ep — ep Elastic Scattering

Aiming towards study of
ep — ep elastic scattering

followed by

ep —eX > g

deep-inelastic scattering

mp probe structure of proton

Begin with a pointlike equivalent:

e e

eTU — e U

(e q—eq)
e e

Two ways to proceed:

1) carry out similar matrix element
calculation to that of ete~ — utu-

mp question 10 on examples sheet

2) use crossing symmetry ....
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e u —eu

The transformation Py — Py
P> — —P5’
Ps > P4
Py — —P2
changes

(efe > urpn) - (e —e w)

P2 P P4 Ps Py P P Py

Known as crossing symmetry



Q efeopr o

A
From Handout 4: e P et

<

Po
<‘Mfi 2> =e*(1+cos’0) wH Pa
p, =(E,0,0,E) p; =(E,Esin8,0, Ecos )
p, =(E£,0,0,—F) p, =(E,—Esin6,0,—Ecos0)

Convert to Lorentz invariant form :
pi-p, = 2E?
p;-p3= E? (1 — cosé@)
p;.Ps= E?(1 +cosé)

2> =2¢" (p1°p3 )2 + (pl'p4 )2
(p1-p.)

(7

© Apply crossing symmetry:
Pi =P PP P3PS Pa—o P

Gives e U — € U :

z> ot PP +(plpl)

(pl.p;)

(7




O ew—oe

e-

From now on, drop
the primes:

A ys (pep ) +(pop)
i

M.
<‘ ! p1-po = 2E°

p1.p3 = E? (1 — cosé)

In centre of mass frame : PP = E2(1 + cos8)

do 1 <‘M 2>_ ¢! 1+;(1+cosd)’
dQ  64ris\ " 87%s  (1—cosf)>
1045- —T—
eu >epn
10 3L
o2l N

—
(@

do/dQ (nb per steradian)

10

Vs =1 GeV

large forward peak due
to photon propagator

1/ < 1/(1-cos 8)



O 1+, (I+cos#)’ term in numerator is due to
helicity conservation :

Ls only 4 allowed spin configurations

(out of 16)
Mgr e MaL ©
vd vd
o => | = _
> % g u-|e > < = K
N 7
e H
My Y € Mg Vs ©
o <= / | <= / —
> % — u-|e > < pr K
Y, N 4
e al
Sz:O Sz:il
do =<1 (isotropic) do o< i(l +cos6)’

dQ - do

€ Denominator comes from photon propagator:

(?)2 B (— 2E2(11— cos 9)]2 T (1- C(l)s o)




Nucleon Structure

Use virtual photons to probe the internal
structure of the proton and neutron

e-
e — photon wavelength :
qu\ T* P h 1GeV.fm
q |q/(GeV)
: Rutherford
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ep—->€ep

<) Begin by treating proton as pointlike spin 1%
Dirac particle:

€ P ps_~€
At very high energies:
(i.e. neglecting particle masses)
P1-P> = P3-Py
P1-Ps = P>-P3 o 0, PN P

; ge*
>= e (PP )+ (PP (Paop)]
(py—P3)

(M,

€ Complete expression valid at all energies:

2> - = 4 -[(pl.pz)(p3.p4)+(p1-p4)(P2-P3)
(pl_p3) 2 2 2a02
—(prpIM? =(py.py)m’ +2m* M’

(M,

(examples sheet)
¢ Consider two cases:

1) lab frame at very low energy
(neglect proton recoil)

2) lab frame at very high energy



<> Low energy limit, lab frame:  (Handout 5.2.1)

ep—ep N °

e P > p‘ ...............................

(neglect proton recoil)

p, =(£,0,0, p) p, = (E, psin8,0, pcos )
p,=(M,0,0,0) p,=(M,0,0,0)

with: p<<m, E=m, E<<M

<> Obtain Rutherford scattering cross section:

(o) | )

40 \ 4E%in26/2

m) Spin of particles has no effect at
low energy

lower energy = only probing relatively large r

= magnetic moment unimportant (~ 1/r%)
only charge matters (~ 1/r2)



<> High energy limit, lab frame:  (Handout 5.2.2)

ep—ep e

Es.p P \0

p, =(£,,0,0,E)) p; = (£, E5s1n 6,0, E;cos 0)

p, =M ,0,0,0) p,=(E,,p,)

2 2
do_: 2?{4 £ coszg— 9 2sinzg
dQ  4E%in‘0/2 E, 2 2M* 2

f t X A

Rutherford recoll electric magnetic
scattering scattering

cos?d/2 reflects helicity conservation :

6=0": 6 =180 ;
=

> > o

»b. —> <
<=

favoured suppressed



Nucleon Form Factors

€ To take into account finite size of proton:

dO'

\ pomtlike

= Form Factor

x|F ()|

¢°=0: F(g?) = F.T. of charge distribution

€ Spin 1/2 target => need two form factors :

G:(@?) : charge distribution
G\ (g°) : magnetic moment distribution

Rosenbluth Formula:

=—q’/aM”’
da:(da) {G +7-G,, M 427G an 6’}
do \dQ ), ., 1+7 2
Ge(0) = total charge =1 (p)
=0 (n)

M
=
=

I

magnetic moment =+2.79 (p)
=-1.91 (n)



First evidence for an extended proton

Using 188 MeV e~ beam:

i 1
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R.Hofstadter + R.W.McAllister, Phys. Rev. 98 (1955) 217
R.W.McAllister + R.Hofstadter, Phys. Rev. 102 (1956) 851

Data lies below expectation for a pointlike
proton with u = 2.79

(upper solid curve : Gg(g?) =1, Gy(g?) =2.79)



> To extract G=(g?) and G,(¢?), plot ....

A

do/dQ
(do/dQ)

spin0 X

slope =27 G,

G;+7-G,
1+7

intercept = {

tan°@/2
.... at a fixed value of ¢

<> Once ¢? and @ have been chosen :

2 2
—q —q
E —-E, = EE, =
L oM s 2(1—cos6)

—> E, and E; are then determined

(and hence vary along the straight line above)

E, = incident e~ beam energy
E, = scattered e~ energy

Distribution of scattered energies should show
an elastic peak at a well-defined energy (E;)




 eg. ep—oep at £, =529.5MeV

and @ = 75°

Note olden-days units :

*
*
.

4
O..
L4
L4

529.50, May, 75° 1
q2+7.5:F-2 1

2500}
(HYDROGEN UNCORRECTED )

2000 :

COUNTS / MoV
Q o
8 3

1 1

:

* By iy
g
v v v v .

0 L.z !

}
360 370
SCATTERED ELECTRON ENERGY (MsV)

Expect elastic peak at scattered energy

— MEI
M + E,(1-cos?)
0.938x0.5295

L,

~0.938+0.5295(1—cos 75°)

4| =2M (E, - E,)

T.Janssens et al., Phys. Rev. 142 (1966) 922
E.B.Hughes et al., Phys. Rev. 139 (1965) B458

M, = 0.938 GeV

=0.373GeV

(as observed)

= 2x0.938(0.5295—0.373) = 0.294GeV> = 7.5F >



<> Measured

ep — ep cross sections :

0.294 GeV?
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Beam energies chosen to give particular
values of @?

Cross sections measured with typical
precision * (2-3)%

(more recent experiments approach +1%)



<> Example of Rosenbluth plot :

PROTON
I 2.0l q2:7.5F"2
ep— e
do (dffj 2 PR
dq dQ pin0 :\ié
.o
ﬁzqz
T i
"on g" =0.2925GeV”
[+3
L
=30+ tan? (6/2)

tan‘€/2 —»

—> consistent with Rosenbluth prediction

(i.e. with single photon exchange)

—> can extract Gg(qz), Gﬁ(qz)

> To extract Gﬁ(qz), Gf\ld(qz) for neutron:

use cross section difference between
hydrogen and deuterium targets




O Ge(q?) and Gy(g?), upto g2 = 1.2 (GeV)?:
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<> To go to higher values of ¢?:

The SLAC 8 GeV Spectrometer

DETECTOR

\ \ SHIELDING L
PIVOT 12m
B8!
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measure flux PLAN VIEW HoboSCopgs  TT-€ DISCRIMINATOR

P.N.Kirk et al., Phys Rev D8 (1973) 63

Use electron beam from SLAC LINAC:
5< Eoom <20 GeV



... followed by ...
The SLAC 20 GeV spectrometer

. * ..::{2, fr -

h: 1.6 GeV
——— | Target J QO(NHL\‘

- __k
Incident [ -t 1@t iAo
_’ —— - m
Beam [ Exit Beam

- Datectors
a
Shielding

o) 25 50 75
[ 1 1 J

FEET

Allowed measurements of G(g?) up to
g* = 30 GeV?

Also used for extensive studies of deep-
Inelastic scattering

(proton target breaks up — see later)
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<> Rosenbluth plots at higher @2 :

R.C.Walker et al., Phys. Rev. D49 (1994) 5671

' L
0.18 0.10
0.14 0.08
0.10 0.06
T I T T 0.012
0028 (c)
] 0.011
0.024 -~ 0.010
- g° =2.5GeV*-
0.020 SRS S E— 0.009
0 0.4 0.8
£ 3
do do 1 T
CO_[82) x—|g+Za
dQ \dQ ), 1+7 £
1 >
—=1+2(+7)tan" 6/2
£

(compilation of 8 GeV spectrometer plus earlier data)



{ Atevenhigher?: 7>>1 G:<<7G,

— contribution from Gg(g?)
becomes small and hard to measure

—> usually, extract Gy,(g°) alone, assuming
G:(¢?) and Gy(g?) have same shape :

Gilg*)= Gt (q?)/2.79

O e.g. Gy(g?), upto g2 =30 (GeV)?:

1 C T T T T T T T T T T T T T T T T T

Proton form factor
Gy(a?)

1 ]
(1+4°/0.71GeV?)

o 10 20 30
o / GeV?

R.C.Walker et al., Phys. Rev. D49 (1994) 5671
A.F.Sill et al., Phys. Rev. D48 (1993) 29



Form Factors: Summary

<> Form factors fall rapidly with g2
- find good fit to data with “dipole” form :

~ ~

Gp(qz)zG&(qz) Gula’) 1
279 191 (1+4°/0.71GeV?)

E

<> Take FT to find spatial distributions :

—> charge and magnetic moment
distributions of form

p(r)= p,e”’* with a=0.24 fm

—> r.m.s. charge radius = 0.80 fm

(examples sheet)
N.B. does not immediately follow that a finite
size proton is composite ...

1960’s: the proton was still assumed
to be an elementary particle

strong interaction effects (“pion clouds”)
could then give it a finite extent





