Elementary Particles 1

2 — Electromagnetic Interaction

Form Factors, Structure Functions, Scaling, Partons
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Leptons

Leptons
1st family 2nd family 3rd family
Ver 7 V¥, V.7, Neutral, '‘Massless’
o6 o — Charged, Massive

“Pointlike”, spin Y2 Fermions
Electromagnetic and weak interactions

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

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

eSmall coupling constant-Perturbative expansion reliable
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Electromagnetic Interaction

Try to find transition amplitude for electromagnetic scattering
1st order perturbative contribution

T, =—i(f |fd4xH'|i> H': Interaction Hamiltonian density

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

Reminder
For any system of charges and currents:

Uz :%pgo Electrostatic potential energy density

Ug %j-A Magnetostatic potential energy density

j"=(p,j) 4-current density
A =(¢,A) 4-potential

Spring 2007 E.Menichetti - Universita' di Torino



An oversimplified example - 1

First take a simple example:

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

eZ
—|—.0
A [47rr ]
i"“=(pj)=liel¢ [8_90]_[% gp,«vgp*)@_@* (vgp)) Usual definition of current density
ot) { ot @ Stationary state
i“=(p.j)=ie [go'* [%]— a@i @ ,((Vgp“)gp—gp* (Vgo)) Generalize to a scattering state
= = @¢. Stationary states, plane waves

= jr=eNN'e = E PRI (E L B (ptp))

2

. —i((E—Et—(p—p’)r) € Z
— i*A = NN'(E E-e'((E Et—(p P>r>e_

1A, ( i ) _ Arr
Integrate over time:
- (E_E) . . Energy conservation; momentum
f NN'e dt = NN 276 (E—E") not conserved by fixed Coulomb
—00 potential
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An oversimplified example - II

Integrate over space:

+i((p-p')-r) eZZd Ze
Je o f i

Matrix element:

2
—i(F] [ d*xH i) = —NN"2ris (E - E)|Z‘|e
q
2
E=E =g’ =—q° =T, = NN'2ri6(E— E)qu

Virtual photon:
Coupling fixed source to current

1/(2efL3HL/2

(-iZe,0)

-ie(pi+pn)*

1/(2EiL3Hl/2
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An oversimplified example

I11

Evaluate transition probability

2
w:M Transition probability/Time
+T/2
6(E*— E‘_Ilm feEE “msm[E ET/‘ —6(E E)
T—o 71—_T/2 T—o ‘
4

2 2.4
W:NZN-zﬂ‘(s(E_E')‘ 22 _ NN 22m6(E— E)Zf
T q’ d
Vd3p|
_phase space _ (2r)’ w dép’ Ey2
incident flux — P (27 p
EV
2
do— N?NZ2r6(E—E) 28 4P Eye
o (2n)" P
2.4 3q !
N=N'= = do=~2oms(E-g)2 S 9P E
W = R

— do =
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An oversimplified example

Calculate differential cross-section

[do=[2ns(E-E) ze d° F; %
d’p'= p?dp'dQ
p'dp'= E'dE'— d®p'= p'E 'dE 'd Useful to remember
2 4 3.1 24 1
- [2ms(E-E)ES d p35=f27r5(E—E')Z—f—dE3Ep'E d E*=p°+m’
ol (2)" P af” (2r)" P — 2EdE = 2jp|d|p)
1 Z%'E 1 z%’
= §(E—EY)dE'EdQ =——>—E%dQ — EdE = |p|d|p|
(2r) fo* f (2r) [df*

IV

- 6 - 9 - - -
1= Zpsmi_}q = 160" S'ﬁl_ Compare to non-relativistic
_do 1 Z%" o Zze“m Rutherford Cross-sect|c2)n4:
dQ  (2r) 16p* S/ 2" 16( ZTU S 9/ do_1,,,1 1 12%7 1\ 1
dQ 4 T2 sin 9/2 416riT /sn‘i@/
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Theme Variation: Spin 2 - 1

Take now a spin V2 Dirac electron scattering off the same, static Coulomb
potential

" e
m — m o
=.—u(s,p)e™, Y=, /——0u(s',pe ™
= =gy u(s P = =Tu(sp)
. m . m ; m oo : —
r—e | —u(s, pe ™" |—u(s, p)é™ =e—e P PXg~ry  Dirac transition current
== ’/E'v (s, pje ™y /5 u(s p) o =

j/l/ Aﬁ — eﬂ efi((EfE‘)t*(p*p')'r)U<S" P '),ylffu (S, p) [E ’O] = eﬂ eﬁi((EfE‘)t*(p*p ').r)U’}/OUE

do 2l u(s.plulsp)f - 2o (stpu(s.p)
dQ_E216(27T)2 p* sin*0/ 2 ’ ’ _1e(zr)2 p* sirf‘H/J ’ ’
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Theme Variation: Spin 2 - II

Unpolarized cross-section:

Sum over final Spj : :
In projections
Average over initial pin proj

1 +1/2  +1/2 2

> 2. 2 u'(sip)ulsp)

s=—1/2s=—1/2

E? —
4ﬁ(1—ﬁ sirf 6/ 2

7 %4 EA[(1-pB%sinf6)/ 2

2.4 2 2

BT 16( 27)2 p* sin*g/2 m?
do _ Z%" E? cos’d/ 2
dQe>m(2r)® 4p* sin’g/ 2

New factor, important at high speed
Reducing cross section at large angles (= 0 for 6- 72)
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Helicity Conservation

Dirac equation: High energy limit

Ey = (a-p+5m)y

u= ¢ Generic spinor; ¢,y 2-components spinors
X
(o 0 O 1 . . . . n "
o= 0 0= L 0 Dirac matrices, chiral representation, "2x2" block format
—0

E¢=(0-p)o+my

{Ex—(o-p)x+m¢

Ew|p|}ﬁ{<o-p>¢wlp|¢ %{qs:uR
m=~0] |(e-p)x~=—|p|x [(x=U
No mixed terms - Helicity is conserved at high energy

Ug
U

E>m— —>uz[ ]—>u*(s',p')u(s,p)zu';uRjtu'[uL

Explains the (1—52 sin29/2) factor, cutting off the cross-section 8 -
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)
1 roan p(r’)
e(r) 47rfdr Ir—r |
[ p(r)dt '=ze
Only change: the space integral
(o)) €2 13 - '
fe 47rrd qu =H=F fdarf 47r|r—r| pm el
:fdsr.p(r l) e+| p-p)r fe+| p-p'}(r—)) Ze d3r
Ze Arc|r —r |
fp(r)e“‘“dar
F(q)= e Form factor of the charge distribution
Z%e* Z7%° 2
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The Form Factor

F(q):fp( )e *'q“df‘r f,o )T Ard(

+i|q|r cosd
gl

:1+i|q|rcos9—5|q| r> coé ...

%fp(r)e“q“mrzdrdﬁz

2
1 : q
~ e f10<l’)r2drdQ—|—l|Q|f,0<l’)r3COS9dI’dQ—%fp(I’)I’4 co0drdS)

2
—F(a)~ 1+I|q|fp redr fcosﬁdQ la i fp Jrédr fco§9d§2 =1 |q| ér2>
227r( 00529)0 Ze<r> 2;( co§0)0 Ar
F (o) =F (0)+ ||2| '+ Fi0)=1
2 = T <r2>__ 8F2
F(|q| )%1—E|q| <r > dla| oo

showing that measuring the form factor yields the rms charge radius
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Form Factors: The Mathematical Game

Charge distribution p(r}  Form factor F{q?) Example

pointlike constant Electron

2
exponential | dipole Proton 1
p(r)= —Fla)=|—==
ra’ 1+ |q| 2 Ja?

homogeneous scillating - constant r< R .

sphers \/\ p(I’):«[ 0 (| | ) | : (sm(R|q|)— Rlq| cos{R|q|))

sphere with a d “0g

diffuse surface \/\orsr:;eﬁar:ons a

@TBA
[ — Igl—
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Nuclear Form Factors

MAGNET

SECONDARY ELECTRON f
MONITOR

—
/ dw“"“&-- 1

AACUUQA PIPE FARADAY CUP

GUNMOUNT  Way§--—"

A\/:

I, P £ ENERGY DEFINING TAGEY
i ST ARG
G S—SHIELD SHIELD PLATFORM
Loram DEFLECTING MAGNET :
DETECTOR
smzwj %;
m«mnﬁ]riz:
{ )
' p— PR B
VIEW A-A

I'ie. 18, The experimental installation of the 550-Mev spectrometer.

@TBA

One of the Hofstadter’s spectrometers at SLAC

DFFERENTIAL G055 SECTION-ON'/ STERAIN

]

e

e < 153 NEV

A -

» b b 8 ug ] 1o
SOATTLAING ANGLE v DICREES

- 46, Theoretical and experimental curves for In'ts

at two encrgies,

Results for Indium
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Particle-Particle Scattering

1st order Transition amplitude:
H'= A —H'=(j + ;) A,
)ig

— M, =i(2r)*8(p+ p, =P+ )Ty =1 (2r)" 8{ pyt P, (Pt 1)) il !

q=p—p,'=pP,— P, 4-momentum transfer

1/(2€,'LH1/2

. N\ K. pe
Transition currents: < b e 2
\ -i/q?
SVAVAVAVAVY

jﬂ — e( p]_ + p3>’u SCa Ia r -ie(pypz') / -ie(pzpr').
ju = eU4fyMU2 fermion w*,p1/ \\K*Pz

------- 1/(2E1L3)1/2 1/(2E2L3)1/2

Spring 2007 E.Menichetti - Universita' di Torino

15



Scattering Spin 0 = Spin 2

Just take the two currents as defined before:
2, \4 — 1 1 d°p, d%.
T.| (27) 6* —p,— 1 2
lV‘ fl‘ ( ﬂ-) (pl+ p2 pl p2> <27T>3 <27_‘_>3 2E1 2E2

" 1
T~: 1 /u/ —>d —
i =eu'y"u 7 e(p+p') —do AEE

i/z iz\ f.\ _[—] > Z]/:z u(p,,sh"u(p,s)u(p.,s)y'u(p's)(P,+p2) (Po+P,),

—1/2s=—1/2 255':712
By defining...
T, =(P,+p) (P+D0,)

I
2

q

L =2/p" Py + PP+ 0"

...it can be shown (!) that

2 2
do 2a IZ( P, p2>< P, P, )+% M 2} Invariant cross-section

— —
da”  (p.+p,) g Another extension of
do o’ 0 |p, . Rutherford cross section
a0 cos — LAB = "2" rest frame | 1 |ydes target recoil

g B 4p, sinto/2 2 [
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Scattering Spin Y2 - Spin 2

Just to simplify things, take different spin 2 particles
(e.g. electron-muon scattering)

1 1 — 1 gl/— 1 v
T, (s,syr,r)=eu'(p, 's)y"u(p, ,s)q—“zu {p,'r )y"u(p,r)

e4
— ————— Qv
Z‘Tﬂ S,S'r,r ‘ =—1L M

SS rr' q
2 4 Scattering
v ! v 'v q v
Lo =21pip +popr +—-0
2 2 1
. . do @ ,)‘pl ‘
M, =2/p,, P, + PP +q_g — A — CO§9/L
v v 21 v 2 .
g " 2 " d€2| g E>m4|p,|” sin 6/ 2
Yet another term...
Electron scattering off
the muon magnetic moment
Spring 2007 E.Menichetti - Universita' di Torino
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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(pa)+b(ps) - c(pc)+d(py)]= Al a(pa)*+T(=pc) - b(=ps)+d(py)]

Spring 2007 E.Menichetti - Universita' di Torino
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Annihilation

Apply crossing symmetry to electron-muon scattering
et -e +u A: Scattering
e+l e ||y |t =e+e - '+ B: Annihilation

crossed crossed

Amplitude for scattering: :
—ig,,

T, (ss'r,r')=(—€) U, (p, s ')7"’%) (p,.s) = " (—e) Uy (p.'r )7"U(e) (P, r)

€lp)  Scattering
q=p-p—0q =(p— pi)z = p;+ P, °~2p; p,’ g=4-momentum transfer
o =2m — 2(EE ~p,p,) &~ — 2EE,-p,p,)< O

Amplitude for annihilation:

1 1 — 1 1 ! _igu/ — v
Tq(ss\r.r ):(—e)u(m(p2 ,s)fy“v(m(p1 I )q—z.’(—e)v(e)(pl S)Y u(e>(p2 r)

d=p+ P, —= & =(p+ p) =PI+ pS+2p: P, g=total 4-momentum /(pv)/ )
q2 — Zrnj + 2<E1E2 - pl' p 2) E::Jm 2( E]_E 27— p 1 p 2) > 0 Annichilazione
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The Annihilation Cross-Section - 1

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

Scattering: R-R, L-L

R R L L
L R

Annihilation: R+L, L+R
R L

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

do do do do

— — +— +— +—
e / d i r A9 | n 09 R n OO

RL—LR
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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. = %s Amplitude to find J =1 state rotated by ¢

q =
Use rotation matrices for a J=1 state: Take y-axis [0 reaction plane

J,m> - Zdrfq,m'(e*>|~],m'> , dan,m-(e* ) — <J ’m|e—i9*J2

dil,ﬂ(e*):dll,l(e*):% 1+ cost |

e—i(sz

J.m)

df, L (07)=d, (0)= S E

do| _ do :O‘_Z[iz(lJrcose)

Aleie lpr S : >—>d—0,k=a—2(1+ cos 0*> o= ja—2(1+ cos 49*)d§2* S
do do _0‘_2[1] - 39*)2 d2 |4s i-4s KS
d©Y LR—RL B do RL—LR B S ( -
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The mForm Factor - 1

Consider electron-pion scattering: The ris 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 \\

P, Three 4-momentum vectors :

Pz: P .4 _ ~ 2 independent
p,'=p,+q Constraint

Choose:
p,+p
Pp,=pP=q
Only one independent 4-scalar:
E.g. (p,) =(p,) =1 - p,0p,
Choose instead ¢°

~ ity =e F(a)(p+ p) +6(a%) o e

} Both can contribute to the current

Blob“indicating a non-QED vertex:
The pion is an extended object

Spring 2007 E.Menichetti - Universita' di Torino 22



The mForm Factor - 11

2) Gauge Invariance
Charge conservation - Current must be divergenceless

0,i"=0-0,j"'=ed, [F(q)(p+p) +G(d°)q"
——iq,e[F(0*)(p+ p) +G(a*) o’
—0,j"=0=q,j" =0
F(o®)(p, +p,")" +G(0?)q"
q, (P, + P, =(P,— P,), (Po+P,) =0
q,q" =0

— j"=e(p,+p,) F(o

e—iq~x

e—iq~X — O

=0

9.

—G(q?)=0

Just one form factor for a scalar particle like the

Spring 2007 E.Menichetti - Universita' di Torino 23



The mForm Factor - III

What is F(g2) ?
In the CM frame:
o’ =(E~E,p=p) =(E~E) ~(p—p) =0-q° =’
= P ()= P [
Again, Fourier transform of the charge distribution
If crossing is good, can extend to the reaction
e +e >+
qQ°=(E,+E,p+ p2)2 = (E,+ E2)2_<p1+ p2>2
q° = E&
— Foitt (07) = Faira (Edw )
()= e (07), 07 <0
S (qz),q2 >0

Spring 2007 E.Menichetti - Universita' di Torino
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Experiments — Space-like

Tt scattering off electrons

2:~A2 2:4n2 2
S UL S L S pm 4 PM
vs ™ s MM +2Em M +2Em
2
P-M
—>tmax 4—__2p7rrne
Py —00 2m,
.
TGN PION FORM FACTOR 1487
FlL!z( measurement ¥, PION DETECTORS
Unappealing, t,, too small T ~ < Pion Momentum
;LNT}J{;FnN\: -’P“h"*;\"“\ ) \

Electroproduction of one 1t

/
!
b P
P . payd /
) £ ' ]
e
: = |
n\/if\ q =t Eg ~ o / j .
avavala /f -521 £ £ ELECTRON

E;ECYQC‘N v
DETECTORS \‘,,‘
p e
Schematic f ¢l @TBA
OK Electron Identification & Momentum
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Experiments — Time-like

First et - e- colliding beams
ADONE-—=_Frascati, 1967 etc.

> ESP Bologna

o .
B Y

.
[=]
£
T

5
=3 - . & OLYA (low) ]
Spe e,
= 10 é « D1 E
3 é g * DM2 :
g 2 it Eﬁﬁﬁ
@ma " g Eﬁﬁﬁ% ;
yA +— 4mZ thrashold }F{% I
1 -"é: PN T T T T I T T T T T T N T N T T T N T T T N T [ T T O 1 |-+-
o 025 D05 075 1 15 § 175 2
180 s (GeV)
i = . . .
- W Luminosity monitor

[jﬁt—f- 3
[ %

"zi‘ } measures Bhabha

scattering rate
= ;
E!! at small angles

Rate,, pra = Tanapna LLUMINOSItY
e"+e - e"+e pure QED at low energy, small angle
- accurate, reliable oy, prediction - Luminosity = Rat€y 1./ Tsrara

Spark chambers’t

Figure 4. BCF apparatus.
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The mForm Factor at Large

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

W EP 4 sEBEK(7)

4 BEREZHNEV(73)
¥ BEREZHMEV(74)
& AUSLENDER(59)
| BALAKIN(72)
" o 4 BEMAKSASI(72)
-0.06 -0.04 -002 + BOLLINI (75)
¥ COSME(7B)
¥ VANNUCCI(77)
& ESPOSITO(77)

¢ BUKIN(7®)

4 OQUENZER(78)
T L} 1 ¥
4 6 B 10

@TBA

I ADYLOVIZZ)
¢ DALLY(77)

¥ CORDS(7E)

e

t(GeV?)
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Electron Form Factors - 1

j* =eyy*yp  Dirac current

u( p')’y“u(p)zi[(w p) +ic" (p— p)] Gordon's identity

Z—?nu(p')(er p) u(p)  charge, like a scalar particle
i—eU(p')a“’”(p— p') u(p) extra term

2m —

L =q,
Extra term due to magnetic dipole current. Indeed, it contributes the interaction

energy:

e

e e e
om0 (P) u(p)aA, = —o—-¢ e (axA) Magnetic dipole interaction energy

2 40 (VrA)o= 2 0"(0-B)o = u(p)oru(p)ah, = 0" (o-B)o

,u%ﬂ Magnetic moment , jzlh Spin, yzﬂ_ Gyromagnetic ratio
2mc 2 ]
%ig = i-2, Define ~ = gi—> g~ 2 Dirac g-factor
2mc A natural 2m 2m

units

=
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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

:——)lu:i(l-i-lie)

NDirac 2m 2m

j* :Z—?nu(p')[(er p) +ic" (1+/<ce)qy}u(p)

a(p)y*u(p)=--(p)|(p+ P +ir"q Ju(p)

—a(p)(p+p) u(p)=u(p)(+" ~ic"q,)u(p)

: e _ — — i ;
— = a(p)y —ic™q, +io™ (1+,)q,]u(p) In spite of the electron being a
pointlike fermion, radiative
. N : : : :
= u<p)[7 e qy]u(p) corrections make it behaving like an
2m extended object

Further radiative corrections lumped into 2 form factors

" :%U(p')[f (0]~ +g(q2)i/<;ea“”qy]u(p) Most general form (it can be shown..)
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g-2 - Theory

*
x % -
= + +
QED

QED only...

Fignre 1 The Inﬂlzz§m,rz§w expansion of T'?(p', p) in single Havour QED. The tree graph gives
Fyo=1, 13 = Fy = (), The one loop vertex correction graph gives the coefficient Ay in Eq. (2.21).
The cross denotes the insertion of the external field,
@TBA
¢ §§ ¢
-
W
\ \ A Contributions
/x /«‘ W AR W ..and more

'om new physics ?

27?7
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Electron g-2: Quantum Cyclotron

Clever use of magnetic and electric fields at low temperature: The Penning Trap

(a)
f=4
=3

n=2

ri=(

hv

0

ve = el 2mm = 147 GHZ| 2 \ 42K 1.0
- LML Lt ML i ! 0.5
|:t|.:| B-" ;:*‘) 0 ‘Ww«"n Wt e MXA"«M‘(*’&‘N‘JJ@«-—'}»&«'NWMK 0 g
2 0
COFHGGu [ | T 35 Y T T e et
=0 iy ra dowpes ivdidd: Loy - [?&f )
=MACOR e £ ° v o0
. 2T Lk i ‘;‘; b4 2.0 K ‘__v_{_j '
Wi ring [ | M 1 cm g’é A \ 5 os
s o s
=B s, B §oo
compensation rE 22 18Kk &'l
1l = *«
endcap [ — FF — 8. - o0
I gf 08K ﬁ»f_’
4 + . "
microwave  field emission 0 ! ’ , 0.0
inket imh (W) . . )
po 0 5 10 15 20 25 30 35 40 45 50 012
| | | : fime (minutes) n
En,m) =S hvm, + (n +;)fnv£_ - ;hﬁ(n +o+ mi_) @TBA  _ o= A 5 4 ppes
L L £ & 3 2 {a) 23 {b} i‘l 33 {c) 3 {d)
b n=1 = g2k :éﬁ%:i'f.‘ :_{QES"H% E_! 80 mK
" T g §:0 /5 £ 7
=279 %=v-3:2 g g §'—r g
ne1 T o0 100 ) 70 D 150 o 180
_ a=ghlie— ¥ time {s) time (s) time {s) me (s}
[ T
n=0 J
ms = -1 |'.E ms = 1."2 e g - 0 ~ {1 e I e i
2/2 = 1.001 159 652 180 85 (76) [0.76 ppt]
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Muon g-2: Experimental Method

Mzi Magnetic moment , jzlh Spin, fyzﬁ_ Gyromagnetic ratio
2mc 2 J
eh 2 e e
N—— = — 2 =0— o2
! 2me f natural 2m me—>g
a=9-2 1 Anomaly

For a charged particle moving in a uniform magnetic field:

3_Ft3: e(px B) Cyclotron frequency
)

For a particle carrying a magnetic moment u:

Get a by measuring
the beat frequency
-

p="J
T=uxB —>%:7(,u>< B)  Precession of 4 around B _in-the particle rest frame
7 =dJ/dt
2uB eB : . .
Wy =—= g?n Precession frequency, unchanged by Lorentz transformation

Spring 2007 E.Menichetti - Universita' di Torino
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Larmor Precession

Just a short reminder of the classical result:

d_,”:,y(lux B)—> B-%:WB-(;{X B):0—>/JH = const
dt dt A

Say B=BKk— p, =l +u,] B
d
—t = (4, xB), =+,B
du dt
—~ = y(p, xB)—
o Wy (4, xB) = —p1,B
\ dt _’7 :uJ_ y_ /YILLX
du
==+
s : dt Y du, . du . . :
A= i, —1 ot i = B[, —ip,) = —iB(p, +ig,)
dp, d | dt
I dt :_I/W'LXB

:ux (t> = :uxo COSﬂth
1y (t) = — 1,0 SINyBt
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The First Muon g-2 at CERN

Small B y-gradient allowing for orbit drift along x

tramition

600cm-
O.4cmfturn

& eztion
transilan

s’}

- 5 2 T

Stopping ;' weakly decays to v e'v, with 1= 2.2 15

Parity violation enhances decays where positron is emitt

Alt)

along s, - Polarization direction can be measured

By counting
forward backward
N forerd — N

forward backward
N 4 NS

x spin rotation angle :(1+a)%yt

03t

02

01

0

-0

-02

0
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An Improved g-2 at CERN

@TBA
Detect high energy electrons from p’s decaying in flight:
Forward-emitted in the u rest frame

(E-field appearing in the x rest frame
from Lorentz-transformed B-field in the
LAB frame)
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Astonishing Precision...

a . = 1165911 (11) % 107°

a - = 1165937 (12) x 107°

T T T T T T T T T @TBA
10° 1
S :
w ]
3. 16-59 pusec |
od
0% 59-102 4
) o 102-146 .
(10 ppm) ~ ]
w 146189 .
o
{IG ppm) % |O4 a I189-232 |
232-275 4
k=T I 275-318 -
— - A 318 -3672
g‘; 3 A w't . 3 " Sy ' " " ! " e
E |O '_ | ¥ ."“‘ 1 ‘)1,"’. “hl’ : I‘kr 'm '”i S ' ,,"" T L " 362 “405 —‘:
; : I, 1‘“‘! a ’“i ! ‘ lh“kﬂ' ”'.i"h ' ) '|' I’ ! i .|;| g,HI“Ilr‘I Y ! i 'llllil i e 405 = 448 :
oy In'" [N EI M P s i i " " i.nl ! E “n ' ]
i . ' IIB;' R T |"' ' YA !"‘mml:| 448-49| ~
|O‘2 i i i 1 ] LE 3ll : i - L lI|| | 491-534
e 20 30 40 50 60
Time in microseconds
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The Latest Muon g-2 at BNL

@TBA

Pions Inflector
—
o L SO § - - »
%y Magnetic Fiald
perpendicular to
> \ plane of ring
- % -
g ¥
iam
E . N ¥
"
* *
¥
R, T
Sample Decav Electron Spectium
;“ " ‘
- Fo
® muen FRey
$5-LTTTN
IOMENNE VECtor | ¥ o Fp i leal R 8 g
«? 1 H : ‘ai | H Q
»  spinvector IR i
i calorimetsr
= % e ':i3 [ S

@TBA

e
©2
=1

210

10". 11659000
i d
(3
=

L 200
)
160
180
170
160

150

lll!l!l!lll!l![!l1l I1I1[1I1III|I|1|{|{
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Nucleon Form Factors

Take the same current for the nucleon

e : .o A | ti t
J/p —%(p)[F(QZ)’}// _'_G(qz)m;p%qy]u(p) nomalous magnetic momen

=7
/ip z

well measured, not understood

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

(@)=
F,(q°) = 2MG(q’)

_ B ik F q2
_)Jg_eu<pl>[Fl<q2)/yu+ p 2( )O.Ml/qy]u(p>
2M
Redefine:
2
GE(CI2> —F + ZK/?Z F, Electric form factor Blob indicates a non-QED vertex

Gy, <q2) =F +xpF,

Magnetic form factor
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Nucleon Magnetic Moments

Electron-Proton comparison

Uy = = 5.78x107° eV/T

2m, !
1= gs gl g
. ltg = 1.001159 652 187 +0.000 000 000 004 ? Electron
ty = = 315x10° eV /T

2m,

i, 95/@‘ .
UMy = 2792847351 +0.000000028| E: Proton

Reminder: For a free Dirac particle g=2

Strong indication: The nucleon is not a point-like particle
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Proton Magnetic Moment - |

F=2

MOder_n method: i Asymmetric splitting: Ps) 24 MHz
RF+Microwave atomic spectroscopy Lamb shift (see later) 9910 MHz b=
95 1 eove— e o e e N _‘ ____x___ Finhe structune
energy \ ' 1058 MHz =1
4
- € T !) T 243 nm S
lp flip (RF b=0
iiﬁ P (REW »l
Coulpmb T
levels
243 nm
e spin flip : .
: Hyperfine splittin
(microwave) . P P 9
R P A A — el o] = :a<se-sp>
1420 MH2z F
-§":s‘)
X ed pl E
I p flip {Q?i L= F=1 mp=(L0.—1)
e €% p 1 @TBA e
— F=0 m.=0
SE, + SE, = 5.8x107° eV
40
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Proton Magnetic Moment - II

F=1

F=0

Wik

mJ m,

+ 2+
el
//w

p‘g w2 1R

",
Yy [064GHz

v, 9.2GHz
.

TR

" %;
\\\\ —~iR~1/2
N “1f2e 12 e \E’

FIG, 1, Epergy levels of hydrogen in the ground elee-
tronie state iy an applied magnelic leld,

%‘\3‘ SkG

¥ :O, TBGH2

Vs

pl,m-1_F-1
Y, mz =0

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.

The hyperfine interaction between the

state to have higher energy. This explains
the order of states in the diagram.

electron and proton spins still causes the F = 1

pi«. m.— 1. F-|

@TBA
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Proton Magnetic Moment - III

STATIC W
MAGNETIC ™\
FIELD

MICROWAVE o

IN

b

@TBA
M ATOMS IN | Mo-LH)
L ;\Q‘H\}
w*““‘mwﬂ%’
1 MICROWAVE
o JM ouT
L,
Sl ,'-.r-|1|.H.:I[
[T £p

UMy = 2792847351 +0.000000028|

Correct for atomic effects

= — 658210 63604 bia)

— 6SR 210 TOSR(A6) 1.0 = 1075,

[1.0 % 1078].
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Neutron Magnetic Moment - I

Modern measurements: Thermal neutrons from a reactor

RF pulses in F1,F2

Periodic spin rotation in F1,F2 : Gets O B
Time of flight between F,,F,

Spin precession in B field

Count analyzed neutrons

‘Resonance’:

Count rate vs. frequency of spin flip

in spin flip

on resonance @TBA
()
Polarizer,Analyzer slow meutrons — detect
0 ! . from reactor etector
: . . \ N 7777 K7
Neutron Scattering from magnetized iron 4 //%_N//// U
crystals, sensitive to spin orientation polarioer ]/% //}’/ —— A  alyer

oscillatory field
regions
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Neutron Magnetic Moment - II

Water
v ( ~7cooling tubes
//N%*f{)ﬂ giﬁdﬁ‘ tube Coils :f P@gx.@]{;g
/ Quartz | support ‘
{ Spin polarizer— spacers . - Glass guides
[ liron magnetic Doubl N
Neutron. | | mirror - JOUPIE MOGNENs || Pole pieces—
. /. ) —>-Soft iron
B bl Y i %
.'?‘} (5&3 _~Glass guides | fetEAY
S {5 NP L J
Polished - 7N e e y “Coils
. armﬂ Scintillator.
irrors . S?flgﬁ*% \%&
Spin analyzer- 1 @TBA
Liron magnetic "« \
r~f cail ‘ ' -
Trim coil g‘j fmrm L
; \ w“%!?‘;, : 4 A ’ Ph QQ © -
1& y {;ﬁ:& Sy f multipliers
N\ Y0 8T Detectors
o d . 4 -
:”‘» J § Alnico
SN — ¢ mognets
N — {Two each side)
“Rotating turntable
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Neutron Magnetic Moment - 111

e — — —— —— — — . full polarization
'-g -
X -+
AR AL
= - + o+ + + + . .
R WA T /1;_‘45_?__ Proton resonance (Calibration)
| ‘i+ LY T_ﬁ T -wi polarization
g |- ¥ \ + X J-
5 + o+
g b vy
5 ¥
a L
0 ! | | | | |
45 50 55 @TBA
(v—T76400) /Hz
A T O rpsonancs counting rot
N ’
= AN,
i (3 3 | i
I N A R A Neutron resonance
1¥ "\ Y
g™ N vl NS
¥ Ly LT
i 3 \ t
VRTIRY
L E o 3 3&
!
¥
x s =5 5% 45 3s
Fraguency kMgl

p,/1y=-1.91304184 (88) (0.45 ppm).
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The Rosenbluth Formula

Consider elastic electron-nucleon scattering

Going through the same steps as for electron-muon scattering

2
Alo?) = Flz(q2>_’“§4(|3/| ()
4 2
2
(o) =z (Fs (o) £ (o)
do p '|
= co< 6 4—1 Alg?)+ B(g?) tarfé
dQf g 4|p1|2 sin*o/ 2 / |p1| ( (C] ) (Q ) / ;Z
2 1 G2_ 2 4 2 GZ 2
do = za 00529/2|p1| E (qz/ m2> M_q2GI\2/| taﬁ(@/
dQf g 4|p1| sin’ 9/ 2 |p1| 1-q /4m m
do| _[do G; +7Gy 2 —— o
ds LAB _[ dQ]Mott 1+7 +4TGM tart 0/% — 4m? Intercept
G: +1G) |
‘Rosenbluth separation’ gives G,, G, 1+7

@TBA

2.0

Fixed g2

PROTON

Slope
2rG2

3
tan? (8/2)
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Measurements

I [ [ 3850
N L= :
BT -
k. \ .
RN Elastic peak; H,
‘ N ] 250 *aﬁnzm
\“l MR“‘ }sm: PROTON fi*‘“‘
f- IS,
| e st .
B m..;.,_J_.]T!:.,:_ } 200
) M- - -
: I %
P Lan torREst S 1o
HYDROGEN AND DEUTERILUM  {LMOUID TARGETS)
Hydrogen  grea o 200 Mer e 1o
00 \\ :czxm« am*siws o
\ e Inelastic scattering b L ]
R . h Lo e 1] it | Elastic peak) D,
3, o ¥/ dtatgﬁe.ta‘ i Fermi motioh effect
§ 30 -+ 2 )’"’1 8 _
PTTN % s g o | TR
M ®w m w70 W0 oo i 1?0 Y
b }X POTENTIOMETER  SETTING
8 \ a8 e 139 82 88 209 252 2SS e e A28
s MS’NE CURYE - }}\ ENERGY IN MEV
LI RN .
AHOMALOWE MOMENT SURVEe2g
| N Electron energy at fixed angle for H,, D,
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Experimental Results

10
1.0
08 f 62107%)
I i = G§
o 0.8 | E
04+ ; I p r’
« G5, /2,79
02 - 0.6 | teg ;

I -Gy /(-1,01)

R Y 3 t
“, n
(GE)?
- 1 I | !
0.2 0.4 0.6 0.8 10 1.2
Q*(GeV?/c?)

Same shape for the 3 non-zero..
Probing the same structure

_2_0||||F||||I||||I||||

0.0 0.5 1.0 1.5 2.0
OF [GeVe]
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Time-Like Form Factors

e +€e — p+p

Astive Vet Sysiem

Concrele shield
\

L

Troes
Absiebsers ¢

Lineiied
Sreimer
Tubes

. Form Sesmsitlaor Countees
KCulliding Brams

|
- ii‘ e Y e T m ““““ i deteonae -
Fig. 1. (a} Schematic view of the FENICE detecton: the
comorete shield s also shown, (h) Dretiwiledd view of the FENICE
detector showing two conliguous octant,

FENICE (Frascati)

FORWARD
CALORDMETER

ot T :
\ ﬁ\»’ H%ERE,\M)\

o, 80
CALORIMETER

i
L+ LUMINOSITY
_wwe | MONITOR

-

E760/E835 (Fermilab)

@TBA

e (9.0 GeV)

Cherenkov Detector

e +e - p+p+y

BABAR Detector

Instrumented
Flux Return

1.5T Solenoid

Drift Chamber

Electromagnetic
Calorimeter

Silicon Vertex

(PIRC) Detector

BaBar (SLAC)
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Experimental Results

— {@TBA
O
E-
Ll 4} ¥ E760 Armstrong et al. (1993)
| L}H‘.* O E835(1) data Ambrogiani et al. (1999)
+
T \/
T ﬁ%*jq; ® [835(1l) data Andreatti et al. (2002)
’ ESLY
B CLFO data Dobbs et al. (2005)
B
| A * A BES data Ablikim et al. (2005)
7“ ~
10 — * t% R * V¥ BABAR data PRELIMINARY (2005)
; "
- X Castellano et al. (1973) ‘ + :
O Bassompierre et al. (1977}
S A4
A Delcourt et al. (1979) ,,\+
— Y,
o Bisello et ol. (1983,1990) ﬁ +
o * Bardin et al. (1994) |
L@ Antonelli et al. (1994) :
L L L L L L ‘ N
4 5 6 7 8 9 10 20
s (GeV?)
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Elastic Scattering Kinematics

4-momentum conservation at the nucleon vertex
p+q=p’

—(p+a) =p?— p*+9*+2p-q=p*

p2 = pl2 = M 2

—2p-q=—¢’

Rewrite in the LAB frame, take massless lepton

P" =(M,0)
p' =(E.p)=(jpl.p)
p” ~(lp’p)

—* ~(pl=lplo—p ) =p[ +p|" = 2plp' [~ (p "+ [*~ 2 ¢ )

— o =~(p|-lplp—p ) =—2plp|+ 2 p =D |p'|(1- cod)=— pjp'| s/
Q=-q’

p-a~(M,0)-(Ip[—[pf.p —p’)=M(jp|-[p")

V5|p|—|p'|—> p-q~ Mv
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Inelastic Scattering

Elastic:

/

/\

Invariant mass = M

Generalise to inelastic reactions:

/

Invariant mass = W>M

(ub/GeVsr)

d%o
dQdE’

T T T T T T T T T

E (GeV) Q* (GeV/c)?

Lo - . 20 1.45-1.8¢ ]
N SN A Rl N

08 ot N, -
06 - et
o4l - -
oz X e, 18 L15-150 —
oL - o i
0.5 [

2. . ]
20 ' N e

. R S |6 OBT-119 -
1.5 - jaas SV -
10 |- 4
o5 - .
ol” n
: S e i3 053 -079

o E o

10

A ..\_‘_./ \\\.-
i N—. B 027-047

l'
1
1
1\\
4/ -..«.’\\N 45 006-009
a1l TR N S SR N B

2 14 16 18 20 22 24 26 28 30
W (GeV/c?)

o8883058% ouw
5

-5

(

@TBA

Copious production of resonances
(nucleon excited states), when g2
not too big
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Inelastic Scattering Kinematics

e Scattered electron:

UV —

QL omy—o? Elastic 2-body kinematics,
E’ @ totally correlated

Q? :
———— Inelastic | >2-pody kinematics
e / E’, 8 uncorrelated

Measure E’, 8 - Get g2, v

v

Generalise Rosenbluth cross-section to account for variable W:
Introduce structure functions W,, W, to replace form factors F,, F,

do —
dQdE'| s 4|p,|* sin® 6/ 2

cos 6/ Z(V\/2 (v 0%)+W, (v %) tario/ ?
W, , depending on g% and v
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Resonance Excitation at DESY

@TBA

First DESY machine

Electron synchrotron E = 4879 Gev
=100
E. ... =6 GeV

JERTE | -
T ATy My
AL
L R

e il Bk I
TR | Sl 4 i

] "
& T el !
* 1 Ve .
} L et L T . i L
y W i ¥ A iy | * by i ¥ " " o
R 8 boawl e A M L b & b }
; » witl o PR gl I 3 i .
I " R R A Tl Tyl g ~ "t AT T ol
= e T b b Tt T IR e T ok rher
¥ t by b B o ST - S T G
I L A T Tt 4
- et L Artaid *
. TR S
.
i1 H
W

I ~%j‘~’5‘~1’\|§1*(1690) N*(1510)° - £ 4L A(1232)

e+p—e+X

E,E':Incident, scattered eIectrQn energy
W=M, |

1 Raduced by facior 18

30 32 T 36 18 40

ek
VI, Loy
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The Electron LINAC

0.4

0.z

T | 1
g
N_a'*'
ot
1
0.1 10 100 1000 10,000

Log (energy), MeV

@TBA

Magnetic focusing lens

Partcle beam i
! |
R | 11 |

L/

RF cavity

metal irises cavity

electron |
R
beam

W

the wave propagates left to right

Traveling wave linear accelerator:
Electrons riding the traveling EM wave at constant phase
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/KL‘I'STRON GALLERY

‘ S.Sn—l-Il

| ~

[ —ALCOVES

T.6m EARTH—
SHIELDING FILL ]

4.0m | LATOR
KLYSTRON | ONE PER
[ ONE PER 12.2m)
12.2m]

n 63em SERVICE SHAFTS
P [ ONE PER 6.1m)

|
.

ACCELERATOR TUBE
Glem ALUMINUM 5.7‘;‘

SUPPORT B ALIGNMENT———_
SIGHT TUBE TH

N S

ACCELERATOR HOUSING

/,a.!.?m ROAD

MAN ACCESS WAY,
PIPE WITH LADDER
{ ONE PER 101m )
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SLAC - II

Accelerator length

Length between power feeds
Number of accelerator sections
Number of klystrons

Peak power per klystron
Beam pulsc repetition rate
Radio-frequency pulse length
Filling time

Shunt impedance

Electron energy (unloaded)
Electron energy (loaded)
Electron beam peak current
Electron beam average current
Average electron beam power
Efficiency

Positron energy

Positron average beam current
Operating frequency
Accelerating structure

Waveguide outer diameter
Aperture diameter

245

6-24 MW
1-360 pulses/s
25 us

0.83 us

53 MQ/m
11.1-22.2 GeV
10-20 GeV
25-50 mA
15-30 uA
0.15-0.6 MW
43%

74148 GeV

. 045 pA

2.856 GHz
Ins-loaded
waveguide
105 cm
1.9cm

@TBA

Coupler

Radio-frequency
)/’/ master signal
.

Klystron
amplifier -

L Phase adjustment

Cand

| Puised power
madulatar

~ Presurized waveguide

T~ Shielding

_~ Power output

s

]

-
Disk-loaded waveguide <~
Power input

(_‘4-.:_-
Absorber —
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The SLAC Experiments

POT
i
INCOENT £
BE4M
|

&ﬂ‘@%« =

L~ i

sl

@TBA

DETECTOR
SHELDNG ™

Bag
Ll

ELEVATION VIEW

Flux measurement

L TOm T

PLAN VIEW

.
s
N, FaRADSY Y \ \
R T | 4 A
e 3 \
- \ ]
Py i | . {
i { | |
— b | 1
i |
¥

| BEAN Dime

& ce
{ SPCOTROMETER

N
ek (NECRIMNATOR

HOODSCOPES

Bending magnets

Electron identification

e—
Exif Beam

& FL I T
TOP VIEW b e
FEET

Measure E’, 8 of the scattered electron
~Get g?, v

d’o d’c
dE'dQ ~ dqdv
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SLAC End Station A
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Deep Inelastic Scattering - I

Details of structure functions in the resonance region difficult to explain

But: Beyond small g2, v things are surprisingly simple!
x=1.0
Q3 Resonance excitation
Striking elastic/deep inelastic comparison: x=0.75
no g2 dependence in DIS X=0.5
DIS
x=0.25
d’c d’c
dE'dQ  dgPdv x=0
Q° E
) oMy d’o _4mME 1+(1-y)* M ?xyF,
= = —L| 2xF | ——L |+(1-y)(F, - 2xF) - .
y:L dxdy Q 2 s—M
E,
Bjorken scaling hypothesis:
2 2
d20' - f(x), x= Q
dQ dv ¢y -«

9 finite
v

@TBA

V\ZM %

Universal function of x
Q2 independent
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Deep Inelastic Scattering - 11

Expect:
F1<X'QZ)_> F1<X) : R
, if scaling is good
FZ(X,Q )—> F,(x)
Observe ( w= 1/x):
70 w @TBA
R=0.18 ’
60} W»256 Gev 05 |-
50 | ‘l’ " o4 |-
a0 | | os |-
2MPW| ol Ii )
| il |
20 | } r"'”. o
1o - 'm'nl“}"'
oy 0
0 el

lﬂ“"w, W'WH” | l |||‘
.,dl*{
A

w

Scaling at high energy is indeed well verified!
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Deep Inelastic Scattering - III

W,: Universal function of X..........cccevien g2-independent!
@TBA
11 i — [ o |g°
1 . - 1o a 26°
8 quligev’] ] FE {}b ' I 1
B 3.0 —
- g.g ] 04 -
’ R S I %
% 'Eﬁ 11.0 ] Wy
- B.75
K i +m ﬂl+ ZE ﬁ] 245 — 012 B
3 . . 230 - X =0.25
s { *,- : BCO o
“r - 1000 ]
A * — 0 1 1 1 | 1
o | | | L | B® [*ga] & & 4 & =]
u] 1 2 3 4 - B 8 P .8 Rl |"|a {ﬁFUa’ﬂ:lz s
As compared to fast varying elastic f.f., just astonishing...
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Scaling Violations

2.00 b ey, 00
O TOK . e
(J"*q e M S 4 . PR, P LI S vt
* ‘qi&
A g Ry W (3L 40
1.00 | wehiN . 00 -, gt gy $ 0. 140 ]
N R Y 0150
: R T g, 0. UBO
050 [ A P g s B e 0,225 |00 | R w— i
-y oning ?‘ ‘“"& -MU 225 -
Lo
4 . "su‘ﬂ.,{;}. 275 M"é%ﬁ\ - i
"-m, SN, 275
o.20 - m*‘ o 0. 350 L —ay E
2ot . S L S Soupn
“\“i“t '0%‘ \”‘().“ - 'r"“.“;. (&i‘:‘ﬁ
Y ,é’ Yamay ;_(:“O 450 e -
s - e
0.10 - N gﬁ i " D10k \3 ‘“""‘l" {) 450 |
N é‘*’«._‘xu 0550 {
g .
R s % <
:‘M s \* g, 0090
0.05 - Ne. Py x= 0.650 posk \ % .‘+ :
Sou % i
e iy ; Y %
,,\?{‘ ey . & I 'ﬁﬂ:_ 0.650
» L ﬂﬁ.ﬂ
«, Ve (il
002+ ® SLAC 'ﬁ#‘ — nvag DO A
= BODMS ;‘?%\*_ ‘ i.
5, T3 L e
*§ " NLO(FQCD+TM) {’t‘{‘ﬁ 0.750
-  CCFR . + et
0.01 .01 ;i -
| L.
i i i I N i i 1 i %
1 5 10 50 100 1 5 10 50 100

Q2 [Proton] Q2 [Deutron]

@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 to high energy
Reduced radiative corrections
Muon drawbacks:

Intensity

Proton (L) vs. Deuteron (R)
Get neutron structure function
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HERA

First example of asymmetric collider
|

D (K1)
H1)

THETA Fisl

HasyLAB Y °

ooRis

‘}‘»\,;1
vesy § o
L

27.5GeV 820 GeV

P @tBA
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A Recent Compilation

g ' x=3.86-08
3_‘;. é’.gE' x=6.3£-05 ]
Results from several experiments: e at T ses o :
s8C ',':‘-f.,.“'.; x=0.000263 . NMC ~ ]
muon DIS NMC, BCDMS, E665 e i §
CERN . FNAL UL oo i . ""_mm ]
electron DIS at HERA collider H8C s ooonie ]
DESY i8C i - ¥=0.00231 ]
é:g E . '-..‘ . *=0.0032 :l
M e st 8 1
Huge g2, x range ) ]
égl":‘-"' = ey -0015 :
e, gpsecioapagias, T ]
Small, measurable scaling violation s opmn e 3
Interesting features at small x g S i :
5}2[; — I vy - Km008 ]
&8l i e vatBE Amed qug e v g x=013 ]
- QCD ! 8C ' v
&8C ]
B « 1 . 4 x=028
i *.f it 8o T
j \ Q? (GeV?)
lower €
fixed-ta HERA data
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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
Differential cross-section for elastic
scattering off a free, pointlike constituent

_ p=(E p') of mass m
p=(E.p)

do
a=(r.q) 49

2 ' 2 2
- cody ,’_Jp |[1— q tanze/ 2]
e 4lp| sin 6/ 2 p) 2m

2

! 2
M zza—m[cﬁ 6/ 2— g ~ sirf 6/ %
4)p| sin* 0/ 2|p| 2m

Partons
m? =(m+v,q) =m? + 2rnz/+z/2—|q|2
:qz
q2
1 _o
— U+ om
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Parton Model - II

In the elastic scattering off a parton, energy and angle of the scattered

electron are fully correlated
Formally write the differential cross section as

z: Parton charge, units e

do q°
R s i
ds2 f dE dQ f ?sin* 2 %[VJFZm]
—E-E' 'si
V2 = L E_pr_ 2EE sze/z—>E'[l—|—£Sir126’/2]:
q°=—4EE'sin"6/ 2 2m 2m
—E'= E
1+ 2E sirt gy 2
SSin-b/
2 2
1/—|—q—:O,X:— 9 X = —
2m 2Mv M
d’c a’z? 2

cos 0/ 2—
2M

q - q°
22 sirf g/ %{5[1/+ 2MX]

dE'dQ  4EZsin®g/ 2

Full E/, 8 correlation
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Parton Model - III

Summing over all types of partons
do _ szz [co§0/ 2— a
dE'dQ 4E*sin“0/2 2M ?x?
Compare to inelastic cross-section
do
dQdE"

sirf g/ %6

2
LAB :m(wz (V,qz)COSZ o/ 2‘|‘VV1(7/ ﬂz)

Then for structure functions:

2

; . ]
W, =—2— ’n
= [Z”‘]é[HZMX
_2F . | —9° q°
\Wl_ M _[Zm][zmzxz ° V+2|v|x]
q2
HFZ:V[Z;ZQJé[V—FZMX]:

2

(el

2

2n 151149
S e|t o

Jeped

v+

.

ol bt

sirf6/ ?

Parton model prediction
Actual shape
F>

v

m/M X
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Parton Model - IV

P,q: proton, virtual photon 4-momenta

2 2
X= Q :Q— invariant
2Mv - 2P-q
m
X=—
M

m = x2M 2= Xz(Ez_p2>
m’ = (E
(E

2
parlon'pparton) = Eparlon -

parton’pparton>: X'(E'P

— P parion & X-P- When m<|p|

Pz[Ep 0 1|P1]’ E, = {M* +[A" ~|A

comp.trasversa
a=(E,.dr.0)
— P-q~|P|E,

Pg_Q
—E ~——=
A 24P

The true meaning of x

Lot of insight in this limit (Feynman):
(Proton) Infinite Momentum Frame
8—1=~—occ Large time dilation
Time constants of internal motions:
T—oo in the IMF

Constituents seen as still by the DIS
virtual photon
Use time-energy indeterminacy relation:

2x|P
Ty NEiz# DIS time scale
s
2X|P
TNiRﬁ# Constituents motion time scale
AE pr
E%ﬁz,v 0
2
7 Q

- No binding effects
- Free constituents OK

Therefore:

X Is the momentum fraction carried by the struck parton
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Parton Model

Callan-Gross relation for spin 1/2 partons

_ ; 25 ’
_2: 20 F @TBA
[Z‘ il 2 | fﬁ[ f
Sz T
Zz, 2M2x2 6|Vt # + | + Spin 1/2
_ i 2R 2M%x* 2F, 2M*x*  2F)x s -
v M —q2 M 2Mux v
Spin0
— F, = 2Fx o e v

x = Q%/2Mv
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Parton Model - VI

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, this point was believed to rule out any constituent model
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The ‘Nuclear Parton Model’

@TBA
6 +12C — o'+ 12C Counts
700 :_ 1 i 1
. = 495 MaV/
- Pes s 3 H, ®0(e, )
800 iqur=2681m-! 3 400 F i
- o
£ 500F
& -
3 g 300 + .
5 400 F
3 g >3
E L gf > N
z 300r 3= 2 200 |-
[ it 3
200 32 | 2 l
§§ 9 100 T
100 ¥ "
Q Y- 0 - . .l
450 485 50 100 1%0 20 250
Ee [Mev]
: Scattering off water
Scattering|off 12C . .
Elastic scattaring offgt e wholé nucleus Elastic scattering off thé whole 160 nucleus
Nuclear levkls excitation (inelastic) Nuclear levels gxcitation (inelastic)
Beginning of elastic scattering off protons Elastic scattering off 10O protons
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The Quark Parton Model

Write down F, in terms of PDFs Consider the deuteron structure function:
a () L(pp o pn)_2X
F,= Zazni]xé x—g] R (X)= 2<F2 +F)= 9 Z[Up(X)erp(X)]
i — K (X)=F (x)=F/(x)
= (1 5 1
F, (%) X[ZZ g (%) :1—8x[up(x)+dp(x)]——gx[up(x)—4dp(x)]
2] L _ 3
2 (9=x|2] u, 09+ -3] 4, p = uue — 3,004,
R () =X S0, )+ 50, (¥
- » Finally extract PDFs from measured F,
1 2
' (x)=x [——] dn(x)+[—] u,(x){; n =ddu
3 3 xu, (X) =, (x) =32 ()~ O F (¥
From isospin symmetry: S
2 2 24 d
F;(x):x[_%] up(x)+[§] d, (x) x, (x) =xd, (X) =3 (X +ZF (%)
, 1 4
FE )= X120, (0 + 50, ()
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The Parton Distribution Functions

quarks: xqix)

1 7 T T T T ]:} T T T Dﬁ' | I T T T
\f 32 g — oy | ‘ Q%= 10 GeV?
V=3FF + %F% —"xd(x) i 05 I ]
08 FyN, ] g 1 . =0 CTEQSD fit
ks |
b I‘ i 04 _.I
. 06} b\ Q? = 27 GeV? : F ¢ Q? = 27 GeV? '.
X A\ ™ \ |
= B NMC data = : NMC data 0.3 |} —dy Lhy
x H _ e
04 F . CTEQSD fit 1 1t \ CTEQSD fit - A
! 3
02 \ 2t . 01 L \'\9s
L 2 N
-y CS STy, ] US_
O 1 1 1 T {‘ 1 i i {} 1 i e i |
0 02 04 06 08 1 0 02 04 O 0.8 1 0 02 04 06 08
X X X
@TBA @TBA

Parton model predictions: Sum Rules ( = Integral relations) for PDFs
Examples: Proton quark content is uud

J!
J!
J1

Uy (X) =T, (x)fdx =2
= What's the origin of antiquarks in the nucleon?
dp(X)—dp(X)]dle QCD! See later..

Sp (X)_gp

(x)jx=0
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The PDFs at Low x

MEST partons

Q% =120 GeV?

Data-based calculation
Low-X region very important at LHC

s 1 Example:

_ Production of a Higgs with m, = 140 GeV
L=

0 7 TeV . p 7 TeV 0
e e
— J0GeV 501
7 TeV
{@TBA
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