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Structure of hadronic events

A two jet event A three jet event
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Structure of hadronic events

Electro-weak Production Parton Shower Hadronisation

N

and many more
u
d } L°® pp*
s

d + 0_+
D ® K
6} P

Rs' ~1 GeV
Parton Level Hadron Level

Here we will mostly discuss the hard scattering parton level phase
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O( ) corrections to e'e ! hadrons

Real Gluon emission

S ¢

Magg ! Os) iMgqgi®/ s

Virtual Gluon emission

> oo 0
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O( ) corrections to e'e ! hadrons

Note that
Maal"2 = >—< X >—< °b
+ > <‘ X > <‘ O(a_s"2)

At NLO, we are only interested in the interf erence of the one-loop
amplitude with the tree-graph
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Phase space for real emission

Because of momentum con-
servation, g, g and g lie in a

plane.

q g
Useful variables are the en-

ergy fractions and invariant
masses

2E;

Xi:P—g;

singularities

X1+ Xo+ Xz3= 2

20; P
Yi = —Id—p—pjzl Xk

S
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Event shape variables

global observable characterising structure of hadronic event

e.g. Thrust in €' e

P

n . .
T = maxy, —P=2 1P Al

i=1 inj

limiting values:

$» Dback-to-bac k (two-jet)
limit: T=1

®» spherical limit: T = 1=2

1/ md T

E =206 GeY ""‘j

O( ) +NLLA
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0.85

09 095 T

Jets in e+ e
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O( ) Thrust distrib ution

In terms of x; and X5, the NLO cross section is given by

1 d*

sCr

X3+ X3

gq XmdXZ

For athree particle event,
T = max X;

Therefore, we can divide the
phase space into three re-
gions corresponding to the
Thrust value.

2

(1

X1)(1

X2)
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O( ) Thrust distrib ution

X1=x2=T
For the region where T = Xy,
the boundaries are Xq
21 T)< Xxo<T
X1=x3=T
Z
1o|j o sCe T T2+ x3
— —j; =
qq dT 2 20 1) (L T)A  x2)
B sCeg 1+ T2 o 2T 1 +8 14T + 3T?
> a1 Y 1T 21 T)

Exercise: do the same for the other two regions.
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O( ) Thrust distrib ution

Adding up the three contrib utions tog ether

1d _ Ce 2@3T% 3T+2) 2T 1 3@T 2@ T)
0.dT 2 T T) 9 T 7 1T

P T>2=83when x1=Xo=X3=T
» AsT! 1,
1 d sCr 4 1 3

oT@w 2 a e T T TT

®» Virtual contrib ution atT = 1
®» Expect large hadronisation corrections as T ! 1
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O( ) Thrust distrib ution
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0.6 0.7 0.8 0.9 1
T

$» decienc y at small T due to kinematic bound

$» shape good 0:75< T < 0:95

Jets in e+ e
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Spin of the gluon

If the gluon

IS a scalar, it

would be evident In the event

shape.

a a

L int gS ij

leads to

2

1 o X3

0 dxidxa  2(1 xq)(1

SCF 1

0, dT 2 2

X2)

2log

2T
1

1/o do/dT

T

30

10

| Thrust distribution at LEP

--------- Vector gluon
--------- Scalar

_

1 (3T 2)@4 37)

1 T
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NLO corrections to thrust distrib ution

At NLO, get contrib utions from doub le radiation

o<«

and virtual graphs

N A
/N

() ° 2
> pA(T) In < + B(T)

1d _ ()
o dT 2

A(T) +

renormalisation term and genuine NLO contrib ution
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NLO corrections to thrust distrib ution

g o) Gt/
® AsT! 1, Adiverges ® Better agreement over
positive , B diver ges wider range of T
negative ® More sensib le value of
®» 1> 1=p§at NLO » Still problems asT! 1
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Large logarithms In thrust distrib ution

As T ! 1,

1 d sCk 4 1 3
S |Og - .
04T 2 @ T) 1 T 1 7T

de ne cross section for T > which is fraction of events with T > |,

Zl
1 d
R() = aT—— —
gq dT

sCF

1 In’(1 )

Singularity at T = 1 cancelled by one-loop two-parton contrib ution

When <In*(1 ) large,i.e. 0:95 cannot trust perturbation

theory. In fact,
2

SCF |n4(1

sCF

R( ) 1 n*(1 )+

Jet) inet e  Annihilation — p.1

NI



Large logarithms In thrust distrib ution

sCF

R( ) exp n(1 )

sothatas ! 1L,R()! O

This is the SUDAKOQV form factor effect

» for event to have very high thrust, must have radiated very few
gluons

) very impr obable
c.f data, very improbable to have only 2 hadron event

#» can also resum next-to-leading logs for many event shapes so
that calculations believable when <In(1 ) small
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Simple hadronisation model

pT -

A\ )
\// Y] Y
dy

Parton produces atube in (y;py) space of light hadrons w.r.t. initial
parton direction with transver se mass density

Zy
Ejet = coshydy = sinhY
0
Zy
Pjet = sinhydy = (coshY 1)
0

) m?, = E?

2 — | | |
et fet Pifet= 2P jetor Ejet Pjett

where 0:5 1GeV from experiment seisine™ e anniiaion - p.1



Hadronisation and Thrust

_ Mean value of thrust
2 Jet event:

h Ti=033¢+ 10 ¢

1 GeV
0.2
T = 1 |%018 { * JADE
0.16- ;
2Pjet _ 2(Ejet ) . n A
Thadron = - 0.14- 5 pgor
Q Q : % ALEPH
012 ) g
2 01k ;
= 1 = 1
Q 008 . :
0.06- { .
l.e. 0.04- ;
2 0.02- ]
T = A E | | | | | | | | E
Q % 20 40 60 80 100 120 140 160 180

Rs N6eVN
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The triple gluon vertex

Four jet matrix elements are
sensitive to the triple gluon
vertex - (makes event more
planar)

To quantify this effect study
e.g.Bengtsson-Zerwas angle

_ (. pips o)

COS g7 TR ——
1P1]) B2)) B3] Pa)

for four jets (Ei;p) with E; >
E,> E3> E4

Event Fraction (%)
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Probing non-abelian structure of QCD

Probabilities for parton splitting

2 gl g | Cr s

—<
_<2 g! 99 /' Ca s
—<

g! g9 /' Tr s

In QCD,

Cr = ; Ca = N; Tr =

NI =

All splittings present in O( 2) event shapes, i.e.
B(T)= Cr $(CrBc, (T)+ CaBc, (T) + TrB1.(T))
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Probing non-abelian structure of QCD

Fixing the quadratic casimir s

of QCD in 4 jet events

OPAL

Ca 3:02 0:25 0:49

Ce 1:34 0:13 0:22
s(Mz) | 0:120 0:011 0:020

ALEPH

Ca 293 0:14 0:49

Ck 1:35 0:.07 0:22
s(Mz) | 0:119 0:006 0:022

Expect

CA :CF = 94 TR :CF = 3=8

TL/C,
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| 50(3),E8

ALEPH

\\‘\\\\‘ \\‘\\ ‘\\\\
[ ] 68Y CL contour

* QCD=5SU(3) |
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[
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A
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Probing non-abelian structure of QCD

| Combined result

* SU(3) QCD

SuU(5)

Su(@4)

DELPHI FF -

/— OPAL 4-jet

— Event Shape

\ OPAL N,

1 | ALEPH 4-et ~_
7m suQ)
0.5 & u@y
86% CL error ellipses
SuU(1)
0 L .-. | PR R R B P T R |
0 1 2 3 4 5

Jets in e+ e

Annihilation — p.2



Differences between quark and gluon jets

QCD predicts that quarks and
gluons fragment diff erently
because of their different
colour charges

[ O N, frome'e toqq '
Fundamental prediction: i Fit &
I N =2(N, - N_)
the number of soft gluons _ P CLEO) F
emitted within a gluon jet 20| $
should be twice that for I
quark jet z 15
i C :
lg=q ~gluon ~A = 225 o
mi quar k CF i
> T DELPHI
[ R
Valid for soft particles and un- 10 L cev ?
biased jets. -

For hard gluon emission,
guarks and gluons are similar
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The running coupling In perturbative QCD

— 2 _ 2 3 4
d S_dln - 0 s 1 s 2 s 3 g)
Four-loop coeff.:
van Ritber gen, Vermaseren, Larin; Czakon

LILLL I LILLEL I L I LI I LILLL 0.6 _IIIII LI IIIIIII LI IIIIIII LI IIIIIII LI IIIIIII LI IIIII_
. Db(a n=4,MS . i ]
L Pay  nmEaMS 05 f ag(nf) -
- - 3...5flavours -
- 04 .
01f .. oSE E
- 0.2 - -
—0.2_— --- 4-loo > 0.1 2y _ :
B p \\% B aS(MZ) - 0.115 ]
1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 O _IIIII 11 IIIIIII 11 IIIIIII 11 IIIIIII 11 IIIIIII 11 IIIII_I
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The running coupling from LEP

0.4 \‘ \

Combined results for s(Mz) o Q) |\

o LEP
o PETRA

R\ A TRISTAN
03

decays: = 0:1180 0:0030
. 0.2 +
Rz : = 0:1226%:093%
shapes: = 0:1202 0:0050

0.1} )
—==—= QCD a.4(Mz) = 0.1183 + 0.0027

" QIGev]

s
100

Final combined result from LEP

«(Mz) = 0:1195 0:0034

Errors dominated by theoretical uncer tainties.
Bethke , hep-ex/0406058
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e"e event shapes

Current state of the art is
3 NLO perturbation theory,

3 more sophisticated NLL
resummation

3 Dbetter modelling of
hadr onisation correc-
tions

e 3
_*—__+;
Ecm 189 GeV
Ecn 183 GeV

1/ md T

B » __t—_—’/ %
i - Ecmzlfi}‘?i/'f
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Bt s te+

Bw } o
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-
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Why go beyond NLO?

In many cases, the uncer tainty from the pdf's and from the choice of

renormalisation scale give uncer tainties that are as big or bigger

than the experimental errors.

e.g. theoretical uncertainties in ¢ extraction from pp!

renormalisation scale and pdf's

0.16
0.15 F
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o i 2013 | s + —
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I R t s
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- 012
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(@) [
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> [ /// /////////////////////////////////// % 0-10
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v a(M,) as function of E; for n¥E;
Uncertainties due to the mscale

Y

@)

v a,(M,) as function of E; for CTEQ4M
Uncertainties due to the PDF choice
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Why do we vary renormalisation scale?

The theoretical prediction should be independent of g

The change due to varying the scale is formall y higher order. If
an obser vable Obsis known to order Y then,

@ X aw (w0 i
@an(g , et

So the uncertainty due to varying the renormalisation scale is
way of guessing the uncalculated higher order contrib ution.
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Why do we vary renormalisation scale?

... but the variation only produces copies of the lower order
terms

Obs= Agp s( r)*+ A1+ pAgIn s( R)?

or\>|:UN

A1 will contain logarithms and constants that are not present in
Ao and theref ore cannot be predicted by varying g.

For example , Ag may contain infrared logarithms L up to L?,
while A; would contain these logarithms up to L*.

r Vvariation is only an estimate of higher order terms

A large variation probably means that predictab le higher order
terms are large - but doesnt say anything about Aj;.
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Renormalisation scale dependence

For example, pp! jet, scale dependence

d

dE. 2( R)A

+ 3 R)(B + 2opLA)
+  2(R) C+ 3pLB + (35L% + 2y L)A

with L = log( r=Et). The NNLO coef cient C is unkno wn.

The curves show guesses
C = O(solid) and C = B?=A
(dashed).

Scale dependence is signi -
cantly reduced.

5
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Jet algorithms

Also there is a mismatc h between the number of hadrons and the
number of partons in the event. At NLO at most two partons make a
jet - while at NNLO three partons can combine to form the jet

VYT

LO NLO NNLO

Perturbation theory starts to reconstruct the shower
) Dbetter matching of jet algorithm between theory and experiment
) need for better jet algorithms
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Description of the initial state

LO At lowest order nal state has no transver se momentum

v
/

NLO Single hard radiation gives nal state transver se momentum,
even If no additional jet obser ved
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Description of the initial state

NNLO Double radiation on one side or single radiation off each
Incoming particle gives more complicated transver se
momentum to nal state

—e
/
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Higher orders and power corrections

NLO Phenomenological power corrections match data with
coef cient of 1=Q extracted from data.

hh Ti 033 ¢+ 1.0 2+ 5

At NLO, 1 GeV gives a good description of the data.

N Ti with NLO and no power 027
correction and NLO with 1s ],
power correction = 1GeW. I
<1-T> 0.1 \
The power correction param- ]
eterises the unknown higher 0.05
orders as well as the genuine :
non-per turbative correction ® 20 40 60 89 100120140160180 200
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Higher orders and power corrections

NNLO Higher orders partially remove need for power correction

GeV
Q

hh Ti 033+ 10 2+A 2+

If we guess A = 3,then = 0:5GeVis good t.

hl Ti  with NLO and 021y
= 1 GeV, "NNLO" with e "
= 0:5 GeV and "All orders" T
with no power correction. <1T> 0.1
At present data not good 0.05 ]
enough to tell difference be- *
tween 1=Q and 1=log(Q=) 3 0 20406088(188\})20140160180200
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Gauge boson production at the LHC

d?c/dM/dY [pb/GeV]
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Gauge boson production at the LHC

pp - (Z,7")+X pp > W+X

T T T T T T T T T T T T T T T T T T 500 T T | T T T T | T T T T T T T T | T T T T | T T
W] | | | 7 - -
- NLO ] W NNLO s W' ]
I ] [ KL ]
L NNLO 400 — ’OI‘""\‘\"\ —
. i . . SERELLLEN -

® o SRR
O 60 - ot totetotetetetetetetol ]
> I > i o ot tote ot tetetetanite% (NS
> I a _ SERLLEEEEEE XN ]

2 o, 300 s |
i i — i R '
I ” ]
5 a0 — E 7
~ - - -
S I S 200 —
& [ © - ]
N A 4
b - 1 b -
R Vs = 14 TeV - ke ol B
i M =M, I I Vs = 14 TeV i
I M/2 < p < 2M ] - M = My -
- ] i M/2 £ ps2M \|
0 Il | Il Il Il Il | Il Il Il Il | 1 1 1 1 | 1 1 1 1 | 1 0 1 | 1 1 1 1 | 1 1 1 1 1 1 1 1 1 1 1 1 | 1 1
4 -2 0 2 4 4 -2 0 2 4
Y

Gold-plated process

Anastasiou, Dixon, Melnik ov, Petriello

At LHC NNLO perturbative accuracy better than 1%
) use to determine parton-par ton luminosities at the LHC
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Event shapes at NNLO

® Two-loop matrix elements

iMi 2 licit infrared poles from loop integrals
M) 2-loop ;3 partons expict P b IMed

Garland, Gehrmann, Glover, Kouk outsakis,
Remid di:
Moch, Uwer, Weinzierl

® One-loop matrix elements

M2 explicit infrared poles from loop integral and
VI

1-loop ;4 partons implicit infrared poles due to single unresolved ra-
diation
Bern, Dixon, Kosower, Weinzierl;
Campbell, Miller, Glover
® Tree level matrix elements
. . 2
M) tree;s partons implicit infrared poles due to double unresolved ra-
diation

Hagiwara, Zeppenfeld;Berends, Giele, Kuijf

Infrared Poles cancel in the sum
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QED-type contrib utions to e"'e ! 3jets

Gehrmann-De Ridder, Gehrmann, Glover, Heinric h

40 T T
y0=10'5 ---------
30 -_—..—.-;'-.—..1 UN? Yo = 10° —
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=107 ——--
20 } Yo
10 |
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-20 ¢ '_";[T'_";
-30 —
0O 0.05 0.1 0.15 0.2 0.25 0.3 0.35 04 045 0.5
1-T
7000 T 3
Yo =107 -eeeeee
s 2 -6
6000 Ng ¥p=10°
5000 f Yo=10" —----
4000 F
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1000 ¢ _—I*L_I_*_ﬁ
O [
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0O 0.05 0.1 0.15 0.2 0.25 0.3 0.35 04 0.45 0.5

1-T

300

200 f
100

O L
-100
-200 F
-300 F
-400 F
-500 F
-600 |
-700
-800

_____

0O 0.05 0.1 0.15 0.2 0.25 0.3 0.35 04 0.45 05
1-T

Independent of phase
space cut yg

CPU time about 1 day on
2.8 GHz Athlon
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Summary

QCD studies at LEP have led to a signi cant increase of knowledg e
about hadron production and the dynamics of quarks and gluons at
high energies.

These studies demonstrate QCD as a consistent theory whic h
accuratel y describes the phenomenology of the Strong Interaction

Future developments in this eld are within reach: NNLO QCD
calculations and predictions for jet and event shape obser vables will
soon be available; they will initiate further analyses of the LEP data
whic h will provide even more accurate and more detailed
determinations of o

Bethke , hep-ex/0406058
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