Elementary Particles 1

2 — Electromagnetic Interaction

Form Factors, Structure Functions, Scaling, Partons
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Leptons

Leptons
1st family 2nd family 3rd family
v, 7, v, 7, v,.7, Neutral, ‘Massless’
— — ot 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:

Uy :%pgo Electrostatic potential energy density

Uy %j-A Magnetostatic potential energy density

:fu

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

1
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An oversimplified example - I

First take a simple example:

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

e
' =(p.i)=ie|¢’ [%—f] - [aa—f]so,((vso*)so —¢' (Vo))
' =(p.i)=ie [90'* [%—f]— % e[ (Vo )p—¢" (Vo))

— j* =eNN'e " (F 4 ), (pt-p))

i : : 2
— j'A, = NN'(E+E")e =520 £
’ : 4rr
Integrate over time:

400
| NN E 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
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An oversimplified example - II

Integrate over space:

feJri((P'P')'l‘) edeSr _ iz —p— p' 1/(2E4L3)1/2
A7y ‘q‘z ’
Matrix element: - -

2 T -ie(pi+pi)*

Tﬁ.——i<f‘fd4xH"i>——NN'27ri6<E—Ev>‘Z% (piep)

‘ q

2 L3L/2

E=E'—|qf =—¢* —T,=NN'2nis(E— E) 25 Ve

q

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

Evaluate transition probability

2
T,
w:% Transition probability/Time
+712 : in|(E'— E)T/2|[
S(E—E) = lim | [ ¢ Pt = lim sinf(E— E)T/2] — L s(E—E)
T—o0| 2T = T—00 W(E'—E) ‘ 2T
2 2 4 2 4
w:NZN'Z%‘é(E—E')rZ = :N2N22776(E—E')Z‘F
q
Vd'p
4o, Phasespace (2x) LAPE.
~incidentflux P (27) p
EV
Ze d’p' E_,
do=N’N"2n6(E—E')/——=—V
of (27) P
2 4 3 2 4 3
N=N'=— —do=—Lons(e—E)2C 9P Eyr yrsppy%e 4P E
W v o (2n) » af (2n) »
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An oversimplified example - IV

Calculate differential cross-section

fda td’ p E
\Q\ P
d3p'=p'2dp'dQ
pvdpv:EvdEv_)d3pv:vavdEde UserI tO remember
2 4 33 2 4
_>f2m5(E—E')Zi dp3£:f2m5(E—E)Z d dLEpE dQ E*=p*+m’
qf' (27) P o' (27) P — 2EdE = 2|p|d|p|
1 Z%'E 1 Z%*
=2 " p' [ §(E—EdE'EdQ)=——"——E%dQ — EdE =|p|d|p
(27) |a* P / (27) |af
.0 .40 —
q=2p8m5—>q4 =16p* Sln“E Compare to non-relativistic
Rutherford cross-section:
. do = 1 Z%e* B Z%“@ 1 = = = | | Zze4m =
ds? (2#)2 16p*sin* 6/2 16(2 Msm 0/2 49 2 1 S
Q4 T2 sin* §/2 416#2\T2 /Lin“ 0/2
N
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Theme Variation: Spin V2 - 1

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

ey

m e m in'
— — —u S, elpx , — —I/_l s v, ' e*lp X
b=y gyt ls e v = (s p)
m el m . m ] . -
— = / (s pe " /_u s, ple”™ =e—e """ g~my,  Dirac transition current
/ E'V ( P ) ! EV ( p) EV !

J'A, = e%e‘i((E‘E')’_(p“")'r>ﬁ(s', Py uls, p)[i 0

—
L_t(S , p') vu (s,p) =u' (s',p')vofyo u(s, p) =u' (S', p')u(s,p) Dirac matrices
:M+’YO
do m’ Z% E* 1

aoc m- L P 2:Zze4m_ 1 S 2
Q@ E 16(27T)2 p’ sin’ ‘9/2‘u <S P )u(s,p)‘ 16(27T)2 p* sin* H/Z‘M <S P )u(s,p)‘

2
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Theme Variation: Spin 2 - II

Unpolarized cross-section:

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

| £ g2 ) E?
= > > (st puls,p) =4—(1-5"sin0/2)
m

2 s=—1/2 s'=—1/2

72,4 p2\[1—3%sin” 6/2

2 4 2 2
do Le m 1 AE (1_52 Sil’12 8/2)2
(2

— =
ds) 16(27)2 ptsin*0/2 m’

do _ Z’¢" E* cos’0)2

dQE>n (7Y 4p* sin® 6/2

New factor, important at high speed
Reducing cross section at large angles (= 0 for 6—x/2)
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Helicity Conservation

Dirac equation: High energy limit

Ey=(a-p+ Bm)y

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

E¢=(o-p)p+mx

{Ex—(c-p)x—l—mqb

Ew\p\}ﬁ{@-p)m\pw ﬁ{qmu
(6-p)x~—lp|x [x=u

No mixed terms — Helicity is conserved at high energy

E>m— u%[MR]HMT(S',p')u(s,P)%u'}uR+u'2uL

m=0 u,

Explains the (1—52 sin’ 9/2) factor, cutting off the cross-section 0 — z:
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, =(2.0)
Sp(r)zﬁfaﬁr |f(_rr)|

Only change: the space integral

[t L2 q—pp— [ax [erlorn 2 PR

47y ‘q‘ 471"1"— r‘
:fdﬁ-'Mg <pp‘>~r'fe+ (o)) __Ze 5
Ze dr|r'—r|
fp(r)€+iq~rd3r
F(q)= ~ Form factor of the charge distribution
e
VA AT 2
4 7 F(‘l)‘
d L
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The Form Factor

fp(r)e+iq'rd3r 1 +igrcosf 2
F(q)— 3 —Z—efp(r)e r-drdf)
gHialreost 1+i‘q‘ rcos —%‘q‘z r* cos’0...

— Zifp(r)eﬂqmosgrzdrd&) ~
e

2
%ZLe f,o(r)rzdrleJri‘q‘f,o(r)r3 costrdQ—%fp(r)r4 cos” 0drd()

il d )
—>F(q)~1+Z—ef,0(r)r3dr fcos@dQ _Z—Zefp<}i>r4dr, fcosvzedg —I—T

W:0 :Ze<r2> :2—7r<—cos3 H)W
0 47 3 0

:277r(—czos2 9) ar

F (\qf) = F(0)+ aa\:\

Pl ) 1=l ()

showing that measuring the form factor yields the rms charge radius

)
—la| +...
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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 ar 5 1
p(r>:8 3e _>F(‘q‘): 2 2
Ta 1+|q| Ja

homogenecus scillating - constant r< R .

sphere \/\ p(r) :{ — (‘ ‘ ) ‘ ‘ (sm(R‘q‘)—R‘q‘cos(R‘qD)

sphere with a “0g

diffuse surface \/\orsr:;eﬁar:gns G

r— Igl—» @TeA
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Nuclear Form Factors

MAGNETIC PROBE) 7711157

REFOCLISING
MAGMET:

EMNERGY DEFINING
SLIT

DEFLECTING MAGNET

DETECTOR
SHIELDj %H}

---=-p#n:

| 1
[ P——

VIEW A=A

Fis. 18, The experimental installation of the 3530-Mev spectrometer.

One of the Hofstadter’s spectrometers at SLAC

DFFERENTIAL GROSS BECTION-ENT. GTERM0UR

SLATTEMNG ARGLE W DEGRDES

Fro. 44, Theoreticsl and experimental corves for Intt®
at two energies,

Results for Indium
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Particle-Particle Scattering

1st order Transition amplitude:

H'=j'A, —H'=(j'+ji)A,

— M, =i(2r)"6(p,+p,— (P + 1)), =i(27) 6(p + o — (P + p'z))jff)%jf)

g=p,—p'=p,—p, 4-momentum transfer

1/(2€,'LH1/2
. N\ K. pe
Transition currents: < b e 2

\ -i/qZ

j“ — e(pl + p3 )M Scalar 'ie(PﬁPz')#/’m -ie(papi').
j* = e, y"u, fermion ,,/ \\mz

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

Spring 2008 E.Menichetti - Universita' di Torino
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Scattering Spin 0 - Spin 2

Just take the two currents as defined before:

v 1

= 8 1 1 d’p dp
T,=eu'y'u—t-e(p+p') —do= L——2
n=eiyu elptp) =

‘Ti‘z(zq)“é‘*(pl‘+P‘2_P1_P2><27T>3 <27r>3 2E1' 2E‘2

[ 2 s 5 = 2 | a2
5 z ‘Tﬁ = ? = z L_t<p1 ',S')‘y”u(pl,S)I/_t(pl,s>”yyu(pl ',S')(p2+p2 ')M<p2+p2 '>V
s=—1/2 s'=—1/2 5,8'=—1/2

By defining...
T;J,u :<p2+p2')/1,<p2+p2')1/

2
! v 'v q v
p'p +p P +-—-8"

LY =2
2

...it can be shown (!) that

2 2
5‘72 = — 2<P1'Pz)(P1'Pz ) %Mﬂ Invariant cross-section
7 (n+p)a Another extension of
do o , 00, . Rutherford cross section
70 cos LAB = "2" rest frame | 1 c|udes target recoil

wn o alp fsino2 21p
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Scattering Spin Y2 - Spin 2

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

' ' — ' ' g Vo — ' ' v
Tﬁ.(s,s T ):eu (p2 , S )’y“u(pz,s)q—“zu (pl T )fy u(pl,r)

]. 1 1 2 64 v
7 2 Talssrr | = S LM” //
5857, ) & 1p) Scattering
L =2|p/p/ +p/p! +%8‘”
2 2 '
: : q do Q 2y Py
M,, =2|Dy Py T PoPry v 8| 7 ol = cos 6/2
" 2ut2 w2 - o O dQ, s E>>m4‘p1‘2 sin® 0/2 P

Yet another term...
Electron scattering off
the muon magnetic moment
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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(p,)+b(py) = c(pe)+d(py)]=Ala(p,)+e(=pc) = b (=p,)+d(p,)]

Spring 2008 E.Menichetti - Universita' di Torino
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Annihilation

Apply crossing symmetry to electron-muon scattering

e +tU —e +U A: Scattering
e +|e | ol u [fu=e +e' 5> +u~ B Annihilation
crossed crossed

Amplitude for scattering: .
_ig

Tfi(s’s" r’r'):<_€)b7(u)<l’z "S')Vuu(u)(l’z’s) qu (‘e)ﬁ(e)(l’l "r')VV”(e)@wr)

E'lpa) Scattering

) N\ 2
9=p—pn—q Z(pl—Pl) = pi +p."=2p,-p' g=4-momentum transfer
qz :2me2_2(E1E1 —p, P ') = _2<E1E1 =P, P ')<0

E>m

Amplitude for annihilation:

[ [ — ' ' n ! |_igw — v
T, (s.s'r.r")=(=e)it,, (p,"5)7 0, (P17 = (—=€)T,, (Prr8)7 U (P27

2
q=p+p—a =(p+p) =p +p +2pp g=total 4-momentum /(pv)/ &'(p)
612 = 2m62 + 2<E1E2 _pl p2>E’>\:Jm2(E1E2 _pl pz) > 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

/é A Annihilation: R+L, L+R

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

do do do
+ +

dQ RL—RL dQ LR—RL dQ

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:

- Amplitude to find J =1 state rotated by 0

fi > _
q =S§
Use rotation matrices for a J=1 state: Take y-axis L reaction plane
=i J, m> Zd ( *)‘J,m'>, d;’m,(e*)zu,m‘e*’fh J,m'>
. 1
dLH(Q ):dim(e ) 2(1+cos€ )
d,, 1(9 ):diL+1 (9 )za(l—cosﬁ )
2

i =) ) 2 2 2

LR=LR RoRL S »—>d—a*=a—(1+cos2 0*) o= ja—(1+cos29*)d§2* S
do do o> (1Y 2| d |4s o ds 3s
— = :—[—] (1—0030 )
A g A e S
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The 7 Form Factor - I

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 \\

7 Three 4-momentum vectors _

P24 . — 2 independent
p,'=p,+q Constraint

Choose:

'

p,+p
P,—P=¢
Only one independent 4-scalar:

} Both can contribute to the current

Blob“indicating a non-QED vertex:

E " 2_ 2_ 5 1
9. (') =(p,) =m" > p,-p, The pion is an extended object

Choose instead ¢*

s = (@) o+pY 46 () e
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The 7 Form Factor - 11

2) Gauge Invariance
Charge conservation « Current must be divergenceless

0,j"=0—09, j=ed, F(qz)(purp)“ +G(q2)q“

e—iq~x — O

—ig-x
e q

F(¢*)(p+p) +G(d*)q"
—0,j"=0=4,j"=0

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

= —liq,e

=0

Dy

qu(pz—i_pZ')#:<p2_p2')u(p2+p2'>ﬂ:O —>G(q2):0
qﬂq“i()
—>j“:e(p2+p2'>uF<q2)

Just one form factor for a scalar particle like the «
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The £ Form Factor - III

What is F(g2) ?

In the CM frame:

¢’ =(E'-E.p—p) =(E—E) —(p—p) =0-¢’ =—qf
= F, (47) = Four (10}
Again, Fourier transform of the charge distribution
If crossing is good, can extend to the reaction

e t+e —m 7

q2 :(E1 +E,, p, +p2)2 :(El +Ez>2 _(pl +p2)2

- Fannihil <q2> = Fannihil (ECZ'M>
F;c'all q2 ’q2 < 0
— F (qZ) = ( 2) 5
Fanm’hil(q )’q >O

Spring 2008 E.Menichetti - Universita' di Torino
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Experiments — Space-like

n scattering off electrons

2.2 2.2 2.2
* pﬂme p?rme p?rme pwme
PR T T T T e, w2k,
S S mﬂ' + me + Wme mﬂ' + Tl'me
2
q =t 2
pﬂ'me p—
— tmax r:OO_ 42— - _2p7rme
Pr me
T e
63 PION FORM FACTOR 1487

Flux measurement
-

™. PION DETECTORS

Unappealing, t

max £00 small [[@ O~ :;1?5 Pion Momentum
Electroproduction of one & \m

I.'l \‘\/
p T ) f /\}\T,.
e 3 L AE
x| =t T
auny il Hobet
RERcTRON.
p e
Fic. 5. Schematic view of the experimental layout.
OK Electron Identification & Momentum
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Experiments — Time-like

First et - e~ colliding beams

ADONE = Frscati, 1967 etc.

o 1 ——
7> ADONE SR
33.5m a0 -
K i = F T ]
’ = [ 7 o 3
5 Z né{ TR
& Ik A .
4 7 Eﬁﬁﬁ
@mBa =~ ° g Eﬁﬁﬁiﬂﬁﬁé 3
ﬁ — 4m?Z thresheld § I
1 x,‘...l....l....l....l....|....|....|....|...11;
a D.25 0.5 0.75 1 25 1.75 2
s (Gevd)
i 180 ¢m _‘.
. - . Luminosity monitor
[ T 1 il } measures Bhabha
S -
: T : - scattering rate
i NCad
[ !ﬁ’ | E!! at small angles
Ratey, .. = O 0. - Luminosity
e'+e > e"+e  pure QED at low energy, small angle

Somelicnzrcsppariie Spark chambers — accurate, reliable o, ,,. prediction — Luminosity = Rate,, ;.. /0.
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The ~ Form Factor at Large

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

W ? i

E| @TBA

¢ BEBEK(7E)
4 BEREZHMEVIZD)
¥ BEREZHMEV(FS)

fl ADYLOVIZ?) 4 AUSLENDER(E9)
¢ DALLY(7?) | BALAKINIZ2)
) H i ¢ BEMAKSAS(72)

+ BOLLINI(7FS)
¥ COSME(7E)
B VANNUCCI(77)
$ ESPCSITO(77)

¢ BUKIN(ZE)

4 OUENZER(78)

¥ CORDSI(78)
T T 1 ¥
4 6 8 10

t(GeV?)
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Electron Form Factors - 1

j"=ey"yp  Dirac current
ﬁ(p')’y“u(p)zzi[(erp')“ +io™ (p—p')y] Gordon's identity
m

2iu(p')(p+p')“u(p) charge, like a scalar particle
m
L q(p")o™ (p—p") u(p) extra term

2m —_—
=4,

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

e

——— 102 R S|
P u(P)a A o ¢ (axA)e Magnetic dipole interaction energy
—gb G- (VXA) ——gb" (G-B)¢:>%L7(p')a“”u(p)qy #Iowspeed——(b ( )(b
eh : _— : o : :
1L~ Magnetic moment , j=—h Spin, y== Gyromagnetic ratio
2mce 2 Jj
eh 2

N

el _2 Define — — g~ 2 Dirac g-factor
2mch"atura' 2m 7= g2m 8 &
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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

Iu’Dirac :j—)/,t:i(l‘i‘/fe)

2m
i = (p)|(p+pY) +io™ (14+,)a, |u(p)
— 0 1 — ' AV . U
1(p)y'u(p)=—u(p)(ptp) +io"q,u(p)
—a(p)(p+p) ulp)=a(p)(r" ~ic"q, Ju(p)
o € N[ . In spite of the electron being a
— = ul(p')|y" —ic"q,+ic"™ (1+k,)q, |\ulp 2K - o
2m ( )[ ( ) ] (7) pointlike fermion, radiative
g € N e corrections make it behaving like an
— ) =_—u\p)|y tiKo q,|ulp
2m ( )[ ] (7) extended object

Further radiative corrections lumped into 2 form factors

J" zziﬁ(p')[f(qz)fy”+g(q2)i/<;e0””qy]u(p) Most general form (it can be shown..)
m

Spring 2008 E.Menichetti - Universita' di Torino
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g-2 - Theory

= /H\ + A\ 7 3 A + ...
L ;- \ QED only...

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

@TBA
f {
3 A Contributi
.- ontributions
W 2™ W
/N i 'om new physics ? -and more
z v
T poop pi

Electroweak 27?7
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Electron g-2: Quantum Cyclotron

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

ve. = eR/2mm = 147 GHz

-'1? 1 42K ;g
= iy TARE T i i L g 4R ] = [
Laj ih:' B-"‘ D pphady Wi ""\'\.!'I""'*u‘r""-{":""'ll*-'ﬂ-“'ﬂ-' N Y T R 0.0
® = 3
i = 2 1,
: TIOFHG Gu | . 1 I——T— -
; { ° " | | Ll =
n=4 4 =MACOR = : R bt ot sosmaions s olho %0 [l
n=3 3 Wi ring | F? =" 1cm :;I}.j 0 n-m" -l s |- E gg
. 7 b= 4 .
compensation | iy i 16K | 514
n=2 2 .”[ 1 + = é- f 05
end cap [~ | — 2, i -
n=1 x 1 o a | . 08K ﬂ.E ¥
hvg microwave  figld emission et ———————— T T
n=0-—* 0 inlet point (W) 0 5 10 15 20 25 30 35 40 45 50 012
. 1 1 \ ) fima [minutes) n
E(n, m,) = 'Eh v.m, + (n + E)h v, — E,"E@(H + 3 + .!n_\.) @TBA E :1 I(a:- g : '{b] I]I.". E : P T : [Id]
i) —— n=1 E . |e2k Ejum' E , [20mK iEJ_JEDmP-’.
2 2 ,#— = "
n=2 77— §-¥.352 Bl ] 81l il § -
_ =¥,- 3512 Sl ]l
L= 382 i n=0 O 0 bt — o0 - T O T 0 el —
n=1 P o0 100 0 70 o0 150 o 180
_ 15 a=ghio— b time {2) time (s) time {s) time (s}
Fo-6712
n=10 J

ms L -1.'.2 ms L 1.'.2

g/2 = 1.001 159 652 180 85 (76) [0.76 ppt]
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The Penning Trap

resonance out
O O

Ring electrade

d

Electric field

_ﬂdwv\v_ Cap electrode o i 2 n

- Magnetic Field

“._Volage source

. Path of trapped particle

Spring 2008 E.Menichetti - Universita' di Torino
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Muon g-2: Experimental Method

Mz;—h Magnetic moment , j:%h Spin, fyzﬁ. Gyromagnetic ratio
mc
eh 2 e

~

—_— i ~
= 2me hnat—t{ra'%.z =8 — g2
units

g—2

a= <1 Anomaly

For a charged particle moving in a uniform magnetic field:

‘;_I;: e(px B) Cyclotron frequency

For a particle carrying a magnetic moment u:

Get a by measuring
the beat frequency
Wy~ @,

u=J
T=uxB —>d—'”:7(,u><B) Precession of u around B |
T=dJ/dt
2
‘ h 2m

€ particle rest frame

recession frequency, unchanged by Lorentz transformation

Spring 2008 E.Menichetti - Universita' di Torino
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Larmor Precession

Just a short reminder of the classical result:

%zy(ﬂxg)ﬁg.%:73-(ﬂ><B):0—>ﬂ] = const

Say B=Bk — p, =pi+pj B

= —
J — =~ =7(u, xB) =+u,B
M dt
SSCOEEE
= =y(u.xB) =-u.B
dp
——=+twm,B
= . d > d dpu . . .
,uE,ux—H,uy — A /i — C'ZX —+1 dty :+’YB(My—lﬂx):_l’YB(Mx+lMy)
[—==—iyu B
| dt
dla . ~ ~ ~  —jyBt qu (t>:lux0 COSfth
_— B = 7
- dt =2 ,u—>u(t) fof = Iy (t)z—uyosinth
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The First Muon g-2 at CERN

Small B y-gradient allowing for orbit drift along x

U,ﬁcn'z;:r-n — ‘—gz:“mﬁum
[T (1T T
S—
BiXﬁ & Wik
_./l &
jlunn [ &
Extract/Stop/Deca; |

03

021

Stopping " weakly decays to v, e’ v, With = 2.2 us
Parity violation enhances decays 'Where positron is emitt I

A(t)

along s, —»Polarization direction can be measured 0
By counting al
N forward Nbackward = B
+ ot : ; — - :
 frvard—pyaart O SPI rotation angle _(1+a)m—th 2
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An Improved g-2 at CERN

@TBA

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

3.1 GeV

(E-field appearing in the 4 rest frame
from Lorentz-transformed B-field in the
LAB frame)
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Astonishing Precision...

a+ = 1165911 (11) x 107°

a-= 1 165 937 (12) x 107°

(10 ppm)

events /0.32 usec
50'
I

(10 ppm)
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@TBA

I . Y
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362-405
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448 - 49|
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(TR L1 L Bila

l. |||||||.|

10 20 30

Time

40
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20
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60
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The Latest Muon g-2 at BNL - I

24 GeV Protons from the Alternating Brookhaven National Laboratory
Gradient Synchrotron (AGS)

\

Target
/ Collimator K3-K4
UR by Pion Decay Tunnel ] ]
%%}a,\ D4 Q15 QI8 D3

—o0—O—0—mo o

O- D6
P2 fo"“’**‘q‘

IC8 — \\k

Beam Sto S
Collimator K1-K2 R =%

1 l-o-o0—oob—o—aot—ofb—o0—0—0
: Pl

s Target
\
aa /
O Dipole Magnets D1-D7 g-2 11ng&\\;__://

s Pitching Magnets P1, P2 .
(Muon storage ring)

o Quadrupole Magnets Q1-Q29

| lon Chambers ICI-ICS

| Collimators
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The Latest Muon g-2 at BNL - II

Pions Inflector @TBA
= s % Magnetic Field
perpendicular to
. J \ plane of ring
g B
71T 2m
_
i = - rl
n
e ¥
¥
O
Sample Decav Elactron Specium g E 1
R 4 W T Avg
- muon r g 1 =B T
e, 5 A 1 1 [1]
MOmEnim Vector | ¥ s F L0 TR @ - E i
..... :_1i._! ".y“,l"ﬁ*"{.‘r-. mail}{)_ J. +
pvecs e | ATl ...ll'_+.-_¢- F ‘._
v e =B U U VY TUAAAARA R A fo0F eel 1
= calorimerar “: i J“""':'J-.'-f'-.'i‘-.-‘ -
A " o " " g ais I‘:‘:: g 1%_()_5 pprTT!!— P P—

ExXperiment Theory
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Nucleon Form Factors

Take the same current for the nucleon

Anomalous magnetic moment
well measured, not understood

F(qz)’y”’ —i—G(qz)i/ﬁ;p;—:lqy u(p)

iy = et (p')

=9
/ip !

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

F(q')=F(a)
Fy(q')=2MG(7’)

. _ ix F, q2
— ji =ei(p)|F (g’ )7 +— ), g, |u(p)
2M
Redefine:
2
G, (qz): F+ Z;;ZZ F, Electric form factor Blob indicates a non-QED vertex

G,(q’)=F+r,F,  Magnetic form factor
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Nucleon Magnetic Moments

Electron-Proton comparison

R _ 578%10°° eV/T.

Hp = 2m,

U = G5 [ g

Hefs = LOOL159 652 187 +0.000 000 000 004 Electron
By = 2 SIS0 ST

,Le'p = 9 ) JUJ;\.T g

L /Ly = 2.792847351 + 0.000000028 EZ Proton

Reminder: For a free Dirac particle g=2

Strong indication: The nucleon is not a point-like particle

Spring 2008 E.Menichetti - Universita' di Torino
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Proton Magnetic Moment -

Asymmetric splitting: tFay2 24 MHz
Lamb shift (see later) \\x ool F=1

Modern method:
RF+Microwave atomic spectroscopy

Fine structure

28, /2 _< _____ o »
E?H{?‘}"'g}’ 1058 Mtz F=1
.?Pu { o
1 ',?1\ pq\ 243 nm " 4 Iﬁg M
flip (RF R
Lpflip Ry
Coulpmb T
levels
243 nm
e spin flip : e
: Hyperfine splittin
(microwave) - ypertine sprttng
Jr.f!l'j;‘,j Aﬂ——:"ﬁ_ 6EHF = a<se . sp>F
1420 MHz
) -]"‘=0
‘i_ eV pi 15
p flip (RF o5 F=1 mp=(L0 -1
A — E’l P T @TBA 0=s--------
— F=0 m.=0

SE, + SE, = 5.8x107° eV
42
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Proton Magnetic Moment - II

M M pT, mz=1.. F=1
Wik + 2 +1rg e ?’
TR P, mez =0
| :.',,G.E4GH:
|
@ Irﬂﬁ,r-r,.B.ZGHz The electron's magnetic moment is almost
- | 2000x larger than that of the proton and of
F=1 = | 5 opposite sign. The main splitting between
i states at large B is due to the electron.
= A, L4 GHZ Yasin
F=0 *
! The hyperfine interaction between the
! electron and proton spins still causes the F = 1
J 1I state to have higher energy. This explains
’- | 1,,0786H: the order of states in the diagram.
|
—wz-1/2 p \L’ My = =i = Ji=1l
=l/2% W2 E ¢

p T mez =0
F1G. 1, Energy levels of hydrogen in the ground elec-
Lronie stale in an applied magnetic feld.

@TBA
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Proton Magnetic Moment - III

@TBA
H ATOMS IN p.-(H) ;
— = — BSR.2T0 TOR8(AA)  [1.0 % 1075,
STATIC 'U'P"'H':I
MAGNETIC

FIELD [ 1 MICROWAVE
g ouT

Correct for atomic effects

fo _ gy(H) [ .-(H) -)-‘M.-u 1)

| e Ep \ B [/ pp(H)
i IN— g =— 658210 6860(66) [1.0 = 107%].
Ly /M = 2.792847351 +0.000000028
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Neutron Magnetic Moment - 1

Modern measurements: Thermal neutrons from a reactor

RF pulses in F1,F2

Periodic spin rotation in F1,F2 : Gets 1L 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

L)

slow neutrons

Polarizer,Analyzer: from reactor

Neutron Scattering from magnetized iron \%l ///////5‘//// ’|
crystals, sensitive to spin orientation ot I //;////// IS, e

oscillatory field
regions

detector
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Neutron Magnetic Moment - II

Water
. _ 7 cooling tubes
f,xNEuirc:n guide tube Coils ~ [ {1 Pexiglos
,’f Quartz I =uppen
lr_Spm pﬂiqpr;er— spacers . i ~Gloss guides
n
i ik fl |"e rn:pl":::?r ' _—Double magretic Fole pieces—
_L=Soft iron
Bl v
Folished - Py ~Coils
iron ra i
mirrors b s '2:‘,:.1;,%‘ Gr“&.‘l 3
gy "f?/ Spln analyzer- ] = @TBA
rf cail A l‘ji [Yon megRelic o
Trim coil - e | Ta \:\J e s iy
4 e Vi S W i ;
L SsOEWoE . et
e E‘?"\LP Hng-: . I,.- multipliers
i 7 9 = Detectors
s i ,:_f/ Alnico
g .«-*‘ 2 magnets
{Two each side)

““Rotating  turntable
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Neutron Magnetic Moment - 111

e — — — — o — — — — . full polarization __ _ _

I M ﬁ* X &
DA AL A —
g Wil IR . Proton resonance (Calibration)
o 7 T* +7_ﬁ T ..i polarization
Eﬁ = & l—" L¥ X v
g r VIR
B. —

0- 415 : 5Jﬂ : Slﬁ I TBA

. (v—76400)/Hz y @

" I‘.JI- rl O =r arak coynting rot

" :

P! N Neutron resonance
gﬁ:' '\‘\/, I1 |I T .I ; \//’-/

¥ 11| Iib /
. TR
b
v
d 9.5 E.i.iquenﬂ :kHEj.E- 530 o
p.m.fluh, =-1.913041 84 (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
M) = () -m Lo B2 ()

2
do Q

= P
dY|, s 4‘p1‘2 sin® 6/2

cos’ H/ZW(A@Z) + B(qz)tan2 9/2) @TBA Fixed g2

PROTON
2
do Q

dQ g = 4‘p1‘2 sin® 0/2

\pl ‘
‘pl‘

cos’ /2

G2 — q2/4m2 G2 7
S G

Slope

£
2 b

G, +71G,,

do _|do 2 2 — s

dQ, ., _[dQ]Mm 1+7 +47Giy tan 9/2’7__4,%2 Intercept| =% |
G. +1G,, N,

‘Rosenbluth separation’ gives G,, G,, 47 [t A

!
4 5
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Measurements

350
\ e
i gLk o — o —
W 1 :
AN astic peak/ H,
L 1 280 +n:l.r'r|:m i
. T k }F!E PROTOM
g:“:“kq 200 S
Pmnu‘;gsul_lm- = E [E.1+] | S— e Rt e
HYDROGEN ANMD DEUTERILM | ID TARGET
Hyd rogen AT 800 MEY AND I35* e e
ml I n.nc.'!'m slx:.l.n:ll:.q.' 10g = 1 1
; ' N | gt Inelasflffl_gca t ';n-’ . ] lastic K, Dy
: - o | L X . ta.ﬁ N Fermi on effect
5 \\ o fg: | T_I I- L__‘_IL_‘J—“* 1 : I —A‘;}V( M
B s | ®a 50 &0 0 B0 B0 o0 wo 130 W
g FOTEMTHOMETER SETTING
g ] 13 138 74 L1 20 2532 by ] 302 25
g Mottt D.mll: ENERGY IN MEW
ANOMSLTUE nlr:lm:h'r u.nvé—‘:-\a, .
i Electron energy at fixed angle for H,, D,
L
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Experimental Results

10
1.0
08 F G2 Ia%)
06 f i i - G%
“l : PG% /2,7
02 L ks i'ii Hf( ’ 9
L] "P n
fhrot
[4s
SR
"~}
[} [ ¥ ¥ ¥ ) §
* (Gp)?
L L L I L
0.2 0.4 0.6 0.8 1.0 12
Q*(GeV?/c?)
Same shape for the 3 non-zero..
. TN TITITITITY Probing the same structure

0.0 05 1.0 1.5 2.0
Q°[GeV?)
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Experimental Results

IG?

— @TBA
S £ Z} ¥ E760 Armstrong et al. (1993)
| L}L‘L* O E835(1) data Ambrogiani et al. (1999)
M
LA £835(1l) data Andrectti et ol
% ata Andreotti et al. (2002)
I # % CLEO data Dobbs et al. (2005)
*t;\ * BES data Ablikim et al. (2005)
— | t% R * BABAR data PRELIMINARY (2005)
B % Castellano et al. (197.3) ‘ + i
O Bassompierre et al. (1977} l
S v
A Delcourt et al. (1979) ,,\+
e
O Bisello et al. (1983,1990) i + J
* Bardin et al. (1994) | .
F & Antonelli et al. (1994) ‘
i | | | | | | =
4 S S] 7 9 10 20
s (GeV?)
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Elastic Scattering Kinematics

4-momentum conservation at the nucleon vertex

ptqg=p
—(p+q) =p2—p +¢ +2p-qg=p"”
2 :va :MZ

2

—2p-q=—¢q

Rewrite in the LAB frame, take massless lepton

P' =(M,0)
p" =(E.p)~(lp|-p)
p" =(pl.p)

— ¢> ~(lp|=[p-p—p) =[pf" +[pT —2[p|lp~(jpf +[pT —2p-p’)
—q’ (Ipl ~[p.p—p") = —2[p|lp|+2p-p' = —2[p||p|(1- cosd) = —4p||p'|sin’ 6/2

Q =

pam (M 0)-(jp|=[p.p—p') =M (jp||p)

v=p|-|p|— p-gxMv
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Inelastic Scattering

Elastic:

/

/\

Invariant mass = M

Generalise to inelastic reactions:

/

Invariant mass = W>M

i PREN TR T S G T TR I R R i i ) PR R R o
2
2| 6=4 E(GeV) Q°(Gev/c)®
o |- e O 145180
08 [ O i,
06 -
5 04 -
- o.zt_ 18 115150
< .
5 %L
3 SN A
i ' v o
O e e U T T SN
5 % KN N,
| o .
T osf-
ol™
qE — 3 053-079
0 r_" !
0 A\ /"‘\h
s | i o, m o02r-047
ok’
A
30 P
20 ’.'A A
o ffit 7 009-023
obs i —
1
60 [
aw | ! \\
ol / '-W’\_\m 45  006-009
0 | G O] Y [ GO I T T T 1

10 12 14 16 18 20 22 24 26 28 30
W (GeV/c?) @TBA

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

@ Scattered electron:

Q" oy —0 Elastic 2-body kinematics,
E’, 6 totally correlated

UV =

Q2 .
) P Inelastic | >2-body kinematics
g / E’ 6 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 B o’
dQdE'|,;  4]p,[ sin* §/2

cos’ 9/2(W2 (y, q2> +W, (V, q2>tan2 0/2)

W, , depending on g2 and v
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Resonance Excitation at DESY

@TBA

First DESY machine

¥
- wlT
500 ol

Electron synchrotron £~ 4879 Gev _ i
i #=10.0 1 E
E_ .. =6 GeV g |

1]
i || ETR, oy T, L
= alll e ) ' |

T’;

11300 r =l 5 { e
? e B e g e

T4
S I o & N R O Uy 17T
poLa T il il AT |1
| r-'._;_:1+'|l:,':‘:.|:='-‘- It yRH

:.- ot o it R ITA0E M TS 12 o .:_"' -] ‘1 £

: P RTINS (1690)  N¥(1510)° I a(1232) .-
k= Hop A _ : : I
.‘:- Ll ) | :I i

-—:-;_-rl.'

e+tp—e+X

E,.E':Incident, scattered electron energy Elastic peak —w }
W — M Reduced by facior 15
X L N

B 3.0 32 3.4 36 34 4.0 i.2 4.4

1
W, Gelf
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The Electron LINAC

@TBA Magnetic focusing lens

Partcle beam il / M

II
— {1

RF cavity

heam metal irises cavity

\
1 |
seoren. L)) ) ﬂ’-’-} Sy

the wave propagates left to right

0.1 1 10 100 1000 10,000
Log (energy), MeV

Traveling wave linear accelerator:
Electrons riding the traveling EM wave at constant phase

Spring 2008 E.Menichetti - Universita' di Torino 56



. /KL‘I'STRON GALLERY
T g.9m

‘ S.Sn—l-Il

| ~

[ —ALCOVES

T.6m EARTH—
SHIELDING FILL

ACCELERATOR TUBE

Glem ALUMINUM
SUPPORT B ALIGNMEN
SIGHT TUBE

e
3.m

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

, E%em SERVICE SHAFTS
- Ce {OME PER 6.Im)

|
.

T

ACCELERATOR HOUSING

/,a.!.?m ROAD

MAN ACCESS WAY,
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SLAC - II

ST e e st e TR A TTRAEA R ASEAELAAE § RS E RS @TBA
AccEkrator 1enah 00 Radio-frequency
Length between power feeds ilm Coupler master signal
Number of accelerator sections 960 : {_} =
Number of Klystrons 245 ?%r;lr:i;?er:_ ‘:’_/ Phase adjustment
Peak power per klystron 6-24 MW P s
Beam pulse repetition rate 1-360 pulses /s modulator
Radio-frequency pulse length 25 ps Window
Filling time (.83 us
Shunt impedance 53 MQ/m T
Electron energy (unloaded) 11.1-22.2 GeV Y g
Electron energy (loaded) 10-20 GeV
Electron beam peak current 25-50 mA
Electron beam average current 15-30 p A
Average electron beam power 0.15-0.6 MW Presurized waveguide Power output
Efficiency 4.3% <
Positron encrgy T4-14 8 GeV _l l /
Positron average beam current 045 p A \ Disk-loaded waveguide -~
Operating frequency 2.856 GHz Pttt _
Accelerating structure Iris-loaded Absorber —
waveguide
Wavegunide outer diameter 10.5 cm
Aperture diameter 1.9 cm
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The SLAC Experiments

ELEVATION WIEW

Flux measurement

- —
K] Exif Beam

TOP VIEW

Measure E’, 6 of the scattered electron
—Get g, v

d*c d*c

Bending magnets

Electron identification

%
dE'dQ ~ dg’dv
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SLAC 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 g2, v things are surprisingly simple!

x=1.0
Q2 Resonance excitation
Striking elastic/deep inelastic comparison: 2SS
no g2 dependence in DIS X=0.5
DIS
L x=0.25
E d’c N d’c
s dE'dQ ~ dg’dv =
i 1 v
4 s e, Q2
. oMy d'c Ana*ME 1+(1-y)’ M*xyF.
=— | 2k | ——— |+(I-y)(F, - 2xF) - >
14 dxdy (0] 2 s—M
}’:E

a® [Gewiz) @TBA

Bjorken scaling hypothesis:

d*oc £lx), x= 0’

%
dQ*dv ¢ v~ 2Mv
q? finite \
Universal function of x
Q2 independent
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Deep Inelastic Scattering - II

Expect:

°r e " R=0.18
6.0 |- 5\"—?2'2 GeV ey W-2.6 GeV
50 | ‘ os |
v i ||
MW 40 |- ) | |’ Wy il "MWN 'I| | Ll‘l“ ! “
P 30 |- Ii ! mJ”
A oz | |
20 | } 1k | L .("'h
N ! ’ ,11'
|O [ »"F"“}'
0 -w"'.‘"”(w. ° 2 T e ‘élllo 2l0

w

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

W,: Universal function of X...........coeevvvinnnn g?-independent!

@TBA

FE 05 T T T T T T

ol %r*ﬁ*"** 4 b

-

Pplxh )

sz

Gl

a_*_ B
0 = o
o = |
oo
N I I N A A A

0 1 1 1 1 1 1 1

o = MW e B Em W E D o= =

gt
] T | I [ !F' [*ga| | ] [:] E 4 'E
oo S Ay R 98 (Gevie)2

(=]
—-
0
La
e
m
=3
-2
=]
e}

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

2.00

1.00
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ok bR
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g
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—mw iy "
e P, 0.225
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o
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iy \W
\ o
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(e,

%

[ smpliagt s gy 0140

i ]

5 10 50 100
Q2 [Proton]

ep,np

1 5 10 50 100
Q2 [Deutreon]

e d, u~d, (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 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

A

Halle NORD (H1)
Hall NORTH (H{)
Hall nord (H1)

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

Halle WEST (HERA-B}
Hall WEST (HERA-B)
H§Ff ouest (HERA-B)

Elektranan / Fositronen
~=— Electrons / Positrons
Eiectrons / Positons

Frotonen
THETA PHI UCAL energy

- Protons
Frotons
Synchratronstrahlung
=AY Synchrotron Radiation
Rayannement Synchrotran

Halle S3UD (ZEUS)

Hall SOUTH (ZEUS)
Hall sud rzsus

(Y

275GeV 820 GeV
et — 5 I

P @tBA
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A Recent Compilation

x=3.86-05

x=6.3E-05

Fa(,Q%)
&o

o= oO-
2

Results from several experiments: s=o000102

t x=0.000181

muon DIS NMC, BCDMS, E665

CERN FNAL

electron DIS at HERA collider

DESY

o= O o= O= O=
o o o o b

O i o 5 e o S ) e A e 6 Y o
]
s

-0’

D= O= O= O= O=
o o o b o

Huge g2, x range

&5

o=
-

Small, measurable scaling violation
Interesting features at small x

o= o= O= o=
o o o b

o=
(211

— QCD !

G= o= O= o=
o o o o

L K %m=0.000263

3 x=0.0004

L]

; Jd x=0,000566

*x=0.00091

.
gare®

ss gt

vt B el gag v v

* H1 9497 Preliminary
= 7EUS 86-97 Preliminory

x=0.00145
x=0.00231
x=0,0032
x=0.005
x=0.008
x=0,013
x=0.021
x=0.032
*=0,05
x=0.08
x=0.13
Y ae avd o8 4 4§ x=0.18
« T o 4 x=028

L +x-0,45

I Ty T T N T [ Y

* =086

100

1000 10000 100000
\ F (GeV?)
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Parton Model

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) ;
2 2 2
=) 2z = zg—cos 6/2 |p | [ &20/2]
| dSd| 4|p| sin® 9/2 |p| 2'm
2 2
M &—|p| cos 0/2_ sin 0/2]
4|p| sin* 6/2 p| 2m’
Partons i
m* = (m+1/,q)2 =m’ +2my+v° — q|2
:qz
2
— U +q_ =0
2m
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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

Full E/, @ correlation

z: Parton charge, units e /

do d*o a’z’ 2 q2 .2 q2
—= | dE' = | dE'————=—|cos" 0/2— sin” 0/2 8|y +——
ds f dE'dS) f A4E*sin * 9/2[ / 2m’ / 2m

v=E-FE' 'sin”
. . N —E': 4EE Sin '9/2—>E'(1—|—4—E811’129/2]:E
q° =—4EE'sin” 0/2 2m 2m
—E= 4EE
1+——sin*6/2
2m
2 2
V—I—q—:O,x:— 7 _x="
2m 2Mv M
d’o g

2_2 2
=——*% cos?0/2——4_in?9/2|6|v +-2
2M 2Mx

dE'dQY  4E’sin’0/2 2y
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Parton Model - III

Summing over all types of partons

2 2 2
do__ 2 ——|cos’6/2— q2 —sin® /2
dE'dQ  4E’sin’0)2 2Mx

Compare to inelastic cross-section

o

e

XU

do o’ 2 2 2\ .. 2
=—— (W (v,g" Jcos" 8/2+W (v,q" |sin“ 0/2
dOdE"],, 4Ezsin49/2( (12" Joos” 0/2-+ W 114" sin” /2]
_ Parton model prediction
Then for structure functions: Actual shape
r F. q F.
W, =—2= 2n |6ly+——
P [Z : l] [ 2Mx
— 3

W:E: Zzzn —612 Olv+ q2
M — ) 2M 2K 2Mx
qZ qZ

F = n 16 S S 2181

o V[ZZZH’J [V+2Mx] ZZ’HZJ [+2qu]

2

—[szniné[xwL 4 ]—[szni xé[x—ﬂ] Wik X

- 2Mv -

M
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Parton Model - IV

P,q: proton, virtual photon 4-momenta
0’ o’
My 2P-g

invariant

=P pion © X P when m<<1p1

The true meaning of x

Lot of insight in this limit (Feynman):
(Proton) Infinite Momentum Frame

8—1=~vy—occ Large time dilation
Time constants of internal motions:
T —o0o in the IMF

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

! 2x|P| DIS time scale
Ty~ R ———
P:[EP 0 ,|p|], E, =Ju* + [P} ~[P "B @
COWlp4 rasversa 1 2x|P| . . .
q:(Eﬁ,,qT,O) =—= Constituents motion time scale
Pr
— P-q~|P|E, 2
2 HEQ&NO
N E %M:Q_ T O
TP 24P — 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

) 2xh
2 =152 6|+ 2 F2 @A
- 2Mx
by B e
2
= n, olv+
[Z : ’] 2M*x° [ 2Mx] + + Spln‘lfz
B _2R2M°x  2F 2M°x* _ 2Fx 05
v M —q M 2Muvx v
Spin0
—— L — i l L n i A 1
=B =2kx 0 a5 :

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’

a+'2C—> @'+ 12C

700
600 »
500

400

300

Number of events

200

P, = 495 MaV/c
8=654°
I/h = 2.68 fm-!

15.11 MeV
14.08 MeV

Scattering\off 12C
Elastic scattéring off the whole nucleus

0.00 MaV

Nuclear levgls excitation (inelastic)

Beginning of elastic scattering off protons

@TBA

Counts
T 1
Ho 80 (e, e')
400 | 7]
300 .
200 4
100

Scattering off water
Elastic scattering off thé whole 10 nucleus

Nuclear levels

xcitation (inelastic)

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:

Z ani]xé[x—%] F(x)= %(F;’ +F )= gg[u (x)+d, (x)]

= F'(x)=F'(x)- F/ (x)

F,=

F, (x)= x[z 2;(x)

=2 i, (5)+d, (9] 3 2l ()= 4, ()

P = uud — =, (x) -, (+)

Finally extract PDFs from measured F,

s, (x) =, (x)=3F7 (x)= 2 (3

n = ddu

(1) =, (1) =3 () + B ()

4

1

Fr ()= x [_g]z u (x)+ {%] a (x)

Spring 2008 E.Menichetti - Universita' di Torino 74



The Parton Distribution Functions

quarks: xqix)

1 T . : 10 7 o . . 06 | . T . .
|1 3FF - SFY —xu(x)" | FP© x —=“u(x)" e | 2 _ 2
'-.,,{_3;:;’ + 2Fd —xd(x)" i FP /x —"d(x)" 05 | A G?V
08t E i s b | CTEQSD fit
\TKN i 04 - .
__06F \ Q% =27 GeV? 6 Q%= 27 GeV? '
= 5\2 NMC data = £ NMC data 03 | dy Uy 1
S A .
04 F \.\ CTEQED fit 4 F "'-! CTEQED fit \ :
\'\. "'..\ D 2 f II'-. il
\\\!‘ 2 l‘\ ' d h:
02 r N Y Wdg
01 "\ \ —
\\\\- \\\‘“--H‘__ CSS ™~ US i
0 1 1 1 T 0 1 1 e U S 1 o e B 1
0 0.2 04 06 08 0 0.2 04 06 08 0 02 04 06 08 1
X X X
@TBA
Parton model predictions: Sum Rules ( = Integral relations) for PDFs
Examples: Proton quark content is uud
f:up (x)—ﬁp(x)]dx: 2 ’ o ' '
_ = What's the origin of antiquarks in the nucleon?
f_d,, (x)—d, (X)]dle QCD! See later..
[l =5, (=0
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The PDFs at Low x

MEST partons

xi‘lxi}:]

Q*=120 GeV?

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

Example:
Production of a Higgs with m, = 140 GeV

7 TeV 7 TeV
P > < P
—_ ® —
m ~ 140 GeV
= _ 70GeV 0.01
7 TeV
@ TBA
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