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Outline

* Nucleons In the nucleus

 The EMC Effect — quarks in the nucleus
— Early measurements
— X, Q?, nuclear dependence, universality

* Recent results and implications

— EMC effect and local density

— EMC-SRC (Short Range Correlations)
connection

— Flavor dependence
 Summary
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CEBAF’ s Original Mission Statement

» Key Mission and Principal Focus (1987):

— The study of the largely unexplored transition
between the nucleon-meson and the quark-
gluon descriptions of nuclear matter.

The Role of Quarks in Nuclear Physics

* Related Areas of Study:

— Do individual nucleons change their size, shape, and quark
structure in the nuclear medium?

— How do nucleons cluster in the nuclear medium?

— What are the properties of the force which binds quarks into
nucleons and nuclei at distances where this force is strong and the
quark confinement mechanism is important?
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Models of the Nucleus

Mean field picture

Nucleons move independently within an average potential (ex: Fermi

gas)

- No need to build up nucleus from all possible pairwise interactions

—> Very successful for describing nuclear shell structure, other nuclear
properties

- No mechanism for high momentum components in nuclear wave
function, or clustering effects

Nuclei from NN interactions

Start with realistic model of NN interaction, build nucleus from pairwise

interactions (Argonne v18 + Green’s Function Monte Carlo

calculations)

- Requires significant computing power

—> Excellent description of nucleon momentum distribution over full
range (short and long distances)

.geffe’20n Lab



Nu‘clei from NN Interaction.s

-

Energy (MeV)

-505 Argonne v g | |

| without & with various Viy o
) GFMC Calculations o 1
P 0; 10 September 2004 8Be -

« Starting from “effective” models of interactions between protons
and neutrons — we can build up any nucleus we want
- (only limited by computing power)
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Nucleons in the Nucleus

* |n either picture (mean field or NN interaction),
nucleons are the fundamental constituents of the
nucleus®

* Nucleon sub-structure not relevant in these models

— Energy scales very different: Fermi momenta ~ hundreds
of MeV, quark substructure relevant at GeV scales

* We now know that quark distributions are modified in
the nucleus - Is this important for our understanding
of the nucleus?

— Conversely, what are the origins of this modification?

* Deep Inelastic Scattering provides an excellent probe
for exploring modifications to nucleon structure in the
nucleus
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Deep Inelastic Scattering

Cross section for inclusive

lepton (electron) scattering: lepton

do o’ E
= — LWW”V
dQdE' Q' E

do 4’ (E')
dQdE' o*

[Wz(V’Qz)C"Sz §+2W1(v, 0*)sin’ ﬂ

In the limit of large Q2, )
structure functions scale MVV1 (V, Q ) — F1 (x) Q2

VI (v,0%) = F,(x)
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F, and Parton Distributions

* F,interpreted in the quark-parton model as the charge-weighted
sum over quark distributions

Fy(0)= Y elxq,(x)

« Atfinite Q% F, not Q? independent - scaling violations can be
predicted in pQCD

» At fixed x, scaling can be tested via logarithmic derivative of F, w.r.t.
to Q? d In(F})

d In(0?)

* In addition, corrections due to the finite mass of the nucleon lead to
further scaling violations - these can be partially accounted for by

examining data in terms of Nachtmann variable, x
2x

2.2
1+\/1+4M X

= constant

2
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Quarks in the Nucleus

Typical nuclear binding energies F* /(Zsz —I-(A—Z)Fz”)
- MeV while DIS scales -2 GeV
(super) Naive expectation: '.'
n [ / ]
F(x)=ZF/ (x)+(A-DF/(x) _
:_- 1.2 |- —
More sophisticated approach 2
includes effects from Fermi T )’ 7
motion & e
’ Ml M=
F=Y [ df(nF (x/) N
i Uy 0.2 o 05 0.8

Quark distributions in nuclei were
not expected to be significantly . i korstaff and Th
. _ igure from Bickerstaff an omas,
Calculation: Bodek and Ritchie PRD
23, 1070 (1981)
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Discovery of the EMC Effect

* First published
measurement of nuclear
dependence of F, by the
European Muon
Collaboration in 1983

« Observed 2 mysterious
effects

— Significant
enhancement at small x
- Nuclear Pions! (see
my thesis)

— Depletion at large x 2
the “EMC Effect”

« Enhancement at x<0.1 later
went away
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Discovery of the EMC Effect

* First published
measurement of nuclear
dependence of F, by the
European Muon
Collaboration in 1983

« Observed 2 mysterious
effects

— Significant
enhancement at small x

- Nuclear Pions! (see
my thesis)

— Depletion at large x 2
the “EMC Effect”

« Enhancement at x<0.1 later
went away
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F,(Fe) / F,(D)

0.8

1.2

Aubert et al, Nucl. Phys. B293, 740 (1987)
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Confirmation of the Effect

T T T I, T ] T ] { ]
SLAC re-analysis of old ~ "“*[¢fRechestersLac-inieage) ) fe e cat <po et ||
. ev/c < <
solid target data used 3l oSLAC (0.9<Q2%<1.6) 1L ESMiC(?’(CQjD)"’O(GeV/C’Z)
. . . L u 1
for measurements of Coder.Rirchie Ferm (0.9<Q2<1.6(GeV/c)?)
ogaexK-Riicnie rermi
cryotarget wall 1.2} Smearing — 1 | BodekRitchie Fermi .
backgrounds t % e~
L {%Fel. @ i
" & * K éﬁ%{ﬁ@
1.0 \ é 2 ¢ {% i “4&_{/ 1
- Effect for x>0.3 0.9 } H 1 H }%} %%H L
. ¢ $
confirmed %
0.8 Photoproduction i n
—>No large excess at Q%0 pe156ey) (@) %«thpmducﬁon (b)
very low x ¢ 2 4d wtowsisee) 4
0 0.2 0.4 y 0.6 0.8 10 O 0.2 0.4 « 0.6 0.8 1.0
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Subsequent Measurements

I O BCDMS (Fe) i
1.2 | e SLAC E139 (Fe) | |
“ % EMC (Cu) _
o
@ i 5 1
~ |
< %ﬁh‘@ e {
o -f . Eg . }Lé -
I L] §i j }

ol et

0O 01 02 03 04 05 0.6 0.7 0.8 09 1

X
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A program of dedicated
measurements quickly
followed

The resulting data is
remarkably consistent over
a large range of beam
energies and
measurement techniques
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EMC Effect Measurements

Laboratory/ Beam Energy Target Year
collaboration (GeV)

SLAC E87/E49B e 8.7-20 D, Al, Fe 1983
SLAC E139 e 8-24.5 D,*He, Be, C, Ca, Fe, Ag, Au 1994,1984
SLAC E140 e 3.75-19.5 D, Fe, Au 1992,1990
CERN NMC v 90 6Li, 12C, 40Ca 1992

1) 200 D, “He, C, Ca 1991, 1995

0 200 Be, C, Al, Ca, Fe, Sn, Pb 1996
CERN BCDMS 1) 200 D, Fe 1987

u 280 D, N, Fe 1985
CERN EMC 0 100-280 D, Cu 1993

0 280 D, C, Ca 1988

1) 100-280 D, C, Cu, Sn 1988

1) 280 H, D, Fe 1987

1) 100-280 D, Fe 1983
FNAL E665 0 490 D, Xe 1992

u 490 D, Xe 1992
DESY HERMES e 27 D, 3He, N, 2000, 2003
Jefferson Lab e D, 3He, “He, Be, C, 2009

e D, C, Cu, 2004 (thesis)

%ef@on Lab Geesaman, Saito, and Thomas, Ann. Rev. Nucl. Sci. 45, 337 (1995) — updated by Gaskell 14



Measuring the EMC Effect:
Muons vs. Electrons

Muon beam experiments (EMC, NMC, BCDMS, FNAL E665)

—>Energy scale ~ 100-500 GeV

- Secondary beams, relatively low intensity
- Beam energy determined event by event
—> Large acceptance devices required

Electron beam experiments (SLAC, HERMES, JLAB)

- Energy scale 6-25 GeV

- Well defined beam energy, narrow dE

- Intense beams - higher statistics

- Small acceptance devices often (but not always) used

.geffggon Lab
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NMC: next
generation
experiment at
CERN, building
on EMC

Large
acceptance
spectrometer
with large array
of tracking
chambers
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New Muon Collaboration

NMC SPECTROMETER (TOP VIEW)

PLA

PLB
PSA !
Movable [$) H3
Target, Platform P58 H3H
V15 V3 v2a  v2 W1 w2 PSC R
\
\ \\ \/ N .t
1 §
g V1 E i 0z Hz E Hz\ ”
. | |! [] [F: g HI H; Dz LJ&
0 { N \
—-=1— N
i - o 1/ N\
s oo ! ‘ (s UK
BHA BHB POB  POC| |P1 P2 P3 [ / _—
POE \H1' H3V HBH{ ‘ E
W4 A S&POA W6 W7
PV{ PVZ POD HH HIV
WLB WSB Hi HS  H4'
BMS Beam momentum station
V1,V15,V3,V2,vz2 Veto counters
BHA BHB Beam hodoscopes
POA-E,PV1-2,P1-3,PLA-5C Proportional chambers
FSM Farward specrrometer magnet

W-2,WhA-5B,W6-7
H1H,HIV,H3V,H3H,HE, H5
HT,H,HL'

H2

Drift chambers Y Not to scale

Large angle trigger hcdoscopes

‘Small angle trigger hodoscopes

nadron calorimeter

Iron absorbers

012345X (m)

P. Amaudruz et al: Nucl Phys. B 371 (1992) 3-31
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New Muon Collaboration

Target designed to minimize systematic uncertainties - excellent vertex
resolution so several targets could be in beam simultaneously

Li Do C Do
_beam _ = & L1111 1
‘TR (1111
D Li D2 C
L v _J | —_— J
Li C
_(’_.6. measurement _05 maasurement
0] o]

M. Arneodo et al: Nucl. Phys. B 441 (1995) 12-30

Order 107 muons/s: 3 m long cryotargets = Luminosity~ 1032 cm2 s

Normalization uncertainties for o(A)/c(D) =2 0.4%
o(A)/o(C) 2 0.2%

.geffégon Lab 17



Jefferson Lab — Hall C

Cerenkov
Calorimeter

S2X S2Y rx

Drift Chambers

S1IX S1Y

[ Scintillators

Moderate acceptance (6 msr)
magnetic focusing
spectrometer 1 re O3
> Excellent understanding Ug Vg °
of acceptance and
kinematics

Dipole

-
|‘|
I.

=

r=

| .
ﬁ
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Jefferson Lab — Hall C

High current electron beam requires high power cryogenic targets
- Knowledge of the absolute target density sometimes challenging due to

target boiling effects

x2/ ndf 3.081/4
1.02 Prob 0.5444
- po 1+0.00376
—_ 1 -0.0003102 + 6.404e-05
c 1.01 Offset = -0.307 1A P
13} -
m —
T 1 - T
c °
[e) [ )
© 0.99 1
Q
L 3 T
mg 0.98 1 |
T 0.97
2
>
- 0.96
Q
N
'® 0.95
ETF
2 0.04f
0.93:\\\\‘\\\\‘\\\\‘\\ ‘\ ‘ ‘ \\‘\\\\‘\\\\‘\\\\
0

10 20 30 40 50 60 70 80 90 100
Beam Current (LA)

Yield from 3He
target vs. beam
current

Order 5 10" electrons/s: 4 cm long cryotargets - Luminosity~ 1038 cm2 s

Normalization uncertainties for c(A)/a(D) 2 1-2%
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Nuclear dependence of structure
functions

Experimentally, we measure cross sections (and the ratios of cross sections)

do  40*(E')

2 2 6 2 2N 22 6 — 2
{Fz(v,Q )cos 5+M—VFI(V’Q )sin 5} F,(x)= Zel. xq,(x)

dQdE' Qv
—1
o F M>x? Q? 0
R="L=—"2|1+4 -1 — 2~
o ZxE( 0 j € [1 + 2 (1 + 4M2$2> tan 2]

o4  F5$'(14+€Ra)(1+ Rp) inthelimitR, =R, or =1
op FP(1+ Ra)(1+€Rp) * op/0p = FA/FP

Experiments almost always display cross section ratios, 6,/0,,

> Often these ratios are labeled or called F,A/F,P

- Sometimes there is an additional uncertainty estimated to account for the o>F,
translation. Sometimes there is not.
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Isoscalar Corrections

In the case of nuclei where N#Z, need to remove the “trivial”
change in nuclear cross section due to 0,70,

—> Different experiments often use slightly different
parameterizations/estimates for this correction

F n

. 2 « SLAC param. (71-0.8x)
0.9 — SLAC / Fp b CTEQ

0.8 — CTEQB1E ) 9) e« NMC fit

0.7 --- NMC /

0.5
0.4

Fy/FS

0.3

_IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

----- —SLA
0.2 1.15 SLAC
: — CTEQS61E
0.1 --NMC )
0 ca v b b b by by by by by 11
0 01 02 03 04 [))(.5 06 07 08 09 1

1.05

Isoscalar correction
applied to data

Au

Isoscaler Correction, A=197, Z=79

II]IIII[IIIIIIIIIIlII

ool Lo Lo b b b b a Lo Lo Laaas

o
(=]
-
(=]
N
(=]
w
(=]
>
(%]
(=]
(<]
(=]
-
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Properties of the EMC Effect

O BCDMS (Fe)
® SLAC E139 (Fe)
¥ EMC (Cu)

!

Global properties of the
EMC effect

B

I o
j% fi%ig 5%

| ]
0.8 | | | | \|

et

Fermi motion

0

shadowing
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anti-shadowing

EMC-region

\

1. Universal x-dependence
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1.2

o,/ op
—

0.8

1.2

o,/ op
—

0.8
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X Dependence

} *He A=3 (}

§§

~@§§-§"§""§""¥%§"-{i --------------------------- §-§ --------
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L (X X] iiiiiiiii

0
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X
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k A=9
s g :
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T 1T
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PREsl L
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- A SLACE139
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0 0.2 0.4 0.6 0.8
X
I
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LRI e
1 iiﬁ ;
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43 i (}ii ii
id I
O NMC %
- A SLACE139
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1 1 1 1 1 1 1 1
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o,/ op
—

0.8

o,/ op
—

0.8
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X Dependence

1.2

1.2

Lab

- Al A=27
l
St g, } ___________________________ —_
i T
I CEhpad
+ O NMC (Al/C x C/D)
L A SLAC E139
| L | L | L | L
0 0.2 0.4 0.6 0.8 1
X
- Ag/Sn A=108/119
@

£ %1% S0 SO N

%{, { 1 I }i % 1

l 17

1 o NMC (sn/c x G/D) P

% A SLAC E139 (Ag)
. % EMC (Sn)
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o,/ op

o,/ op

0.8

1.2

0.8

1.2

- ca A=40
I
[ils} 2 1 ;‘I I
- LRI o g{ -------------------------------------------
s S o 1
L@ IRz g . {
g O NMC % i1
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L | L | L | L |
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X
- Au/Pb A=197/208
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E ]
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Properties of the EMC Effect

1.2 -

GA/OD

O BCDMS (Fe)

e SLACE139
¥ EMC (Cu)

(Fe)

5
'%

0.8 -

g, ]
* E?‘%EEM b
% :

0O 01 02 03 04 05 0.6 0.7 0.8 0.9

X

1
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Global properties of the
EMC effect

1. Universal x-dependence
2. Little Q? dependence*
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Q? Dependence of the EMC Effect

EMC | Q?=10-200 GeV?

e i SLAC E139 | Q2=1-10 GeV?
o v x-os  EMC T
x=0.05 08 I . T T 7 T T T T T 1
12 . . 1.0 (TR EFTTETNR O PSP LT T LT SRy pR
e ® ® ¢ x:008 i I YR
wp———— " — = == — — —
08 F - " 0-9 = [ + I ’ ¢:
12 F _ = x=0.220 0.300 0.400
WwF-k-———— oo X —_012 — — ] % 08 1 1 1 | ] | ] ] 1 ] 1 1
o8 i U 0.500 0.600 0.700
o E . . L 10t 2 L] SR ATA A ..
W — — — —$. oo o & x0T
0.9 ¥ 3 —— —9- _ i
0.8 - 1 + _.T?—__+"._¢.t_____l
gfe/p0 12 N 0.8 | s | -
2 /5, 1.0_——__+_,_‘_._._.-3_‘x_=;25___ 1 1 1 1 1 | i |
08 [ n 1.0 0220 ........ 0300 0400
12-F i . by 4 — — —
W — — — —— = .—.—o—#—,x—'o'}é—-— ® 0.9 |- B . B
08 - . o
* .;19 o8- | .
W ——— — = g — g — — 0.500 0.600 0.700
08 - ¢ ¢ ¢ ¢ \ - 045 — jg 1.0 { .................. b ceeceeacennaaaad b e ciicasaneaa. —
06 | -
I Ep— +_+____+ _____ o,gm+————__ " _.
08 [ ¢ ¢ \ 4 B [“ T T e — — —
06 [ ‘ + =055 0.8 ' T [ N T ] Lo 1]
I 0 20 400 20 400 20 40
x=0.65 | BrE
g: [ 1 1 1.1 lllI 1 1 +I 1 l+l ITI + 1 01.651- 02 (GeV/CZ)
L 6 10 20 40 00 200
o’ (GeV?)
Gomez et al, Phys. Rev. D 49, 4348 (1994)

Aubert et al, Nucl. Phys. B293, 740 (1987)
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(*) Q2 Dependence of Sn/C

_]HH] T I||”HI TT Il”ll‘ __l'""] LA LR ULLALL TTTTY] T llll”‘ T TTTITTm| __lll]ll T 1 IIHHI T
F 0.01<x<0Q. T 0015<x<002 T o ‘ + 063<x<004

NMC measured non-zero Q2
dependence in Sn/C ratio at
small x

- This result is in some

8| T - : 1 tension with other NMC C/D
1.2 E_o,w<x<0.15 —EE_ 0.15< x< 0.2 _:_ 02<x<0.3 ';— 0.3 < x< 0.4 i and HERMES Kr/D results
1.1 & 0 I o .
I Ecant S B o SR
0.9 - I T ]
1 I 1 1

08 WWM+HHIH% _:;ML el e
1.2 - 04<x<0s5 + 05<x<06 1 o6<x<o08 T 0 (GeV) 10°
11k + + =

1 E - + s
0. _ W _ 14%* + 1

L vl el ‘..ml cool cvvnd Tl gl 1

2 2
T @ (GeVd) 10° 1 Fee® 100 1T @ (cev 10

Arneodo et al, Nucl. Phys. B 481, 23 (1996)
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Properties of the EMC Effect

O BCDMS (Fe)
® SLAC E139 (Fe)
¥ EMC (Cu)

GA/OD

L o——

1:,,3%%%5%
; i E%{i}éhij

¢ _
. _
0.8 i+ -

0O 01 02 03 04 05 0.6 0.7 0.8 0.9

X

1
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Global properties of the
EMC effect

1. Universal x-dependence

2. Little Q2 dependence

3. EMC effect increases
with A

- Anti-shadowing region
shows little nuclear
dependence
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A-Dependence of EMC Effect

T i T
1.1 L - T T ]
w ‘ o
P Sn Pb ¢ A
A A = \I\i‘(m’b
D He
| | D U Be C He *
0.9 09 L ¢ J
x = 0.0125 « = 0.0125
- : f - | e
1.1 - 1.1 - .
¢
1 b ‘\’\"‘-—Lﬁ\r"_\_'\* 1 W‘*O\k\_‘\’_\;{
i | 3
D He Li Be C Al Ca Fe Sn Pb D Li Be C He Al Fe Sn Pbl
09 - 0.9 Ca
x = 0.045 x = 0,045
. " T S A ; % !
1.1 1 11 1
1 : S - " * e
D He LiBe C Al Ca Fe Sn  Pb D Li Be C He A Fe SnPb
0.9 | 1 0.9 co 1
x =0.175 x=0.175
P (W ST W AN SR AU W S N ST S | NP | P
08 b . . .. e 0.02 0.04 0.06 008 0.1 012 0.14
1 10 100 5 nucl. dens. [nucl. /fm?]

NMC: Arneodo et al, Nucl. Phys. B 481, 3 (1996)
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A-Dependence of EMC Effect

1.1 T TTTTTT] T TTTTTT] T
- (a) x=022 -
1.0 _¢_+-¢¢-=_—4_é_¢__¢__.
2 B -
Gb\O.Q Lol Lol |
<
)

Lotorrrtd I

0.8 Lol
1 10

100

Nuclear Weight A

(cMo9),q

1.1

1.0

0.9

p=3A/4rR 3

<r’>>=RMS electron scattering radius

SLAC E139: Gomez et al, PRD 49, 4348 (1992)
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Explaining the EMC Effect

« “Conventional” nuclear physics models

— Fermi motion = reproduces rise at large x

— Binding

— Fermi motion + binding + nuclear pions
- Exotic models «——

— Multiquark clusters

— Dynamical rescaling F(x,0*)=F"(x,£,(0*)-0°)
 All of these models have a fair degree of success

describing the EMC effect
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Binding and Nuclear Pions

Start with a “realistic” 14
description of nucleons in the — spectral function
nucleus 1o - ---- Spectral function + pions
: a |
- Use a spectral function ¥ | ;
. . ~ - ) .

rather than simple Fermi gas g - _%r% i*iiﬁ&.} !
Convolution picture ° : e ]

I 08 - ® SLAC E139 (F
—> Allow virtual phot(?n tp S ) 1( e). -
scatter from quarks in pions 0 041 0203 04 05 06 07 08 09 1
In the nucleus X
Fair agreement iS achieved Benhar, Pandharipande, and Sick

. i Phys. Lett. B410, 79 (1997)
at large x — including nuclear

pions improves agreement at
lower X I 1 N
F ()= [ dufy (E" (I )+ | df (0)FS (x/ y)
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Multiquark Clusters

Multiquark cluster model ———

assumes that, in nuclei, quarks al o HC (/D |
may combine into clusters that | S e 1
include more than 3 quarks ] O o e tEMC  (S/D) 'J

Nuclear structure function is a
convolution over contribution
from nucleons (F,") and :
contribution from 6 quark X
clusters (F.,%)

K.E. Lassila and U.P. Sakhatme
Phys. Lett. B209, 343 (1988)

Requires F,V# F,% to get EMC
effect

F(x)= [ vt (0)F (x1 )+ [ ot (0)E (a1 y)
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EMC Effect Model Issues

« Conventional nuclear physics based explanations
— Fermi motion alone clearly not sufficient
— Early attempts to combine Fermi motion effects and binding were
fairly simplistic
— Even more sophisticated approaches (spectral function) fail
unless one includes “nuclear pions”

 Size of contributions from nuclear pions typically used in DIS
calculations inconsistent with nuclear dependence of Drell-

Yan
 Exotic effects

— Multiquark clusters, dynamical rescaling calculations often ignore
contributions from binding, use simple models of nucleus

* Almost universally, EMC effect was calculated at some fixed A and
assumed to scale with nuclear density
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EMC Effect Measurements at Large x

SLAC E139 provided the most SLAC E139
extensive and precise data set
for x>0.2 2 | ‘

(@] . +

\b bt +++++ : +( R T

AAAEFTITS N &1 A R ¢
Measured oc,/0, for A=4 to 197 ) > e + | Be .
- “He, °Be, C, ?7Al, 40Ca, %SFe, L ——
198Ag, and 197Au ]I FORS PO J
- Best determination of the A sl o el N feeeel, S
dependence ?:g-.l.l,l.l.l,l.l.l.-.I.l.l.ljl.l.l.l.
- Verified that the x S oy H
dependence was roughly a7 **’*‘Vi?;’,’;’;"";?"' B
constant s Ca T L
1.1} '
Building on the SLAC data 1 +,+*++,é } Foeop *
- Higher precision data for “He z::: Ag ""..H . Au AT
9 Addltlon Of 3He 0 . ‘0.12‘ ‘ ‘Oi4‘ ‘ ‘OTG‘ l IOTBK O‘ ‘ ‘szl ‘ l0.14‘ l ‘01.6. ‘ l058‘
—> Precision data at large x
XBi
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Nuclear Dependence of the EMC Effect

SLAC E139 studied the nuclear
dependence of the EMC Effect at
fixed x

Results consistent with
- Simple logarithmic A dependence
—>Average nuclear density*

*uniform sphere with radius R,,
R.? = 5/3 <r?> > charge radius of nucleus

Many models of the EMC effect either
implicitly or explicitly assume the size
of the EMC effect scales with average
nuclear density

- Constraining form of nuclear
dependence can confirm or rule out
this assumption

.geffggon Lab

1.05 [

)
N

A
=
©
o

)
~—

x=0.6

0.80

0.00 0.05

0.10

0.15

<p> (nucleon/fm?3)
Gomez et al, PRD 49, 4348 (1994)
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Jefferson Lab Experiment E03103

E03103 in Hall C at Jefferson Lab ran
Fall 2004

- Measured EMC ratios for light nuclei
(°He, “He, Be, and C)

- Examined nuclear dependence a la
SLAC E139

——
3 Sl

HMS: 6 GeV

i SOS: 1.7 GeV

.geffg'?son Lab
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JLab E03103 and the Nuclear
Dependence of the EMC Effect

Carbon
~ 1.1
<
= IdR_,, /dxI=0.280 +/- 0.028 ;
L
£ ¥ S
T *H
2 I
5 Py ?
d + |
0.9 - | + 3
t Normalization (1.6%)
| | | | | |
0.3 0.4 0.5 0.6 0.7 0.8 0.9
X

.geff;gon Lab

New definition of “size”

the EMC effect

- Slope of line fit from
x=0.3510 0.7

Assumes shape is
universal for all nuclei

—->Normalization

uncertainties a much
smaller relative
contribution

of
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JLab E03103 Results

EO03103 measured c,/0,
for *He, “He, Be, C

- 3He, 4He, C, EMC
effect scales well with
density

0.35 ———

0.30

v 0.25

Z 0.20
O

3 0.15 [
0 -
© 0.10 |

0.05

0.00 Lerm 1.
0.0 0.02

J. Seely, et al., PRL103, 202301 (2009)

fo

$ e

? e

004 006 008 010
Scaled Nuclear Density [fm~°]

Scaled nuclear density = (A-1)/A <p>
— remove contribution from struck nucleon | - /s c. pieper and R.B. Wiringa, Ann. Rev.

<p> from ab initio few-body calculations

.geffggon Lab

Nucl. Part. Sci 51, 53 (2001)]
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JLab E03103 Results

J. Seely, et al., PRL103, 202301 (2009)

EO03103 measured c,/0, 03 —————1————7————————————————
for SHe, 4He, Be, C ‘

0.30 ¢ o E .
: 0 :
> 3He, “He, C, EMC o025k Be i C
effect scales well with % ' :
density N, 00 F E e E
- Be does not fit the 2015 b E
trend : :
© o010 .
: 3 :
0.05 F E He :
0.00 B bl b L]

0.0 0.02 0.04 0.06 0.08 0.10
Scaled Nuclear Density [fm~°]

Scaled nuclear density = (A-1)/A <p> <p> from ab initio few-body calculations
— remove contribution from struck nucleon | - /s c. pieper and R.B. Wiringa, Ann. Rev.

Nucl. Part. Sci 51, 53 (2001)]
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EMC Effect and Local Nuclear Density

9Be has low average density

- Large component of structure is
2a+n

- Most nucleons in tight, a-like
configurations

EMC effect driven by local rather
than average nuclear density

.geffggon Lab

0.35
0.30

0.00

L 1 1 1

E SHe

| | |

1

0.02 0.04 0.06

0.08

0.10

Scaled Nuclear Density [fm_s]

“Local density” is appealing in

that it makes sense intuitively —

can we make this more

quantitative?
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Improved Precision via New Observable

Key to observation of “local

~ density” dependence is
S, 1R /dx|=0.280 +/- 0.028 modified definition of size of
?‘L& EMC/ = ) J{ EMC Effect
TR £ ¥ S
TI; ‘qu#..*\ - Nuclear dependence of EMC
= Hu#\ \ $ effect typically examined at
- [ H‘“?H ) i fixed x
0.9 - + | f - Use of dR/dx greatly
| Normalization (1.6%) reduced sensitivity to
R normalization uncertainties

0.3 0.4 0.5 0.6 0.7 0.8 0.9

X EMC effect ~ 10% deviation
from 1.0

Normalization uncertainties ~
1-2%
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Improved Precision via New Observable

(]
L 01 x=06
?“ I 120
S I 9
1-. _ }
0.05 |- }
2y CHe tHe
0 |
| | | | | | | | | | | | | | | | | | |

0 0.010.020.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
Scaled nuclear density (fm™)

.geffggon Lab

Key to observation of “local
density” dependence is

modified definition of size of
EMC Effect

- Nuclear dependence of EMC
effect typically examined at
fixed x

- Use of dR/dx greatly
reduced sensitivity to
normalization uncertainties

EMC effect ~ 10% deviation
from 1.0

Normalization uncertainties ~
1-2%
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Improved Precision via New Observable

0.30
— 0.25
T 0.20
=
= 0.15
a5
© 0.10

0.00

0.05 F

'_...

0.35 [——

°H

i SHe

0.00

0.02

0.04

0.06

0.08

0.10

Scaled Nuclear Density [fm ™3]
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Key to observation of “local
density” dependence is

modified definition of size of
EMC Effect

- Nuclear dependence of EMC
effect typically examined at
fixed x

- Use of dR/dx greatly
reduced sensitivity to
normalization uncertainties

EMC effect ~ 10% deviation
from 1.0

Normalization uncertainties ~
1-2%
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Local Density > Short Range Correlations

What drives high “local” density in the nucleus?

In simple models of the nucleus
(Fermi gas), all nucleons
experience basically the same
local environment

Fermi gas, or other mean field
models incomplete

(e,e’p) data for knockout of
protons with momenta lower
than “Fermi” momentum
indicates significant missing
strength

.geffg'?son Lab

10F

0.8

0.4

0.2

0.0

IllIll] 1 L llIllll L

Mean Field Theory

VALENCE PROTONS

10° 107
L. Lapikas, Nucl. Phys. A553 (1993) 297
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Local Density > Short Range Correlations

What drives high “local” density in the nucleus?

More complex calculations start from realistic NN potentials

V(1)

n(p) [m.u.”®]

104

102

100

10~2

104

10-6

10~8

'*0 n(p)
van Orden, PRC 21 (2628) 1980 —

Correlated

Uncorrelated

0

10
p [m.u]

15

20

Tensor interaction and short range repulsive core lead to high
momentum tail in nuclear wave function - correlated nucleons

.geff;gon Lab
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Measuring Short Range Correlations

- At x>1, we can access
higher momentum
components, if we go to
large enough Q?

.geff;lZon Lab

High momentum nucleons in the nucleus can
be accessed using quasi-elastic scattering

- At quasi-elastic peak (x=17), all parts of the
nucleon momentum distribution contribute

1.2
1 [ Q%=1.5 e k

. 08¢

0

>
w .

O 06} = A
£ : '
E

o ! ]

04 r 1
0.2} ]
0 I 1 " ad L 3 . il I 1 " ko
0O 02 04 06 08 1 12 14 16 18 2
X
Figure courtesy N. Fomin, after Frankfurt, Sargsian,
and Strikman, Int.J.Mod.Phys. A23 (2008) 2991-3055 47



Measuring Short Range Correlations

To measure the (relative) probability of finding a correlated pair, ratios of
heavy to light nuclei are taken at x>7 - QE scattering

If high momentum nucleons in nuclei come from correlated pairs, ratio of A/D
should show a plateau (assumes FSls cancel, etc.)

5.5

2N SRC

3N SRC

. % LS
;A 1|§|C % f ]
;

i

_ 4 ® e — ¢ L J . - —
C QQ

: ®

nr ot 2 0,

Y Tt ——— =a,(A)

[ AAA A o

0.8 1 1.2 1.4 1.6 1.8
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1.4<x<2 => 2 nucleon correlation

2.4<x<3 => 3 nucleon correlation
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(6x/A)(6/2)

SRCs and Nuclear Density

New JLab data on ratios at x>7
a, ratios for:

—>Additional nuclei (Cu, Be, Au)
—>Higher precision for targets with
already existing ratios

6 F 1 ]
*He '2c o o2
L ] 4
3 = 4 L ] .
e O 0 0—0—0—8 ..
0 -l | [ oepet”
6 L L -
[ *He 83cu R
3 [ o ® 1 .j
;.....l....'.l 1 l 1 l 1 1 1 1 5
1 o
%50 197, .-,—.—-—-_
o T ° 1
3F . ® 1 o ]
o® o*
A P*C0ane’
0 1 1 1 1 1 1 1 1
08 1 12 14 16 1.8 1 12 14 16 18

X X

N. Fomin et al, Phys.Rev.Lett. 108 (2012) 092502

- Relative probability to find
SRC shows similar
dependence on nuclear density
as EMC effect
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SRCs and Nuclear Density

0.35
0.30
E 0.25
J_0.20
S
& 0.15
s
T 0.10

0.00

0.05 |

EMC et $c

E PH
_.II

E SHe

0.00

0.02 0.04 0.06 0.08

0.10

Scaled Nuclear Density [fm_s]

New JLab data on ratios at x>7
a, ratios for:

—>Additional nuclei (Cu, Be, Au)
—>Higher precision for targets with
already existing ratios

- Relative probability to find
SRC shows similar

dependence on nuclear density

as EMC effect

.geff;Zon Lab
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EMC Effect and SRC

% 0.5
% x2 / ndf 4.895/5 197,
. . . 0.4 0 - . :i__.
Weinstein et al first = P 0.08426 + 0.003869
observed linear correlation % os
between size of EMC S

effect and Short Range
Correlation “plateau”

Correlation strengthened
with addition of Beryllium
data

O. Hen et al, Phys.Rev. C85 (2012) 047301

- 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
0% i 5 3 4 5 6

a,(A/d)

This result provides a quantitative test of level of correlation
between the two effects
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Short Range Correlations — np Dominance

® SRCs can be studied in more detail via triple-
G P s coincidence reactions
eeren —> Electron knocks out high momentum proton from
carbon nucleus

g — "Partner” backward-going proton or neutron also
Knocked-out deteCted

Correlated partner
proton or neutron ‘

j[zﬁJﬂ
>

10°- T f 0
- % 96 +/- 22%
- \
i Subedi, et al, Science
| M pp/np from ['*C(e,e’pp) /' *C(e,e’pn) ] /2 320, 1476 (2008)

Conclusion: High
momentum nucleons
are dominated by np
pairs

pp/2N from ['*C(e,e’pp) /*C(e,e’p) 1/2

np/2N from 12C(e,e’pn) /1ZC(e,e’p)
np/2N from 2C(p,2pn) /'*C(p,2p)

SRC Pair Fraction
> <

-
o
|

9.5 +/- 2%
|
Shneor, et al, PRL 99,

0.3 0i4 oi5 0i6 072501 (2007)

Missing Momentum [GeV/c]
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EMC-SRC Correlation

What causes the detailed nuclear dependence to be the same?
—->Common cause? Does one drive the other?

Two hypotheses:

1. High virtuality
—->EMC effect driven by virtuality of nucleon — relative probability to have high-

momentum nucleon

2. Local Density
- EMC effect driven by local density — nucleons are close together

These hypotheses can be tested to looking at correlation vs. modified SRC
variable

R,y = a,corrected for CM motion of correlated pair > number of SRCs

a, = number of high-momentum nucleons coming from SRCs and pair
motion

Neither picture ruled out by existing data
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Nuclear Dependence of EMC and SRCs

Arrington et al, PRC 86, 065204 (2012)

0.5 . ; ; ; ; 0.5 . ;
HV: No Constraint ) LE): No Constraint
04| 2= 0.91 56F 04 | 1v= 0.68 56F
' m= 0.1040 +/- 0.0125 ‘+* ' m = 0.0537 +/- 0.0070

b = -0.0587 +/- 0.0375 b= -0.0168 +/- 0.0346

©
w
T

‘Hed

|dREMC/dX|
o
N

0.1
0Ff ngh V|rtuaI|ty 0r Local dGﬂSlty
-0.1 : : : : : ] -0.1 : :
-1 0 1 2 3 4 5 0 2 4 6 8
as-1 RonNiotal/Niso-1
a, ~ number of high momentum R,y ~ number of nucleons “close”
nucleons together

Detailed study of nuclear dependence of EMC effect and SRCs does not favor
either picture

Can we distinguish between these two pictures via some new
observable? - Flavor dependence of the EMC effect
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Flavor dependence and SRCs

“He 2-body density from

~ 003 ey HIgh momentum nucleons from SRCs
E - emerge from tensor part of NN
TZ20.025 - o ] . S : :
2 : . g np/4 | interaction — np pairs dominate
0.02 - " ata, ]
g . - => Probability to find 2 nucleons “close”
0015 " 1 together nearly the same for np, nn, pp
oor " e —— PP -
- ", ] Forr,, < 1.7 fm:
0.005 - ., *..‘ ]
o i e e e = Pan 0.8,
r,,(fm)

If EMC effect due to high virtuality, flavor dependence of EMC
effect emerges naturally

- If EMC effect from local density, np/pp/nn pairs all contribute
(roughly) equally
.geff;lZon Lab 55



Flavor dependence and SRCs

High momentum nucleons in the nucleus
come primarily from np pairs

~

o Zipt Ndy Zd,, + Nii,
A= =
- The relative probability to find a high A A
momentum proton is larger than for < 03
neutron for N>Z nuclei 204
%m
1 ¥ 0.3
A A
~ —asz(A _
np (P) o0, az(A, y)na(p) g, = 3 02
1 A—7 0.1
nn(p) = 5 —aa(A ynap) @, =5
> T
Probability to find SRC 05335 3 35 4 45 5 55 6

Under the assumption the EMC effect comes from “high virtuality” (high
momentum nucleons), effect driven by protons (u-quark dominates) - similar
flavor dependence is seen in some “mean-field” approaches

.geffggon Lab

M. Sargsian, arXiv:1209.2477 [nucl-th] and arXiv:1210.3280 [nucl-th]



Flavor Dependence of the EMC Effect

Mean-field calculations predict a flavor dependent EMC effect for N2Z nuclei

—_
[\

. Gold ; _ Medium modified

1 - quark distributions

| ] Zi, + Nd Zd, + Nt
0.9 | wq = D A P ody = P 0 P

I
o's

Free nucleon
quark distributions

e
J

e
o

Flavour dependent EMC ratios

0 0.2 0.4 0.6 0.8 1 Zu, + Nd, Zd, + Nu,
! ey do=—""74
Cloét, Bentz, and Thomas, PRL 102, 252301 (2009)

Isovector-vector mean field (r) causes u (d) quark to feel
additional vector attraction (repulsion) in N#Z nuclei

Experimentally, this flavor dependence has not been observed directly
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EMC Flavor Dependence: Pion Drell-Yan

. e NA10 data . o NA3 data m Flavor Ind. | Flavor dep.
(=) . I — CBT Model
+ 7 + 1 [ |---- CBT Model, N=2 M At 2 L
B = NA10 0.60 2.5
= >
= | & Omega (low Q) 6.2 3.2
N : Omega (high Q?) 1.4 0.96
0. 1 os \/
, 2
1 0 015 X x /DOF
2
I . . LRl
= =L Pion-induced Drell-Yan sensitive
E % to potential flavor dependence,
£ £ but existing data lack precision
) /1=
+ + +
+ m e+
E &
0 L " 0 I .
0 0.5 X2 1 0 0.5 x2 1

Dutta, Peng, Cloét, DG, PRC 83, 042201 (2011)
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Pion Drell-Yan at COMPASS

= [ WM=50Gev ~— M=5.0 GeV 160 GeV pions on gold
f 0.6 i
M
I | 0P (rt +A)  da(x)
+ 04 - ~
| oPY(n=+ A)  4dua(x)
02|
0 oY (rm +A) _ ua(x)
— CBT Model oPY(r=+ D)  up(x)
— - CBT Model N=2 |
2 06 X1 =0.5 .
+ 0 Dutta et al, PRC 83, 042201 (2011)
‘: - 4
Toaf x/ . .
A A First measurements on
T T IS NH3 (and nuclear targets)
0.2 - . . . planned for 2014
35 65 MGeV) 95735 65 MGev) 95
2
do .+ 4 4o

_ 2 _ _
T = Serrn 2 Caldnt (37)Ga(2) + Gt (22)4 (22)]
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Semi-Inclusive DIS
(E.p) Assuming factorization holds,
B SIDIS acts as a “flavor tag” for
o (E.p) . struck quark

—> Similar to polarized quark
N )
N (w) |

distribution extractions
h

9 &
@

D/} (z) — fragmentation function

qx) = quark distribution quark of flavor f = hadron h

do  >ojerqr(z)D(2) ( do )
drdQ?dz > e7qs(7) dxd(Q)?
x = fraction of proton momentum carried by quark

z=E n
.geffggon Lab nacrorf 60



Semi-Inclusive DIS

Extract flavor dependence via semi-

T T T T T '
inclusive pion yields from gold and i3l :ug-nlrfF (flavor Ind.) =05 |
deuterium —d, only

121 ... Cloet et al. -
S _ Rl _
uper-ratio Y7T+ /Yﬂ'_ ~ 4L EMC effect entifely due
Au Au +§ _________ to d quarks
=09, @ T/
yrt ) yn-
D D | | : | :

[ ! [
Nuclear PDFs (no flavor dep.)

Difference ratio

EMC effect entirely|due
to u quarks

L Vo E
Au Au =0.8]
Y7r+ _yr- +
D D ~06|
Cloet et al
|
0.2

Toy model:

u,, only: EMC effect due to modification of u, only

d, only: EMC effect due to modification of d, only
.geff;gon Lab

0.4 06 08

Xp;
") FAunchanged
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Rf(z, V) =

< > e
< e

SIDIS - Interpretability

(145)
Oe dzdv A

(i 45)
Oe dzdv D

A,

1.0 | S48 . e
- A4

0.8 j$+

06 | ot

04—

10 %igﬁ;%igi :
08 [ anan®’ i

Hadronization is modified in the
nuclear medium

- Probability for quark f to form
hadron h changes

- Depends on A, hadron
kinematics

04
12 |
10 |
08
0.6 |

04 ——

v (GeV)
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Complicates interpretation of
SIDIS measurements of flavor
dependence if effect different for

p* and p

- This can be checked with

measurements at x=0.3 (no

EMC effect) 62



Parity Violating DIS

1.1

a2(CEA)

0.9 F

| Z/N = é6/36 (iron)

a2(37,4)

0.8

Jeffgon Lap Cloét, Bentz, and Thomas, PRL 109, 182301 (2012)

Q% = 5GeV?

Apy =

0

0.2

0.6
LA

0.4

0.8

1

Flavor dependence of EMC effect
can also be explored via parity

violating DIS
i S

GrQ’
suppressed

4\/§7Taem

quark weak vector couplings

Avoids complications due to hadronization

issues
CBT model predicts 5% effect at x=0.6
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Measuring Flavor Dependence with
PVDIS

Au/?H

- — CTEQ5

. — MRST

Q%=10 GeV?

CTEQS5 - flavor dep.

MRST - flavor dep.

0.8
0.1

02 03 04 05 06 07 08 09 1

X

.geffggon Lab

Experimentally — simpler to
measure super-ratio

—>Certain systematics are
reduced (beam polarization)
—>Less sensitivity to absolute
value of weak vector couplings

Note that even the “no flavor
dependence” calculation not
identically 1.0

- Must compare experimental
result to the “naive” estimate
- Naive estimate has some
dependence on nucleon PDFs
- May be non-negligible
contribution to uncertainty
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PVDIS at JLab

[ Asymmetry Uncertainty (%) vs. x (60 days at each energy, P=85%)

~N
o 12—
“F D61 P63
— D58
[ $53
8 $52 4 7
B J).so&_"o.sz
6 0;’:050
i .o.sf'
B 57 Rl
4 a © e [
N o L4
- .
- 47
20— “‘on
New solenoidal 01 02z 03 04 05 06 07 08 09
X
spectrometer Proposed kinematic coverage and statistical
precisions

SOLID experiment at JLab (P. Souder, spokesperson) — use PVDIS to look for
physics beyond Standard Model, d/u at large x

—>awarded 169 days for H and D running

—>no time for solid target running (flavor dependent EMC) requested yet

.geff_;'gon Lab
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E12-11-107: In-Medium Structure
Functions

Measure structure function of high momentum "/'Vt/»w q
nucleon in deuterium by tagging the spectator “
—>Final state interactions cancelled by taking

double ratios

—~>Requires new, large acceptance proton/neutron

detector at back angles Py

1.1 Q% =5GeV?

GGP

1 | zove SSG T — i ;

0.8

0.7
LAD Sector 3

0.6 " 85° |
0.5

0.4 d(e’e’p)

0.3

LAD Sector 2

LAD Sector 1 j

0.2 Spokespersons: O. Hen, L. Weinstein,
Jeff_g 1 1.1 1.2 1.3 14 1.5 lgs S Glla d, S Wood 66




E12-10-008 and E12-06-105

Hall C experiments will
provide more inclusive
data

—->E12-06-105 x>1
—->E12-10-008 EMC Effect

Will provide additional
data on light and medium-
heavy targets

—>2H, 3He, “He

6L, 7Li, Be, 1°B,"B, C
~Al, 4°Ca, 48Ca, Cu

" e JLab + SLAC existing data

- ® HallC-12 GeV, year 1 56Fe 197 pu
_ +%
i 27A|

1.5 2 25 3 35 4 45 5
a,-1

First running in Hall C after completion of
12 GeV Upgrade will include a few days
for EMC/x>1 measurements on 0B, 1B,

and Al (parasitic)

.geffggon Lab
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Summary

« The EMC effect has been with us for 30 years and motivated intense
experimental (and theoretical) study

 Two developments have led to renewed excitement and interest
— New approach to quantifying “size” of EMC effect at large x

— New data at x<1 and x>1 allowed precise comparison of EMC
effect with Short Range Correlations

* What is the origin of this EMC/SRC correlation?

— Measurements of the flavor dependence of the EMC effect will
play a key role

« Many new experiments at JLab after the 12 GeV upgrade will help
address the EMC/SRC issue

 |ssues | did not discuss
— Polarized EMC effect
— Low x measurements - Electron lon Collider

— Several other processes that aim to quantify the modification of

.geffegon Lagucleons in the nucleus (proton Drell-Yan, elastic form factors...) 68



Thank You
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http://arstechnica.com/science/2009/11/iz-in-ur-atom-probing-ur-nucleus/
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INT Workshop INT-13-52W

Nuclear Structure and Dynamics at Short Distances
Feb. 11-22, 2013

e
3

1.15

x B
e % - © 19a 4 6 | He
1 e e T L . 2 0'4 :'— b ; ~
....... w e \’ 3 3 o
S 0.85 T osF ‘ Q- & 5 ~
s e
B 115 980 ’ - ! ‘He 6 980
\?J 1 .““'-. . 02:—_ .1—0—0—‘-.
’\\ »...,“‘. E 3
s 0.85 0 1:_ 0 _—
b< 1.15 |, = 1
o 2c o= ) 6 | '2c ——
1 aa L c
s N . » 3
e .
hat 01— 0
0'85 = R 1 1 1 P N WA Y W S| (Y O T D 0 E}."
02 04 06 08 0 ‘ 2 8 4 S 6 08 12 16 1.9
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http://www.int.washington.edu/PROGRAMS/13-52w/
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Experimentally, has been shown that high momentum nucleons dominated by np

Short Range Correlations

pairs — also seen in variational Monte Carlo calculations

.geff;gon Lab
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SChIaVIIIa et al, PRL 98, 132501 (2007)
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