m2 + K2 +\/MS2 + K2 .

While pLAB = li_ =K, M = (A - 1)V m? + me is the mass of the spectator system
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LE boost

A. Del Dotto, E.Pace, G. Salme and S.Scopetta , Phys. Rev. C 95,014001 (2017)

Since we use an impulse approximation assumption (i.e. the scattering involves only a nucleon
described by a plane wave), we have to define the LF spectral function: the probability to find a

particle with a given K = (k™, k; ) when the rest of the system has energy € with a polarization S

The spectral function is written in terms of the overlap ; - < tT Q, € JJ 10, K| ‘P/%, ST >LF

The tensor product of the plane wave of the interacting particle and ™ The wave function of the nucleus A

the state of the spectator system | . .
(i.e. the eigenstate of

In the intrinsic reference frame of the M[1.2,...,A] ~ MK

cluster [1;2,3,...,A — 1] In the Intrinsic frame of the system
[1,2,...,A]

We can express the LF overlap in terms of the IF overlap using Melosh rotations and then we can
approximate the |IF overlap into a NR overlap thanks to the BT construction:

H(X} ¢>LF_> \{05} ¢>1FN ‘{05} ¢>NR

The LF spectral function Contalns the determinant of the Jacoblan of the transformation between | :
the intrinsic frames [1;2,3,. — I]and |1.2.....A], connected each other by a ]
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Hadronic tensor

In our approach the hadronic tensor is found to be (E.Pace, M.Rinaldi, G.Salmé and S. Scopetta, Phys. Scri. 2020)

_, hadronic tensor of the
bound nucleon

L dr) dh Iy IRwa—
Wi (P T = Z Z de/ 2w gw’ (5, i (.9

In the Bjorken limit the nuclear structure function can be obtained from the hadronic tensor

FA<x> = ——ngW” = Z ZJ J@n) 2 PG e)fé%z) '

T~ Free nucleon structure

2 + 2 —,
K X
Where x = Q and & = + x with 7 = QO _ P function

2P, - q Moll;2,3,...,A —1] 2p-q Pf¢

Filippo Fornetti Light-Cone 2023: Hadrons and Symmetries 16



L.C momentum distribution

dk

In the Bjorken limit [d(—)[dk‘_l_ = J'dl('_l_ Jde so we can use the LC momentum distribution instead of

'the LF Spectral function A. Del Dotto, E. Pace, G. Salme, S. Scopetta, Physical Review C 95, 014001 (2017)

Determinant of the Jacobian matrix. LF boost: effect of a
Poincaré covariance approach
- 4

| Light-cone momentum
| distribution

. Squared nuclear wave function. Thanks to
~”Free nucleon structure function V the BT construction, one is allowed to
use the NR one

A

LF momentum dlstrlbutlon '* \ s /

ak |
N — _ < AN
ek )] | |[dk] | b |40 K Ky )
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Convolution formula for the nuclear structure function

F5'(x)
To calculate the EMC ratio Ri,,~(x) = for any nucleus A, we need a NR realistic wave function
and a parametrization for the free- nucleon structure functions

\\ »

Calculated through 3 different potentials: Av18+UIX and 2

versions of the Norfolk yEFT interactions NVIa+3N and
NVIb+3N

Slnce our approach fulf|II both macro- Iocallty and Pomcare -
icovariance the LC momentum distribution must satisfies 2 '

& e g

lessential sum rules:
_ WeneedbothFpandf,
| One can ch0|ce a parametrlzatlon for Fp and a A = | dclZf f () + (A = Z)f"(S)]: Baryon number sum rule;
, F; : -0 -1
parametrization for the ratio F7 because I, could be only ; =7 <¢ >+ (Z-N)<&é> <E>y=| d& {\’ (£): MSR
textracted by nuclear DIS data. We used a parametrization o

7extracted by MARATHON data , o
MARATHON CoII Phys Rev. Lett 128 (2022) 13 132003
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L.C momentum distribution: numerical results for *He

The distributions are peaked in 1/A with an accuracy of 1/1000: arXiv:2308.15925 [nucl-th]
MSR and Nu r baryon sum rules are numerically satisfied

1* The tails of the distributions are generated by the
short range correlations (SRC) induced by the
potentials (i.e the high-momentum content of the
1-body momentum distribution)

10:‘

1o The tails of the LC momentum distribution
| calculated by the Av18/UIX potential is larger than

the ones obtained by the yEFT potentials for both
*He and deuteron

£1(8)

0.1F

|« This difference will partially cancel out on the EMC
ratio

0.01

,: LC momentum distribution for *He (peaked in 0.25) and
ideuteron (peaked in 0.5). Remind that for symmetric nuclei fl

fp

Solid lines: Avi8/UIX. Dashed lines:NVIb+3N. Dot-dashed lines: NVIa+3N
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The EMC effect:results for>He

E.Pace, M.Rinaldi, G.Salme and S.Scopetta Phys. Lett. B 839(2023) 127810

1.2 ,
r‘ ' .
1.15 | c |- Result: small but solid effect,
T comparable to the experimental one
.
‘; 1 .1 - ’f% 1 -
& \

LE) Full squares: JLab data from experiment E03103
mu.: 1 05 ' [J. Arrington, et al, Phys. Rev. C 104 (6) (2021)
o T ) 065203] as reanalyzed in [S. A. Kulagin and R.

, Petti, Phys. Rev. C 82, 054614 (2010)]
1L ' T T T F— "/E
dAFN T = - }' } } Solid lines: Av18/UIX. Dashed lines:Av18
0951 1 1 ' :
0 0.2 0.4 0.6 0.8 1
X
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The EMC effect: numerical results for *He

arXiv:2308.15925 [nucl-th]

Full squares: JLab data from
experiment E03103

[J. Arrington, et al, Phys. Rev. C 104 (6)
(2021) 065203]

14 | | | I | | | I | | |

Av18/UIX
- NVla
— - — NVIb
E03103

1.3

1.2

Repc(X)

' Analogous results obtained
alsofor "Heand"He |

0.9

] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ]
0'80 0.2 0.4 0.6 0.8

—

* The differences between the calculations from different potentials are of the same order for both
| nuclei '
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The EMC effect: numerical results for *He

arXiv:2308.15925 [nucl-th]
T - 1 T 1 r T 1

1.4 T

Full squares: JLab data from E E
experiment E03103 1.3(— — Both lines calculated with Av18/UIX
[J. Arrington, et al, Phys. Rev. C 104 (6) |- 4 Solid line: SMC parametrization of F”
(2021) 065203] - Tl . E
s ol T Dashed line: NVIb+3N: CJ15 +TMC
N | Parametrization of Fé’
5 /_3 F] extracted from MARATHON data
.
1= | [B. Adeva, et al., Phys. Lett. B 412 (1997) 414—424.]
E E [A. Accardi, L. T. Brady, W. Melnitchouk, J. F. Owens,
09— —1 N. Sato, Phys. Rev. D 93 (11) (2016) 114017]
- 7| [MARATHON, PRL 128,132003 (2022) ]
T e I RN R . [E.Pace, M.Rinaldi, G.Salmé and S.Scopetta Phys. Lett.

0 0.2 0.4 0.6 0.8 1 B 839(2023) 127810]

The dependance on the ratio F7'/ Fé’ IS largely under control as well the dependance on the
| parametrization of Fg in the properly EMC region
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Conclusions

- front approach, which includes only the N S S ——
nucleonic dof | He |

The difference between the Rp,,~ generated

by different realistic nuclear potentials is
relatively smaller than the EMC effect itself

The deviations from experimental data could
be ascribed to genuine QCD effects

Include off-shell corrections to our approach |

i Repeat the calculation of the EMC-effect for

Our results could provide a reliable baseline | i _ W
| _heaviernuclet =~ 00 0 0o 000000009

to study exotic phenomena involving :
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Polarized Structure Functions for°He

E.Proietti, F.F,, E.Pace, M.Rinaldi, G.Salme and S.Scopetta, in preparation

0.002
0 PRELIMINARY ———_ _
7’
O , ’ - Comparison between the spin-dependent
—0.004 y structure function of *He gf(x) obtained by a NR
0006 I ) | approach (dashed-line) in [C.Ciofi degli Atti,
| i / 1 S.Scopetta, E.Pace, G.Salme,
—0.008 / Phys.Rev.C48:968-972(1993)] and RHD
| / 1 approach (solid line)
—0.01 ]| ,
—0.012 |\ /' rgi ()
—0.014 \ 4 rging(T) = = = =
0 0.2 0.4 0.6 0.8
X
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Tritctum EMC effect

12 | | | | | | | |
i 7| Results similar to°’He and *He
1.15— —
B | No experimental data
1.1— — . .
< - - Solid line: Av18/UIX; Dashed-line: NVIb/UIX
T 0 -
o B _
1.05— —
1 —
095 B | | | | | | | | | | | | | | | | | | | ]
0 0.2 0.4 0.6 0.8
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Extractionof F7//F é’ viaMARATHON data

MARATHON coll. : experimental data of the super-ratio R™(x) = F;He(x)/FgH(x)

SHe: 2p + n; °H: n + 2p

Is possible to extract the ratio Fé’(x)/Fé’(x) through the super-ratio

P
o
o0

O
o

(x) / FA(x)

2
F

n
=
AN

O
)

-
O

[
| | I I

l

02

E.Pace, M.Rinaldi, G.Salme and S.Scopetta Phys. Lett. B 839(2023) 127810

Dashed line: ratio from SMC collaboration
Empty squares: MARATHON extraction

Solid line: cubic and conic extractions from Fé’ SMC parametrization, fitted to
MARATHON data

Filippo Fornett
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NR potentials

2-body case (equal mass):
M|y >=s|y>

[4(m2+k2)+U]h//>=Sh//>

[ k? U 1 s — 4m? ‘
—+—]|ly > = W >
dm  4m 4dm
s — 4m?
For the states of the continuum spectrum 5 = 1, , 1.€. the asymptotic kinetic energy in the Lab frame when the particle 1 is
m

at rest

The phase shifts are a given as a function of 1;

NN interaction extracted from the experimental phase shifts via the Lippmann-Schwinger equation
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