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% Motivations: why the 3He

€ Phenomenological: a reliable flavor decomposition needs the neutron parton structure (PDFs, GPDs
TMDs....)

e O Q9
o o

Accurate and long-lasting experimental efforts in developing effective neutron targets to carefully investigate its

electromagnetic responses. 3H'€ is SPECIAL
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Accurate and long-lasting experimental efforts in developing effective neutron targets to carefully investigate its
g - .
electromagnetic responses. 3H e is SPECIAL

The polarized 3He target, 90% neutron target (e.g. H. Gao et al, PR12-09-014, Chen et al, PR12-11-007,@JLab12)

& Due to the experimental energies, the accurate theoretical description (of a polarized 3He) has to be relativistic
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% Motivations: why the 3He

€ Phenomenological: a reliable flavor decomposition needs the neutron parton structure (PDFs, GPDs
TMDs....)

e O Q 9
o o

Accurate and long-lasting experimental efforts in developing effective neutron targets to carefully investigate its

electromagnetic responses. 3H'€ is SPECIAL

The polarized 3He target, 90% neutron target (e.g. H. Gao et al, PR12-09-014, Chen et al, PR12-11-007,@JLab12)

& Due to the experimental energies, the accurate theoretical description (of a polarized 3He) has to be relativistic

€ Theoretical: aLF description of three body interacting systems! Bonus:
Transverse-Momentum Distributions (TMDs) for addressing in a novel way the nuclear dynamics

Matteo Rinaldi Short-distance nuclear structure and pdfs 10



2 The EMC effect

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

R(x) = F°Fe(x)/ F2H () -

Expected result: R(x) = 1 up to

corrections of the Fermi motion P % X
Result: T oo
Aubert et al. Phys.Lett. B123 (1983) 275
1488 citations (inSPIRE) \D
Naive parton model interpretation:
“Valence quarks, in the bound nucleon, are in average

slower that in the free nucleon”
s the bound proton bigger than the free one??

Matteo Rinaldi Short-distance nuclear structure and pdfs 11



2 The EMC effect in details

We remind that for DIS off nuclei: ¢
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2 The EMC effect in details

We remind that for DIS off nuclei: 0<x=
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X
Explanation (exotic) advocated: confinement radius bigger for bound nucleons, quarks in bags with 6, 9,..., 3A
quark, pion cloud effects... Alone or mixed with conventional ones...
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Situation: basically not understood. Very unsatisfactory. We need to know the reaction /ﬁx
mechanism of hard processes off nuclei and the degrees of freedom which are involved: ; ]

the knowledge of nuclear PDFs is crucial for the analysis of heavy ions collisions;

neutron parton structure measured with nuclear targets; several QCD sum rules involve the neutron information
(Bjorken SR, for example): importance of Nuclear Physics for QCD

Matteo Rinaldi Short-distance nuclear structure and pdfs 17



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

the knowledge of nuclear PDFs is crucial for the analysis of heavy ions collisions;

neutron parton structure measured with nuclear targets; several QCD sum rules involve the neutron information
(Bjorken SR, for example): importance of Nuclear Physics for QCD

Inclusive measurements cannot distinguish between models
One has probably to go beyond (not treated here...) (R. Dupré and S.Scopetta, EPJA 52 (2016) 159)

e Hard Exclusive Processes (GPDs)
e SIDIS (TMDs)
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Situation: basically not understood. Very unsatisfactory. We need to know the reaction /ﬁx
mechanism of hard processes off nuclei and the degrees of freedom which are involved: ; ]

the knowledge of nuclear PDFs is crucial for the analysis of heavy ions collisions;

neutron parton structure measured with nuclear targets; several QCD sum rules involve the neutron information
(Bjorken SR, for example): importance of Nuclear Physics for QCD

Inclusive measurements cannot distinguish between models
One has probably to go beyond (not treated here...) (R. Dupré and S.Scopetta, EPJA 52 (2016) 159)

e Hard Exclusive Processes (GPDs)
e SIDIS (TMDs)

Status of “Conventional” calculations for light nuclei:
NR Calculations: qualitative agreement but no fulfillment of both particle and MSR... Not under control

A fully Poincaré covariant approach to perform the calculation is essential to embed
relativistic effects and fulfill sum rules!

Matteo Rinaldi Short-distance nuclear structure and pdfs 19



4 The relativistic Hamiltonian dynamics framework

Why do we need a relativistic treatment ?

General answer: to develop an advanced scheme, appropriate for the kinematics
of JLAB12 and of EIC
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Why do we need a relativistic treatment ?
General answer: to develop an advanced scheme, appropriate for the kinematics
of JLAB12 and of EIC

The , with nucleon and meson degrees of freedom within a non
relativistic framework, has achieved
[e.g. the NR 3He and 3H Spectral Functions in Kievsky, Pace, Salmé, Viviani PRC 56, 64 (1997)].

@

G

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

measurements. Necessary if one studies, e.g., i) nucleon structure functions; ii) nucleon GPDs and TMDs, iii)
signatures of short-range correlations; iv) exotics (e.g. 6-bag quarks in 2H), etc

@

At least, one should carefully treat the boosts of the nuclear states, W, ) and |W,)!
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4 The relativistic Hamiltonian dynamics framework

Why do we need a relativistic treatment ?
General answer: to develop an advanced scheme, appropriate for the kinematics
of JLAB12 and of EIC

¢ The , with nucleon and meson degrees of freedom within a non
relativistic framework, has achieved
[e.g. the NR 3He and 3H Spectral Functions in Kievsky, Pace, Salmé, Viviani PRC 56, 64 (1997)].

& Covariance wrt the Poincaré Group, G, , needed for nucleons at large 4-momenta and pointing to high precision

measurements. Necessary if one studies, e.g., i) nucleon structure functions; ii) nucleon GPDs and TMDs, iii)
signatures of short-range correlations; iv) exotics (e.g. 6-bag quarks in 2H), etc

& At least, one should carefully treat the boosts of the nuclear states, IW, ) and W, )!

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.

Matteo Rinaldi Short-distance nuclear structure and pdfs 22



4 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
MY" — [orentz transformations, have to fulfill

[P*, Pl =0, [M"" P’]=—u(g'"P" —g""P"),

[MMY M) = —o(ghP M¥T + g"" M** — gh? M¥P — g"? M*)

Also P and 7  have to be taken into account !

Matteo Rinaldi Short-distance nuclear structure and pdfs
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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
MY" — [orentz transformations, have to fulfill

[P*, Pl =0, [M"" P’]=—u(g'"P" —g""P"),

[MP MP7] = —o(g"" MY + g“% MM* — gh? M¥P — g“? M*7)
Also P and 7  have to be taken into account !

Macroscopic locality (= cluster separability (relevant in nuclear physics)): i.e.
observables associated to different space-time regions must commute in the limit
of large spacelike separation (i.e. causally disconnected), rather than for arbitrary
(microscopic-locality) spacelike separations. In this way, when a system is
separated into disjoint subsystems by a sufficiently large spacelike separation, then
the subsystems behave as independent systems.

Keister, Polyzou, Adv. Nucl. Phys. 20, 225 (1991) .

This requires a careful choice of the intrinsic relativistic coordinates.

Matteo Rinaldi Short-distance nuclear structure and pdfs
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N

P.A.M. Dirac, 1949
ACt

ACt

The instant form The front form The point form We C h 0 Ose t h e FrO n t Form !

1
N
Bwv=| o

C

Fig. from Brodsky, Pauli, Pinsky Phys.Rept. 301 (1998) 299-486

%0 = ct %0 = cl+z %=1 , ct= tcoshw

%= x %= x %!= ® , x= tsinhwsinO cos¢
%=y =y %2=10 , y= tsinhwsinsing
%=1z X3 = ct-z %7=¢ , x= tsinhocosd

0 0 0 —t’sinh’w sin’

< z> at=a’+3a’

al — (31,32)

=
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[ = =1
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8§ Forms of relativistic Dynamics - The front form

The Light-Front framework has several advantages:
@ 7 Kinematical generators: i) three LF boosts ( In instant form they are

dynamicall), ii) P = (Pt = P° + P3 P_), iii) Rotation around the z-axis.
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8§ Forms of relativistic Dynamics - The front form

The Light-Front framework has several advantages:

@ 7 Kinematical generators: i) three LF boosts ( In instant form they are
dynamical!), ii) P = (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. important to correctly treat the boost between
initial and final states !
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The Light-Front framework has several advantages:
@ 7 Kinematical generators: i) three LF boosts ( In instant form they are
dynamical!), ii) P = (P" = 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. important to correctly treat the boost between
initial and final states !

@ P > 0 — meaningful Fock expansion, once massless constituents are absent
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The Light-Front framework has several advantages:
@ 7 Kinematical generators: i) three LF boosts ( In instant form they are
dynamical!), ii) P = (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. important to correctly treat the boost between
initial and final states !

@ 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.
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8§ Forms of relativistic Dynamics - The front form

The Light-Front framework has several advantages:

@ 7 Kinematical generators: i) three LF boosts ( In instant form they are
dynamical!), ii) P = (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. important to correctly treat the boost between
initial and final states !

@ 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.

@ The infinite-momentum frame (IMF) description of DIS is easily included.
Drawback: the transverse LF-rotations are dynamical
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8§ Forms of relativistic Dynamics - The front form

The Light-Front framework has several advantages:
@ 7 Kinematical generators: i) three LF boosts ( In instant form they are
dynamical!), ii) P = (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. important to correctly treat the boost between
initial and final states !

@ 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.

@ The infinite-momentum frame (IMF) description of DIS is easily included.
Drawback: the transverse 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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& Bakamjian-Thomas construction and LFHD

« Bakamijian 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 M contains the interaction

ii) it generates the dependence of the 3 dynamical generators (P"and LF transverse rotations F | ) upon the
interaction

Matteo Rinaldi Short-distance nuclear structure and pdfs
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& Bakamjian-Thomas construction and LFHD

« Bakamijian 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 M contains the interaction
ii) it generates the dependence of the 3 dynamical generators (P"and LF transverse rotations F | ) upon the

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

commute with all the kinematical generators and with the non-interacting angular momentum, as in the NR case.
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2 The BT Mass operator for an A=3 system
« In the three-body case, the mass operatoW;Mo(IZ’;) + V12 3+ Va7 b+ V31 b+ + VAL
N
123 Z A/ m2 4+ —u\ 2-body\fo/rces 3-body force

free mass operator momenta in the intrinsic reference frame kl -+ k2 -+ k3 =0
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2 The BT Mass operator for an A=3 system
« In the three-body case, the mass operatoW;Mo(IZS) + V12 3+ Va7 b+ V31 b+ + VAL
N
123 Z A/ m2 4+ —u\ 2-body\fo/rces 3-body force

free mass operator momenta in the intrinsic reference frame kl -+ k2 -+ k3 =0

& The commutation rules impose to VBT invariance for translations and rotations as well as independence on the
total momentum, as it occurs for VNR,
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2 The BT Mass operator for an A=3 system
« In the three-body case, the mass operatoW;Mo(IZS) + V12 3+ Va7 b+ V31 b+ + VAL
N
123 Z A/ m2 4+ —u\ 2-body\fo/rces 3-body force

free mass operator momenta in the intrinsic reference frame kl -+ k2 -+ k3 =0

& The commutation rules impose to VBT invariance for translations and rotations as well as independence on the
total momentum, as it occurs for VNR,

s One can assume Mp7(123)~ MR
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2 The BT Mass operator for an A=3 system
« In the three-body case, the mass operatoW;Mo(]Q?)) + V12 3T V23 1+ V31 o+ V1323T
N
-
5(123) Z\/m2 _u\

2-body forces 3-body force

free mass operator momenta in the intrinsic reference frame kl -+ k2 -+ k3 =0

& The commutation rules impose to VBT invariance for translations and rotations as well as independence on the
total momentum, as it occurs for VNR,

s One can assume Mp7(123)~ MR

& 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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Ir 2 The BT Mass operator for an A=3 system

« In the three-body case, the mass operator is: MBT(123

0(123) Z\/m2

S
free mass operator momenta in the ~ W’\\,\f\\“ of e o+ k3 =0

— M0(123) -I— V1BT V23 1 V31 2 VBT
 fram W(5<Kv—/ —

; e\at'\\/"sté\ %e(\e‘ forces 3-body force

€ The commutation rules impos~ e‘a’ﬁo‘,‘a o\ ations and rotations as well as independence on the
total momentum, as;\(\e WS ole £of

t} co\y

< One can assume

& 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.

A
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‘ ® Reference frames

W For a correct description of the SF, so that the Macro-locality is implemented, it is crucial to distinguish
between different frames, moving with respect to each other:
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‘ ® Reference frames

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

@ The Lab frame, where P = (M., 0)
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‘ ® Reference frames

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

@ The Lab frame, where P = (M, 0)
@ The intrinsic LF frame of the whole system, (123), where P = (M(123),0.) with

k*(123) = & Mo(123) and Mp(123) = /m? + k2 + /m? + k3 + ,/m2+k2
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‘ ® Reference frames

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

@ The Lab frame, where P = (M, 0)
@ The intrinsic LF frame of the whole system, (123), where P = (M(123),0.) with

kt(123) = &€ Mo(123) and Mp(123) = m2+k2—|—\/m2+k2+\/m2+k2

@ The intrinsic LF frame of the cluster, (1;23), where P = (My(1,23),0. ), with
KT(1;23) = € Mo(1,23) and Mo(1,23) = /m? + k]2 + /M2 + |k|?

M :2\/ m? + me

while pJ_(/ab) = kl(123) = K,_j_(l, 23)

Matteo Rinaldi Short-distance nuclear structure and pdfs
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® The spin-dependent LF spectral function

A. Del Dotto, E. Pace, G. Salme, S. Scopetta, Physical Review C 95, 014001 (2017)

The Spectral Function: probability distribution to find inside a bound system a particle with a given £ when the rest of
the system has energy €, with a polarization vector S:

Pro(R,e,S) = p(e)ZZLF(tT;a,e;JJZ;TU',FL\WM;STZ) (ST, VMm|R,o7; ISz e, 05 Tt) 1F

Jl,a0 Tt
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® The spin-dependent LF spectral function
A. Del Dotto, E. Pace, G. Salme, S. Scopetta, Physical Review C 95, 014001 (2017)
The Spectral Function: probability distribution to find inside a bound system a particle with a given K when the rest of

the system has energy €, with a polarization vector S:

Pro(R,e,S) = p(e)ZZLF(tT;a,e;JJZ;TU',FL\\UM;STZ) (ST, Vm|R, o7 Jdz €, TE) 1F

Jl,a0 Tt

S ‘\UM; STZ> = Zmﬁ‘ V,.: S, Tz> D;Z.M %Euler angles of rotation from the z-axis to the polarization vector S

three-body bound eigenstate of Mp7(123) ~ MNR
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® The spin-dependent LF spectral function

A. Del Dotto, E. Pace, G. Salme, S. Scopetta, Physical Review C 95, 014001 (2017)

The Spectral Function: probability distribution to find inside a bound system a particle with a given K when the rest of
the system has energy €, with a polarization vector S:

Pro(R,e,S) = p(e)z Z LF(tT a6, J) 1o’ R|Wa; ST (ST, W pm|R, o1 JUz e, TE) F
Jl,a0 Tt
S ‘\UM; STZ> = Zm‘ V,.:S, TZ> D;Z.M %Euler angles of rotation from the z-axis to the polarization vector S

three-body bound eigenstate of Mp7(123) ~ MNR

. tensor product of a plane wave for particle 1 with LF momentum & in the intrinsic
< |”‘"a or; Iz €, T7'>LF reference frame of the [1 + (23)] cluster times the fully interacting state of the (23)
pair of energy eigenvalue € . It has eigenvalue:
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® The spin-dependent LF spectral function

A. Del Dotto, E. Pace, G. Salme, S. Scopetta, Physical Review C 95, 014001 (2017)

The Spectral Function: probability distribution to find inside a bound system a particle with a given K when the rest of
the system has energy €, with a polarization vector S:

Pro(R,e,S) = p(e)z Z LF(tT a6, J) 1o’ R|Wa; ST (ST, W pm|R, o1 JUz e, TE) F
Jl,a0 Tt
S ‘\UM; STZ> = Zm‘ V,.:S, TZ> DFZ.M %Euler angles of rotation from the z-axis to the polarization vector S

three-body bound eigenstate of Mg, (123) ~ MNR

. tensor product of a plane wave for particle 1 with LF momentum & in the intrinsic
< |K':~ or; Iz €, T7'>LF reference frame of the [1 + (23)] cluster times the fully interacting state of the (23)
pair of energy eigenvalue € . It has eigenvalue:

Mo(1,23) = /m? + |k|? + Es Es =1/ M2+ |k|? Ms = 2/ m? + me
and fulfills the macroscopic locality (keister, Polyzou, Adv. N. P. 20, 225 (1991)).
k= (KJ+ = 5 J\/lo(l, 23), k_]_ = K,_J_)
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® The spin-dependent LF spectral function

The LF overlaps for 3He SF in terms of the IF ones are

1 E E
) ) . ~ .. i E
<TT,(,1.(,JJZ,110,145\_/,12,63, ETZ>LF: E /dkz3 Z D2[RM(k ]o’o (27)3 2E(k 7(*5253

T2T3 17 1 /7
03,05 03,03

Daé/,oé(k23: k2) Dog’,aé(_k23? k3)

effect of boosts in the Jacobians and in the transformations:

D,y o (kas, & Z D [Riy(£kas)]orro, D2 [Run(ki)]o,or

/F<Ta7_; Q, €, JJz|k23-,0'2 ) C73 ;Tz>7'3> (03102,01; T3, T2, T1; K23, k\J,Jz; €3,

2

1
=T
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® The spin-dependent LF spectral function

The LF overlaps for 3He SF in terms of the IF ones are

1 —
(TT, 0,6, JJz; 10, R\, 12,13, LF— Z /dk23 Z D2[RM )]M{ /(2r)3 2E (k) /IL+§23 Z
s

T27T3 17 7
U2 7O'3

4,5

/! / / / 5 a
/F(T,T;Q,G:JJz\k23,02703 ' T2, T3) (03,02,01; 73, T2, T1; Koz, K|j, Jz; €3; = T2)iF
Daé’.aé(k23f k2) Dné’.aé(_k23’ k3)
effect of boosts in the Jacobians and in the transformations:

D,y o1 (kas, ki) Z D2 [Riy(£kas)]orro, D2 [Rua(i)]o,or

2

* Through the Bakamjian-Thomas construction, one is allowed to approximate the momentum space wave functions

for the 2- and 3-body systems 1

. . 1
( ... \1,12;63;§Tz)/F:< ‘J;Jz;€3;§Tz>NR

preserving the Poincaré covariance but using the successful NR phenomenology
A. Del Dotto, E. Pace, G. Salme, S. Scopetta, Physical Review C 95, 014001 (2017)
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I‘IO . C momentum distributions

From the normalization of the Spectral Function one has

5 . 1
(€)= / dk n" (& kL)l S , / dg £1(¢) =
| - 0

\.

1
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10 LC momentum distributions
From the normalization of the Spectral Function one has

- . 1 ,
A~ [ e , / de F(¢) = 1
| | 7 o

We can define the essential sum rules that must be satisfied:

- -

Na= [ de [262€)+(A- D) =1 MSR= [ dé ¢ [26/(0) + (A= D)) 5 1

k_‘ ‘_‘t}
Baryon number sum rule Momentum sum rule

Within the LFHD we are able to fulfill both sum rules at the same time!

E. Pace, M.R., G. Salmé and S. Scopetta, Phys. Lett. B (2023) 137810
A. Del Dotto, E. Pace, G. Perna, A. Rocco, G. Salmé and S. Scopetta, Phys.Rev.C 104 (2021) 6, 065204)
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10 LC momentum distributions
From the normalization of the Spectral Function one has

3 : 1 )
A (€) = / dk, n" (&, ; / d¢ f(¢) = 1
4 ~ - Vo

We can define the essential sum rules that must be satisfied:

- -

Na= [ de [262€)+(A- D) =1 MSR= [ dé ¢ [26/(0) + (A= D)) 5 1

k_‘ ‘j
Baryon number sum rule Momentum sum rule

Within the LFHD we are able to fulfill both sum rules at the same time!

E. Pace, M.R., G. Salmé and S. Scopetta, Phys. Lett. B (2023) 137810
A. Del Dotto, E. Pace, G. Perna, A. Rocco, G. Salmé and S. Scopetta, Phys.Rev.C 104 (2021) 6, 065204)

Not possible within the IF! (Frankfurt & Strikman; Miller;....80’s)
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%29 The nuclear structure function F»

The hadronic tensor, in Impulse approximation is found to be (Pace, M.R., Salmé and S. Scopetta, Phys. Scri. 2020)

i m

de, det 1 _y hadronic tensor of the
WA (Pa, Taz) = I de — P (R, e W’“(7 p, -——}
A Z Z (rp 2kt ¢ (&, | ws (p.q) bound nucleon

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

de. dr' 1 . de, d . PFox|
F2'(x) Z Z Id(/ gt £ P9 () B Wi (p.0) Z i /(2’33 2"h PR A X

2 : 2 :
X = 2,9 - Bjorken variable & = m £x 7z = Q nucleon structure function
A ’ o w
F(z2)=-zguw 3, wy' (P, q)
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29 The nuclear structure function F»

The hadronic tensor, in Impulse approximation is found to be (Pace, M.R., Salmé and S. Scopetta, Phys. Scri. 2020)

m

d d 1 i
W (Pa, Tay) = Z Z id( Iﬂ3 kT 1 PV, ) W/\f'U(P q)J hadronic tensor of the
(2m)* 2 k* € bound nucleon

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

T e

dey dr™ 1 " dk, d . . PFox|
F2(x) Z Z Id(/ - 21 £ PR (%) g Wil (p.0) Z i /(2’33 2"h PhR A 2| A

pt z

2 .
— 2,9 - Bjorken variable & = m £Xx 7z = Q? nucleon structure function
A ’ o w
F(z2)=-zguw 3, wy' (P, q)

One should notice that: /de /dﬁ £ /d,{+ /de but in the BJ limit / de /dh~+ = /dﬁ+ / de

therefore, F, and the EMC effect can be evaluated the LC momentum distribution directly!
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22 The 3He EMC effect within the LFHD

The numerical calculations E. Pace, M.R., G. Salmé and S. Scopetta, Phys. Lett. B (2023) 137810

1.2

115 | i —
| Reue = RO)/RE) REG) = st

Solid line: with Av18 description of 3He, Dashed line: including three-body forces (U-IX) with “SMC" nucleon
structure functions (Adeva et al PLB 412, 414 (1997)).

Full squares: data from J. Seely et al., PRL. 103, 202301 (2009) reanalyzed by S. A. Kulagin and R. Petti, PRC 82,
054614 (2010)
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22 The 3He EMC effect within the LFHD

The numerical calculations E. Pace, M.R., G. Salmé and S. Scopetta, Phys. Lett. B (2023) 137810

1.2 ; : : i il . ; T
1 1158 Av18 + Urbana IX
. - AVI
= el 8
O
B =
o 1.05
— m i i
1 I1d 11+ =TT 1T
0.9 . ! L 1 0.95 I 1 | |
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
X X

F3'(x) extracted from the MARATHON data
[MARATHON, PRL 128,132003 (2022) ]
Fy(x) SMC
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12 The 3He EMC effect within the LFHD

The numerical calculations E. Pace, M.R., G. Salmé and S. Scopetta, Phys. Lett. B (2023) 137810

1.2 B T L T l T T T I Ll T L} I i 1.2 T T T
- ——— AvVIBUIX .
118 —— Nvia ) . 115 ———  Av18 + Urbana IX
E .~ NV Nuclear potential . AP
@ —s=— [E03103 . 3 1.1 L T v
R A 0
Z [ ] w
3 f . m 105}
05— -
1 5: ] 1 I1d 171+ 7T I
- i 0.95 1 L L |
B i 0 0.2 0.4 0.6 0.8
B ] X
L e L O B FJ(x) extracted from the MARATHON data
x [MARATHON, PRL 128,132003 (2022) ]
Fy(x) SMC

Conclusions: small but solid effect; for extension to 4He see F. Fornetti's talk
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12 The 3He EMC effect within the LFHD

The numer‘i’“ﬂl Calculations E. Pace, M.R., G. Salmé and S. Scopetta, Phys. Lett. B (2023) 137810

ot T T il T T T
o QQ We calculated the valence (15
pEmE . . 9 ———  Av18 + Urbana IX
contribution to the EMC
"R| PLEASE N ---- Av18
X 1 effect within an approach: = 11}
g 1.0f 2
& 7k i) able to include relativistic effects B (o5
o .o 0 | -
1 ii) fulfill number and momentum sum e«
0.58 rules at the same time! 1 T1 g orr To
iii) including conventional nuclear effects
0.9 0.95 1 1 L |
0 0.2 0.4 0.6 0.8 1
X

F;'(x) extracted from the MARATHON data
[MARATHON, PRL 128,132003 (2022) ]

L R - FP(x) SMC

Conclusions: small but solid effect; for extension to 4He see F. Fornetti's talk
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92 The 3He EMC effect within the LFHD

The numeri~~| calculations E.Pace, M.R., G. Salmé and S. Scopetta, Phys. Lett. B (2023) 137810

We calculated the valence
contribution to the EMC
effect within an approach:

ATTENTION
PLEASE

i) able to include relativistic effects
ii) fulfill number and momentum sum
rules at the same time!

iii) including conventional nuclear effects

We are not excluding the existence of
effects beyond the conventional ones!

We need to test the approach with heavier
\_/nuclei .

R3gmc(x)

il

15— Av18 + Urbana IX
Lo Av18
1.05
1 114175 =77 T7
095 | 35 oa 06 08

F;'(x) extracted from the MARATHON data
[MARATHON, PRL 128,132003 (2022) ]
FP(x) SMC

Conclusions: small but solid effect; for extension to 4He see F. Fornetti's talk
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22 The 3H EMC effect within the LFHD

Matteo Rinaldi

1.2_ T T T l T T T T T T I |

, Av18/UIX -

115 —

i — — NVla/3N ]

— - NVIb/3N .

1.1 , —

2 T g, .
! p i
£ [ ARY >
1051~ "')REL“\I\\N;/J ~
A :

B 1 i 1 ' 1 1 1 | 1 1 ) I 1 1 1 | 1 g

0'950 0.2 0.4 0.6 0.8 i

X

F. Fornetti, E. Pace, M.R., G. Salmé and S. Scopetta, in prep
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VA Poincaré covariant description of nuclei, based on the light-front Hamiltonian dynamics, has been
proposed. The Bakamjian-Thomas construction of the Poincaré generators allows one to embed the successful
phenomenology for few-nucleon systems in a Poincaré covariant framework.

N.B. Normalization and momentum sum rule are both automatically fulfilled.

Ng Encouraging calculation of 3He EMC, shedding light on the role of a reliable description of the
nucleus. Also the LC spin-dependent momentum distributions are available, for both longitudinal
and transverse polarizations of the nucleon. | (see F. Fornetti’s talk)

Analyses of A(e,e’,p)X reactions, with polarized initial and final states, for accessing nuclear
D’s in 3He are in progress




V" A Poincaré covariant description of nuclei, based on the light-front Hamiltonian dynamics, has been
proposed. The Bakamjian-Thomas construction of the Poincaré generators allows one to embed the successful
phenomenology for few-nucleon systems in a Poincaré covariant framework.

N.B. Normalization and momentum sum rule are both automatically fulfilled.

v Encouraging calculation of 3He EMC, shedding light on the role of a reliable description of the
nucleus. Also the LC spin-dependent momentum distributions are available, for both longitudinal
and transverse polarizations of the nucleon. Crucial extension to “He! (see F. Fornetti's talk)

Analyses of A(e,e’,p)X reactions, with polarized initial and fi
TMD's in 3He are in progress



V" A Poincaré covariant description of nuclei, based on the light-front Hamiltonian dynamics, has been
proposed. The Bakamjian-Thomas construction of the Poincaré generators allows one to embed the successful
phenomenology for few-nucleon systems in a Poincaré covariant framework.

N.B. Normalization and momentum sum rule are both automatically fulfilled.

v Encouraging calculation of 3He EMC, shedding light on the role of a reliable description of the
nucleus. Also the LC spin-dependent momentum distributions are available, for both longitudinal
and transverse polarizations of the nucleon. Crucial extension to “He! (see F. Fornetti's talk)

Analyses of A(e,e’,p)X reactions, with polarized initial and final states, for accessing nuclear
TMD’s in 3He are in progress
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|12 Rescaling

Matteo Rinaldi

Structure Functions for Light Nuclei

S. A. Kulagin®* and R. Pettit

! Institute for Nuclear Research of the Russian Academy of Sciences, 117312 Moscow, Russia
2 Department of Physics and Astronomy,
University of South Carolina, Columbia SC 29208, USA

Abstract

We discuss the nuclear EMC effect with particular emphasis on recent data for light nuclei
including 2H, 3He, *He, *Be, 2C and !“N. In order to verify the consistency of available data,
we calculate the x? deviation between different data sets. We find a good agreement between the
results from the NMC, SLAC E139, and HERMES experiments. However, our analysis indicates
an overall normalization'offset of about 2% in the data from the recent JLab E03-103 experiment
with respect to previous data for nuclei heavier than He. We also discuss the extraction of
the neutron/proton structure function ratio F'/F} from the nuclear ratios *He/?H and 2H/'H.
Our analysis shows that the E03-103 data on *He/?H require a renormalization of about 3% in
order to be consistent with the Ft/FY ratio obtained from the NMC experiment. After such a
renormalization, the *He data from the E03-103 data and HERMES experiments are in a good
agreement. Finally, we present a detailed comparison between data and model calculations, which
include a description of the nuclear binding, Fermi motion and off-shell corrections to the structure
functions of bound proton and neutron, as well as the nuclear pion and shadowing corrections.
Overall, a good agreement with the available data for all nuclei is obtained.

30— T —

Short-distance nuclear structure and pdfs

65



From a theoretical point of view, we need:
* a description of the nuclear dynamics which retains as many general properties as possible...

® ... leading to realistic procedures to extract the Nucleon (neutron) structure
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® Canonical and LF spin

& In Instant form (initial hyperplane t=0), one can couple spins and orbital angular momenta via Clebsch-Gordan
(CG) coefficients. In this form the three rotation generators are independent of the the interaction.
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® Canonical and LF spin

& In Instant form (initial hyperplane t=0), one can couple spins and orbital angular momenta via Clebsch-Gordan
(CQG) coefficients. In this form the three rotation generators are independent of the the interaction.

« To embed the CG machinery in the LFHD one needs unitary operators, the so-called Melosh rotations that
relate the LF spin wave function and the canonical one. For a particle of spin (1/2) with LF momentum

, o k={k", k.}
ki 5,0)e = Z D", (Ru(k)) [k 5,0")er

Wigner rotation for the J=1/2 case
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® Canonical and LF spin

& In Instant form (initial hyperplane t=0), one can couple spins and orbital angular momenta via Clebsch-Gordan
(CQG) coefficients. In this form the three rotation generators are independent of the the interaction.

« To embed the CG machinery in the LFHD one needs unitary operators, the so-called Melosh rotations that
relate the LF spin wave function and the canonical one. For a particle of spin (1/2) with LF momentum

i('E {k+,/;l}
;f. C_Z DY (Ru(Kk))
H_/

ngner rotation for the J=1/2 case

.1
kf
ok i

RM(IN()is the Melosh rotation connecting the intrinsic LF and canonical frames, reached through different boosts

from a given frame where the particle is moving

. =r
DY Ry (R)]ore = 1, THE 00 EXKL) ki so'|ki so)e

Vim+ ke f sl |
two-dimensional spinor

N.B. If |kJ_‘ << k+,m — Dyrg >~ Iy,
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& Nuclear dynamics and Spectral Function

From a theoretical point of view, we need:
“ a description of the nuclear dynamics which retains as many general properties as possible...
<. leading to realistic procedures to extract the Nucleon (neutron) structure

In the presented approach the key quantity is the nuclear SPECTRAL FUNCTID?
(Nucleon Green's function in the medium)

P, ,(k,E) = —li\sm{ﬂllgrai o ! ak,g\llg»}
- :

/g___/—(—FI'E

=1 . Diagonal terms: probability density to find a constituent
= = T (o ]
b zn: n alza (o1...n[Hnlf1-..fn) Ha (ai)a (B with o, k and the remaining spectator system of an energy
B1.....85 _ E in the ground state.
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& Nuclear dynamics and Spectral Function

From a theoretical point of view, we need:
“ a description of the nuclear dynamics which retains as many general properties as possible...
<. leading to realistic procedures to extract the Nucleon (neutron) structure

In the presented approach the key quantity is the nuclear SPECTRAL FUNCTID?
(Nucleon Green's function in the medium)

P, ,(k,E) = —li\sm{ﬂllgrai o ! ak,g\llg»}
- :

/g___/—(—FI'E

=1 . Diagonal terms: probability density to find a constituent
= - T (o L
p= zn: n alza (a1..an[HalBi...Bn) Ha (es)a(/ with o, k with an energy E of the remaining system in the
B1.....85 _ ground state of the bound system.

Quite familiar in nuclear Physics;in hadron physics one introduces the

LC correlator: d7(x,y) = <\|Jgr|QZT(X)W(ﬁ A)r(y)|Ver)
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@ Nuclear dynamics and Spectral Function

From a theoretical point of view, we need:
“ a description of the nuclear dynamics which retains as many general properties as possible...
< ... leading to realistic procedures to extract the Nucleon (neutron) structure

In the presented approach the key quantity is the nuclear SPECTRAL FUNCTID?
(Nucleon Green's function in the medium)

1 , 1
Prf’(f(kf E) — —%‘gfm {<wgral:.a/ E_— ak’gw‘gr>}

H+ ie

Quite familiar in nuclear Physics;in hadron physics one introduces the
LC correlator: d7(x,y) = <\|jgr|¢T(X)W(ﬁ A, (y>‘\|jgr>

Our point: in valence approximation, one can relate Po/(k, E)

. . . Ve . T
(given in a Poincaré covariant framework)? andy)
[Pace, Salmé, Scopetta et al, Phys.Rev.C 104 (2021) 6, 065204 ]
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12 LF spectral function and LC Correlator

The fermion correlator in terms of the LF coordinates is [e.g., Barone, Drago, Ratcliffe, Phys. Rep.

359, 1 (2002)] p = fermion momentum

isospin

1 = i T T
$2(p.P.5) = 5 [ dedeaer ¢ > (P S ATEOEOIA S, P)

parent system
(nucleus, nucleon..)
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The fermion correlator in terms of the LF coordinates is [e.g., Barone, Drago, Ratcliffe, Phys. Rep.

359, 1 (2002)] el p = fermion momentum

1 ip
& (p, P,S) = 5 /dg détdé e éwm( )Pa(§)IA, S, P)

parent system
(nucleus, nucleon..)

The particle contribution to the correlator in valence approximation, i.e. the result obtained if the
antifermion contributions are disregarded, is related to the LF SF:

7" (p, PS);W ®"(p,P,S) W ?;()542,, Mo[lE (23)] Z{ ua(P, ') Pitoro(Re,S) ds(p,o) }

In deriving this expression it naturally appears the momentu@ in the intrinsic reference frame of the cluster [1,(23)],
where particle 1 is free and the (23) pair is fully interacting.
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The correlator function (related to the LF spectral function) at leading twist can be
decomposed:

1 1 1 ~ 1 S, 1 ~
¢(p,P,5):§PA1+§’Ys/D A2SZ+MA1PL'SL}+§/D’YS [A3$¢+A2M/5L+WA3PLSL/§¢

|—> mass of the system

The functions A;, A, (j = 1 2, 3) can be obtained by proper traces of ®(p, P,S) and I matrices.
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The correlator function (related to the LF spectral function) at leading twist can be
decomposed:

d)(p,P;S):E PA1+§75P[A252 +MAIPLSL}F§ P s [A3$L+A2ﬂl5¢+WA3pL'SL/5L

|—> mass of the system

The functions A;, Zj (= 1 2, 3) can be obtained by proper traces of ®(p, P,S) and I matrices.
The 6 TMDs can be obtained:

fxpl) = OlA]  Af(xlpef)=0[A]  ar(xlpl’) =0 |A)]
2~ ~ ~
Arf(x|pLf) = o[Agﬂg@LAg} mi(xpL) = O [A2|  hiz(x [pLl?) = O |As]
1 [dpTdp™ .
Ol =3 | T TP 1Al

with
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%4 TMDs and LF spectral function

obtained from obtained from

TMDs >Tr LC correlator > Tr Spectral function
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|’14 TMDs and LF spectral function

obtained from r

obtained from

TMDs >[I' r LC correlator
Tr(y*0%) = D Tr[Pu(R.e 9)|
Tr(y*ys @°) = D Tr[o. Pulfise, S))
Te(Br v* 5 %) = D Tr|p. -0 Pul,eS)]

| -

D

> Tr Spectral func}ion

Matteo Rinaldi
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|14 TMDs and LF spectral function

Tr(pr v s ®°) =

obtained from obtained from
[TMD: lTr LC correlator > Tr Spectral func}ion
Ho (P m Es
Te(y"®°) = D Tr[Pu(®.c 9)] pt m MolL, (23)]
Tr(y"ys ®°) = D Tr -az ’ﬁM(IZ’,,E,S)}

dptdp~

D Tr :pL o ’IsM(F;,e,S)] The integratiohf (2n)? o[p" —xPT] P  of Tr of SF

f(x,p1)

AT f(x, |pLl)

M
= by Af(x,|PL?) = b+ bs gir(x,[pLl?) = o] by,
1 M M?
= by m+ 5 b hﬁ(xa |PL|2) = — b3 m hfr(xa |PL|2) = 1—> by m
2 pL| P
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TMDs obtained from] i
[ ]Tr LC correlator telned fom, Tr Spectral f
al function

Tr(y"®%) = | ) 2
pr m MO[1(23)]

~ + L]
Tty ") — | There is a one-to- _one correspondence

between the — g\tsgral of proper
componénts of Sp* — xP*] P* of Tr of SE

the SF (the functions ) and the TMDs ﬂ
f(x,p1) = Pof stie %h@ttattér"baﬁeb@ erqeumatehbp204
obtamed from ‘the wave fanetioh! / — 7] ba a1

Tr(pr v+ s ®°) =/ |

ATf 2y _ 1
T (X7|p_L‘ ) = bl..\/l + — b2\/[ hi( 2 M
2 10 PLl®) = — bsm hi 2y M
pL| M hir(x|pL]?) = W by s
N
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‘15 TMDs and SHe LF spectral function

The procedure works for any three-body J = 1/2 system (in valence

7.E

BRPT e Proton T
==

—>— ¥

norms, effective polarizations

@ p,p,n ’ . ° Uy, Uy, dV ;;W’—@ h
P, Ef 0.
@ (e, €e'p) reactions e @ SIDIS > e —— «x
® » detecti @ no g, detection, fragmentation...
p cetection CORRESPONDENCE q_v _ &
@ PW Impulse Approximation @ leading twist
@ spin-dep response functions @ TMDs
@ light-cone momentum distributions @ PDFs
e °

charges (axial, tensor...)

B B P S S | I B B0 | B N [ ey R e ) P ———" i ————— S N D [ e e B [ pe—— I——
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‘15 TMDs and 3He LF spectral function

The procedure works for any three-body J = 1/2 system (in valence

P.E

A i | proton -

——

- |

@ p,p,n P v @ u, u,d, m —®

@ (e, €e'p) reactions i @ SIDIS > :H— ; X

@ p detection <CORRESPONDENCE> @ no g, detection, fragmentation...

@ PW Impulse Approximation @ leading twist

@ spin-dep response functions @ TMDs

@ light-cone momentum distributions @ PDFs

@ norms, effective polarizations @ charges (axial, tensor...)

< the 3He TMDs could be obtained from spin asymrﬁé@ﬁé’seﬁ@) experiments:

in progress!

) '} | B > i B 'l i ) < ¥ I
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The procedure works for any three-body J = 1/2 system (in valence

7.E

| - r
= o -*He(‘% Proton 1 e

> R

- |

@ p,p,n P v @ u, u,d, @ h
@ (e, €e'p) reactions i @ SIDIS > :C+ ; X

@ p detection <CORRESPONDENCE> @ no g, detection, fragmentation...

@ PW Impulse Approximation @ leading twist

@ spin-dep response functions @ TMDs

@ light-cone momentum distributions @ PDFs

@ norms, effective polarizations @ charges (axial, tensor...)

< the 3He TMDs could be obtained from spin asymrﬁé@ﬁé’sei/n@) experiments:

in progress!
<= We show our calculation for the TMDs of He using Av18 + UIX wfs (A. Kievsky, M.

Viviani et al.)
Thus testing LFRHD and of the importance of Relativitydzcn nuclear structure. 83
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16 3He TMDs

Numerical results A. Del Dotto, E. Pace, G. Perna, A. Rocco, G. Salmé and S. Scopetta, Phys.Rev.C 104 (2021) 6, 065204)

PROTON NEUTRON

P@EP U e PN peak around x=1/3 LERR e

F7(x,|pL]?), unpolarized
TMD in an unpolarized *He.
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16 3He TMDs

Numerical results A. Del Dotto, E. Pace, G. Perna, A. Rocco, G. Salmé and S. Scopetta, Phys.Rev.C 104 (2021) 6, 065204)

PROTON NEUTRON
PalpP) it e /{\ peak around x=1/3 |,,{ rm]

F7(x,|pL]?), unpolarized
TMD in an unpolarized *He.

Absolute value of the
nucleon pL[?)
Iarlzatlon

Iongltudlnal |)o<o
dis-

tribution in
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16 3He TMDs

Numerical results A. Del Dotto, E. Pace, G. Perna, A. Rocco, G. Salmé and S. Scopetta, Phys.Rev.C 104 (2021) 6, 065204)
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16
Numerical results A. Del Dotto, E. Pace, G. Perna, A. Rocco, G. Salmé and S. Scopetta, Phys.Rev.C 104 (2021) 6, 065204)
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(Small) Difference wrt the 2
lines due to relativistic
effects
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distri-
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Matteo Rinaldi Short-gistance Noclearktructure and pdfs 87

polarized in



16 3He TMDs

Numerical results A. Del Dotto, E. Pace, G. Perna, A. Rocco, G. Salmé and S. Scopetta, Phys.Rev.C 104 (2021) 6, 065204)

PROTO/N/ |tz (e, [711) [flnyEUIBQ’N’ mea S

gtz (2, 15 |)] [Fm?) -

7 N—
o N

) _._#H_
/,l»'f \

"'V

Absolute value of the nucleon
longitudinal-polarization dis-
tribution, g/+(x,|p.|?), in a
transversely polarized *He.

10N
. I{{//I'f"“;\\”:\ |

pilfm™]

Ihiz (@ o) [fm?)

Absolute value of the nucleon S //f‘l,‘\ e e ,
transverse-polarization distri- Gk

bution, hi;"(x,|pL|*) in a
longitudinally polarized *He.
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16 3He TMDs

Numerical results A. Del Dotto, E. Pace, G. Perna, A. Rocco, G. Salmé and S. Scopetta, Phys.Rev.C 104 (2021) 6, 065204)

PROTON  NEUTRON
It (el ) (m?] — : oty (2 7L )] L] e
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transverse-polarization distri- ) |
bution, hi;"(x,|pL|*) in a
longitudinally polarized *He.

Matteo Rinaldi Short-distance nuclear structure and pdfs 89



We remark that from the general principles implemented in the SF, TMDs
receive contributions from both L = 0 and L = 2 orbital angular momenta.

So rox ted relations amon s are:
39S SRABroximated relatic "’”' png, TMDs are
R. Jacob et al. [NPA 626, 937 (1997)]

B.P ini et al. [PRD 78, 034025 (2008)]
ng(X, ‘pj_‘z) — — hi(X, ‘pJ_‘Z) asquini et a

(gll)z + 2 ATf hi+ =0
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We remark that from the general principles implemented in the SF, TMDs
receive contributions from both L = 0 and L = 2 orbital angular momenta.

Some roximate re!atlon amon s are:
A5 PRe Am? = "’”' png. \.oL
R. Jacob et al. [NPA 626, 937 (1997)]
5 n 5 B. Pasquini et al. [PRD 78, 034025 (2008)]
git(x,|pL|”) = — hii(x,|pL])

(g17)° + 2 AFf hiT =0

¢ first relation recovered retaining only the L = 0 contribution. Taking into

account both L = 0, 2, the difference between the lhs and rhs is small for the
neutron, not negligible for the proton;
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We remark that from the general principles implemented in the SF, TMDs
receive contributions from both L = 0 and L = 2 orbital angular momenta.

Some approximate re!atlon amon s are:
A5 PRe Am? = "’”' png. \m
R. Jacob et al. [NPA 626, 937 (1997)]

B. Pasquini et al. [PRD 78, 034025 (2008)]
gir(x,lpLl®) = — hii(x, lpL]?)

(g17)° + 2 AFf hiT =0

¢ first relation recovered retaining only the L = 0 contribution. Taking into
account both L = 0, 2, the difference between the lhs and rhs is small for the

s peatrerpmdreletjligibkldsinthaqstehensince if the L = 0 component, tiny for
those TMDs, is retained the minus sign works, while the dominant L = 2
contribution leads to a plus sign.

Matteo Rinaldi Short-distance nuclear structure and pdfs
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We remark that from the general principles implemented in the SF, TMDs
receive contributions from both L = 0 and L = 2 orbital angular momenta.

So rox ted relations amon s are:
39S SRABroximated relatic "’”' png TV
R. Jacob et al. [NPA 626, 937 (1997)]

B. Pasquini et al. [PRD 78, 034025 (2008)]
gir(x,[pLl?) = — hii(x [pLl®)
(g1/)2 —+ 2Alff /71_/7 -
s first relation recovered re ation. Taking into

account both L = 0, 2, the Measurable effect! nd rhs is small for the

S mbemmfdeybgibw“lmportance of 2-3 interactions-omponent, tiny for
those TMDs, is retained th lominant L =2

s contributionJeadsdocd RBIEHEA: even if the L = 2 contribution is

vanishing. Noteworthy, the integration on k23 , imposed by Macro-

locality, spoils the relation!
Short-distance nuclear structure and pdfs
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18 LC momentum distributions

From the normalization of the Spectral Function one has

Ay e T (&
(&) = /dk_ n" (£, k1)
I ‘ ‘ l prc|>ton
10 neutron ---- |
NR-proton —-—-— 1
1 NR-neutron - ---
W
= 01|
0.01 |
0.001 L .
0 0.8

Matteo Rinaldi

— /01 de f24(¢) = 1

unpolarized distribution

E. Pace, M.R., G. Salmé and S. Scopetta, ArXiv:2206.05485
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18 LC momentum distributions

PROTON NEUTRON
02 i 192°®) — |
10 b Ih1™€)| ===~ 1
0 —0 INR| 1
02| 7 1] i
04| 7
011 ]
0.6 - 7 _
-0.8 | g1P(E) — A 0.01 L E
-1 hPE) =" e
- ! NR ] )
0 0.2 0.4 0.6 0.8 1 S0 06 0.8 1
€
g1 (&) longitudinal-polarization distribution E. Pace, M.R., G. Salmé and S. Scopetta, ArXiv:2206.05485

hi (&) transverse-polarization distribution
@ They would be the same in a NR framework;

@ Crucial for the extraction of the neutron information from DIS and SIDIS off *He.
Work in progress to LF update our NR results — important for JLab12, EIC
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Backup Slides: effective polarizations

Effective polarizations

Key role in the extraction of neutron polarized structure functions and neutron Collins
and Sivers single spin asymmetries, from the corresponding quantities measured for *He

Effective longitudinal polarization (axial charge for the nucleon)

1
i = [ ax [dp. aF(clpal)

Effective transverse polarization (tensor charge for the nucleon)

il
ol :/ dx /dpL AL (s, [P f)
JO .

Effective polarizations proton neutron
LF longitudinal polarization | -0.02299 | 0.87261
LF transverse polarization -0.02446 | 0.87314
non relativistic polarization | -0.02118 | 0.89337

@ The difference between the LF polarizations and the non relativistic results are up
to 2% in the neutron case (larger for the proton ones, but it has an overall small
contribution), and should be ascribed to the intrinsic coordinates, implementing
the Macro-locality, and not to the Melosh rotations involving the spins.

@ N.B. Within a NR framework: p|(NR) = pT (NR)

Matteo Rinaldi
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Backup Slides: effective polarizations

The BT Mass operator for A=3 nuclei - I

The NR mass operator is written as

k2
MY =3m+ > L+ R+ ViR + VYR VIS

: 2m

=15
and must obey to the commutation rules proper of the Galilean group, leading to
translational invariance and independence of total 3-momentum.
Those properties are analogous to the ones in the BT construction. This allows us to
consider the standard non-relativistic mass operator as a sensible BT mass operator, and
embed it in a Poincaré covariant approach.

M7 (123) = Mo(123) + V355 + Vi + Vi o + Viag ~ MR

The 2-body phase-shifts contain the relativistic dynamics, and the Lippmann-Schwinger
equation, like the Schrodinger one, has a suitable structure for the BT construction.
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.

The eigenfuntions of MMF do not fulfill the cluster separability, but we take care of
Macro-locality in the spectral function.

Matteo Rinaldi
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10 LF spectral function decomposition

The LF spin-dependent spectral function (SF), for a nucleus with polarization S, can be macroscopically
decomposed in terms of the available vectors:

@ the unit vector 1, L to the hyperplane n*x,, = 0. Our choice is n* = {1,0,0,1} = A= 2

@ the polarization vector S

@ the transverse (wrt the Z axis) momentum component of the constituent, i.e. k. (123) = p.(Lab) = r(1;23)

Matteo Rinaldi Short-distance nuclear structure and pdfs
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10 LF spectral function decomposition

The LF spin-dependent spectral function (SF), for a nucleus with polarization S, can be macroscopically

decomposed in terms of the available vectors:

@ the unit vector /i, L to the hyperplane n*x, = 0. Our choice is n* ={1,0,0,1} = A= 2

@ the polarization vector S
@ the transverse (wrt the Z axis) momentum component of the constituent, i.e. k. (123) = p.(Lab) = r(1;23)

_ 1 8
Proo(R, € 5) = 5 [B&M + o - F (R, e, S)]U,O_
unpolarized SFB; ., = Tr [Piy ... (€. S)] Fu(k,e,S)= Tr {73_'11(&, €,S) 0'} pseudovector

Frulxki;e,S) = SBIm(-..)+ki (S k)Bim(--) + ki (S-2)BIam(- 12 (S-ki)Biaa(...) +2 (S 2)B3 ul...)
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10 LF spectral function decomposition

The LF spin-dependent spectral function (SF), for a nucleus with polarization S, can be macroscopically

decomposed in terms of the available vectors:
={1,0,0,1} => A= 2

@ the unit vector /i, L to the hyperplane n*x, = 0. Our choice is n*
yperp i

@ the polarization vector S
@ the transverse (wrt the Z axis) momentum component of the constituent, i.e. k. (123) = p.(Lab) = r(1;23)

. 1 .
PTM,O”O‘('i?E?S) - 5 [Bg)—,./\/l + o éj\/l(ﬁ"vea S)]U/U
unpolarized SFB; ., = Tr [Piy ... (€. S)] Fu(k,e,S)= Tr {73_‘11(&, €,S) 0'} pseudovector
Fulx,ki;6,S) = SBLu(..)+ke (S-ku)BIm(-..) + ki (S-2)Bip(- - H2(S-k)Bim(...)+2(S-2)BIpl(...)
The scalar functions B (... slepend, for 7=1/n |k |. x.

x = k1(1;23)/ Mo(1;23)

100
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%% LF spectral function and momentum distribution

By integrating the LF SF on, - equivalent to the integration on the = internal energy of the spectator
system, one straightforwardly gets the LF spin-dependent momentum distribution

o'o'(X ki ; M, s)——{bOM( )+0’ fM(X k.:S

/ IH/de.’F\l(xk 6, S
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By integrating the LF SF on, - equivalent to the integration on the = internal energy of the spectator
system, one straightforwardly gets the LF spin-dependent momentum distribution

1
N;U(X,kJ_;M,S):E{bOM(. + o - fM(X

/de \/;T,M( I—> /dgf\[ -

The decomposition is useful to get:

an explicit interplay between
transverse momentum component
and spin dofs
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By integrating the LF SF on, - equivalent to the integration on the = internal energy of the spectator
system, one straightforwardly gets the LF spin-dependent momentum distribution

1
J\/:,T,U(X,kL;/\/l,S):E{bOM(. +o-fr(x, ki;S)},,

/de /;T,M( I—> /dgf\l -

The decomposition is useful to get:

an explicit interplay between relations between Transverse-momentum
transverse momentum component distributions (TMDs) in the valence sector

and spin dofs
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Diagrams and infographics
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