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Neutron provides access to d(x) - essentially unknown at large x

Lack of high Q, W structure function data
- no free neutron target (nuclear corrections)
Conflicting fundamental theory pictures

Lack of data period
1.00 CTEQ6.6M PDF sets at Q=81.4 GeV o2 Down valence distribution at Q% = 100 GeV?
d(x)fu(x) S EPEN  vaemoeor T
0.70 — 5 0‘0'5?//‘/// e //
K- -o%
0.30 ~ = -0.:; g/ ../é
0.20 = e _0.120-\1 — “;2 — “;-1 sl
0.10 ~——CTEQ6.6M19 X

0.00

000 00 o o o8 i ™ There is some help coming....
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Typical W, Q cuts are VERY restrictive....
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Reduced CJ cuts, W2 > 3.5 GeV?
103

: : : b ~0.
Typical cuts essentially include no data above x~0.75 (Red are projected

What large x data that is used has large uncertainty mEIC data points.)
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The deuteron 1s a nucleus....

Neutron structure (and hence 1.00
d(x) is typically derived :
from deuterium target 0.95 ¢
data by subtracting 0.90
proton - .
o 0.85 F
~ i
...but..... 3080
= [
Large uncertainty in unfolding 0.75 ¢
nuclear effects (Fermi :
motion, off-shell effects, 0.70 ¢
deuteron wave 0.65 '
funct n ; _
Unciich,conafent scatienng, 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
nucleon structure X
modification (“EMC”- - SLAC data

effect).................
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This 1s a major obstacle....

Proton and deutertum data from SLAC E139
(L. W. Whitlow, et al.), and E140 (J. Gomez, et al.)
I T 7T L T T I L L | L L

9 | | | | :
" :_4) L h
» L . - .
N 0 4 i SAME data set
n O F o g o E
=5 "¢8eye, ¢ ;| DIFFERENT
N On-shell prescriptior " ! — nuclear effect
A E T | 1 analyses
e C A | ) ]
3 F Off-shel prescription S
2 £ (W Melnichouk AW. Thomas) ] 02 < an /F Zp < 0 8
- Scaled EMC effect : 219/
1 & (A Bodek S.Dasu, S.E. Rock = R
O E L1 | (IFII'aII‘}kIfL”I‘r c?nld ISII”kI,nIa rI)) I I | | I | | I I | | I | | I | :
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Large x - Large Nuclear Effects

Deuteron wave function model dependence
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R — ratio of U
deuteron and
nucleon F,
structure
functions

0.2 (.4

(.6

(.8

Even simple “Fermi
Smearing” leads to
significant dependence on
D wave function

Different models for off-
shell and “EMC” effects
lead to large additional
variations

Translates directly to large
x valence pdf uncertainties

Accardi et al, Phys. Rev. D84:014008 (2011) Uncertainties in
Determining Parton Distributions at Large x “CJ” Fit
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F,"/F,P 1s fundamental to understanding the nucleon structure

Proton Wavefunction (Spin and Flavor Symmetric)

‘p T>= %\u ! (ud)5=0>+ \/%\u 1 (ud)S=1>—§‘u | (ud)S=1>

V2

3

—§~d | (uu)S=1>— ‘d | (uu)S=1>

Nucleon Model| F,"/F.P| d/u

ISU(6) 2/3 1/2
\Valence Quark 1/4 0
PQCD 3/7 1/5
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Predictions for d/u at large xg;

Proton Wavefunction (Spin and Flavor Symmetric)

Py it ul ~Zud
P 1)l )t ) Sl )
1 ﬁ
- 5\@’ | (uu)S=1>— T‘d | (uu)S=1>
INucleon Mcyf F,"/F.,P d/u u, d same shape u = 2d
symmetry:
Valence Quark 1/4 0 The mass difference
between N and A implies
lpQCD 317 1/5

symmetry breaking
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Predictions for d/u at large xg;

7 1)

Proton Wavefunction (Spin and Flavor Symmetric)

1
Nl

de%wy-

J18
7

1

\u | (ud)S=1> 3

‘u | (ud)S=1>

—%WT(u)ﬁ><§Qd¢am%ﬂ>

INucleon Model /}/FZ”/FZP d/u
I5U(6) / o3 72
Valence Quark v 1/4 0

PQCD

3/7

1/5

SU(6) symmetry broken - scalar valence
diquark, u dominance

S=0 diquark dominance
-d/u=(0)/(1/2)=0
-Hyperfine-perturbed quark model
(Isgur at al.) with one-gluon-
exchange; MIT bag model with gluon
exchange (Close & Thomas );

Phenomenological quark-diquark
(Close) and Regge (Carlitz)
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Predictions for d/u at large xg;

Proton Wavefunction (Spin and Flavor Symmetric)

M= ! (ud 0 (ud), ML b (ud
P — (u )S 0 (u )S=1 —|u v (u )S=1
2 3
1 ﬁ
- —\d | (uu)S=1>" —\d | (uu)S=1>
3 3
S, = 0, di-quark dominance, spin
[Nucieon Model FF,p dla projection is zero
- d/u=(1/9)/(1/2+1/18)=1/5
[SU(6) 2/3 1/2 - pQCD with helicity
conservation (Farrar and
Valence Quark / 1/4 0 Jackson); quark counting rules
_ (Brodsky et al.)
lbQCD '4 3/7 1/5
[There are even more predictions... |
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Predictions for d/u at large x; - large range in theory

F,N/F,P d/u
SU(6) 2/3 1/2
Scalar Diquark 1/4 0
H-P Quark Model 1/4 0
pQCD 3/7 1/5
Counting Rules 3/7 1/5

Many more!

0.25 <FJ/Fp<0.75 ?!

Review Articles :

Isgur, Phys. Rev. D59, 34013 (1999)

Brodsky et al., Nucl. Phys. B441, 197 (1995)
Melnitchouk and Thomas, Phys. Lett. B377, 11 (1996)
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The Spectator Tagging Approach: An Effective Free Neutron
Target from Deuterium....

e-n collision Q-

suNE,
. .
*

* *.
. .
) .
L ] n

- » ’ 1
-
. .
A O
. -
.
0.. “

: . < /
before collision " ” \
spectator” proton 3 X
standard DIS

event - from a
neutron fargeft!

L.L. Frankfurt and M.I. Strikman, Phys. Rep. 76, 217 (1981)

C. Ciofi degli Atti and S. Simula, Phys. Lett. B319, 23 (1993); Few-Body Systems
18, 55 (1995)

S. Simula, Phys. Lett. B387, 245 (1996); Few-Body Systems Suppl. 9, 466 (1995)
W. Melnitchouk, M. Sargsian and M.I. Strikman, Z. Phys. A359, 99 (1997)
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(PWIA + T.F.) / PWIA

2.0

1.5

Target fragmentation= s |

Q® = 4 (GeV/c)?

X = 0.6

0 o (degrees)

!

negligible for large

angle

~ .\-
\\;-—\"'\
—p =03
---p=04
—p =05
PR SR SN NN SN ST SN NN N N TN NN TN SO TN NN TN TN T [ T T
o 20 40 60 80 100 120

1.05

1

0.95

0.85

0.8

Bound / free

neutron structure

O (1%) for low

momentum -
drives the
experiment

SFSI /SPWIA

14

12}
10}
0.8l
0.6/
0.4}
02|
0 30 60 90 120 150 180

0

200 300
Ipl (MeV/c)

100

400

Choice of Spectator Momentum (low!) and Angle (large!)

0 [degr]

!

Final state
interactions

O (5%) for low
momentum
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BONUS Experiment at JLab

Thin-wall High Pressure
(Gas Target

!
/
f;" —— Low-Density Moller
/ Curl-up Zone

Trigger Electron (to CLAS)

e Window Tag low momentum, backward angle

_ L Al-Mylar window / . .

— Drift Electrode spectator proton in deuterium = electron
~ Track lonization / Drift Gas Scattering from a free Neutron tar get

— GEM (Gas Electron Multiplier) Use GEM-based radial TPC in JLab CLAS
Gain Stage spectrometer

Readout Electrodes (pads)

Measure neutron structure function F, to study
quark structure of the nucleon at large x
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BONUS in CLAS (Hall B at Jefferson Lab)

rTPC inside Solenoid
inside CEBAF Large
Acceptance
Spectrometer (CLAS)

Track scattered e- in
CLAS

Locate e- interaction point
in target.

Electron tracked in CLAS
provides trigger to
BONUS radial TPC

LinK Pgpectator With €lectron T

vertex. \ = -

CLAS is made of Drift Chambers, Time of Flight Scintillators,
Cerenkov counters and Electromagnetic Calorimeters for
tracking, momentum determination, and Particle ID

.geffelgon Lab



Results - I: The technique works!

angle - momentum dependence
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Results - 11 N K. Baillie, et al, PRL 108, 199902 (2012)

Pspectat0r< IOOMGV/C, 1_|\I\’]JII’IHI|IHI’Il\I|IIJI|JIH|\IH|JII\|L

5 <90 0.9; * W'>18GeV _f

spectator - ¢ W*>1.6 GeV ]

0.8~ . O W'>14GeV  —

- . ey -

Textbook physics :) Plot is in 0.7 * =

Gauqge Theories of the 0.6k | E

Strong, Weak, and e o s : o (¥ -

Electromagnetic Interactions =~ 0.5/ \%\/ -
Chris Quigg TR &

A : [ 4 .

03:_ § 13 610? J [ -

For CJ fit - see Accardi talks - 4 2_ oo lo

at this meeting 0.2 ¥ F  Let088° =

01 02 ""04 06 08 E

. . |\|\‘|1|111u||.1 \ ' e

Still not quite large % 01 02 03 04 05 06 07 08 09

enough X...... X
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12 GeV JLab running approved

1 L N L O B B I B B
K CJ11 -
0.8 AN N\ PDF uncertainty ]
B ‘** :&:{%@ nuclear uncertainty =
i ® BONUS12 W>2 GeV i
Q.6 [ O BONUS12 W>1.8 GeV —
4 | ]
0.2 —
O
O 1

)2 Su(e)

helicity

4 conserv.

scalar
4 diquark

Projected
BONUSI12
uncertainties
statistical +
systematic

CJ 2011 pdfs - with
nuclear uncertainty
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Spectator tagging at (m)EIC

* A collider allows straightforward 10
tagging of spectators

* 4 x 10.6 Tm arc dipoles bend 30

DEUTERON MOMENTUM DISTRIBUTION
From D(e e‘p)n at 500 MeV

0 $ q=450MeV/c (x 141
GeV/nucleon beam 106.0 mr © b q-350MeV/e (,1.43
* Detectors ~1mm from beam achieve
proton detection with < 100u resolution @
“e
lon oure : . Pre-booster \5
SRF Linac 152
Medium Energy IPs O
Medium 35”3[)1
Energy e
C <l:?l | ilc?e: r -3 s

Ring

Low
Energy IP

]

1 ] i)

L ]
0 50 100 150 200 250 300 330

k (MeV/c)
MEIC CLAS + CLAS

BONUS

Proton tagging concept looks doable!
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F, Structure Function Phase Space

deuteron - much less

proton information available
10% ETTT T T 17T ERRRRLY T TTTTTE T T T ERRRRLLY T TTTTTE
i . ~  —— MEIC V/s=50 GeV .
 ---- MEIC Vs=30 GeV - L e e el T _
1104 &= & ==k i 55 & OO — 2 SLAC D —
; o JLab p e ; ; o JlLab D ;
& BCRMS B . —  x BCDMS D .
— O NMC p A NMC
c\§ ]LOS = S = = O NMC D/p
S S g
o 102 | g L
g = ) —
10 & 3
1 el |“?51, ’| "1 |||[ ‘”/1 | '/’1 IHZF WERTE =N HHVII 2 TSR
10-3 0.01 0.1 1 10/ OO][ 0.1 1
D4

MEIC will probe lower x in the shadowing region, and higher Q2 at large x.
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Projected mEIC Results - F,¢ Structure Function Relative Uncertainty

Solid lines are

EIIIIII T TTTTTT _:_I IIIIIIIl T Illlll; . .
0.1 8 2 OiE 1553 statistical errors, dotted
0.05 F ~= 5 4 0.05F E : .
0E {Imﬂ} 3 0EF ex lines are stat+syst in
-005F ~* E,=8E;=30 - —0.05 F [ = quadrature
-0.1 E L=356x10% 3§ -0.1 £ . =
EHHH—HHHH I
oo E 1 ok E Huge improvement in Q?
- ’ = 3 ’ = 3 .
o OF 3 0F . coverage and uncertainty
&_0.05 £ 4 -0.05 E =
© -01F | | | 4 -01F =
o o A o : 5u Proton even better
T 0.05 3 1 o05E E (smaller neutron cross
5 . OF & 0E & section)
-0.05 = E -0.05 = E
-0.1 = I I I E -0.1 = I I E
EHHH EHHH— .
01 E k0457 O1F o %2085 Could greatly aid global
= i o = = Siae 2ot 3 °
000 |E- 3 0.05 F ¢ popus ;- i E pdf fitting efforts
of bl 3 o o lEfnf]
-0.05 E T 5 -0.05 £ D =
_0.1 éTllllll 1 llllllll 1 llllllII 1 Illl:% _0’1 éTllllll 1 llllllll 1 llllllll 1 llll:% EIC Will have excellent
1 10 102 10° 1 10 102 10° kinematics to measure
Q* [GeV] n/p at large x!
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F.» & F,4 Structure Functions at High-x

One of envisioned JLab12 Hall C commissioning experiments aims to reduce
uncertainties in F,P and F,d structure functions accessible within 12-GeV phase space

80 L EL L R B L B B B 20 AL I B I B B L BT A T
< 70 s o #*SLAC = . -
S e N E L &+ SLAC BCDMS. NMC.E 4 i
60 fo . o° O E00-116 (JLab6GeV) 3 18 [ SLACBCOMS NMCE | 1

= d a e | -
g 50 > 9 Voy * g o W:2 <4 GeV2 - ; ;)E_: -
‘© 40 = 19 - = B
g ange O_IE|2-IO-002 - Q_E 16 - E12-10-002
m 30 @ $ (9: LA A )
o E
S 20 A §3 14 Lo SHMS o HMS
= 10 n j Q .4 — - :
0 % od I SUTROE IR
4 6 8 10 12 14 16 18 20 o 12
2 2
Q* (GeV?) e
80 S BN B I R EMRMEM SAR Nom_
3 70 b »jL* . & . géo"&@;_f
=60 E o E00-116 (JLab 6 GeV) = . 5
2 50 ? gt 3 8
C 3
‘© 40 E
j = 3 6 |
8 30 o
20 "'
P el
S0 E Lae g 4 P @
0 === < .- ".". OSSN orioo - ) .. o e AT l. l‘l | I T S ) O T _....:_.—L.'AJ
0.2 0.3 04 0.5 0.6 07 0.8 09 1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1
X X

Goal @ 12 GeV: similar precision as E00-116 (@ 6 GeV)
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Back to something nearer term...

Hall A Projected Experiment Schedule as of 8/2012 (on wiki!)

February - August — February August - February September -

May December -June December -June December

GMp / GMp /
014 |DVCS—1 |DVCS-I
(APEX) AN
\ ;;/;W PREX
2015 ) 1 (APEX)
A SBS
(SBS) (A")
2016 (DVCS- | (DVCS-II)
1) (APEX)
(APEX)
SBS
>
MOLLER,
SOLID...2....

.jeffergon IF-1»)



DIS from A=3 nuclei

FE

R(*He) = £ : R(*H) =

, 2F; + FJ F? 4 2Fy

e Mirror symmetry of A=3 nuclei

— Extract F,"/F,P from ratio of
measured 3He/3H structure functions

Fy 2R — Fyfe /1
FY 2FyHe/[0H R

R = SUPER ratio of ”EMC ratios” for *He
and °H
- Relies only on difference in nuclear effects
in ’H, He
- Calculated to within 1%

- Most systematic and theoretical
uncertainties cancel

1.02

1.01 |

0.99

R(3He) / R(CH)

Faddeev
— PEST
=== RSC

Yam.

0

X
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DIS from A=3 nuclei1 - Projected Results

]. L | L | L I L | L
CJ11 -
0.8 PDF uncertainty ]

-\ B nuclear uncertainty A
L ® JLab projected |

- SU(e)

helicity

scalar
# diquark

0 02 04 06 0.8 |
X

CJ pdfs - see Accardi talk

Hall A BigBite Spectrometer

/ conserv.

o s

Test cell factor ~10 safety test, burst
pressure bov 3500 pil

{ l 'Jx'-:_";
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Polarized predictions for d/u at large x

Proton Wavefunction (Spin and Flavor Symmetric)

‘pll\>=%~ u 'l (ud),. 0> \ T(ud)s=l>—§‘u\|/(ud)s=l>
- %\d 1 (uu)S=1>— g‘d l (uu)S=1>
[Nucleon Model F,7/Fp d/u Aulu Ad/d A" AP
ISU(6) 2/3 1/2 2/3 -1/3 0 5/9
VValence Quark 1/4 0 1 -1/3 1 1
PQCD 3/7 1/5 1 1 1 1

Polarized structure function data can provide d/u theory guidance
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Measuring High-x Structure Functions - polarized

REQUIRES:

Asymmetry

0.7 }

High beam, target polarization
High electron current

Large solid angle spectrometers
PDF efforts - JAM (see Accardi talk!)

Broad JLab12 program!

[ An+ [ [ An=
A‘p | b Alp
| § HERMES ’ [ ||| SMC h-
I
| ¢ SMC h+ | |
q ‘ |
| 4 |
4
A | ‘ o
Al CLAS . } <
A NLO LA 2
;/9’ Lo i :
o -+ 4 Ll oo oo ¢4 4
n+ N~
Ald Ald
L1 SMC h+ * SMC h-
\ | o~ g
* A et ]
¥ | i
i D et e S | l"m§o(looo<0»0 .
f’ [
¢ This
experiment
) 0.2 0.4 06 O 0.2 04 06
X X

-0.2

-0.6

Polarization History |

Polarization (%)

65|
o)
55,
50
s

40|

SLAC

1-2 pA

- E142
35/ &

Jefferson Lab.

E99117
A

El154

A AE94010

~3He target ..

~15 pA

a E02013
~8 pA

AE97110

~12pA

- l - L l ) -1 L l -
1990 1992 1994 1996 1998 2000 2002 2004 2006 2008

W JLab12 GeV
o5 b OHERMES
“t VHall-A

0.2 F

0.2 0.4

-
——.
--------

0.6

0.8

Year
& .
< ® HMS+SHMS, DIS, 636 hours /=
A HMS+SHMS, RES, 48 hours /%
O SLAC E142 g
A SLAC E154 |‘a
o HERMES b
* JLab Hall A E99117 l‘g 0.
\
-0
1 1
X X
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Need Longitudinal/Transverse separations to measure F, to highest
precision - could be some A-dependence

] Preliminary results from JLab E06-109 (D), EO4-
Nuclear dependence in F|

001 (A) Dissertation of V. Mamyan (UVA)

1'— ® JLAB E00002 l 2 2
0.8 n<pf> r JAB E99118 Q°=05-2.5 GeV ot o o 0 0 0 b 0 0 4 4 e e s s b
- ’ ® SLAC 140x - {
0.6 o 02F= :
i @ 4 ) L
| TE g g
: e F —4 | i 3o
T oaf ' o ! e ﬁ#{
= ~ J -
oc 0'_— 1 { [ ] .
\ : PP R S SR SRS S
Bo.2f- ? )i ! — ‘
T + ‘ ’ Q°=2.5-4.5 GeV*
'0.4? L | -
- o L.?-—
0.6 ’ o i
0.8 .d -
.1: el L A - S | .
10" 2 1.5
Q“ (GeV/c) Py S BN I I R

JLab E00-002 (V. Tvaskis, et al, publication in draf \'NZ (GeVZ;
Doesn’t look like a big effect, but
remember R 1s small (~0.2), so this is

about a 30% effect!

Previously measured only
where R (F;) ~0
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PVDIS Measurements - SoLID Proposed Setup

Calorimeter

Solenoidal Large Intensity Device - 12 GeV Hall A at JLab
Parity-violating DIS program on deuterium and hydrogen

SoLID provides large acceptance

@ 2< p<8GeV

0 2< Q%< 10 GeV?

Q 0.2<ij<1

@ Acceptance ~ 40%
o Lumin ~ 5 x 10°® Hz/cm?

Gr Q?

1-(1-y)?

Apv’&ﬁ—

2 Lo+

Z Ciqeq(q + )
> e2(q+4q) ’

1+ (1—y)? 23(x)

E C2qeq(q q)

> e2(q+7q)



Clean Measurement of d/u with PVDIS

For high x on proton target:

£(x) [IZCIZZEX - Z(C;;d(x)] . [1 — 0.91d(x) /u(x)]

1+ 0.25d(x)/u(x)
Projected 12 GeV d/u Extractions @ Three JLab 12 GeV
1‘— - . ' QCD Fi,, Sotje 1 experiments:
Ly ---- CTEQE.EM I
[« - A  BigBite "H/’He DIS I o CLAS12 BoNuS -
O.Sf‘\\ -4 4 ; gLLﬁg ggmg relaxed cuts I
G D CLASt260M spectator tagging
- o 1 . .
0.6k Yiy b ) N o BigBite - DIS
2| PRiaagy el 3H/3He Ratio
0.4 . - e SoLID - PVDIS ep
i n 1DSE .
o I - @ The SoLID extraction
21 ’ — ® .
i BoNusS sys. uncert LK IR -] pQcD of d/U IS made dlreCtly
- — Broken SU(6
T T TN ——oen=0  from ep DIS:
001 02 03 04 05 06 07 08 08 1 -
X no nuclear corrections

DSE - Wilson et al., Phys Rev C89, 025205 (2012)



Other Approaches

= v+pand v-bar+p :

o WAZ2I already has data
(but need to reconstruct cross-sections from
published “quark distributions”... very difficult)

- HERMES tagged structure functions (?) 08

i T T T T T T T
—e— CDF 1 fb' data(stat. + syst.)
0.7 NLO Prediction(CTEQ6.1M)
0.6 ] PDF uncertainty(CTEQ6.1M)

0.5F
0.4F
0.3
0.2F
0.1F

[TIHH[

= Duality (a lot of data now available)

= Collider experiments:
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o Lepton asymmetries
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Summarz

* There is a light at the end of the d(x)/u(x) large x tunnel - a lot of experiments
en route!

* Jefferson Lab at 12 GeV dedicated experiments
* Will require some patience, first new experiment JLab Hall A ~2015
* d(x) will help with g(x)

- F, too!
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