Elementary Particles I

2 — Electromagnetic Interaction

Form Factors, Structure Functions, Scaling, Partons



‘ Leptons

Leptons
Ist family 2nd family 3rd family
V.7, V.., "7 Neutral, ‘Massless’
e e’ wo LT Charged, Massive

“Pointlike”, spin ¥2 Fermions
Electromagnetic and weak interactions

Lepton scattering by several targets as a powerful tool to probe
constituents:

Electromagnetic (and weak) coupling to leptons simple, well understood

Small coupling constant— Perturbative expansion reliable
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‘ Electromagnetic Interaction

Try to find transition amplitude for electromagnetic scattering
15t order perturbative contribution

T,=—i < f ‘ f d*xH " i> H': Interaction Hamiltonian density

H'= j"A, Classical analogy, j, current 4-density

Reminder

For any system of charges and currents:

U, = 5 pp  Electrostatic potential energy density

1 : : :
Upg 5 J-A Magnetostatic potential energy density

(1

j*=(p,j) 4-current density
A

1

(go, A) 4-potential
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‘ An oversimplitied example - 1

First take a simple example:

Spinless, pointike “pion” scattering off a fixed, Coulomb potential

J =(p.d)=le|¢ [%—f]— aa—f o((Ve )o—¢' (Vo))
J'=(p.J)=ie [90'* [%—f]— %]90 (Ve )e—¢" (Vo))

— jt=eNN'e (FE PP (£ LY, (p'4-p))

) . . 2
— j'A, = NN'(E+E')e (7 %

Integrate over time:

+00
[ NN dr = NN 26 (E— E)

Usual definition of current density
¢@. Stationary state

Generalize to a scattering state
@,¢’: Stationary states, plane waves

Energy conservation; momentum
not conserved by fixed Coulomb
potential

Spring 2011 E.Menichetti - Universita' di Torino



‘ An oversimplified example - 11

Integrate over space:

2 2
feJrl((P-P )r) £d3r _ drZe .q=p—p'

r ol
Matrix element:

1/(2€ fL3)1/2

4 Ze?

T, =—i(f| [ d*xH'|i) = —NN2mis (E— E")

(-iZe,0)

A Ze®

2

q

E=E'—l|q =—-¢*—T,=NN"2mis(E-E")

1/(2EiL3)1/2

Virtual photon:
Coupling fixed source to current
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‘ An oversimplified example - 111

Evaluate transition probability

T,
‘ ‘ Transition probability/Time

2

2 in|(E'— EVT)2||
§(E'—E) = lim | — 1 fe’<EE)‘dt = lim sin( T2 §(E'—E)
T2 T—o0 W(E'—E) 2T
2 272 4 2 4
w= NN s (B g T2 Ny ons (B E)2E
T a a
Vd3p|
\ Jo . Phasespace _ (2n) 0 d’p' E..
~ incident flux A B (27)3 p
EV
272 4 3.1
do=N*N"26(E—E) 0T 2¢ 4P Eyp
o (@)
272 4 3.1 272 4 3.1
N=N'=——do=stons(E-p) T2 4P Eyo ppsp pylomze dp E
W vy o (x) P o (2x) P
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‘ An oversimplified example - IV

Calculate differential cross-section
Useful to remember

272 4 3
fdaszmS(E—E')l67TZ4€ dp3£ E’=p’+m’
dp'=p?dp'dQ o — 2EdE = 2|p|d|p|
p =pr a eEdE:‘p‘d‘p‘

p'dp'=E'dE'—d’p'= p'E'dE'dQ

272 4 3 0 272 4 '
—>f27r(5(E—E')167T Ze dp E—waé(E—E‘)l67T Ze dEE g

o' () a (2n) P
1 Z'E 1z
= —p' | 8(E-E"dE'EdQ= E*dQ
o) o 2" Jote=e (27)" |af
0 Compare to non-relativistic

. . 9 4 4 - 4
q=2psin , 4= 16p”sin ) Rutherford cross-section:

272 4 ’ 1 1
_}daz 1 : 16ZT Z4e EZZlZZQ . 41 d_az_zza —
d)  (27) 16p”sin 6/2 4 sin* 6/2 dQ) 4 sin” /2
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‘ Theme Vartation: Spin "2 - 1

Take now a spin %2 Dirac electron scattering off the same, static Coulomb potential

SR Dirac transition current
Jh=ep'y"Y

L_t<s ', p') vu (S, p) =u' (S', p ')’y Y u <s, p) =u' <s i p')u (s, p) Dirac matrices

do m> Z% E> 1 : 2 1m’, , : 2
= " ! ) :——Z ', ' s
dQ EZ 16(27‘(’)2 p4 Sin4 9/2 ‘I/l (S p )M(S p)‘ 4 p4 a Sin4 0/2‘14 (S p )I/l(s p)‘
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‘ Theme Variation: Spin 72 - 11

Unpolarized cross-section:

Sum over final

- spin projections
Average over initial

1 +1/2 +1/2

LS S (s uls ) =4 i)

2
s=—1/2 s'=—1/2 mn
B B I AP
dQ 4 psin®0/2 m 4 P sin” 0/2

dQEm 4 p* sin*6/2

do _ 122042 E* cos’0)/2

New factor, important at high speed
Reducing cross section at large angles (= 0 for 8—7)
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‘ Helicity Conservation
Dirac equation: High energy limit
EY=(a-p+Bm)y

u= Generic spinor; ¢,y 2-components Spinors

X

¢ O 0 1
o= 0 ], 0= [1 O] Dirac matrices, chiral representation, "2x2" block format
—c

lEc/b—(c-p)¢+mX
Exz—(c-p)x—l—mqb

] e o
m =0 (c-p)xw—‘p‘x X=up

u
E>m—

Y
~Y

RJHuT(s',p')u(s,p)%u'RuR—Ht'ZuL
uL

No mixed terms — Helicity is conserved at high energy

Explains the (1 — 3*sin” 6/ 2) factor, cutting off the cross-section 8 — 7
Solves conflicting helicity/angular momentum conservation

Always true for Dirac currents coupling to vector fields
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‘Another Step into a Realistic Model

Take now a spin %2 Dirac electron scattering off a distributed, static source (like a (A,Z)
nucleus)

A, =(».0)

r):fd3r"f(_rli>", fp(r')d3 '=Ze

Only change: the space integral

vi(pp)r) €Z 3 :47TZ€2 L 3 ) (')
fe rdr \q\z ,q=p—p'— fdf ‘r—r‘dr

— fd3 —|—l p p fe+i((p-p').(r—r')) Ze d3r

r'—r]

fp(l'>e+iq'rd3r
F (q) = ~ Form factor of the charge distribution
e
AT Z 262

ol

Spring 2011 E.Menichetti - Universita' di Torino 11



‘ The Form Factor

fp(r>e+iq.rd3r 1 +igrcosf 2
7o :Z—efp(r>e rdrd()

Fla)=
e+i‘q‘rcos€

— 1+i‘q‘ rcos6 —%‘q‘z r*cos’é...

i +i‘q‘rcos€ 2 ~
— Zefp(r)e rodrd() ~

2
1 . q
%Z fp<r>r2drdQ+l‘Q‘f,0(r>r3cOS@drdQ—%fp(OrztCoszedrdQ

. 2 2/ 2
q| (r
~rlay=t+ 28 [oyrar feostin L o0 [eostaan <110 a

2o Q)Z:o zej:rz> :zﬂ_mg@)zzg
F(\q\z) — F(0)+ aan laf* +... F(0)=1
1 ‘ ‘ ’—>_><<r2>:_6 (9F
2 2 5
Flla*)~1—<laf () i

showing that measuring the form factor yields the rms charge radius
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‘ FF: The Mathematical Game

Charge distribution p(r)  Form factor Fg?) Example
pointlike constant Electron
uxponennal dipole Proton
Q ‘\%s o
homogeneous scillating -
sphere \A
sphere with a 40,
smeared Ca
.; \dlﬂuse surface \/\oscnlauons
@TBA

Igl—»

plr)=

olr)=|

8ma

1

constant r<R
0

- e—ar N F(‘q‘Z)

=)=

2
1
I+g /a®
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‘ Nuclear Form Factors - 1

MAGNET
SECONDARY ELECTRON
MONITOR:

—E}

: /\mcuuu PIPE

REFOCUSING
MAGNET

ENERGY DEFINING

%

B
D
>
£
(2]
(=3
L
DFFERENTIAL G065 SECTION-On® /7 sTEAAuN
z

| S R : suT w7 IELD PLATFORM
15 \—DEFLECTING MAGNET 1 0
' N \ DETECTOR
ok _ : SHIEL o
L ';:.‘_;.;: o .. 4 \
28 I S —'qﬁm o5l
lmn.' — — ¥ 50 70O 80 W 1N %0
K SCATTEMING ARGLE N DEGAEES
= VIEW A-a Fi1g. 46, Theoretical and experimental curves for In's
F16. 18, The experimental installation of the 550-Mev spectrometer. s at two energies.
One of the Hofstadter’s spectrometers at SLAC Results for Indium
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Nuclear Form Factors - 11

Details of one of Hofstadter’s focusing spectrometers

MAGNET

Fe |
SHIELDING —
/
/

ACCESS TO .

COUNTERS

(OPEN) FOCALN ; /

POINT
\
5 > MAGNET
~j. L~ "
/
=
TWIN 5" GUN MOUNT
r ——————
—— TOTAL WEIGHT
~ 135 TONS
30" TRIPLE FOCUSING
SPECTROMETER
Fio, 4, Perspective d _n;‘,o!lu on the gan mount, showing lron shielding iz place arcund the counter bouse.

nmmlmnhlbuudpmolmzmum chamber are shown between the magnets.
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‘ Nuclear Form Factors - 111

From counting rate to cross section:

dz
— —
n(z) n(z+dz)
. at 1s known:
. What is k
dn=—n(z)n,odz — |An|~ nyjn,o Az, An < n, Beam energy
Scattering angle
_Pr N N, # of incident beam particles, n,
Ny = A Ny— ‘An‘ — Pr oAz # of scattering events, An
| A An Target thickness, Az
o = JAn < n,, Az small Target mass density, oy
N, prAz n,

Count scattering events, count beam particles, measure target
— Get o

Spring 2011 E.Menichetti - Universita' di Torino
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‘ Nuclear Form Factors - IV

Elastic nuclear scattering

Count rate vs energy at different angles: Scattered electron energy vs angle:
Elastic peak 2-body kinematics
N L
T |
_ ?
i” N \ |
?
200 T —] —— WO { \ |
240 " 00' r /’\ : 20 _‘ g INCICENT mumr:mn::N\\
AT A, :
E wo \ - ool —1 = g ™
\ e % B ——11
1 - 11 s —F—
\ ’/{/"\ ol —/2 §
/A \ H gp, ‘0:\4 . ‘».Js ) #
,./ \\ ] = a/:[_. \‘i om:o:oaoaooowa:oollommma»_no
B8 ITD TR M ITE KO 152 154 56 138 140 182 194 146 LABORATORY ANGLE DEGREES)
ENERGY IN MEV '
E, 1
N E .,0
E 142 ~¢sin* —
my 2
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‘ Nuclear Form Factors - V

Inelastic nuclear scattering:

Count rate vs energy at fixed angle Scattered electron energy vs angle:
Excitation of /°C nuclear levels >2 body kinematics
for e | _,
3s0 |89 ;L 3 _<*.;h—— . AmZ
sonf—{—f—— | E 2m E,
= I ( E, 1+2 sin’ 29
g =0l mN 2
S 1501 Ai — —-Tf\ Am Excitation energy
0o} --—‘ J ‘i
\
S0
IT i 1 \

TEE

Inelastic peaks Elastic peak
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‘ Tracing Nuclear Constituents

Inelastic cross section: Providing evidence for nuclear constituents
Detect 7y -rays from level de-excitation

Also:

Measurement of inclusive energy spectra of scattered electrons yields detailed
information on nuclear structure

Snapshot of proton wave function within the nucleus:

Fermi motion
Radius and depth of potential well

At high energy, constituents seen as free particles upon nuclear breakup

Spring 2011 E.Menichetti - Universita' di Torino 19



The

@TBA

‘Nuclear Parton Model’

e+120_..e-+12C CountS
700 |- 1
P, = 495 MeVi/c _
i 8=665.4° 3 H, '0(e, e)
800 \quh =268 m-" ] 400 | 7
r =
2 500F
& -
5 - 300 |- .
S 400}
3 L -2
§ aof 23 200 |- :
z F 3; 3
R
200 23 3
== 0 100
=g | 8 t
100 wy
Ollllll ATH WYY W i | -4 0 . . d
450 455 ¥60 465 470 475 480 485 50 100 1
tron momentum/(MeV/c) Ee [
cattering ff 12C . Sca}tter g off wdter
. . Elastic scattering offff the whgle 0 nucleus
Elastic scatfering off the whole nucleus T .
A . . Nuclear levels gxcitation (inelastic)
Nuclear leyels excitation (inelastic)
Beginning of élastic scattering off protons Elastic scatterirjg off 50 protons

Elastic scattering off free protons

Spring 2011

E.Menichetti - Universita' di Torino

20



‘ Particle-Particle Scattering

Ist order Transition amplitude:

H'=j"A, —H'=(j!'+ jl)A,

— M, =i(2x) 8(p,+p =P+ 1)) T, =i(27) 8+ P = () +p'2))jff>%jﬁz)

qg=p —p '=p,—p, 4-momentum transfer

Transition currents:
1/(2€,LDH1/2

. \ K p2'
I e 1/(2€,'L3)1/2
jh = e( p,+ p3) scalar \ I
-,u o /Ja . -iE(Pl.pZ.)# )W -ie(pz'pl.)u
j" =eu,y"u, fermion /
x"m/ K’ pz
1/(2E,L3)1/2 1/(2€,L3)1/2

Spring 2011 E.Menichetti - Universita' di Torino
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. . . 1 /
‘ Scattering Spin 0 — Spin 72
Just take the two currents as defined before: Another extension of Rutherford cross section
Includes target recoil

8 1 2 4 4 f : 1 1 d’p, d’p,
T, = do = | (2m) 6 —p, — : :
=eu '7 U—s- q <P+P) —do AEE'v 7 ( ﬂ') (p1+p2 P p2)<27r)3 (27‘(‘)3 2E1 2E2
172 +1/2 o’ 21 +1)2
Z 5 Z ﬁ(pl',S')"y“u(pl,s>b7<pl,s>’y”u<pl',s')(p2—|—p2'>ﬂ<p2—|—p2'>y
s—71/23—71/2 5,8'==1/2
By defining...
T,=(p,+p,), (P, +p,),
2
L =2p"p +p'pf +%g“”

;-) Not really difficult, just a bit long

...1t can be shown that <

dO' 2042 qz ’ . )
— 2 . . ' _M I _
e (n + p2)2 E (p, p2>< Dy P, >+ 5 nvariant cross-section
2 '
do = 2a cos’ QM LAB = "2" rest frame
dSd| 5 E>m 4‘[)1‘ sin* 9/2 2 \pl\

Spring 2011 E.Menichetti - Universita' di Torino
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‘ The &7 Form Factor - 1

Consider electron-pion scattering: The 71s not a point-like object...

What are we to take for the pion current?
Must build a 4-vector operator

Some guesswork:

1) Lorentz invariance

Dy Py 5 q Three 4-momentum vectors .
, — 2 independent
p, ' = p,+¢q Constraint

Choose:

'

P, tPpP
P,—rP=q
Only one independent 4-scalar:

} Both can contribute to the current

E.g. (pz ')2 :(p2)2 =m’ — Py Dy

Choose instead ¢°

ity = F@) o o) +6(a' ) e

Blob indicating a non-QED vertex:

The pion is an extended object

Spring 2011 E.Menichetti - Universita' di Torino
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‘ The & Form Factor - 11

2) Gauge Invariance
Charge conservation <> Current must be divergenceless

—ig-x

0,j"=0—0,j. =ed,

F(¢*)(p'+p) +G(q°)q"
F(¢')(p+p) +G(q*)q"
—0,j"=0=4,j"=0

F(&)(p,+p") +6G(a*)q"

e

=—iq,e e ' =0

q, =0

q,(p,+p,) =(p,—p), (P, +p,) =0

q,9" =0 HG(QZ):O
1

— j! :e(p2 + D, '>AF<q2)

Just one form factor for a scalar particle like the 7
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‘ The T Form Factor - 111

What is F(g?) ?
In the CM frame:

g =(E'—Ep-p) =(E—E) —(p—p) =0-¢’=—q
— Fscatt <q2> - Fscazz ( q‘z)

Again, Fourier transform of the charge distribution

If crossing is good, can extend to the reaction
e +e -t +m

2 2 2
q’ = (El +E,,p, ""pz) = (El +E2) _(p1 +p2)
612 - EéM

= L ini (612) = Fpini (ECZ‘M )

F..(q").4" <0

Fl(qg*)=
” (q ) Fannihil(qz)’q2 >0

Spring 2011 E.Menichetti - Universita' di Torino
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Experiments — Space-like

T scattering off electrons

Unappealing, ¢,,,, too small

Electroproduction of one 7

2 22 22
p* _ pﬂ’me _>t — 4 pﬂme _ 4 pﬂme ~ 4 pﬂme
- max - 2 2 ~ 2
Js s m_+m. +2FE m, m_ +2E_m,
2
p.m
e - tmax ~ _47F—€ = _2p7rme
Pr—00 2m,
PION FORM FACTOR 1487
| Fl/u,§ measurement e s

My ——

Pion Momentum

QUANTAMETER

PION
QUADRUPOLE
yd
/ \“.‘vr
& -
,-f'fag‘u Ul S,
suscrnon T e e
ELECTRON
DETECTORS
e ~_
I716. 5. Schematic view of the experimental layout.
@TBA
OK Electron Identification & Momentum
Spring 2011 E.Menichetti - Universita' di Torino 26



Experiments — Time-like

i}
t—.: ESP Bologna

First e* - e colliding beams
ADONE - Frascati, 1967 etc.

B o B B B B SN N B By T T
® TOF
0l = CMD-2 i
~ o CMD
g : ? ¢ OLYA (low) ]
1
5§ 7'}!" o OLYA (high) |
= 10 - -3
8 « DM1 3
w / * DM2 3
@ P‘?‘m
8 i
G 10 Eﬁﬁ}q v
-‘—4m§'.hreshold ﬁ;’{
@TBA 1 A...|....|....|....|....|....|,...|....|...¥
0 0.25 0.5 0.75 1 1.25 1.5 1.75 2

Plastic snllators

s (GeVd)

NN
RS

Figure 4. BCF apparatus,

Spark chambers

Luminosity monitor measures Bhabha

| .

j '-'=i‘ scattering rate

I 1t at small angles: & = acceptance
Ry

1 [ee
E ¥

Ratey, ,,. =0y .. - Luminosity

e"+e —e" +e pure QED at low energy, small angle

—> accurate, reliable o, ,, . prediction

— Luminosity = Rate,, ,, . / (O praina * &)

Spring 2011
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The 7z Form Factor at Large

Is there a unique function F(g?)?? Yes!
Good check of crossing

S EP

i ADYLOV(77) 10'
¢ DALLY(77)

1 i
-006 -0.04 -002

t(Gev?)

@TBA

¢ BEBEK(78)
BEREZHNEV(73)
BEREZHNEV (74)

ESPOSITO(77)
BUKIN(78)
QUENZER(78)
CORDS(78)

4P+ OBt =fG>

10

t (GeV?)

Spring 2011 E.Menichetti - Universita' di Torino
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‘ Electron Form Factors - 1

j" =ey"yp Dirac current
u(p)y'u(p)= %[(p +p') +ic" (p— p‘)y] Gordon's identity
m

2iu (p')(p+p') u(p) charge, like a scalar particle
m
i—eﬁ(p')a (p—p') u(p) extra term
2m N

=4,

Extra term due to magnetic dipole current.
Indeed, it contributes the interaction energy:

le

%ﬁ (p')o"u(p)q,A, o e d——¢ "o (qxA)¢ Magnetic dipole interaction energy
e v _ 1 — ' 14
% 47 6-(VxA)p=—"6"(c-B)p= - z A _c
© 40 (T AN = 0 (0B)o = L () u()a A, = - (0B
eh : .1 : v . :
S Magnetic moment , j =—4 Spin, =2  Gyromagnetic ratio
2mc 2
eh 2
S — = ——-2, Define EININN 2 Dirac g-factor
L 2mc h nawral 2m T=8 2m & &

Spring 2011 E.Menichetti - Universita' di Torino
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‘ Electron Form Factors - 11

Now: g-factor not exactly 2, as predicted by Dirac equation
Reason: Radiative corrections
Largest correction: Anomalous magnetic moment

e e
= ——]
luDlrac 2m - ,LL zm( +’£€)

J' =i (p)|(ptp) io™ (145,)g, |u(p)

#(p)7u(p) =5 (p)|(p+ P +io"q, Ju(p)

—a(p)(p+p) ulp)=u(p) (v —ic"q,)u(p)

" e _ . 4 N s
| :%”(p)[v’ —io™q, +io" (14 x,)q, |u(p)

—J

— ift(p')[’)’“ + il’ieO'/qu]u (p)
2m like an extended object

Further radiative corrections lumped into 2 form factors

= 2ib7(p')[f (qz)’y” +g (qz)i/{ea””qy]u(p) Most general form
m

In spite of the electron being a pointlike
fermion, radiative corrections make it behaving

Spring 2011 E.Menichetti - Universita' di Torino



g-2 - 'Theory

B A A A

Figure 1: The perturbative expansion of I'?(p’.p) in single flavour QED. The tree graph gives
Fy = 1. F3; = F3 = 0. The one loop vertex correction graph gives the coefficient A, in Eq. (2.21).
The cross denotes the insertion of the external field.

@TBA
Contributions
from new physics ?
Z
p Iz
QED Electroweak QCD 77?

QED only...

..and more

Spring 2011 E.Menichetti - Universita' di Torino
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ve = eB/2mwm = 147 GHz
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V(x,y,z)—

Equipotential surface:

2 2 2
Xy Z—2 = 41 Hyperboloid of one, two sheets
<

—

r: Inverted harmonic potential

z : Harmonic potential










‘ The First Muon ¢-2 at CERN

Small B y-gradient allowing for orbit drift along x

i" 600cm.
O.ACm/turn . ,4,.‘ g;;m/tum
, u'!l'H]H_JmummHHTH

-

B @' 1110
HIIIIHIHJJ

~

- h/’

.

,\\‘“ o

1 (s}

X - ’ }5 Extract/Stop/Decay '

03+

o o — o =

Stoppmg 7! .weakly decays to vev, Wlt.h z'—.2.2 Hs
Parity violation enhances decays where positron is emitted
along s, — Polarization direction can be measured o

By counting

N forward Nbackward
4

02

A(t)

e e+

i : eB
T e OCSPin rotation angle = (1+a)—n1
Nt NPk -

-02 1
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N(E) = Npe T/ (1 -@sin m + &)
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24 GeV Protons from the Alternating 8rookhaven National Laboratory
Gradient Synchrotron (AGS)

Collimator K3-K4
DI Pion Decay Tunnel
Q15

0
o0
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-’ w0 &d
‘ “o 5 iy 3
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The Latest Muon g-2 at BNL - 11

Pions Inflector @TBA
- -
pSY Magnetic Field
perpendicular to
" plane of rmg
. -
g ¥
1am
O
3 -
s .
i
- .
v
g
cav El - 230 -
Sample Decay Electron Spectrum 8 F I
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. . 1 . 1
‘ Scattering Spin 2 - Spin 72
Just to simplify things, take different spin %2 particles (e.g. electron-muon scattering)

gul/

Tﬁ(s,s',r,r'>:eb_t'(p2 ',s')y“u(pz,s) q2 L_t'(pl ',r')y”u(pl,r)

4
1 ' ' 2 e ju
— E ‘Ti<s,s,r,r)‘ :—4LWM
4 s,s'r,r' q

2

! v 'v q v
p'p +p’p +7g“

e(p2)  Scattering

LY=2

2

' : q
P2, P2y T+ P2, P2, +78W

N a’cos’ /2 ‘pl " [1
wan E>" 4lp [ sin 62 [p|

M, =2

Yet another term...
Electron scattering off the muon magnetic moment
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Interlude: Crossing Symmetry

Simple relationship between any pair of 2-body reactions

a+b—>c+d Reaction A
a+ [c] = [b] +d Reaction B
crossed crossed

Define: Crossed particle = Antiparticle

By changing the 4-momentum sign of the crossed particle. the two amplitudes are identical

Ala(p,)+b(ps) > c(pe)+d(py)]=Ala(p)+T(=pc) = b (=ps)+d(p)) ]

Spring 2011 E.Menichetti - Universita' di Torino
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‘ e*te” Annihilation to (4L
Apply crossing symmetry to electron-muon scattering

e +U —e +u A: Scattering
e + [e‘] — [,u_ }+ U =e¢ +e" -y +u  B:Annihilation
crossed crossed

Amplitude for scattering:

S _ —ig,, o
Tﬁ<s’s’r’r):<_€)“(u)<l’2’S)V’M(H)(Pz’s) qz} (‘e)“(e)(l’l”’h “(e)<p1’r)

, 1\ 2
a=p—pn—a=(p—pn) =p+p"=2pp'
q>=2m. —2(EE'-p,-p,') ~ —2(EE '—p,-p,')<0 g=4-momentum transfer

E>m

Amplitude for annihilation:

[ [ — ' ' ! ' _igw - v
T, (s.s'r.r")=(=e)it,, (p,s")7" 0, (P17 - (=€) T (Prr8)7 U (Pao7)

2
q=p+p,—q¢ =(p,+p,) =pl+p,+2p,p,
g’ =2m’ +2(EE,—p, -pz)Ef; 2(EE,—p,-p,)>0 g=total 4-momentum

Annichilazione

Spring 2011 E.Menichetti - Universita' di Torino
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‘ The Annihilation Cross-Section - 1

Helicity conservation at high energy:
Consequence of electromagnetic field being a vector

>VW >“NW Scattering: R—R, L—L
//é\ A Annihilation: R+L, L+R

For both initial and final state:
Particle and antiparticle must have opposite helicity
Decompose differential cross-section into 4 pieces:

do do
dsY’ dY’

Average over initial states, Sum over final states

n do
LR—LR dQ*

n do
LR—RL dQ*

n do
RL—RL dQ*

RL—LR

Spring 2011 E.Menichetti - Universita' di Torino
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‘The Annihilation Cross-Section - 11

Transition amplitude = Amplitude to find final particles at angle 6* wrt to initial direction

Phase space, incident flux and normalization factors just cancel out at high energy
Matrix element:

T,=— - Amplitude to find J =1 state rotated by 6
q-=s
Use rotation matrices for a J=1 state: Take y-axis L reaction plane
e i J, m> Zd ( *)|J,m'>, d,fl,m.(ﬁ*):<J,m|e_"6*12 J,m'>

x A 1 .

d,,, (0")=d", (6 ):§<1+cos9 )
. 1
d,, 1(0 ) d' . (0 ) 5(1 cos’ )
2
d—i = da* :a_ 1 <1+COSH*>2
A |pw AL jpe s (2 dO' a2
. (l—l—cos 0 )

do do o2 (1) . dQ s
— =— =—|= (1—0039)
dQ LR—RL dQ RL—LR 2

dra’

o= Ia—2(1+00529*)d9* =
45 3s
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‘ Nucleon Form Factors

Take the same current for the nucleon

: o o Anomalous magnetic moment
Jp =ei (p >(F(q2)7ﬂ +G(q2)mpaﬂ qy)u(p) well measured, not understood
k,="

Anomaly originating from the extended shape of the proton, rather than radiative corrections

— jt =ei(p)|F (¢’ )y +—=—L0"q, |u(p)

Redefine:

2

2
G, (qz) =F+ Fed F, Electric form factor
4M Blob indicates a non-QED vertex
G, <q2> = F +k,F,  Magnetic form factor
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‘Nucleon Magnetic Moments

Electron-Proton comparison

uy = T 5.78x10° eV/T.
1 = gs Up g
Leg = 1001159 652 187 + 0.000 000 000 004 53 Electron
eﬁ -8
My = = 3.15x107™ eV/T
D
Hp = 9SHy
WMy = 2.792847351 +0.000000028 % :  Proton
Reminder: For a free Dirac particle g=2
Strong indication: The nucleon is not a point-like particle
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Asymmetric splitting: -
Lamb shift (see later)

p flip (RIZ)T pd

e spin flip

(microwave)

ed pl

L fiip (RF) 1




mm

+ 12+ e T

w2\

¥y 0B4GHz

| % 926H: The electron's magnetic moment is almost
2000x larger than that of the proton and of
. opposite sign. The main splitting between
\; = states at large B is due to the electron.

5kG

A, 1.4GHz

The hyperfine interaction between the
electron and proton spins still causes the F = 1
state to have higher energy. This explains
¥,0,0.786Hz the order of states in the diagram.

-w2-1/2
\ -i/2¢ e e ¢
FIG. 1. Energy levels of hydrogen in the ground elec-
tronic state in an applied magnelic feld.
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‘ The Rosenbluth Formula

Consider elastic electron-nucleon scattering
Going through the same steps as for electron-muon scattering

2M

2
do Qa

L (¢)+x,5(¢"))

\pl ‘

2 2 2 2 ; 2
— = cos” 0/2—A(q” )+ B(q” |tan” 0/2 @TBA Fixed ¢
dQ, .z 4‘p1‘2 sin* /2 ‘Pl‘ ( ( ) ( ) )
5 2/ 5 5 PROTON
2 Gy —\g /4m™ )G 2
d_a _ 204 cos? 0/2 ‘P1 ‘ E ( : 2) Mo 612 Gjl tan> (9/2> 20k Slope
., 4p,[ sin*6/2 p||  1-4°/4m m
2 2 2 o
do :[da] G +7Gy +47'GA24 tan2(9/2 ,T:——q - "F’
Q. \dQ),.,| 147 4m Intercept =% |
G, +1G;, -
‘Rosenbluth separation’ gives G, Gy, I+7  f
I+t
IL 0 T : :Is a é
20i+1 iunzfﬁ/z)
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‘ Measurements

Hydrogen @TBA

|

\ ’ LLECTRON Lﬂ'ﬂ’lﬂ
FROM  WYDROGEN
0O MEY (LAR)

T

—{

CROSS SECTION ™ ARRTRARY UMTS
- -

COUNTS

350
300
Elastic peak,
250 + DEUTERIUM
lﬂ!! PROTON o A

200
50 )

HYDROGEN AND DEUTERIUM (L)OUID TARGETS)

AT 800 MEVY AND I35*
wo

. s G
Inelastic >%1ttermg — . qi Elastic peak, D,

50 Radiative-tail #€
40 mﬂ" T Fermi motion effect
30 A \{N e
fg L 1 L M\J‘_~‘_'t. 1 }/ﬁy L
040 50 &0 T0 a0 90 00 no 1’20 130 o

POTENTIOMETER  SETTING
] e 139 62 L1 209 232 255 e 302 325
ENERGY IN MEV

Electron energy at fixed angle for H,, D,
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Experimental Results

Space-like experiments

10
1.0

08} G2107)

I . G
o 0.B |- i E
04 | 1

; t-G%/2,79

0z f ] 0.6 |- teg .

I-Gy/(-1,91)

T ¥ i 1
N n
(GE)?
L 1 L | 1
0.2 0.4 0.6 0.8 1.0 1.2
Q*(GeV?/c?)

Same shape for the 3 non-zero FF

AW e W Probing the same structure at scale >~ 0.2 fm
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Experimental Results

Time-like experiments

o= @TBA
o #
k l Z} ¥ E760 Armstrong et al. (1993)
| L}H‘.* O E835(l) data Ambrogiani et al. (1999)
AN
MY ® 835 i
‘ % (II) data Andreotti et al. (2002)
I # % B CLEO data Dobbs et al. (2005)
ﬁ$ * A BES data Ablikim et al. (2005)
-1 AN
10 — | t% . * ¥ BABAR data PRELIMINARY (2005)
I % Costellano et al. (1973) ‘ +
O Bassompierre et al. (1977} l
s v
A Delcourt et al. (1979) ,,\+
. y,
O Bisello et al. (1983,1990) i + J
2L * Bordinetol (199) N X
L & Antonelli et al. (1994) N ‘
1 1 L L L L | ‘ N )
4 5 S] 7 8 9 10 20
s (GeV?)
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‘ Elastic Scattering Kinematics

4-momentum conservation at the nucleon vertex
P+g=P'
—>(P—|—q)2:P'2—>P2—|—q2—|—2Pq:P'z

P2 — P|2 — M2

2

—2P-gq=—q

Rewrite in the LAB frame, take massless lepton

P=(M,0)

p=(E.p)~(lp.p). p'~(jpl.p’)

g=p—>p'

— > ~(jp|-pl.p—p) =" +[p —2p|p’ —(\p\z +pT —2p-p')

— g* z(‘p‘— p' ,p—p')2 =—2[p||p'|+2p-p' = —2|p||p'|(1—cos0) = —4|p||p'| sin® 6/2
0> = —¢>

P-q~(M.0)-(p|—p’.p—p')=M (jp|-[p')

VEM—p“%Pq%MV
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‘ Rosenbluth Again - I

Rewrite electron-muon differential cross-section in LAB:

2 2 2 1 2
do _ 04200.849/2 £ 1— qztan29/2

dS) E>m 4E”sin" 0/2 E "

Mott Recoil Magnetivc dipole
as follows :
f dE' dQ
3 2 2

do__ o’ cos 49/2 -4 tan 20/216 d

dE'dQY  4E’sin*0/2| 2m; 2m,i

2

q

2mu

v+ =0

q° ~—4EE'sin’ §/2
— 0
v=FE—FE'

E—E'—z—EE'sinZQ/ZJ
mu

Namely,

qz, v« E',0 fully correlated by 4-momentum conservation
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‘ Rosenbluth Again - II

Electron-proton, following the same path as before:

2
2( 2 q 2 ( 2
d’c _ a’cos’ /2 GE<q)_4M2GM<q)_ q° G
dE'dQ  4E*sin " 0/2 7 2M*
4M*

d’o _acos 20/2

T dEdn 4E*sin * 0/2

(A—I—Btan2 9/2)5[V—|—%]

( )tan2 6/2

Scattering by a point-like source (e.g. muon) recovered by taking

G§<q2> 4M M( )
q2
4M>
Gul4')=1

— Point-like scatterer:

G;(q’)=Gy (4°)=1

=1

Spring 2011
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Inelastic Scattering

Elastic:

T T

/

Invariant mass = M

Generalise to inelastic reactions:

/

Invariant mass = W>M

—rrrrrrrrr1rrrrrrr1ror1rr
2
2| 0=4 E (GeV) Q° (GeV/c)?
N ’ 20 1.45-1.84
1.0 = s N
08 - » ._" HM\\M.:JH
08 - % ebee, 4
’E oaf- - 7 .
02F . S e, 18 1.15-1.50
3 o L . oo i NMN
~ Q5 n
= L. P ]
3 o “A
_ 20 SN el 16 oar-uis
oR s h“"'w-h-—.
e a 10 -
o 05 .-_‘

Eif \ . @TBA
1 1% 1L l‘? 1 ;ucleo'ols 1-'|
10 12 14 1.6 18 20 22 24 26 28 30

W (GeV/c?)

Copious production of resonances
(nucleon excited states),
when ¢ not too big
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‘ Inelastic Scattering Kinematics

Qz

—2Mv =Q* Elastic

QZ

My =Q0*+M"*—M"*
Inelastic

v

Generalise Rosenbluth cross-section to account for variable W:

Introduce inelastic structure functions W;, W, to replace elastic form factors G, G,
do  a’cos’0/2

dQdE' 4E?sin’ 6/2

[Wz (V,q2> +W, (V,q2> tan’ 9/2}

W, , depending on ¢? and v
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Resonance Excitation at DESY

First DESY machine

' a1

Electron synchrotron

E,, . =6GeV 3
e+p—e+X ﬂ

E, E': Incident, scattered electron energy
W=M,

T @TBA
"
500 H
4 4
£ - 4879 GaV 3
?=10.0 1. o |
I i
'..;"' | | |
1000 g ':: ' |
i d
I |1 !
b 1
-.:;I:.I | 4
500 | T j, 1
N*(1690) N*(1510) A(1232) 3 ¢
_:1:‘_4{:5
Elastic pesk — -
Reduced by factor 15
0 i i i = L l —— L
28 30 32 3 36 33 40 4.2 4.4 48
£, GeV
! ! | J
20 18 16 14 1.2 1.0
- W, GeV
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The Electron LLINAC

04

02

U+

0.1 1 10 100
Log (energy), MeV

1000

Traveling wave linear accelerator:

10,000

@TBA

Magnetic focusing lens

Partcle beam
—_—

RF cavity

metal irises

cavity

electron

— |
beam

----------

the wave DTUpBgElES left to Flghl

Electrons riding the traveling EM wave at constant phase
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/KLYSTRON GALLERY

l 3.6m —hl
|

h

-~
1t 69cm SERVICE SHAFTS
7.6m EARTH—
SHELONG FILL | (ONE PER 6.1m)
=
ACCELERATOR TUBE—__ ]
6lem ALUMINUM i - SN
SUPPORT & ALIGNMENT—— ',
SIGHT TUBE kr*‘-“-o A L
Fot N R el

\ACCELERATOR HOUSING

|~ — MAN ACCESS WAY,
PIPE WITH LADDER
(ONE PER 101m)
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SLAC - 11

@TBA
Accelerator length 3100 m Radio-frequency
Length between power feeds 31lm Coupler master signal
Number of accelerator sections 960 ——— —=
Number of klystrons 245 :lﬂy;::;z - Phase adjustment
Peak power per klystron 6-24 MW Pulesd power
Beam pulse repetition rate 1-360 pulses/s modulator
Radio-frequency pulse length 2.5 ps
Filling time 0.83 us
Shunt impedance 53MQ/m
Electron energy (unloaded) 11.1-22.2 GeV A
Electron energy (loaded) 10-20 GeV Shielding
Electron beam peak current 25-50 mA
Electron beam average current 15-30 pA i
Average electron beam power 0.15-0.6 MW Window i3 resurized waveguide % Power output
Efficiency 43%
Positron energy 74-148 GeV — l D | {
Positron average beam current . 045 pA Disk-loaded waveguide
Operating frequency 285 GHz Power input
Accelerating structure Iris-loaded Absorber
waveguide
Waveguide outer diameter 10.5 cm
Aperture diameter 1.9cm
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The SLLAC Experiments

Torget ~N
- - - mm—
Exit Beom
L]
Shielding
B8 Gev
TOP VIEW Q_®m W ™
FIeT
PLAN VIEW
Bending magnets Electron identification
Measure E’, 6 of the scattered electron — Get ¢°, vV
d’oc d’oc
[ - 2
dE'dQ  dqg dv
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'SILAC End Station A
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Deep Inelastic Scattering - 1

Details of structure functions in the resonance region difficult to explain
But: Beyond small ¢ v things are surprisingly simple!

Striking elastic/deep inelastic comparison:
no ¢° dependence in DIS

x=1.0 WDl R
2 . . r )
Q Resonance excitation

x=0.5 S 07t
DIS
x=0.25

x=0 -_ ; fl A5TIC

@TBA

x=0.75 . ,
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‘ Deep Inelastic Scattering - 11

d*c d’c
— 2
dE'dQ  dg*dv

Also introduce:

xzzg d’c  470*ME 1+(1-y) MxyF

) VL9 PR k| 2 (1 y)(F, —20F ) -2

v dxdy 0 2 s—M
y__
El

Bjorken scaling hypothesis:

2 2
40, f(x), x=-2
dQ*dV ¢ v My

%finite

f(x) Universal function of x

f{x) Q% independent
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‘Deep Inelastic Scattering -

Expect:

if scaling is good
F, (x, QZ) — F, (x)

[Fl (%.0%)— F(x)

Observe (w= 1/x):

@TBA

I11

h »'~'|“||\|“ i

70 06 -
! R-0.18
R=0.18 !
60 - W»>26 Gev os |- W>26 GeV
SO 04 |-
’ VW |
40 | os |- H|
2M W . | JW
30 |- || ' | oz | rf"“,
2or J r"'”' M N .‘,,{Iil
] "U
1.0 |- "‘m"r"ﬂp' N
0 -..,..4.?-""“ ) ! l L ' 0 | s

Scaling at high energy is indeed well verified!

1 1 I 1 1
4 6 8 10

20
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‘ Deep Inelastic Scattering - IV

W,:

rplxw )

Q = MW 9 E D = =

Universal function of x

g°-independent!

a8 (Gev/e)

As compared to fast varying elastic f.f., just astonishing...

@TBA
T I T I T I T I T I T I T I T I T ] 60: a |28;°
— x a

Q'[Gev'] :

»® 1_5 - F2 O¢5 T T T T T T

= 30 -

a 40 _— 0.4 _

» 50 i

¥ 80 ] 03 { |°¢ o ¥t *ﬁ # {
B e 110 7l
} - VWz
L e B75 —
B +=ﬂ+ &ﬁ o 245 . 02 -
" “ $ a 230 ] x =0.25
B F. ‘ « BOO - ol -
N 0% % 1000 "
- QQ*. . — 0 L 1 1 1 1 1
| | | Lo oy ] B *gal 7] o) 4 '
0 1 2 3 4 6 8 % a8 )
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‘ Scaling Violations

2.00

1.00

0.05

0.02

0.01

| -'M”

o ewmean = ="0-T00

-
»

d*

N e e 0180

iRk — 0140 |

0350
- =
amg, x= 0.450

2.00

1.00

0.20

‘_'_,_4.-(. #.ﬁ't:rﬁ 0-100
< |

et Py 40140

TR e e W ey 0180

—— NLO(PQCD+TM)
PQ M

5 10 50 100
Q2 [Proton]

e p, up

1 |
5 10 50 100
Q2 [Deutron]

e d, ud, (vd)

@TBA

Extensive compilation
Data from fixed target experiments
Observe:

Electron vs. Muon

Red points are from electron DIS
Blue points are from muon DIS
Muon merits:

Easier to get high energy
Reduced radiative corrections

Muon drawbacks:
Intensity

Proton (L) vs. Deuteron (R)
Get neutron structure function
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Halle NORD (H1)
Hall NORTH (H1)
Hall nord (H1)

Halle OST (HERMES) 5
Hall EAST (HERMES)
Hall est (HERMES)

Halle WEST (HERA-B)
Hall WEST (HERA-B)
Hall ouest (HERA-B)

Elektronen / Positronen
~s— Electrons / Positrons
Elactrons / Positons

-

Synchrotronsirahlung
=AWV Synchrotron Radiation
FRayonnement Synchrotron

Halle SUD (ZEUS)

Hall SOUTH (ZEUS)
Hall sud (ZEUS,

27.5GeV 820 GeV

~2 km

@TBA

's=300 GeV
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A Recent Compilation

Results from several experiments:

muon DIS NMC, BCDMS, E665
CERN FNAL
electron DIS at HERA collider
DESY

Huge ¢?, x range

Small, measurable scaling violation
Interesting features at small x

— QCD !

Fg( X .Q‘)

x=3.6E-05
1.0
osC* x=8.3E-05 ]
1.0 .o
?:E . ‘ x=0.000102 ® H1 94—97 Preliminary :I
os[ ** ,t x=0000ied o ZEUS 96-97 Preliminary ]
08C v ¢ w=0000283 ™ BCOMS.E665,NMC ]
1.0 LN
os[ et ]
ot £ Egol x=0,0004
os wes? ot x=0000568 ]
1.0 T
os[ tT gt x=0.00091 ]
I.OE ..lol"’. :I
05 Mo g au x=0.00145
1.0 o
osL = 15 . e x=0.00231 ]
1.0 e
e
OSL. e eenett T v Xx=0,0032 ]
1.0 "t
osl oeer? =0.005 ]
1. l;...-""‘ s
o,gE____ posere? 08 ]
6"3[ . .“...-ll e A% ]
1.0 . g ) i x=0.013
o5l = R T LR LI Rl ]
pAsREEEER EEEEL x=0.021
égE . ...,...n..--.onl. .t :I
1.0 o x=0.032
0-5[ . mamawasm *00 0800000 0000 g ¢ :l
a‘gE_ s e g BB AT ee Smes s ¢ X005 ]
1.0 ' .
0.5 ] w sastmmeam® o P 0% 04 000 00 o @ x=0.08 ]
1.0 - - ]
oo s PN WY Ge 818 B x=0.13
1.0 :
O’GE [ P [ *es g0 e 4 b x-O.IB:l
1.0
05 ]
1.0 msENtmsssimugEnss 06 ¢ 000 es o o o § o § x=w0.28
osC ! ]
1.0 . *s se0 g o o o § xm0.45
05 ]

f "ffﬁ:ﬁﬁfﬁfﬁﬁﬁ;ﬁ L

i
3

e

lower energy
fixed-target data HERA data

@ (GeV)

1 \ L J
100 1000 \ 10000 100000
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Parton Model - 1

Structure functions generalise form factors
Form factor of a point source = constant
Feynman suggestion:

Maybe deep inelastic scaling just indicates elastic scattering off free, pointlike constituents

p=(E.p)

M Partons

Kinematical constraint:

m:(m+u,q)2:m2—|—2my—|—yz— q‘z
:qz—.
2
—>V—|—q—:0
2m
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‘ Parton Model - 11

Elastic scattering off a parton: Energy and angle of the scattered electron fully correlated

Differential cross-section for elastic scattering off a free, pointlike constituent of mass m

do f P f ) < nroralsly+ L
dE' dQ > sin 9/2 2m’ 2m
z: Parton charge, units e Full E’, @ correlation
v=E—E' 'sin’
2 N L p_ g A3EE'sin 9/2—>E'[1+4Es1n 0/2]_
q> = —4EE'sin” /2 2m 2
—E= 4EE
14+ ——sin*§/2
2m

q’ q’ m
vt —=0,x=— — X =—

2m 2Mv M

2 2. 2 2
do__ OAZZ cos’ 0/2 — q2 —~sin” 0/2|6|v + q
dE'd)  4E°sin " 0/2 2M “x 2Mx
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‘ Parton Model - 111
Summing over all types of partons
2 2
d’o o Zzi n ) 7 g’
= ’ 0/2— in”0/2|6
20dE aE7sin?a2| " P e 020 oy

X
Compare to inelastic cross-section

2
do Q

dQdE' 4E%sin* 62 [WZ (v.4*)cos’ /24 W, (v.q* )sin” 9/2}

Then predict structure functions:
i o .
W, =-2= 2n. |6
S, [Z l l] 2Mx

2 2
i bl

V—+

2M?*x?
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‘ Parton Model - IV

— F, :V[Zzizni]é

vV —+
2

2
q
Mx

2

q

— F, :[Zzl.zni]xé[x—i— 5

Mv

oF

Z Zi2 h
i

Z Zizni
i

2
§(1+-—2
2Mxv
x(S[x—ﬂ]
M

Parton model prediction

Actual shape

v

N——————

m/M
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‘ Parton Model - V

The true meaning of x

P, g: proton, virtual photon 4-momenta

2 2
X = 0 = 0 invariant
2Mv  2P-q
m
X=—
M

m? = x*M*> :x2<E2—p2>

2
parton ® p parton ) — parton p parton

(Eparton ’pparton> =X (E, P)

=P prion X P when m < \p‘

sz(E 2 2

Therefore, in the (Proton) Infinite Momentum Frame :

X is the momentum fraction carried by the struck parton
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‘ Parton Model - VI

Lot of insight in this limit (Feynman):

B — 1=~y — o0 Large time dilation

Time constants of internal motions: 7 — 00 in the IMF
Constituents seen as still by the DIS virtual photon
Use time-energy indeterminacy relation:

p=le, o | £ =R <P

comp.trasversa

9= (E'v A 0)
Pq (O

TR S

1 2x[P| .
Ty ~ ~—5— DIS time scale

E’Y

1 2x|P| . o
T ~ ~—; Constituents motion time scale

AE Pr

Pr: parton transverse momentum scale

2
To P
~ 2
T 0
No binding effects, free constituents OK

—
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‘ Parton Model - VII

Callan-Gross relation for spin 1/2 partons

2xF l
F
F 2 2
_: ZZZ nl q
v 2Mx , 04 {f Wo— 1*#" % S
2F, q 2 s 172
X[ || i a
| M p °x° 2Mx
2.2 2.2 O'SH
£_2Fl2Mx_2F12Mx_2le
v M -4 M 2Muvx v Spin0
1
0 05 1
— F, =2Fx
o x = 0¥/2Mv

@TBA
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Parton Model - VIII

Several unanswered questions...

Most important issues:

One does not observe any free constituent out of the collision

Constituents seem to be essentially free (as partons) and tightly bound
(as never observed free outside the nucleon) at the same time

For some time, these points were believed to rule out any constituent model
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