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Outline

Emergence of Quantum ChromoDynamics (QCD) as the theory of strong interactions

Hadrons are not elementary particles

Arguments for colour and its introduction

Bjorken scaling: pointlike and quasi non-interacting constituents
Running of the coupling constant and asymptotic freedom in QCD
NEW: The discovery of heavy quarks: the quarks become real !
The ratio R

2-jet events in e™ e~ annihilation: “"seeing” the quarks

3-jet events in e e~ annihilation: "seeing” the gluon

NEW: Measurement of ag

Confinement
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Evidence for gluon self interaction

@ 5 minute introduction to GPDs
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The thesis

Quantum Chromodynamics (QCD), the gauge field theory that describes the
strong interactions of colored quarks and gluons, is the SU(3) component of the
SU(3)xSU(2)xU(1) Standard Model of Particle Physics.

Particle Data Group, Ch 9
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The thesis

Quantum Chromodynamics (QCD), the gauge field theory that describes the
strong interactions of colored quarks and gluons, is the SU(3) component of the
SU(3)xSU(2)xU(1) Standard Model of Particle Physics.

Particle Data Group, Ch 9
In pedestrian language,

@ Strong interaction is mediated by 8 massless spin-1 bosons: the gluons
@ The (spin 1/2) quarks are pointlike and can have 3 colours.
@ Only the quarks interact with the gluons, not the leptons, ...

@ The gluons self-interact, as opposed to photons,
but QCD is otherwise rather similar to QED

@ andsoon...
Obviously, this also means :
@ Hadrons are not elementary particles, but made of quarks and gluons

@ Their static properties and scattering should be understood within QCD
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Hadrons are not elementary particles

@ Magnetic moments of nucleons should be 1y = %: exp. wrong !

proton: yp = 2.79u and neutron pp = —1.9uy
R. Frisch,O. Stern, Z. Phys. 85 (1933) 4, L.W. Alvarez, F. Bloch, Phys. Rev. 57 (1940) 111
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Hadrons are not elementary particles

. enh.
@ Magnetic moments of nucleons should be 1y = 2NTN exp. wrong !
proton: yp = 2.79u and neutron pp = —1.9uy
R. Frisch,O. Stern, Z. Phys. 85 (1933) 4, L.W. Alvarez, F. Bloch, Phys. Rev. 57 (1940) 111
@ Zoo of hadrons: unlikely elementary particles
Already 20 discovered in the early 50’s
@ Symmetry of the hadron masses: approximate SU(3) flavour — quarks

Gell-Mann, Zweig
@ Gell-Mann himself expresses doubts about quarks :

“Such particles [quarks] presumably are not real but we may use them in our
field theory anyway.” M. Gell-Mann Physics 1, 63 (1964).
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@ Symmetry of the hadron masses: approximate SU(3) flavour — quarks
Gell-Mann, Zweig

@ Gell-Mann himself expresses doubts about quarks :

“Such particles [quarks] presumably are not real but we may use them in our
field theory anyway.” M. Gell-Mann Physics 1, 63 (1964).

@ but leaves the door open:

“Now what is going on? What are these quarks? It is possible that real quarks
exist, but if so they have a high threshold for copious production, many GeV”
M. Gell-Mann, Proc. ICHEP 1967, Berkeley, USA.
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Hadrons are not elementary particles

. enyh.
@ Magnetic moments of nucleons should be 1y = 2NTN exp. wrong !
proton: yp = 2.79u and neutron pp = —1.9uy
R. Frisch,O. Stern, Z. Phys. 85 (1933) 4, L.W. Alvarez, F. Bloch, Phys. Rev. 57 (1940) 111

@ Zoo of hadrons: unlikely elementary particles
Already 20 discovered in the early 50’s

@ Symmetry of the hadron masses: approximate SU(3) flavour — quarks
Gell-Mann, Zweig

@ Gell-Mann himself expresses doubts about quarks :

“Such particles [quarks] presumably are not real but we may use them in our
field theory anyway.” M. Gell-Mann Physics 1, 63 (1964).

@ but leaves the door open:

“Now what is going on? What are these quarks? It is possible that real quarks
exist, but if so they have a high threshold for copious production, many GeV”
M. Gell-Mann, Proc. ICHEP 1967, Berkeley, USA.

@ Issue: if they are very massive, they have to be strongly bound, but
too strong a binding would not explain hadron-hadron scattering results
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Hadrons are not elementary particles, but what are the quarks ?

@ Further issue: the way in which the quark are combined in
baryons does not comply with the Pauli exclusion principle,
as required for spin one-half particles.
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Hadrons are not elementary particles, but what are the quarks ?

@ Further issue: the way in which the quark are combined in
baryons does not comply with the Pauli exclusion principle,
as required for spin one-half particles.
@ No fractionally charged objects had ever been identified ...
recall: lepton have integer charges ...
@ Search for quarks: (Gell-Mann about an atomic spectroscopic friend)
And since most things with curious chemical
behaviour in the ocean eventually are eaten by oysters, he s
grinding up oysters and looking for quarks in them. He hasnal

yet seen any, nor have any been found at very high energiesin
cosmicrays. Sowemust face the likelihood that quarks arenotred.

M. Gell-Mann, “Elementary Particles ?”, Proceedings of the Royal Institution, 41, no. 189 (1966).
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Arguments for colour and its introduction
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Arguments for colour and its introduction

@ (Some kind of) Colour was introduced in 1964-1965

O.W. Greenberg Phys. Rev. Letters, 13, 598 (1964),
Y. Nambu, Procs 2nd Coral Gables Conf., 133, 1965
M.Y. Han and Y. Nambu, Phys. Rev., 139, 1006 (1965).
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@ (Some kind of) Colour was introduced in 1964-1965

O.W. Greenberg Phys. Rev. Letters, 13, 598 (1964),
Y. Nambu, Procs 2nd Coral Gables Conf., 133, 1965
M.Y. Han and Y. Nambu, Phys. Rev., 139, 1006 (1965).
@ Nambu’s motivations: (i) explain why not all particle allowed by
SU(3) symmetry are observed (absence of the colored one which

are heavier since unbound), (ii) allow for charged integer quarks...

@ Greenberg’s motivation: explain the strange statistics of
non-relativistic quark models (motivation shared by Nambu).
@ Common illustration: A™*: ground state (L = 0) of uuu with
J = 3/2, thus with aligned spin quark
— conflicting with Pauli exclusion principle: need for another d.o.f
@ Counting factor of 3 missing in 710 — 2+

Bardeen, Fritzsch, Gell-Mann, Procs: SCALE AND CONFORMAL SYMMETRY IN HADRON PHYSICS. Wiley. 1973
- : __ o(eTe —hadrons)
@ Missing factor of 3in R = N G (see later)
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Bjorken scaling: pointlike and quasi non-interacting constituents

Point like objects in the proton

ep scattering at high energy deviates from Rutherford scattering
Nobel prize 1990 for SLAC-MIT experiment: J.l. Friedman, H.W. Kendall, R.E. Taylor, 1967
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Point like objects in the proton

ep scattering at high energy deviates from Rutherford scattering
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@ DIS form factors (W ») depends unexpectedly only on a single-variable
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Bjorken scaling: pointlike and quasi non-interacting constituents

Bjorken scaling and pointlike constituents

Elastic vs Inelastic scatterings

dE'd0 T T g

22
do  __ 4a°FE {}
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Bjorken scaling and pointlike constituents

Elastic vs Inelastic scatterings

2Fr2
dEO:ZQ = 4“qf {3

— Elastic ey — eyu: pointlike p

6 q° . ,0 q
20 20
{-- Yey—eu = (cos 573 5Sin 2)5(1/+ )
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Bjorken scaling and pointlike constituents

Elastic vs Inelastic scatterings

2Fr2
dEO:ZQ = 4“qf {3

— Elastic ey — eyu: pointlike p

6 q° . ,0 q
_ 2 2
{"‘}e}l%e}l = (COS é > 23|n §)§(V+f2 )
— Elastic ep — ep: finite size proton

(r = —g?/4M?)

G%"‘TG%/, 2 0 2 .2 0 q2
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Bjorken scaling: pointlike and quasi non-interacting constituents

Bjorken scaling and pointlike constituents

Elastic vs Inelastic scatterings

2Fr2
i = )

— Elastic ey — eyu: pointlike p

6 g® . L0 q°
_ 2 2
{"‘}e}l%e}l = (COS é 7@3”‘] §)§(V+%)
— Elastic ep — ep: finite size proton (r = —q?/4M2)
Gz + TGZ 9 50 o

— Inelastic ep — eX:

0 . o0
{. Yepsex = (Wg(qz,U)COSZ 5 +2W, (g%, v)sin? é)
Reminder: doP'S ~ L& W where Gauge invariance and symmetries give:

Wy = (—Guv + qul YWy + 7’,@_’2“ o (hadronic current)

P =P,
q
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Bjorken scaling and pointlike constituents

Scattering on pointlike partons

@ Let’s consider an elastic scattering on a pointlike particle in the proton
as a contribution to the inelastic scattering
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Scattering on pointlike partons

@ Let’s consider an elastic scattering on a pointlike particle in the proton
as a contribution to the inelastic scattering

@ From the cross section for ey — ey, we can extract W; and Wh:
{.. . Yeu—en = {--- }ep—ex (with proper mass replacements)
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Bjorken scaling and pointlike constituents

Scattering on pointlike partons

@ Let’s consider an elastic scattering on a pointlike particle in the proton
as a contribution to the inelastic scattering

@ From the cross section for ey — ey, we can extract W; and Wh:
{.. . Yeu—en = {--- }ep—ex (with proper mass replacements)

sin? § - 2WPOM (1, Q%) = L5(v— L) - [ 2mWPM (v, @) = L 5(1 - &)

m 2m - 2mv 2mv
cos? § : WP (v, @Q?) = (v — &) — yWPM (v, Q) = §(1 — &)
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Bjorken scaling and pointlike constituents

Scattering on pointlike partons

@ Let’s consider an elastic scattering on a pointlike particle in the proton
as a contribution to the inelastic scattering

@ From the cross section for ey — ey, we can extract W; and Wh:
{.. . Yeu—en = {--- }ep—ex (with proper mass replacements)

sin” § : 2WP™ (v, @) = Eoo(v— &) — | 2mW™ (v, @) = S o(1 - £
COSZ% : Wz,ooint(vv @) =6(v— gni) _ UWSOW(V, Q?) = o(1— %)

point point : Q® .
o W, and vW,™"" are now only functions of 5--— = w: they scale !

= if one changes Q? and v leavina w unchanaed, W; does not change !
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Bjorken scaling: pointlike and quasi non-interacting constituents

Bjorken scaling and the parton model

Putting the partons together in proton
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Bjorken scaling and the parton model

Putting the partons together in proton

@ Previous slide: Scattering on a pointlike particle exhibits scaling
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Bjorken scaling and the parton model

Putting the partons together in proton
@ Previous slide: Scattering on a pointlike particle exhibits scaling

@ The scaling is kept intact if the scattered particle is moving along the
proton direction with a momentum fraction x: we called it parton
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Bjorken scaling and the parton model

Putting the partons together in proton
@ Previous slide: Scattering on a pointlike particle exhibits scaling

@ The scaling is kept intact if the scattered particle is moving along the
proton direction with a momentum fraction x: we called it parton

2Mv

@ Indeed we can show that x = 1/w(= <%

): x fixed < w fixed
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Bjorken scaling: pointlike and quasi non-interacting constituents

Bjorken scaling and the parton model

Putting the partons together in proton
@ Previous slide: Scattering on a pointlike particle exhibits scaling

@ The scaling is kept intact if the scattered particle is moving along the
proton direction with a momentum fraction x: we called it parton

@ Indeed we can show that x = 1/w (= 28): x fixed + w fixed
@ Let’s proceed with some definitions:
2
MW, (v, @) T ) & vWe(v, @) "L Fyw)
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Bjorken scaling and the parton model

Putting the partons together in proton
@ Previous slide: Scattering on a pointlike particle exhibits scaling

@ The scaling is kept intact if the scattered particle is moving along the
proton direction with a momentum fraction x: we called it parton

2Mv

@ Indeed we can show that x = 1/w(= <%

): x fixed < w fixed

@ Let’s proceed with some definitions:

I Q? I Q2
MW, (v, Q?) ¥ Fiw) &  vWa(v, @@) 55 Fo(w)
| Proton Parton
Energy E XE ¢
Momenta P, xP, L.
Pr=0 Pr=0 (1-x)P

proton
Mass M m=/x?E2 — x2P% = xM L
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@ Indeed we can show that x = 1/w(= <%

): x fixed < w fixed

@ Let’s proceed with some definitions:
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| Proton Parton
Energy E XE ¢
Momenta P xP; NS
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@ For one collision with a parton with a momentum xp; :
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Bjorken scaling and the parton model

Putting the partons together in proton
@ Previous slide: Scattering on a pointlike particle exhibits scaling

@ The scaling is kept intact if the scattered particle is moving along the
proton direction with a momentum fraction x: we called it parton

@ Indeed we can show that x = 1/w (= 28): x fixed + w fixed

@ Let’s proceed with some definitions:
large Q2 large Q2

MW (v, @2) 2257 Fi(w) &  vWh(v, Q) T Fa(w)
| Proton Parton
Energy E XE ¢
Momenta P xP; NS
Pr=0 Pr=0 (1-x)P

proton
Mass M m=/x?E2 — x2P% = xM L

@ For one collision with a parton with a momentum xp; :
Fi(w) = MW (v, @) = 2.Z5(1 - &) = 561 - )

X 4m?2 2mv 2x2w wX
Folw) = vWa(v, @2) = 6(1— &) = 6(1 - L)

— w identifies to 1/x
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Bjorken scaling and the parton model

Parton Distribution and Callan-Gross relations
@ Let’s recall what we have for one parton with momentum xp; :
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Parton Distribution and Callan-Gross relations

@ Let’s recall what we have for one parton with momentum xp; :
Fi(w) = 36(x — %) & Fp(w) = x6(x — %)
@ Let’s consider all the partons of one proton by taking the probability to
pick up a parton of type i with momentum xp;, fi(x), (¥; [ dx fi(x) = 1),

Fi(x) = 5,62 [ dxfi(x) 3o(x — 1) & Fa(x) = I & [ o fi(x) xo(x — 1)
@ This gives | F1(x) = 2XFQ( ) [where | Fo(x) = ¥ €2 [ dx xfi(x)

@ The relation between F; and F» is the Callan-Gross relation,
typical of spin 1/2 partons c. callan, F.Gross, 1968

@ Its experimental confirmation was a futher indication that
proton are made of quarks

@ fi(x) are called Parton Distribution Fonctions,
defined for all quark flavour and also gluons

@ PDFs give the probability to have a parton (quark or gluon) with a
momentum fraction x in the proton.
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in the infinite momentum frame

@ Time is frozen when the photon interacts with the parton: we can neglect
parton-parton interactions and final-state interactions can be ignored
This is also known as the impulse approximation
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@ The kinematics used here (esp. m = xM) only make sense
in the infinite momentum frame

@ Time is frozen when the photon interacts with the parton: we can neglect
parton-parton interactions and final-state interactions can be ignored
This is also known as the impulse approximation

@ Final-state interactions will necessarily take place due to confinement

@ This can however be neglected if they are carried out over a larger
space-time distance than the hard photon interaction

@ However, it is not trivial that we can neglect parton-parton interactions
@ After all, strong interaction is ... strong...
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Bjorken scaling and non-interacting constituents

The kinematics used here (esp. m = xM) only make sense
in the infinite momentum frame

Time is frozen when the photon interacts with the parton: we can neglect
parton-parton interactions and final-state interactions can be ignored
This is also known as the impulse approximation

Final-state interactions will necessarily take place due to confinement

This can however be neglected if they are carried out over a larger
space-time distance than the hard photon interaction

However, it is not trivial that we can neglect parton-parton interactions
After all, strong interaction is ... strong...
In its Nobel lecture, D. Gross said:

the vanishing of the effective coupling at short distances, latter called
asymptotic freedom, was necessary to explain scaling [...] One might
suspect that this is the only way to get pointlike behavior at short

distances D. Gross, Rev. Mod. Phys, 77 (2005) 837

J.P. Lansberg (IPNO, Paris-Sud XI U.) Strong Interactions September 12-17, 2011 13/33



Bjorken scaling: pointlike and quasi non-interacting constituents

Summary of yesterday’s lecture

@ Hadrons are made of quarks and gluons
@ They carry a "new” quantum number: the color

@ Bjorken Scaling in DIS indicates that the proton is made of
pointlike constituents

@ These are spin 1/2 particles following the Callan-Gross relation
experimentally verified ( Remember: photon do not probe gluons)

@ Asymptotic freedom (weak coupling at short distances) is needed
to explain scaling
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Bjorken scaling: pointlike and quasi non-interacting constituents

Outline

Emergence of Quantum ChromoDynamics (QCD) as the theory of strong interactions

Hadrons are not elementary particles

Arguments for colour and its introduction

Bjorken scaling: pointlike and quasi non-interacting constituents
Running of the coupling constant and asymptotic freedom in QCD
NEW: The discovery of heavy quarks: the quarks become real !
The ratio R

2-jet events in e™ e~ annihilation: “"seeing” the quarks

3-jet events in e e~ annihilation: "seeing” the gluon

NEW: Measurement of ag

Confinement

66000000000

Evidence for gluon self interaction

@ 5 minute introduction to GPDs
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The running of the (QED) coupling constant

@ The (bare) charge, ey as defined in the Lagrangians is
screened by et e~ pair fluctuations and never observed
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The running of the (QED) coupling constant

@ The (bare) charge, ey as defined in the Lagrangians is
screened by et e~ pair fluctuations and never observed

@ This screening depends on the scale at which we look at the charge, e
closer means Q? larger, farther means Q2 smaller

@ Formally, if we look at a charge in a scattering process, we have
something like:

2
- 1— + -
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The running of the (QED) coupling constant

@ The (bare) charge, ey as defined in the Lagrangians is
screened by et e~ pair fluctuations and never observed

@ This screening depends on the scale at which we look at the charge, e
closer means Q? larger, farther means Q2 smaller

@ Formally, if we look at a charge in a scattering process, we have
something like:

2
> €0

@ Thinking in terms of a geometric serie, we can draw:

1
e €o — 2y _ a(p?) _ &
= —a(Q°) = —FH~—(a =
E 1 + é ( ) 17¢\'g’}f)_log(§22)( 47‘[)
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The running of ag and the asymptotic freedom
@ In QED, the coefficient of the log: — ( ) (in fact & ( )(—g))
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The running of ag and the asymptotic freedom
@ In QED, the coefficient of the log: — ( ) (in fact & ( )(—g))

@ In QCD, the coefficient of the log is Sm) (—2n; —5+16)
Gross, Wilczek, Politzer, Nobel Prize 2003
@ change in sign (term "+16”) due to gluon loops: ag will decrease with Q2
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The running of ag and the asymptotic freedom
@ In QED, the coefficient of the log: — ( ) (in fact & ( )(—%))

@ In QCD, the coefficient of the log is Sm) (—2n; —5+16)

Gross, Wilczek, Politzer, Nobel Prize 2003
@ change in sign (term "+16”) due to gluon loops: ag will decrease with Q2
@ Introducing Aqcp as the scale where « blows up, we can write the

. f | 2: > 127
coupling for any scale Q2: a(Q?) = (83-2ne)log( &)
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@ @°> A% ag(Q@?) < 1 : perturbative region
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@ In QCD, the coefficient of the log is Sm) (—2n; —5+16)
Gross, Wilczek, Politzer, Nobel Prize 2003
@ change in sign (term "+16”) due to gluon loops: ag will decrease with Q2

@ Introducing Aqcp as the scale where « blows up, we can write the

coupling for any scale Q?: a(Q?) = o 2nF1)2|:g( &
QCD
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The running of ag and the asymptotic freedom

@ In QED, the coefficient of the log: — ( ) (in fact £ ( )(—g))

@ In QCD, the coefficient of the log is Sm) (—2n; —5+16)

Gross, Wilczek, Politzer, Nobel Prize 2003
@ change in sign (term "+16”) due to gluon loops: ag will decrease with Q2
@ Introducing Aqcp as the scale where « blows up, we can write the

coupling for any scale Q?: a(Q?) = o 2nF1)2|:g( &
QCD

Q? > A?: ag(Q?) < 1 : perturbative region
@ @? ~ A% ag(@?) > 1 : non-perturbative region
At short distances, the strong interaction is not as strong:
asymptotic freedom
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The running of ag and the asymptotic freedom
@ In QED, the coefficient of the log: — ( ) (in fact & ( )(—g))

@ In QCD, the coefficient of the log is Sm) (—2n; —5+16)

Gross, Wilczek, Politzer, Nobel Prize 2003
@ change in sign (term "+16”) due to gluon loops: ag will decrease with Q2
@ Introducing Aqcp as the scale where « blows up, we can write the

coupling for any scale Q?: a(Q?) = o 2nF1)2|:g( &
QCD

@ @°> A% ag(Q@?) < 1 : perturbative region
@ @? ~ A% ag(@?) > 1 : non-perturbative region
@ At short distances, the strong interaction is not as strong:
asymptotic freedom
@ Justification of the idea that the partons in the proton are
mostly behaving as free over a distance 15 <

1
Aqep
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The discovery of heavy quarks: the quarks become real !
The November revolution (in 1974)

@ Simultaneous discovery of a sharp resonnance at SLAC (e*e™) and
BNL (p-nucleus) at /s = 3.1 GeV
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The discovery of heavy quarks: the quarks become real !

The November revolution (in 1974)

@ Simultaneous discovery of a sharp resonnance at SLAC (e*e™) and
BNL (p-nucleus) at /s = 3.1 GeV

-

@ Quickly intepreted as a bound state of a new quark ( mg ~ 1.5 GeV)
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The discovery of heavy quarks: the quarks become real !

The November revolution (in 1974)

@ Simultaneous discovery of a sharp resonnance at SLAC (e*e™) and
BNL (p-nucleus) at /s = 3.1 GeV

1000 [

o lnb)

@ Quickly intepreted as a bound state of a new quark ( mg ~ 1.5 GeV)

@ This 4th quark, the charm quark with a charge 2/3, was expected from
the Glashow-lliopoulos-Maiani (GIM) mechanism to explain K — u*u~
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The discovery of heavy quarks: the quarks become real !

The November revolution (in 1974)

@ Simultaneous discovery of a sharp resonnance at SLAC (e*e™) and
BNL (p-nucleus) at /s = 3.1 GeV

1000 [

o lnb)

@ Quickly intepreted as a bound state of a new quark ( mg ~ 1.5 GeV)

@ This 4th quark, the charm quark with a charge 2/3, was expected from
the Glashow-lliopoulos-Maiani (GIM) mechanism to explain K — u*u~

@ Additional heavier resonances were subsequently discovered
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The November revolution

@ All would then be easily described as analogous of a non-relativistic
positronium with a QCD potential with coulombic and confinement parts:
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The discovery of heavy quarks: the quarks become real !
The November revolution

@ All would then be easily described as analogous of a non-relativistic
positronium with a QCD potential with coulombic and confinement parts:
e QED potential: V(x) = —a/r
e QCD potential: V(X) = —4/3a/r + Kr (43: more than 1 gluon can actin g — qg)
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@ The first resonance at 3.1 GeV being discovered by 2 groups carries
two names:
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: The discovery of heavy quarks: the quarks become real !

The discovery of heavy quarks: the quarks become real !
The November revolution

@ All would then be easily described as analogous of a non-relativistic
positronium with a QCD potential with coulombic and confinement parts:
e QED potential: V(x) = —a/r
e QCD potential: V(X) = —4/3a/r -+ Kr 4/3: more than 1 gluon can act in g — qg)
o Discovery: 13S; then 23S; then 13 P, 4 , called charmonium

@ The first resonance at 3.1 GeV being discovered by 2 groups carries
two names:

@ The quarks acquire a physical existence !
@ B. Richter (SLAC) and S. Ting (BNL) got the Nobel prize in 1976
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The ratio R

: . o(ete” —hadrons)
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The ratio R

: . o(ete” —hadrons)
The ratio R: e

— Let’s look at c(e" e~ — hadrons) without color

@ Each quark contributes with its charge squared: R =}, eg/e2
as soon as they can be produced: steps vs s (v/s : c.m.energy)

@ 3quarks: R=(-1/3)%>+(2/3)2+(-1/3)2=2/3
® 4 quarks: R=(~1/3)2+(2/3)? + (~1/3)% + (2/3)* = 10/9
@ 5quarks: R=(—1/8)2+(2/8)2+ (-1/3)2+ (2/8)2 + (-1/3)2 = 11/9
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The ratio R

: . o(ete” —hadrons)
The ratio R: e

— Let’s look at o(e" e~ — hadrons) without color

@ Each quark contributes with its charge squared: R = Y, €5/ €?
as soon as they can be produced: steps vs s (v/s : c.m.energy)

@ 3quarks: R=(—1/3)>+(2/3)2+(-1/3)2=2/3

@ 4 quarks: R = (—1/3)2+(2/3)2 4 (—1/3)% + (2/3)2 = 10/9

@ 5quarks: R=(—1/3)2+ (2/3)2 + (—1/3)2+ (2/3)2 4 (—1/3)2 = 11/9
— great confusion in 1974

B. Richter, ICHEP 1974, London, England, July 1-10, 1974
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The ratio R

: . o(ete” —hadrons)
The ratio R: e

— Let’s look at o(e" e~ — hadrons) without color
@ Each quark contributes with its charge squared: R = Y, €5/ €?
as soon as they can be produced: steps vs s (v/s : c.m.energy)
@ 3quarks: R=(—1/3)>+(2/3)2+(-1/3)2=2/3
@ 4 quarks: R=(—1/3)2+(2/3)%2 4 (-1/3)2 + (2/3)> = 10/9
@ 5quarks: R= (—1/3)2+(2/3)2+ (-1/3)2+ (2/3)% + (—1/3)2 =11/9

— Some years later P FNARA
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This clearly does not work without colour: steps but.normalisation.is off
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The ratio R

The ratio R:

— with coloured quarks: R is 3 times larger

o(et e~ —hadrons)

o(ete —utyu)

@ 3 quarks: R=2
@ 4 quarks: R=10/3
@ 5quarks: R=11/3

T
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« Orsay = Cello
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This clearly works better

Strong Interactions

The tiny gap about 3 GeV can be accounted by QCD corrections

(see later : et e~ — qgg)
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— et e~ annihilation may produce a qg pair with opposite momenta
— Strong interaction confines quarks never alone, always bound !
— We say that they hadronise and we expect to observe

sprays/jets of hadrons along the original direction of the quark
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2-jet events in e* e~ annihilation: "seeing” the quarks

2-jet events in e" e~ annihilation: "seeing” the quarks

— et e~ annihilation may produce a qg pair with opposite momenta
— Strong interaction confines quarks never alone, always bound !
— We say that they hadronise and we expect to observe

sprays/jets of hadrons along the original direction of the quark

rded
le experiment af

— (Polar) Angular distributions: info on the nature of the particles involved
@ (Spin 1/2) muons and quarks: do(ete™ — utu~)/dcos8 « 1+ cos? 6
@ Spin 0 quarks : do(ete™ — qg)/dcosf « 1—cos? 6
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2-jet events in e* e~ annihilation: "seeing” the quarks

2-jet events in e" e~ annihilation: "seeing” the quarks

— et e~ annihilation may produce a qg pair with opposite momenta
— Strong interaction confines quarks never alone, always bound !

— We say that they hadronise and we expect to observe
sprays/jets of hadrons along the original direction of the quark

— (Polar) Angular distributions: info on the nature of the particles involved
@ (Spin 1/2) muons and quarks: do(ete™ — utu~)/dcos8 « 1+ cos? 6
@ Spin 0 quarks : do(ete™ — qg)/dcosf « 1—cos? 6
— October 1975: "Evidence for Jet Structure in Hadron Production by e e~ Annihilation”
jets of spin 1/2 quarks
We have found evidence for jet structure in c(et e~ — hadrons) at
center-of-mass energies of 6.2 and 7.4 GeV. At 7.4 GeV the jet-axis
angular distribution integrated over azimuthal angle was determined to be
proportional to 1+ (0.78 4 0.12) cos? §. . Hanson et al. , PRL 35 1609 (1975)(SPEAR)
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@ Similarly to -y radiation by charged leptons in QED, quarks radiate gluons
@ In the same way as the quark produces a jet, the gluon will produce a jet
@ Can we infer something about gluons by observing a jet from a gluon ?

@ Let's look at ete™ — qgg (purely leptonic initial state)

@ 3 jets vs. 2 jets: strong coupling appears:
way to measure its magnitude
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3-jet events in et e~ annihilation: “seeing” the gluon

3-jet event in et e~ annihilation: "seeing” the gluon

Similarly to -y radiation by charged leptons in QED, quarks radiate gluons

In the same way as the quark produces a jet, the gluon will produce a jet

Let's look at ete™ — qgg

(purely leptonic initial state)

°

o

@ Can we infer something about gluons by observing a jet from a gluon ?
°

o

3 jets vs. 2 jets: strong coupling appears:

J.P. Lansberg (IPNO, Paris-Sud XI U.)
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Strong Interactions

way to measure its magnitude
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3-jet event in et e~ annihilation: "seeing” the gluon

Similarly to -y radiation by charged leptons in QED, quarks radiate gluons

In the same way as the quark produces a jet, the gluon will produce a jet

Let's look at ete™ — qgg

(purely leptonic initial state)

°

o

@ Can we infer something about gluons by observing a jet from a gluon ?
°

o

3 jets vs. 2 jets: strong coupling appears:

e+

way to measure its magnitude

@ Contribution of eTe™ — qggto R: R =3YqeZ(1 +as(Q%)/m)

J.P. Lansberg (IPNO, Paris-Sud XI U.)

Strong Interactions
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3-jet events in et e~ annihilation: “seeing” the gluon

3-jet event in et e~ annihilation: "seeing” the gluon

JADE Event+'s =31GeV
Direct evidence for gluons (1978)

Distribution of the angle, ¢, between the
highest energy jet (assumed to be one of
the quarks) relative to the flight direction
of the other two (in their cms frame).

¢ depends on the spin of the gluon.

dN/dcos @

= GLUON IS SPIN 1

J.P. Lansberg (IPNO, Paris-Sud XI U.) Strong Interactions

ALEPH Event s =91 GeV” (1990)
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Measurement of ag

o, can be measured in many ways. The cleanest is from the ratio
a(e"e” — hadrons)
olee > puu )

e 7 ex 9 g
In practise, measure + +...
e q €. 5

i.e. don't distinguish between 2/3 jets.

When gluon radiation is included: L;S

stzgj[u%] w0l % %

R =

ed from V. Gibson lectures on QCD

Slide borrow

Therefore, (1+ﬁjz£ B
T 3.66 N: A2 T T T T
) =3=<
(" =25")~02 350 203 '
%\9 = Y 0 20 30 40
Ecp(Gev)
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Measurement of ag

Example: 3 jet rate e¢'e” — qqg

R = ole’e — 3 ]eis)
oolete 52 ]ers)
30 ' y !
TR AT
R, [%] + TASSO * ,
3 3 ® 13
Boo M 3 o | o decreases with energy
25
. o, RUNS !
“#E Oy = const. -
wf ~ = LT
B a0 60 80 100
E m [GeV]
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Measurement of ag

0.5
Q) , .
aa Deep Inelastic Scattering
04l oe ¢'e” Annihilation i
¢ Hadron Collisions
2 ® Heavy Qua ynia
03}
02}
0.1}
=QCD 04(Mz) =0.1189+0.0010
1 10 100

Q [GeV]
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Confinement

@ QCD is a non-abelian gauge theory (Yang-Mills theory)
@ The gauge bosons self interact
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@ QCD is a non-abelian gauge theory (Yang-Mills theory)
@ The gauge bosons self interact

@ Exhibit asymptotic freedom at short distances
(remember the sign of the coefficient of the log in a5 because of gluon loops)

@ Exhibit confinement, which can also be attributed to gluon self coupling
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Confinement
@ QCD is a non-abelian gauge theory (Yang-Mills theory)

@ The gauge bosons self interact

@ Exhibit asymptotic freedom at short distances
(remember the sign of the coefficient of the log in a5 because of gluon loops)

@ Exhibit confinement, which can also be attributed to gluon self coupling
Qualitatively, compare QCD with QED: _,.\|/-
4 * 0O QED
QCD -
Colour field Electric field

— +

q e

Self interactions of the gluons squeezes the lines of force into a narrow
tube or STRING. The string has a “tension” and as the quarks separate

the string stores potential energy.
Energy stored per unit length in field ~ constant |V(7)ocr
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Confinement

@ QCD is a non-abelian gauge theory (Yang-Mills theory)
@ The gauge bosons self interact

@ Exhibit asymptotic freedom at short distances
(remember the sign of the coefficient of the log in a5 because of gluon loops)
@ Exhibit confinement, which can also be attributed to gluon self coupling
Qualitatively, compare QCD with QED: —~

9 QED
Colocuzf[?ield Electric field

— +

q e

Self interactions of the gluons squeezes the lines of force into a narrow
tube or STRING. The string has a “tension” and as the quarks separate
the string stores potential energy.

Energy stored per unit length in field ~ constant Vir)ocr
@ If V(r) > 2my, 2 r's pop up from the vacuum and the qg
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Evidence for gluon self interaction
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Evidence for gluon self interaction

Evidence for gluon self interaction

@ One way to look at self interaction between gluons is
to look at 4 jets, e.g. e"e~ — qggg
q e q "

i q

q

g

0]

& +
q
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Evidence for gluon self interaction

Evidence for gluon self interaction

@ One way to look at self interaction between gluons is
ook at 4 jets, e.g. e"e” — qggg
q

tol
e>mw<i: e M
g o
e & e Ff

@ One type of graphs involves the triple gluon vertex
which has a specific Lorentz structure

o
&

g
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Evidence for gluon self interaction

Evidence for gluon self interaction

@ One way to look at self interaction between gluons is
ook at 4 jets, e.g. e"e” — qggg
q

tol
e>mw<i: e M
g g
e & e Ff
& q e q
>szv<< q M g
: 7

@ One type of graphs involves the triple gluon vertex
which has a specific Lorentz structure

o]

g

@ It produces a specific angular distribution of the jets

September 12-17, 2011 28/33
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Evidence for gluon self interaction

Evidence for gluon self interaction

4-JET EVENT (ALEPH) Experimentally:

~ Define the two lowest energy jets as
the gluons. (Gluon jets are more likely to
be lower energy than quark jets).

» Measure angle between the plane
containing the “quark” jets and the plane
containing the “gluon” jets, 7.

40 e
L3

Ny

TV

Qcp
30

!

20
* DATA

0 el il 1 1 L N
/ o | 0 200 40° 60 80" A
Gluon self-interactions are required

to describe the experimental data.
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@ There are 6 quarks: u,d,s (“light”) and c, b, t (heavy)

@ All but the t can form hadronic bound states

@ The coupling of QCD is large at small energies
but small at large energies

@ This allows to use perturbative methods (Feynman graphs) to
compute cross sections for “hard” processes

@ So far, QCD has been succesful in describing
all properties of hadron interactions

J.P. Lansberg (IPNO, Paris-Sud XI U.) Strong Interactions September 12-17, 2011 30/33



Conclusion

@ QCD is the best theory we have to account for Strong Interactions
@ Fits very well in the Standard Model (not much different than EW theory)
@ Hadrons are made of (coloured) quarks and gluons

@ There are 6 quarks: u,d,s (“light”) and c, b, t (heavy)

@ All but the t can form hadronic bound states

@ The coupling of QCD is large at small energies
but small at large energies

@ This allows to use perturbative methods (Feynman graphs) to
compute cross sections for “hard” processes

@ So far, QCD has been succesful in describing
all properties of hadron interactions

@ The only real difficulty remaining is the lack of an
ab initio explanation of confinement
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5 minute introduction to GPDs

Back to the proton apart . ..
= Study of the proton content via (deeply) inelastic scattering (DIS):

quQu
Wi = (—=Guv + Zz )Fi(x, G%)

P
q Fa(x, ¢7)

proton ~ N proton

P.
T —p,— 29
usual parton distributions P ] Qu
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5 minute introduction to GPDs

Back to the proton apart . ..

= Study of the proton content via (deeply) inelastic scattering (DIS):

v

~ ~

> proton

usual parton distributions

= Factorisation in the Bjorken limit: Q2 — co, x fixed

J.P. Lansberg (IPNO, Paris-Sud XI U.)

Strong Interactions

¢ ] 4 Wi = (~gu + 1) Fy (x, ¢?)
. -
e x T Factorisation %

PuPy 5
+ Pq Fa(x,q%)

’P:P;l*%qq;l
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5 minute introduction to GPDs

Back to the proton apart . ..
= Study of the proton content via (deeply) inelastic scattering (DIS):

Y ”,r’*. v
2

7 'y A
, Hﬁﬁﬁ Wi = (=G + =2 Fi(x.¢°)
T =1 T T Factorisation %

PuPy 5
P N + Pgq Fa(x,q%)

proton ~ > proton

P.
T —p,— 29
usual parton distributions P ] Qu

= Factorisation in the Bjorken limit: Q2 — co, x fixed

= Probability Distribution, since being an amplitude squared

Sum over spect.
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5 minute introduction to GPDs

Back to the proton apart . ..
= Study of the proton content via (deeply) inelastic scattering (DIS):

Y ”,r’*. v
2

Wi = (~gu + 1) Fy (x, ¢?)
. -
e x T Factorisation %

PuPy 5
P N + Pgq Fa(x,q%)

proton ~ > proton

P.
T —p,— 29
usual parton distributions P ] Qu

= Factorisation in the Bjorken limit: Q2 — co, x fixed

= Probability Distribution, since being an amplitude squared

Sum over spect.
= Probability to find a parton with a momentum fraction x: g(x)
Fa(x, %) = X§eé q(x,q%)

J.P. Lansberg (IPNO, Paris-Sud XI U.) Strong Interactions September 12-17, 2011 31/33
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Extreme cases of PDFs. ..

One quark:

Three quarks:

<

Three interacting

quarks: g 8 o
g S o
] 5 e
e =
2 )
=3 |
Valence quarks
+ sea quarks: D —_
T,
0 - L o
o > 8
IS
=
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5 minute introduction to GPDs

Interferences in the proton. ..

= Study of interferences in the proton
via Deeply Virtual Compton Scattering (DVCS):

hadron ~ ™ hadron

Non-pert. object
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"

Pert.

For @> > t, described in
, ; terms of 4 generalised parton
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proton ~ > proton

Non-pert. object
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5 minute introduction to GPDs

Interferences in the proton. ..
« Study of interferences in the proton

For @®> > t, described in
P >” terms of 4 generalised parton
S distribution: GPDs

proton ~ > proton

Non-pert. object

idem for meson electroproduction
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Interferences in the proton. ..
= Study of interferences in the proton

3 For @> > t, described in
P >” terms of 4 generalised parton
L distribution: GPDs

proton ~ > proton

Non-pert. object

w Factorisation in the generalised Bjorken limit: Q> — oo, t, x fixed
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5 minute introduction to GPDs

Interferences in the proton. ..
« Study of interferences in the proton

For @®> > t, described in
P >” terms of 4 generalised parton
S distribution: GPDs

proton ~ N proton

Non-pert. object

w Factorisation in the generalised Bjorken limit: Q> — oo, t, x fixed
= The GPDs are not probablllty distributions neither General Purpose Detectors in the LHCb jargon

*

P /
v < T '
/ = X
p P p p

but are universal !
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5 minute introduction to GPDs

Interferences in the proton. ..
« Study of interferences in the proton

For @> > t, described in
P >”>_7 terms of 4 generalised parton
ot distribution: GPDs

proton ~ > proton

Non-pert. object

w Factorisation in the generalised Bjorken limit: Q> — oo, t, x fixed
= The GPDs are not probablllty distributions neither General Purpose Detectors in the LHCb jargon

*
- /
v#al ¥ < T x!
T X
p p p P

but are universal !
= |nterpretration only at the amplitude level
Amplitude of probability
for a proton to emit a quark with x & to absorb anotherwith-x’
J.P. Lansberg (IPNO, Paris-Sud XI U.) Strong Interactions September 12-17, 2011 33/33
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