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Outline

* Measurements of o,/0,
— Early measurements
— X, Q?, nuclear dependence, universality

» JLab results and implications
— EMC effect and local density
— EMC-SRC connection
— Flavor dependence
— Nuclear dependence of R=0;/07

 Summary

.geffe20n Lab



Quarks in the Nucleus

Typical nuclear binding energies Fe /(ZF;’ +(A- Z)an]
- MeV while DIS scales > GeV
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Naive expectation:
F(x) = ZF (x)+ (A= Z)F ()
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includes effects from Fermi [ ’ ]
motion =~ i
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=3[ dof(n)E (x/y)

Quark distributions ir_1 nl_Jplei were
not expected to be significantly Bodek and Ritchie

different (below x=0.6) PRD 23, 1070 (1981)
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First Measurement 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 =
the “EMC Effect”

« Enhancement at x<0.1 later
went away
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Aubert et al, Phys. Lett. B123, 275 (1983)
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First Measurement 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 =
the “EMC Effect”

« Enhancement at x<0.1 later
went away
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Confirmation of the Effect
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Bodek et al, PRL 50, 1431 (1983) and PRL 51, 534 (1983)



Subsequent Measurements
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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 species



EMC Effect Measurements

Laboratory/ Beam Energy Target Year
collaboration (GeV)

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 u 90 6Li, 12C, 4Ca 1992

m 200 D, “He, C, Ca 1991, 1995

u 200 Be, C, Al, Ca, Fe, Sn, Pb 1996
CERN BCDMS u 200 D, Fe 1987

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

u 280 D, C, Ca 1988

u 100-280 D, C, Cu, Sn 1988

u 280 H, D, Fe 1987

w 100-280 D, Fe 1983
FNAL E665 u 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, 1, 2009

e D, C, Cu, 2004 (thesis)

Q Geesaman, Saito, and Thomas, Ann. Rev. Nucl. Sci. 45, 337 (1995) — updated by Gaskell
JeffersSon Lab



Nuclear dependence of structure
functions

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

do  40’(E')’
dQdE' O*v

Fu(v.0)c0s" 24 2 F(v.0")sin’ g} F(x)= 3 e, ()

> | ox/lop = FA/F,P

szz) | In the limit R, = Ry,

QZ

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

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

- Sometimes there is an additional uncertainty estimated to account for the o=2>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
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Properties of the EMC Effect

Global properties of the
i O BCDMS (Fe) EMC effect
1.2 | e SLAC E139 (Fe) | |
] % EMC (Cu)
0 i 1. Universal x-dependence
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X Dependence
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X Dependence
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Properties of the EMC Effect
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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?
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Gomez et al, Phys. Rev. D 49, 4348 (1994)

Aubert et al, Nucl. Phys. B293, 740 (1987)
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0.9

(*) Q2 Dependence of Sn/C
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Arneodo et al, Nucl. Phys. B 481, 23 (1996)
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NMC measured non-zero Q2
dependence in Sn/C ratio at low
small x

- This result is in some
tension with other NMC C/D
and HERMES Kr/D results

16



Properties of the EMC Effect

O BCDMS (Fe)
® SLAC E139 (Fe)
¥ EMC (Cu)
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Global properties of the
EMC effect

1. Universal x-dependence

2. Little Q? 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
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| | D U Be C He *
0.9 09 L ¢ J
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- : f - | e
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NMC: Arneodo et al, Nucl. Phys. B 481, 3 (1996)
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A-Dependence of EMC Effect
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SLAC E139: Gomez et al, PRD 49, 4348 (1992)
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EMC Effect Measurements at Large x

SLAC E139 provided the most SLAC E139
extensive and precise data set

0 1.2
for x>0.2 2L 0 _ +‘

\b bt +++++ Ve : +( R T
AKX FERRS B | L ¢

Measured o,/0, for A=4 to 197 ) Z: ‘e e | Be .
94He,gBe,C’27A|,40Ca,56Fe, 1:2.1.1.1.1.1,1.1.1‘.1.1.1.1.1.1.1.1.|
108 197 -

Ag, and "7Au ) YR B
—> Best determination of the A 9 o b e '
dependence ?:g-.l.l,l.l.l,l.l.l.-.I.l.l.ljl.l.l.l.
> Verified that the x aloo . .
dependence was roughly a7 ++-+*:;-,—;—;;—;---j—-- B
ConStant ?.g " lcnal PR PR R .’l‘. | - .. !:el PR TR B :...I...l L

1.1}
Building on the SLAC data A S RRAATS |
- Higher precision data for “He z: Ag ey | Au AT
9 Add|t|0n Of 3He 0 - .0.12‘ ‘ ‘Oi4‘ ‘ ‘OTG‘ l .OTBK O‘ ‘ ‘szl l .0.14‘ ‘ ‘01.6. ‘ l058‘
—> Precision data at large x
),
Bj
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E03103 in Hall C at Jefferson Lab ran Fall 2004

JLab E03103

- Measured EMC ratios for light nuclei (3He, “He, Be, and C)

- Results consistent with previous world data
—> Examined nuclear dependence a la E139

—h
.
—h

REMC=(F‘2\/F3)/ (A/2)

o
©
I T

—h
g

} Normalization (1.6%)

0.3 0.4 0.5 0.6 0.7 0.8 0.9
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New definition of “size” of the
EMC effect

- Slope of line fit from
x=0.3510 0.7

Definition assumes shape of
the EMC effect is universal
for nuclei

—>Data not inconsistent with
this assumption

- Normalization errors mean

we can only confirm this at
1-1.5% level

21



JLab E03103 Results

E03103 measured o,/0p
for SHe, 4He, 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 Lorn 1.
0.0 0.02

J. Seely, et al., PRL103, 202301 (2009)
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$ 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
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Nucl. Part. Sci 51, 53 (2001)]
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JLab E03103 Results

E03103 measured o,/0p
for SHe, 4He, Be, C

- 3He, 4He, C, EMC

effect scales well with
density

- Be does not fit the
trend

0.35
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v 0.25

Z 0.20
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3 0.15 [
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© 0.10 |

0.05

0.00 Lorn 1.
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J. Seely, et al., PRL103, 202301 (2009)
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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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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
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0.35 s
0.30 [

0.00 0.02

Lo+ 1 | | |

$ e

004 006
Scaled Nuclear Density [fm_s]

0.08 0.10

“Local density” is appealing in
that it makes sense intuitively —
can we make this more
quantitative?
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EMC Effect and Short Range Correlations

| 42/ ndf

0.7688/3
56Fe,

0.0

X

©

O
S04 a .0.07879+0.006376
11}

o

9

Weinstein et al observed linear
correlation between size of EMC effect
and Short Range Correlation “plateau”

—>Observing Short Range Correlations
requires measurements at x>1

- Reaction dynamics very different —
DIS vs. QE scattering, why the same

nuclear dependence?

55

L. Weinstein et al, | | %
PRL 106:052301,2011 Sl e T —
B 0605 30 y 0 45 [ a 1 C % 4
1 1 1 | 1 1 1 | 1 | L I 4t
0 2 4 6 S5 35 ¢
a,(A/d) S sl :
< 25} ]
\t_;f ok g . ® _f_f_i_é__
[ ]
2 ()_ > 1.5 F N [
A *e ’
_—=a2(A) e A:oo.:
A 05 | st
D 0 : : ' ' '
0.8 1 1.2 1.4 1.6 1.8
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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
0F ngh V|rtuaI|ty 0F Local dGﬂSlty
-0.1 : : : : : ] -0.1 : -
-1 0 1 2 3 4 5 0 2 4 6 8
as-1 RonNiota/Niso1
a, ~ number of high momentum R,y ~ number of nucleons “close”
nucleons together

Detailed study of nuclear dependence of EMC effect and SRCs (see N. Fomin’s
talk from Monday) 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
~Z20.025 - . . ; ‘A — : i
2 : . g np/4 | interaction — np pairs dominate
0.02 - " ata, ]
g . - => Probability to find 2 nucleons “close”
0.015 l._ - 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 27



Flavor dependence and SRCs

High momentum nucleons in the nucleus
come primarily from np pairs

~

Zii, + Nd, Zd, + N,
. N . . ua = da = A
- The relative probability to find a high A
momentum proton is larger than for < 03
neutron for N>Z nuclei %0 4
&
=
1 ¥ 0.3
A A
~ —ag(A _
ny (P) o az(A, y)na(p) g, = 3 0|
1 A—7 0.1 |
nn(p) = 5 —aa(A ynap) @, =5
an/7 A ol
Probabilty to find SRC 05735335 4 45 555 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
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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 (p) causes u (d) quark to feel
additional vector attraction (repulsion) in N#Z nuclei

Experimentally, this flavor dependence has not been observed directly

.geff_;'gon Lab 29



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
= X
= | & Omega (low Q) 6.2 3.2
N : Omega (high Q?) 1.4 0.96
0. 1 05 \/
, 2
1 0 015 X X /DOF
2
I . . LRl
s 1St Pion-induced Drell-Yan sensitive
T + to potential flavor dependence,
£ £ but existing data lack precision
) |5
+ + +
+ m e+
E E
0 L " 0 I .
0 0.5 X, 1 0 0.5 X, 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 -‘
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)
_ I~ CBT Model N=2Z |
2 06 X1 =0.5 .
+ 0 Dutta et al, PRC 83, 042201 (2011)
‘: - 4
Toal x/ . .
A B 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,
£ 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 vV
.geffggon Lab hacror/ 32



Semi-Inclusive DIS

Extract flavor dependence via semi-

I ! I T I !
inclusive pion yields from gold and 13| T que, POF (flaverind. =05
deuterium —d, only
121 ... Cloet et al. -
S ti ol1f |
uper-ratio Y7T+ /Yﬂ'_ "5 1L EMC effect entirely due
Au Au = == to d quarks
Eo9l T TR
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 | 5. s
- A4

0.8 j$+

06 [ "=

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)

.geffégon Lab

Complicates interpretation of
SIDIS measurements of flavor
dependence if effect different for

ntt and T

—> This can be checked with
measurements at x=0.3 (no

EMC effect) 34



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

Q%=10 GeV?

- — CTEQ5

----- CTEQS5 - flavor dep.
. — MRST
IEREEE MRST - flavor dep.

0.8 ! ! ! ! ! ! ! !
01 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 P61 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
i o
- A7
2 “‘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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Flavor Dependence with inclusive DIS

Several alternatives for accessing
flavor dependence of EMC effect

o A/GD

—->Pion DY @ COMPASS: sufficient
statistical precision at large x?
>SIDIS @ JLab: hadron attenuation | o tab Eoatos
and factorization concerns e ——
>PVDIS @ JLab: SOLID experiment ‘ " v
requires significant $, long time scale

0.9

Would like something “easy” that E
can be done on a short time scale

Inclusive DIS on nucleus with same A 00 |
and p but different ratio N/Z '

PR S S S T T S SN I

0.8
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18

p (nucleons/fm®)

.geff;lZon Lab



Flavor dependence from 4°Ca and 48Ca

CBT model predicts a
~3% effect for ¥8Ca at
x=0.6

>N/Z =1.4

Assuming no flavor
dependence, difference
between 4°Ca and 48Ca
should be less than < 1%

Will be measured at JLab
@ 12 GeV

E12-10-008
Spokespersons: Arrington,
Gaskell, Daniel

.geffggon Lab

1.2

OAlOp

L 40Ca

car’®ca Relative Norm. (1.4%)
I I I

nga - no isoscalar dependence |:
Ca - with isoscalar dependenge

0.2

0.3

04 05 06 07 08 0.9
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E12-06-118: The MARATHON experiment

Spokespeople: G. Petratos, J. Gomez, R. Holt, R. Ransome
EMC effect with A=3 mirror nuclei 1
] :
L L S B S S B B S B +
i | 5 } N
i f | I
- | ! }
1.06 + + +
: p Scaling | & + + + + +
) | A Scaling 1 & ,
‘:;1: I \ ” | g" {
E 1.00 f—------- - ++++ ------------------------ + ——————— N -
0.95~— e JLab Projected Data — |+ Jlab Projected Data
| *H/*He DIS
AN B R I B N
0.0 0.2 0.4 0.6 0.8 1.0 0 — I T T
X 0.2 0.4 0.6 0.8 1.0
X

- “Free” n/p (d/u) ratios extracted using “known” corrections to difference in
EMC effect in 3He/3H; additional flavor dependence could impact extraction

.geffg'?son Lab 40



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
2> Al, 49Ca, 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 °B, 1B,

and Al (parasitic)

.geffggon 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 P,

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

02 = 11 13 = " = - Spokespersons: O. Hen, L. Weinstein,
Jefferd o oSl S. Gilad, S. Wood 49




Light to Heavy Nuclel

 New JLab data, new method of
characterizing “size” of EMC effect gave
insight into nuclear dependence of EMC
effect.
— Same dependence observed for A/D ratios at x>1
— Correlation between EMC effect and SRCs
— Local density vs. high virtuality = flavor

dependence?

« Some interesting effects have also been

observed for heavy targets

.geffegon Lab 43



JLab E03103 — Heavy Targets

E03-103 also measured EMC ratios for Cu and Au — analysis at the
relatively low 6 GeV beam energy complicated by Coulomb Corrections

Electrons scattering from nuclei can
be accelerated/decelerated in the
Coulomb field of the nucleus

el

- This effect is NOT part of the
hadronic structure of the nucleus we

wish to study
- Important to remove/correct for

apparent changes in the cross
section due to Coulomb effects

In a very simple picture — Coulomb field induces a change in kinematics in the

reaction E SE +V
e e 0 Electrostatic
, , V,=3a(Z-1)/2R < potential energy at
Ee -> Ee — VO center of nucleus

.geffg'?son Lab
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Coulomb Corrections in QE Processes

Importance of Coulomb Corrections in quasi-elastic processes well known

0.04 ,
”
c "&th 04 PO |
0.03 + o % o & 0.000
- | f v ~ 03 o. o’ A |
T o ) D oo . %
E, 0.02 * .C:O % .’O b %
G g S| o |
| @ ° 3 % eese®
“ 001 ) (y ® o' 420 MoV 60° 2 0 .:o ® 0 420 Mev 60 I
| © o 420 MoV 60" e 0 e 420 Mev 60" l
| o
L . . " . ) I
OCOU 80 10 ' 150 200 000 50 100 150 200
w(MeV) (Dl"'CV)

Gueye et al., PRC60, 044308 (1999)

Distorted Wave Born Approximation calculations are possible — but difficult to apply to
experimental cross sections

—Instead use Effective Momentum Approximation (EMA) tuned to agree with DWBA
calculations

EMA: E,>E +V, E/>E/-V, with ‘focusing factor’ F2=(1-V,/E)
Vo 2 (4/5)Vo, Vop=3a(Z-1)/2R v = 10 MeV for Cu, 20 MeV for Au

[Aste et al, Eur.Phys.J.A26:167-178,2005, Europhys.Lett.67:753-759,2004]
..geff;gon Lab
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E03103: EMC Effect in Gold

1.2 l I I I T I I
o SLAC E139 (Au)
oo, for Gold e JLab E03-103 (Au) +
A=197 Z=79 L1~ .
0 — 5 -
SLAC E-139 o ! Py ¥ +
E,~825GeV o< 4 + :
E, ~4-8 GeV 09+ { Au Norm. (2.0%)+ ] + + n
_ s
| BURAL FRNFTENNE
JLab E03-103 0.8 SLAC Norm. (2.5%) * + + N
E.~ 6 GeV | | | | f# ¢ 1
E,S ~1-2 GeV 02 03 04 05 0.6 0.7 0.8 09 1
X

No Coulomb Corrections applied
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E03103: EMC Effect in Gold

1.2 T l T I T I l

_ o SLAC E139 (Au)
o,lop for Gold ® JLabH03-103 (Aw) +
A=197 Z=79 L1

3 i t + +

SLAC E-139 o ! ‘? 7 ++++ +
E,~825GeV o< ++ g 0
E, ~4-8 GeV 09+ * Au Norm. (2.0%) ¢ ° o +

i +§¢+++
JLab E03-103 08— } SLAC Norm. (2.5%)
E.~6 GeV 1 | 1 | 1 | 1
E. ~1-2 GeV 02 03 04 05 06 07 08 09

X

with Coulomb Corrections (both data sets)
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RA-RD

E03103 shows good agreement with E139 data for smaller A
- agreement not as good for heavier targets. Why?

do  4a*(E')

v, 2 v,
F,(v,0*)cos* — + — F.(v,0%)sin* —
[2( Q) > v (v,07) 5

dQdE'  Q'v
£y (x) = E elxq,(x) < Quark distribution functions
do r ) , | o
JOdE' (0,(v.0) +20,(v.0")]  F,a0r F,linear combination of o;and o,

Measurements of EMC effect often assume 0,0, = F,A/F,P
- this is true if R=0; o7 is the same for Aand D

E139 data mostly at large ¢ — JLab data at small ¢ = if RA # RD, this
might explain the difference

- Motivated us to re-examine earlier experiments that measured
nuclear dependence of R

.geffe20n Lab



SLAC E140: R,-R,

o E140 measured ¢ dependence of
z< 02 | + cross section ratios o,/op, for
J? >|ql x=0.2, 0.35, 0.5
0 # L Q2=1.0, 1.5, 2.5, 5.0 GeV?2
# Au Fe26 Fe6D G Iron and Gold targets

+ O A L 1.0

-0.2 O 15
S R,— Rp consistent with zero within
0 01 02 03 04 05 06 0.7 08 09 1 errors

No Coulomb corrections were applied

[E140 Phys. Rev. D 49 5641 (1993)]

Large ¢ data: E_, ~ 6-15GeV E_ ' ~ 3.6-8 GeV
Low ¢ data: E_~3.7-10 GeV E_. ~ 1-2.6 GeV

.geffggon Lab 49



R,-Rp: E140 Re-analysis

Re-analyzed E140 data using
Effective Momentum Approximation
for published “Born”-level cross
sections

—> Total consistency requires
application to radiative corrections
model as well

Including Coulomb Corrections
yields result 1.5 o from zero when
averaged over x

.geff;lZon Lab

o
o

<
o

vo01 |

: R,-Rp = -2E-4 +/- 0.02

Dasu et aI

0 0.1 02 03 0.4 05 0.6 0.7 0.8 0.9

1

R,-Rp = -0.03 +/- 0.02

Dasu et aI wnth cC

0 0.1 0.2 03 0.4 05 0.6 0.7 0.8 0.9

1
X
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R,-R, at x=0.5

. 1.05
Interesting result from E140 re- QD
analysis motivated more 3

detailed study 1

2> x=0.5, Q?=5 GeV?

0.95
- Include E139 Fe data

- Include JLab data

Cu, Q?=4-4.4 GeV? 0.9

Normalization uncertainties
between experiments treated
as extra point-to-point errors

0.85

No Coulomb Corrections -
combined analysis still yields

.geffégon Lab

R,-Rp = -0.035 +/- 0.042

A E140 Fe Q%=5
v E139 Fe Q’=5
e Hall C Cu Q%*=4-4.4

| | | | | | | | |

0 01 02 03 04 05 06 0.7 08 09 1
8/=€/(1+8RD)

No Coulomb Corrections

91



R,-R, at x=0.5

1.05
Interesting result from E140 re- \bo
analysis motivated more 3
detailed study 1

2> x=0.5, Q?=5 GeV?

0.95
- Include E139 Fe data

- Include JLab data

Cu, Q?=4-4.4 GeV? 0.9

Normalization uncertainties
between experiments treated
as extra point-to-point errors

0.85

Ro-R, = -0.084 +/- 0.040

A E140 Fe Q’=5
v E139 Fe Q’=5
e Hall C Cu Q%*=4-4.4

| | | | | | | | |

0O 01 0.2 03 04 05 06 0.7 08 0.9

1

e'=e/(1+eRp)

with Coulomb Corrections

Application of Coulomb Corrections 2> R,-Rp 2 ¢ from zero

.geffégon Lab
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JLab Hall C E02-109/E04-001/E06-009

QO (GeV)

= EZ 4oL & s EZ30%6 ke 2 ' C
O E =327 GeV A E=2097 GeV Ebeam = 3.116,0= 45.0,Q"=1.18-3.15 e
N A [} A
E%AAQ;tzfi". - Fe
% % NEEY By ’ n A D SRR - SRR
QA n 0 A’ ﬁ =
2 4 5 Al s A @
i A U ‘ Q ! é T
§ A AR Q é i
A g A O Q ‘ o
A A ] a4 a B @ i © L. fW . nReds | o JSREETTN
f21gj TELITI < [ g
g Ag "y % ©
R ITEY T I '
FErP Yy ,:\dd't' s fog 2007 Nuclear target ratios
U H 5
ol N | OO D i >300 LT separations for
energies from 2005 { R,-R.- for Q2>1.5 GeV?2
| notshown L 1A D .
0.5 1 1.5 2.5 3 3.5 4 4.5 w2 Gev2

- Precision extraction of separated structure functions on D, Al, C, Fe/Cu

—> Search for nuclear effects in F|, R

- Neutron and p-n moment extractions (compare to lattice calculations)
- Allow study of quark-hadron duality for neutron, nuclei separated structure

functions

F, F,, R on Deuterium and heavier targets
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World Data on R,/R,,

6
mo T A HERMES(Kr/D)
~x 5| 0.01<xk0.03 o HemmESCHeD)
oc €5 NMC(C/D)

4 A NMC(*He/D)
¢ NMC(Sn/D)
3| % NMC(Ca/D)
| SLAC(C/D)
SLAC(Fe/D)
2 - }{ i l SLAC(Au/D)
S
T L
0 L | | Lo
2 |
Lo B g
0 0.03<x<006 -+ "= - L
[ % §7
1
006<x<015 11 4y g
’ ]
[ =4t T
0 0.15<x<0.8 T
1 10
Q? (GeV/c)?
.geff;Zon Lab

SLAC E140: PRD 49, 5641 (1994)
R,-Ry for Fe, Au

Only true Rosenbluth separated
data

NMC:

Phys. Lett. B 294, 120 (1992)
RCa'RC

Nucl. Phys. B 481, 23 (1996)
RSn'RC

Multiple beam energies, R,-R;
extracted using Q? dep. fit at fixed x

HERMES:

Phys Lett. B 567, 339 (2003)

R, /Ry for Kr, N, *He

Fit € dependence at fixed x for
single beam energy (changing Q?)
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0.5

RC

0.4

RSn_

0.3

0.2

0.1

-0.1

02l

Other Hints of non-zero R,-R,,

NMC results for R&-Rgsvstematicallv larger than zero

[ Nmc: RS™-RC
- NMC: R®%-RC
[ SLAC: RM-RFe
- sLAC: RFe-RP
[ R°"RC=0.04

| Rg, — Rc = 0.040 +/- 0.026 (stat) +/- 0.020 (sys)

—>Averaged over x=0.0125 - 0.45
2><Q?> =10 GeV?

What are the consequences for A/D
ratios for F, and F, if this is true?

V. Guzey et al, PRC 86 045201 (2012)

0.01

.geffggon Lab
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Consequences of R,-R, >0

®
2 v BCDMS o7/ cP
= 12 Fe,=D .
e | ot F, /F2 assuming AR/R=30%
Q115} ------- F?/FD assuming AR/R=30%
< i1 F1"/F1 assuming AR=0.04
1.05F iifii
3 G T
0.95F -
0.9
0.85, 1 1 - 1 1 1
3 3 Ca/ D
a
-g 1.2 NCI:VIC oadrle;
e | F,"/F2 assuming AR/R=30%
S A5 Ff"/F:J assuming AR/R=30%
1.1 Ffa/F'1J assuming AR=0.04
0.85 ] 1 ] ] 1
0 0.1 0.2 0.3 04 0.5

T

F, ratio purely transverse

E(RA — RD)
1+ eRp

Anti-shadowing disappears for F, ratio,
remains for F,

Anti-shadowing from longitudinal photons?

More discussion in Thia Keppel’s talk next week

V. Guzey et al, PRC 86 045201 (2012)

.geff;gon Lab
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A Dependence of Anti-quark

N (target)

 Drell-Yan process sensitive
to anti-quark distributions in

the target

e E772 measured no A

dependence over limited x
range, with limited precision
» E906 will measure up to x=0.4

.geff;lZon Lab

Distributions
1.3 T T I 1 I
o | o J Ca/?H i
1 F } — —
L0 85 { a5 . b
: 3 ) g ¢ f { |
S 09 | — —
=
Y 08 — —
% | ; | ; | ; |
># | I I P | I I
ﬂ Fe/*H / ¢ — E772 W/*H
= =T L7 1T —EMCSn/2H (OIS) T |
< - -7 T
QLT T —+ o
. J_ 1 l
| 5@ 1 @% % | l
0.9 + _ e —
| ——- Pion Excess 1 %
0.8 L Quark Cluster | % B
—— Rescaling 1
0.7 | | | | |
0.0 0.1 0.2 0.1 0.2 0.3
Xy

D.M. Alde et al., PRL64: 2479 (1990)



A Dependence of Anti-quark

Distributions
1.25
s - B E772 Drell-Yan —_— %/Iiller basgtgj on
2 I~ @ E906 Drell-Yan SLECT and Loestcl
N (target) - ’ —— Jung and Miller
1.15 —— Brown et al.
- = Dieperink and
11 - Korpa (range)

* Drell-Yan process sensitive 095 T
to anti-quark distributions in 0.9
the target 085 |

«E772 measured no A
dependence over limited x
range, with limited precision

» E906 will measure up to x=0.4 E906 underway ...

0.8
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Nuclear Dependence of R

 Conventional wisdom was that there was little or no difference
between R in heavy nuclei and free nucleon

« Recent JLab data suggests R,-R; < 0 at large x
— Alternatively, Coulomb Corrections are not under control
— Better calculations and/or experimental tests needed

« Re-examination of high energy NMC data suggests R,-R,>0
— How can this be consistent with JLab + SLAC data?
— Q? dependent? Problems with either data set?

 More data is needed — a systematic study over
large range of Q2 and x
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Summary

 The EMC effect has been with us for 30 years and
motivated intense experimental (and theoretical) study
* Amazingly, it seems there is still much to learn
— What is the link between SRCs and the EMC effect?
— Does the EMC effect depend on quark flavor?
— Does o,/0, = F,A/F.P for all x and Q2
* Many of these questions will be addressed at JLab
after the 12 GeV upgrade
* |ssues | did not discuss
— Polarized EMC effect
— Low x measurements - EIC

— Several other processes that aim to quantify the
modification of nucleons in the nucleus
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