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Outline

* Overview of the EMC Effect
— Models
— Pre-JLab data/observations
* Recent experimental results
— Local density dependence, connection to Short Range Correlations
— Additional information from more inclusive measurements?
« Connection to R4-Rp
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The EMC Effect — F, in the Nucleus

S Discovery of the modification of Fy(x) in 1983 demonstrated that quark
distributions are modified in the nucleus

13+ - —> This suggests some new, unexplained dynamics at play in nuclear
environment
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Origins of the EMC Effect

* Not just “nuclear physics” — explanations that include Fermi
motion/convolution formalism, binding inadequate on their own

— Would require the introduction of some off-shell effect (unknown origin)

— Large effects from "nuclear pions” ruled out by Drell-Yan measurements
« QOther explanations

— Dynamical rescaling F'(x,0")=F," (x,£,(Q%)-07)

— Multiquark clusters = 6, 9, 12 .. quark configurations

— Quark-meson coupling coupling

— Connection to SRCs? - Nucleon virtuality (see off-shell effects above), or
signature of local-density effects?
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Measurements = (GeV)

D,*He, Be, C, Ca, Fe, Ag, Au

of the EMC
Effect
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Properties of the EMC Effect
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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

Nuclear dependence one
(best?) way to explore
origins, test models



SLAC E139 explored detailed nuclear
dependence to gain new insight to

EMC Effect

Provided the most extensive and
precise data set for x>0.2

Measured c,/cp for A=4 to 197

- 4He, °Be, C, ?7Al, 4°Ca, %6Fe, 108Ag,

and 197Au

- Verified that the x dependence was
roughly constant
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Nuclear Dependence of EMC Effect
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Nuclear Dependence of EMC Effect

SLAC E139 explored detailed nuclear
dependence to gain new insight to
EMC Effect

Provided the most extensive and
precise data set for x>0.2

Measured c,/cp for A=4 to 197

- “He, °Be, C, 27Al, 4°Ca, °°Fe, 198Ag,
and "°7Au

- Verified that the x dependence was
roughly constant
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EMC Effect and Local Nuclear Density

JLab E03103 goal: J. Seely, et al., PRL103, 202301 (2009)
More information on nuclear 0.35 CTTTTTTTT T T T T T T
dependence - emphasis on light 0.30 T .
nuclei: 025 P
3He, “He, Be, C g ' ]
\00.20 E ‘e E
- New definition of size of EMC effect: =0.15 1
|dR/dx| for 0.35<x<0.7 = :
= 0.10 ]
- 3He, “He, C, EMC effect scales well 0.05 } ‘He ;
with density — Be does not! 000 Bt v v v vt v v
0.00 0.02 0.04 0.06 0.08 0.10
Scaled Nuclear Density [fm™]

Scaled nuclear density = (A-1)/A <p>
- remove contribution from struck nucleon <p> from ab initio feW_body calculations

- [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

°Be 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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Can this “local density” picture be
confirmed with other/additional nuclei?
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EMC Effect and Local Nuclear Density

New data on °B and "B - Hall C, 2018
taken as part of SHMS "commissioning
experiments” group

EMC Effect for 1°B and "B similar to °Be
and 12C

- 10B and "B structure also has
significant a cluster contribution

Ratio of °Be, 1B, "B relative to 12C
provides more precise A-dependence for
A=9-12

- Small difference between °Be and '°C
now more apparent
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EMC Effect and Local Nuclear Density

Can we try to quantify “local nuclear
density” more precisely?

OnN = /OO W (r)ps & (r)d’r
O/ \

Cutoff function 2N distribution

Effective 2N -overlap
Zop,0p + NopOp,
(On) =
Zo,+ Noy,

Relative to deuterium: <ON>A — <ON>D
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Local Density - Short Range Correlations

What drives high “local” density in the nucleus?
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Tensor interaction and short-range repulsive core lead to high
momentum tail in nuclear wave function - correlated nucleons
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Accessing Short Range Correlations

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
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- At x>1, we can access

higher momentum 0 S —— :
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components, if we go to

large enough Q?
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Figure courtesy N. Fomin, after Frankfurt, Sargsian,
. and Strikman, Int.J.Mod.Phys. A23 (2008) 2991-3055
.geffezgon Lab 14



Measuring Short Range Correlations

To measure the (relative) probability of finding a correlated pair, ratios of heavy to light nuclei are taken at x>1
- 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
5
4.5
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EMC Effect and Correlated Nucleons

“He 2-body density High momentum nucleons from SRCs emerge
g~ 0BT T T 7 from tensor part of NN interaction — np pairs
gzoozs np/4 dominate
QZ . .../

0.02 —> Probability to find 2 nucleons “close” together
0015 ',. nearly the same for np, nn, pp
el S e PP Forr,, < 1.7 fm:
0.005 . '-..
06”‘ 05 1 15 2 25 3 .-:;.'.5-(;-;1 Ppp — Pnn ~ O8Pnp
r(fm

If EMC effect due to high virtuality, EMC effect driven by contributions from np-pairs

- If EMC effect from local density, np/pp/nn pairs all contribute (roughly) equally
.geffgon Lab 16



Nuclear Dependence of EMC and SRCs

Arrington et al, PRC 86, 065204 (2012)

0.5."'I""I""I"" T
; H2V: No Constraint
04 [ Xv= 091 SN
- m= 0.1040 +/- 0.0125
b= -0.0587 +/- 0.0375
0.3

0.1 ]
High virtuality
-0.1 : A N .-
-1 0 1 2 3 4

5

a, ~ number of high momentum nucleons

dRgyc/dX]

©
—h

0.1 L

0.5 -' T T T T T T T T T T
- LD: No Constraint

[ 2= 0.68

r m= 0.0537 +/- 0.0070
b= -0.0168 +/- 0.0346

©
~

o
w

R,y ~ number of nucleons “close” together

o
N

o

‘Het

Localdensﬂyg

0 2 4
RZNNmmMN

6 8

iso'1

Detailed study of nuclear dependence of EMC effect and SRCs does not favor either picture
Can we distinguish between these two pictures?
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Describing the EMC Effect with SRCs

One can model the EMC effect using contributions from unmodified (mean field nucleons) and modified

nucleons in SRCs

Fy
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)@W%N—n

A
SRC

) F3 + ngre (F3" + F3*)

ZF%D + NFZn + n?RC (AFg ™ AFZn) \ In this picture np pairs

dominate

- Existing EMC data can be described by universal function
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Describing the EMC Effect with SRCs

—> Universal function (from a,) not unique
—> Alternate universal function based on R,y also works well
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Further Inclusive Studies of the EMC Effect

EMC effect has been studied extensively — what more can we learn via
inclusive electron scattering?

—>Additional light and heavy nuclel
—>Light nuclei allow use of “exact” nuclear wave functions
- Explore EMC-SRC connection via A dependence at ~ fixed N/Z,
N/Z dependence at ~ fixed A
—>Flavor dependence: Is EMC effect different for up and down quarks?
- See Rakitha Beminiwattha’s talk from Tuesday
—>Polarized EMC Effect

—->Nuclear dependence of R

.!effé'Zon Lab
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JLab E12-10-008: More detailed study of Nuclear
Dependence

Spokespersons: J. Arrington, A. Daniel, N. Fomin, D. Gaskell

0.35 T
¥ .
O i
E03-103: EMC at 6 GeV & =t 'Be § $ug
- Focused on light nuclei = 025
- Large EMC effect for °Be S 020 { ‘He ;
—> Local density/cluster effects? E’j 0.15 :
© 0.10 ;
N 0.05 E?’He s

000 Lot v v

0.00 0.02 0.04 0.06 0.08 0.10
Effective Nuclear Density [fm 3]

J. Seely, et al., PRL 103, 202301 (2009)

E12-10-008: EMC effect at 12 GeV
- Higher Q?, expanded range in x (both low and high x)
- Light nuclei include 'H, ?H, 3He, “He, °Li, "Li, °Be, '°B, "B, 1°C
- Heavy nuclei include 4°Ca, “8Ca and Cu and additional heavy nuclei of
particular interest for EMC-SRC correlation studies 21
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JLab: E12-10-008 (EMC) and E12-06-105 (x>1) —

Exploring the EMC-SRC Connection

= Both experiments use wide
range of nuclear targets to
study impact of cluster
structure, separate mass
and isospin dependence on
SRCs, nuclear PDFs

= Experiments will use a
common set of targets to
provide more information in
the EMC-SRC connection

Heavier nuclei:

Cover range of N/Z
at ~fixed values of A
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E12-10-008 (EMC) and E12-06-105 (x>1) Status

Completed running this year
- Large number of targets required 2 different
solid target ladders, and 15K->4K cryogen

switch for H/D->3He/*He running

—> Calibrations, etc. underway — hope to have

preliminary results by DNP
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EMC Effect and Nuclear Dependence of R

The EMC Effect provides information
about nuclear PDFs

Fy(x) = Y exg,(x)

The cross section ratio, ox/op is typically
taken to be interchangeable with the
structure function ratio, FA/F,P

= Only true if e=1 or R4=Rp

oa  F$ (1+Rp\ (1+€Ry
op FP\1+Rsa/)\1+€Rp
OL KM
R=—= —
oT F 4r20 ¥
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World Data on Nuclear Dependence of R

o 6 T
Model-independent extraction of R requires E | 001 <xkoo3 o wemuesm
L-T separation o [ S moom)
> Bulk of world data on nuclear i t plelini
dependence of R comes from global fit to 3 - | " stacom)
unseparated cross sections 2| }{ ! Sac(AuD)
- Example: NMC fit data to 4 parameters I O ﬁH H ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
‘ bor L
g - L ! ! b
Fy" [Fy = (a1 +a; n Q%) (1 + a3/Q?) do Bl
L 003<xc0pe ‘T L
4% parameter: AR = RS"-R¢ B 1 ﬁ%r[ ,,,,,,,,,,,,,,,,,,,,,,,,
loos<x<01s 11 I}
F—
Only true L-T separated data from SLAC E140 | ' _015<x<0;L E{f """"""""""""""" Tl
0 il P whal R i ! ! P |
1 10
Q? (GeV/c)?
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Nuclear dependence of R=0¢;/07 extracted via

SLAC E140

measurement of £ dependence of o,/0p
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[E140 Phys. Rev. D 49 5641 (1993)]

ga _9a [y,
oD 0%’; 1+ €eRp

(Ra— Rp)

SLAC E140 Measurements

x=0.2, 0.35, 0.5
Q?=1.0, 1.5, 2.5, 5.0 GeV?
Iron and Gold targets

R,— Rp consistent with zero within errors

Possible issue:

No Coulomb corrections were applied
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Coulomb Distortion in Heavy Nuclel

Electrons scattering from nuclei can be

accelerated/decelerated in the Coulomb field of the

nucleus

= This effect is in general NOT included in most radiative
corrections procedures

- Note: Coulomb Corrections perhaps more appropriately
described in terms of multi-photon exchange, but
Coulomb Corrections provide convenient shorthand

e’

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

_ Electrostatic potential
Effective Momentum e 2BtV Vi=3aZ/2R <——  energy at center of
Approximation (EMA)

E2ES+V, nucleus

.geffggon Lab 27



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
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al.05

o A/o
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0.9

0.85

Combined analysis of SLAC E139, E140 and JLab 6 GeV data for Fe/Cu at x=0.5, Q°~5 GeV?
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SLAC/JLab Combined Analysis

x=0.5, Q?=4-5 GeV?

slope = -0.007 +/- 0.043
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JLab Hall C Resonance Region Data

E04-001 (Hall C, 6 GeV) measured
nuclear dependence of R in resonance
region

While DIS data suggest R,-R,<0 at large
x/Q?, 6 GeV suggests R,-Rp>0

The 2 results need to be reconciled
—> Large x result dominated by
uncertainties in comparing data from
different experiments
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Consequences of non-zero R,-R,

3 o E139 gF/oP
$ °  E1390"%0cP - . - Fr°/F° assuming A R/R=30%
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""""""" € i =30% . . 1 1 = ©
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Hall C E12-14-002

* Precision Measurements and Studies of a Possible Nuclear Dependence of R=0,/0
[S. Alsalmi, M.E. Christy, D. Gaskell, W. Henry, S. Malace, D. Nguyen, T.J. Hague, P. Solvignon]

» Measurements of nuclear dependence of structure functions, R,-R, via direct L-T separations

* Measurements with H, D, C, Cu, Au targets - will provide absolute cross sections, unseparated
ratios (A/D, D/H), separated structure functions (F,, F,), absolute values of R

e proposed measurements

0o * E140 (Fe, Au) Ozb Solvignon et al.
0.3 : LI Iirlrl LI |77|7| LI iil LI lii Vl T 1 |7i7| LI |777| LI |7:” 01 E_ | I IX=Oi250_§ 01 E_ I I IX=012752
02 b ; AERE: {ob bE
T F . 0.1 | 3 01 F =
o0 | -;
C ] a e ey 02 e e
Y Y Y e oo X & B e ] a s E x = 0.3001 3 x=0.400 3
'< 0: +++* ++*+ + % + 7 |L0‘1§ g 0'15 l % l :
; *x E140 (Au) S0 3707¢ :
- @ proposed measurements w E140 (Fe) ] 02 prrr oy 0.2 prrr
_0.3 C oo b e by e e b e by e b by gy 1 0.1 ;— x=0.500 —; 0.1 ;— x =0.600
o 01 02 03 04 05 06 07 o b £33 Pl ool ;
X 01 F 101 F R
Q° (GeVY) Q° (GeV)
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Hall C E12-14-002: Gluons in the nucleus

(. Q%) = as(Q?) /: FFQ(%QQ) N 450 (1 B g) ZG(%QQ)] dz

o2 3 2 23
1.4
- —— nCTEQ1SHIX

1.3F — Epps21

07 k Ca-40,Q%=3 GeV?

1] ..ll 1] ......ll |1 2 B B A :
_ _ _ R U A/ e
10° 102 10" 10° x

F, sensitive to nuclear gluon distribution - measurements at large/moderate x constrain gluons at
low X via momentum sum rule
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Hall C E12-14-002: EMC-SRC Correlation

Observed correlation between EMC effect
and SRCs from unseparated ratios

EMC Effect and SRCs arise from common
origin? SRCs serve as “measurement” of
nucleon virtuality or local density?

=2 If AR is non-zero, this correlation will not
be the same for all structure functions
(F1, F2, Fp)

- If longitudinal photons are significant
contribution to EMC effect, what does
this mean for origin of EMC effect?

- Will correlation be linear for all structure
functions?

.geffc;gon Lab
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SRC scale factor
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Polarized EMC Effect

. . . . . 1.2
Similar to unpolarized DIS, can define nuclear ratio
for polarized structure functions .
»n 1
A &
Re - 3 ) R= J1A g oo
_ n O
ZF2 _|_ (A Z)F2 Ppglp _I_ P’n,g]_n = 08 ¢  Experiment: ?Be
= [ e Unpolarized EMC effect
07 - —— DPolarized EMC effect: 1{5;’:/21) 2 _ 5 QeV2 —
ﬂl-Z 0.6 ke Polarized EMC effect: 11"}1/_33/2 @ e ]
11 0 | 0.2 | 0.4 0.6 0.8

JLab E12-14-001 in Hall B

U_Lu —>Uses ’LiD solid polarized target

Polarized EMC effect provides another
possible handle on connection to SRCs
- Smaller fraction of polarized nucleons
involved in SRCs

0.9

0.8

0.6
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The EMC Effect via Inclusive Processes

« Hall C E12-10-008 and E12-06-105 have essentially exhausted the available
phase space (nuclear targets) for “standard” EMC Effect/x>1 measurements

 (Other inclusive measurements
— Polarized EMC Effect
— PV processes

— L-T separations

« A possible nuclear dependence of R=0;/0+ would have profound impact on
our understanding of the EMC effect

— Cross section ratios not structure function ratios - impact on nuclear
PDFs

— What is the role of longitudinal photons at large x (EMC) and in the anti-
shadowing region?
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EXTRA
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Application: R,-R,

do  4a’(E')

DIS/Inelastic cross section:

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

dQdE' Q'
Fy(x) = Zefx% (x) Quark distribution functions
dgdaE, = F[GT (v.0) + €0, (V,Qz)] F; a o1 F,linear combination of orand o,

Measurements of EMC effect often assume o,0p = F,A/F,P
- this is true if R=0y,07 is the same for Aand D

SLAC E140 set out to measure R=0;,07 in deuterium and the nuclear dependence of R,
l.e., measure R,- Rp
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E12-14-002

Spectrometers

Excellent control of point-to-point systematic
uncertainties required for precise L-T
separations

—> |deally suited for focusing spectrometers

.geffzgon Lab

HMS:
dQ ~6msr, P=0.5-7 GeV/c

00=10.5 to 80 degrees
e |ID via calorimeter and gas Cerenkov

SHMS:

dQ ~4msr, Pp=1- 11 GeV/c
00=5.5 to 40 degrees

e ID via heavy gas Cerenkov and
calorimeter

Perform L-T separations using same
spectrometer for all € points as much as
possible
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