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Most of what we know about the world comes from scattering
experiments.
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Rouen Cathedral, Claude Monet, ~1893
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Scattered light forms the image of a hand
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WILLIAM & MARY Fraunhofer Diffraction

* Incident wave is monochromatic and parallel
* Image is far away

* Single slit: a sin B, = n A gives interference minima
* The size a can be determined if A< a
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Single-slit diffraction pattern

L

Intensity
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r~1fm=10"m

e We need a wave with < 1 fm wavelength
e Why not use electrons?
e DeBroglie wavelength is A=h/p
e pc=hc/\ = (1.24 GeV-fim)/(1 fm) = 1.24 GeV
e Electron mass me = 0.511 MeV is negligible
e Electron accelerators are required

e Jefferson Lab: Epeam = 6 GeV

e DESY: Epeam = 27 GeV

e SLAC: Epeam = 50 GeV

e CERN: Epeam = 200 GeV for muons

e Fermilab: Epeam = 500 GeV for muons
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Scattering from a Sphere

plane wave

ez(k-r_wt)
Q
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Interference
pattern is the
Fourier transform
of the density

form factor

/ ' p(r)d’r

additional
path length
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Probability of scattering = No/A ‘ ‘ ‘ ‘

We generalize o to be an effective ‘ ‘ ‘

area that for a given scattering /
probability. / K ‘

‘Tiny probe particle’ \ \

Probability of scattering = Nscat / Ninc Area o

N=NaptA/M Na = 6.02x1023 p = target density

t = target thickness M = molar mass
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a~ 1/137 is the fine

rY ~ structure constant
scattering
do center E is the incident and E’
dQ the scattered energy
2
(d_a) ’ _ ~ for an electron on a
d) ) Rutherford 4 E2 sin® g charge-1 target

do B a2 E .0 for a relativistic
10 — : cos” — electron on a
Mott

\ charge-1 target
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LR
7
N

40— \dO \ an extended object

Point cross section

do do Differential cross section for
( ) [F(q)|?
Mott

Form factor
(internal structure)

F(q) = /eiq'rp(r)dg’r = / (1 +iq-r— %(q )%+ ) p(r)d’r =1 — lq2(7'2) + ..

6
Fourier expansion of the form factor /
RMS particle radius

/p(r)d3r =1 Density normalization

9\ —2
Form factor for p(r)=e"\d F(¢*) = (1 — q—)
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() g~ () 7 TR

Elastic

Point cross section Electric form factor
Magnetic form factor

e =[1+2(1+7)tan®(0/2)] 7" 7= Q?/4M?

Q2 is M is th
Q2 —2 momentum N efth
9 mass of the
GD(Q ) = (1 | 0 71) transfer oroton
\ - squared
minus energy
Dipole form factor transfer

squared
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| PR Proton Form Factors

_ Arrington, Melnitchouk, Tjon, PRC76(07)035205
Nobel Prize

Current — ]
11} ]
world data o 10 f e
309t i
= o
I PROTON &) 0.8
0901 EXPONENTIAL MODEL __] 0.7
Q80 , .
Q70
08 1.0 | -o—oe
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"¢ *'m =0.80 x 5 08 F
Q40
“« !N/ ~
0.3 T U 06 o ]
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2 = 1
9 G066 _
Fic. 11. Summary of the comparison between the exponential < 04 b Surp rise
model with equal radii (0.8X107 cm) and the experimental :

points. The square of the form factor is plotted against ¢% where Y

¢ is given by Eq. (3). ¢* is given in units of 10726 cm? 10 10

- 10 10
Q® [GeV?]

Chambers & Hofstadter, PR103(56)1454
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Quarks

Because the proton
has a form factor, we
know it is made of

smaller building blocks.

p: uud
n: ddu
T ud
N\: uds

23 November 2010

mass—
charge—
spin—

name—

Quarks

Three Generations
of Matter (Fermions)

Leptons

2.4 MeV 1.27 GeV 171.2 GeV
Y5 %3 %5 t
wU [ C |
up cham top
4.8 MeV 104 MeV 4.2 GeV
sdirs irb
¥ Y2 2
down strange bottom
<2.2eV <0.17 MeV | |<15.5 MeV
° Ve |%Vy % Ve
electron muon tau
neutrino neutrino neutrino
0.511 MeV 105.7 MeV 1.777 GeV
. € 1 |
SeLH LT
electron muon tau

Calvin College

Bosons (Forces)
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o (AEAt ~h)
& oon O F~— F ~ Ap/At
r2 r~c At
QED Coulomb force AE =Ap
1 charge & 1 anticharge F~1/r2 |
1 photon with no charge
Leinweber,
Forces are carried by spontaneously Lattice QCD
created messenger particles simulation

‘ gluon ‘ F Y, asr

Strong (nuclear) force QCD
3 charges & 3 anticharges
8 gluons with mixed charge and anticharge
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Antigreen hadron: anything with a quark in it
meson: quark+antiquark
baryon: 3 quarks

N
Atoms are

neutral wrt
electric charge
and hadrons
are neutral wrt

. color charge
Antibaryon \

Antigreen  Antiblue / Q d :3,
Updated cartoon g

Antired of the inside of a
proton
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* When combining quantum mechanics with relativity, we give
up the number 1.

* ‘Empty’ space teems with spontaneously created virtual
particles.

* All real particles are clothed by a multitude of virtual ones

e Exchanges of virtual particles is how a force is felt between
two real particles

* Although this solves the problem of action at a distance, we
are left with unavoidable infinities

Fragmentation ‘@‘
Hadronization

n Y  struck
quark

target
remnant
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Relativistic Kinematics

k,/{

E
q
P, M—> LHKW

Ez\/(mc2)2
(E,ﬁ)‘(Eaﬁ)

EE2—p2:m

+ (p)2 = \fm? + p?

2

7

Q2

Mv

€Tr =

.

?= (M +v,q)°

=1 for elastic scattering

N
= M? 4+ 2Mv — Q?

-
4-vectors:

.

k =(E,0,0,E)
k= (E’,E’sinB,0,E'cosB)
p = (M,0,0,0)

q=(v,q)=k-K

J

r

J
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Calvin College

Lorentz invariants: )

qeq = -Q°
peg/m =v
(p+q)? =W?
(k+p)?=s
-g°q/(2p°q) =
pea/pk =y
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< i ovmary  How to Measure Quark Spin

At high energies only one dimension is important

(Conserve angularN
) momentum:
Se - +1/2
. Se=-1/2; Sy =1
Sq=-1/2; Sy =1
" Sq=+1/2
Sq # +3/2 ever
,

Electrons can only scatter from quarks with opposite spin.
The difference between electron scattering for spins
opposite and along the proton’s spin counts the quarks
with spin along and opposite to the proton’s spin.
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Unpolarized Cross Section:

d’o 8ma? £
> X _ y [Q S ]
S P dxd@)? Q* 2F1 + 2zy £
P 3 (1 'X)p Polarized Cross Section:

d* Ao 87ra Y
d:BdQ2 Q4
sin o cos ¢{§gl + g2}

— i Lcosa{(§ + )91 92} —
‘Elastic’ e-quark scattering:
-q+q/(2xp+q) = 1,

X = Q%/2Mv is the fraction

a = polar angle of target spin wrt the beam axis
¢ = azimuthal spin angle wrt the scattering plane

of the proton momentum a = 0° (longitudinal); & = 90°, ¢ = 0° (transverse).
carried by the struck Y =4AM?2?[Q* = Q*Jv*
quark. E=1-y—y’/4
Parton Model:
@ '”Cfeases — Fi(e, @) = 1 5:eXq(@) + ¢'(x) + 3'(z) + (@)

Fy(z,Q% = 2:1:F1( , Q)
NP @ ‘ g1(z,Q% =1xe (T(w) ¢ (z)+ 7'(z) — ¢ ())
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F.P(x,Q2) and g.P (x,Q2)

4 10° 10
"q 10® * HI E
>* ® ZEUS X =0.025
= . © BCDMS
s O 1665
107 o D NMe X =005
. /v SLAC }
- xap g4 = X =008
10° . . 13
" ul s i L $ X =05
105 1 . IR L l_ vi_f‘_‘nl_'y_.%i—ii, X =0.175
[ o . Learset? - “ U
| -t ¥ " i_—i_‘!r%_i_ii_i—“ X =025
4 o ¥ ...o*".' e Walel]
10 ¥ 5 -t g gueeret e = U0E A i X =035
P blA —‘_%\!—%—!_i‘ﬁ_ﬁL
.3 — 12
10° ees  x=0.032 O-\ \u\uHx =045
. s s ;
102 e e D-'_‘ \T—%—“—!ﬁaj:o.so
b T U - S QD i
R, : =0.18
: | =0.55
10 L Y . 3 Y bl 001 x 0
]
AETE R BRI AN m ‘> {
1 L . E130
. | + E143 \g\x =Ah
10" T xeos v E1SS |
o EMC
102 ~ | X =075
. ) 1 « SMC 7
3 = HERMES
10 -1 2 3 4 5 6 0.01 ! T T
10 1 10 10 10 10 10 10 071 10 100 200
2 2
¢ QUGeV?]
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Fits to all the world’s data yield the probability distributions for
finding a quark or a gluon with momentum fraction x.

1

0.8

0.6 }
CTEQ fits

0.4 area gives <x>i

0 0.2 0.4 0.6 0.8 1
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Polarized PDFs

.

- X(Au + Au) 1 x(Ad + Ad)
= ‘ 0
B -0.05
- -0.1
1 | Ll Ll - -0.15
T ™
C xAd -1 0.02
0
002 - -0.02
-0.04 - I?SSV | - -0.04
e AR = =

002" xAs ] 0.1
-—ﬁ" 0.05

0 B ‘ ‘ ‘ o
i ] 0

-0.02 - ol
- ) y e -0.05

| XKLL Ax’=1 (Lagr. multiplier) | I
Ax2=l (Hessian) -0.1

-0.04

sl el NIRRT oa gl a2l

10 0" 10”2 10"

DSSV fits;
area gives <Ax>

Q2 evolution is used to
determine Ag

Large uncertainties
remain

23 November 2010 Calvin College 22




i The College of
) WILLIAM & MARY DSSV PDFs

0? [GeV?] Au + A Ad + Ad A Ad A5

Ag A3

x range in Eq. (35)
0.001-1.0 1 0.809 —0.417 0.034 —0.089 —0.006 —0.118 0.381
4 0.798 —0.417 0.030 —0.090 —0.006 —0.035 0.369
10 0.793 —0.416 0.028 —0.089 —0.006 0.013 0.366
100 0.785 —0.412 0.026 —0.088 —0.005 0.117 0.363
0.0-1.0 1 0.817 —0.453 0.037 —0.112 —0.055 —0.118 0.255
(4 0.814 —0.456 0.036 —0.114 —0.056 —0.096 0.245 )
10 0.813 —0.458 0.036 —0.115 —0.057 —0.084 0.242
100 0.812 —0.459 0.036 —0.116 —0.058 —0.058 0.238
(1 A k
2 2
. J

!

More
realistic

23 November 2010

e Significant contributions from x<0.001
e AG vanishes with increasing Q2

o At Q°=4 GeV?, L, = 0.474 (large)

e Errors on AG are still very large

Calvin College

Way too
naive

23
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Orbitals for H

; illustrate that angular

"1~ s, ¢ . distributions imply

LA AN H.-hmh""k-.._H_l_.%. L#O

y

\:éb.-' x
e,

\\\f.-_:::/ 3% z

Azimuthal distributions of hadrons that contain the struck
qguark are sensitive to orbital angular momentum. These
measurements are in progress.
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Jefferson Lab in Newport News, Virginia is a precise electron
microscope for viewing the guts of protons and neutrons

Elastic A Resonance Deep Inelastic (W>2 GeV)

x10° / /
“ /  Jefferson Lab: A
120:— eContinuous beam
100 +++ -H!gh Lumiposi_ty
- | *High Polarization
OF ++++++++ , *6 GeV beams
o ! it | *12 GeV beams in ’14
w7 s - ek *3 experimental halls
N . d(e,e’)X *0.01<Q?<6 GeV?
BT _*0.8<W<3 GeV )
R 1 R R I R BT I

W* (GeV)
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North LINAC _

Beam Switchyard
Separator

End
Stations U

* Electron beams up to 6 GeV with >80% longitudinal
polarization

e Beam currents of 1-50 nA in Hall B
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JLab Experimental Halls

e 3 experimental halls

e Hall A: 2 high-resolution
spectrometers

e Hall B: 1 large-acceptance
spectrometer

eHall C: 1 electron & 1 proton

L spectrometer y

Left HRS .
Hall A Floor Plan
Cerenkov
VDCs Pion
Rejectors
e, He @ (Pb glass)

Scintillators

Compton Moller To Beam Dump
Polarimeter Polarimeter

Hall A

Q3
Laser Hut

Preshower
, Shower
@ (Pb glass)
Right HRS 4

23 November 2010 Calvin College

CEBAF

Large
Acceptance
Spectrometer

Hall B

DC: Drift Chamber
CC: Cerenkov Counter

SC: Scintillation Counter 100 cm
EC: Electromagnetic Calorimeter —
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CLAS Detectors

Torus Magnet

23 November 2010

Calvin College
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CLAS Detectors

?:s/,/ 1150l
T Y
' , ll/l// //

Magnetic Shielding

23 November 2010

Scintillation Counters

(SC)

Calvin College
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R e CLAS Detectors

EIeCt_romagnetlc | CC Photoelectron Signal (p < 3 GeV) |
Calorimeters (EC) _
80000,
\\ - —
70000
~ z
. T i 60000
// \ \ l
/ ey - 2 50000
R o
/5 40000 £
R >
Region3 (& . . N 30000[%
“aan . h - £
Region 1 — === o 20000[—
J\:_')fi’\:’ ---------- - mostly
Region2 | S 10000 electrons
R s | | .
Q- / % 5 10 15 20 25 30
N \‘\S e - ,)/ CC signal (p.e.#)
\ N ———— W |[EC./P vs. P
N ot 2
im \‘*‘\
- 1.8
, Scintillator bars 1 B —3000
1.4~
U - plane p - -
" Lead shects 1.2 =
(=} [
V - plane » -
o 1C
W
W - plane p 0.8 _—
0.6
0.4
“—Fiber Light Guides C
- 02 -
“‘\Fimllighl(jui(kg Lo 1y [ T trrr=t e
(rear) q).2 04 06 08 1 12 14 16 18

N p (GeVic)
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 Dynamic nuclear polarization of NH; and ND,

 Polarizations of 70-80% for p and 20-30% for d
* Luminosity 1035 cm-2s-?
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&7 ""WILLIAM & MARY Polarized Target

Dynamic Nuclear
Polarization:

*Freeze ammonia
Make it paramagnetic
through irradiation
ePutitintoadT
magnetic field

*Drive transitions with
microwaves

*Protons will
accumulate into a
single hyperfine state
with spins aligned
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Beam polarization Target polarization

\ 1/}_ 1

AN

PP f o'l + o

Dilution factor: / Depolarization factor (photons

ratio of scattering are not in the beam direction)

from protons to . I

everything else in tiny ~ sma
small

the target l \ \

A A=na Y —7)g2

D Fy Fy

34
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10
T—i—f‘-L X =0.007
: ¢ X = 0.025
X =005
A X =0.08

g P(x,Q%) +C
g:

0.1 ﬁt\x SES

» E130

v E155

o EMC -
+ SMC ¥
- HERMES

0.01+—

0.7 1 10 100 200

12 March 2009 Q*[GeV?]
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g,P(x,Q?) with JLab CLAS

WILLIAM &#MARY
o\
R :
t)" 6 T X =0.007
1;45 N B }_ -f 0<x<0.01
s 4%y X =0.025
og 4 o & 0.01<x<0.03
- " ;ﬁhﬂg %0032 <105
3 - FE w05 <X <008
" oulJ e .. 0.08<x<0.12
=y i TR 5 1558

= S 2 <x <0.U75

23 xx 2025
X =035

A\AAL &
| %v xa_g.gl:
0.5 A 11 g L s [ o o/ S S LT SR
08V
0.7 ¥ ' X =055
e S
U ¥¥EL0
0.5 % g X = 0.66
04'® E155
ENMCYY¥E V-0l 0.65<x¢1_ 55
., A EISS g0 ’!gwi e 0
V  JLab EGIB| Y} jixs
107 707} 19 L gy 200
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9,(P) for Q* [0.08, 0.09) GeV* 9,(P) for Q7 [0.09, 0.11) GeV? 9,(P) for @7 [0.11, 0.13) GeV?

TTT T
TTT T

TTT[TTT]
HH|

9,(P) for @ [0.16, 0.19] GeV* 9,(P) for @7 [0.19, 0.22] GeV* 9,(P) for @° [0.22,0.27) GeV*

LU L WAL L L

g,(P) for @* [0.32, 0.38) GeV*

9,(P) for Q" [0.45, 0.54] GeV*

]|||-

WAL LY L L

9,(P) for Q* [0.92, 1.10] GeV*

M
9,(P) for Q° [0.64, 0.77) GeV*

L

T T T T T

9 (P) for Q* [1.31, 1.56) GeV* 9,(P) for Q° [1.56, 1.87) GeV* g (P} for Q* [1.87, 2.23) GeV*

IRALA ALY

T T T T e

TITTTT

g (P) for Q7 [2.66, 3.17] GeV? g (P) for Q7 [3.17, 3.79] GeV? g (P) for Q7 [3.79, 4.52) GeV* |

Q2=4 \g\

) . c
o ren x n Bjorken x

T T
R R L
T T

10" E 107"

" Bjorken x
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t_, 0.14

o ‘ . \ hlgher thSt (1/Q2)n
" no nice expansion
i VERY PRELIMINARY
".‘4_‘ | ® EG1bData+DIS) XPT (QZ)n
-0.02 “"*’ O EGI1bData)
—— Burkert-loffe
) —— Soffer-Teryaev
0.04 - ==== GDH slope
_ - pQCD DIS ,

QXGeV/e):
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Energy-Weighted Sum Rule

S(F) = 2 (E,-E,)I<alFI0>2 = <0I[F,[H,F]I0>

anomalous

/ magnetic

o dk 2mak?  moment
GDH Sum Rule / 98 A"V (k) —
| 7 Ao (k) VE

" N N P(2) _— K
Ao = a3, — 01 Q%) = —55Q*  atlow Q2

Sum over excited states is tied to properties of the ground state
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CLAS Moments I',pd

1
MUY = [ (e Qde  T(@F) —aQ® +bQ* + oQ° + g
0

(@) = —

low Q2 fit

4=
I

K

s 3390 + . .

GDH + ypT
PRELIMINARY

I'(P) I (P)
0.14— S S -
e, s o - 0
0.2 — !Jr \
C P 0.0051-
01— i B CLAS EG1B data+dis -
r & [ CLAS EG1B sys err 0.01— ‘
- i Modo! 01F +
0-08__ 0 -------- Soffer-Taryaev - +
C l -------- Burkert-loffe 0.015— ;
0.06— 4 moeee JiPT - r . ,
~ - L 0 CLAS EG1A N S W b é GLAS EO1B :;;a::.s
0.04— é & HERMES -0.02 Model
0 C ._ ¥ SLACE143 L U T Soffer-Taryaev
0.02 - i .: -0.025__ """" Burkert-loffe
02— * C —— GDH sl
e C N e Bernasr:;:T
o- : lg -0.03— ~ee JigPT
o - O CLASEGIA
P C & HERMES
-0.02 g -0.035 o ¥ SLACE143
o_lll|0|5||||4||||1|5||||£||||2|5|Illéllll3|5||I|4|.||||4’5 _0.04: L1 1 | L1 1Al | I I | | I | | I | | | I | | | I |
. . 2 . . . 0 0.05 0.1 0.15 0.2 0.25 0.3
G(GeV) Q¥(Gev)
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EG4 T',P Expected

WILLIAM & MARY
S 0.05 - Expected stutistical uccuracy on I » for EG4 .
— A CLAS EG4 w/o large-w part (Simula param. )
0.04 Full T p (Simula parameterization) /4
' CLAS EGla
CLAS EG1b preliminary /
0.03 Bermard et al, Xpt
------- Ji et al, Xpt , /A
) E GDH slope ;-'
L — Burkert-Ioffe s A
------ Soffer-Teryaev (2004) ' 14
0.01 :
0
-0.01
-0.02
-0.03 -
10~
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Carlson, Nazaryan, Griffioen, PRA78(08)022517
Triplet
Unperturbed , / A
{ I
21cm AR
Iine \ Singlet é

Fyrs(e p) = 1.4204057517667(9)GHz = (1+AQED+A%+A5)E§

Ag = Az + Apq Zemach: Ay — —2am.(r)z (1 + 6539
Flogbn& - () =28 Gy 1
Ay = —41.0(5) ppm Ag = —38.62(16) ppm

Apol = 2.38(58) ppm
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2 g 2 é Apol = 2.38(58) ppm

Apel = 3(2e77 (A1 + Az) = (0.2264798 ppm) (A + Ao)

2 Im2 By = " dz B(1)g1(z, Q%)
A1 — 4/ dézz {FQ (Q2) szBl(Qz)} /Oivth
0 B2=/0 dz Ba(7)g2(z, Q%) ,

Ay = —24m? / —B Q). f

kinematic
factors

‘ Ay = 1.88(64) ppm from CLAS‘ Consistent within
a half ppm
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R. Pohl, Max Planck Inst. Quantenoptik, Garching, Germany (2010)

Muonic hydrogen (up) contains A muon is 207 times

a muon instead of an electron. heavier than an electron.
Therefore it spends more
Finite size time inside the proton.

correction to the
Lamb shift AE ~ @M
rrms? |W(0)|?

| 251271 to 2P32"=2 transition: 49881.88(76) GHz |

rrms =0.84184(67) fm

10 times more accurate than all other measurements
4% smaller than accepted radius!
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AE
FAG+ L,
poorly known completely
\Ijvnecl)l\./vrz)cgtgte but likely small: unmeasured but
- -0.1 likely large: 0.47
T'rms — <T2>
/ \ -
0.84184(67) fm 0.8768(69) fm 0.895(18) fm

R. Pohl, up Lamb shift CODATA, mostly |. Sick, from
H spectroscopy form factors
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After 50 years of studying the
proton’s internal structure, we
still have a long way to go.
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