Deep Inelastic Electron Scattering

electron

electron

energy available to produce photon photon

fragment
particles in final state .<§ ™
2 "p{ quark

S =W? = (Epeur + E :(E’+2Ehj
h

do _(d_c)'
dQ

from Nobel lectures, 1990

dQdE’

these are not the same F’s
as in elastic scattering

j X Mz (V,Q2)+ 2W, (V,Q2 )tanzg

Experimentally, W, and W, seem to depend on only one variable

2 ~
X:Q—, O<X<1, prartons =1 Wl(an )_ FI(X)
“scaling” (anticipated by Bjorken, 1967) M "’ 2

scaling good when (Q?2,v) —o, and if the partons F,(X) =2xF, (Xx)
have no transverse momentum .
6/30/2009 E. Beise, U Maryland



Hadron Physics

Lecture #1: The quark model, QCD, and hadron spectroscopy
Lecture #2: Internal structure of hadrons: momentum and spin

Lecture #3: Internal structure of hadrons: charge, magnetism,
polarizability

Lecture #4: Hadrons in nuclei, hadrons as laboratories
(and miscellaneous topics)

NNPSS 2009 E. Beise, U Maryland
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http://www.physics.umd.edu/courses/Phys741/xji/lecture_notes.htm

Properties of Hadrons: charge, magnetism,
polarizability

Nucleon electromagnetic form factors
2-y exchange
Meson form factors

Nucleon polarizabilities (maybe...)

NNPSS 2009 E. Beise, U Maryland



The Proton

JP=1/2%;1;=+1/2 (see Particle Properties Data Book, http://pdg.Ibl.gov)

charge =e (tol10?h

r.m.s. charge radius = 0.8768 £ 0.0069 fm?

mass = 0938.27231(28) MeV/c?

) — 2.792847337 % 0.000000029 iy, (= eh/2myc)
elec. dipole moment = (-3.7£6.3) x 103 e-cm

electric polarizability = (12.0 + 0.6) x 10-* fm?
magnetic polarizability = (1.9 + 0.5) x 10 fm?
mean lifetime = > 5.8 x 10% years (any decay mode)

|P> = [uud> + |uudqqg> + |uudg> + |uudqqg> + ...
or

IP>= [p>+ |pn% + |nat> + |p o> + |prp> + |AOK®> +...

NNPSS 2009 E. Beise, U Maryland



The proton’s magnetic moment

Nobel Prize, 1943: "for his contribution to the development of the
molecular ray method and his discovery of the magnetic moment
of the proton"

u, = 2.5 nuclear magnetons, + 10% (1933)

Otto Stern

2002 experiment:
n, = 2.792847351(28) ny
w, = —1.91304274(45) py

_ How do the quark
2006 theory: 7 contributions add up?
Mp ~ 2.8 HUN
u,~-1.8u, (- How are charge and

magnetism distributed?
NNPSS 2009 W, E. Beise, U Maryland




The neutron

JP=1/2"1;=-1/2  (see Particle Properties Data Book, http://pdg.Ibl.gov)

charge = —-0.41=£1.1 (x107?le)

r.m.s. charge radius =-0.1161 + 0.0022 fm?
mass N

WEIGHTED AVERAGE
-0.116120.0022 (Error scaled by 1.3)
Ky, |
elec. dipole moment

electric polarizability fl
magnetic polarizabilif llf |
mean lifetime

o

| 2
f | £
|——| - - KOPECKY a7 01
—t—— | KOPECKY 97 1.8
| —— |  KOESTER a5 0.5
| / | ALEKSANDR... 86 39
J —t= | KROHN 73 0.1
o {Confidence Level = 0.164)
T | | L ] |

01 014 0113 -DA2 AOM -0.1

n meapesiy are chargeradius

-0.09
NNPSS 2009




1930’s:
(Chadwick NP 1935) .
(Stern NP 1943)

Flp - :3 UN <§§§j

1970’s:

partons in proton via inelastic (e,e’)
(Friedman, Taylor,Kendall, NP 1990)

luminosity:
(SLAC, 1978) ~ 8 x 103! cm2-s""
(JLab, 2000) ~ 4 x 1038 cm2-s™*

1950'’s:

proton charge radius from (e,e’)

(Hofstadter NP 1961)

rp~1fm

1990’s:

polarized targets/polarimetry
Intense CW electron beams
improvement in polarized e sources
precision Parity Violation exps

SU(3) and hadron structure
advances in Lattice QCD
EFT, Fewbody theory

d=1-0.1fm < Q>=0.1-10(GeV/c)’

NNPSS 2009

E. Beise, U Maryland 8



Why study hadron form factors?

They give us the ground state properties of (visible) matter:
size and shape, charge and magnetism distributions
spin and angular momentum

They are required elsewhere
baseline for structure of nuclei at short distances
Proton charge radius - Lamb shift
precision symmetry tests at low Q?

needed input for V-N interactions: impact on V oscillation data

Benchmarks for connecting QCD across energy/distance scales
low energy

" l high
long distance form factors ngortedni:tragr{ce
nonperturbative , \ perturbative
lattice

NNPSS 2009 E. Beise, U Maryland
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Views of the Nucleon

“quark model”

explicit sea quarks

QCD/parton
description

chiral Pert. Theory

NNPSS 2009

E. Beise, U Maryland

“pion cloud” description

T
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Jefferson Laboratory

—

B O TEISE ks ngtoh

®

Charleston’ De lawate
3

C\\M aryland
M’/ IE:Ipcichlnii:rnﬁi
t}Rl:uaLrn:uIme Hamptan

\firginia*
14 Marth Caralina
~ZEllily Raleigh

itte

12 GeV Upgrade

add new hall
-

o Pl
cryomodules
: E~6 Ge_V upgrade
Continuous Polarized Electron Beam existing Halls -,
> 100 HA \ upgrade magnets
up to 80% polarization 4 ard power supplies

concurrent to 3 Halls 5 new cryomodules

NNPSS 2009 E. Beise, U Maryland 11



Mainz Microtron

0.8 GeV CW beam, now 1.5 GeV
polarized D/3He external targets

neutron EM form factors at low Q2
parity violation and Weak form factors

i

NNPSS 2009 E. Beise, U Maryland 12



MIT-Bates Laboratory

CW 1 GeV polarized
beam

polarized internal
H/D/3He targets

BLAST program:

neutron and proton
form factors at
low Q2

proton charge radius
deuteron structure via

VeCtOI‘ and tenSOF b S T e e
polarization BLAST detector

NNPSS 2009 E. Beise, U Maryland 13



Kinematics of electron scattering

A common reference frame to work in is the LAB frame with a stationary target:

k,

k case 1: elastic scattering
| q IO=(|V|:0) IO'=(ER:|5')
" k=(E,k) k'=(E'.k")
P " k-k'=cos@
0, =v’—4° =-Q*(>0) 9, =@ =k =K

It is common to assume the electron is massless (extreme relativistic limit). In the
case of elastic scattering, energy and 3-momentum are each conserved:

E+M-E'=v+M =E, k-k'=qg=p'
can usually eliminate the recoiling target variables
2 .2 '— — in elastic scatterin
=4EE'sin" ¢ E'= : =Ef 9
Q % [+ 2Esin? 4 "¢ E’ 0 are 100%
correlated

NNPSS 2009 E. Beise, U Maryland 14



unpolarized cross section

Using Fermi’s Golden rule, we integrate over the recoiling target quantities,
average over initial spin states, sum over final spin states, and, for elastic
scattering, integrate over an energy-conserving delta function. This gives:

k,
k \\/
do 1 1 M2
dQ  (27)* 2(1+2E sin’ 7)‘ ‘ Vo,
M 2
p )
All the details of the interaction are in the invariant amplitude? |M|?. P
strength and photon propagation sointlike leptons
2 _ 7 _ _
M| ——' W, 1 =Tk u k) TK) 7 uk')

AR R

lepton current

)

hadron current all the excitement is in

J, =u(pHl? Ju(p)

NNPSS 2009 E. Beise, U Maryland 15




the hadronic current

J,=u(p)? u(p)

In elastic scattering: the target is left intact and we measure its response to the
EM current.

2 K N
[?]= [H(Q -+ Y F(Q )laqu}
_ K = anomalous part of magnetic
The cross section becomes: moment

' 2 2
d—”:(d—aj ElE 2 p2 |+ L (F 4 aF ) tan® %
do \dQ ), E 4M oM

if the target is spin %2 and has no structure then: F =1 F, =0

if the target is spin 0 then it has no magnetic moment so term with F2 — 0

NNPSS 2009 E. Beise, U Maryland
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Form factors: spin O target

Q=(v0)

do  #counts

dQ  N,N,AQ
2 2
Rutherford do __‘La
dQ ), 4E’sin*?¢
Mott do| _[do coszg-E
dQ), \do), E

Scattering from an extended object:

do do 2
—— = =1 .| F(O?
) \a), 17
NNPSS 2009

form factor

E. Beise, U Maryland

Theor,

& Expt

o (mb/sr)

a,, (fm™)

FIG. 3. Comparison of differential cross sections for scattering
of 502 MeV electrons by *®Ph, 449.8 Mev electrons by *Ni, and
of 400 MeV electrons by **Ca. The solid lines are theoretical results
from the combination of the relativistic eikonal approximation with
the RMF model. The filled circles are experimental data [61].

DOI: 10.1103/PhysRevC.71.054323 17



Form factors: spin O target

do  #counts
dQ N_.N_,AQ

tgt

Z2a2

Rutherford (d_o- =
dQ ), 4E’sin*¢

Mott

(daj (daj g E
— | =|—=|cos 5 —
dQ ), \dQ), E
Scattering from an extended object:

do do N
) Laal, 17

NNPSS 2009

circa 1980 -
. i |
i R
0.°Q L- - L |
o i e
) \ e
: ih K\. “\‘ 5 g
0 . '-:,_\ : '__ ..\‘._
£ » \ SR
E At t \I.l r -.‘.‘ \ o
S RDNE Y \ =
% 2 : l'II '-,‘I‘.'C \ 4 3 0
f ocd [ I"."-. \\, 4 5 3 0
= \ . \\
2 c::t ".,._ 2 3 -
é. 1) 1 : J
] rd 10
[ fm )
J.M. Cavedon, PhD thesis, Orsay, France (1980)

F(qz):jei“p(r)d% =1

form factor
E. Beise, U Maryland
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Spin % hadrons: Sachs Form Factors

The nucleon e.m. current
J4=U( p){Fl(Qz)ﬂLKFz(Qz)

as seen in the Breit frame

> 4
2

J¥ =y
- _ 1
2

charge and current contributions in this frame
are represented by Sachs form factors:

Gl(0)=1  GhO)=(+x,)=279=22

Hy
Ge(0)=0 Gl (0)=x, =—1.9] =40
Hy

NNPSS 2009 E. Beise, U Maryland

*

S

[c

Yoo
2m

slide from J. J. Kelly

V}U(p)

1o x{
E +—qGM j;{s

2m
G. =F —w«F,
G, =F +«F,
T= QZ
4M
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“Rosenbluth” Separation

c(l+7)do
( )dQZTG|\2A+8@

slide from J. J. Kelly

o /]
intercept slope
2
T= Q =, E=T7 : —1
4M 1+ 2(1+7) tan* %]

* G, dominates for large z.

ﬂ'ﬂ(qz-'ﬁ')

* Must control kinematics,
acceptances, and radiative
corrections very accurately
because coefficient is strong
function of angle.

SLAGC NE11, Bosted et al.

* As Q?increases, the contribution ;
from eG;2 gets very small (even 0 02 04 06 08 1
for the proton) €

NNPSS 2009 E. Beise, U Maryland 20



proton form factors

from

using the Rosenbluth technique only here J. Arrington, Phys. Rev. C 69 (2001) 022201
F(Q) —>£G(Q)+7G,(Q") 1w T
t, € depend on scattering angle u':_:';: *
Nonrelativistically, as with nuclei, _x%
) 600k d RS O 095
the textbook description is 090},
14}
. —(r/ry)
p(r)—poe 0 mnl.E:
| ;‘n 1.0
dipole 08l
1 0.6 Lay < N :
2y _ 10 10 10 10
Gp(Q7) = e Q? [GeV?]
0

FIG. 2. Gy, (top) and Gg (bottom) from direct Rosenbluth sepa-
ration utilizing normalization factors from the global fit.

BUT quarks are highly relativistic: this is reference frame dependent,
and thus can’t be interpreted as a 3-D charge distribution

NNPSS 2009 E. Beise, U Maryland 21



charge and magnetism distributions

These are at best qualitative, and are reference frame dependent.
But we can correctly call them “Breit frame distributions”

BLAST fit from D. Hasell, CIPANP 2009

Reference frame e /
independent approach: s 1 gy B G} viD Lomon
Look only at the transverse s [ Q\'B\@ ------ G VMD Lomon
. . . © 0.8 .
dimensions, which are the < /
same in all frames. ¥ 06|
04 II|'
B /
o.z—f,r“,,--\
—iq-r /A
Pang (1) = j—e Ge(@’)
C [ |
0 D|5 ‘ll 1|5 2 2|5 3 3|.5 4
r [fm]

r=+/b*+2°

[ 62 poy (07 +27) = [ -2 267996 (q,%) = pi(b)
- 27)

see G. Miller, PRL 99 (2007)112001

NNPSS 2009 E. Beise, U Maryland 22



Generalized Parton Distributions

GPDs yield 3-dim quark
structure of the nucleon

Ple)

Elastic Scattering
transverse quark
distribution in

coordinate space
NNPSS 2009

0z,

T y

Ffx)

DIS

longitudinal
quark distribution

in momentum space
E. Beise, U Maryland

Burkardt (2000, 2003)

slide from F. Sabatie,
CIPANP 2009

Belitsky, Ji, Yuan (2003)

DES (GPDs)

fully-correlated
guark distribution in
both coordinate and
momentum spacz:ge



Polarized e-N scattering

e Polarized beam + polarized target: Donnelly + Raskin, Ann. Phys. 169 (1986)247
% 2 %
A_ OO &0)Gy +0(@ @
O TO O unpol
3 - . —
He €+d —>e+n+ p — neutron charge

&+°He — e+ N +... — neutron magnetism

e Polarized beam + polarization of recoil nucleon:

_ e TEe) 0 & d(€e'n) neutron charge

p(€e'p)  proton GL/Gy,
Akhiezer+Rekalo, Sov.JPN 3 (1974) 277
Arnold,Carlson+Gross, PRC 21 (1980) 1426

NNPSS 2009 E. Beise, U Maryland 24



Proton recoil polarization experiments

do
dp, dQ,dQ, r\

Front tracking

NN' NN,

CH2 analyzer

NNPSS 2009 E. Beise, U Maryland

=E(1+§- P+h(A+S- I5’))
electron helicity

G P’/ (E + E' ) Measure direction of proton ks
E ___S : tan(é% ) !

polarization by looking for small

e
/

GM PL 2M phase shift in rotation of proton’s

polarization vector through a

polarimeter

Rear tracking

0.02

0.01 |

—0.01 |

_ooz2 L
0

S L

N

g0 1280 270 360
¢ (degrees)

25



example of Focal Plane polarimeter (Hall C, Jlab)

FPP1+FPP2

‘/"""\

SIX+51Y

DC1+DC2

CcH

Detect electrons with magnetic spectrometer (GEP-I, GEP-II) or with a
calorimeter (GEP-IIl): this determines all the kinematics of the scattering
reaction. Measure the polarization with polarimeter behind a magnetic
spectrometer. Need also to worry about g-2 precession in the spectrometer

magnets!

NNPSS 2009 E. Beise, U Maryland 26



The proton: recoil polarization vs. cross sections

Cross section data disagree with
polarization data:

Looks like 2-y exchange is g
important in the cross
section data

| 2

2.0

*= Milbrath
A Pospischil
Punjabi
e Dieterich
Gayou
O Arrington

1 A Christy
? = Segel
£
T NCSETUT B

: ¥
o HOH
|.I:0
o
n——ﬁt‘
'—CFQ_
l—o-|=0._'
——{ =0
—(O—]
—O
—

0.5

000 1 1 1 2 I 1 4 1 1 1 6 1 1 1 8 1 1 2| 10
Q° [GeV’]

Pol’'n data indicate BIG differences chaﬁe and magnetism distributions

In pQCD description, seems to be that orbital motion of quarks is important in
Ge" (Belitsky, Ji + Yuan PRL 91 (2003) 092003)

NNPSS 2009

E. Beise, U Maryland 27



2-photon exchange

the scattering amplitude goes like
Kk’ M "

k + ) = = =
l k J. ,I,"I‘jl
gt
= -
P + 2 y
p’
“‘Born” term n
| . o(e’) :
the cross section goes like: e o | Ao + A, +-. ‘
In terms of form factors: 5
additional terms add oC Ajom| +2A,m Re(A,)
corrections of a few % 2y only
—>comparable to size of the these are now complex
GeP term of the cross section
—~ 2 ( ~ Zz —~ \L )
do ‘GM‘ ‘GE‘ ‘GE Vi,
oC 1 Tte—>+28 t+e7—— |Re =T |(
dQ =z \GM\ GM\ M GM\
L

NNPSS 2009 E. Beise, U Maryland



Making Positrons in Hall B atuLab

1. Electron beam hits radiator foil, producing photon beam

2. Photon beam strikes converter foil. e-/e+ pairs are produced.

3. Magnetic chicane: :
Also plans for positron exps at
a) separates lepton beams Novosibirsk, Siberia and with
BLAST at DESY

b) blocks photon beam
¢) recombines lepton beams CLAS
\
3-dipole Chicane
primary I ' I e+
electron  photon - combined
W by positrons o= Targe
— > B- >
electrons CoATh
X_ photon blocker e
Tagger magnet \to tagger dump

J. Lachniet, PR-07-005,
Exclusive Reactions Workshop, May 2007

NNPSS 2009 E. Beise, U Maryland 29



the neutron

no free neutron targets exist! Must use a nucleus .

- ~
a ‘
simplest case = unpolarized elastic e-d scattering o 7 PR
_ ) : / ® O ,/
need to know n-p wave function very well W y
-- not too bad for magnetism, but charge is hugely _// I
dominated by the proton \ P_.-

next simplest case = unpolarized quasielastic e-d scattering
-- direct interaction with nucleon, don’t need to know so much about n-p
interaction
-- Better than above for magnetism, especially if can detect the outgoing
neutron
-- but, knowledge of efficiency of neutron detector is very important

dor o OC(G,\EI )2—|—(G,(‘,, )2 50 > 1o + p
—odE © o + 60, +...]

o, o (G2 ) +(Ge) —gm(1) +(0)

NNPSS 2009 E. Beise, U Maryland
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the neutron in deuterium

= B L L NI B NI BLRLIL L BRI LU I

(o - -

d(e,e'n) =" 13F = CLAS  © Kubon ¢ Amold  Green band - Diehl -
e Lung O Bartel Solid - Miller =

d(e,e' p) 1.2 + Anderson - Ankiin Dashed - Guidal E
11 - — \—

— neutron magnetism 15 1.’& II. . | =, | |
0.9F BRI X

0.8F- | _ IR TEE

- Systematic Uncertainty =
Il:‘r:—|||||||||||||||||||||||||||||||||||||||||||||||||_:

0 05 1 15 2 25 3 35 4 45 5

Lachniet et al, arXiv:0811.1716 0%(GeV?)

E+d >e+n+p
. . —> double polarization needed to
e+d —>e+n+ P measure the neutron charge distribution

— helps to detect the neutron — identifies the
nucleon involved in the scattering

NNPSS 2009 E. Beise, U Maryland 31



AHelmholiz coils produce field of 5T
dTarget material frozen ammonia (**ND;
or 1*NH,). Needs to be irradiate to
produce unpaired electrons.

JHelium refrigerator ( helium bath with
pumps to produce low pressure) cools
targetto 1 K

(J140 GHz microwaves irradiate target
and dynamically polarize the target. The
unpaired electrons are 100% polarized
which is transferred tothe Hor D
(AProduce proton polarized to 70-90%
and deuterons polarized to 20-40%
AOnly low 100nA currents possible.
Beam heating destroys the polarization of
the material

from M. Jones, HUGS 2009

Microwave MME E \_ﬂ\‘
Imput Signal Out “"[_,
Frequenty
Fefrigeraior
T Pumps Ta Pumps
- e
— = —o—
T :
1
Magnit =4
. = NMR Coil
E—--
Beam Target

D. Crabb and D. Day, NIM A356, 9 (1995)

NNPSS 2009 E. Beise, U Maryland
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. the neutron in 3He

P =86%
P =—3%

) —

“S”o “S-prime” “D”
88.2% 1.5% 9.8%

? HG(@, e') OK for neutron magnetism - proton is small correction

3 I:ie e._e'n) need to detect the neutron
, L] L]
measure asymmetry - don’t need detection efficiency (much)

O34 T 04y of

unpol

A

NNPSS 2009 E. Beise, U Maryland 33



Polarized 3He

from W. Korsch, U Ky
Jlab Hall A target, from A. Kelleher
& / |: Diode Laser
p —
& / I: Diode Laser
—_———
& / I: Diode Laser
-_—

Photo-Diode for EPR

3 x30W @ 795nm

. : Helmholtz
s====—s====== 4 | Coils
I|I ' Oven |I I||
~O I
| — 4= -
sheam WL - ) -5 lean
| PickupColls
=ssss=— | ||
I| || I|
Cell:L = 40 cm \ f

windows: ~100u m

NNPSS 2009 E. Beise, U Maryland
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The neutron magnetic form factor: low Q?

¢ d(e’e'n) 1.2 LR RARE R ERES LA RELED EALES ELELS LERAESAREN LEREY

- Lu (CBM)
d (ee' p) B % % """ Lomon (GK(ex) . -
R T = . - Holzwarth (Soliton) -
Kubon et al, PLB 524 i1 L o= el
(2002) 26. : -

requires precise

determination of neutron C\-z— Lal '"""“:FI}/%
detection efficiency. O - \fé-\_%__

i; Markowitz 1993
Anklin 1994

E Bruins 1995

Anklin 1998

4

[ ]

@

0.9 | |

!(__uboq 2002

Xu 2000
Xu 2003

3_. . 08 —u...I....I....I....I....I
* “He(e,e') 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 09 10

Q* [(GeV/c)?]
Xu et al, PRC 67 (2003) 012201
Q2 <0.3 (GeV/c)?: need Fadeev calc of 3He wave fn, including MEC/FSI

Q%2>0.3 (GeV/c)?: PWIA works well, relativity important

NNPSS 2009 E. Beise, U Maryland 35



example: Jlab Hall A experiment
E02-013 Method for measuring Gg"

* measure coincidences using reaction: '3Ht5?{'€. e'n)
* Align polarization perpendicular to g

" Asymmetry = Gg"/Gp" G. Cates, CIPANP 2009

Meutron
detector

He cell

Beam

Target BigBite magnet

field =\
magnel ‘”WTJE

Shower

a- (Ggr/Gy)sinf* cos ¢ b - cos #*

\ G E I G M :'h +C | (+ E/ '::1:_-1L | |"1 e &

Aphye = Al HAI—

I

Here a, b and ¢ are solely functions of kinematic factors (and not 68 or @)

NNPSS 2009 E. Beise, U Maryland 36



neutron’s charge form factor (high Q?)
d(E,e'f) *He(€,e'n)

B. Plaster, et al., preliminary results
PRC 73, 025205 (2006) (don’t quote these)

— T G. Cates, CIPANP 2009

Passchier, MIKHEF |
Ostrick, MAMI
Glazier, MAMI
Meyerhoff, MAMI
Bermuth, MAMI
Geis, BATES

— ——= VYMD - Lomon (2002)

— COM - G, Mil
Jeeat - Elhiavilla & Sick
FISTPPITTTTTIr T FE"'IF1 i |n2;|":ﬁ'.il,-lﬂlz]fuz
— Galster fit (1871)
— — q{qq) Faddeev Eq., Cloet (2008)

Q? [GeVa

NNPSS 2009 E. Beise, U Maryland 37



BLAST at MIT-Bates

Polarized Source Linac

Recirculator

Storage Ring:
50 MeV, >200 mA, P, = 65%

Polarized Internal GasTarget:
Polarized hydrogen, vector/tensor polarized
deuterium

Large Detector acceptance:
0.1 < Q?%(GeV/c)?<0.8
20°<0<80°%-15°< ¢ <15°

Simultaneous detection of e*, 7+, p, n, d

http://mitbates.Ins.mit.edu/bates/control/main

NNPSS 2009 E. Beise, U Maryland

AMPLE
e

. t:'., R

% ¥
oops | #BLAST ,

I?

' ;

5 -

% 8

hi‘-“"

South Hall Ring

BEAM DRIFT CHAMBERS
\ TARGET

CQILS

CERENKOV
\ ﬂ COUNTERS

J.H_l BEAM

NEUTRON COUNTERS
SCINTILLATORS
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neutron charge at low Q?
G"|E from BLIASTI

| |
Meutron Hecoil Polarization [7]

0.1—
constraint from

charge radius
measurements 0.08

A

O Polarized Deuterium [8]

m| Polarized He-3 [9]

® Thiswork —
seemmen <rZn=-0.1148(35) fm Z[10] |
BLAST fit

0.06 ]
c W
z _|
0.04 ]
w—w we w (Glazier [26]
0.02 = = = = Cloudy Bag RCQM [4] o
Dispersion Theory [3] -
0 | l | ' l '
0.5 1 1.5
Dy Thevis T7 Fiskin and E (Geis 2 2
.|'.'-|..D. 4 Hesis . LaRCETT l.|..l.-|'r.|:. Ly o ) Q j(GEVKC)
D.K. Hasell 17 CIPANP 2029, Moy 28
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INTERLUDE: the NEUTRON CHARGE RADIUS
from NEUTRON-ELECTRON SCATTERING

3 <r,%> - neutron mean squared charge radius
m.a
3 e
{r }= bﬂﬂ # .
g My b,.- nheutron-electron scattering length

(related to phase shift upon scattering)

Nuclear scattering length b, >> b, ., so rely on interference term and high Z:

ne’

T e = _474'{25?{_.5??!6[2—“}0{25}:?}]}5 jz %
bye = 1.33 + 0.27 +0.03 fm (2%8Pb) N
yields <r 2> =-0.115 fm? N:

20 F

Z- fIZE)

10 [

0 -
0.0001 0001 0.01 0.1 1 10 100 1000
Neutron Energy E (eV)

S. KOpeCky et al’ PhyS Rev. C 56, 2229 (1 997) FIG. 1. Tlustration of Z— f(Z.E), the atomic charge density of

Pb for neutron energies E between 10™* and 10° eV.
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Form Factors in Lattice QCD (a sampling)

S
: — Expt: 777 LHPC collab.: (hep-lat/0610007)
® m =TI5MeV | |
y m_=0696 MeV | | . .
ol e mosvev | (P - N): lattice calculation
=§‘;§ ﬁez | approaches data as pion
S N\ s TP m_= eV |1 .
S mass approaches physical value
T _06F
S
0.4
i _rO.1 r v ' ' ' .
T ) z -
O S e data o2 *+
0.0 0.2 0.4 0.6 0.8 1.0 1.2 [ ]
0 (G =
nc.’; —0.4:I _
Wang, etal, Phys.Rev.D75:073012,2007: o O L3
Extrapolate lattice-determined : - 0557 GeV* |
: p,n : o 1.08 GeV* |
magnetic moments and G,,P" using ol neutron - 114GeV |
guidance from chiral effective theory ool o EEmGeT
0.0 0.4 0.8 1.2 1.6
m?(GeV*)
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Spin 0: 7w and K Electromagnetic Form Factors

Charge radii are known r’=0.4440.01 fm’
from 7-e and K-e scattering rK2+ —034+0.05 fm>

Light mesons important in nucleon structure

8za, f°

QZ

Experimentally “unclean”: moving target... %
Y

”dc,:g-¢:‘9d;L+d;T N /—28(8+1)djtu cos¢+8 cos2¢ i

dGL ﬂ_th g2 (t) /\

oC
dt (t-m?)

NNPSS 2009 E. Beise, U Maryland 45

Theoretically “clean”... F Q> —
Qr5w




pion electroproduction

slide from T. Horn, JLab

e+p—oe+zr+n

W=v-Q2 + M2 +
2Mw

QZ: |q|2 — W2

do do, +dO'T

6000 -
4000 |
2x threshold
2000 - \L
I i -

doy;

T—=¢&
dtdg = dt  dt

t=(q-p,) =(E, -v)’ ~|p,| —[a] +2p-G <0

+w/25(5+1)dj—t”cos¢+g

———cCC
d

104; e+H - e+ +n
103}

10 21

10 & ! | | | | \ |

20 -15 -10 -5 0 5 10 15 20
COINCIDENCE TIME (ns)

0 i -} —
09 0.925 095 0.975 1 1.025 1.05 1.075 1.1
MISSING MASS (GeV

]

-
E_I
. kK .
1 = I
[ I
1 > |
b
kY |
:\ |
How to | [ :
extrapolate
to pole?

2 ‘o ” pole Physical Region ij[
Need to extrapolate to t = m_2, the “pion pole at
t=rmx
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Measurement of F_(in Hall C, Jlab)

|

"s0s

Short Orbit
Spectrometer

Cryotarget:
4'cm liquid hydrogen)
or 4 cm dummy target)

Incident
beam
Beam Current

Monilor&—______.

L] /

HMS

High Momentum
Spectrometer

Beam Position Monitors

O _——— Beam Profile Monitors

Fast (target) raster

« Hall C spectrometers
— Coincidence measurement
— SOS detects e-
— HMS detects n*

« Targets
— Liquid 4-cm H/D cells

— Al (dummy) target for background
measurement

— 12C solid targets for optics calibration

HMS Aerogel

— Improvement of p/z*/K+ PID at large
momenta, first use in 2003

— Built by Yerevan group
[Nucl. Instrum. Meth. A548(2005)364]

slide from T. Horn, JLab

NNPSS 2009
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Hall C:

two spectrometers

one suited for K detection
floor space for addt’| detectors

polarized d target

NNPSS 2009 E. Beise, U Maryland




The part needed for F_ is well-
described by model calculation, can

be used to extra the form factor

calculation is Vanderhaeghen, Guidal, Laget, PRC 57

(1998), 1454

NNPSS 2009

NF-\
= i Q%=1.60 I Q%=2.45
52 6 - .GL
o] r IO'T 2
=2
et
5 I
B L
© 4 |
B 1
i ]
‘r .
| ]\‘ I IK‘
0 0
| | | | | | | | | | | | |
005 01 0.15 02 025 01 02 03 0.4
-t (GeV?

Pion form factor

Q°F_

Slides from T. Horn

T. Horn et al.,, PRL 97 (2006)192001
T. Horn et al., PRC 78 (2008) 058201
V. Tadevosyan et al., nucl-ex/0607007

Amendolia t+e elastics

0.6 L ® Previous p(e,e'n’)n

® JLab 2003

0O JLab 2004 BSE+DSE
el "
0.2

i e -

' — hard pQCD

D , | | | | |
0 1 2 3 4 5 6

Q° [(GeV/c)?]
S. R. Amendolia et al., Nucl. Phys. B277 (1986) 168
H. Ackermann et al., Nucl. Phys. B137 (1978) 294
P. Brauel et al., Z. Phys. C3 (1979) 101
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Weak nucleon form factors

pointlike fermions:

EM: 1eQ,y,

. gM
Weak : IA?MZ 7@,(9\; +9/i7/5)

W

nucleons:

(N'|37|N) =,

(N'9Z|NY =g,
(N'3Z|N) =T,

NNPSS 2009

M

|7|—7// DN

o, q"
F7 %)y, +# F/(9%)

Qr gvf gAf

N 0 1 ~1
e,u —1 ~1+4sin’0y  +1
u,c,t +2/3 1 —8/3sin’0y -1
dsb —1/3 —1+4/3sin"0y +l1
P ]

N

F1Z (qz)yﬂ

I
e

O'qu
2M

F,2(9°)

Gx(a*)y,

_|_

1

N

E. Beise, U Maryland

Uy

Uy

\
(

LA\ M Sy T M s T

D V7/5 2
= =(07)
e

time reversal violating

/

GP ; qy:|7/5uN
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polarizabilities

charge = e (to 10-21)

r.m.s. charge radius =0.8768 = 0.0069 fm?

mass = 938.27231(28) MeV/c?

" = 2.792847337 £ 0.000000029 piy, (= ehi/2myc)
elec. dipole moment = (-3.7£6.3) x 1023 e-cm

electric polarizability = (12.0 £0.6) x 10 fm?
// magnetic polarizability = (1.9 £ 0.5) x 104 fm?
proton mean lifetime = > 5.8 x 10% years (any decay mode)

neutron charge = -0.41 £1.1 (x 1021 e)
r.m.s. charge radius =—-0.1161 £ 0.0022 fm?
mass = 939.565346(23) MeV/c?
m = —1.913042793 + 0.000000023 py (= eh/2myc)

elec. dipole moment = <0.29 x 10-% e-cm (90% C.L.)
\ electric polarizability = (11.6 + 1.5) x 104 fm?

magnetic polarizability = (3.7 £ 2.0) x 104 fm?

mean lifetime = 885.7 £ 0.8 sec
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Proton electric polarizability

slide from H. Weller,
see HUGS 2009

Pion >

cloud
++++++++++++/

Electric polarizability: proton between charged parallel plates
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Proton magnetic polarizability

/ slide from H. Weller,
HUGS 2009

$5555555555 >ee

Diamagnetic + ‘

Paramagnetic —

pion cloud

Paramagnetic
D(1232)

NNNNNNNNNNN /

Magnetic polarizability: proton between poles of a magnet
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Electric and magnetic polarizabilities

' i in polarizabilities...
via Compton Scattering at E,> 50 MeV Spin polarizabilities

] . 2 Z
s N2, N2 ' —a+,8)(1+cos«9)
o] (o) (2] 3220 2 ©
” @ ° +—:(§—B>(1—cosﬁ)2
proton neutron (best gotten from the deuteron)
e a=(12.0+0.6)x10" fm’ a=(11.6+£1.5x10"fm’
m  B=(1.9F0.6)x10™ fm’ B=(3.7F2.0x10"* fm’

* the numbers are small: the nucleon is very “stiff”

T M. Schumacher, Prog. Part. and Nucl. Phys. 55, 567 (2005) and PDG.
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measurements of the proton polarizabilities

Future measurements will
improve these, with the
new facility at the Duke
University FEL, HiGs

B [107* fmP]

NNPSS 2009

Federspicl—Mainz

- HIGE—3() hra -,
0
i up L1
& 8 10 12 14 16
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Why study hadron form factors?

They give us the ground state properties of (visible) matter:
size and shape, charge and magnetism distributions
spin and angular momentum

They are required elsewhere
baseline for structure of nuclei at short distances
Proton charge radius - Lamb shift
precision symmetry tests at low Q?

needed input for V-N interactions: impact on V oscillation data

Benchmarks for connecting QCD across energy/distance scales
low energy

" l high
long distance form factors ngortedni:tragr{ce
nonperturbative , \ perturbative
lattice

NNPSS 2009 E. Beise, U Maryland
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