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. . . 2 2
collinear approximation — do4ge _ s Xg T X5

degdxg 21 (1—xq)(1—xg) ™

- let's express the cross section as a function of z = x, and 0,
- in the limit of small angles 0, (such as 1 — cos ~ 62/2), on finds:
2
5 o 5 dz df
ogag = 09q Cro= [L+(1-2)°] — 27
- the singularity & — 0 is avoided by the non zero quark masses
- dead cone effect: radiations are supressed in a cone 6 < 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):

o 5 E? dz
dogsg = 04q sz—; [1+(1—2)°] In m—eg —

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

- obs: hadrons are collimated along the parton they originate from
- jet algorithm: mapping between n particles and m jets
jet algo

{pi} > Uk}

n particles m jets

- the way to cluster them is arbitrary
- need to be infra-red and collinear safe

- depend on a resolution parameter
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Jet algorithms

- obs: hadrons are collimated along the parton they originate from

- jet algorithm: mapping between n particles and m jets
jet algo
{pi} > Lk}

n particles m jets

- the way to cluster them is arbitrary

need to be infra-red and collinear safe

depend on a resolution parameter

can be applied at different levels:

usually data and MC are compared
at hadron level
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parton | hadron :
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L
Example 1: JADE algorithm

- JADE algorithm:
i and j are in a same jet if I\/Ig =(pi + pj)2 < Veur S
— they are gathered in a forming jet with p = p; + p;
if not, they belong to different jets
- ends up when looped on all particles
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..
Example 1: JADE algorithm
- JADE algorithm:
i and j are in a same jet if I\/Ig = (pi + Pj)? < Yeut s
— they are gathered in a forming jet with p = p; + p;

if not, they belong to different jets
- ends up when looped on all particles

- weak point: some wrong associations: 2 low energy particles at large angle can be

associated in a jet.

77jet77
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.
Jet algorithms: anti-kt

- many other algorithms have been developed
- some are more adapted to ete™ collisions, others to pp collisions
- at the LHC, the anti-k; algorithm is widely used:

- compute distances between i and j (R is a parameter)

d;j = min [1/k§,, 1/k§j] N/R? A2 =(yi— )+ (b1 — ¢))2
- compute distance between i and the beam

- for i, if minis dig — i is a jet

- if min is dj; to the two particles are combined
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Jet algorithms: anti-kt

- many other algorithms have been developed
- some are more adapted to ete™ collisions, others to pp collisions
- at the LHC, the anti-k; algorithm is widely used:

- compute distances between i and j (R is a parameter)
d;j = min [1/k§,, 1/k§j] N/R? A2 =(yi— )+ (b1 — ¢))2
- compute distance between i and the beam
for i, if minis dig — i is a jet

if min is dj; to the two particles are combined

very nice conical jets not depending on low p; particles
LHC uses R = 0.4 (or 0.8 for fat jets)
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R —————————————————
Jet multiplicity
- let's come back to eTe™ — ggg and to JADE algo
- there are 3 jets if for the 3 pairs :
s s
Mij = Sxixj(1 = cos05) = 7 [(xi +x)* = x| = (1= x) > s yeur
e.l. Xq < 1-— Yeut Xa < 1-— Yeut Xg < 1-— Yeut

- the 3 jet rate defined as f3 = 03jet/0tor can be computed

1_)/cut d ]-_y:ut dX_(X2 + XZ)
as Xq q\%q q
f- = = = — —t
Ttot 13 /d"""g CF o / 1—x / 1—xg

2)’cut 1+yC'Jf_XCI
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R —————————————————
Jet multiplicity
- let's come back to eTe™ — ggg and to JADE algo

- there are 3 jets if for the 3 pairs :

s s
I\/I,-? = 5Xixj(1 —cosbjj) = 2 [(X,- + Xj)2 — Xz] =5(1—xk) > Syeur
e.l. Xq < 1-— Yeut Xa < 1-— Yeut Xg < 1-— Yeut
- the 3 jet rate defined as f3 = 03jet/0tor can be computed

P do — c.9s Iyer g, 1= Yeut qu(xg + xg)
Otot 13 = Jqqg - F2_ 1— T
0 2)’cut Xq 1+}/Cut —Xq Xq

as . Yeut Yeut 2 Yeut
= Crp=—|4Li +(3—-6 lo <7>+2|o < )
F 27 ( 2 <1 - ycut) ( }/cut) g 1- 2ycui: g 1- Yeut

“3 73
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(d) 5-Jet Fraction

Hadron level

f;' = Jijets/atot

= Njet = 2

-if yeur /= Njet N

(because each jet includes a
larger fraction of s)

- depends on s ! - why 7
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f;':aijets/o—tot
- Njer > 2

-if yeur /= Njet N

(because each jet includes a
larger fraction of s)

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

- sensitivity to as " with
Niet /* but stat ™\
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® L3
[1 JADE
A VENUS
AMY
— QCD Evolution

0.25]

0.5}
I Yeur = 0.08
L 1

50 16_0 150 200
Vs (GeV)

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

2\ as(:u%\’)
(@)= 1+ 3 as(#R)'”Qy
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Event Shape

- jet independent observables also provide a sensitivity to ag

r—er (39

- example : Thrust

n

N
[ Thrust distribution at LEP
10— Vector gluon =
2 <T <1 :
5 3 —
~
) L 4
<
b
@ O / > E =
ISOTROPIC qq PARTONS sl 7
| I
‘1,3 B

BND 2022
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Comparison of worldwide as measurements

T ‘:_._:\ AVerage ' | 6 0.25 T — .
| Hadronic Jets = —4— CMS 1?32 ratio —— HERA
e'e rates S —— CMS t prod. —{+ LEP
Photo-production 0.20 —A— CMSincl. jet —A— PETRA |
E | Fragmentation —&— CMS 3-jet mass —/— SPS
T Zwi —O— Tevatron
.o Zwidth
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)
0.05| B os(Mz) = 0.1185 + 0.0006 (World average)

o o2 o1 10 100 1000
a,M;) QIGeV]

.. reat success
- precision at %o level &

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



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

(2) Zf-acdfbcd:CA(sab CA:2TFN:3
cd

(3) Tr (Aa)\b) = 4T 5% Tr=3

- to confirm that QCD has the correct gauge structure

= to access the gauge parameters Cr, C4 and Tg, we need to study 4-jet events.



4-jet events . ’ .
¢ non-abelian 1
A v g gg B g
’ g T ' g
e” q q q

do = (g—;)z[CﬁA—l— CrCaB+ Cr T/:nfC]

- A, B and C are kinematic functions corresponding to

the diagrams
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4-jet events

q q q
v g g
. g g .
A Mg + M B: g
e~ q

(GRS st 141

as

do = (27T

)?[CE A+ CrCaB + CrTeneC] : 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
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4-jet events 0

E1>E2>E3>E4

Event Fraction (%)

© Data

p1 — p2) - (p3 — 54)| I = |

cos Opnps = ‘ (

|PL — P2| [P3 — pal ) S

0 0.2 04 06 08 1.0
cosff,
— — — — 40 T
_ (P x p2) - (P3 % Pa) T
COSXBz = ‘ - == < = ‘ i P
|P1 % P2 |P3 % pal wl- Pt
= confirms the need a the non-abelian term g L |
ol o
== Abelian
0 | | | |
0 20 40 60 80
Xez



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 ]
m 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



Constrains on gauge parameters

T
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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 ]
m 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



N
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



R —————————————————
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 ? (next-to-next section)



- Part 3 -

Structure of hadrons




Intro Mott Scattering Form Factors DIS

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 - = 1Ix-=+41
3 3

- but is this right? Is it all?



Intro  Mott Scattering Form Factors DIS

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 - = 1Ix-=+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 gg 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



Intro

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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Mott Scattering

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

" o M = (K, s'|Je |k, )85 (p' o'y |p, o)
2a) JE = —ied(k',s')v* u(k,s)

p(p,0) p(p',0’)

It = —ied(p',o")y* u(p, o)



Intro  Mott Scattering Form Factors DIS

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

“lk.s) (k) M = (K s'|Je |k, s) &5 (p' 0’| Jy|p. o)
o Je = —ied(k',s")y* u(k,s)

p(p,0) p(p',0’)

It = —ied(p',o")y* u(p, o)

1 4
MP = 2 > MR =S,
45,5’,0,0’ q
j 1 wo v
v = EZJE J
s,s’
= 2(KM K"+ K'K" — (k- K + m2)g")
W = 2(ptp” +p'p” —(p- P+ m3)g)



Intro  Mott Scattering Form Factors DIS

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

8e* | —q? m2q?
M2 = - T(k—k’)-p+2(/<-p)(/<’-p)+ g
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Intro  Mott Scattering Form Factors DIS

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

8e* | —q? m2q?

2

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

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

2

and E - E' = - L

2mp

2

p

2 2

‘jn sin (9/2)] S(E — E’+2—2)

d’c 4a
=\ derda = oF E”? [cos (0/2) —
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Intro  Mott Scattering Form Factors DIS

Note 1: the first term corresponds to the classic calculation called the Mott scattering
cross section: ) ) )
do Mott _ 4&452 C052(9/2) _ CM_2C.OS4((9/2)

dQ Q 4E? sin*(0/2)

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




Intro  Mott Scattering Form Factors DIS

Note 1: the first term corresponds to the classic calculation called the Mott scattering
cross section: ) ) )
do Mott _ 4&452 C052(9/2) _ CM_2C.OS4((9/2)

dQ Q 4E? sin*(0/2)

[ 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).



Intro  Mott Scattering Form Factors DIS

Note 2: in the ultra relativistic limit, using Mandelstam variables:
s = (k + p)2 = ' k’
t = (k—K)P=¢>=-2k K,
u = (k=p)P=K-p?=-2pK,
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Intro Mott Scattering

Form Factors DIS

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

1953 Hofstadter et al. (SLAC)

10

\
A\

)
]
S

It

03

N

\.\

1032
=08
5 =08

DIFFERENTIAL CROSS SECTION (CMZ/STERAO)

PROTON
EXPONENTIAL ~ MODEL

Y

400 MEV

/

1053
26 40

Laurent Favart (ULB) BND 2022 23 /31

60 80 100
8 LAB (DEGREES)

120 I

0 160

e +N—-e +N

Deviation w.r.t point-like scattering



Intro Mott Scattering Form Factors DIS

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,o-w =0 . . .
3 \\(/%'“ Experimentalist way to introduce the FF:
8
E ¥ do — daMott
: N .~ do.
g \ — G Q 2 TG Q 2 1
g 32 EXPONENTIAL. WODEL >~ X E( ) + - M( ) 1
T 08 ~ € + 7
& e ™ 400 MEV ™
S  g-Tm=08
2 - . .
l T= 4,?,p2 and e : virtual photon polarisation
1033 1 - E .
B R by T M 17 = £ recoil factor

Q?=—q>= —(k' — k)2 ~2E E'(1 — cos )



Intro Mott Scattering Form Factors DIS

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

Ge(Q) = / Brp(r)e™@  with  Ge(0) =1

for small [q] Ge(Q) = /(l—i-iQ-r— (Qér)z +> p(r) d3r




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

Ge(Q) = / Brp(r)e™@  with  Ge(0) =1

for small |q] Ge(Q) = /<1+iQ-r— (Qér)z +> p(r) d3r

Average squared radius :
(r?) = /r2p(r) d*r = 47r/r2p(r) r2dr
Assuming spherical symmetry = p(r) = p(—r):

Q2
GE(Q) =~ 1+0—?(r2>+....



1.0
2.5] PROTON FORM FACTORS NEUTRON FORM FACTORS
vs q? 08 vs q2
® JUANSSENS et al. X © PRESENT DATA
A DUDELZAK et ol.
2.0l - oy = BENAKSAS et al.
® LEHMANNetal. « 0-6]
s -
& 15 S
S & 0.4} Sun
2 s // (-1.90
2 1.0 Gup §
° 0.2
2
0.5 (Gea) |
G[p 0 / 3
L] [] [ ¥ ¢ 1
L L L L |
00 Is |‘o ||5 210 2‘5 0 o) 5 10 15 20 25 30
a?(F2) Q2 (F-2)

Fitted with a dipole shape:
1

|Gp(Q)] ~ 1+ Q7

with 3 ~ 0.71 GeV?




Intro Mott Scattering Form Factors DIS

point-like exponential Gaussian
p(F)
F(E]Q) unity “dipole” Gavissian
Dirac Particle Proton SLi
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Form Factors

Example of recent work: Kurai [2020]

proton

(fmt1)

magnetic
transverse charge distributions as a function
of the impact parameter b

o R N W BB O N ®©

r(fm)

= negative charge densities at the neutron

. neutron
center

(fmi)

s = contradicts the negative pion cloud sur-
. rounding a positively charged core.

 (fm)



Intro  Mott Scattering Form Factors DIS

Compton wave length
To resolve small distances (Ar) we need small de Broglie wave length:

hc hc

X:)\/ZTF:AI’/27T:? = Ar:7 (1)
As E? = c?p? + m?c*:
X — hc E2<<;m2c4 E
 VEZ —m2ct N Q

QZ

(ulo)
increase o increase G)O (0)
o <
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Intro Mott Scattering Form Factors

DIS

Deep Inelastic Scattering

1967 SLAC - e beam up to 21 GeV

r
t
[ ©—We2 Gev
\ = We3 GeV
s == W:35 Gev
10" ]
=2
. <
- S o
£ \ 2
o \ N
302 \ &
5
Yo \ &
\ N
w
\ =
©
AN )
- &
073 N gLasTic 9
\_SCATTERING o
~
N
-
~
o ~
I L ! |
°’5 [ 2 3 4 5 3
q2 (Gev/e)®

o

7— (nb/GeV-sr)

dE'dQ

W(Gev)

1.6

1500

1000

o
Q
o

E=4.879 GeV
6-10.0°

WWMMWM m

m’li
f ! W’m& M

o
L
ELASTIC PEAK
I 1 1 N

REDUCED BY FACTOR 15

f|

02.8 31.0 3.12 3.I4 3.I6 3.8 4.0 4.2 4.4 4.6
E’(Gev)
W2=(q+p)’=X>=q*+2p-q+m)
2 1—x
X = Q = W=ml+—=Q°
2p-q P
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Mott Scattering Form Factors DIS

- Elastic case: 6(E — E' + ¢*/2my))

_:l_xszm2 — x=1

2 _ 2
W—mp+ 5

- deep inelastic case: x < 1

- in between: resonances

= in the deep inelastic (continuum) region need to parametrise the v* — p interaction
in the most general form
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DIS

That's all for today
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