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» e - n scattering motivation, Jefferson Lab — nucleon structure studies

» Sachs Form Factors (FFs) from elastic scattering
» Motivation
» Experimental Setup
» Polarized 3He Target
» Neutron Results

» Spin Structure Functions from deep-elastic scattering (DIS)
» Motivation
» Experimental Setup
» Neutron Results
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GOAL: Understanding the structure of the neutron in terms of its constituents

> The players:
» valence quarks, gq pairs, gluons

> The measurements:
» Form Factors and Structure Functions
» Large Q? - scaling, pQCD
» Large xg;— valence quark regime

Questions we can study via elastic and DIS e - n scattering

> Where do quarks physically reside?

» What are the charge and magnetization distributions?
» What contributes to spin =% ; quark spin distribution?
» What are the roles of qq pairs and strange quarks?

» Appearance of QCD as Q? decreases — higher twist effects
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» Electron beam - EM scalpel, no strong interaction

>

>
>
>

» 4 experimental halls

>

>
>

>

Current up to 100 pA CW
Polarization ~ 85%

Energy 1-12 GeV
Beam diameter ~ 200 pm

Hall A — high resolution spectrometers
» custom large acceptance detectors

Hall B — ¢p=2n spectrometer - multi-particle
Hall C — High momentum spectrometers

Hall D (not shown) — e = y: meson spectroscopy

Recirculation

Arcs (magnets)

North Linac

45 MeV
Accelerator o amaRl
Newport News, VA
20 mi from William & Mary

South Linac

Extraction
Elements

End Stations
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Elastic e - n Scattering
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Measure in the lab frame: E,E’, 0., Oy

— _

k'=(E' k')

*

Y q=q
— Physics happens here

P = (En,Pn) N N P" = (Ey,pn)

Kinematic variables

> Q%= —q2 = 2EE'(1 — cos 0) > (-) four-momentum transfer?

» v=FE—E' » virtual photon energy

> W2 =M?*+2Mv — Q? > invariant mass of y*-N system

> X = % » fraction of nucleon momentum of struck quark
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Rosenbluth formula
do do E’ 1 5 T B Q2
(d_Q)eN_ (d_Q)Mott (E) 1—|—T{GE+EGM}, T — m

0 -1
= (14+2(1+7)tan?( -
» Dominated by G, for the neutron, enhanced by ) ( () tan (2))

> D d onl 02
GE(QQ) = Electric form factor epena only on

» “Parameterize our ignorance of the

2N _ .
Gu(Q7) = Magnetic form factor structure of the nucleon” - H & M

» At Q2 = Q require

» Charges » Magnetic moments

GE(0)=1, GE(0)=0 C21(0) = oy G (0) = pun
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» Sachs form factors ~ not too different from dipole FF at lower Q? (except G¢")
» Lots of nucleon dynamics entering at large Q2
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=) N = L =
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o T 7 G L ]
B . Sill 1993 (updated RC) 5 C ]
04— ; — 0.4— . World data —
L . Christy 2022 A r _
0.2 . 3 Bernauer 2014 _] 0.2 L Global fit (Ye 2018) i
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Plots from “50 vears of QCD"” 729 paaes! hep-ph>arXiv:2212.11107


https://arxiv.org/list/hep-ph/recent
https://arxiv.org/list/hep-ph/recent
https://arxiv.org/list/hep-ph/recent
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> What do these form factors tell us?

Charge radius o _ _4GE(Q?)
) = =600 | s
(ry) = 0.707 fm” (r2) ~ —0.11 fm?

>

In the neutron case, it is the highly complicated dynamics of the strong force between quarks and
gluons, the fermionic nature of quarks and spin-orbit correlations that leads to an asymmetric
distribution of u- and d-quarks in it, thus resulting in a negative value. Nature Commun. 12, 1759 (2021)

This occurs because its internal quark structure features positively charged up quarks
concentrated near the center and negatively charged down quarks residing more toward the outer

region. Google Al Overview

Charge and Magnetization distributions obtained by Fourier transform
o) = [ e TCu@d' ME) = [ @i
0 0

» Treating recoil relativistically makes these frame-dependent
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Breit Frame

0.2 y - 12
— £ __E_P
£ 0151 / B
g : Q -
= ol neutron } o8 proton
< [ d -
0.05 / 0-6:_
of / 0.4:_
-0.05— 0.2f
- o | [ Oy O O |V ) O O | O, O I B oy N O O OO0 O W | 0 0 0 | 0 W W < | e e N | O
0 05 1 15 2 25 3 35 4 % 05 1 15 2 25 3 35 ,
"Il NSAC, 2007 r [fm]
PEF Te] fm?] i G pgg (5e/fm21 |
0.2 %L U
0.1> ...... 0.5 —15-1-050 05 1 Ls > U™
) —_-0.75 1.5
el Proton
—0.1 .31 1.0
-2,/ e 2.
—
—0.3 __10. 0.5
—0.47 — o0

02 04 06 08 1o UM

by 1fm)

~15-1-050 a5 1 L5

C. Lorcé, arXiv:2402.00429
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What does G¢" tell us?
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0.8 1 1 1 1 I 1 1 1 1 | 1 1 1 1 I 1 1 1 1 1 I 1 1 I 1 1 1 I.l 1 I‘!’l I 1 |/|/|
- J o » Measured to Q? ~ 3.5 GeV?
| - RCQM R -
0 6__ GPD //,./:/’ = > Data at higher Q? needed to
“L ~T—- VMD S T il constrain theory
cs | _— DSE {'," ’,/’ -
(\5 B c” ,// — — Red triangles: First JLab
cll 04— it — ] measurement using polarized 3He
(DC B /.»5‘// - = B
= | st _
i /// ! | L
0.2 LN pQCD,A=150MeV  —| If charge and magnetization
i / — - PQCD,A=300MeV 1 densities have the same spatial
B — Our Fit C i
. 1 distribution: -
L 1 1 1 I 1 1 Il 1 | L 1 1 1 I 1 1 Il 1 | Il 1 1 |l I 1 1 1 1 | 1 1 1 Il I 1 L 1 1
00 05 10 15 20 25 30 35 %((52)) =1
Q? [GeV?] M
Riordan et al., Phys.Rev.Lett. 105 262302 (2010)
. ) 1
» Except Gg¢", all form factors behave like Gp(Q7) = o
the dipole form factor Gp for Q? < 1 GeV? (1 T 071 Gav2 GeV2)
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Re-write Sachs FFs in terms of Dirac and Pauli FFs, F; and F>

147 1+7

:GE-l—TGM FQ—GM_GE

1

» Using both proton and neutron Sachs EM FFs, and assuming charge
symmetry, we can do a flavor decomposition to extract the u and d
contributions

0.3

2 1 - .
p  _Zpu _ _—pd - u quark s N
F1(2) — 3712 3F1(2) T d . ]
&+ B . é i
(@] L ° ° - ® n
o | [} a
no__ ng . 1 U ¥ 01— ..' ]
1(2) 7 37 1(2) 37 1(2) I d quark x 0.75 |
C ]
» Simple expectation °r © ]
L u quark . |
Tl . :
Q4F1(2) = constant T o5l . -
. oo * ! ]
. o’ d quark x 2.5 i
080" "05 10 15 _ 20 .25 30 85 [4.0

Q% [GeV?

Note: maximum Q2 limited by G,

G.D. Cates et al., Phys.Rev.Lett. 106 (2011) 252003
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Neutron Magnetic Form Factor Measurement at Large Q-

» Gy, using LD,
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» Small cross sections require spectrometers with large angular and momentum acceptance &
high huminosity

» SBS = Super Big Bite Spectrometer system

» Neutron from LD, and polarized 3He targets

Hadron arm
recoil p/n

BigBen
(Not to scale) Magnet

Polarized
3He Target

HCAL-
Hadron
calorimeter
for (p/n)
detection

Preshower/
___— Scintillator/

Cerenkov - Shower

Electron arm




Hadron Calorimeter R MARY

SBS magnet
for p/n
separation

>

Hadron
Calorimeter

Wavelength Shifter

l_'_.l

Rectangular to cylindrical
Scintillators  Light Guide
Absorbers

16
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Shower
Calorimeter

Cherenkov
Detector

Hodoscope

Preshower
Calorimeter

Cherenkov
PMT Array

17
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> With the SBS spectrometer and a 15cm LD, target we measured G),"(Q?) to Q? = 13.5 GeV?

» Draft publication complete

» We also measured Rosenbluth Separation — not shown, to search for two-photon exchange
in e-n scattering

=)
O]
c
=
cs
O)
— 2
0.4 T oman 2002 N
¢ This Work .
------ - Diehl 2005
o 4 World Data . Global Fit (Ye 2018)
' 5 10 15

Q? (GeV/c) 2

» Improved statistics; larger Q2
» Needed for nucleon flavor decompositions

> This will move global fit above theory predictions Plot courtesy of Eric Fuchey
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Neutron Electric Form Factor Measurement at Large Q“

» Gg" using polarized 3He
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Measuring G¢"(Q?4) using a Polarized 3He Target

?-000

~90% ~1.5% ~8% /

Fix the target polarization direction and measure the asymmetry

ot —o~
ot +o0~

A =

where + & — are the beam helicities
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» Use double polarization technique to isolate relatively small Gg"

A=

~ G% 2y/r(1+7)tan ? sin0* cos ¢* 27\/1 + 7+ (14 7)2tan? £ tan £ cos 0

G n \ 2 n \ 2
M(GE) + (r+2r(1+ 1) tan? §) (S5) + (r+2r(1+ 7) tan? )

G

-

H. Presley PhD thesis, UVa

>
>

0 is the electron scattering angle \

0" is the angle between the 3He polarization vector S
and photon 3-momentum, q
¢" is the angle between the electron scattering and the

(S, 9 planes.
Set S perpendicular to g (8* = g) and ¢*=0

Only the FF ratio contributes to the asymmetry

n

E

2¢/7(1+7)tan $

=

n
M

I

G

)2 + (7' +27(1 + 7) tan? g)




EOP Polarized 3He Target

3He convection cell

£

L :
aser . ' \Laser
Heating coil | g o

flow

ebeam

ﬁi--:-----iii--:------),——
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Holding Field Coils

Hori. Small
Hori. Large
Vertical Coils

. GEn-lla Ibeam =45 uA GEn-ib
¢
60
A raR O, |
§ * M{ t t "”
830 1) t + t ¢t
= ’
g ———— - el i it r-——i--*—-’-—-—-’———-r +-J
240 & [ t AR : 1 ’A
% A K3 ’. LI :‘ . + + +
g 30 °ﬁ| 2 : ns H { t
é mm Hunterkin2 | ' .’ e o $ HE T
2ol e, B8 " L
I s .
10 Donya ot ]
Christine !
| Error l ~ .
0 . = = r ; . r ; A s
: 25 Ab I\ 20 A6 0 2
. . > 101”"9 @ 101131 R o>° e
Target cell in beamline ’ ’ ! ' ’

22
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GEn-1l Gamage: nucleon flavor separation
New result for flavor decomposition
] 5__ __ 0251 u dx0.75 * ______
: : 0.20_ é N\§N~~§~~
- 1 |3
1.0 = |8 ous ) AR
L =] (5] ~-~~~~
B _ _ & 0.10 T==
~u ~ e T T T < —— Diehl-Kroll fit (F2u) B Cates et al. (2011) (d)
< 0 5_ _— ~ ] = = Diehl-Kroll extrap. (F2u) ® uGamage (Kelly)
(5 — : ~_ — 0.05F = Diehl-Kroll fit (F2d) B d Gamage (Kelly)
c [ . — = = Diehl-Kroll extrap. (F2d) O uGamage (Ye)
1 - N ] ] @ Catesetal. (2011) (u) 0 dGamage (Ye)
N 0.00
0.0 ..................................................................................................................................................... — L L L L L
- — Arrington18 fit — - Segovial4 (DSE) ] T
- - l4ry dx25
- — — Riordan10 fit B World data - [ S ——— g
-0 5__ A SBS GEN-RP (projected) ¢ SBS nTPE (preliminary) | L2r T
- ®  SBS GEN°®He ("exploratory/pre-preliminary” (V. Gamage thesis)) ] 1.0} - —— DiehioKroll it (F10) 8 Catesetal (2011) (¢) |
L L 1 L I 1 L L 1 L fal = = Diehl-Kroll extrap. (F1u) ® uGamage (Kelly)
0 5 10 %, 0.8 = Diehl-Kroll fit (F1d) B d Gamage (Kelly)
o = = Diehl-Kroll extrap. (F1d) O uGamage (Ye)
Q2 (GeV/C)2 o 0.6k ® Catesetal. (201?) (u) [m] dGamage (Ye)
2 0.
o
0.4f @ -~ i
» Additional statistics expected as we better 0.2 e
understand inelastic backgrounds and 00 1
improve Monte Carlo . : D) : : G
Q% (GeV?)
» Also note we have results for nTPE using
Rosenbluth separation
» Result for FF using recoil polarization from SBS
Plots courtesy of V. Gamage
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Spin Structure Functions from Polarized
Deep-inelastic Scattering

SHe(e,e’)X
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. . ,
- Two unpolarized structure functions n(€’ e )X
2 2
Fl(l/vQ)v F2<I/7Q)
- Two polarized structure functions

gl(l/a Q2)7 92(’/7 Q2)

> At large Q?, scaling limit
F1(2)(V7 Q2) — F1(2)(5L’)

g1(2) (v, Q%) — g1(2)(x)

L do  (do E’ Fo(x) 2 2 (0
» Unpolarized: e (dQ)Mott (E) { T MFl(x)tan (2)}

» Longitudinally polarized beam and target

2,1 2 1
o™ d7oU e 20 (Ao (B4 E cos0)gi(x) — 2Mxgs(x))
dQdE  dQdE A ) vyon
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Parton Model Interpretation

1 2
1 _ gz) =5 ) e (Ag(z)+Ag(),
Fa(z) =5 Y e (a(@) +T@l2), 2 i:%,s z
i=u,d,s
Agi(z) = g} (z) — g; ()
gi(x) = probability to find a quark with ¢; (z) = probability to find a quark with
flavor i and momentum fraction x flavor i and momentum fraction x parallel to
the nucleon spin

» We can also write an expression for the

virtual photon — neutron asymmetry Simple parton model example:
Ts = Oys 1)
A (x) = 1/2 3/2 -~ g1
a1 gy = ()7 8d@) + (5 Autw
ST (% d@) + () ul=)
3 3

» Wide variety of model predictions
» Expect mainly valence quark physics at large x
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Prior World Data

neutron
— ﬁzJaLnistical s Jlab_E99117
T e = Jlab_E06014
....... pQCD(wiangMom) © SLAC_E142 "
= = pacD o SLAC_E154 =
<> DSE(realistic) - .’
5 DSE(contact) o HERMES -’

llllIIIIIllllllIIlIIlllllllIlIllIlIlIIIIllllllIIl

proton 1.2r
— 77 = C
- --- Soffer Pt P 1=
09 ----- LSS ,/ C
0.8 [ HF Perturbed QM e 0.8
F ----BBS e - -
0.7 —— BBS+OAM l, e || o 0.6
: e 1 :
— L 5I ’ b } ® -
0.6E ; .0}. g8l SU(6)— 0.4—
[olg o 05 :_ %/‘ !‘{{? ________ < :
= ie [ 0.2
0.4 e e Egib -
- B le e Eg1-DVCS 0k
0.3F i ;I%jis{ v SMC (1992) A
02 &7 = E143 (1994) 02—
- f"o + HERMES (1996) -
01 5?? SRR *  E155(1997) 0.4
0 ’T_ 1 1 1 I L1 1l l L1 11 l | - I | - l | - l L1 1 1 l | - l ) - I L1 11 :
0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1 —0.60
X

0.1 02

D. Parno et al. Phys.Rev.Lett. 113 (2014) 2, 022002, 1404.4003

03 04 05

X

06 07 08

0.9 1

Simple parton model predictions as x > 1:

Model Au/u Ad/d| A} AT |d/u
SU(6) i 3|5 o s
Broken SU(6), scalar diquark 1 211 1 0
QCD Counting Rules 1 ] 1 . | :

S. Bass, Rev.Mod.Phys.77:1257-1302,2005

» proton OK

> Neutron data needed at large x


https://arxiv.org/abs/1404.4003
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2 Independent Electron Spectrometers

Hall C Setup

= \NN\p
i . \f

Preshower &
Shower Counters

X-Y Scintillators

Heavy Gas
Cerenkov

> Ee = 104 GeV \ ’,' - 7 X-Y Scintillators
, Aerogel Cerenkov

> lyeam = 30 UA

Drift Chambers

» 6 =30°
SHMS HMS
, Central Momentum Range 2to 11 GeV 0.4to 7.4 GeV
» E'=2.6-3.5GeV Momentum Acceptance -10% to 22% -8% to 8%
Scattering Angle Range 5.5° to 40° 10.5° to 90°
> P.~85% Solid Angle Acceptance > 4 msr 8.1 msr
© Horizontal Angle Resolution | ~ 0.03° to ~ 0.07° ~ 0.05°
Vertical Angle Resolution | ~ 0.02° to ~ 0.06° ~ 0.06°

> Piarg > 50%

Table from M. Cardona thesis, Temple Univ. 2022




1.2

1.0

0.8

—— Statistical

0 coM

NJL

—— PQCD(w/angMom)
—-- pQCD

-f- DSE (contact)
@~ DSE (realistic)

7 ~#— Chengetal.

Bxor une

AdS/CFT
JLab_E06014
JLab_E99117
SLAC_E142
SLAC_E154
HERMES2004

JLab E12-06-110 (Prel.)

0.6
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W>2 GeV, Q° > 1GeV?, x,,,, = 0.7

Theoretical predictions as x > 1

0.4

0.0 f—

-0.2

—-0.4

—0.6

vl
Rd
Rd
v

R |

|

- [

LZ* ;> == +* 0+
L. =t ;

0.0 02 0.4 06 0.8 1.0

X

First clearly observed zero crossing

Best agreement with Nambu-Jona-Lasinio (NJL) EFT model:

Model | 7% | ¢ | 24 |4¢ | &0 A7 A7
SU®) |3 5 || 3 |5 0 3
di-quark i 0 0 1 1 1
RCQM | ¢ | 0 | 0 |1 -1 1 |1
pQCD | 3 | = sl 1] 111
HLFQCD|0.28/0.035/0.035( 1 | 1 = 1 1
LPC* 0.68/-0.50 -0.02 0.58
DSE-1 [0.49| 0.28 |-0.11/0.65-0.26 0.17 0.59
DSE-2 [0.41| 0.18 |-0.07 [0.88/-0.33 0.34 0.88
CSM  |0.45| 0.23 |-0.14|0.63|-0.38 0.15 0.58
NJL |0.43| 0.2 |-0.06| 0.8 |-0.25 0.35 0.77

* the LPC predictions are made at = = 0.8

constituent quarks and contact interaction, no gluons

Poor agreement with pQCD models

Data also obtained in the resonance region
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» Assume p/n charge symmetry, naive QPM

» Use F,(Pr)(x) and g,P"(x) to extract: Aut At Ad+Ad

utu d+d
Aqg(x)/q(x) Data

1.00 ——
Sy L2
-7 =
P ey ‘;"{ z
0.75 i - )
e it § T—
,././-f B TN R - e 5 Z [
ey 2 7 '}7., : /
e e ot i S I_ g
= PoEer T - P (d

i P
3 P
- 7
i ! |
0.25 1 - >

_ ; A u-quarks
X 0.00 g
2 /'
x A T
ISy
J -0.25 - : ‘
.................................. s | |
T ]
-0.50 : |
Cheng et al. JAM25 after
~—- LSS (BBS) ® JLab_E06014
—-0.754 —+- BBS+0AM A Jlab_EGIb - ~
LFHQCD ¢ COMPASS2010 ]
""" LSS2001/MRST99 M HERMES2004 -
- Statistical X JLab_E99117 d q u a rks
=1.00 4 ==+ C. Roberts . JLab E12-06-110 Prel. up with JAM25 eff d/u |
=== C. Roberts @ JLab E12-06-110 Prel. down with JAM25 eff d/u
JAM25 before
0.0 0.2 0.4 0.6 08 10

X

» Note: d-quark distribution remains negative
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» Higher-twist effects are non-perturbative corrections to deep inelastic scattering (DIS) and hard-scattering
processes that scale as powers of 1/Q2 (such as 1/Q? or 1/Q%) arising from quark-quark, quark-gluon, and multi-
parton interactions inside the nucleon rather than independent single-quark impulse approximations.

» Leading-twist contribution describes the interaction of a virtual photon with a single, quasi-free quark

Cy(z) | Cs(z)
Observable ~ Cs(z) + 02 + 0! t e » Operator Product Expansion
leading 2 wisto 4 > Ci(x) are non-pQCD coefficients

twist = 2

>  ga(x)is one of the cleanest observables to quantify

i 0.05
35(z) = go(z) — gV (2) Deviation from g,"W >

Higher twist contributions

higher-twist effects New results for g, at constant Q?
»  Leading twist contribution to can be calculated ca 02
from gq(x) o - ®  This work @ 2.5 GeV?
- ®  This work @ 5.0 GeV?
0.15— o  K.Krameretal.
1 . f—
Wand -Wilczek
GV () = —gP(z) + gl(y)d Ian' zura-wvi |Czed' C O P.Anthonyetal.
.y relation gives leading C A X.Zheng etal.
twist contribution 01— g"™ (DSSV14 @ 2.5 GeV?)
C gV (DSSV14 @ 5.0 GeV?)

»  Twist-3 matrix element can be cleanly calculated in LQCD

02(Q?) = / 2 305z, Q%) = 201 (z, Q%)) da

»  Good agreement for proton; neutron not yet clear X

»  Stay tuned for these results o
See also: Z.-E. Meziani et al., Phys.Lett.B613:148-153,2005
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» New questions and answers from precise neutron measurements

» Elastic scattering from LD, 2 Gy"(Q?) up to Q? = 13.5 GeV?
» Elastic scattering from polarized 3He = Gg"(Q?) up to Q2 = 10 GeV?
» Combine these results with proton to get flavor decomposition

» DIS from polarized 3He:
» A"(x) up to x = 0.7 - Testing wide variety of models

» pQCD models not working in the valence quark region at large Q2

Ad : .
> = remains negative

> go(x) at fixed Q2 = 3.0 and 5.0 GeV?

» Search for higher-twist contributions
» Extract twist-3 matrix element, compare to robust LQCD results

Up@‘ @ Down
Thank you for your attention Q Q é ol

Strange Charm Top
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1969, J.D. Bjorken predicts when Q?,v — oo and Q*/v finite , the cross section becomes the incoherent
sum of elastic scattering from point-like, charged, spin-1/2, non-interacting quarks.
Scattering becomes a function of only one variable describing the kinematics of the struck quark!!

> @

T= o7 ; the fraction of the nucleon’s momentum carried by the struck quark
1 %4

» Bjorken Scaling: W1 (Q?,v), Wa(Q?,v) — Fi(x), Fa(x)

1 . : :
Expect Fz(z) = 3 for a nucleon consisting of only 3 non-interacting valence quarks

Fa(x) Three quarks

with 1/3 of Qz — 00
total
proton

§ /3 X momentum each.
Fa(x)
QuickTime™ and a Tl_'\r'ee quarks o
are neededc??oo?eper?ﬁi?gicture_ W'Th some m O d e ra‘te Q

X momentum
/3 smearing.

>

Fa(x)
The three quarks

radiate partons low Q2
at low x.

Kendall, Taylor, Friedmann /3 X
Nobel Prize 1990 ....The answer depends on the Q2!
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Scaling Scaling predictions
3 16 2 ) LN SRR L | LERUELE R LEL | LB R L | LR ELRSELY ) LERLSESLIALL | L
¥ o x000003., © NMC O BCDMS & SLAC e H| 1 9 o
b " st o H196 Preliminary - Fy(z) = 9 E , e; (¢i(z) + @i(x))
14 +.A),‘/ x=0.00008 (ISR) 7] i=u,d,s
L 0‘/ x=000013 .y, ® H197Preliminary
E 0",./‘/"‘/ x=0.,0002 (lOW Q-)
x=0.00032 ® HI194-97 Preliminary ] L=
ol (y/ s Mg ) » e;= quark charge -
M : > @i(x) = momentum distribution
sia -0.008  — NLO QCD Fit
M/ x=0.0013 HI1 Preliminary
1= x=0.002 N

x=0.0032 S(x)= 0.6 «(i(x)-0.4)

x=0.005

i\

I

x=0.008

x=0.013 (10

- ] Total contribution to nucleon
e esssbaeeebae 00n j momentum from i quark flavor.

at + $- e

. soonbomsiveoty + $ x=0.05
45 TP P x=0.08 7]
PR 1
o L ") . s o 4 x=013
. ¥ R
A bt Rp0 BTVIBFH v et s T q,i — qi (x)dw
2 - . SBE0—.., P S i . x=0.25 7 0
tacae ao—a % i * x=0.40
e x=0.65:1}
O 1 aul 1 wul N 1 L 1 N
3 2
1 10 10 10 10 10°
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T—4
( do ) x g1,9, ~ Two spin-dependent structure functions, g1 (¥, Q?), g2(v, Q?)

dQUdE’
. Averett's work
2 |
P(x, Q¢) scalin
g 9 / g1( 2 Z " (Agi(z) + Agi(z)) ,
- =0. i= - d,
g i *_ X 00=003z045 (i=0) F— / ;K‘%Mc i=u,d,s
o 12—§j x=0. A E O E1s5
‘L. B x=0.0055 P HERMES @ COMPASS 160 GeV qu (w) - q (x) - q’L (x)
N i = CLAS W>2.5 GeV COMPASS 200 GeV
‘-'—- L ___(_i_*___ x=0.007 o | . . '
o 1O g x0008  [emmeer » Contribution to nucleon spin
g i x=0.012 .
- - e — th .
2 % oot from ™ quark flavor:
" _opt R tm— 00 Ag; = / Ag; (x)dm
SLT@—A—‘—-—J*-;%** x=0.049 0
_W* x=0.077 (i=10)
i x=0.12 _ ) )
4_@002*' Rl 017 AY. = Total guark contribution
[ A0 Of ittt W — e ¥ 022 to nucleon spin
- A ROE B oMk —km—em X029
2— - _
i x=0.41 _ _
- e ikl AY = Au+ Ad+ As+ Au + Ad + As
n - - A O A LD ome—m om X=0.57 A |
0_|| O f 1 A - - T Tt X=O'7|4 ' '
1 10 10?
Q* (Gev?/c?) valence
+ sea sea
quarks

quarks
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de Broglie ho Studying the internal structure
Wavelength A=~ :> of the nucleon (N) requires a

P probe with energy ~1-12 GeV

e-‘)—{ » Very low energy: nucleon = point-like A1y
e'*)—i » Low energy: featureless nucleon with finite size  } ~ 7

» High energy: quark structure, resonances A<y

» Very high energy: quarks, qq pairs, gluons 1 < ry

nucleon radius ry~ 1 fm
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DIS

Cross section

A

» Elastic scattering = free nucleon 0.4

> Quasi-elastic = nucleon in a nucleus

> Inelastic = nucleon resonances, W<2 GeV 0.2

» Deep-inelastic (DIS) = partons

~0
oo

H
AY
> Proton = uud
Constant W
> Neutron = ddu (resonances)

W=M

> AT =uuu (quasi—elastic)

> DIS=W >2 GeV
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Coulomb scattering from a point-like charge
Not included: magnetic contribution, relativity, spin, Au recoil

Rutherford’s Gold Foil Experiment Observation Interpretation

Most o particles travel } The atom is mostly

‘/ through the foil empty space

undeflected

The nucleus is
positively charged,

as is the o particle

Some O particles are

Detector deflected by small

angles

Beam of o particles

4 particle travels back most of the atom’

| Occasionally, an o } The nucleus carries
from the foil

Radioactive
Source

\

10” \ /

10* \ - /
10° \\‘-\
S

& s
® ® &

Scattering angle @ (in degree)
0O 20 40 60 80 100 120 140 160 180

Number of scattered particles detected

10
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Cells constructed at Princeton by Mike Souza
Attach to vacuum system

Pump and bake cell to 107 Torr

Fill with 3He at ~ 10 atm

Cool down with liquid *He

Cell pull-off with hand torch

YV V VYV V V

40






-ect: Optimizing optical pumping efficiency

» New undergraduate project (Lauren Vannell) 5%P,,
s =780.0nm | collisional
o . . D, ' mixing
» Study the characteristics of optical pumping by 5p,
monitoring D2 fluorescence.
» Variables: laser intensity, spot size, circular Ao = 794.7 nm
polarization, incident angle, alkali density...
D2 fluorescence D1 pump laser

5231/2

Rb D1 pump laser
85 W

42
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» Sealed aluminosilicate glass cell with 8 atm 3He gas, trace Rb, K, N,

» Principle: Optical Pumping of Rb followed by Spin Exchange with K
atoms and 3He nuclei > SEOP

Collisional Mixing

mj=+1/2
5P1/2 (Excited)
B nching
> I ———
~90% ~1.5% ~8%
5S1/2 (Ground) —.“."F
- e q [
mj=-1/2 e ’
Relaxation )
Hybrid-alkali Polarized 3He
Optical Pumping Spin Exchange ~ Polarized neutron

Blankleider, B.; Woloshyn, R.M. Quasielastic Scattering of Polarized Electrons on Polarized 3He. Phys. Rev. 1984, C29, 538
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» Place cell in B ~25 G field e
. . N2 quenching
» Optically pump Rb D1 transition | upper chamber
50% 50%
» Spin exchange to K oF
2812
o e 000000

» Rb, K spin-exchange with 3He nuclei

mj=-1/2 \_/ mj=1/2

. . Spin-relaxation
» Convection to circulate gas

YSE = alkali — 3He spin exchange rate

YSE )

P(t) = (Pa) |1 — o (555

I' = all3He spin relaxation mechanisms

> Require 7SE >>T




