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Outline

+»» Introduction to the nucleon structure function and the EMC effect

«» JLab E03-103 close to final results:
» Q?-dependence study with Carbon
» Light nuclei
» Heavy nuclei and Coulomb distortion

“» Global analysis
»Coulomb distortion
»Study of the A- and p-dependence
» New extrapolation to nuclear matter

“* Summary and outlook




The structure of the nucleon

Deep inelastic scattering =» probe the constituents of the nucleon: the quarks and the gluons
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The structure of the nucleon

Deep inelastic scattering =» probe the constituents of the nucleon: the quarks and the gluons
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Structure functions in the parton model

In the infinite-momentum frame, at high Q2:

» no time for interactions between partons

» Partons are point-like non-interacting particles: oy qeon = Zi O;
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The quest for higher precision data

e-

—_

(E' k")

To increase the luminosity, physicists
decided to use heavy nuclei to study
the structure of the proton instead of
a hydrogen target.




Discovery of the EMC effect

Nucleus at rest
(A nucleons = Z protons + N neutrons)

Theoretical prediction:

=
Z
A s
= ZFZP + (A - Z)FZ” N
after corrections due to the motion of the <

nucleons 1n the nucleus (slowly moving
nucleons weakly bound) 08




Discovery of the EMC effect

Nucleus at rest
(A nucleons = Z protons + N neutrons)

Nuclear structure:

F)' = ZF! + NF,

Aubert et al., PLB123, 275 (1983)
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EMC effect confirmed

Nucleus at rest i * ,'

(A nucleons = Z protons + N neutrons) sl ﬁﬁ + % T E
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Existing EMC Data
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Nucleon only model

Assumptions on the nucleon structure function:
— not modified in medium

- Smith & Miller,
the same on and Off the energy Shell PRC 65, 01521t:] anlt\j/l (|)|g5206 (2002)
Smith Miller ‘02
FA (x,) “ N _ “
s [y [y OF G ly)
XA 1 |
R
Fermi momentum <<M 09 |

nucleon

08

2> f,(y) isnarrowly peaked and y = |

A /U Oj2 O,l4 0;6 OiS
b ~F' = noEMC effect X

A

“ .. some effect not contained within the conventional framework is
responsible for the EMC effect.”  smith & Willer, PRC 65, 015211 (2002)




Nucleons and pions model

Pion cloud is enhanced and pions carry an access of plus momentum:
+ + +
P " =P+P =M,

and using P /M, =0.04 is enough to reproduce the EMC effect

But excess of nuclear pions = enhancement of the nuclear sea

Fig from P. Reimer, Eur.Phys. J A31, 593 (2007)
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Another class of models

Cloet, Bentz, and Thomas, PLB 642, 210 (2006)

1.2 ¢ ey , S
<> Interaction between nucleons 2T A j.‘ :
1.1 - + 4
. B y __.---QY._’_‘*J.?.’ | /
Model assumption: i R U i t/
- T e T/
nucleon wavefunction is changed by the o e, it
=08 | ; . J
strong external fields created by the other y ﬁ"“”’:::' o :C’ .
N RRELTELTE npolariz VC eflact
nucleons o | Polatized EMC effect: R0, O =5 GaV2 |
Smith & Miller, PRL 91, 212301 (2003) 06 | Polatized EMC eflect: R7%7  ° |
| 0 0.2 04 08 08 1
' . I
X |
Ly i
: ~_ 3, ‘ g1/ Model requirements:
‘ e . 3 .
V33, *  Momentum sum rule
_ | . * Baryon number conservation
04 0.8 o4 . . .
‘ *  Vanishing of the structure function
e | . at x<0 and x>A
.} — 2 o o 5 e . 4 .
| *  Should describe the DIS and DY data
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More data needed

JLab E03-103 will improve with

¢ Higher precision data for “He
¢ Addition of He data
* Precision data at large x for light and heavy nuclei

= Lowering Q? to reach high x region




JLab and HallC
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JLab Experiment E03-103

Spokespersons: D. Gaskell and J. Arrington

Post-doc: P. Solvignon
Graduate students: J. Seely and A. Daniel

s . o~ L BN L BN BN AL A BN I
A(e,e’) at 5.0 and 5.8 GeV in Hall C 5 0 E03103/E02019 N Ly
3 §Es
= « E_=5. &) S 9
+ Targets: % o=0-17 GeV ¥ N
H, 2H, *He, *He 8 rEmG g F 7
Be, C, Al, ]
Cu, Au
4
+ 10 angles to measure
Q’-dependence 2




E03-103: Carbon EMC ratio and Q?-dependence

n 1.2
% - A Q§=2.32 f T
-0 Q°=2.69
) | Q§=3.03
- % Q“=3.33
1.1 ¢ Q°=3.68 +

/ v Q°=4.06
at x=0.6 ! + ; i

1 ot bt

0.9 = Q@°=5.33
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Small angle, low Q? =¥ clear scaling violations for x>0.6-0.7




E03-103: Carbon EMC ratio and Q?-dependence

a 1.2
B - Q%=3.03
~ - % Q°=3.33 '1'
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v creans WH;*HH;H oo™

At larger angles =» indication of scaling to very large x




More detailed look at scaling

C/D ratios at fixed x are Q?

independent for: o 1.6
e | ———  W2>2 Ge\?
W?>2 GeV? o , 48 4ot x=085
and i ‘ L
D -
14 S
0?>3 GeV? 2 | 1"
o § W24 GeV?

- ’ "'0 ""O
. : @ x=0 A
‘ .." foet 08 ¢ ’7
1.2

limits EO3-103 coverage
to x=0.85

o L ',
S AT e 9% e Eos-103
[4 SLAC e139
'4 ¢ O
Note: Ratios at larger x will be . : : Q lx:O.fl T R
shown, but could have small 2 4 6 8 10

HT, scaling violation Q? (GeVz)




E03-103: Carbon EMC ratio and Q?-dependence

a 1.2
B - Q%=3.03
~ - % Q%=3.33 '1'
) - 0 Q%=3.68
- v Q%=4.06

1.1 4 Q%=4.50

Used the combined

two highest Q2 in 4 _ _________ ' ** i+¥# .............

the rest of this talk
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At larger angles =» indication of scaling to very large x




E03-103: Carbon EMC ratio

® W2>4.0 GeV?
O W2>2.0 GeV?
Jf ¥ 1.2<W2<2.0 GeV?2

o 1.2
b -
NS { E03103 Norm. (1.6%)
b L

11 5 SLAC Norm. (1.2%)

| SLAC fit A=12
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E03-103: “He EMC ratio

JLab results consistent with 1% o GLACEIHe K
n € ]
SLACEI39 o ® JLab E03-103 ‘He ¢
—>Improved statistics and 1.1 n
systematic errors i ¢ i
’.S | %1§¢ ................................................................................. L S .
2, ﬁ% 1 PR toe, ' |
\9 4 ¢ XX/ ¢ é A %
0.9 - % He Norm. (1.5%) o
i _ -\(\a(\i i
osl % SLAC Norm. (2.4%) 9(6\\«\ )
| | | | | | |
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E03-103: “He EMC ratio

JLab results consistent with 12 - SL'AC E13'9 - | K
SLACEL39 o i ® JLabE03-103 *He ¢ I
—>Improved statistics and 1.1 Cloet et al [ -
systematic errors I ~~ Smirnov etal TR

2 /

o~ /

T, EQ 1 %*\éfff_ﬁ_*\t* ............................................................ §/// ............ -
reasonable job describing < T \34“*‘ Y o4, é_ ~ _%}/ 4 i
the data, but very few real = 091 t *He Norm. (1.5%) ¢ n
few-body calculations i ‘ «\-\(\a‘\l ]
(most neglect structure, 0.8 % SLAC Norm. (2.4%) ?(e\\ a
scale NM) | | | | | | |
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Isoscalar correction

A 4 )
r O3 /A| (prm))2
e 6P (Zp+Nn)/Aj

Isoscalar correction

1 T T T T T |

— NMC
—-— SLAC
—— JLab (preliminary)

0.8 —




Isoscalar correction P —
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E03-103: 3He EMC ratio

n 1.2 :
S +
w { E03103 Norm. (1.84%) +
ol |1 X HERMES Norm. (0.9%) |
Large proton excess L +
— ! ppagtterfosied |

correction W +

1 A*#ﬁ ------------------------------------- e
AACTEACTTET PRSP
Isoscalar correction P64 b0
done using ratio of 0.9 - o 2
bound neutron to
bound proton at - | | | | | | | |
E03-103 kinematics 01 02 03 04 05 06 0.7 08 09 1




Coulomb distortions on heavy nuclei

Initial (scattered) electrons are accelerated (decelerated) in Coulomb field of
nucleus with Z protons

— Not accounted for in typical radiative corrections
— Usually, not a large effect at high energy machines

— Important for E’<<E (e.g. large 0, x)

o
E03-103 uses modified Effective Momentum D‘E
Approximation (EMA) sk _

Aste and Trautmann, Eur, Phys. J. A26, 167-178(2005)

E > E+A L1
E' > E+A
1.05 i
A ~ “boost in the Coulomb field”
calibrated against lower E
quasi-elastic cross sections




E03-013 heavy target results

Before coulomb corrections

® JLab E03-103 (50

1.2 I I [ | [

] = JLab E03-103 (40°) 1

1.1 |
[ |

0.9 —

osl WHH;

(O,/Op)s
ik
|
-
— o
—
P
® :
|




E03-013 heavy target results

After coulomb corrections

. ++ ;e H _-
%f o ? ++H ______________________________________________________________________________ ,,




E03-103: EMC effect in heavy nuclei

E03-103 data corrected for coulomb distortion

o 1N
o -
B v Au -

I E TP R
\D<E - iii##);#i*‘ti +i$§ i
T 09k . Hi?i** 1y i
! we\'\‘“‘“a Py i ! ! ; |

0.8 _

l l l l l l l

02 03 04 05 06 0.7 08 09 1

Scale errors: 1.6-2%




A or density dependence ?

1.1

Figs from J. Gomez, PRC49, 4348 (1994))

T T T TTTI

- (a)

ULLRAR] I

x=022 -

L L aaauul o caauad |

L ranund 1

Lt ool

1 10

100

Nuciear Weight A

1.1

(a)

<

0.05 0.10
Nuciear Density

0.15

Density calculated assuming a uniform
sphere of radius: R, (r=3A/4pR )




1.2
A or density dependence ? ! - gile i* |
[ C $
1.1 ~
Magnitude of the EMC effectfor C * .
and 4He very Simﬂar, and - w,##* ............................................................................. : ..................... ]
4 12 2 "iey b H
p(*He) ~p(*C) 851, ¢ 1
T 0.9 4 “He Nom. (1.5%) : i ; 3 ' -
EMC effect: p-dependent _ \‘«\\(\a‘\l _
(A-dep. = factor of 2) ol 1 CNom. (6% pret |
I I I I I I I
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1.2
A or density dependence ? ! B ‘l‘gIe iI
[ C $
11+ -
Magnitude of the EMC effect for C | 'I
and 4He very Simﬂar, and - ﬁ,¢$¢ ............................................................................. : ..................... ]
4 12 2 "iey b H
p(*He) ~ p(’C) ATTTRPONNY
T 09 ¥ *He Nom. (1.5%) ! i o —
EMC effect: p—-dependent _ ‘\«(\(\a(\l _
(A-dep. = factor of 2) 0gl 1 CNom. (1.6%) Pe i
I I I I I I I
1.2
_ I I I N 9Ble I I #
11+ T I -
Magnitude of the EMC effect for C '
and “Be very similar, but L ¥ ; ;
o 1 OQ AURRRRTRT S A ¥ t#* ............................................................ i ........................ —
p(*Be) << p(?C) =, by
o $h34 iI
T 09 I "Be Norm. (2.0%) e ‘ $ I -
EMC effect: A-dependent ! ‘«\'\“?’I\I |
(p-dep. =>» factor of 2) ol 1 °CNom. (1.6%) peV |
I I I I I I I
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A or density dependence ? 12y

1.1

Fit of the EMC ratio for 0.3<x<0.7 \Qﬁ 1
and look at A-dependence of the slope &,
0.8 - -
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A or density dependence ? 12y

1.1

1

Fit of the EMC ratio for 0.3<x<0.7
and look at A-dependence of the slope

(0,/0p);

0.9

0.8 — _

02 03 04 05 06 07 08 09 1

X
i - . . i
I - SLAC A-dep. parametrization .
S
S o8¢} . > E03-103
g 06 4
: x
> 0.4 | $ .
v 0.2 F .
8.. .
f— OO * | R | ] |
Q 0 2 4 6 8 10 12




A or density dependence ? 12y

Fit of the EMC ratio for 0.3<x<0.7 \Qﬁ 1
and look at A-dependence of the slope &,
0.8 - -

02 03 04 05 06 07 08 09 1

X
H 12 e s
I - SLAC A-dep. parametrization :
< 1.0 \ i { ]
S o8} ¢! ™ E03-103
& 06 F 0 5
5 : :
= 0.4 F i 9
e 0=t SLAC p-dependence fit -
O -
— 0.0 * | T . | |
2 0 2 4 6 8 10 12




A or density dependence ? 12 s o i
‘Be ~ 2a-cluster+n

v

<p>small

but

plocal(gBﬁ) - p (4 H e)

=>» hint of local density dependence

=>» overlap with nearest neighbors ?




World data re-analysis

Experiments E (GeV) A X-range Pub. 1st author
CERN-EMC 280 56 0.050-0.650 Aubert
12,63,119 0.031-0.443 Ashman
CERN-BCDMS 280 15 0.20-0.70 Bari
56 0.07-0.65 Benvenuti
CERN-NMC 200 4,12,40 0.0035-0.65 Amaudruz
200 6,12 0.00014-0.65 Arneodo
SLAC-E61 4-20 9,27,65,197 0.014-0.228 Stein
SLAC-E87 4-20 56 0.075-0.813 Bodek
SLAC-E49 4-20 27 0.25-0.90 Bodek
SLAC-E139 8-24 4,9,12,27,40,56,108,197 0.089-0.8 Gomez
SLAC-E140 3.7-20 56,197 0.2-0.5 Dasu
DESY-HERMES 27.5 3,14,84 0.013-0.35 Airapetian




Extrapolation to nuclear matter

0 0.2 0.4 0.6 0.8 0 0.05 0.1 0.15
A 0*(A-1)/A

» Improved density calculation (calculated with density distributions from R. Wiringa
and S. Pieper )




Extrapolation to nuclear matter

After coulomb corrections

x=0.6
2
>
<,
2
0.9
0.8 - N
| | | | | | | | | | | | | | | _ | | | | | | | | | | | | | | | |
0 0.2 0.4 0.6 0.8 0 0.05 0.1 0.15
A 0*(A-1)/A

» Improved density calculation (calculated with density distributions from R. Wiringa

and S. Pieper )
» Apply coulomb distortion correction




Extrapolation to nuclear matter

After coulomb corrections

x=0.6
2]
p—
D-c
\< 1—% """""""""""""""""
3 L

0 0.2 0.4 0.6 0.8 0 0.05 0.1 0.15

A 0*(A-1)/A

» Improved density calculation (calculated with density distributions from R. Wiringa
and S. Pieper ).

» Apply coulomb distortion correction.

> In progress: n/p at large Q2 and low x, and large x and large Q%>  Note: n/p correction is
» Target mass correction to be looked at. also A-dependent !

AAAAAAAAAAAAAAAAAA -




EMC effect in nuclear matter

From A-"3dependence From p-dependence
: O Sick & Day, PLB274 (1992) | : O Sick & Day, PLB274 (1992) |
i ! ® All world data ! | i ! ® All world data ! |
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e ISR | -

(GA/OD) is
[S—
!
HEIH
@
@
HOHH
I
(GA/OD) is
[S—
!
i

®
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EMC effect in nuclear matter

From A3 dependence From p-dependence
| O Sick & Day, PLB274 (1992) | | O Sick & Day, PLB274 (1992) |
L | ® Allworld data (cc) | | i | ® All world data (cc) ! |
1.2+ mi — 1.2+ | —
1.1 — 1.1 _
R | [ @ i |
8

(GA/GD) is
p—
!
-
-

i
(0,/0p)s
p—

!

L

0.9 —; : % ~ 0.9 3 %

i ' e ] i ]
0.8 ? s — 0.8 $ ¢ 5ed -
0.7 I | I | I | I | I 0.7 I | I | I | I | I

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1




1.2

1.1

(0,/0p);

0.9

0.8

0.7

EMC effect in nuclear matter

From A-3 dependence

O Sick & Day, PLB274 (1992)

® All world data (cc)
A including E03-103 prel. (cc)

1.2

1.1

(0,/0p);

0.9

0.8

0.7

From p-dependence

O Sick & Day, PLB274 (1992)

T
® All world data (cc)

A including E03-103 prel. (cc)




EMC effect in nuclear matter

From A-3 dependence

Sick & Day, PLB274 (1992)
® All world data (cc) i
A !

including E03-103 prel. (cc)
12 |- Cloet et al, PLB642, 210 (2006)
Smith & Miller, PRLI1, 212301 (2003) i
1

(0,/0p);

A
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From p-dependence

Sick & Day, PLB274 (1992)

1.2

(0,/0p);

T
! ® All world data (cc)
A including E03-103 prel. (cc)
----- Cloet et al, PLB642, 210 (2006)

—— Smith & Miller, PRL91, 212301 (2003)




Summary

<+ JLab E03-103 provides:
= Precision nuclear structure ratios for light nuclei
= Access to large x EMC region for *He — °7Au

** Preliminary observations:
= Scaling of the structure function ratios for W<2GeV down to low Q?
= First measurement of the EMC effect in He: very sensitive to isoscalar
correction
= Similar large x shape of the structure function ratios for A>3

* In progress:
= Coulomb correction systematics
" Nuclear density calculations
= Smeared n/p at correct kinematics and for each nucleus
= Target mass correction




Outlook

“* New JLab data (light nuclei and high x precision) indicate:
v’ the need to go beyond the simple A- or p-based fits
v the importance of detailed calculations with real n/p input

<+ Updated/new extrapolation to the EMC effect in nuclear matter

«* Important to understand EMC effect for neutrinos experiments.

Cloet, Bentz, and Thomas, PLB 642, 210 (2006)
+t» Future related measurements: ’

= SH and *He (n/p in nuclei) at N i )
Jlab 12 GeV I T

= JLab BONUS (6 and 12 GeV) Hoo | — ¥
—> free n/p % S——

* First measurement of the polarized o7 R
EMC effect first test Paiariz efect




Back-ups




Density calculations

Calculation from R. Wiringa & S. Pieper

0.2
3He
('?A
g 0.1 ——  p-density (Wiringa)
a : —— n-density (Wiringa)
0 I ]
0 1 2 3 4
0.2
4He
< I
E 0.1 ——  p(n)-density (Wiringa)
E - ----  p-density (Pieper)
0 I l |
0 1 2 3 4
0.1
9Be
('?A
é 0.05 ——  p-density (Wiringa)
E —— n-density (Wiringa)
0 I l
0 2 4 6

A
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Calculation from S. Pieper

4
0.14 o fle
— C
I 160
0.12 — Al
7 40Ca
56
0.1 e
- " Ni
- Vzp
"’; 0.08 |/ --- M0p,
S sn
< TR PP oo s e e e - Mgm
0.06 [ ~-z==%= \ \1\\\ AN 154g
/ 181Ta
0.04| / — pt
- 208Pb
0.02
0 Soi -

Average density:

r (fm)

~ fpi’pd3r
- fpn,pd3r

(Pnp)

finite
proton 3
size r
correction S . < >
) )|
r eff




E03-103: QE subtraction effect

1.1+ # — 1.1 @ —
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A QE subtracted A QE subtracted
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Quark-hadron duality

First observed by Bloom and Gilman
in the 1970's on F,:

Scaling curve seen at high Q? is an
accurate average over the
resonance region at lower Q?

fa
Argonne

NATIONAL LABORATORY

I. Niculescu et al., PRL85:1182 (2000)
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Quark-hadron duality

First observed by Bloom and Gilman
in the 1970's on F,:

Scaling curve seen at high Q? is an
accurate average over the
resonance region at lower Q?

In nuclei, the averaging is
in part done by the Fermi
motion.

J. Arrington, et al., PRC73:035205 (2006)
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Scaling of the nuclear structure functions
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E . 26.0 F.(x,Q?) consistent with
10° = 29.0 . o
. 320 QCD evolution in Q2 for
10° - § o low x values (x<0.5)
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“ot . Huge scaling violations at
0ok AL . large x (especially for
10'7; Hf{ X>1)
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F2(t,Q?) consistent with QCD 10"
evolution in Q2 to much
larger E values

Scaling violations are mostly

the "target-mass” 10*
corrections (plus a clear
contribution from the QE peak)

- Nearly independent of A
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E03-103: Experimental detalils

Main improvement over SLAC due to improved “He targets:
Source of uncertainty SLAC E139 JLab E03-103

Statistics 1.0-1.2% 0.5-0.7% * - size of correction is
*Density fluctuations 1.4% 0.4% 8% at 4 uAvs.
Absolute density 2.1% 1.0% 4% at 80 uA
(1.5% for 3He)
Main drawback is lower beam energy: o T
1
Requires larger scattering 09 1 . Ratioof e+toe- | EE?‘
angle to reach same Q? 08F 1 production * €003
- Larger = contamination 0.7E- ¢~ —Au
- Large charge-symmetric g 0SE i,
background e U s
> Larger Coulomb distortion ~ ® ™E - 3
corrections OE by,
0.2 m.““‘...“ e 51;:::;:;;:::_257
A s
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