Standard Model: Experimental Tests of QCD

V. Quantum Chromodynamics (QCD)
Theory of strong interaction provides the nuclear forces that keep nuclear cores
together.
2
Peculiar properties: %s =~
prop . S A
2
(1) asymptotic freedom: s (P° —> ) =0
®
Interaction between quarks at very small distances, e
i.e. at large momentum transfer, theory looks more Fragmentation
like a free field theory w/o interaction (justification of vin & ' ]
the parton model). re é AP
°
Gross, Wilczek, Politzer (Nobel Prize 2004)
l'l
|
(2) Confinement: no free quarks .
For large - a ;—'1"_._" —>_5 v ~r
distances Vg (1) =1 == —=
(3) Octet of massless color charged vector gluon fields
interacting with a color triplet of spin %2 quarks
s

(4) self-interaction:

(non abelian gauge theory SU(3) )
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Experimental Tests of QCD
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1. Test of QCD in e*e- annihilation

1.1 Quarks carry color charge

‘ Additional color factor N

+ J—
e'e” — hadrons «~eQ Q - ?
I
3
q
Js Quarks
d 2 =
Yo =a_.NC, ZQi2(1+C0529) <~3 GeV uds
dQ ee — hadrons 4s quarks i < ~10 GeV udsc
— . < ~350 GeV udschb
Sum over all possible
quarks: 4mq2 <s > ~350 GeV udscbt
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Spin %2 Quarks: 5

do «a
0 s (1+cos? )
S
Jet-like events: Jet axis approximate quark direction
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Resonances at
Ryg = o(ee — hadrons) _ 3-3Q7 6 beginning of step| arpm+aco+z’ -
o(ee - uu) i l } AN TDI_
- u“ / th?
s Quarks Ry =3-2.Q7 4 B P & . A Peazk:
<-3Gev uds  369=200| p I I gaa: Sl
QPM
<~10 GeV udsc 3:10/9=3.33 B Py T
<~350 GeV udscb 3:11/9=3.67 oL o~ Chew 0 Resonances  ® CESR
>-~350 GeV udscht  3-15/9=5.00 P AL i
L o PEP ° ADONE -
Data lies systematically higher that gl vl vl 3
the prediction from Quark Parton 100 10" 102 10° 10*
Model (QPM) — gluon bremsstrhl. Q? (GeVd) o~
a,(S) a,(s)’
) 5(S)= O'QED(S)|:1+ ST +1.411. 5”72 +...
~
~ 7%
6

J. Pawlowski / U. Uwer



Standard Model: Experimental Tests of QCD

1.2 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

Ordering of 3 jets: E;>E,>E;

9290A14 : 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

1 _do_

Gtot dlcosh]
Q
]

=

———=~0.15~ .
#2 — jet events s = o is large
at Vs=20 GeV
7
1.3 Spin of the gluon
Ellis-Karlinger angle
0.3

s X4 <09 N

T T T T T T T
TASSO 25 GeV <W <36 GeV

—— Vector A\ —
—-— SCALAR )
——— SCALAR A
Parton Level V)
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0.2 0.4 06 08
|cosbex|

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
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1.4 Multi-jet events and gluon self coupling

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

4-jet events

(@) 3}

(c)

(d)

:::::::

arar Figure 1: Hadronic event of the type &% e~ — 4 jots 1ecorded with the ALEPH detecior st LEP-1

9
Multiple jets and jet algorithm
Jet Algorithm 100 e
91.2 GeV
Hadronic particles are i and j grouped to a gP::L ¢ : 2-Jet
pseudo particle k as long as the invariant __ 8o0F g -
mass is smaller than the jet resolution )
parameter: 2 — ’
i Yo E 60 - emxa Data ]
€ l:ﬁ: --------- Jetset partons |
m; is the invariant mass of i and j. 0F Jetiet oy
Remaining pseudo particles are jets. ‘ 1
20 by " 5
m; 4-Jet 3-Tet
) Aﬁ 0.001 0.01 0.1 1
: Yeut
,/}\ 10
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Color Factor

q q
Coupling strength
QED N 1.1
S
— qva QCD 4
q
Color factor:  Cg =c?
Color factors
2 2 2
_<< ~ C, uuﬁii ~ N w< ~T.
_4 =3 1
3 2
q—9g g—gg g—=qq 11
4-jet events
Color factors:
\—’é 'ﬁéﬂ‘ a 2
(a) (b}
{ P~ CF
i
b2
) .u.u{ ~ N
i 2
e ‘:J.u< ~ T,
i
4-jet cross section:
Group Ne Cr T
L, el Oy 2 INey . Ne
aiet = () [ (-gg) megr] | v |0 ! !
U1, 0 1 3
O\ [ Tr 1 LNey SU(N) N (NY—1)/2N | 1/2
=) | NeFp+(1--=5) Fe / /
( * ) [C" ( QC") ] 5U(3) a 4/3 1/2
Fag.cpe are kinematic functions
12
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Angular correlation of jets in 4-jet events

40 T T

Exploiting the angular distribution of 4-jets:
30

- Bengston-Zerwas angle

COS Zg; o (P, % P,) - (Ps * Py)
* Nachtmann-Reiter angle

COS by o (P~ P,) - (Ps — P,) or

20

Event Fracion (%)

Allows to measure the ratios T./C. and N./C,

[ Nachtmann-Reiter angle

= Data
—_ acD
— — Apelan

SU(3) predicts: T/C. = 0.375 and N./C =2.25

40

o4 06 o8

cosen

20

If No/Cp# 0 — contribution from gluon e ﬁ
self-coupling in the 4-jet events % 20 et
b2 § ;/::’,/ -
] gi — - = Data
™~ B 10 — -_— QCcD —
c ‘ i = Abellan
. L 4
o L 1 ' 1 L 1 L 1
[a] 20 40 &0 20
- Xz S——
3
T T T T T T T
3 _T Abelian Gluon Maodel Ui1)3 -
; ® opPaL
| —B8%CcL ]
i rmane 95% CL.
2 | —
L
S . SO(N) -
[ .
'_ .
1
D 3
Confirms QCD prediction (SU(3)) and gluon self-coupling:
T-/C=0.375 and N./C =2.25
14
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2. Running of oy

\ ¥
::' Y :‘rr(‘l"{ + },’r)“ﬁh(j Wﬂ‘< + /"77{':?‘-‘11(; /\

a(Q)
0,54
) 0.4
(04
a,(Q%) = e % 0,34
1 %) B, log—==
+as(,u )ﬁo gﬂz 0,24
0.14

0.0 ¢ .
I 10 100
Q/GeV

= Asymptotic freedom

Measurement of strong coupling o

=) o, measurements are done at given scale Q2: o,(Q?)

a) a, from total hadronic cross section

2
Ohad (S) = Gﬁa'ZD(S)[H %) 1411 @ + }
77 V4

2
Ry = o(ee — hadrons) _ 3ZQ§ 14% | 1.4110‘752_,_
o(ee > uu) Vs T

Not very precise.
S

b) o, from hadronic event shape variables

. O3 ;
3jetrate: R,=—"  depends on a,

Ohad

3-jet rate is measured as function of a jet resolution parameter y_,
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sl o * AMY

o VENUS |

.l
Similarly other event shape variables (sphericity,

thrust,...) can be used to obtain a prediction for o -I
) 0(S) _ 7

QCD calculation provides a theoretical prediction t + P

for RBtheo((’“S 1 ycut) § ‘“E ?J.\N—

— fit RyM°(a , Y, to the data to determine o % o G ‘
@ o TAsso |
= \ - Vi
2
m 1,

Ny

3| i |
il

T = max

thrust axis

Maximizes longitudinal
momentum

O[) 20 40 60 50 100 120 140 160 180 200
s (GeVy

c) a, from hadronic T decays
_ I'(z - v, + Hadrons)

- ~f(a
had It > v, +ev,) ()
v, 2 2
- —+—Qq + | +
_ " q
had — y 2

2
r T, a,(M;
Rhad = Rha?:i (1+ S( ) +...)

d) o from DIS (deep inelastic scattering)
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Running of o and asymptotic freedom

aS(QZ) — as(luz) 5
1+ a,(u2)flog S,
7
- Q%)= 1
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