Experimental Tests of OCD

1. Test of QCD in e+e- annihilation
2. Running of the strong coupling constant

3. Study of QCD in deep inelastic scattering

Disclaimer:
Due to the lack of time | have selected only a few items!
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1. Test of QCD In e*e™ annihilation

1.1 Discovery of the gluon

Discovery of 3-jet events by the TASSO
collaboration (PETRA) in 1977

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

Fig. 11.12 A three-jet event observed by the JADE detector at PETRA.
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1.2 Spin of the gluon

Angular distribution of jets depend on gluon spin:

Ordering of 3 jets: E;>E,>E;
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Ellis-Karlinger angle
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Figure &: (a) Representation of the momentum vectors in a three-jet event, an

(b} definition of the Ellis-Karliner angle.
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Figure 9 The Ellis-Karliner angle distribution of three-jet events recorded by

TASS0 at J ~ 30 GeV [18]; the data favour spin-1 {vector) gluons.

Gluon spin J=1




1.3 Multi-jet events and gluon self coupling

—
Non-abelian gauge theory (SU(3))

4-jet events

(a) (b)
()
(d)
4 jet eve ntS al IOW to te St th e Figure 1: Hadronic event of the type et e~ — 4 jots reccrdad with the ALEPH detector at LEP-L

existence of gluon self coupling. Multi-jet event ALEPH exp (LEP)



Multiple jets and jet algorithm

Jet Algorithm

Hadronic particles i and j are grouped to a
pseudo particle k as long as the invariant
mass is smaller than the jet resolution
parameter: m?

]
? < ycut

m;; is the invariant mass of i and |.

Remaining pseudo particles are jets.
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Gauge group structure of the strong interaction

Dynamics of gauge theory defined by commutation relation of gauge

group generators: .
ha,Tb]ZiZfabC°Tc Ta_ﬂ,
C T 2
Structure A2 Gell-Mann matrices
constants

In perturbative calculations the

The generators and the structure average and sum over all possible
constants appear in the vertex color configuartions lead to
functions of the Feynman graphs: combinatoric factors:
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Feynman rules for QCD: vertex factors
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Color factors relevant for 4-jet events
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Angular correlation of jets in 4-jet events

4-jet cross section:
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FA,B,C,D,E are kinematic functions

Exploiting the angular distribution of 4-jets:
- Bengston-Zerwas angle

COS ¥ o (P, P,) - (P5 X P,)
« Nachtmann-Reiter angle

COSOg < (P, —P,)(Ps —P,)

Allows to measure the ratios T/Cr and N./C¢

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



2. "Running” of the strong coupling o,

Propagator corrections:

Strong coupling ol4(Q3?)
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Measurement of Q2 dependence of o

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

a) o, from total hadronic cross section

4+ — Final state
e'e —>qq(9) >“< t M,”\ o  9luon radiation.
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b) o from hadronic event shape variables

: O,
3-jetrate: R,=—  depends on o,
O had
3-jet rate is measured as function of a jet resolution parameter vy,



QCD calculation provides a theoretical prediction

for R3theo(as ’ ycut)

— fit R3"®(ay , Y. 10 the data to determine o

Similarly other event shape variables (sphericity,
thrust,...) can be used to obtain a prediction for o

= 0(S)
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c) o, from hadronic t decays

_ I'(zt - v, + Hadrons)
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d) a,from DIS (deep inelastic scattering)
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Running of o, and asymptotic freedom
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3. Study of QCD In deep inelastic scattering (DIS)

HERA:

maximum resolution:

h/Q ~10 " m

Electron

R

Courtesy: H.C. Schultz-Coulon



3.1 DIS in the quark parton model (QPM)

e*(k) e (k'

» Elastic scattering: W =M

= only one free variable

-q° = ~(k -k’ o
=1
2Mv
N
e Inelastic scattering: W =M
>X(p") —scattering described by
Mass 2 independent variables
Proton W

M ’ (E.v), @Q%%), (XY), ...

x = fractional momentum of struck quark

2
= SX =
y = Pqg/Pk = elasticity, fractional energy Q Y s=CMS energy

. - 2
transfer in proton rest frame Q (Bjorken x)

v = E - E' = energy transfer in lab 2Mvy



Cross section in quark parton model (QPM)

Elastic scattering on single quark

Starting point:

e* (k) electron muon scattering

_ 2
{.... [0t — cos? ¥ 8 ZsinZQ
2 2M 2

Electron-quark scattering (quark momentum fraction x):

dG 4770!2 E' 2 2 9 Q2 . 2 9
= — 7| cos” =+ ——sin’ =
dQ* | Q° JE 2 2x°M 2

charge
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Parton density q;(x)dx : Probability to find
parton i in momentum interval [X, x+dXx]

d’c dro® \E' | g @ g
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Structure functions
F,(x) = XZjeiZQi (§)-6(x=8)d¢S = XZeiZqi (X)
I 0 [

F(X) = %ZeiZQi (X) ignore (include) anti-quarks!



2 2 2
d 20 = 47[25 %) cos —+2F1(X)Q—25in2€
dQ-dx Q E | x 2 2x°M 2

1 Kinematical relations

] (@a-y)R (0 + xy?F,(x)

dQ%dx | Q*x

d°c 3 (47:0(

Deep inelastic electron-proton scattering:
* Free partons: F,=F,(x) < “scaling”

» Spin % partons: 2xF,(x) = F,(x)
(Callan-Gross relation)
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Structure function F, (=vW,) depends
only on the dimensionless variable x:

Q2
X =
2Mv
— Scale invariance: “scaling”

Indicates elastic scattering at point-like
free constituents of the proton: partons




3.2 Scaling violation
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QCD explains observed scaling violation

Large Xx: valence quark scattering Small x: Gluon+sea quark scattering

gl

Q2T = F, | for fixed x Q2T = F, 7 for fixed (small) x

Scaling violation is one of the clearest manifestation of
radiative effect predicted by QCD.



Quantitative description of scaling violation

Quark Parton Model
1 t
X =

F,(X) = Xzeizjch(f) O(X=48)dE = XzeiZQi(X)

o(ax) = é&(x) t i

Qcp  F,(xQ?) = xzejg a (&) [5(1——)+—S Slog

0 &2 ¢ 1
z=xI¢ a, - dk?
Xp—>" - qq( )j P Probability of a quark
/ to emit gluon and

o Q becoming a quark with
K, k/~ —Py,(2)109(—) momentum reduced by
27 Ho fraction z.

In the limit of small
irradiation angle

uO cutoff parameter



Changing to the quark (parton) densities:

1

6,(xQ%) =;(x)+ - *Iog j A (P, ()

\ 0
ACI(X,Q )
Integro-differential equation for q(x,Q?%):
We have
d 2 (04 1d§ 2 X -
X, =3 , P (2 ignored gluon
d logQ* axQ%) 27z~([ & a(s.Q") qq(f) splitting

DGLAP evolution equation
(Dokshitzer, Gribov, Lipatov, Altarelli, Parisi, 1972 — 1977)

7"(Q% > QF) sees that

gD guarks g(x) are surrounded
y (Qq) sees q(x) by softer quarks



Evolution of parton densities (quarks and gluons)

evolution of quark

density with InQ? f’ Z f :

aq(X,Q ) _ o dz|:CI(Z;Q2)PqCI(§j+g(Z,QZ)qu(ij:|
Z z ’

oInQ? 21
ag(x,QZ) _ O 1 dz 2 i 2 i
on0? 27[! . {CI(Z,Q )qu(2j+g(z,Q )ng(Zﬂ

— X
evolution of gluon 2 ﬁ Z X
density with InQ?2

Splitting functions: Probability that a parton (quark or gluon) emits
a parton (g, g) with momentum fraction ¢=x/z of the parent parton.

X C—y |




Splitting functions are calculated as power series in a up to a given order:

f9q2) Pe(2) q Pee(2)

aS
Pi(z,a5) = Pijo(z) + o Pijl(z) ...

In leading order: P;(z,a,) =P/ (2)

41+72° 41+ (1-2)°
aa(?) 31-z 0a(?) 3 Z
2 Y Z 1-z
qu(z):Z +(; Z) ng(z):6(1_2+ . +z(1—z)j



DGLAP Evolution ("symbolic”):

PEREES S
9 |96 o | Lz 1 Agl? g(xq)
Z e | = ) ) ) @ .
3|03Q 9(xQ) 21 ’X/\ XE»..,T 9, )
) ; “lz 3’3_"; ) ) “
tdz _(x
PDF P ®f(x,Q2) = j—P(—jf(z,Qz)
Y4 Y4

QCD evolution:

QCD predicts the PDF behavior for a
scale Q2 once the PDF was measured
at another scale.
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H1 Run 122145 Event 63506 Date 19/08/1995
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Measurement of the parton densities / F,

- 5o

d°o 27ot”
dxdQ?

jo(zoa— Y)F,(%,Q%) +y?F,(x,Q?%))

1 e.g. fory=1 Q% = SXY
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FZ(X1Q2)

Q? dependence is correctly
described by QCD evolution

em

F, -log,,(x)

th

[ ¥ ]

HERA F,

= ¥
L 6325 ) 000102

x=0.000161 B3 ZEUS NLO QCD fit
i x=0.000253
I 10,0004 —— H1 PDF 2000 fit
] x=0.0005
ot x=0.000632 « H194-00
-

Q’(GeV?)

5

x=0.0008 _
*o +« HI1 (prel.) 9900
. x=0.0013 = ZEUS 96/97
L &
i .
. x=0.0021 & BCDALS
Y
¢ x=0.0032 o
i ' = & NMNIC
'y [ ]
& * . x=0.005
B -
[ uF i x=0.008
e "
=0.013
|, oc®
|“ o MFD-EH
ot :
L ;
¢ ’“H"L‘,‘M 0082
i.",_g--'l-
L, o =t g._——*-ﬂ"“""l:_!‘*,j_ =0.05
| 5 o es=t il =
T =]
Lo @ Mﬁ&}%ﬂl—l—!—}rﬂ.ﬂﬂ
| s L x=0.13
_— ; 4 =0.18
i W =0.25
e T T
4 x=0.4
b it & P s ame s . x=0.65
1 |||||||I 1 |||||||I 1 |||||||I 1 |||||||I 1 |||||||I
2 3 4 3
1 10 10 10 10 10



Structure of the proton as seen by HERA
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# Valenzquarks = f u(x)+d,(x)dx=3

# Gluonen = f g(x) dx > 30



