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Why nuclear targets?
0 only targets with J > 1 are nuclei
[0 study QCD and nucleon structure at finite density

Hadronic Tensor: in Bjorken limit & Callen-Gross (Fy = 2x )
0 ForJ = 1 target

A \O
W = (g,w/p_zq =+ pgz,,) TG QZ) %W;(.qu L 91($7Q2)

0 Forarbitrary J. —J< H<LJ [2J+1EM structure functions]

g A O
Wi, = (gu B+ p{j.%’) Fyi(za, Q%) + et g1 (x4, Q%)

Parton model expressions [2J + 1 quark distributions]

gia(za) = 3 Z [Aqi (za) + A4 (xa)] 5 party = g1y = —g74"
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e Definition of finite nuclei quark distributions

Pt o de— e _
At ea) = [ Pt A A, P HIG,(0) 7 5 g (€)]A, P H)

e Approximate using a modified convolution formalism
H _ (H)
Al wa) = Y [ dya [ do 8(ea—yaz) A (0a) Aon(a)

neutrons protons




e Definition of finite nuclei quark distributions

Pt dE™ . p+ — —
ACLIZ{ (.CIZ‘A) o 7/25—7_‘_6ZP G /A<A7P7qu(0) 7+75 ¢q(€_>|A7P7 H>

e Approximate using a modified convolution formalism

NACHEDS / o / 0z 6(za — ya ) AFED, (44) Ao (®)

a,K,Mm

e Convolution formalism diagrammatically:

k+q




Assume all spin is carried by the valence nucleons

0 If A>8 andforexampleif: J=32 = F;’f 2F21£2

Basically a model independent result within the convolution formalism

Introduce multipole quark distributions

Aq ) (z) = ZH (-1)" " V2K +1 & =0 Agi(z), K=1,3,...,2J

Higher multipoles encapsulate difference between helicity distributions
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e Large K > 1 multipole PDFs would be very surprising
[0 — large off-shell effects &/or non-nucleon components, etc
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e Sum rules for multipole quark distributions
/da;a;"_l q(K)(x) =0, K,neven, 2<n<K,

/da:a:n_lAq(K)(w)zo, K,nodd, 1<n<K.

e Examples:

e Sum rules place tight constraints on multipole PDFs

e Jaffe and Manohar, DIS from arbitrary spin targets, Nucl. Phys. B 321, 343 (1989).
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e Interpreted as low energy chiral effective theory of QCD

— G O(k2—A?)
Z (k%)
L2
e s e A s o L m s
L — ) = (0.4
51\40:_ —_—w=05
...... s (k2) /K2

> _
e Can be motivated by infrared & ,, f_
enhancement of quark—gluon = |

VS

interaction 3
e.g. DSEs and Lattice QCD K]

A. Holl, et al, Phys. Rev. C 71, 065204 (2005) |
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e Investigate the role of quark degrees of freedom
e NJL has same flavour symmetries as QCD

o Lagrangian:  Lyp = b, (i) — my) g + G (b, T 1by)”
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e Quark propagator:

[]
p—m+ie p— M +ie
e Mass is generated via interaction with vacuum

[ ' [
Rapid acquisition of mass is
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e Dynamically generated quark masses <= (y) #0

e Proper-time regularization: A;r and Ayy

[] _ —> No free quarks =  Confinement




e Nucleon approximated as quark-diquark bound state
e Use relativistic Faddeev approach:

P—k
K

P—k

e Nucleon quark distributions

@) =97 [ e sl 07 €Ol s)es Balx) = (17

e Associated with a Feynman diagram calculation
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e Covariant, correct support, satisfies baryon and momentum sum rules
/ iz [q(z) — a(z)] = N, / doafu(z) +d(z)+ .. ] =1
e Satisfies positivity constraints and Soffer bound
[Aq(z)], [Arq(x)] < qlz),  q(z) + Agq(x) > 2[Arq(2)|

Martin, Roberts, Stirling and Thorne, Phys. Lett. B 531, 216 (2002).
® M. Hirai, S. Kumano and N. Saito, Phys. Rev. D 69, 054021 (2004).
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Arq(z) = @ _ é e Quarks in eigenstates of v+ s

e Tensor charge [c.f. Bjorken sum rule for g ]
oo = / dz [Apu(z) — Ard(e)

e In non-relativistic limit: Arq(x) = Aq(x)
0 therefore Arq(z) is a measure of relativistic effects
e Helicity conservation =—> no mixing between Arqg & Arg
e ForJ < 5 we have Arg(z) =0
e Therefore for the nucleon Arq(x) is valence quark dominated

e Transversity moment # spin quarks in transverse direction [c.f. g7 ()]
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e Predict small relativistic corrections
e Empirical analysis potentially found large relativistic corrections

[] M. Anselmino et. al.,Phys. Rev. D 75, 054032 (2007).

e Large effects difficult to support with quark mass ~ 0.4 GeV
[0 maybe running quark mass is needed
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0.5 TS, « = . = Soffer Bound ]

Transversity distributions

e M. Anselmino et al, Nucl. Phys. Proc. Suppl. 191, 98 (2009)
e Our results are now Iin better agreement updated distributions

e Concept of constituent quark models safe ... for now
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Our Result
Wakamatsu

Lattice

obllo_

QCD Sum Rules

12 14 16 08 —06  —04  —02 0
Arpd

e M. Anselmino et al, Nucl. Phys. Proc. Suppl. 191, 98 (2009)

e At model scale we find tensor charge
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e Dress quarks with pions
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Gottfried Sum Rule: NMC 1994: S¢ = 0.258 & 0.017 [Q? = 4 GeV?]



e Nucleon angular momentum must satisfy: _

AY = 0.33 £ 0.03(stat.) £ 0.05(syst.) ~ [COMPASS & HERMES]

e Result from Faddeev calculation: /A = 0.66
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(pr) () = Lo bro@tl) (p%) (z) =

fko_q(:I:k )

For the average pr we find

fdklk q(z,k?)
[ dky q(z,k?)

This compares with values derived from data

H. Avakian, et al., Phy. Rev. D81, 074035 (2010)




e N* manifests as second pole in Faddeev equation kernel

My =0940GeV and My- = 1.8GeV

0 Agrees very well with EBAC value for quark core mass

e Vertex function is given by eigenvector at pole: p? = m?

()

e For our NJL model N, N* vertex function has the simple form

['(p) = [ o ] u(p)

as Doys + ag yHys

+For the nucleon: =5 081113 = 01024, 16 = =045
¢ Forthe Roper: &y = 00011, a3 =094, a5 = <0051

e N*is completely dominated by the axial-vector diquark
+ ASy=068-021=047,  AZy. =-002+001=00




e Finite density Lagrangian: add gq interaction in o, w, p channels

L=, (i)~ M~ V) g+ L1

e Fundamental physics: mean fields couple to the quarks in nucleons

- -
588838

Number of neutrons, N

1 X L L X ' . 3
o 10 20 30 40 50 a0 7O SO0 S0
Number of protons., &

e Finite density quark propagator
Sk)Y'=fF-M-ic O Syk)y'=f-—M-V,—ic
e Hadronization + mean—field — effective potential that provides

Vi@ =woEtpo, wo=6Gu(pp+pn), po=2G,(pp—pn)

0 Gu & Z = N saturation & G, < symmetry energy
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EMC ratio

P Fop _ Fop
anji"e Z Fop + N Fyy,

Polarized EMC ratio

H H
pH_ 914 _ 914

Spin-dependent cross-section is suppressed by 1/A4
(1 Must choose nuclei with A < 27
0 protons should carry most of the spin e.g. = "Li, !B, ...

Ideal nucleus is probably "L
0 From Quantum Monte-Carlo: P/ =0.86 & P =0.04

Ratios equal 1 in non-relativistic and no-medium modification limit
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¢ Medium modification of nucleon has been switched off

e Relativistic effects remain

e Large splitting would be strong evidence for medium modification
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Au

Ad

Proton spin states > ga
2 0.97 -0.30 0.67 1.267

Li 0.91 -0.29 0.62 1.19

1B 0.88 -0.28 0.60 1.16

5N 0.87 -0.28 0.59 1.15

2T 0.87 -0.28 0.59 1.15
Nuclear Matter 0.79 -0.26 0.53 1.05

e Angular momentum of nucleon: J =3 =3AX+ L, + J,

0 in medium M* < M and therefore quarks are more relativistic

[0 lower components of quark wavefunctions are enhanced

0 quark lower components usually have larger angular momentum

0 Ag(z) very sensitive to lower components

e Conclusion: quark spin [ orbital angular momentum in-medium
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lllustrated the inclusion of quarks into a traditional description of nuclei
0 complementary approach to traditional nuclear physics

NJL model is a useful tool to study nucleon and nuclear structure
[0 covariant, confining, dynamical chiral symmetry breaking

NJL gives a good description of Twist-2 PDFs

[0 soon have results for twist 3 and 4 PDFs and TMDs

EMC effect is interpreted as evidence for the medium modification of
the bound nucleon wavefunction

[0 will be tested in forthcoming experiments — PV DIS, Drell-Yan

0 NuTeV anomaly

Polarized structure functions of nuclei are potentially interesting
0 polarized EMC effect [quark spin converted LI L, in nuclei]
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e Free Parameters:
Arr, Ayv, My, G, G, G,, G, and Gp

e Constraints:
fr =93 MeV, m, =140 MeV & My = 940 MeV

fol dr (Auy(x) — Ady(x)) = ga = 1.267
(p, Eg/A) = (0.16fm™3, —15.7 MeV)

ay = 32MeV

Arp = 240 MeV

e We obtain [MeV].
0 Ayy =644

0 My =400, Mg =690, M, =990,

e Can now study a very large array of observables:
[0 e.g. meson and baryon: quark distributions, form factors, GPDs,
finite temp. and density, neutron stars
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e Proper-time regularization

1 1 /OO d n—1 —7X
~r TT e
;an’ (71 — 1)! 0

1 /1/(1\11%)2 1 x
1

dr T e
(n =D J1/apy)2

e A;r eliminates unphysical thresholds for the nucleon to decay into
guarks: — simulates confinement

[] D. Ebert, T. Feldmann and H. Reinhardt, Phys. Lett. B 388, 154 (1996).

e E.g.: Quark wave function renormalization

0] Z(k2) _ o Auv(k*=M?) _ —Arg(k*—M?)

0 Z(k*=M?)=0 = no free quarks

e Needed for: nuclear matter saturation, A baryon, etc

[1  w.Bentz, AW. Thomas, Nucl. Phys. A 696, 138 (2001)
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0 medium: p & n Fermi motion and V,, g differ [ uy(z) # dn(2), ...
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For an off-shell nucleon, photon—nucleon vertex given by

h@.p)= > A*®D) lv“ffﬁ +

1ot qy
2M

57 + g f?ﬂ] A%(p)

In-medium nucleon is off-shell, extremely difficult to quantify effects

0 However must understand to fully describe in-medium nucleon

Simpler system: off-shell pion form factors
0 relax on-shell constraint p’? = p? = m?

s

0 Very difficult to calculate in many approaches, e.g. Lattice QCD

lq
——E— = (p' +p)" Fra(0%, 0%, Q%) + (v — p)" Fr2(p”, 0%, Q°)

P P’

For p'? = p? = m2 we have F,; — F, and F,5=0
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