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* Peskin-Schroeder - Quantum Field Theory
e Muta - Foundations of Quantum Chromodynamics
* Collins - Foundations of perturbative QCD
* Ellis-Stirling-Webber - QCD and Collider Physics

* Devenish-CooperSarkar - Deep Inelastic Scattering
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Outline

@ the Standard Model: why is Quantum ChromoDynamics so “exotic” ?
(QCD)

@ Factorization Theorems, evolution equations and all that

€ open problems - where do the Nucleon mass and spin come from?
- beyond the collinear approximation
- chiral-odd structures

- nuclear matter effects

- saturation: a new state of matter !
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@ the Standard Model: why is QCD so “exotic” ?
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incomplete theory:

- quantum gravity!?
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incomplete theory

- quantum gravity!?

- why 3 generations!?
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incomplete theory:

- quantum gravity!?

- why 3 generations!?

- hierarchy?

- origin of v masses?
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incomplete theory

- quantum gravity!?
- why 3 generations!?

- hierarchy?

- origin of v masses?

- matter-antimatter
asymmetry!?

- dark matter & energy?
- muon g-2 anomaly?

- why is Physics so difficult?

mass
charge

spin

LEPTONS

the Standard Model

elementary particles

force carriers

Fermions Bosons
| [l [l
=2.2 MeV/c2 =1.28 GeV/c? =173.1 GeV/c? 0 =124.97 GeV/c?
% % % 0 p 0
9|9 |0 ||O | @
up charm top gluon higgs
VA _J
=4.7 MeV/c? =96 MeV/c2 =4.18 GeV/c? 0
-14 -1 -14 0 i
‘'@ ('O (0 || @®
down strange bottom photon
J N\ J
=0.511 MeV/c2 =105.66 MeV/c2 =1.7768 GeV/c2 =91.19 GeV/c? m
-1 -1 -1 0 >
g g W | O
electron muon tau Z boson 8 =
<1.0 eV/c2 <0.17 MeV/c2 <18.2 MeV/c2 =80.433 GeV/c2 LIJ (@]
om
0 0 0 +1
Ve \%"8 V1 “ O
% | |1 ) % ‘ il o)
I 4‘t// / tj L 2 5
s v muon au W boson w
neutrino neutrino neutrino QS

0
0
2 G

graviton

SM masses




the Standard Model

elementary particles  force carriers

Fermions Bosons
I I Il
mass  =2.2 MeV/c2 =1.28 GeV/c2 =173.1 GeV/c? ‘0/ )
charge ' % % i 1% 0 g . .
@ I-® |® || @ strong interactions
(Y J| charm J{_ tor J| gluon massless, neutral
=4.7 MeV/c? =96 MeV/c? =4.18 GeV/c? but Colored gluon
-4 -4 =14
@ |'® || @
. down || strange | bottom \




the QCD Lagrangian

Theory of Strong Interactions: Quantum ChromoDynamics (QCD)

A renormalizable non-abelian gauge theory

The QCD Lagrangian

. 1 2
Loen =) |ir* Dy =m| w0 =7 (Fi) + %o

with  Fi, =0,A — 0,A%+ g f*" A} AS a, b, ¢ color indices
(others understood)

1 = Dirac quark field (particle) A# = vector gluon field (force carrier)




Theory of Strong Interactions: Quantum ChromoDynamics (QCD)

A renormalizable(non-abelian)gauge theory

The QCD Lagrangian

. 1 2
Loen =) |ir* Dy =m| w0 =7 (Fi) + %o

with  Fi, =0,A — 0,A%+ g f*" A} AS a, b, ¢ color indices
(others understood)
1) = Dirac quark field (particle) A = vector gluon field (force carrier)
D,=0,—ig Aﬁ r covariant derivative: makes Zycp locally gauge-invariant

identifies 1 - A interaction

b t = generators of gauge transformations

f = fine structure constant (fully antisymmetric in color indices)
= F;’y = — Fﬁ”




~ the “Maxwell” equations

Zocp = Px) [i}’” D, - m] w(x) —% <F5y>2

a __ a a abc Ab Ac
Fﬂy—aﬂAy—dyAﬂ+gf AﬂAy

gluons are colored
can self-interact

=)

trilinear quadrilinear couplings




the “Maxwell” equations

Zocp = Px) [i}’” D, - m] w(x) —% (Fffy>2

a __ a a abc Ab Ac
Fy—aﬂAy—dyAﬂ+gf AﬂAy

gluons are colored
can self-interact \(Q\qi(

trilinear quadrilinear couplings
0ZL 0L
» “Maxwell” equations for the vector field A —3 _ 9, QD
0A) 00,Ad
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the “Gauss’ law

0 FHrva abc Ab FHYC — _ our vV 19 “Maxwell” equations for
s 817 Ay SVt vector field A
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the “Gauss’ law
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color electric field E* = F“ density of color charge a p“
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the “Gauss’ law

0 FHva abc Ab FHYC — _ our vV 19 “Maxwell” equations for
s T8I A, SVt vector field A

take v =0 ai FiOa _ gfabcAibFiOc =—g le//ta

l ~
color electric field E* = F“ density of color charge a p“
0, E — gfabc Aib E; =gp” in Coulomb gauge V,; A" =0, the
Coulomb color potential generated by A ;
then

is the “Gauss” law for
color charge a




<« +1 / rEl

point-like color charge a=1
creates color electric field Ei1

0.E! = g5(X)6,,

then vacuum fluctuation Al.2
with color charge 2

0,E} — g f*° AV Ef = gp°




effect of the “Gauss’’ law

«—{ 4] / > gl - +1&‘ El
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point-like color chal.*ge a=1 1 0.F3 = g 2 A2
creates color electric field Ei l LT

1 > 23 42 ]

O,E =go(x)o,, = -8/ T AE,
then vacuum fluctuation Ai2 fluctuation Al.2 and field Ei1

with color charge 2 create a “sink” of color

electric field with charge 3

0, Ef — g f*° AV Ef = g p°




<« +1 / rEl

point-like color charge a=1
creates color electric field Ei1

0.E! = g5(X)6,,

then vacuum fluctuation Al.2
with color charge 2

0,E} — g f*° AV Ef = gp°

effect of the “Gauss’ law

PR +1J\ .
¥ /E3
0,E> =g f*'A?E]
=g f12 Aiz Eil

fluctuation Ai2 and field Ei1

create a “‘sink” of color
electric field with charge 3

A

+1 El

field El.3 contributes to field El.1

O,E' =g8(X)5,, +gf'Z AT E]
>0 A2| E3
<0 A?|!'E?

creates gradient of field El.1
pointing toward charge a=1




point-like color charge a=1
creates color electric field Ei1

0.E! = g5(X)6,,

then vacuum fluctuation Al.2
with color charge 2

8l- El-a o gfabc Alb Elc — gpa

0,E} = g f*' A7 E] field £ contributes to field E;

= _gfBA2E! O.E' =g8(X)8,, +gf'PAPE]
fluctuation Ai2 and field Ei1 _)J
create a “sink” of color >0 A’| E?
electric field with charge 3 <0 2| B3

creates gradient of field El.1
pointing toward charge a=1

getting away from source, the
color charge a=1 looks stronger!

antiscreening
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~running of coupling constant

QED QCD

dimensionless coupling g — renormalizable field theory

invariance of physics from renormalisation scale y, — Callan-Symanzik equations

\ ¢

dg()
s ﬁ(gz(f))
t =log —
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@ Factorization Theorems,

evolution equations and all that




Factorization Theorems

Example of probe - target interaction:
anelastic scattering of electron on a spin-1/2 target

E’=E-v

target
J=1/2)

electron




Factorization Theorems

Example of probe - target interaction:
anelastic scattering of electron on a spin-1/2 target

T

E’=E-v

02 =q? - 1>

target
J=1/2)

electron

cross section differential in the solid angle €2 of the scattered electron:

B 2 g
osenbluth formula — = Oy | Wo (v, OF) + 2 Wi (v, OF) tan™ —
d< \ 2
Coulomb elastic scattering e 7z
GROTE o Yialo il =i : | f
from pointlike charge oy, = R internal structure of target
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Example of probe - target interaction:

anelastic scattering of electron on a spin-1/2 target

T

E’=E-v

target
J=1/2)

electron

cross section differential in the solid angle €2 of the scattered electron:

B 2 g
osenbluth formula — = Oy | Wo (v, OF) + 2 Wi (v, OF) tan™ —
Coulomb elastic scattering e 7z

GROTE o Yialo il =i : | f
from pointlike charge oy, = R internal structure of target

Factorization between target structure and interaction with probe ‘
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Example of probe - target interaction:

Bl clastic scattering of electron on a spin-1/2 target

T

E’=E-v

02 = ¢ — 12
02 electron target
= oM J=1/2)

cross section differential in the solid angle €2 of the scattered electron:

do 0
Rosenbluth formula — = oy |Woll 0% + 2 W, (@ Q) tan” —=
Coulomb elastic scattering e 7z
e AL =i . | f
from pointlike charge oy, = R internal structure of target

Factorization between target structure and interaction with probe ‘




The Parton model

Consider now the deep-inelastic regime: the basics of the parton model

Q°’=—-g*> 00 (>M)

2
x=Q— fixed
2P - g




The Parton model

Consider now the deep-inelastic regime: the basics of the parton model

target = ensemble of partons
target P carrying fraction O< x <1 of P
moving collinear with target

Q’=-g*> 0 (>M)
parton

2
O fixed xP
2P - q E

X =

—
electron \v




The Parton model

Consider now the deep-inelastic regime: the basics of the parton model

2 e 2 50 (M target = ensemble of partons
< 261 ( ) parton target P carrying fraction O< x <1 of P
O ed P moving collinear with target

2P -q E
—
electron

X =

E interaction electron-parton
only if impact parameter < 1/Q

1/Q




The Parton model

Consider now the deep-inelastic regime: the basics of the parton model

0’=—q¢> >0 (M) target = ensemble of partons

) parton target P carrying fraction O< x <1 of P
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The Parton model

Consider now the deep-inelastic regime: the basics of the parton model

0’=—q¢> >0 (M) target = ensemble of partons

) parton target P carrying fraction O< x <1 of P
_ 0 P moving collinear with target
X = P fixed —
1 £ ; E interaction electron-parton
electron only if impact parameter < 1/Q
1/Q

—f e

- in c.m. frame, electron sees a Lorentz-contracted target; parton virtual life time Lorentz-dilatated

- in DIS 0? — 0, electron crosses target in time ¢ — 0 : it sees partons “frozen” on ~ mass shell

- hard electron-parton scattering happens on much shorter time scale than hadronization of
target remnants into the unobserved hadronic final state

- probability of finding another parton area of hard scattering 1/0% ¢~

"~

close to the struck parton target impact surface ZR2
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The Parton model

differential cross section:

=2 dgz By

T

elastic electron scattering
on almost free parton
(calculable in QED; mimics
asymptotic freedom)

d —
dx dQ?

incoherent sum of hard _—
electron-parton scatterings

f

probability density of
finding a parton f with
fractional momentum x
(“structure”).

1
Sum rule ZJ dx x dy(x) = 1
f 0




differential cross section:

do - :
_ 02 probability density of
dx dQ? Z dQ2 ¢f(x) w_ finding a parton f with
/ fractional momentum x

incoherent sum of hard / T (“structure”).

electron-parton scatterings , . |
elastic electron scattering Sum rule ZJ dx x dy(x) = 1

on almost free parton 7l
(calculable in QED; mimics
asymptotic freedom)

Factorization between target “‘structure” (parton density) and
elementary interaction of partons with electron probe




~ From Parton model to QCD

Parton Rosenbluth formula: 2 structure functions
model

Callan-Gross relation  F,(x) = 2x Fy(x) (= spin-1/2 quarks absorb only
T-polarized v*
P v*) %%




Callan-Gross relation

Scattering in the Breit frame —-1/2
. sk 3
c.m. frame with Y
no energy transfer YavaV parton
+ 1/2
-
electromagnetic interaction conserves helicity along 7 -




Scattering in the Breit frame

c.m. frame with
no energy transfer

electromagnetic interaction conserves helicity along Z

transverse polarization of y* compensates the
helicity variation Ah=+1

longitudinal polarization of y* does not %
==l ki =0




~ From Parton model to QCD

Parton Rosenbluth formula: 2 structure functions
model Callan-Gross relation  F,(x) = 2x Fy(x) (= spin-1/2 quarks absorb only
T-polarized v*
polarized v* ) %%
do B Qra? A(v) F B 5 ,
edlE = ot AW RW B0 =) dxn  Am=1+0-1)

y = electron inelasticity ~ %

f
scaling: F, # F,(Q?)




_‘__From Parton model to QCD_:&
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Parton Rosenbluth formula: 2 structure functions
model Callan-Gross relation  F,(x) = 2x Fy(x) (= spin-1/2 quarks absorb only
T-polarized v*)
W
do B 2ra? A(v) F 5 ,
Tder = gt AV RW B = dxg  ap=ira-pt
f y = electron inelasticity ~ =
scaling: F, # F,(Q?)
Problems
1
- measured violations of sum rule ZJ dx x ¢y(x) ~ 0.5 %{5

v 0
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Momentum sum rule

SLAC-MIT measurement of DIS on proton and effective neutron targets (~ 1969-72)

1
> de [Fg(x) + Fg(x)] = 0.14 + 0.005

de ~ discrete sum

1 ,
Fy(x) = Z efzxgbf(x) proton:  F/(x) » 5% [4 (u() + () + d(x) + d(x)]
f d
neutron: isospin symmetry of strong interaction — {Zp z u”
D n

1 - _
Fi) = 5 x [4 (dx) + d(x)) + u(x) + u(x)]
Then,

1 1

1
%[ dx lpg(x) S Fg(x)] = % %J dx x |u(x) + ii(x) + d(x) + d(x)| ~ 0.28 Z J dx x ¢pp(x)

0

0 i 0




SLAC-MIT measurement of DIS on proton and effective neutron targets (~ 1969-72)

1
5 de [Fé’(x) + Fg(x)] = 0.14 = 0.005

de ~ discrete sum

1 ,
Fy(x) = Z efzxgbf(x) proton:  F/(x) » 5% [4 (u() + () + d(x) + d(x)]
f d
neutron: isospin symmetry of strong interaction — {Zp z u”
D n

1 . _
Fi) = 5 x [4 (dx) + d(x)) + u(x) + u(x)]
Then,

1 1

1
l[ dx lpg(x) it Fg(x)] T EJ dx x |u(x) + ii(x) + d(x) + d(x)| ~ 0.28 Z [ dx x y(x)
2 29, r 70

‘ compatible only if the (anti-)quarks carry 50% of momentum ‘

later confirmed by Gargamelle l[ o g =J s e
(CERN, ~ 1975): 7 ax [F y ¥+ F; (x)] dx x |u(x) + il(x) + d(x) + d(x)| =0.49 +0.7




- From Parton model to QCD

Rosenbluth formula: 2 structure functions

Callan-Gross relation  F,(x) = 2x Fy(x) (= spin-1/2 quarks absorb only
T-polarized v*
P v*) %&

do

2T L) Fi) F) D Fxdx)  AG) =1+ -y

= y) Ihlx »(x) = e X (p(x V=1+1-y

dxdQ*>  xQ* f : y = electron inelasticityrv%
scaling: F, # F,(Q?%)

Problems
1
- measured violations of sum rule ZJ dx x ¢(x) ~ 0.5 %{5
el
- observed scaling violations: F> depends also on (2 L K3
G

- breaking of Callan-Gross F;, = F, —2xF, #0

(with gluons, quarks absorb also
L-polarized v*)
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QCD

_‘__From Parton model to QCD_:&

—_

do 2na® 5 y = electron inelasticity ~ hd
A(y) F(x) Fy(x) = Z €r x¢f(x) A) =1+ (1 —y)?
f

dxdQ? xQ*4

Callan-Gross relation F,(x) = 2x F(x)
scaling: F, # F,(Q?)
- observed scaling violations: /> depends also on Q2
- breaking of Callan-Gross F; = F, —2xF; #0

do 2ra?

. [A) Fa(x, 0%) = Y2 Fy(x, 0)

dxdQ?  xQ*4




y = electron inelasticity ~ v

A(y) Fy(x) Fy(x) = Z efzxqbf(x) AY) =1+ (1 —y)?
f

model dxdQ?  xQ*

Callan-Gross relation F,(x) = 2x F(x)
scaling: F, # F,(Q?)
- observed scaling violations: /> depends also on Q2
- breaking of Callan-Gross F; = F, —2xF; #0

d dra’
QCD =2 A() Fy(x, Q%) — Y2 Fy(x, Q%)

dxdQ?  xQ*
d 2
Fl-(x, QZ) = Z fJ —édO'lf<(,¥ ﬁ Q_> ¢f(as9§a:uF E Z dalf ® ¢f
f X é 5 /’[F I

do; = — o= dA(l) + .

usually w2 = uz= Q? R ARG Sy

QCD collinear factorization theorem at scale y , valid at all orders




Evolution equations

—_

1d 2
Fl-(x, Qz) = Z ngJ ?6 d6i,f <as’§’ Q_Z) ¢f(as’ fnuF)

;oo ”& 1

Physics does not depend on fictitious scale ur : DGLAP evolution equations
R
¢; — quark g dq(x,Q°)  a;

Describe how urdependence of ¢ dlogQ? 2= [q O FPyts® qu] ™

compensates the one of do; ; §, - giong  d8(. Q%) _ a

D, G ds ® ¢
7

splitting
functions

dlogQ? 2z [q O Fegt8 ® ng]/

©
)
mﬁ'mr< m@;;;




1d 2
Fi(x’ Qz) = Z ngJ ?6 dﬁi,f <as’§’ Q_z) d)f(as’ 5’ /’lF)

D G ds; @
TR 7

1

Physics does not depend on fictitious scale ur : DGLAP evolution equations
R
¢; — quark g dq(x,Q°)  a;

o [q@qu+g®qu] ™~

Describe how urdependence of ¢ dlog Q> 2z splitting
compensates the one of do; ; b — gluong 48,01 _ a [q I ] functions
84 28
partons are part of < u7 < partons are part of . dlogQ® 2z . /
“structure” in ¢y hard interaction >0 Wm<< “m%%
proton valence QCD v - gluon
structure Compton fusion
increasing resolving larger number of

power u2 = Q° partons with lower x
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Universality of partonic structure

DGLAP evolution equations describe how urdependence of ¢, compensates the one of
do; ; to make observables F; independent from ur

2
partons are part of < Hp < partons are part of
“structure” in ¢y hard interaction d¢;

> O°
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DGLAP evolution equations describe how urdependence of ¢, compensates the one of
do; ; to make observables F; independent from ur

2
partons are part of < Hp < partons are part of
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independent of the
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calculable hard interaction
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DGLAP equations describe evolution of PDF with Q2 — large predictive power

same target : process #1 at scale ;1 evolution process #2 at scale (O

7 %) >
(“structure”) (do), = (d6(Q), ® PDF(Q)) 0~ 0, (do), = (d6(0Qy)), ® PDF(Q,)




DGLAP evolution equations describe how urdependence of ¢, compensates the one of
do; ; to make observables F; independent from ur

2
partons are part of < Hp < partons are part of
“structure” in ¢y hard interaction d¢;

» O’

partonic structure is /
independent of the
process — “universal”

calculable hard interaction
depends on the process

universality of Parton perturbative “Wilson coefficients”,
Distribution Functions (PDF) calculable at given order in (a,)"

DGLAP equations describe evolution of PDF with Q2 — large predictive power

same target : process #1 at scale ;1 evolution , Pprocess #2 at scale O»
(“structure”) (do), = (d6(Q), ® PDF(Q)) 0~ 0, (do), = (d6(0Qy)), ® PDF(Q,)

‘ Fitting experimental data at different scales — extract PDF ¢y (x,0?) ‘
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