Multi-jet topologies and multi-scale
QCD

Experimental Introduction with emphasis on HERA

Goal: search for limits of applicability of the DGLAP
approximation, find best method to describe the data beyond
that limit

-Single- and multi-scale QCD processes

*QCD NLO calculations and event generators

‘Where NLO DGLAP works: dijets nad 3-jets at high Q2
‘Where NLO DGLAP almost works :inclusive jets Q2 <100
‘Closer look: azimutal correlations betweent jets
‘Forward jets and particles

-Conclusions

Small x Phenomenenology: Summary and Status hep-ph/0312333 (—EPJC)
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Typical single-scale processes

DGLAP approximation is extremly succesfull in describing
inclusive processes characterized by single scale e.qg.
F,(x,Q?), inclusive high E; dijets Tevatron
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Typical multiscale processes

When we go from inclusive to exclusive measurements in
which second disparate scale is introduced, quality of DGLAP
description deteriorates, depending on extent of
.exclusivity”. Disparate kinematical scales introduce large
logarithms not included in DGLAP calculation

. Large rapidity interval
N {__ dijets at Tevatron
- - {“ S>>t
e Erru-mc,%-_iﬂn"
A ="‘""% Forward jets at
Anzhnis /) Anzlnix x) HERA
Xig >> X

J. Turnau LHC-HERA



Typical multi-scale processes

‘Dijet production at large values of E{?/Q?

‘Dijet production at large rapidity intervals S>>t
*Forward jet production in DIS Xx;., >>X

*Charm & beauty production in DIS

‘Large p; particle production in DIS

J. Turnau LHC-HERA



Multi -scale processes in DIS
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Jet production in the Breit frame

(0’- 0, 0, _ Q) (it rrent q (0; 0, 0, _ Q)
wv;:/w'( —
’\{ iHCOHIIHg q
HH]']_ {E{IH{'

o Breit frame 1mp purely space-like photon.
e Inclusive jet production in LAB frame O(aa!) at lowest order.

o Jets with high £ in the Breit frame

=~ Suppresses Born contribution (in Breit frame current quark has no 7).
> Lowest order contributions from ~ ¢ — ggand ~ ¢ — ¢g.

nmp Directly sensitive to QCD subprocess at O(aa ) and higher oders.
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Monte Carlo Models and QCD Calculations

DGLAP Type 'BEKL-Type CCFM
DISENT, RAPGAP ARIADNE CASCADE

BFKL @ small x

DGLAP @ large x

Colour Dipole Model
Emission from independent . o
dipoles produces kt-factorlsatmn
no kl-ﬂrderinq
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Where DGLAP works

Single (Breit frame) inclusive jets at high Q2
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Multi-jets in DIS
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e Two and three-jet production in Breit frame,
10 < Q* < 5000 GeV?, EF™'>5GeV, —1 <P <25, M > 25GeV

e Dynamics well described.
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Where DGLAP (almost) works

H1 Inclusive Jets
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Inclusive jet production — foward region

H1 Inclusive Jets
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T 20<0Q <35GeV: 35<Q <70 GeV’
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e Forward region, 1.5 < 7;,;, < 2.8 in more detail.
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e Discrepancy between data and NLO large at low ()° and low E'.

ump Improved calculations are needed; Contributions proton PDF’s? virtual photon

structure? alternative evolution schemes (CCFM, BFKL)?

J. Turnau LHC-HERA
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H1 Inclusive Jets
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e “Backward” region well described by -EE w L

NLO
1

e NLO predictions lower than the data
in “central” and “forward” regions for ,.,";_ i =
2 < (E%/Q)? < 50 T 0 W P
— regions dominated by small values 2 f—— hadronization 1 '

of (EJet )% and Q? i

e NLO calculations with pp = Q
dlsagreement for large (E B/Q)2

s
=
(small Q2) g
3
— Improved calculations are needed to &
. . =
understand jet production at low Qz 2

B T T S T T T TR

Phys Lett B 542 (2002) 193 E.';'ﬂilz
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Study of Azimutal Correlations

J. Turnau LHC-HERA
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Azimutal correlations beteen two
hardest jets

_ # Events with A¢™ <120°

S

All Dijet Events

Rate of dijet events separated by an azimuthal

angle (much) smaller than n
(proposed by A.Szczurek et al. hep-ph/0011281)

Better stability against migrations then A¢*

J. Turnau LHC-HERA 14



z and Q2 dependence of S

e The data rise towards low x, especially at low Q-

e Comparison to NLO-dijet predictions (DISENT): «
— the calculations are several standard
deviations below the data and show no
rise towards low x
M,

o,
DISENT: | [
‘(f— f.ﬂ: kr
e Comparison to NLO-3jet predictions (NLOJET): "
— accurate description of the data at large Q2 .
and large x
— fail to describe the increase towards low 2, ™

especially at low Q2
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L

no kp

ﬁkT

J. Turnau LHC-HERA

NLOJET:

-Measurement of the S distribution as a function of x in bins of Q2

Contributed paper to EPS03
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— A useful comparison is only provided by
models which incorporate higher order
effects beyond NLO

e Comparison to RAPGAP predictions (DGLAP
approach):
— good description of data at large Q2 and
large x

— fail to describe the increase towards low x,

especially at low Q2

— improved description of data when
incorporating resolved photons, but still
prediction too low at low =

J. Turnau LHC-HERA

z and Q2 dependence of S

-Measurement of the S distribution as a function of x in bins of Q2

L

Contributed paper to EPS03
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| z and Q2 dependence of S

e Measurement of the S distribution as a function of z in bins of Q>
Contributed paper to EPS03

o |t the observed discrepancies are due to the
influence of non-kp-ordered parton emissions,
models based on the color dipole model or
the CCFM evolution equations, may provide
a much better description of the ratio S

e Comparison to CDM predictions (ARIADNE):
— good description of data at low = and Q2
— fail to describe the data at high Q2

L

=

WLF

e Comparison to CCFM predictions (CASCADE): i

s [

— the prediction using JS2001 lies significant-
ly above the data

— the prediction using the set 2 of Jung2003 =

WLF

closer to the data

FLIS

— The measurement of the ratio S is sensitive
to the details of the unintegrated gluon
distribution

J. Turnau LHC-HERA
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Aizmutal correlations with double
charm ?

J. Turnau LHC-HERA
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Where DGLAP does not work (by construction)

Large X/X, tC

enhence phase .
; X SiTia
space for BFKL W S :
evolution
evolution
from large
to small x
pt et = Q Torw Itd et

to supress DGLAP

evolution
N

laJlk_L
1 el 1'1-'.::}1

electron : proton
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Forward jet data

H1 Forward Jet Data
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‘Forward jet data prefer models
which do not impose k;-ordering

-Cascade prediction sensitive to

input pdf

‘Different conclusions for
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Forward jets <forward particles (1)

Xpi simall

evolution
from larpe
to small x

Spralon

Jet measurements

-+ better parton correlation
+ higher rates
ambiguities of jet algoriths

exp. difficult in very forward (p) region
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w

JETSET
PYTHIA

_/

®o( el

0

fragmetation effects more significant

smaller rate

+ identification possible

in more forward region




Forward m°

. . Best description:
E 1500 207 <45 GeV
= g * Hldaw direct + resolved at
S 1000 e A deu2 = 02 +4p.2
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IEEE T
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Forward m°
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BFKL-like diagrams
initiated by gluons and

quarks (1), not present
in CASCADE

L T N—q
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Transverse energy flow associated with forward w©
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Comparison between DISENT RAPGAP
and CASCADE in terms of y?/n.d.f

NLO-dg =t CASCADE RAFGAP
J2OEE dr de + res
pario densily CTE Gl CTECGM set 1 st | CTECEN CTEQGM + Sal
fnctormation scals ,l?- T GeVE [ b @ pd | P apd
abr Py (E bas of o) (< Feg. 18] L2 5 LE2 R 4.0 2E.T [ ] =55
dr [ dE: (m bis of @2 for 1.5 < 0 < 258) (. Fig. 20) a L35 173 | 6.0 13,2 2.1 =
-ﬁ"’;'-f.'l..‘; (=f, |'-:.;1'__ = | 40,1 408 Ll68 | 37.T G602 22.5 48,7
s=1 r ;’_'_-I'_,f L;‘: I_'I'i‘: (ef. Fig 24) \T 5 15.T 232 | ao 33 25 Wy
forward jets HL pp > &5 @Y (o, Fag 25zl 850 170 2.0 Eiy 105 dd 0.3
forward jets HL pr > 5 GeY (el Fig. 235 ] a7 L2 Lo 235 6.7 248 0.7
forvard jets HL prdd p > 5.3 GeY (. Fug. 26) L .4 153 1.l 4l an Lot
forvard jets EEVE p = & GeY (ol Fig. 27 25.0 i Lo.2 L 27.] 20.1 LGS

Table 2. Compariaon of \* /ndf obtained from comparing different predictions to the data. For the NLO-dijet calculation with
the DISENT program the renonmalizetion scale waes sl to pr = 3 ki, the CTEQEM [185] and SaS [127] parton distribulior
Jurectioms of the profor amd photor, respectively, are waed.
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Conclusions and outlook

‘DGLAP evolution provides very good description of single-scale QCD
processes at HERA and TEVATRON

‘At HERA for large values of Q2> 100 GeV? DGLAP is good
approximation even if two scales are involved

‘For Q2 < 100 GeV? DGLAP NLO description deteriorates for some
kinematical regions (central and forward jets)

-Azimutal correlations between two hardest jets seem to be very
powerful tool for observation of parton dynamics and determination of
unintegrated gluon structure function . Double charm measurements at
HERA IT may appear very intersting in context of small x dynamics

‘Forward jets at HERA are sensitive to parton dynamics, further
measurements needed

‘Measurement of the forward particles at HERA (n°) seems to reveal
some additional aspects of the parton dynamics

In most cases when DGLAP description fails model without p, ordering
provide reasonable description

J. Turnau LHC-HERA 26



DIS and Parton Dynamics

Parton Evolution

DGLAP:
Kok <
X €. <X, <. <X

BFKL:

No #.; ordering !
AL G A I

CCFM:

Angular Ordering
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Jets in deep inelastic scattering

P i P
Born QCDC

/
BGF

o Factorise jet cross-section into a convolution of PDF’s in the proton, f,, with short
distance subprocess, da,....

dojw = ¥ [dz folz, up) dou(z, as(pwh), phs #F) X (1 + Opaq)

a=i{.q,q

e Longitudinally invariant &y algorithm (Catani et al).
Imp Athigh £ hadronisation effects are small IBp more reliable QCD predictions.

o Large scale variation possible in both () and E nmp what is the appropriate scale?
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NLO QCD calculations of jet production in DIS

e Several calculations available, virtual and collinear singluarities cancelled using
subtraction or phase space slicing methods,

> Dijet production
DISENT (Catani and Seymour) — subtraction method.
DISASTER++ (Graudenz) — subtraction method.
MEPJET (Mikes and Zepenfeld) — phase space slicing method.

> Two and Three jet productuion
NLOJET (Nagy and Trocsanyi) — subtraction method.
e Two “natural” scales in jet production, Q and E', renormalisation and
factorisation scales, g, it = (Q or B,
e Calculations at parton level i correct calculations for hadronisation effects.

e Theoretical uncertainties...

> Terms beyond NLO, usually estimated by varying scale, /. by factor of 2.
> Uncertainty on «; and the proton parton distribution functions.
J. Turnau LHC-HERA 29



