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A few words about QCD

@ running of as
® asymptotic freedom and confinement

quarks and gluons from ete™ annihilation

@ quark electric charges
® quark and gluon spins
© QCD gauge parameters

Structure of hadrons

@ elastic scattering

@® deep inelastic scattering
® proton structure functions
@ DGLAP evolution equation

A hadron - hadron interactions

@ jet production
@ Drell-Yan process
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Overview

First pQCD correction

- up to now, what we saw was driven by EW ME + hadronisation
- additional jets are due to pQCD effects: gluon radiation from the quark lines

et (pe+) a(pq)
v(q)
g(ps) T
e (pe-) q(pqg)
_ TMP = 2N, Q7 (Pet - Pq)(Pe- pa)t(pewpq)(pe— * Pq)

q

_ |M|2 47r o agCFN Qz (Pe+ 'Pq)(Pe— 'Pc‘;) + (Pe+ 'Pa)(Pe— 'Pq)

(Pet - Pe- )(Pq - P&)(Pg - Ps)

1) couplings: a? = a2a5 - first QCD correction
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Overview

First pQCD correction

- up to now, what we saw was driven by EW ME + hadronisation
- additional jets are due to pQCD effects: gluon radiation from the quark lines

et (pe+) q(pq)
v(q)
g(ps) T
e (pe-) q(pqg)
_ TMP = 2N, Q7 (Pet - Pq)(Pe * Pg) J;(Pe+ - pg)(Pe- - Pq)

q

SR T2 = 8(4m)*atas CeN, QF (Pet - Pg)(Pe- - Pg) + (Pe+ - Pg)(Pe- - Pq)
(Pet - Pe=)(Pq - P¢)(Pg - Pg)

2) factors: N — Cg N,

Cr is the color combinatory for one gluon radiation from a quark with a given color, Cr =
4/3 (coming from the \?)
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Overview

First pQCD correction

- up to now, what we saw was driven by EW ME + hadronisation
- additional jets are due to pQCD effects: gluon radiation from the quark lines

et (p.+) 4(pq)
7(q)
glpe) T
e (pe-) q(pq)

_ TMP = 2N, Q7 (Pet * Pq)(Pe- 'Pc‘y);; (Pe+ * Pg)(Pe- " Pq)

_ TMP = 8(4n)*02as Cr N, Q7 (Pet * Pq)(Pe- - Pg) + (Pet * Pg)(Pe- - Pq)
(Pet * Pe=)(Pq - Pg)(Pg - Pg)

3) kinematics:
- note that: ¢* = 4(p.+ - p. )(pg - pa)

- so, the kin effect is: (p,-p.) — (pg - ps)(ps- ps) - where does it come from 7

Laurent Favart (ULB) Sinop 2026 3/31



Overview

- adding a quark propagator in the ME calculation
- neglecting masses and in soft gluon approximation:

P4+Pg Q(pQ)
N g(pg, €) - (Pq + Pg) + mq f mfo Pq + Pg f \Pg‘§|Pq‘ E € Pq
(Pq + Pg)2 - mczy 2(Pq : pg) 2 pg-pg

a(pa)



Overview

- adding a quark propagator in the ME calculation
- neglecting masses and in soft gluon approximation:

Pyt D Pq)
g
pq+pg)+ mq f :0 Pq'l‘Pg f ‘Pg‘§|Pq‘ E E'pq
(pq + Pg) - m2 2(pq  Pg) 2 Pq - Pg
q(pq)
a(pq)
1 e- pq
9(pg,€) 2 Pg - pg
d(pq)



Overview

- adding a quark propagator in the ME calculation
- neglecting masses and in soft gluon approximation:

+pg pQ)
(pq + pg) + mq f :0 pq + pg f ‘Pg‘§|Pq‘ E € - pq
(pq + Pg) - m2 2(pq  Pg) 2 pq - Pg
q(pa)
q(pq)
1 e Pg
9(pg, €) 2 Pg - Pg
d(pq)
- putting them together and after sum over the gluon polarisation states (only 2 tranverse
states):
as P pg |7 dpg
dogge = — C [ — ] do
99 2 7" lpg-pg  pPq-Pgl (2m)3pY 9

- note : the sign difference comes from the orientation of €



Overview

2
Pg Pq ] d Pg " Pq
: - Ogg = -2 do
[pq P Pg-Pgl (Pg - Pe)(Pq-Pg)
- with the term from dogq : 1/q*
5 Pg * Pq 1 _ 1

(Pg - Pg)(Pg - Pg) 4(Pet - Pe=)(Pg-Pg)  2(Pet - Pe-)(Pg - Pg)(Pq - Pg)

= we find back:

BEEISIGERN TV = 8(4n) 2o CrN, QF (Per Pa)Per - Pa) T (Per - Pa)(pe- - Po)
’ (Pet - Pe=)(Pq - Pg)(Pa - Pe)
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Overview

2
Pg Pq ] d Pg " Pq
: - Ogg = -2 do
[pq P Pg-Pgl (Pg - Pe)(Pq-Pg)
- with the term from dogq : 1/q*
5 Pg * Pq 1 _ 1

(Pg - Pg)(Pg - Pg) 4(Pet - Pe=)(Pg-Pg)  2(Pet - Pe-)(Pg - Pg)(Pq - Pg)

= we find back:

BEEISIGERN TV = 8(4n) 2o CrN, QF (Per Pa)Per - Pa) T (Per - Pa)(pe- - Po)
’ (Pet - Pe=)(Pq - Pg)(Pa - Pe)

/N it presents singularities &

if p, - p, — Oand/or ps - p, — 0
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Overview

two singularities

Pq-Pe = EqEg —Pq- Pz = EqEg — |BqllPg| cosbgg
~ EgEg(1 —cosfyg)
= singularities for p, - p, — 0 (same for Gg):

- £, — 0 (soft gluon limit)
- 04y — 0 (collinear limit)

- they correspond to a double pole (when both limits occur at the same time) and a
single pole.
- these IR poles are exactly cancelled by the virtual corrections

e q

et q
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Overview

comparison to data

dogg :ECF[ Pa___Pq ]2 d3pg
W2 T pgopg Parpel

- the cross section has 2 physical degrees of freedom :

+9 free variables (d®pg, d®pg, d®py)
—4 relations (E, P conservation)
—3 independent (non relevant here - unpolaratised case ) Euler angles

=2
- we choose : xq = 2Eq/ /s xg = 2Eg/\/s xg = 2Eg/\/s
related by x; + x5 +x; = 2and 1 —x; = %ijk(l — cos fjx)

2 2 2
d“0qgg _ s Xg T X5

dxgdxg 21 (1 —xq)(1—xq) ¥

- 2 sigularities correspond to xqg — 1 and x5 — 1
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Overview

. ) . . . ® SLD — Vector --- Scalar ----- Tensor
- in data we don’t know which is q jet, ... 15F 6
- sort the 3 jets by decreasing energy : P |
—E1>E2>E3 %mf b
- define: x; = 2E;/\/s €50 ]
0
06 1.0
- jet 1: q/q jet almost unaffected (x; — 1 pole) T 3 T
- jet 2: q/q jet with significant energy loss + g jet o4 © | @ oL@ -
3 T 18720 ~
such that Eq/q> E; > Eq/(7 5oL, ‘12 g .
- jet 3: mainy the gluon jet (falling distribution) + 2 L TN S et ]
G jet of the above case ol ™ =l 1
a/a ] 0 02 04 06 0 04 08
0 sin B —sin 03 X3 cosBek
- COSUVEK = W
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Overview

: , S SLD — Vector --- Scalar - T
- in data we don’t know which is q jet, ... 15. o 63caar i
- sort the 3 jets by decreasing energy : P |

—E1>E2>E3 %mf b
- define: x; = 2E;/\/s €50 ]
0
06 1.0
- jet 1: q/q jet almost unaffected (x; — 1 pole) T 3 T
- jet 2: q/q jet with significant energy loss + g jet o4 © | @ oL@ ]
s 1 8 21 a
. such that Eq/q > Eg_> Eq/q. 5oL, % L .
- jet 3: mainy the gluon jet (falling distribution) + 2 L TN 2 =
q/q jet of the above case 1) .\ Ry A B
0 02 04 06 0 04 08
- oS GEK — sin 0%—sin 03 X3 cosBek
sin 01 gluons are spin 1!

pure vectorial current (y*)
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Overview

collinear approximation — d’04ag _ s X % o
dxqgdxg 2w F(l—xq)(l—xc—,) 9

- let’s express the cross section as a function of z = x; and 0,
- in the limit of small angles 04, (such as 1 — cosf ~ §2/2), on finds:
5 o » dz d6?
d O'qqg:O'quFﬁ |:1+(1-Z) ] 7 0—2
the singularity & — 0 is avoided by the non zero quark masses

dead cone effect: radiations are supressed in a cone € < 0p,in

we integrate over the angle, and keep only the leading term, corresponding to
Omin = mq/Ee we get the a famous Leading Log approximation (LL):

E2 dz

mg z

this approximation is used in many Monte Carlo simulation for the parton shower

Laurent Favart (ULB) Sinop 2026 9/31
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Jet multiplicity

- let's come back to eTe™ — qgg - the 3 jet rate defined as f3 = 03jet /0ot can be
computed

/l_yc”t dxq /l_yfuf dxc—,(xg—i-xg)
27 2

as
Otot 13 = /doqﬁg = Crr— 1 Xq 1 x5

Ycut 1+}’Cut —Xq
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Jet multiplicity

- let's come back to eTe™ — qgg - the 3 jet rate defined as f3 = 03jet /0ot can be
computed

1_}’cut 1_}’Cut d _(X2 + Xg)
Qas dx, X,
ot s = /daqqg - CF27T/2 1__‘;‘7/ Axalxg T x3)

Ycut 1+}’Cut_xq 1 - Xq

Yecut Yecut 2 Ycut
= C 4L +(3—-6 lo <7> +2lo <7>
F ( (1 - ycut> ( }/cut) & 1- 2ycut & 1- Yeut

9 5
_6ycut 2y3ut ? + §>
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Overview

0.8
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0.6
0.5
0.4
0.3
0.2
0.1

0.6

0.5

0.4

e
(a) 2-Jet Fraction
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4 Data (35 GeV)
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(b) 3-Jet Fraction

Hadron level

10° 107 10°

Yeut

(d) 5-Jet Fraction

Hadron level

fi = Uijets/atot
- Njet Z 2

- if yeut S = Njet N\

(because each jet includes a
larger fraction of s)

- depends on s ! - why 7
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Overview

0.8
0.7
0.6
0.5
0.4
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0.2
0.1
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0.4

0.3

0.2

0.1

e e
(a) 2-Jet Fraction

Hadron level

4 Data (35 GeV)
® Data (91 GeV)
O Data (189 GeV)
— PYTHIA
- HERWIG 7
ARIADNE /[ /'
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0.3
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0.6
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0.3
0.2
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(b) 3-Jet Fraction

Hadron level

10° 107 10°

Ye

—
(d) 5-Jet Fraction

Hadron level

-
S
-
S
-
S

&
g

fi = Uijets/atot
- Njet Z 2
- if yeut S = Njet N\

(because each jet includes a
larger fraction of s)

- depends on s ! - why 7
= way to measure ag!

- sensitivity to as 7 with
Njet / but stat ™\,
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Overview

® L3
[1 JADE
A VENUS
AMY
— QCD Evolution

0.25]

0.15f
[ Yeur = 0.08

50 16_0
Vs (GeV)

1 1
150 200

- energy scale dependence in good agreement with the QCD predicted evolution

as(oz) _ as(ﬂ%?)

= .
14+ %as(,uf?) In%
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Overview

Comparison of worldwide s measurements

I T T AVerage T T ~ 0.25 T : :
:-.T-ladronic Jets g —4— CMS Ra; ratio —— HERA
@ _
e'e rates S —— CMS t prod. —{+ LEP
Photo-production 0.20 —&— CMSiincl. jet —— PETRA ]
i ) —— CMS3-etmass —Y— SPS
., Fragmentation
T Zwidth —O— Tevatron
v Zwidtl
ep event shapeg | 01 5 o i
—o—

Polarized DIS |
Deep Inelastic Scatte.in DIS;
P ! ql( )

:_e;decays 0.10

Spectroscopy (Lattice:
P Py ( :o:)

as(Mz) = 0.1171+3:3%5 (3-jet mass)

Y decay
‘ 5 5‘ ‘ 0.05L B os(Mz) = 0.1185 4 0.0006 (World average)
o i) o1 10 100 1000
M Q[GeV]

. reat success
- precision at %o level &

- it has been measured that as is independent of the quark flavor.
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Overview

Test of QCD gauge structure

- what are the free parameters of the different QCD couplings ?

a a a a acd ¢ ¢ C a )
i Aik@f ?aj?j@)\kj J mfgga o dg:: zzg@mwfb o M
k1 k d| d J

% b
J

a\ya 2_
(1) Z (AR AL) = 4CF 65 Cr=Telt =3
(2) > Fcdfbed = Cadyp Ca=2TrN=3
cd
(3) Tr (A"”)\b> — 4TF 5% Tr=1

- to confirm that QCD has the correct gauge structure

= to access the gauge parameters Cr, C4 and Tfg, we need to study 4-jet events.
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Overview
4-jet events . . . —
¥ 9 g
. g g .
A: M g + M B: wg
e~ q q q

do = (Z‘_;)2 [C2A+ CrCaB+ CrTrnC)

- A, B and C are kinematic functions corresponding to

the diagrams

Laurent Favart (ULB) Sinop 2026



Overview

4-jet events

q q q
¥ g g
. g g .
A Mg + M B: ’
e~ q

IR sl 141

do = (g‘—;)z[cEAJr CrCaB+ CrTrneC] : a

¢ ALEPH o PR 5

- A, B and C are kinematic functions corresponding to
the diagrams
- constrains on the gauge parameters can be obtain

from angular distributions

Laurent Favart (ULB) Sinop 2026



Overview

4-jet events o

E1>E2>E3>E4

Event Fraction (%)

© Data

p1 — p2) - (P3 — pa) | I T

cos Onps = ‘ (

|PL — P2||P3 — Pal ) SR

0 0.2 04 06 08 1.0
cosf
L= LS © ‘
_ (P x p2) - (P3 % pa) RS
COs XBz = ‘ > 0 =12 O = ‘ r ]
|PL % pa| |3 X Pl wl- e
. . fop .
= confirms the need a the non-abelian term g L ]
ol —e
== Abelian
0 I I I I
0 20 40 60 80
Xez
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Overview

Constrains on gauge parameters

T T T

T T

25
. SUG)
[1 Combined result
2 * SU3) QCD ]
SUM) \ oraL,
g DELPHI FF
1.5 . i
OPAL 4-jet
C
F Event Shape
1 ALEPH 4-jet ]
W su)
0.5 & v} ,
90% CL error ellipses
Sum)
0 = 1 1 1 1
0 1 2 3 4 5 6
CA

- combination of 4-jets angle measurements
with other measurement

- abelian U(1) excluded by 12 sigmas
- only SU(3) is compatible !

- Ngg: limit from fraction of gluon jets

- FF: limit coming from Fragmentation
Functions
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Overview

Constrains on gauge parameters

T

T T

T T

25
. SUG)
[1 Combined result
2 * SU3) QCD ]
SUM) \ oraL,
g DELPHI FF
1.5 . i
OPAL 4-jet
C
F Event Shape
1 ALEPH 4-jet ]
W su)
0.5 & v} ,
90% CL error ellipses
Sum)
0 = 1 1 1 1
0 1 2 3 4 5 6
CA

- combination of 4-jets angle measurements
with other measurement

- abelian U(1) excluded by 12 sigmas
- only SU(3) is compatible !

- Ngg: limit from fraction of gluon jets

- FF: limit coming from Fragmentation
Functions

wonderful success
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section conclusions

v’ quark electric charges
V" quark spin 1/2

V" gluon spin 1

v as running

v" need non-abelian term

v SU(3) jauge parameters
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section conclusions
v’ quark electric charges
V" quark spin 1/2
V" gluon spin 1
v as running
v need non-abelian term

v SU(3) jauge parameters

complete success !

= QCD is a (the ?) good theory to describe strong interactions
= can it be used to study the hadron structure (next section)

= is it portable in hadron-hadron interactions 7 (next-to-next section)
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- Part 3 -

Structure of hadrons
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Intro Mott Scattering Form Factors

Structure of the proton
- proton in the quark model: 2 up quarks, 1 down quark.

- the picture seems consistent: up-charge = —1—%; down charge = —%
2 1
2x - — 1x=-=+1
3 3

- but is this right? Is it all?
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Intro Mott Scattering Form Factors

Structure of the proton
- proton in the quark model: 2 up quarks, 1 down quark.

- the picture seems consistent: up-charge = —1—%; down charge = —%
2 1
2xXx = —1x=-=+41
3 3

- but is this right? Is it all?
@ do we see interactions between them or are they free particles?

@ the colour field (gluons) between the quarks fluctuates in qg pairs
= gluons and sea quarks
they carry a small fraction of the proton momentum
= small x physics
i.e. the study of a colour field inside the proton.

@ How can we study that? = scattering experiments
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Intro Y

e 1909: Geiger and Marsden and Rutherford : Rutherford scattering - Atomic nucleus

Flash of

The scattered intensity departs
from the Rutharford scattaring
formula at about 27.5 MV

Microscope

Fluorescent
,,,,,,,, 9 screen

Scattering
angle

Polonium Gold
sample foil

Aphaenergy
in MoV i

15 20 25 8 3 40

= let see use the same principle but using an elementary particle (e~ ) scattered off a p

e +p—e +p
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ntro Mott Scattering Form Factors

Mott Scattering: point-like spin 1/2 off point-like spin 1/2

(K',s'| Je |k, )& (p', o' | I |p, o)

ek, s) e(k',s) M —
@ JE = —iea(k',s') " u(k,s)
p(p,0) P, o) .
Jp# = —Ie ﬁ(pla UI) 7“ U(p, U)
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Intro Mott Scattering Form Factors

Mott Scattering: point-like spin 1/2 off point-like spin 1/2

() S M = (K, s'|Je |k, s) &5 (p' 0’| Jy|p. o)
o JE = —ied(k',s') " u(k,s)

p(p,0) p(p',0’)

Jp# = —ie ﬁ(pla UI) 7“ U(p, U)

1 et
MP = 3 > MP =W,
s,s’ 0,0’ q
w1 N4
[ = QZJeJe
s,s’

= 2(K"K” + kMK" — (k- K + m2)gh)
W = 2(p™p” +pp" — (p- P+ m3)g")



Intro Mott Scattering Form Factors

Using p' = p+ k — k" and > = -2k - k' (me < k, k') the tensor product gives:

2

2 864 _q2 ! /
M2 = ra T(k—k)'PJrQ(k'P)(k'P)JF

mf,q
2
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Intro Mott Scattering Form Factors

Using p' = p+ k — k" and > = -2k - k' (me < k, k') the tensor product gives:

4 [_ 2 2,2
M[> = 8i4 [—q(k—k’)-p+2(k-p)(k'-p)+ mgq ]

2

in the lab frame (fixed target - p = (m,,0,0,0))

e(E",0,9)
p-k=mpE, p-k'=m,E'
k-k' =EE'(1—cosf)

and E— E/ = — 0

2mp
16e* P
2:_ li 2 e 2
|M| p EE'm (cos (0/2) 2 sin (9/2))
d’c 4a q2 q°
E"™ 2 2)| 0(E - E'+
= | oo = e £ 00 (0/2) - TS 0] )|ote -+ ;)
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Intro Mott Scattering Form Factors

Note 1: the first term corresponds to the classic calculation called the Mott scattering
cross section:
a? cos?(6/2)

daMOtf - 4o
4E2 sin 40/2)

2
Q- Q4E cos?(6/2) =

[ cos(x/2)*cos(x/2)/pow(sin(x/2),4) |

Laurent Favart (ULB) Sinop 2026 24 /31



Intro Mott Scattering Form Factors

Note 1: the first term corresponds to the classic calculation called the Mott scattering

cross section: J ) ) 2(0/ )
O Mott 4o 5, 5 o’ cos?(6/2

— = —F 0/2) = — —— 12~

dQ P BT Ty

[ cos(x/2)*cos(x/2)/pow(sin(x/2),4) |

10°
107
10°

the second term vanishes for Q2 — 0, i.e. real photons (purely transverse).
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Intro Mott Scattering Form Factors

Note 2: in the ultra relativistic limit, using Mandelstam variables:

s = (k+p)P=2p-k,
t = (k—K)?=q¢*>=-2k-K,
u = (k=p)Y=(K-pP=-2p-K,
2 2
MPE =2t &1
t

Laurent Favart (ULB) Sinop 2026 25 /31



tt Scattering

Form Factors

Form Factors: elastic point-like spin 1/2 off hadronic target

1953 Hofstadter et al. (SLAC)

10

\
A

)
]
S

It

03

Y

\.\

1032
=08
5 =08

DIFFERENTIAL CROSS SECTION (CMZ/STERAO)

PROTON
EXPONENTIAL ~ MODEL

Y

400 MEV

/

1053
26 40
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60 80 100
8 LAB (DEGREES)

120 I

0 160

e +N—e +N

Deviation w.r.t point-like scattering



lott Scattering Form Factors

Form Factors: elastic point-like spin 1/2 off hadronic target
1953 Hofstadter et al. (SLAC)

10

e +N—e +N

\
A

Deviation w.r.t point-like scattering

g 1630) ,{1e 0 ) ) .
13 N Experimentalist way to introduce the FF:
g
5
B do — dUMott
g \\ | dQ. dQ.
— 2, T 2 1
R g X [GE(Q) + o m(Q) ) T
% eos 400 MEV e
5 Tm=08
2 . . .
l T = %;,2 and e : virtual photon polarisation
1033 1 _ Ee. .
T 7 = B recoil factor

Q?=—q> = —(k' — k)? ~2E E'(1 — cos )



Intro  Mott Scattering Form Factors

Gg: Fourier transform of the target electric charge distribution (resp. Gp;: distribution
of the magnetisation current densities)

Ge(Q) = / Bro(r)e™@  with  Ge(0) =1

for small || Ge(Q) = /(1+iQ-r—@+...>p(r)d3r
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Gg: Fourier transform of the target electric charge distribution (resp. Gp;: distribution
of the magnetisation current densities)

Ge(Q) = / Bro(r)e™@  with  Gg(0) =1

GE(Q) = /(I—FiQ'r—%—F...)p(r)d:&r

Average squared radius :
(r?) = / rPp(r)d®r = 47r/ r’p(r) r*dr
Assuming spherical symmetry = p(r) = p(—r):

Q2
Ge(Q) =~ 1—|—0—?(r2>+....

Laurent Favart (ULB) Sinop 2026 27 / 31
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Form Factors

1.0
2.5] PROTON FORM FACTORS NEUTRON FORM FACTORS
vs q? vs q2
® JANSSENS et al. 0.81 ® PRESENT DATA
A DUDELZAK et al.
2.0 + oeker o = BENAKSAS et al.
® LEHMANNetal. « 0-6]
s -
© 15 S
g £ 04| Sun
g s // 191
2 1.0 Gup §
° 0.2}
2
0.5 (Geq) |
G[p 0 / 3
L] [] g ¥ ¥ ¢ 1
L L L L |
o L L I L L
0 B 10 15 20 25 30 ° 5 10 12 20 £3 =0
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Fitted with a dipole shape:
1

|Gp(Q)] ~ 1+ 2y

with p2 ~ 0.71 GeV?



ott Scattering Form Factors

point-like exponential Gaussian
p(F)
F(E]Q) unity “dipole” Gaussian
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Form Factors

Example of recent work: Kurai [2020]

proton

(fmt)

magnetic
transverse charge distributions as a function
of the impact parameter b
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= negative charge densities at the neutron
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center
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s = contradicts the negative pion cloud sur-
. rounding a positively charged core.
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