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Why a relativistic treatment ?

| ® The Standard Model of Few-Nucleon Systems, where nucleon and pion degrees of
freedom are taken into account, has achieved a very high degrees of
sophistication.

N Nonetheless, one should try to fulfill, as much as possible, the relativistic
constraints, dictated by the covariance with respect the Poincaré Group, Gp, if
processes involving nucleons with high 3-momentum are considered and a high
precision is needed.

This is the case if one studies, e.qg., i) the nucleon structure functions (unpolarized
and polarized); ii) the nucleon TMDs, iii) signatures of short-range correlations; iv)
SIDIS processes.

D i least, one should carefully deal with the boosts of the nuclear states, |V ;)
and |W¢;,,)!
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Forthcoming 12 GeV Experiments at TILAB

DIS regime, e.g.

Hall A, http : //hallaweb.jlab.org/12GeV/

MARATHON Coll. E12-10-103 (Rating A): MeAsurement of the Fy,, /F»,,, d/u
Ratios and A=3 EMC Effect in Deep Inelastic Electron Scattering Off the Tritium
and Helium MirrOr Nuclei

Hall C, https : //www.jlab.org/Hall — C/
J. Arrington, et al PR12-10-008 (Rating A~ ): Detailed studies of the nuclear

dependence of F5 in light nuclei

®» spis regime, e.g.

Hall A, http : //hallaweb.jlab.org/12GeV/
H. Gao et al, PR12-09-014 (Rating A): Target Single Spin Asymmetry in
Semi-Inclusive Deep-Inelastic (e, ¢’7*) Reaction on a Transversely Polarized 3He

Target
J.P. Chen et al, PR12-11-007 (Rating A): Asymmetries in Semi-Inclusive
Deep-Inelastic (e, /%) Reactions on a Longitudinally Polarized 3He Target
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Poincaré covariance and locality

General principles to be implemented

v Extended Poincaré covariance
[PH,PY] =0, [MFY, PPl = —i(gltPP"” — g"PPH),

MM MP] = —1(ghP MY + g¥% MHP — gho MVP — g¥P MHO)

P and 7 have to be taken into account !

% % Macroscopic locality (= cluster separability): i.e. observables associated with
different space-time regions commute in the limit of large spacelike separation, rather
than for arbitrary (u-locality) spacelike separations (Keister-Polyzou, Adv. Nucl. Phys. 21,
225 (1991))

Adopted Tool: The Dirac Relativistic Hamiltonian Dynamics in the Light-Front form
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Light-Front Relativistic Hamiltonian

Dynamics - |

The Relativistic Hamiltonian Dynamics (RHD) of an interacting system, introduced by
Dirac (1949), plus the Bakamijan-Thomas construction of the Poincaré generators allow
one to generate a description of DIS, SIDIS, DVCS off 3He which :

o ;s fully Poincaré covariant

K has a fixed number of on-mass-shell constituents

The LF form of RHD is adopted. It has 7 kinematical generators, a subgroup structure of

the LF boosts (separation of the intrinsic motion from the global one: very important for
us!) and a meaningful Fock expansion.

X

It allows one to take advantage of the whole successfull non-relativistic
phenomenology for the nuclear interaction

® Disand SIDIS are sitting on the light cone
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Light-Front Relativistic Hamiltonian

Dynamics - |l

Among the possible forms of RHD, the Light-Front one has several advantages:
O 7 Kinematical generators: i) three LF boosts (at variance with the dynamical nature
of the Instant-form boosts), ii) P™, P |, iii) Rotation around the z-axis.

The LF boosts have a subgroup structure, then one gets a trivial separation of the
intrinsic motion (as in the non relativistic case).

P* > 0 leads to a meaningful Fock expansion.

No square roots in the dynamical operator P, propagating the state in the
LF-time.

o o0 o

The IMF description of DIS is easily included.
Drawback:

9o Although, using the BT construction, one can define a kinematical, intrinsic angular
momentum (very important for us!), the transverse LF-rotations are dynamical.
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Bakamjian-Thomas construction and the

Light-Front Hamiltonian Dynamics
An explicit construction of the 10 Poincaré generators, in presence of interactions,
was given by Bakamjian and Thomas (PR 92 (1953) 1300).

The key ingredient is the mass operator :

1) only the mass operator M contains the interaction;

i) it generates the dependence upon the interaction of the three dynamical
generators.in LFHD, namely P~ and the LF transverse rotations F'L ;

® The mass operator is obtained adding to My an interaction V/

Two possibilities: M? = Mg + U (for the two-body case it allows one to embed
easily the NR phenomenology, ) or M = Mg+ V

The interaction, U or V', must commute with all the kinematical generators, and
with the non interacting spin. Then it has to be invariant for translations, as in the
non-relativistic case, and the BT angular momentum is a conserved quantity.

D Thetull theory must fulfill the macroscopic locality. This property can be
implemented by using interaction-dependent, unitary operators: the packing
operators (Sokolov, Theor. Mat. Fiz. 36 (1978) 355). Their effects should be small,
and therefore they will be neglected in what follows (but in principle should be
Investigated).
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The BT Mass operator for A=2 and A=3

nuclei

For the two-body case, e.qg. the deuteron, the Schrddinger eq. can be rewritten as
follows

[4m2 +4k? + 4mVNR] Wp) = [4m? — 4mBp] [¥p)

M3(12) + 4mVNE| Jyp) = [M} - BR] [wp) ~ M [¥p)

and the identification between vE" and 4mV N £ naturally stems out,
disregarding correction of the order (Bp /Mp)?

D rorthe three-body case the mass operator is

where
Mo(123) = /m? + k% + \/m2 + k3 + 1/m? + k3
Is the free mass operator, with ki +ko+k3 =0

V51 is a short-range three-body force

Final remark: the commutation rules impose to V371" analogous properties as the
ones of VN with respect to the total 4-momentum and to the total angular
momentum.
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The BT Mass operator for A=3 nuclel

| The NR mass operator is written as

K2
MNP =3m + 3 b+ VER+ VT 4 VI 4 VST

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.

Mpr(123) = Mo(123) + Vi35 4+ Vs b + Vai 5 + Vi35 ~ MY E
The 2-body phase-shifts contain the relativistic dynamics, and the Lippmann-Schwinger
ed., like the Schrddinger one, has a suitable structure for the BT construction. Therefore
what has been learned till now, within a non relativistic framework, about the nuclear

interaction can be re-used in a Poincaré covariant framework
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To complete the matter: the spin

Coupling intrinsic spins and orbital angular momenta is easily accomplished within
the Instant Form of RHD through the usual Clebsch-Gordan coefficients, since in
this form the three generators of the rotations are independent of interaction.

D 10 embed this 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
(1/2)-particle with LF momentum k = {k™, EL}

|s,0"YLr =) D},,/f/(RM(’;)) 5,0)1F

where
Dl/2 (R (E)) is the standard Wigner function for the J = 1/2 case ,

R M( ) is the rotation between the rest frames of the particle reached through a
LF boost or a canonical boost.

® ro guantities, like the Spectral Function, one can easily take care of the Melosh
rotations. Schematically one has

Z DYy L (RY) O DY (Ry)
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The Light-Front Nucleon Spectral Function

Nucleon Spectral Function: probability distribution to find a nucleon with given
3-momentum, and missing energy inside the nucleus.
For a polarized nucleus in a NR framework

— — A A -
PgJ/,MZ (p) E) = z N<p’o-;¢f(A—1) ‘ijz> <¢JMz|¢f(A—1);p? 0”>N 5(E - Ef(A—l) + EA)
fra—1

9 |¢§Mz): ground state, eigensolution of

MY 150 ) = Ea [¥5a)

o [ fa_,)- astate of the (A — 1)-nucleon spectator system: fully interacting

(A 1) racny) = Eray) [Prasy)

N p and E are the active nucleon 3-momentum and missing energy, respectively

® R overlaps n (p, o; wf(A—l) 177 0. ) with the same interactionin Aand A — 1
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LF Nucleon Spectral Function for 3He

_ M2+ |k |?
ides ples) d (KJ — Mpe + 1 S)MH6>

/] ~ ~
X E E LF(TSaTSaa7€SJSJzS;TJ 7’4"\110‘9]—[6) <SH67\IJO‘K'70-T;JSJzSESaa7T57TS>LF
Jsjzsa Ts’l's

_ O™
P;/g(€7 K|,KR 7SH€) — a—g

N Mg = 24/m?2 + meg
O = M(1,23) and

m? +|ri]? | Mgt |sLf

3 (1-2¢)

M3(1,23) =

N p(es) = density of the two-body states (1 for the bound state, and m./meg /2 for
the excited ones)

what about the overlap (75, Ts,,e5J.5Jg; 70", K| WoSge) ?
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LF overlaps for “He from the IF ones

(ts,Ts,a,esJsd,g; 70, k| WoSe) =

~ |kt E Bk
-2 2 D3[R} (5 i /dk23 Z IZ+E2§ (2

T2,T3 O'/ 02,0

<TS,TS,OA GS‘]S‘]ZS|k23)O-27O-3a7-27T3> 7-377-277-130-370-270-171{ k23|\IJOSHe> IF

< k|, = k|, since the 3 He transverse momentum P | = 0 by choice

O = My(123) = kT M(123)/ Mo(1,23)

m? +|e 2 M+ |k

with  M2(123) =
. 0(123) ¢ (1-¢

and M2; = 4(m? + |ka3|?) the mass of the spectator pair without interaction !
Recall that in Mg (1, 23) the spectator pair is interacting, Ma3 — Mg

2 2
O b= [kt ] By = /Mt kP2 and Bs = (/M2 + |k ]2
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1 In the actual calculations, we have identified the IF overlaps with the NR ones

/ /
(13,72,7T1;03,02,071; K, ko3| WoSHe)rr = (13,72, 71;03,02,07; K, ko3| VoSHe) N R

r{1ts,Ts,a,esJsJ,slkas;02,03;m2,73) =NRr (75, Ts,a, esJsJ . slkas; 02, 03; T2, T3)

We have also tested the possibility to approximate the dependence upon k23 with an
average value, < ka3 >=< k§3 >, obviously different for 2-B and 3-B channels.

Convolution formula for *He

The nuclear structure function ' (z5) (xg = Q%/2mv) is

Map/m T
Fien) =5 [ ez [ZFCE) £+ N B (EE) ()]

with the Light-cone momentum distribution fAn) (z) given by

= [ f o [ -2
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Normalization and momentum sum rule

From the normalization of the Spectral Function one has

/0 dz f;;%n)(z) =1

Then one obtains .

Nw:zﬁmw{zﬁwwwA—mmWﬂ=1

MSR = %/OOO dz 2 [fo(z)Jr(A—Z)ff(z)] - %

By using the 3 He wave function, corresponding to the NN interaction AV18, that was
evaluated by Kievsky, Rosati and Viviani (Nucl. Phys. A551, 241 (1993)) we obtain

MSR.q3. = 0.3331
|l

Namely, within LFHD normalization and momentum sum rule do not conflict

We used the Pisa group wave function to evaluate

AR (@)
Z FY (@) + (A - 2) Fj(a)

R§ (z) =
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Preliminary Results for 3He EMC effect

We have first calculated the contribution from the 2B channel, with the spectator pair in a
| deuteron state

*He - EMC
Two-body contribution renormalized
1.1 I T T T | T T T | T T T | T T T |
1.05-
A i
SAt
~ -
o 1
S
s
R~
095
0 9 i Il Il Il | Il Il Il | Il Il Il | Il Il Il | Il \\I Il
0 0.2 0.4 0.6 0.8 1

X
B solid line: calculation with the LF Spectral Function.

Dashed line: as the solid line, but with 12:33 = 136.37 MeV for D (AV18).

Dotted line: LF Momentum Distribution with only two-body contribution
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Calculation of RZ¢(z)/RP(z): 2-body and

3-body contributions

R
Rl o
0.95:— + +++++++++

® solid line: LF Spectral Function, with the exact calculation for the 2-body channel,
and an average energy in the 3-body contribution: < ko >= 113.53 MeV
(proton), < kag >= 91.27 MeV (neutron).

9o Dotted line: LF momentum distribution

Within the LF framework normalization and momentum sum rule are fulfilled

automatically.
Big difference from the IF approach !
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Single Spin Asymmetries (SSAS)

fY(e, e’h) X : Unpolarized beam and T-polarized target — o1

dbo = @0
dxdydzdpgd? Py, |
Q’ P.gq P-h [
e — Z = — —_= —e
p Y Pl Pg q z

The number of emitted hadrons at a given ¢;, depends on the orientation of S|
In SSAs 2 different mechanisms can be experimentally distinguished

ASiveTs(Collins) _ fd(bSdQPhJ_ Sin(¢h - (+)¢S)d60_UT
vt Jdésd? Py dSoyy

with d6O'UT = %(d6O'UT — d6O'Ul) d6O'UU = %(d6O'UT + d6O'Ul)
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SSAs — the neutron — 3He

SSAs in terms of parton distributions and fragmentation functions:

’ Ag%ers — NSiveT's/D Agr_orllz’ns — NCollins/D
Py -k
M #I(CﬁakT2)D(1]’h<Z» (zk1)?)

Py, - k7
M,

NOWrs 3 62 /dzdesz52(kT +qr — KT)
q

NCollins ij 63 /d2/<on2kT(52(kT + qr — K1) hi(z, sz)Hqu’h(Za (2k1)?)

D o S efin)Di'(2

® (ARGE A@é}”s measured in p(e, e/7)x HERMES PRL 94, 012002 (2005)
$ svaLL Agtrers measured in D(e, e'n)z; COMPASS PRL 94, 202002 (2005)

A strong flavor dependence confirmed by recent data

Importance of the neutron for flavor decomposition!
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The neutron information from 3He

*He is the ideal target to study the polarized neutron:

¢4 ?M TTTmE

S (~90%)

.. But the bound nucleonsin 3He are moving!

Dynamical nuclear effects in inclusive DIS ( 3ﬁe(e, e’) X ) were evaluated with a realistic
spin-dependent spectral function for 3 He, P, »,(p, E). It was found that the formula
1

A, ~
pnfn

(AS®P — 2p, fp AS®P) | (Ciofi degli Atti et al., PRC48(1993) RI6S)
(fp, fn  dilution factors)

can be safely used — widely used by experimental collaborations.
The nuclear effects are hidden in the “effective polarizations”

pp = —0.023 (Av1l) pn = 0.878 (Avl8)
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ii from 3He: SiDIS case

Can one use the same formula to extract the SSAs ?
in SIDIS also the fragmentation functions can be modified
by the nuclear environment !

The process 3ﬁe(e, e’m)X was first evaluated :

inlA — no FSI between the measured fast, ultrarelativistic =
the remnant and the two nucleon recoiling system
Er ~2.4GeV inJLAB exp at 6 GeV - Qian et al., PRL 107 (2011) 072003

SSAs involve convolutions of the spin-dependent nuclear spectral function, P(p, F),
with parton distributions AND fragmentation functions [S.Scopetta, PRD 75 (2007) 054005] :

2 ‘h h 2
A:/dﬁdE....P(ﬁ,E) L (%,k%) Dt <];_q,<};.qﬁ;rr> >

The nuclear effects on fragmentation functions are new with respect to the DIS case
and were studied carefully, using models for ffj?, Dj]’h... and the spectral function
obtained from the Av18 interaction (Pisa group w.f.).
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i from 3He: SiDIS case

i Ingredients of the calculations :

B A realistic spin-dependent spectral function of 2He (C. Ciofi degli Atti et al.,
PRC 46 (1992) R 1591; A. Kievsky et al., PRC 56 (1997) 64) obtained
using the AV18 interaction and the wave functions evaluated by the Pisa group
[ A. Kievsky et al., NPA 577 (1994) 511 ] (small effects from 3-body interactions)

B Pparametrizations of data for pdfs and fragmentation functions whenever available:
fi(z,k3), Glueck et al., EPJ C (1998) 461 ,
fi,?(m, kT2), Anselmino et al., PRD 72 (2005) 094007,
D?"(z, (zr1)2), Kretzer, PRD 62 (2000) 054001

B Models for the unknown pdfs and fragmentation functions:
hd(z,k1?), Glueck et al., PRD 63 (2001) 094005,

H{-9"(z, (zk7)?) Amrath et al., PRD 71 (2005) 114018

Results will be model dependent. Anyway, the aim for the moment is to study nuclear
effects.
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Results: 7 from 3He: Agers @ JLab in IA

A Tsvers(x,z=0.3) AlTswes(xz=06)

0.2 0.4 0.6 0.8
B XB

O

FULL: Neutron asymmetry (model)

DOTS: Neutron asymmetry extracted from 3 He (calculation) neglecting the contribution
of the proton polarization Ay o2 4= Agale

"= fn

DASHED : Neutron asymmetry extracted from 3 He (calculation) taking into account
nuclear structure effects through the formula:

1

A, ~
pnfn

(Agalc . 2ppprgLodel)
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Results: 7 from 3He: AG%%ns @ JLab in IA

0.005

A"Tcollins(x,z=0.3) A”Tcolling(x,z=0.6)

-0.005

-0.005

-0.01 -0.01

0.2 0.4 0.6 X, 0.8

Or 171717

T Y I ‘ T I ‘ T Y Y I ‘ T Y I -
02 04 06  o0g OO
B

Orr 71717

-0.015

The extraction procedure successful in DIS
works also in  SiDIS, for both the Collins and the Sivers  SSAs |

1 - What about FSI effects ?

2 - What about relativistic effects @ 12 GeV JLab?
E12-09-018 experiment, approved with rate A, G. Cates et al.
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FSI. Generalized Eikonal Approximation (GEA)
L. Kaptari, A. Del Dotto, E. Pace, G. Salm ¢, S.S., PRC 89 (2014) 035206

At

Relative energy between A — 1 and the
remnants: a few GeV
—— eikonal approximation.

]

do ~ "W (Sa)

Wi, (Sa) = ) JATA T = (SAP|IR(0)|(Se){®es N, PN}

€
SA—1,9x A-1’

S’Gl = Glauber operator

T & /drlerdrﬂj J(ra,ra)e PxTiyf L () - Sgi(r1,ra,r3)ju(ry, X)¥54 (r1, ra, r3)
IF (FACTORIZED FSI!) [S’Gl(rl,rQ,rg),ju(rl)] ~0 THEN:

-3 /dEdpr MW (p) PESHAN (B p, ) CONVOLUTION!
N,
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FSI: distorted spin-dependent spectral function of SHe
L. Kaptari, A. Del Dotto, E. Pace, G. Salm ¢, S.S., PRC 89 (2014) 035206

Relevant part of the (GEA-distorted ) spin dependent spectral function:

P D = 0D — oD, with:
2 2 2 2
A . .
O (o, B)= i p(€h1) (Sa,Pal(Sc){®e, ,N.pr})
€A—1

(Sa){®e, s\ PN}Sa,PA)S (E—Ba—€i_y).

Glauber operator: SGl(rl, ro, I‘3) = Hi:2,3 [1 — «9(21' — Zl)F(bl — bi, 21 — Zz)]

—ia) o . 2
(generalized) profile function:  I'(by;, 2z1,) = u ’Lo‘iﬂgg‘f(z“) exp {— 5;5] :
0 0

(hadronization model: Kopeliovich et al., NPA 2004; O f f model: Ciofi & Kopeliovich, EPJA 2003;
successfull application to unpolarized 2H(e, e’p)X: Ciofi & Kaptari PRC 2011)

Z
Q QQ

X Xoo1 X,
han L ows w2 X

N N\ N\

N]. \ﬂ-1 \772 \ Tn, N
1 1 1 1 1

0 () 21 “n—1 0 00

Light-Front Dynamics and the 3 H e Spectral Function —p.27/33

September 24th, 2015



FSI: distorted spin-dependent spectral function of SHe
L. Kaptari, A. Del Dotto, E. Pace, G. Salm ¢, S.S., PRC 89 (2014) 035206

While P14 s “static”, i.e. depends on groud state properties, P51 is dynamical
(o< ocf¢) and process dependent. For each experimental point (given x, Q2..), a
different spectral function has to be evaluated!

® prsi.g really cumbersome quantity, a very demanding evaluation
(~ 1 Mega CPU*hours @ “Zefiro” PC-farm, PISA, INFN “gruppo 4").

The convolution formulae for a generic structure function can be cast in the form

A
FAlep;, Q,..) = Z/ FA (0, Q%) FN (2p; /0, @2, ...) da
N YZ*Bj
with the distorted light-cone momentum distribution:

pM(O{,QQ,..)
pq
A, Q2,.) = /dE PAFSI(p B.6.)6 (a _ —) 0 (W§ — (My + Mﬁ)2) d3p
pm(a7Q27") my

73|1|3WIA and PﬁSI can be very different, and effective polarizations p,,,, differ by

10-15 %.
Is this the effect in the extraction of the neutron information?
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Actually, one should also consider the effect on dilution fa ctors...

DILUTION FACTORS

— (Bu)faAn + 2(5,)6,A,

3 — _exp.

9 unpol. (Nn)0unpol. (1) + 2{N},) Gunpol. (P)

Pem AT Ga)AG(m) +2(5,)Ad(p)

() = [ 4B [ &pP(E, ) = Prce S e (DI (2
PWIA: fop)(x,2) = 2 e N ah
= f dE / &pPurnpor. (E, ) = 1. 2X egfi (x)D17 ()
. 2 ea,n(p) q,h

s fFSI
dede P,f;;g{)l < 1. n,(p) ( ) Z<N> Z egfi],N(X)D;],h(Z)
N q

Effective polarizations p,,(,, differ by 10-15 %, but the products pg(% fF(if

and p’ fp( ) are essentially the same.

p(n)
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Good news from GEA studies of FSI!

0.00 F Extracted PWIA '8-0X10-4 i Extracted PWIA
) - = -Extracted FSI - o— Extracted FSI
—eo— "Free" neutron (model)/ 2 I —n— "Free" neutron (model)
i -1.6x107
E -0.05
s -2.4x10”
5 -0.10
-3.2x10”
-0.15
-4.0x107 -
020
0.2 0.3 04 0.5 0.2 0.3 0.4 0.5
XBJ XBJ

Effects of GEA-FSI (shown at E; = 8.8 GeV) in the dilution factors and in the effective
polarizations compensate each other to a large extent: the usual extraction is safe!

1 exp FSI pFSIT 1 exp
Ap & FSTFFST (A3 — 2pyp fp Agmp) ~ o7 (AS™P — 2pppr§:vp)
n n mnJgmn

L. Kaptari, A. Del Dotto, E. Pace, G. Salm ¢, S.S., “ready” for submission
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What about relativity ?

GOOD preliminary NEWS

We are now going to evaluate the SSAs using the LF hadronic tensor, to check whether
the proposed extraction procedure still holds within the LF approach. We have
preliminary encouraging indications:

® r longitudinal and transverse polarizations change little from the NR ones:

proton NR | proton LF' | neutron NR | neutron LF
[ dEdﬁ%Tr(Paz) 5, =2 -0.02263 -0.02231 0.87805 0.87248
Ik dEdﬁ%Tr(Poy)gAzg -0.02263 -0.02268 0.87805 0.87494

The difference between the effective longitudinal and transverse polarizations is a
measure of the relativistic content of the system.

The extraction procedure should work well within the LF approach as it does in the
non relativistic case.
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Conclusions & Perspectives |

A Poincar é covariant description of a A=3 nucleus, 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.

B e have evaluated the Nucleon Spectral function for 3 He, by approximating the IF
overlaps with their non relativistic counterpart calculated with the AV18 NN
interaction

D A first test of our approach is the EMC effect for ~ *He. we have
calculated the 2-body contribution to the Nucleon SF with the full expression, while
the 3-body contribution has been evaluated with an average |ks3|2. Encouraging
improvements clearly appear after comparing with experimental data.

B Next step : full calculation of the 3-body contribution
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Conclusions & Perspectives |l

We are studying DIS processes off SHe beyond the NR, |A approach.

We have encouraging results concerning:

® FS|effects evaluated through the Generalized Eikonal
Approximation : a distorted spin dependent spectral function
Is studied (still NR);

® Relativistic effects (in IA)  through an analysis of the LF
spectral function

Next steps:
® complete this program!
® relativistic FSI

® apply the LF spectral function to other processes (e.g., DVCS)

SHe: an effective neutron AND a LAB for Light-Front studies
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