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The EMC Effect Arggﬂne’

@ Measurement of the EMC effect 12 [ 56, ‘ ‘ ‘ ‘
created a new paradigm regarding u L
QCD and nuclear structure a1 % Yy }
. £
o 30+ years after discovery a broad 00
. . . [L‘N h
consensus on explanation is lacking = os |
o valence quarks in nucleus carry —— EMC effect
l ¢ t]’l . l 0.7 r expectation before EMC experiment
€ss momenium ann a nucteon ¢ Experiment (Gomez et al., Phys. Rev. D 49, 4348 (1994).)
06 ‘ ‘ i ‘
@ Understanding origin is critical for 0 02 04 06 08 !

x

a QCD based description of nuclei

@ Modern QCD motivated
explanations based around medium
modification of the bound nucleons

o is modification caused by mean-fields
which modify all nucleons all the time

or by SRCs which modify some nucleons
some of the time?

@ Many nuclear physicists still insist on nuclear structure explanation
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Mean-Field Medium Modification

@ Nuclei are extremely dense:

@ proton rms radius is r, ~ 0.85 fm,
corresponds hard sphere 7, ~ 1.10 fm

e ideal packing gives p ~ 0.13 fm3;
nuclear matter density is p ~ 0.16 fm 3

@ 20% of nucleon volume inside other
nucleons — nucleon centers ~ 2 fm apart

@ For realistic charge distribution 22% of
proton charge at distances r > 1fm

T T T T T
12 - B

1.0 + 4
@ Natural to expect that nucleon

properties are modified by nuclear
medium — even at the mean-field level
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0.6 4

ps(r) [~
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@ in contrast to traditional nuclear physics

0.2 - B

@ Understanding validity of two 0 ‘ ‘ ‘ :

1.0 1.5 2.0 2.5 3.0

0 0.5
viewpoints remains key challenge for nuclear physics v [fm)

— a new paradigm or deep insights into colour confinement in QCD
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Understanding the EMC effect

@ The puzzle posed by the EMC effect will only be solved by conducting new
experiments that expose novel aspects of the EMC effect

@ Measurements should help distinguish between explanations of EMC effect
e.g. whether all nucleons are modified by the medium or only those in SRCs

@ Important examples are measurements of the EMC effect in polarized
structure functions & the flavour dependence of EMC effect

@ A JLab experiment has been approved to measure the spin structure of “Li

@ Flavour dependence will be accessed via JLab DIS experiments on 4°Ca &
48Ca — but parity violating DIS stands to play the plvolal role
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Quarks, Nuclei and the NJL model
Continuum QCD "z s ><EI§ O(A2—k?)

o this is just a modern interpretation of the Nambu—Jona-Lasinio (NJL) model

@ model is a Lagrangian based covariant QFT, exhibits dynamical chiral symmetry
breaking & quark confinement; elements can be QCD motivated via the DSEs

@ Quark confinement is implemented via proper-time regularization
o quark propagator:  [p —m + gt - Z(pz)[p — M +ig]™!

@ wave function renormalization vanishes at quark mass-shell: Z(p? = M?) =0
@ confinement is critical for our description of nuclei and nuclear matter

NJL ] 04
[ DSEs — w = 0.6 ] \
r S. x. Qin et al., Phys. Rev. C 84, 042202 (2011) ] S
] 0.3
5 ]
] 0.2
¥ ] N K
0 L
5 ] 5 5
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@ Nucleon = quark+diquark @ Form factors given by Feynman diagrams:

g

@ Calculation satisfies electromagnetic gauge invariance; includes

o dressed quark—photon vertex with p and w contributions

o contributions from a pion cloud
[ICC, W. Bentz and A. W. Thomas, Phys. Rev. C 90, 045202 (2014)]
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Nucleon quark distributions

@ Nucleon = quark+diquark @ PDFs given by Feynman diagrams: (

PN @

@ Covariant, correct support; satisfies sum rules, Soffer bound & positivity

(q(x) — q(x)) = Ny, (zu(z)+zd(z)+...) =1, |Aq(z)|, |Arq(z)| < q(x)

16 : : \ : . : : \
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L @=50GeV QP 50GV? e,
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A Nucleon in the Nuclear Medium Argg‘nne’

@ For nuclei, we find that quarks bind together into colour singlet nucleons

@ however contrary to traditional nuclear physics approaches these quarks feel the
presence of the nuclear environment

@ as a consequence bound nucleons are modified by the nuclear medium

@ Modification of the bound nucleon wave function by the nuclear medium is
a natural consequence of quark level approaches to nuclear structure

@ For a proton in nuclear matter find
@ Dirac & charge radii each increase by about 8%; Pauli & magnetic radii by 4%

o F5,(0) decreases; however Fy,/2My almost constant — /i, almost constant
1.0

-—— - free current
0.8 |

NM current (pp=0.16fm=)

....... empirical
0.6 +

Fiy(Q%)

04 b N
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EMC and Polarized EMC effects

[ICC, W. Bentz and A. W. Thomas, Phys. Rev. Lett. 95, 052302 (2005)] [J. R. Smith and G. A. Miller, Phys. Rev. C 72, 022203(R) (2005)]
13 T T T T
9 L Sick and D. Day, Phys. Lett. B 274, 16 (1992).
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@ Definition of polarized EMC effect: AR = =

. o . . naive P P,
@ ratio equals unity if no medium effects 914 pJip T Fnfin

@ Large polarized EMC effect results because in-medium quarks are more
relativistic (M* < M)
o lower components of quark wave functions are enhanced and these usually have
larger orbital angular momentum
o in-medium we find that quark spin is converted to orbital angular momentum
@ A large polarized EMC effect would be difficult to accommodate within
traditional nuclear physics and numerous other explanations of the EMC
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EMUC effects in Finite Nuclei

[ICC, W. Bentz and A. W. Thomas, Phys. Lett. B 642, 210 (2006)]
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z T

@ Spin-dependent cross-section is suppressed by 1/A

@ should choose light nucleus with spin carried by proton e.g. = “Li, !B, ...

@ Effect in "Li is slightly suppressed because it is a light nucleus and proton
does not carry all the spin (simple WF: P, = 13/15 & P, =2/15)

@ Experiment now approved at JLab [E12-14-001] to measure spin structure
functions of "Li (GFMC: P, = 0.86 & P, = 0.04)

@ Everyone with their favourite explanation for the EMC effect should make a
prediction for the polarized EMC effect in "Li
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@ Without medium modification both EMC & polarized EMC effects disappear

@ Polarized EMC effect is smaller than the EMC effect — this is natural within
standard nuclear theory and also from SRC perspective

@ Large splitting very difficult without mean-field medium modification

table of contents JLabl2 and EIC  10-13 February 2016



Mean-field vs SRC induced Medium Modification Argo

[L. B. Weinstein et al., Phys. Rev. Lett. 106 052301 (2011)]

[ICC, W. Bentz and A. W. Thomas, Phys. Lett. B 642, 210 (2006)]
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@ Explanations of EMC effect using SRCs also invoke medium modification
@ since about 20% of nucleons are involved in SRCs, need medium modifications

about 5 times larger than in mean-field models

@ For polarized EMC effect only 2-3% of nucleons are involved in SRCs
o it would therefore be natural for SRCs to produce a smaller polarized EMC effect

@ Observation of a large polarized EMC effect would imply that SRCs are less
likely to be the mechanism responsible for the EMC effect
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Flavour dependence of EMC effect

L [ICC, W. Bentz and A. W. Thomas, Pl{)és. Rev. Lett. 102, 252301 (2009)]
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@ Find that EMC effect is basically a result of binding at thélquark level
o for N > Z nuclei, d-quarks feel more repulsion than u-quarks: Vy; >V,

o therefore u quarks are more bound than d quarks

@ Find isovector mean-field shifts momentum from u-quarks fo d-quarks

q(z) = P qO< p* T — v )
pt—V+ pt—V+ pt —V+

o therefore, from protons to neutrons — this is opposite to SRCs, however unknown

medium modification may still shift momentum from u to d

JLabl2 and EIC  10-13 February 2
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The NuTeV anomaly

Standard Model @ Paschos-Wolfenstein ratio
0245 L ©® Experiments .
i [Bentz, ICC er. al, PLB 693, 462 (2010)] motivated NuTeV study:
@, 0.240 LAC E { , vA__DA
& SLAC 1581 NuTeV R — UNC_O-IYC
% PW = ozd=ozd
2 0235 [ APV
@ N~Z 1 8P
:—r =" 5 —sin” Oy
0.230 [ pr0ch 1 (wuy—axdy)
) NuTeV + EMC + CSV + strangeness 0 T2 TUHy—T Ay
Standard Model corrections CDF + (1 3 S GW ) <T U;‘FLT/ d;)
0.225 w s \ ‘ ‘ ‘ ‘
0.001 001 0.1 1 10 100 1000
Q (GeV)

@ NuTeV: sin® 6y = 0.2277 £ 0.0013(stat) = 0.0009(syst) [Zelereral PRL. 88,091502 (2002)]

@ Standard Model: sin? Ay = 0.2227 +0.0004 < 30 = “NuTeV anomaly”

@ At the time widely thought as evidence for physics beyond Stardard Model

@ Corrections from the EMC effect (~1.50) and charge symmetry violation
(~1.50) brings NuTeV result into agreement with the Standard Model

@ mean isovector field shifts momentum from wu to d-quarks [therefore from p to n]
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Parity-Violating DIS

[ICC, W. Bentz and A. W. Thomas, Phys. Rev. Lett. 109, 182301 (2012)]
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@ PV DIS - v Z interference: >~ M : >i{
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@ Deviation from naive expectation: momentum shifted from u to d-quarks

@ FJ?(x) has markedly different flavour dependence compared with Fy (z)
e a measurement of both enables an extraction of u(z) and d(z) separately

@ Proposal to measure a, of ®Ca was deferred — hopefully approved soon

JLab12 and EIC

table of contents



Opportunities at an EIC

1.2 ; ; e
@ Thereaction et A—v(p) X | ; Z[N =79/118 (Gold) | J,-' ]
has incredible promise for o r—%:\j\ R L
shedding new light on nucleon % '
< 0.9 1
and nuclear PDFs 5
=08 1
o at EIC neutrino energy can be 07| ---- RV = ]
reconstructed from final state I -RYC Q* =50GeV? |

0 0.2 0.4 0.6 0.8 1
@ Parton model expressions for W# structure functions

" = a+d+s+e FV =—a+d+s—c¢

u+d+35+c FV = u—d-35+c

YV
@ Would provide much needed data on flavour structure of both valence and
sea quark distribution functions

@ Flavour dependence can also be test using e.g. SIDIS, 7+ /7~ Drell-Yan,
PVDIS, v-DIS & W-production at RHIC
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Quasi-elastic scattering
Nuclear Response function

@ Quasi-elastic scattering is used to study RQ)
nucleon properties in a nucleus: ¢2 = w? — |g|”

Giant
Resonance

Total photo-absorption
Elastic

Deep Inelastic
“EMC”

/'Nucleus Lepton scattering
pd L
61" Deep Inelastic
“QUARKS”
[ Proton Elastic x=0%2Mn Lepton scattering
x=1

@ The cross-section for this process reads

2

2|q|”

@ response functions are accessed via Rosenbluth separation

d’c q*
= oMot | —7 Rr(w, |q|) + (
dQ dw lq|*

0
+tan? ) o)

@ In the DIS regime — Q% w — 0 = Q*/(2 My w) = constant — response
functions are proportional to the structure functions F} (z, Q%) and F»(z, Q?)
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Coulomb Sum Rule
@ The “Coulomb Sum Rule” reads
lql S
Cllal) = [ w2l
wt GE(Q )
G} = ZG%,(Q%) + N G%,(Q%)

@ Non-relativistic expectation — as |q| .
X
becomes large — C(|q| > pr) — 1 .
. +
@ CSR counts number of charge carriers ;! o Expected Error on “Fe
@ The CSR was first measured at MIT " 00 500 00 1000 20

oy (MeV/c)

Bates in 1980 then at Saclay in 1984

@ both experiments observed significant quenching of the CSR

@ Two plausible explanations: 1) nucleon structure is modified in the nuclear
medium; 2) experiment/analysis is flawed e.g. Coulomb corrections

@ A number of influential physicists have argued very strongly for the latter
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Coulomb Sum Rule Today

@ No new data on the CSR since
SLAC data from early 1990s

@ The quenching of the CSR has
become one of the most contentious
observations in all of nuclear physics

otxuxeoe
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[A. Lovato et al., PRL 111,

no. 9, 092501 (2013)] 4

@ Experiment E05-110 was ]2
performed at Jefferson Lab in 2005 N

— should settle controversy i
of CSR quenching "
3; 0.6
@ State-of-the-art traditional nuclear 04;-
physics (GFMC) calculations find 02
no quenching ""\i
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o [ o ’
Longitudinal Response Function Argonne
@ In nuclear matter response @ _ @
function given by - o o -
27 240
Si(w,q) = ——— ImII;, (w, q) i ”MO*‘C)ﬂw

T PB

@ Longitudinal polarization — II;, — is obtained by solving a Dyson equation

@ We consider two cases: (1) the electromagnetic current is that if a free
nucleon; (2) the current is modified by the nuclear medium

. . ‘ Vel ‘ .27 free current — Hartree
@ The in-medium nucleon current e N D e cument - RPA. ]
causes a sizeable quenching of the L 12 TS —— = NM current - Hartree,
. . () AR W NM current - RPA
longitudinal response O L0y 4 \\gi 205D, _ experiment |
. . . e N 08y | , ]
o driver of this effect is modification Sl / E ] = 05GeV |
of the proton Dirac form factor 5.0
304}, lg| = 0.8GeV
~ 1 -t
= J p—
. 0.2 3 1
@ Nucleon RPA correlations play .
almost no role for |g| 2 0.7 GeV 00 01
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Coulomb Sum Rule

[ICC, W. Bentz and A. W. Thomas, Phys. Rev. Lett. 116 032701 (2016)]
10 F T T T T T 7

|q| Si( i
L\w, |qD LI A it
Cla = [ o L2dl il
w G£(Q?) 08 R
Gh = ZG5,(Q%) + N G5,(Q%) < os
C_\] --------- free current — Hartree
©“o4t iS —aa free current - RPA o

@ Recall that the non-relativistic

ee = o= 12C current - RPA
expectation is unity for |g| > pr 02

NM current — RPA

208Ph — experiment

12C° — experiment
3 12¢ GFMC

0.4 0.6 0.8 10
lg| [GeV]

@ GFMC !2C results are consistent 0
with this expectation

@ For a free nucleon current find relativistic corrections of 20% at |g| ~ 1 GeV

@ in the non-relativistic limit our CSR result does saturate at unity

@ An in-medium nucleon current induces a further 20% correction to the CSR

@ good agreement with exisiting 2°®Pb data — although this data is contested

@ Our '2C result is in stark contrast to the corresponding GFMC prediction

o forthcoming Jefferson Lab should break this impasse
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Conclusion

@ New Jefferson Lab results for the
CSR are expected
@ confirmation or otherwise of the
quenching of the CSR will have
a dramatic impact

@ Two state-of-the-art calculations
predict vastly different results
— for well understood reasons —

@ Understanding the EMC effect is a
another critical step towards a
QCD based description of nuclei

o approved JLab experiment will
measure the polarized EMC effect
in "Li; PVDIS also important!

@ The next frontier is GPDs and TMDs

of nuclei at JLab12 or an EIC
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