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V. Experimental studies of QCD
1. Elements of QCD

2. Test of QCD in e+e- annihilation
3. Study of QCD in DIS
4. QCD at LHC

1. Elements of QCD - SU(3) Theory

(i) Quarksin 3 color states: R, G, B

(i) “colored” gluons (color charge) as exchange vector boson

SUB): 3x3=8®1

B —Rr
_ =) Gluons of color octett:
BR -
R B RB,RG,GB,GR,BG,BR
FT— 1 RR -GG
I R e
1 - — —
—(RR +GG - 2BB)
/ \/g
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%(R§+G€—ZB§) m) Ninth state = color singlett does not
B B take part in interaction
B ! RR+GG +BB)
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1.1 Color factors

e, /vq/ .
Coupling strength Coupling strength:
ED — QCD
Q ee,a - — Lleca
ez /4/

Ce

Color factor

Examples:

B
1 1 2 2

\@(R§+G6—ZB§) Ce = 276 76

1 — —
E(RR ~GG) )

R CF:4

Color factor for qq color singlet state (meson): %(R§+G€+B§)

In the case of a color

Color singlet meson singlet, each initial and

is composed of 3 final state carries a
different possibilities factor L
3
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Triple and quadruple gluon Vertex Gluons carry color charges:
important feature of SU(3)

RG

Color flow >
’E\

Color factors
2
c, ~ N M< ~T
4
3

1
2

q—qg g—8g g£—=qq

1.2 Evidence of colored spin ¥z quarks

a) clear two-jet event structure in e“e” — hadrons (qq)

b) p. = o(ee - hadrons) jngicates fractional charges and N.=3
e o(ee - uu)

c) Further indications for N=3:

A** statistic problem:
Spin J(A**)=3/2 (L=0), quark content |uuu>
A*)=|utuTu®) forbidden by Fermi statistic

_)

Solution is additional quantum number for quarks (color)

A**> _1

—%é}jk

u Tu Tu, T> i,j,k = color index
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« Triangle anomaly y W

Divergent fermion loops

Divergences cancel if N; = 3:

0=3Q = (-1 + (- + (-1 + N, -[(g—é)-:ﬂ

3 generations of u/d-type quark

1.3 Test of QCD in different processes

ot N
> ________ é
e Discussed in
> Section 2 and 3

hh . Tevatron / LHC
(not discussed)
Q
Heavy NW@?.
quarkonia

4
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2. Test of QCD in e*e- annihilation

2.1 Discovery of the gluon

Discovery of 3-jet events by the TASSO -

collaboration (PETRA) in 1977:

%

=

N

3-jet events are interpreted as quark
pairs with an additional hard gluon.

#3 — jet events

#2_ jetevents 0.15~a; = as is large
at Vs=20 GeV
2.2 Spin of the gluon
Ellis-Karlinger angle
Ordering of 3 jets: E;>E,>E, 03 LN B B B E
~. TASSO 25 GeV <W <36 GeV
Froms, Xy <09 b

8290A14 397

Figure 8: (a) Representation of the momentum vectors in a three-jet event, an:

(b) definition of the Ellis-Karliner angle.

Measure direction of jet-1 in the
rest frame of jet-2 and jet-3: Oy

o
N

1 _do_
Gtot dlcosh]

0.1 —— Vector Sy -
—-— SCALAR )
|l ———SCALAR a4
Parton Level V)
0 P DT BT B
0 0.2 0.4 06 0.8
|cosBek|

Figure 9: The Ellis-Karliner angle distribution of three-jet. events recorded by

TASSO at Q ~ 30 GeV [18]; the dala favour spin-1 (vector) gluons.

Gluon spin J=1




Advanced Patrticle Physics: V. Experimental studies of QCD

2.3 Multi-jet events and gluon self coupling

~
Non-abelian gauge theory (SU(3))

4-jet events

(@) 3}

(c)

(d)

arar
azEnAE

Figure 11 Hadromic event. of the type et e~ — 4 jets 1ecorded with the ALEPH detector at LEP-1

Multiple jets and jet algorithm

Jet Algorithm 100

Hadronic particles are i and j grouped to a

pseudo particle k as long as the invariant __ 8o0F D-scheme
mass is smaller than the jet resolution )
parameter: 2 ~
=L< Yeut o
S g | ¢
o o R /
m;; is the invariant mass of i and j. WOF 5

Remaining pseudo particles are jets.

m;

4-Jet

N

Jetset partons |
Jetset hadrons{

2-Jet

emxa Dala

/\jg

7

0.01

Yeut
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4-jet events

(e)

(d)

4-jet cross section:

1 a0y 1 N¢ Ne
St o (2 [ (-3 e B
Ty 7 T 4 20 B+ Cr &

o, O\ [Tk 1 Ne
“ENF 1- =5\ Fy
+ (357 [gwmo+ (1-550) 7

Fag.cpe are kinematic functions

Color factors:

i
b2
~ NP
“c"'l‘l""zé‘:: c
a
: 2
a ~ TF
i
Group Ne: Cr T;
U(1) 0 1 1
U(1)a 0 1 3
SU(N) N | o (v-nypeN| 1z
S1(3) 3 43 1/2

Angular correlation of jets in 4-jet events

Exploiting the angular distribution of 4-jets:
- Bengston-Zerwas angle
€0S 7z o (Py % P,) - (Ps * Ps)
* Nachtmann-Reiter angle
COS O o (P, — P,) - (P — P.)
Allows to measure the ratios T./C. and N./C
SU(3) predicts: T/Cr = 0.375 and N./C =2.25

If No/C 2 0 — contribution from gluon
self-coupling in the 4-jet events

Event Fraction (%)

Event Fracion (%)

40 T T T T T T T T

INachtmann-Reiter angle

20

20
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3 |~® Abelian Gluon Model U113 =
® opaL
N — E8% C.L. ]
=== §5% C.L.
2 a0 —
[ .
QE - -, S0 -
S ..
G2
1 Hum 't_s:tsl =] -
SU(3) predicts: TFIGE 7 ] NE/EE=p.25
= SO(5), F4 SSUN)
1 : Spi4)
E P
1
D .-'. ---------------------- - -
H 1 | 1 1 1 1
0 1 2 3
e N./Cg 5230424

Confirms QCD prediction (SU(3)) and gluon self-coupling:
T/Cr = 0.375 and N./C =2.25

2.4 Strong coupling constant a

QED: Running coupling constant Ol ¢
1
1 128
a 137
a(qz) = o qz :
1- = 2. log 2 2
3z fZQf gmf2 1) q
QCD:
\ N /
\'- —_— ) wrm(<fwrr< + /’"’{r?'-'m
/Ti' T - ’._' > Fres /\
Running ?7?
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Propagator corrections:

Y
\' T - }Wh(j ’WV< + Wm\
/ 1N -~ v “ ~ J

screening anti-screening

Effective strong coupling 0.(Q?)

, . (1) n; = active quark flavors
= S . .
a,(Q°) = 1 p u2 = renormalization scale
l+e (yz)logQ— . 2 2
s 127 12 conventionally #° =M;

1
=——(33-2n
fo =45 (38-2n)

(@) = — %) A= G
1+ a ()8 Iong At large Q2 quarks are
SR asymptotically free

Introduce scale AQCD at which (perturbative) solutions diverge:

1
Q%)

m» «Q)- !

Bo IOg(QZ/A%CD)

_0 = ﬂO In(Qz/AZQCD) AQCD ~ ZOOMeV

(parameter, must be
determined experimentally)

a(Q)

— Asymptotic freedom for large Q? 05 Example

N;=5
A = 200 MeV

For large Q2 quarks can be treated as 0.4
free particles: — Quark Parton Model 0.3
0,2

Gross&Wilczek (1973), Politzer (1974) 0.1

0.0 t -
1 10 100
QIGeV
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David J. Gross | H. David Politzer Frank Wilczek

"for the discovery of asymptotic freedom in the theory of the strong interaction”

2.5 Measurement of strong coupling o

Y o, measurements are done at fixed scale Q2: a,(Q?)

a) a, from total hadronic cross section

2
Ohad (S) = 0?5”(8)[“ %) 1411 @ + }
” V4

o(ee — hadrons)
o(ee — uu)

Not very precise.
S

b) o, from hadronic event shape variables

2
Rhaa = =SZQ§{1+O’S+1.4110’s2 +}
T T

. O3 ;
3jetrate:  R,=—"  depends on a,

Ohad

3-jet rate is measured as function of a jet resolution parameter y_,

10
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1.0 T T Ty o 1T &1 ¢
QCD calculation provides a theoretical prediction L . R' 4
for R3"®%(ot , Yeur) sk & 72 SLD 1992
— fit RyMe°(ay , Y, to the data to determine o g ro* 7
S 06 * —
5]
P T
Similarly other event shape variables (sphericity, | 3 0.4, -
thrust,...) can be used to obtain a prediction for a, e °, 7
02 g [ —
:unnR4 © 4 Ra i
[+]
Olwlota o b 18 Al a1 nl al
-7 yC 8200A3
n-jet rate as function of y
c) a, from hadronic T decays
. I'(r - v, + Hadrons) ;
had = T — (o)
(r > v, +euv,)
v, 2 v, 2
T *Qq + | d
w — w %R
T a g
had —

2
. . a (m:
Rhad = Rha?j(1+—5(ﬂ_ )+---)

d) o, from DIS (deep inelastic scattering)

11
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Running of o and asymptotic freedom

0.4

a(Q)

03+

0l +

1

Q)= Bo IOg(QZ/A%)CD)

o LEP
o PETRA
A TRISTAN

3 f‘*@siir;-gsﬁ 3

== QCD ag(Mz) = 0.1183 £0.0027
I

1
10 Q1GeV] 100

DIS [pol, stret, fem.]  —o—p—

DIS [Bj-SR] e
DIS [GLS-SR] Coe
v-decays [LEP] e
xF; [v-DIS) ——
F, [, n-DIS) B

DIS [ep => jets] i
) i QCD ks

! ——

Nz

& e [seali

& 8" (et cane) -3
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