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- 2
e p Elastic Scattering at Very High g

%At high g2 the Rosenbluth expression for elastic scattering becomes

2

q
AM?

> 1

(dc) o’ h(q“ , .,e>
1O Gy sin® — T =
dQ / jastic 4F- sin*0/2 E) \ 2M? 2
*From e~ p elastic scattering, the proton magnetic form factor is
I
GM((Iz) ~ ) GM(qz) o< q_4 at high qz

(1+42/0.71GeV?2)2

T Ll

do
— (—) g ®.
dQ elastic ;

*Due to the finite proton size, elastic scattering

at high g%is unlikely and inelastic reactions
where the proton breaks up dominate.

M.Breidenbach et al.,
Phys. Rev. Lett. 23 (1969) 935
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Kinematics of Inelastic Scattering

*For inelastic scattering the mass of the final state
hadronic system is no longer the proton mass, M

*The final state hadronic system must
contain at least one baryon which implies

the final state invariant mass M, > M

P3 e

X 2 _ 2 2 13,2
My = p; = (Ej — |P4l”)
* For inelastic scattering introduce four new kinematic variables: X, ¥, V, Q2
* Define: 0>
X = Bjorken x (Lorentz Invariant)
2p2-q
where 0 = —g? 2
=—q Q>0
*Here M2 = pi = (g+ 1)2)2 = —Q2 +2p>2.q+ M? Note: in many text

books W is often

i Q2 =2p>2.q -{-M2 — M)z( = Q2 < 21)2,q used in place of M,

: : : Proton intact
hence 0 < x < 1 inelastic x =1 elastic A:lo oi";‘;c
X —

16



% Define: P2.q
y=
P2-Pi

°In the Lab. Frame:

Pl = (E],0,0,E]) P2 = (M303030)

q = (E) — E3,p) — P3)

M(E, —

(Lorentz Invariant)

Es) E;

—) y:

ME,

So y is the fractional energy loss of the incoming particle

O<y<

°In the C.o0.M. Frame (neglecting the electron and proton masses):
p1 = (E,0,0,E); p»=(E,0,0,—E); p3=(E,Esin0*,0,Ecos0")
—> y:%(]—cose*) for E>M

x Finally Define: v P2.q

M

(Lorentz Invariant)

°In the Lab. Frame: Vv =FE| — Ej

v is the energy lost by the incoming particle

17



Relationships between Kinematic Variables

«Can rewrite the new kinematic variables in terms of the squared _ P P2
centre-of-mass energy, s, for the electron-proton collision € > P
- 2 - 2 2 - 2 ..............
S = (PI +P2) = pi+p3 +2p1.p2 =2p1.p2+M +>€"‘~.§Neglectmass
2p1.p2 = s —M? ;of electron
*For a fixed centre-of-mass energy, it can then be shown that the four kinematic
variables 2
2 2 _ 0 _ P2q _ P29
=g x=3 V= =M
P2-q P2-P1

are not independent.
*i.e. the scaling variables x and y can be expressed as ) :

2 ... Note the simple :
X = Q_ y = M y e - relationship between
2]\/12V s — M? ‘yandv
0 , o
and Xy = = Q= (s—M°)xy
V= Tap ( )

*For a fixed centre of mass energy, the interaction kinematics are completely
defined by any two of the above kinematic variables (except y and v)

°For elastic scattering (x = ] ) there is only one independent variable. As we saw
previously if you measure electron scattering angle know everything else.

18



Inelastic Scattering

Example: Scattering of 4.879 GeV electrons from protons at rest

* Place detector at 10° to beam and measure the energies of scattered e-
* Kinematics fully determined from the electron energy and angle !
* e.g. for this energy and angle : the invariant mass of the final state

hadronic system

W2 = My = 10.06 — 2.03E;

1500 - fﬁl
g 151 —  4.879GeV
> 10°
5 1o} MWQ
= |
=, WMQ;&
O Lg:;;soo
= -
0 I | | l ] 1
2

& Elastic Scattering
/ proton remains intact
W=M

& Inelastic Scattering
produce “excited states”
of proton e.g. A+( 1232)

W = My
Elastic Scattering "% ——— @& Deep Inelastic Scattering
(Divided by 15) k
] 1 J

8 30 3.2 34 36 3.8

L 1 |

4.0

1

42

44

2.0 1.8 16
W [GeV]

14

1.2

1.0

proton breaks up resulting
46

E; [GeV] in a many particle final state

DIS = large W
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Inelastic Cross Sections

*Repeat experiments at different angles/beam energies and determine
q* dependence of elastic and inelastic cross-sections

'. T T T m| T T
N\ « — W2 GeV i ]
[\ r - We3 Gev |
¥ s ——W=35 GeV:-'
IO.':- : =
D W 3
- F
o t
P
© o?t \ =
\ 3
b \
\
N\
073k \ ELASTIC -
- \\_SCAT TERING ]
. ]
N . . 4
i .
N
-4 | | L 1 1 |
— 0 | 2 3 a4 5 6 7
2
Q?/GeV?

*Elastic scattering falls of rapidly

with (12 due to the proton not being
point-like (i.e. form factors)

*Inelastic scattering cross sections

only weakly dependent on g’

*Deep Inelastic scattering cross sections

almost independent of g2 !

=)

i.e. “Form factor” - 1

Scattering from point-like
objects within the proton !

M.Breidenbach et al.,

Phys. Rev. Lett. 23 (1969) 935
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Elastic —Inelastic Scattering

% Recall: Elastic scattering

*Only one independent variable. In Lab. frame express differential cross
section in terms of the electron scattering angle (Rosenbluth formula)

= ‘ cos? — +27G2, sin® — - =
dQ 4E?sin*0/2E; \ (1+7) 2 M= 2 = orn

Note: here the energy of the scattered electron is determined by the angle.

°In terms of the Lorentz invariant kinematic variables can express this differential
cross section in terms of Q2

do  4drna’ [G%+TG§4 (I . Mz)’2)+| ,202]
o>  ¢* (1+71)

which can be written as:

do 47ra~ - M?y I 5 2
o = [ (1-r-237) + 32@)

% Inelastic scattering
*For Deep Inelastic Scattering have two independent variables. Therefore
need a double differential cross section

23



Deep Inelastic Scattering

% It can be shown that the most general Lorentz Invariant expression
forep — e X inelastic scattering (via a single exchanged photon is):

d’c  4ma’ [ M?y*\ F>(x, Q%) ) INELASTIC
dQ? ~ O (' B ) et 2 4 ’Fy (\’aQ“)] (1) |scATTERING

do  4ma? [ M?y? o 1o, 5 ELASTIC
i (l -2 )fz(Q )+ 32 A(0) S

* NOTE: The form factors have been replaced by the STRUCTURE FUNCTIONS
Fi(x,0°) and F(x,0%) AT

which are a function of x and Q2 can not be interpreted as the Fourier transforms
of the charge and magnetic moment distributions. We shall soon see that they
describe the momentum distribution of the quarks within the proton

% In the limit of high energy (or more correctly 02 > M?y?) eqn. (1) becomes:

d’c  4na? (1—y) P (x, Q%)
dxdQ?  Q* ) X

o

+ \‘2F| (2, 0°) (2)

24



 In the Lab. frame it is convenient to express the cross section in terms of the

angle, @, and energy, E3, of the scattered electron — experimentally well measured.

E3 %
0
e DX P
X &
jet
Q> =4E E;3sin®0/2; x= % ' )’—1—5’ V=E —E
- | £=3 s 2M(E|—E3)’ . El, | 3
* In the Lab. frame, Equation (2) becomes:
d'o o | F (x Q%) cos’ 26 + — 2 —F (x Q%) sin’ ’ (3)
R T, — 2 — —
dEAdQ: 4E?sin*9/2 [V 2 M 2

/ l
Electromagnetic Structure Function Pure Magnetic Structure Function

25



Measuring the Structure Functions
*To determine F(x,Q?) and F>(x,(Q?) for a given x and Q? need

measurements of the differential cross section at several different
scattering angles and incoming electron beam energies

Example: electron-proton scattering F, vs. J? at fixed x

+ 6° o |8°
x 10° & 26°
0-5 T 1 T 1 1 ]
J.T.Friedman + H.W.Kendall,
04 =
Ann. Rev. Nucl. Sci. 22 (1972) 203
+ O4 ot # #
erl’ 03 .
0.2 I =
ol | x=0.25 |
0 1 1 1 1 1 1 1
0 2 3 6 8
) y)
Q°/GeV~

¢ Experimentally it is observed that both F; and F> are (almost)
independent of Q2

26



Bjorken Scaling and the Callan-Gross Relation

% The near (see later) independence of the structure functions on Q2 is

known as Bjorken Scaling, i.e.

F] (x,Qz) — F| (x)

F>(x,0%) — F(x)

* It is strongly suggestive of scattering from point-like constituents

within the proton

*It is also observed that F}(x) and F>(x)
are not independent but satisfy the
Callan-Gross relation

F2 (x) — 2xF| (x)

* As we shall soon see this is exactly what is
expected for scattering from spin-half quarks.

Note: if quarks were spin zero particles we would
expect the purely magnetic structure function t

be zero, i.e. F (x) =0

2xF

F

1.5

1,0

0,5}

$ 1.5 < QUGeVicyF <4
¢ 5<QNGeVic) < 11
t 12 < Q*NGeVic) < 16

27



The Quark-Parton Model

» Before quarks and gluons were generally accepted Feynman proposed
that the proton was made up of point-like constituents “partons”

* Both Bjorken Scaling and the Callan-Gross relationship can be
explained by assuming that Deep Inelastic Scattering is dominated
by the scattering of a single virtual photon from point-like spin-half
constituents of the proton.

p3 _e”

P4

Scattering from a proton — Scattering from a point-like
with structure functions quark within the proton

% How do these two pictures of the interaction relate to each other?

28
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