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A few words about QCD

@ running of as
® asymptotic freedom and confinement

quarks and gluons from e*e™ annihilation

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

Structure of hadrons

@ clastic scattering

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

hadron - hadron interactions

@ jet production
@® Drell-Yan process
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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 —1.913up
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Overview Intro

A few preliminary remarks

lifetime and masses

- Tp =~ 15 min - very long for wi

n—pe Ve
33 ;
Sroton r— - 7p > 10>° y - stable (if free state)
mass 938.280 MeV | 939.573 MeV - m,/m, = 1.0014 !
lifetime stable 898 + 16 sec = very similar internal bounding
charge +1 0 fields
spin 1/2 1/2
magnetic moment 2.793un —1.913up
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A few preliminary remarks

lifetime and masses

- Tp =~ 15 min - very long for wi

n—pe Ve
33 ;
Sroton r— - 7p > 10>° y - stable (if free state)
mass 938.280 MeV | 939.573 MeV - m,/m, = 1.0014 !
lifetime stable 898 + 16 sec = very similar internal bounding
charge +1 0 fields
spin 1/2 1/2
magnetic moment 2.793un —1.913up

- if m, \¢ He/H - P stars like ®

- if m, 7 all atoms unstable (except
H)
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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 —1.913up

magnetic moment
Bohr magneton: uy = ehi/2mpc

we would naively expect pp = 1 and
pn=20

= first sign of nucleon charged sub-
structure !
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- Part 1 -

(vg running, asymptotic freedom and
confinement




g 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 : 2 g
(—i)eor" - (— )L'(—I)eov iegy" “2”7”

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

. . d*k . i m), . m B, o
(e Ep(-1) [ ST (e T e (A () B iy,
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g 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
- (—i)eoy” = iggy" ”2”7”

with one loop :
(—i)eoy" (=) '/ —i)eo” 7,Ef+m)( i)eovA—(i,Ek__q)ﬁztn,gz](—i)%”(—i)eov”

fermion loop

(—i)eor” - (~ )g“
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g 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
(=eor" - (=) - (e = e~ 57"

kca
el e
k
with one loop :
4k m m v,
(D82 [ Gl v R e (R (0 e

trace because we sum over fermions spln states
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g running

does the trace converge ?

d*k k3
e et
divergent for k — oo

> dk MR dk :
— = — — we introduce a cutoff

k k

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

2 2 2 2
2 .2, 8uv €0 m-—q €0 2
1loop) = ie2y" A" |1 | F
ez (1loop) = ieyry 2 [ + 152 n( z >+ 152 (q )]

where F(q?) is a finite function vanishing for g> — oo.

Laurent Favart (ULB) BND 2022 6 /24



g running

Adding more loops

2 2 2 2 2 23\ \ 2
€ m- — € m* —
cor = € ”ﬁ'”(Tq%(ﬁ'”(Tq)) A
uv uv

behaves arithmetic sequence, whose sum is (using Q@ = —g°):
2
2 (02 €0
er(Q°) =
eff( ) B e_gl Q
3m 0 p2
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g running

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

0--__‘1____ e2(r) 2(r0)
,I 1+2€ (fo)l
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g running

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

To r ifr >n e2(r0)

~ —a=1/137
€ \\ e2(r0)... {’Y
@-—--t____ 2(r) = e%(n) /l independ. of ry

,I 1 + 26 (fo) |
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g running

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

ro\ r if r>n . &(n) e —1/137
* = 2(r)- =
i---_‘l____ (r) = e(ro) /l e*(n) independ. of ry
/' 2
g 1+ 28 (ro) In - \‘ o€ (ro) only possible
if rn—~0

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

Interpretation :

<
(=)
<

7.800

7.600

7.400

7.200
0

if r>n

) SR
(1) = e ((CO)) independ. of rg
1+ oI \‘ ~ £ (ro) only possible
107 ifro =0 if e2(rp — 0) — o0
S/
5 1 6 5 10
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g running

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

- the fermion loop (/) is similar to the QED case
- the additional gluon loop comes with a (—1)
- sum over N, colors

as(:u’%?)
aS(Q2) = — 2
1- 267711%0‘5(”%?) In%

- competition between Nf and N,
-as b=2/N; — 11N, < 0 = anti-screening effect
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Qg running

in QCD: situation partially similar, on additional gluon loop
ka
q q
k

- the fermion loop (/) is similar to the QED case
- the additional gluon loop comes with a (—1)
- sum over N, colors

2
2 CVs(:U’R)
as(Q7) = 20/, _1IN 2
1— == Cas(,u%) In%

Wism)
|

- competition between Nf and N, | ‘
-as b=2/N; — 11N, < 0 = anti-screening effect a[GeV] Mz Aqen

Laurent Favart (ULB) BND 2022



g running

- QFT gives us the evolution but not the values

- in one direction or the other

— ag

2 1
o (Q2) _ as(/J’R)
s - 2Nf—11N, 2 Q2 08
1— ===y In>
6 S(MR) “f? 0.6
- Ngcp is defined as the divergent scale value: 04 //—\
02 ] as=0118
2 N
2 _ as(pR) - .
as(AQCD) = T 10‘ 10 ‘lg[fm]
q[GeV] ]\}z AQ‘;CD

- AQCD >~ My = 100 MeV



Qg running

- QFT gives us the evolution but not the values

- in one direction or the other

2
CYS(NF\’) 1.2
Oés(Qz) — - — as
1 — 2t o () |”—§£ !

08 perturbative

0.6
as(12) RN
s(Voco) = =5 ol ]

non-perturb.

- Ngcp is defined as the divergent scale value:

1072 107! 190[fm]
- AQCD >~ My = 100 MeV ; |
q[GeV] My Agep
- to apply perturbative methods: ag <1 ~ 1 GeV
i.e. Q> Ngcep

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



- Part 2 -

e e~ annihilation and QCD




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




- at LO, for v exchange only:

et (pe+) q(pq)
{ S
/e
e (pe-) q(pq)

- negl. mass terms :

V2 = 8472 24 e @2 {(pes - po)(pe- pa) + (per - o Po)}

- only 1 degree of freedom

- in the c.m.s.: .
do o - 0 +
= ——NQ7 (1 20 *»744—
dcost 2s ¢ @ (14 cos™0)
q




e et = qq

acces to quark electric charges

- as all hadrons come from quarks and that hadrons only come from quarks :

o(ete™ — X(any hadron)) = Z olete” — qg) =

Ny

i=1

- we can study the observable:

R =

olete” = X)

4mo? N¢ 2
_  3s NCZi:l j

olete” = ptp~)

4ma?
3s

- is this very simple model realistic ?

Ny
F=Ne) @
i=1

Ny
Ara?
2
3s Ne Z Q;
i=1
e q
v/Z
et q
R ~Y
e ut
v/Z
ot -




10— U ‘d‘ T3
£ u, S ]
: ] .
[ 3 loop pQCD R e' e — X
10 - Naive quark model < R — ( — N Q2
% % o(ete” — ptp~) Z
TE \ﬁj 3 2 2 2
; Sum of exclusive Inclusive ; 2 B 1 _ 1
i ,,» messurements * meosmements ] = 3 =) |l ) +tl==) +...
o'l 1o L 3 3 3
, 05 1 5 25 3
—— Y——
. ”’(25)‘ I c ] = 2 for 2m, < /s < 2mc
E MarkI + LGW ! ]
s E . o | 3 = 10/3 for2m. < /s < 2my
E © DASP ]
‘F “ o E = 11/3 for2mp < /s < mz
3 o | E
F Il FL i 1
/L | 1 . .
S S LT U E - amazing success if away from resonnances
3 3.5 5
—_ .
8 — =
7 T s @) E quark charges are as expected
6 F E . .
b E - if close to a resonnance, the important
n . . E npQCD corrections only in the numerator
F—— T e El
3 ; % MD-1 * ARGUS A CLEO Y cusB ¢ DHHM E e L
2 : ) © Crystal Ball ?('!.E(Hl \H‘.\I’ o l.}-\A‘ 4 ¥ [
S N R i

V3 [GeV] . -



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

- two particles below to different jets only if
pi - p; > Nocp

- 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 ( % )
~
0.6 [ MCiQuarkSpin0 dcosf 1 + COS 9
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



2w —oy

510 20 50Gev 510 20 s0GY
Gantre of screen is ( 0.0000, 0.0000, 0.0000) Contre of screen is [ 0.0000, 0.0000, 0.0000)
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e et = qq

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

" (pe+) q(pq)
7(9)
glps) +
e (pe-) a(pa)
_ [M]? = 8(4m)2a2N, Q2 (Pe+ - Pq)(Pe- - Pq) t(PeJr ~ Pg)(Pe- - Pg)

q

_ M2 = 8(41)%02as Ce N, Q2 (Pet - Pg)(Pe- - Pg) + (Pe+ - Pg)(Pe- - Pq)

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

1) couplings: a? — aas - first QCD correction



e et = qq

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)
gpg) T
e (pe-) q(pq)
BRG] V1 - s(4n)2aN, @7 (Pet - Pq)(Pe- - Pa) t(Pe+ - Pg)(Pe- - Pq)

q

RS TV — 8(4r)0%as CeN, Q7 (Per o) (P 1Pa)  (Per Po)(Pe o)

(Pet * Pe~)(Pq - Pg)(Pg - Pg)

2) factors: N — CeNc

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



e et — qq

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

6+(pc+) q(pLI)

7(q)
glpe) T

“(pe-) q(pq)
+

e rqq TMP = 8(47)20 N, Q2 (Pet - Pq)(Pe- - Pa) :,Z (Pe+ - Pg)(Pe- - Pq)
B M = sen)?os e, @7 (P PallPe P+ (Per Pa)Pe - p)

(Pet * Pe~)(Pq - Pg)(Pg - Pg)

3) kinematics:
- note that: ¢* — 4(pe+ - Pe-)(Pq - Pg)

- so, the kin effect is: (p, - p.) — (py - ps)(pPg - ps) - where does it come from ?



e et = qq

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

P4+Pg Q(pQ)
N gmope ., (Pqtpg) + mq f me=0  Pq+ Pg_ y lPel<lpal 1 € - pg
(Pq + pg)? — 2(pq - Pg) 2 Pq - Pg

q(pa)




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

P4+Pg Q(pQ)
N gmope ., (Pqtpg) + mq f me=0  Pq+ Pg_ f|P€|<<|pq| 1 ¢ pq
(Pq + pg)? — 2(pq - Pg) 2 Pq - Pg
a(pa)
a(pq)
v(q) L € pg
@ 9P €) 2 pg - pg

PatPg  q(pq)



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

pq +pg Q(pQ)
N dagne) ., (PatPe) mq f me=0  Pq+ Pg_ / Pel<Slpal 1 € - pg
(Pq + pg)? — 2(pq - Pg) 2 Pq - Pg
a(pa)
q(pq)
v(q) L € pg
@ 9(pg €) 2 pg - Ppg

Pt Py q(py)
- putting them together and after sum over the gluon polarisation states (only 2 tranverse
states):

2 3
g d

2r " |pgPe  PqPe

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



2
Pg P Pg - P
-[_'q - 'q ]daqqz---Q — 3 q‘ dogq
Pq-Pg  Pq:Pg (Pg - Pg)(Pq - Pg)
- with the term from dogq : 1/q*

Pg * Pq 1 1

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

= we find back:

BREIGERN TV = 8(4n)o?asCeN, QF PerPalPe ) T (Per Pa)(pe o)

(Pe+ = Pe=)(Pq - P2)(Pg - Pg)




2
. [ Pi_ _ _Pq ] dogg>~---2 Pg_Pq dogq
Pq-Pg  Pq:Pg (Pg - Pg)(Pq - Pg)
- with the term from dogq : 1/q*
Pg * Pq 1 _ 1

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

= we find back:

BREIGERN TV = 8(4n)o?asCeN, QF PerPalPe ) T (Per Pa)(pe o)

(Pe+ = Pe=)(Pq - P2)(Pg - Pg)

/N it presents singularities ¢

if p, - p; — Oand/or p; - p, — 0



two singularities

Pq-Pg = EqFg = Pq-Pg = EqEg — Pql|Pg| cos b
~ EgEg(1 —cosby)
= singularities for p, - p, — 0 (same for gg):

- E, — 0 (soft gluon limit)
- g — 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 correction UV poles

e q

et q



comparison to data

2 3
as Pg p d>p
dogae = 5~ CF [ i = } £ dogq
2 LPg Pg  PqPg

- the cross section has 2 physical degrees of freedom :

+9 free variables (d3pq, d®pg, d®pg)
—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 = %xjxk(l — cos 0j)

dzaqég Qs Xg + Xt%
— 998 — = Cp o
dxgdxg — 2m (1 —xq)(1 —x5) 7

- 2 sigularities correspond to x4 — 1 and x5 — 1



e et = qq

. , . . . ® SLD — Vector --- Scalar ------ Tensor
- in data we don’t know which is g jet, ... 15F 6
- sort the 3 jets by decreasing energy : z b i
-EE>E>E s'or 1
- define: x; = 2E;/\/s < 51 7
0
06 1.0
- jet 1: q/g jet almost unaffected (x; — 1 pole) Ty 3————
- jet 2: /@ jet with significant energy loss + g jet PR © | @ oL@ -
s 182 ]
such that E; /5 > Eg > Eg/4 Sol N, |8 B .
- jet 3: mainy the gluon jet (falling distribution) + 2 L TN S ettt ]
G jet of the above case ) SRR N Y S B
9/d ] 0 02 04 06 0 04 08
0 sin 6 —sin 03 X3 CosOek
- COSVEK = T ein0,



e et = qq

. , . . . ® SLD — Vector --- Scalar ------ Tensor
- in data we don’t know which is g jet, ... 15F 6
- sort the 3 jets by decreasing energy : z b i
-EE>E>E s'or 1
- define: x; = 2E;/\/s < 51 7
0
06 1.0
- jet 1: q/g jet almost unaffected (x; — 1 pole) Ty 3————
- jet 2: /@ jet with significant energy loss + g jet PR © | @ oL@ -
S T 18720 o]
. such that Eqg > Eg.> Eq/é_ o § ol N, g B :
- jet 3: mainy the gluon jet (falling distribution) + S LTI D et ]
q/q jet of the above case 0 *0*2 *0*4 1‘6\6 = 05 0*4 * 018
in 0, —sin 0 ' X3. . cc;sGEK .
- cosf — sinfr—sinf3 ;
EK sin 01 gluons are spin 1!

pure vectorial current ()



That's all for today
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