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More than 40 years after discovery of the partonic
substructure of nucleons, the neutron structure at
large-x is still not well determined.

In addition, we would like to understand how the
simplest nucleus, the deuteron, is built from a
proton and neutron.



Why study large-x structure functions?

- Study pQCD DGLAP evolution

- Separation of parton distributions, e.g.,

dlu forx=> 1,

singlet / non-singlet (valence/non-valence) separation.

- Precise PDFs needed to constrain limits on new physics at
LHC and Tevatron

- Separation and study of perturbative / non-perturbative physics

Higher-twist operators (parton-parton correlations)
Study quark-hadron duality
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Much can be learned about pQCD
from DIS on a neutron target

“ Need proton and neutron targets to pin down u/d PDFs from DIS

EF? =x[4/9%u(x) + 1/9d(x)]

At Leading order

E)" = x[4/9d(x) + 1/9u(x)]

At large x proton dominated by u(x)
neutron by d(x)
due to charge weightin

— u quark is well determined from proton data
— Free neutron target would provide comparable information on d quark

Problem: no high density neutron target exists!
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PDFs Uncertainties
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PDF’s least well known at large x

Gluon comparable in size to d_at x~0.3

Momentum Fraction Times Parton Density

0.0001 0.001 0.01 0.1 1.0
Fraction of Overall Proton Momentum Carried by Parton

not well known here.

*Proton + neutron data provides way to
arate valence cleanly.




Even F," not well known for x > 0.6
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| deuteron corrections”
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Non-pertabative models

SU(6) spin-flavor

| Hard gluon exchange

S=0 diquark dominance



What about current state-of-the-art
PDF fits including deuterium nuclear
corrections?
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New CJ PDF fits include Large-x + deuterium

Oct.

.1 Collaborators:
— A.Accardi, E.Christy, C.Keppel, W.Melnitchouk, P.Monaghan, J.Owens

. Goals:

(J.Morfin, L.Zhu)

Global QCD fits of unpolarized PDFs|focused on large x

Improve the PDF experimental precision (“PDF errors”)
by enlarging the fitted data set

Include all relevant large-x / small-Q? theory corrections

Quantitatively evaluate theoretical systematic errors

Use PDFs as tools for nuclear and particle physics

1 Papers:
A.Accardi et al., Phys.Rev.D81 (2010) 034016 “CJ10” / on request

A.Accardi et al., Phys.Rev.D84 (2011) 014008 “CJ11”

iIncluding nuclear
corrections on D2!

Available

New fit in preparation with latest data <——— Public release planned

accardi@jlab.org QCD@LHC, 22 Aug 2012

Slide from Albert@

23,2012
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Nuclear uncertainties resuits from CJ11
‘Acmm’f etal. PRD 84, 014008 (2011)
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Still significant uncertainties from nuclear models at large-x
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Free neutron targets would provide solution

— No high density neutron targets exist

— Use deuterium and assure that scattering took
Place from a 'nearly’ on-shell effectively free neutron

Oct. 23,2012 M.E. Christy - Nulntl2 10



Method of Spectator Tagging

With S(a., P,) the nucleon spectral function in the deuteron

and F, the effective off-shell neutfron structure function

do A7 o i =
S = = + 1 —y)
dx*d Q x*Q 2(1 + R)
M*zx*z}, =2 1 — R -

_I_ F x*s a.&‘s b 3
o2 e R:I 2( pPr, Q)

dog

=< S(xs, Pr) d- pr,

R=0./07

Tag spectator proton in scattering
e\ K

(v,q) d

R0

ol X spé—étator Nt

v=F — FE’
aZ(ES—pSZ)/M

O*=4 EE 'sin2§

The spectator proton's four momentum:

pu = -(Es B MDl ps)
Hadronic W (x) of debris:
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For free neutron structure must kinematically
select to minimize:

1. Off-shell effects
2. Final state interactions

3. Target fragmentation enhancement to proton yield

Oct. 23,2012 M.E. Christy - Nulntl2 12



Off-Shell Structure Functions

Liuti & Gross PLB356(95)157 Melnitchouk et al, PLB335(94)11
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Final State Interactions

* Several groups have calculated
FSls

*Qp> 110°and ps<100 MeV/c
greatly reduces FSls

Oct. 23,2012

e Struck neutron can interact with the
spectator proton

* Proton momentum is enhanced
*FSls are small at low psand large Oy

\
Palli et al, PRC80(09)054610
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Target Fragmentation

Palli et al., PRC80(09)054610
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Enhancement in proton
Yield Over PWIA negible
for backward protons!
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Experimental Setup I: CLAS Spectrometer
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Dirift
Chambers

e
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- Detect electrons in CLAS spectrometer

- Detect slow protons in radial time
projection chamber (RTPC)

- Moller electrons bottled up by Solenoid field
around target

- Solenoid field allows momentum determination ¢




Experimental Setup ll: BoNuS RTPC

H. Fenker et al., Nucl. Instrum. Meth. A 592, 273 (2008)

|
[

20 cm '—"-i

Fit RTPC points to determine
s T helix of proton trajectory.

[' ' . — — .
£ / 7 . _beam Momentum determined from
/ ______ N track curvature in solenoid field.
I h . /

dE/dx along track in RTPC also
provides momentum information.
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Window Cathode
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Readont Electrodes (pads)
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dQdx (ADC counts/mm}
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Kinematic reconstruction with tagged protons

PWIA: — Backward P is spectator
— Neutron is offshell
—P,= P,

=> correct for neutron
momentum

Oct. 23,2012
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Ratio Method

N Baillie et al., PRL 108 (2012) 199902

First make experimental ratio: N, is yield with VIP after
P Niagzed(AQ% AW*, AVF)50) | A(Q2 W*) accidental subtraction passing:
e lh“rittc]'r\ﬂ@?'ﬁl'l’r).ffv’d'ff(QQ' ”)

P, < 100 MeV/c, 8, > 110

n terms of structure function ratio: A, 1 cllesiem seespiEnes I

CLAS (mostly cancels!)

2 UAN S
O FA(W,Q2)

/ dosdpr Ap S(as, py)
VIP A, : tagged proton
I Efficiency * Acceptance

VIP

— Integral Ivip is largely independent of W* (x*) and Q?
— Determined from R at x=0.3, where nuclear effects are small
using F."/ F¢ from CJ PDF fit.

Then Fr=F¢* R _*T

vip

Oct. 23,2012 M.E. Christy - Nulntl2 21



Resonance F2" results [Vaailieeial, PRL 108 (2012) 199902
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— Compares reasonably well to

Bosted-Christy fits to p, d,
(extracts neutron using PWIA + Paris potential)

—— _ — Studies of duality in F," being
wW* [GeV] finalized nl)w.
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Results on anl sz N Baillie et al, PRL 108 (2012) 199902
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Nuclear effects Studies
with BoNuS

Can test

- spectator model assumptions and
- nuclear effect models

Using full kinematics coverage for tagged protons.

Analysis of S. Tkachenko.

Oct. 23,2012 M.E. Christy - Nulntl2
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Q2 1.66,W* 1.73,p_s 0.078 |

Spectator model test:
Data/MC cos0 distributions
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Analysis of S. Tkachenko
utilizes larger kinematic
coverage to test spectator
model.

At low ps the data agree with
the spectator model quite
well.

At higher ps the distributions
deviate significantly from
unity, indicating that VIP
particles should have
pPs<100 MeV/c.
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With n+p and deuterium

Structure functions in
hand...

Study of EMC effect in the
deuteron is currently In
progress

Oct. 23,2012 M.E. Christy - Nulntl2



BoNuS Plans for 12 GeV

E12-06-113

Data taking:
- 35 days on D,

- 5 days on H,

- L=2x10% cm? sec”
DIS region:

- Q2> 1 GeV?

- W* > 2 GeV

- p, <100 MeV/c

- 0,, > 110°

- X*max = 0.80

W*> 1.8 GeV: X" max = 0.83



BONUS @ 12 GeV Jlab (BONUS12)
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A transition form factor from neutron with Bonus12

Oct. 23,2012
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Summary

- Spectator tagging method demonstrated to allow
Extraction of free neutron structure.

— Allows significant reduction in nuclear model uncertainties
On d-quark distribution at x > 0.6.

- First look at EMC effect extracted for deuterium.
— BONUS data allow study of nuclear effects.

- Upcoming 12 GeV BONUS will provide F," precision
Comparable to proton data up to x ~ 0.8.

Oct. 23,2012 M.E. Christy - Nulntl2 30
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Much More to come

Thank You!

M.E. Christy - Nulntl2
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Resonance Proton fit (M.E. Christy)
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1

Fit compared to deuteron data
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The EMC Effect

- Effects such as binding, off-shell, 1.1{] RS SR e i L R A
and final state interactions have O EEAEMS
largest impact on classic EMC region 1-[}5 (@ SLAG p
ﬁ . .
- Need to get a handle on these ,:,I-D'D ++ e
to study more exotic effects. B & :
~;,0.95 _-‘% : : + p
A 5 , :
L [ : Anti- : " '{@ : Fermi
0.90 |- : shadowing : motion
Hard to imagine understanding 0.85 A" ‘ : " 1
the EMC effect without a firm s b S aldow'"? e E'IMC . ';]_I’ ..
grasp of nuclear effects in the 700 01 02 03 I'M 05 068 07 08 09 1.0
deuteron o
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Inclusive Neutron Resonance Electroproduction

Q’=1.5 (GeV/c)?, E =3.245 GeV, 0 = 26.98°
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- We would like to know the
free neutron structure to
learn about:

moments of the neutron structure
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~35 4 function (and non-singlet)

-neutron (transition) form factors

- quark-hadron duality for the neutron
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d(e,e’'ps)X

K spectator

€

* Plane-wave impulse approximation
* Backward-emitted p is a spectator
* Struck neutron is off-shell

*ps and pn are equal and opposite

*| orentz invariants are corrected for
initial neutron 4-momentum

Oct. 23,2012
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PWIA Spectator Formalism
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More than 40 years after discovery of the partonic
substructure of nucleons, the neutron structure at
large-x is still not well determined.

In addition, we would like to understand how the
simplest nucleus, the deuteron, is built from a
proton and neutron.












Even F," not well known for x > 0.6

Fz n/Fz p

0.3

0.0

Oct. 23,2012

0.7}
0.6¢
0.5¢
0.4¢

0.2}
0.1}

]. Arrington et al. arXiv:1110.3362

! N S
2 ]
I
A "o o -]
M
/ o +'
Different models of 4 1
“deuteron corrections”
0.4 0.6 0.8
X

M.E. Christy - Nulntl2

1.0

Non-pertabative models

SU(6) spin-flavor

Hard gluon exchange

S=0 diquark dominance



What about current state-of-the-art
PDF fits including deuterium nuclear
corrections?
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New CJ PDF fits include Large-x + deuterium

J Goals:

) Collaborators:
— A.Accardi, E.Christy, C.Keppel, W.Melnitchouk, P.Monaghan, J.Owens

(J.Morfin, L.Zhu)

Global QCD fits of unpolarized PDFs|focused on large x

Improve the PDF experimental precision (“PDF errors”)
by enlarging the fitted data set

Include all relevant large-x / small-Q? theory corrections

Quantitatively evaluate theoretical systematic errors

Use PDFs as tools for nuclear and particle physics

1 Papers:

including nuclear
corrections on D2!

Available

A.Accardi et al., Phys.Rev.D81 (2010) 034016 “CJ10” / b

A.Accardi et al., Phys.Rev.D84 (2011) 014008 “cl11”

New fit in preparation with latest data <——— Public release planned

accardi@jlab.org QCD@LHC, 22 Aug 2012

Slide from Alberto Accardi

Oct. 23,2012

M.E. Christy - Nulntl2




Nuclear uncertainties results from CJ11

d/u

rel.err

Accardi et al. PRD 84, 014008 (201)

standard d |
1] 0vs |
vSEEE -
\‘ Y% »
L ¥ Jheect =l A -
01 A= f —— co-Boan 05 L
off (max)1 off (max) I AV1B E .
— — off (min) i) — off {min) —— wic-2 B
- on-shell T - - - on-shell i wic-1 B
; o 1 ! 1 Ly e Lipal F
i ] T 1 T EEEE AEny ERE N RERE] E| B
g H 41| 025
02 B /TT = - B
okt . Fo e SR . 1 r
1

L | ‘7 ll\\lll‘\\lll\lll
[t /

Calculated
(“extracted from data”)

F,(n)/F,(p)
$%¥ nuclear uncertainty
7%7% PDF uncertainty (Ay = 1)

— — no nuclear corrections

ol b P b

0.2 0.4 0.6 0.8 0.2 4 0.6 0.8 0.2 0.4J0.6 0.8
x x 0

Off-shell model Nyclear Wave-Fn
spread spread

o

Still significant uncertainties from nuclear

Oct. 23,2012 M.E. Christy - Nulntl2
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models at large-x



Free neutron targets would provide solution

- No high density neutron targets exist

— Use deuterium and assure that scattering took
Place from a 'nearly’ on-shell effectively free neutron

Oct. 23,2012 M.E. Christy - Nulntl2 10



alpha — analogous to x for the nucleus

s — deuteron spectral function — proportional to the deuteron wave
function

Iy



For free neutron structure must kinematically
select to minimize:

1. Off-shell effects
2. Final state interactions

3. Target fragmentation enhancement to proton yield

Oct. 23,2012 M.E. Christy - Nulntl2 12



Off-Shell Structure Functions

Liuti & Gross PLB356(95)157

0.965
/

.825 -
0.8 I r\ I

50 100 150

I
200 250 300

p (MeV/c)

350

41

00

Ry, = (FP)™ /(Fy)e

BoNusS ps

detection range

Oct. 23,2012

M.E. Christy -

Melnitchouk et al, PLB335(94)11

0.95
0.9
085 |
0.8 : : :
0 100 200 300 400
Ipl (MeV/c)
*R,decreases with psor as
* At x*=0.5 and ps=400 MeV/c, R,
deviates from unity by 7-20% in
these models
Nulnt12 13



Final State Interactions

* Several groups have calculated
FSls

*Opq> 110°and ps<100 MeV/c
greatly reduces FSls

Oct. 23,2012

* Struck neutron can interact with the

spectator proton
* Proton momentum is enhanced

*FSls are small at low psand large Oy

-'n
FSI
4 N
Palli et al, PRC80(09)054610
0.0 53 211 T, [MeV
4.0}
Y x=06 ' x=0.6 ,
< 15 1 3.2t 97 =90
E p,=0.2 i
L2 / 24}
g py=0
z 09 I 16| 0, =180~
B 06 P 2 =] =0
0.8F ]
0.3
——— 0.0
0 30 60 90 A20 150 180 00 01 02 03 04
L pq Ps y
M.E. Christy - Nulnt12 14




Target Fragmentation

Palli et al., PRC80(09)054610

PWIA
Vo,
i

PWIA
/
sp
o
'l

(GM +o
i

| ——p,=0.3 GeVi/c
1~~~ p,=0.4 GeV/c el Enhancement in proton
........ p.=0.5GeV/c . 1 Yield Over PWIA negible
? for backward protons!
x=0.2 EA.
Q=5 (GeVie)” .- -~

R

Oct. 23,2012

04 06 08 10
cos Opq

M.E. Christy - Nulntl2 15
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RTPC Performance

4He Target,
=200 =L . * Upper left: dE/dx vs. p/Z for He target
£ — proton i
2% triton *Lower left: dE/dx vs. p for deuterium target
= 160 2 .
8 Thomum® *Below RTPC+CLAS resolution for common e
140 =
2 events
= 120
8 100| 3 Z(CLAS corrected)-Z(BoNuS) [[z_BoNuS vs z_CLAS (electrons) |
B =8 20
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Ratio Method ‘

N.Baillie et al., PRL 108 (2012) 199902

First make experimental ratio:

.. — Nagged [AQQ. AW, A':"rlp]ﬁs)fA&(QQ‘ l,]}*]
T Nua(AQ AW AQAW)

In terms of structure function ratio:

_ FWw,Q?)

Rey _—,/I dosdpy Ay Slas,py
= FEW.GD) e Ps Apolas,py)

I

VIP

N is yield with VIP after

tagged

accidental subtraction passing:

P, <100 MeV/c, 8, > 110

A, : electron acceptance in
CLAS (mostly cancels!)

A, : tagged proton
Efficiency * Acceptance

— Integral Ivip is largely independent of W* (x*) and Q?
— Determined from Rexp at x=0.3, where nuclear effects are small

using F," / F ¢ from CJ PDF fit.

Then F=F * R_*1I

Oct. 23,2012 M.E. Christy - Nulntl2
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Resonance an results |Vaailicetal, PRL 108 (2012) 199902

0-38F 0.77 < Q2 < 0.92 GeV? E 1.56 < Q2 < 1.87 GeV?
0.3 ++ ‘ 0.25[- +
: bt :
o.25 | t 41/ t ‘ o.2[-
= o 0'2; 0.15)
0.15} F
g 0.1
0.1 C
o.os% 0.05 i
c:‘-n—- L o | o ‘ [ T B |
1.2 1.4 1.6 1.8 2 1.2 1.4 1.6 1.8 2 22 24
° ZE 2.23 < Q% < 2.66 GeV? +
- BoNus 1 - Clear neutron resonant structure
0.15 Malace et al.
£ o - Compares reasonably well to
o1 Bosted-Christy fits to p, d,
o.0sf (extracts neutron using PWTIA + Paris potential)
o® . = Studies of duality in F," being

wW* [GeV] finalized nl)w.

Oct. 23,2012 M.E. Christy - Nulntl2 22



Results on FZ“I F2'° NBaillie ef al,, PRL 108 (2012) 199907

1:| T ‘ TTTT | TTTT | TTTT | TTTT | TTTT | TTTT | TTTT | T J:
0.8 Normalization point - > oGV 3 | Fan/F2p: Fan/Fad* Fad/F2p
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0.8 - \J/ o W*>1.4GeV Bosted/Christy fits
F . [Accardi, etal, | PRC77(08)065206,
0.7- ey pRCSasZuf)oauoomE PRC81(10)055213
0.6 3
L E 1 | - Trend in x consistent
=08 11 withcJit,
04 _ % =
F 3% e 4 | — Below normalization point
0'35_ A% .5 %a” E Q? less than CJ scale point.
020 V2 | a3es0 =
o 12 ‘i'.z el 1 | — Lower W* cuts reduce stat.
T ) Toxt ' = uncertainty, but increase
o- ‘0‘1' ! ‘6'2" '6'5' '6'4' i ‘olsm resonant contribution at x >0.6
O : ; :

Oct. 23,2012 M.E. Christy - Nulntl2 23






Spectator model test:
Data/MC cos@ distributions

s ine 0o | = kDot al. * Analysis of S. Tkachenko
E s & utilizes larger kinematic
1 B coverage to test spectator
i, 4 Q% model.
 — g % oIt e A low ps the data agree with
o . (\ e the spectator model quite
\N well.
P % " mmmssssmmmm | © At higher p; the distributions
S Q oty S T ey deviate significantly from

(@2 166 W 1.73,p 50135 | unity, indicating that VIP

i i particles should have
18] 16 ps<100 MeV/c.

‘.4: 1.4

\.255 i 12kt 4

et T - e

0.8 o 0.8 LI

0.6 0.6

0.4: 0.4/

”:, 02

n-i 08060402 0 02 04 06 :c:'a'L] Lk 08 -06-04-02 0 02 04 06 n%gn 1
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With n+p and deuterium
Structure functions in
hand...

Study of EMC effect in the
deuteron is currently in
progress

Oct. 23,2012 M.E. Christy - Nulntl2 26

26



BoNuS Plans for 12 GeV

E12-06-113

Data taking:
-35daysonD,
-5daysonH,
-L=2x10%cm?sec’
DIS region:

-Q%?>1 GeV?

-W*>2 GeV

- p, <100 MeV/c
-6,,>110°

- X*max = 0.80

W*> 1.8 GeV: X*max = 0.83
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A transition form factor from neutron with Bonus12

Oct. 23,2012

Delta Resonance Transition Form Factor

e

¢%%¢$ &b 4

il %%oé +J‘(_

- Estimated BONUS12 coverage and uncertainties |

> ]

i

M.E. Christy - Nulntl2

Q@ (Gev®)
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Summary

— Spectator tagging method demonstrated to allow
Extraction of free neutron structure.

— Allows significant reduction in nuclear model uncertainties
On d-quark distribution at x > 0.6.

— First look at EMC effect extracted for deuterium.
— BONUS data allow study of nuclear effects.

— Upcoming 12 GeV BONUS will provide F," precision
Comparable to proton data up to x ~ 0.8.

Oct. 23,2012 M.E. Christy - Nulntl2 30



Oct. 23,2012

Much More to come

Thank Youl!

M.E. Christy - Nulntl2
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point out that resonance structure of proton is obvious, neutron
resonance must be extracted from deuterium data — fermi motion of
the nucleus washes out the peaks. we need a free neutron target



d(e,e’ps)X

k spectator

e

* Plane-wave impulse approximation
*Backward-emitted p is a spectator
* Struck neutron is off-shell

*ps and p. are equal and opposite

¢ orentz invariants are corrected for
initial neutron 4-momentum

Oct. 23,2012

neutron —— pp = (Mg — E5, —ps)

before
f N

Myg=FE,+ E;

":X En:Md—\/ME—Fp%

M*2 — (Md . E8)2 _13*82‘

\
after
é 2 2 2 h
W* = M™* — Q° 4+ 2M,v(2 — ay)
o — Es — Ps||
s Ms
" Q? Q? T
xr = ~ —
\ 2pn ¢ 2Mw(2—-as) 2-— Qs




PWIA Spectator Formalism

1 do Ao [ y? Y Cross Section
EM
= +1-y)
* 2 * )4
dxrdQ®  x Q*Z *22(1;“ B | Off-Shell F
M*x*y “1—-R ,
+ 2 1+R F(x", a5, pr, O7)
. R=o./or
o5
X S(o, d“pr,
L o B @ )} Ligntcone
Spectral Function [ - da, - 31
L §*(as, pr)—d" pr = [Ynr(k|D)|"d Kk
Nonrelativistic w.f. o

- — L mpr ok
P(ps) = J¥nr(ps)I? K=V aa=a ~ Tl
J=14 2 CooMa h=VM +i2  Pr=ki

n

d

S(asa pT)

N

E,  2(M,-E,)

(07 ->
0[ sdsz = P(ps)d3ps

N

(EA Christy - NuiuuZ

dag
/ f f SLC(as,pT)a d’pr=1
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