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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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The so rich nucleus

Beta

ﬁ e What makes the nucleons hold together in a nucleus 7
¥ ! .68

AM=2Z-my+(A-2Z)-my—E = E ~8MeV

particle ~
< R
Q:: : ':{> = named Strong interaction
o Repulsive electromagnetic
force

’
’
‘ Attractive nuclear

force
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The so rich nucleus

ﬁ @:ﬁge What makes the nucleons hold together in a nucleus 7

e
- td

ol AM=2Z-my+(A-2)-m,—E, = E ~8MeV

= named Strong interaction

In a nucleus there is a competition between EM,
¥ @ Atacive nuciear Strong and Weak interactions
Gamma - EM: repulsion between protons

§ - Strong: bounding between nucleons

- Weak and EM decays
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lifetime stable 898 £ 16 sec
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proton neutron
mass 938.280 MeV | 939.573 MeV
lifetime stable 898 £ 16 sec
charge +1 0
spin 1/2 1/2
magnetic moment 2.793un —1.913uy

lifetimes and masses

- Tp =~ 15 min - very long for wi
n—pe Ug
- 7, > 1033 y - stable (if free state)

- mp/m, =1.0014 !
= very similar internal bounding fields

Huge bounding energy: GeV !

- if m, \: He/H /- ¥ stars like ®

- if m, : all atoms unstable (except H)



Overview Intro

A few preliminary remarks

proton neutron
mass 938.280 MeV | 939.573 MeV
lifetime stable 898 £ 16 sec
charge +1 0
spin 1/2 1/2
magnetic moment 2.793un —1.913uy

magnetic moment
Bohr magneton: py = eh/2mpyc

we would naively expect p1p, = 1 and
pn =0

= first sign of nucleon charged sub-
structure !



Proton structure - and QCD

- in baryons, the 3 valence quarks are bound by gluon exhanges

- the gluons carry a color and an anti-color (or a linear combination), e.g.
rg, rb, gF, gb, br, bg, +/1/2{rF—gg}, ~/1/6{rF+gg —2bb}
but the color singlet state is excluded by hand to avoid free gluons
= /1/3{r7 + g& + bb}

- the proton structure depends on the resolution scale - seeing more or less quantum
fluctuations in qg (sea quarks)

‘7@ increase ‘_‘b mcrease

- the QCD coupling constant, «g, also depends on the resolution scale
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- Part 1 -

as running, asymptotic freedom and
confinement
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ag running

Screening effect in QED

- in QFT the vacuum fluctuates in virtual particle-antiparticle pairs

- in presence of an electric charge, these pairs get polarised

- this leads to an effective charge which depends on the distance to the probe
At LO :

(—i)eoy" - (- )@-(—/)ew Ieov“g“”v”

>\ANV\/< >%NW( 7(;V\/\/\/\)<
with one loop :

d*k . i m . m NS, . v
()82 [ T (e EE D e (LD ] ()2 ey
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Screening effect in QED

- in QFT the vacuum fluctuates in virtual particle-antiparticle pairs

- in presence of an electric charge, these pairs get polarised

- this leads to an effective charge which depends on the distance to the probe
At LO :

g . g
(=eoy (=) 5 - (=Nen” = ieg " 27

>w<>w©qw<

)ew”i,ferm)( /)eovA—(ik(k__q?ztn,gz](—")%(—i)ew

with one Ioop :

v

(=) ey (—i)

fermion Ioop
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ag running

Screening effect in QED

- in QFT the vacuum fluctuates in virtual particle-antiparticle pairs
- in presence of an electric charge, these pairs get polarised
- this leads to an effective charge which depends on the distance to the probe

At LO : g g
(—i)eoy" - (—i)% (—i)eny” = iggn" :”7”

kca
el
k
with one loop :
4k m ik — m v, .
(e -0 [ G e g R e | B e

trace because we sum over fermions spin states

Laurent Favart (ULB) Sinop 2026 7/39




ag running

does the trace converge ?

d*k k3
| =y = | Gy 0
divergent for k — oo

 Jk ER dk .
— = — — we introduce a cutoff

k k

the integral give a log, the effective charge is given by:

2 2 2 2
Suv g m°—q g
e2¢(Lloop) = /eofy“ L [1+ 12% In ( 2 )—i— 12; F(q )]
R

where F(g?) is a finite function vanishing for g2 — oo.
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ag running

Adding more loops

2 2 2 2 2 2\ \ 2
€ m- — € m- —
egff:eg 1+ﬁ|n (Tq>+(ﬁln (Tq>> + -
uv uv

behaves arithmetic sequence, whose sum is (using Q% = —g°):
2
2 (02 €0
e (Q7) = 2 >
1-2n&
37 2
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ag running

Interpretation : using the distance r? ~ 1/Q? (sign in front of In changes)

| _ e2(r0)

, 1l

’ o
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ag running

Interpretation : using the distance r? ~ 1/Q? (sign in front of In changes)

T r .

0 Tren o) s o =1/137

e \‘ — e“(n

[ e2(r) = e?(rp) /( independ. of ry
K 1+ 2¢e? (ro) In £

’ o
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ag running

Interpretation : using the distance r? ~ 1/Q? (sign in front of In changes)

ro\ r if r>nry _ &) e 1/137
\ — g2 -
i-___‘l____ (1) = e?(rp) /( e(n) independ. of ry
/' 2 ( )
! L+ T r_:’ \‘ ~ €(n) only possible
ifro— 0 *

if e2(rp — 0) — o0
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Interpretation : using the distance r? ~ 1/Q? (sign in front of In changes)

<
(=)
<

if r>n 2
. ~ o) = 1/137
‘ \ e?(rp) /( ) independ. of r
®----j---- e2(r)——0 ' 0
, 2e? (ro) r
, 1+ In & 2 .
, 0 \l ~ eéf) only possible
s if o — .
7800410 it ro =0 if e2(rg — 0) — o0
7.600
7.400
—1/137
7.200
0 2 4 6 8 10
q
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ag running

in QCD: situation partially similar, on additional gluon loop
ka
q q ( j\/\
k

- the fermion loop (/V;) is similar to the QED case
- the additional gluon loop comes with a (+1)
- sum over N. colors

2
as(pR)
aS(Qz) = —11N, 2
1 — 2t 6711 <as(p%) Inl?—%?
- competition between N¢ and N,
-as b=2//; = 11N, < 0 = anti-screening effect
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ag running

in QCD: situation partially similar, on additional gluon loop
ka
q q ( f\/\
k

- the fermion loop (/V;) is similar to the QED case
- the additional gluon loop comes with a (+1)
- sum over N. colors

2
O‘S(NR)

as(Q%) = 207, —11N, 2

1— 2 as(ug) Ink

. 109
- competition between N and N, ‘ rlfm]

-as b=2//; = 11N, < 0 = anti-screening effect a[GeV] Mz Aqep
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ag running

- QFT gives us the evolution but not the values

- in one direction or the other

OAS(Qz) _ as(:u*%?) !
1 - 2 Ny, (42)1n %
& HR 0.6
- Ngcp is defined as the divergent scale value: 0.4
) 0.2 f a5 =118
as(ANocp) = L(: k) o o Wi
q[GeV] My Aq‘)cn

- AQCD >~ My = 100 MeV
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ag running

- QFT gives us the evolution but not the values

- in one direction or the other

2
05(@?) = Caliip) .

2N; 11N, 2N Q2
1 — === °as(,uR)|nu—2 1 .
R 08 perturbative

- Ngcp is defined as the divergent scale value:

non-perturb.

0.6

as(12) BT

2 _ R
aS(AQCD) - T 0_2_@/—/
1072 107! 190[fm]
- AQCD >~ Mmy = 100 MeV | }
. q[GeV] Mz Agep
- to apply perturbative methods: as < 1 ~1 GeV
l.e. Q > /\QCD

- if non-pert. (no Fey. diag, etc) but Lgcp is valid
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- Part 2 -

e e~ annihilation and QCD
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quark production from e~ e* annihilation

the cleanest way to produce quarks is from e~e™ annihilations:
no color charge in the initial state

pure electroweak process (at LO)

inital state momentum fully transfered to the qg

— allows us to study g production but also, g radiation, hadronisation,. ..
.
/- n

—— K

hadronization
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- at LO, for vy exchange only:

et (pe+) q(pq)
{Sang
e
e (pe-) q(pq)

- negl. mass terms :

_ o?
M =8(4m)* 3 Ne @7 {(per - Pa)(Pe- - Pa) + (Pt - Pa)(Pe- - Pa)}

- only 1 degree of freedom

- in the c.m.s.: .
do o - 0 n
— —NC 2 1 2 0 e e
dcosf 2s @ (14 cos™0) ¥
q
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eTet — qq

acces to quark electric charges

- as all hadrons come from quarks and that quarks always give hadrons :

Nf 2 Nf
4o
o(ete™ — X(any hadron)) = Zo(e"’e‘ —qq) = 3 N Z Q?
i=1 s i=1
e q 2
- we can study the observable:
v/Z
_ 4o N, 2 N¢
R— olefe” = X) Nty @ _NCZQg
- +e— +u-) 4102 - i ot
olete” = ptpu7) 3s i=1 R~ i ;
e M
- is this very simple model realistic ? )z
et o
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T3

: ¢ u,d, s ] N¢

[ @ 3 loop pQCD g o(e"' e — X) 2

= S Naive quark model E R = - — = NC E QI'

i N e e o(ete” = ptp”) i=1

r , \JWW Wt :

3 o 3 2 2 2

Eool sumofescusive + Inclusive ] = 3 g + -1 + -1 +

(- measurements measurements i = s

P S S T T T T T T Y SO SR 3 3 3

05 1 15 2 25 3

—— Y——

2. w(zs)‘ }v‘ c ] = 2 for 2ms < \/g < 2me.

E Mark-I + LGW ! B

E ark- bao P B

- R 1 ] = 10/3 for 2m. < /5 < 2my

£ DASP [l 1

3 “ o im < = 11/3 for2mp < /s < myz

= o | AT B

E Il [t ]

FobJl Ly irpf ] . .

SR LR U E - amazing success if away from resonnances
3 3.5 5

—_— -

b e E quark charges are as expected

3 E - if close to a resonnance, the important

E L _ L E npQCD corrections only in the numerator

Eotm e e E

; % MD-1 * ARGUS A CLEO Y cusB ¢ DHHM 7: " o

; : ) © Crystal Ball ? CLEO IT \H‘.\I’ O LENA ) é ¥ p°

S N e R

V3 [GeV] . -



jets - during the had. process, hadrons are forming around the initial quark direction

- two particles below to different jets only if
pi - pj > /\%\)CD

- angular measurement:

2 T

g
e!1.8 [ e ALEPH B
5 MC detector level
216 1
o MC parton level
4l 1
3)
©
1.2 ]
1 MC: Quork Spin 1/2 |
o8 ¢ 7 do ( 2 )
~
0.6 [ MC:QuarkSpin0 dCOSG 1 + COS 0
04 [ 1
0.2 | 1
T TR PO PR TR

0 .
0 041 02 03 04 05 06 07 08 09 1
cos(Onrusr)

the quark are spin 1/2!

- excellent agreement between jet and quark di-
rections
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Thrust=0

"""""""" e R

S0 20 G 510 20 oG
Centre of screen is ( 0.0000, 0.0000, 0.0000) - Centre of screen is ( 0.0000, 0.0000, 0.0000)
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That's all for today
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