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Why is high x interesting?

Argonne National Laboratory
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Some experiments in deep inelastic scattering

Argonne National Laboratory
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Partomc structure of the nucleon

— (B pP=p+gq

leptonic hadronic

k= (E,k)

>

Structure function
o X FQ(LU, Qz)

Parton model

Fy(z) = CCZe-z(qz-(:b") +3i(2))

Quark charge \

Prob. of g in proton

Argonne National Laboratory
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The Neutron Structure Function

Parton model ->
Proton structure function:

FY =2 |§(u+7) 4+ §(d+d) + 5(s +75)|

Neutron structure function (isospin symmetry):

up(x) = dn(x) = u(z)

Ff =z |5(d+d) +§u+m) +§(s +75)

Ratio:
Iy _ utut4(d+d)+s+5
F§ " 4(utu)+d+d+s+s
Focus on high x:

F _ [144(d/u)]
FT = [AF(d/w)]

Three 12-GeV JLab experiments
— Deuteron: radial TPC and CLAS12
— 3H/3He: 3H target and existing spectrometers
— Proton : PVDIS and SoLID

Argonne National Laboratory
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CJ12 J. Owens et al, PRD 87 (2013) 094012

Upgraded JLab has
unique capability to
define the valenceregion




Present status: Neutron to proton structure function ratio
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C. D. Roberts, RJH, S. Schmidt, arXiv: 1308.1236;
RJH, C. D. Roberts, RMP 82 (2010) 2991



k*p(k)

Extractions with modern deuteron wave functions
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The ratio at high x has a strong dependence on deuteron structure.

J. Arrington et al, J. Phys. G 36 (2009)

C. Accardi, et al., PRD81 (2010) CJ

J. Arrington et al, PRL 108 (2012)

J. Owens et al, PRD 87 (2013) CJ12 PDF’s
More p/d data at JLab 12 GeV

E12-10-008 - J. Arrington, A. Daniel, D. Gaskell

1.0



The Spectator Tagging Approacin Effective Free Neutron
Target from Deuterium....

e-n collision e-
S @o

before coII|S|on

Oh
“spectator” proton @X

standard DIS event - from
a neutron target!

L.L. Frankfurt and M.I. Strikman, Phys. Rep. 76741981)

C. Ciofi degli Atti and S. Simula, Phys. Lett. B323, (1993); Few-Body Systems
18, 55 (1995)

S. Simula, Phys. Lett. B387, 245 (1996); Few-Boggt&ms Suppl. 9, 466 (1995)
W. Melnitchouk, M. Sargsian and M.I. Strikman, fAyB. A359, 99 (1997)
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BoNuS Experiment at JLab

Thin-wall High Pressure
Gas Target

Low-Density Moller
Curl-up Zone

A
Trigger Electron (to CLAS)

\‘ 4"’ L “ - so2 ; ] - 7 ;
Thin Al-Mylar Window / Taglow momentumbackward angle

Drift Electrode Spectator proton in deuterium = electron
Track lonization / Drift Gas  SCattering from déree Neutron target

Spectator Protdn

GEM (Gas Electron Multiplien US€ GEM-based radial TPC in JLab CLAS

Ao spectrometer
Readout Electrodes (pads)

Measure neutron structure functionté study
Slide credit: C. Keppel quark structure of the nucleon at large x

Argonne National Laboratory
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Results from BoNuS N.K. Baillie, et al, PRL 108, 199902 (2012)

Pspectator< 100 MeV/C, “EIIII|IIII|IIIIIIIIIIIIll|I|II|IIII|IIII|II[I|IE
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Slide credit: C. Keppel



BoNuS: 12 GeV JLab experiment projections
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JLab E12-06-113, S. Bueltmann, M. Christy, C. Keppel, et al.

Adapted from C. Keppel

Argonne National Laboratory
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Spectator tagging at an EIC

 E=8 GeV, §=30 GeV 0.1

0.05

e Luminosity=3.5E33 0

o 26 weeks at 50% efficiency _960_?

 Detect ~30 GeV proton — “super BoNUS, |
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Thanks to A. Accardi, R. Ent, C. Keppel
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Nuclear Physicists’ Approach to F,,

= Problem:

— The deuteron experiments present extraction
complications.

= Nuclear physicists’ solution: Add another nucleon.
= 3H/3He ratio: minimizes nuclear physics uncertainties

|. Afnan et al, PRC 68 (2003)

Argonne National Laboratory
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DISfrom A=3 nuclel

ey

FH

F_’)‘H.v
~ FP 4 2Fp

2FF + F} °

R(*He) = R(*H)

e Mirror symmetry of A=3 nuclei
— Extract B"/F,P from ratio of

measuredHePH structure functions
Fr 2R — FyHe/pyH

FY  2oFHe/FJH R

R= SUPER ratio of "EMC ratios” fotHe
and3H
- Relies only ordifference in nuclear effect:
in 3H, 3He
- Calculated to within 1%

- Most systematic and theoretical
uncertainties cancel
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DISfrom A=3 nucle - Projected Results

]. LILIL I LI ] LI I LI I L
CJ11 .
0.8 PDF uncertainty i
-\ EZ nuclear uncertainty 1
- ® JLab projected -
- 0.6 — p—-—
i £
\ - -
= 04 - Thermo-mechanical design,
b B. Brajuskovic et al, NIM A, arXiv: 1306.6000
i helicity
0.2 __ 4 conserv.
B scalar
0 [ # diquark
0

E12-06-118 MARATHON: G. Petratos, J. Gomez, RJH, R. Ransome, et al.
Scheduled for 2015 at JLab

Hall A BigBite Spectrometer




PVDIS Measurements - SoLID Proposed Setup

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

S e SoLID provides large acceptance

@ 2< p<8GeV

0 2< Q%< 10 GeV?

0 0.2< Xpj < 1

@ Acceptance ~ 40%

o Lumin ~ 5 x 10°® Hz/cm? }

- 1-(1—y)
Apy ~ ~avara [al(X) tira _y)zaB(X)

Gr Q?

_ 22 Ciqeq(q + q)

Coqeq(q — G
Zeg(q+a) , 22 2q€q(q — q)

P CR)

a1 (x) az(x) =

Slide credit: S. Riordan
vy



Clean Measurement of d/u with PVDIS

d/u

For high x on proton target:

P(x) — llZCluu(x) = 6C1dd(x)] . [1 — 0.91d(x)/u(x)]

4u(x) + d(x) 1+ 0.25d(x)/u(x)
Projected 12 GeV d/u Extractions @ Three JLab 12 GeV
1= " . ———QCD Fr. Sotje i experiments:
A - -~ CTEQB.6M I
0 " A  BigBite 'H/'He DIS 1 Q CLAS].2 BONUS -
o g = 832233332 —— spectator taggin
- . 4 - ® ScLIDPVDIS 1 p " gging
) . o BigBite - DIS
e 3H/3He Ratio
o e SoLID - PVDIS ep
|DSE :
E @ The SoLID extraction
APACD  of d/u is made directly
S 0 from ep DIS:
0 0.1 02 03 04 0x5 06 07 08 08 1 no nuclear Corrections

DSE - Wilson et al., Phys Rev C89, 025205 (2012) Slide credit: S. Riordan



Spin Structure of the nucleon - valence region

Polarized electron scattering from a polarized nucleon

polarized e polarized nucleon
/\/\/\/ ) . ...goes to ... .
> - IMPOSSIBLE
/\/\/\/ . ...goesto... foraspin1/2
quark!

A — O1/2 —03/2 N 81 Eq eé Aq(x, QZ)
| ==
Oiptoy2 i 3, eqq(x, Q%)

NSAC milestone HP14 (2018)
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Measurements and Projections for AP
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New!

JLab E12-06-109, S. Kuhn, D. Crabb, A. Deur, V. Dharmawardane, T. Forest, K. Griffioen, M. Holtrop, Y. Prok, et al.
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C. D. Roberts, RJH, S. Schmidt, arXiv: 1308.1236
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Measurements and Projections for A"

1-0 | 1 1 I | 1 1 I I‘ 1 1 I | 1 1 I | | | Iﬂ
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0.8 & E154 O Projected Hall C JLab —
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C. D. Roberts, RJH, S. Schmidt, arXiv: 1308:1236
Scheduled for 2015 at JLab

JLab E12-06-110, X. Zheng, J.-P. Chen, Z.-E. Meziani, G. Cates et al.
JLab E12-06-122, B. Wojtsekhowski, G. Cates, N. Liyanage, Z.-E. Meziani, G. Rosner, X. Zheng, et al.
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Transversity and tensor charge

® Quark transverse polarization in a transversely polarized nucleon:

th — —> Nucleon Spin
_ — Quark Spin

— Can be probed in Semi-Inclusive DIS, Drell-Yan processes.

— Quark-antiquark sea does not contribute.

— Quark and gluon transversity distributions do not mix.

— Nucleon tensor charge can be extracted from h,.

— Tensor charges are important for calculating nucleon EDMs.

Tensor Cha rge: Intrinsic property, like axial or vector charge

vector charge axial charge tensor charge

CH] ) (v s| ) (o™ 5] )
f([tl‘(q —q) f([I(A(_/ + Aq) ’/'(/.1'( ATq—ATq)




Transversity Projected Data -12 GeV JLab
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JLab E12-11-111: H. Avakian, F. Klein, M. Aghasyan, K. Joo, M. Contalbrigo, et al.
JLab E12-11-108: H. Gao, K. Allada, J.-P. Chen, X. Li, Z.-E Meziani, et al.
JLab E12-10-006: H. Gao, J.-P. Chen, X. Jiang, J.-C. Peng, X Qian et al.

JLab E12-09-018: G. Cates, E. Cisbani, G. Franklin, A. Puckett, B. Wojtsekhowski, et al.
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—> Nucleon Spin

Tensor Charge: g, current

sa= | de (hi(a) - H{(@)

—> Quark Spin

1.5¢
JLab 12 GeV Projection (Prokudin) [
Anselmino et al., PRDS7 (2013) 094019 =, 1

Pitschmann et al. (DSE) (2013) [including axial-
vector diquarks but contact interaction] i

Hecht et al. (DSE), PRC64 (2001) 025204 [only (.5}

scalar diquarks]
Cloét et al., PLB659 (2008) 214

Pasquini et al., PRD76 (2007) 034020 Or
Wakamatsu, PLB653 (2007) 398 = :
Gockeler et al., PLB627 (2005) 113 205k

Gamberg et al., PRL 87 (2001) 242001

Big shift from including axial-
vector diquark correlations?
d-quark can now be unpaired. .

He et al., PRD52 (1995) 2960 0
Bacchetta et al., JHEP 1303 (2013) 119

Craig Roberts: Questions and Answers for Hadron Physics (65p)

12345678 91011

Slide credit: C. D. Roberts
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Concluding statement

Understanding hadrons will be one of science’ greatest achievements

Understanding the nucleon at high x is essential
— Valence region defines the hadron
— Test models of the nucleon
— Descriptions of DIS in nuclei
— QCD effects in high energy experiments

New 215t century tools have positioned us well for the next decade

=  We are camped on one of the most interesting frontiers in science

Argonne National Laboratory
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Main injector at FNAL - 120 GeV protons

# Fermilab TOday Thursday, Nov. 3, 2011

SeaQuest dives into a
mysterious sea of particles

Y ),
N ) .
§\

. Scientists hope the S;eaQuest detector will begin
D. Geesaman, P. Reimer, et al. taking data in a couple of weeks. Photo: Reidar
Hahn
Longer term: Polarized FNAL, J-PARC at 50 GeV FNAL E906

Argonne National Laboratory
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Drell-Yan measurement of anti-quark distributions

What is the A dependence of antiquarks?

N (target) /
. 225 1.25
,.) L / Q ]:)?:%-O?[)m POT - B E772 Drell-Yan
= F ' 1.2 | e E906 Drell-Yan
g B ER66 - (Proposed)
1.75 - A NASI 1.15 F
15 _ — MRSr2 i
' { CTEQ4m 1.1 _
125 F [] cTrQ6 =105 |
=7k o |
. i 1 / i)b 1
Experiment ES06 FNAL : | & )
120 GeV, ideal energy 075 095 |- ¥ %
05 F 09 |
0.25 | 085 |
1 H ] -“ -IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
Beginning: 0 08 32005 0.00.05 02 025 03 035 0.4 045 0.5

~ November 1, 2013

No model predicts dbar/ubar <1.

Argonne National Laboratory
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Transverse Momentum Distributions: The Sivers effect

T S —
Y "'_:"*
DIS il Ji — .
Tt ——r ri attractive
T %'\ —
Iy /E:;' S 2
Drell-Y e :
refi-ran '_)_&ff'“ rI———1r repulsive
Sivers|prg = —Sivers|py

= NSAC Milestone HP13 (2015) “Test unique
QCD predictions for relations between single-
transverse spin phenomena in p-p scattering
and those observed in deep-inelastic
scattering.”

=  COMPASS-II, RHIC-spin, polarized FNAL

é

(sin(¢-0g))yr

(B

Courtesy G. Schnell

ilbao) and U.
Beckmann

L.u>0

Z

Moriond QCD and High-Energy Interactions - La Thuile, March 16,2012
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05

05

u quark

0
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Polarized Drell-Yan and W production (2014+)
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N (target)
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= 2 5 A4 05 0 05 1 15 -
< 0.00] . 1 0.05—
Delivered 500 pb- -
i ol Vs=510GeV o 7 eeeee- } -----------
B - 0<q.<1 GeV -
i 0.08 _ 4<Q<8 GeV P -O.lE:-
-0.05— FNAL pol DY ansr: C
18 = // L.
i 32’0 POT 0.04 PHENIX /'/ _oll-llIlIlIlllIlIlIlllIlllllllIlllIllllll
PR S NS SR WA [N TR SR SR SN SN ST S N SR T il Pl 08 06 04 02 0 02 04 06 08
0.0 0.2 0.4 0.6 0.8 - Fy XXX
X il i
< 0
FNAL Polarized SeaQuest (>2017) 002 COMPASS-II (2014, if upgraded)
PAC: Stage | approval -0.04
-0.06
—+— (F)VTX Projection
0.081- __ Kang-Qiu, 2010 ( /;5,,= - /o0
O e o oo Thanks to E. Aschenauer,
TR R8RS W. Lorenzon, M. Liu, M.
Argonne National Laboratory Forward upgrades -> transverse spin asymmetries Grosse-Perdekamp
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Spin dependent PDF predictions at large-x

L Vo
- d (uu)s=1/- d! (uu)s=1

3 3
INucleon Model F,/F.P d/u Aulu Ad/d A" AP
SU(6) 2/3 1/2 2/3 -1/3 0 5/9
[Valence Quark 1/4 0 1 -1/3 1 1
DSE contact 0.41 0.18 0.88 -1/3 0.38 0.83
interaction
DSE realistic 0.49 0.28 0.65 -0.26 0.17 0.59
interaction
‘pQCD 3/7 1/5 1 1 1 1

Craig Roberts: Nucleon spin structure at large-x
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Ad/d & Au/u
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Craig Roberts: Nucleon spin structure at large-x
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Is there a flavor asymmetry in the sea quark helicity distributions?

(E.p)
- —~ JLab 12 GeV
e 5 — @ a e
Dy k) " HERMES
v B L A recn.
" <t< 3 an param.
X E ......
1S
30-1
3
e .
AD (o 5 il
-0.1F
= Sea quark polarization at _ R EIIXEXIXEX
high x -
0.2l . bttt ] " s 4 4 o
JLab 12 GeV (Hall B) 102 10" X

= Kaon detection - RICH

Plot credit: K. Hafidi

Argonne National Laboratory
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W production expected from RHIC runs 12+13
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STAR PHENIX

p+p - Wt+ X o et + X 25Gev<ES<50 GeV
p+p - Wt+ X o pr+ X 15Gev<E!

@%

lepton

Statlstlcal error only

0.04 -
0.02

0

%2% DSSV ]
Bl DSV +W |

B R
:ozo,‘o‘o‘o:o‘o‘o‘o’o‘
0.0,0,: XK

I Global o} ]

'— |
* Provides an oF I > LR !
. . analysisyo o A
important check - W I xAd s oS
of SIDIS method ot B DSSV+W ]
_0.4‘ ’-ﬁil_ ! 0 ]
) ! 1 I:‘%F ; h
* Nofragmentation | =630pb.P=55% : e !
. : W~ W+ CHE-DSSV (25 GeV<E) | 004 ]
fu n Ct I O n T Syst::matic Uncertainty ]
1 1 1 1 1 0.06 L
-2 -1 n 0 1 2 10 1

* Q*=M? (no high
twist effects)
NSAC milestone HP8 (2013)

B. Jacak, N. Xu, RHIC PAC 2012
http://www.bnl.gov/npp/pac0612.asp

Thanks to E. Aschenaur
Argonne National Laboratory
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BONUS in CLAS (Hall B at Jefferson Lab)

r'TPC inside Solenoid
inside CEBAF Large
Acceptance s A e
Spectrometer (CLAS) ‘ 7 G, SN e

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

vertex. e

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



