Ringberg workshop: New trends in HERA Physics 2003
Ringberg Castle, Germany
28th September - 374 October, 2003

Jet production in deep inelastic
ep scattering at HERA

C Glasman
Universidad Autbnoma de Madrid

e (Ee=27.5GeV) / p (Ep =920 GeV)
«

>

/ V's=318 Gev

H1 Collab.



Ringberg Workshop 2003 1

Jet production in neutral current deep inelastic ep scattering

e Jet production in neutral current deep inelastic ep scattering up to O(a):

Jet
e o Jet

proton

P proton
remnant P Femnant Jet remnant Jet

proton

e Jet production cross section:

dojet = Z /dm fa(z, NF) déa(z, as(NR) ,UJRaNF)
a=q,q,9

— fa: parton a density in the proton, determined from experiment
— long-distance structure of the target

— O Subprocess cross section, calculable in pQCD
— short-distance structure of the interaction

Jet Production in DIS at HERA C Glasman (Universidad Autbnoma de Madrid)
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Jet production in neutral current deep inelastic ep scattering

e A wealth of data from fixed target and collider experiments has allowed an
accurate determination of the proton PDFs

= Measurements of jet production in NC DIS provide
— a sensitive test of the pQCD predictions of the short-distance structure
— a determination of the strong coupling constant ag

e To perform stringent tests of the pQCD calculations and precise determinations
of ag use observables for which the predictions are directly proportional to a:
jet cross sections in the Breit frame, jet substructure

— Small experimental uncertainties:
— jets with relatively high transverse energy (uncertainty on jet energy scale)
— kinematic region in (Q?, =) and jet variables (small detector corrections)
— ratios of cross sections (partial cancellation of systematic uncertainties)
— Small theoretical uncertainties:
— NLO QCD calculations (reduction of higher-order contributions)
— jet algorithm: longitudinally invariant kr cluster algorithm (Catani et al)
~ small parton-to-hadron effects and infrared safe to all orders
~ less ambiguities in matching the experimental and theoretical implementations
~ suppression of beam-remnant jet
— Jet selection: inclusive jet production (smaller uncertainties than for dijets)
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Jet production in neutral current deep inelastic ep scattering

e At high scales (Q?, EjTet), calculations using the collinear approximation of the
DGLAP evolution equations give a good description of the data at NLO
— by fitting the data with the NLO calculations — extraction of as and gluon

density

jet ;

e For E%r ~ Q and large et
large discrepancies between
NLO calculations and data
were observed at low x
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e This could indicate a breakdown of DGLAP evolutionxand
— onset of BFKL effects .
— partonic structure of virtual photon ((ngt)2 > Q?)
— large NNLO contributions at low Q2
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NLO QCD calculations for jets in NC DIS

e Several NLO (O(ag)) programs are available for performing jet cross sections
calculations — DISENT, MEPJET, DISASTER++, NLOJET

e NLO corrections — virtual corrections with internal particle loops
— real corrections with a third parton in the final state

e Different methods to calculate real corrections:
— phase space slicing method (M)
— subtraction method (D, D++, NJ)

e Since there are two hard scales in jet production, the renormalisation and
factorisation scales can be chosen as one of the two, ug, ugp = Q or EJet

e The calculations are for jets of partons and the measurements are done at the
hadron level — need to correct the calculations for hadronisation effects

e Theoretical uncertainties:
— terms beyond NLO, which are usually estimated by varying ur by factor 2
— uncertainties on as(M z) and the proton PDFs
— uncertainty coming from the hadronisation corrections

Jet Production in DIS at HERA C Glasman (Universidad Autbnoma de Madrid)
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Jet production in the Breit frame

e In the Breit frame, the virtual boson collides head-on with the proton

virtual
photon

AANAN

7\ q
REMNANT VUV \<(J
proton

e

I

I

proton proton

BORN PROCESS BOSON-GLUON FUSION OCD COMPTON

e High-Er jet production in the Breit frame:
— suppression of the Born contribution (struck quark has zero Er)
— suppression of the beam-remnant jet (zero Er)
— lowest-order non-trivial contributions from v*g — gqq and v*q — qg

— directly sensitive to hard QCD processes (o)
e Restriction of the phase space using only variables in Breit frame (E*;?’%,ngt)

— facilitates the separation of beam fragmentation and hard process in the calculations

— allows the measurement of the azimuthal distribution (Cbﬁ,t)

Jet Production in DIS at HERA C Glasman (Universidad Autbnoma de Madrid)
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Inclusive jet cross sections in NC DIS: do /dQ?

— Jets searched with kr algorithm in the Breit frame

— At least one jet with E%f’tB > 8 GeVand —2 < njBet < 1.8 Phys Lett B 547 (2002) 164
— Kinematic range: Q% > 125 GeV? and —0.7 < cos~vy < 0.5 ZEUS
— no cut applied in the laboratory frame < L0 O T T T
; ; : - . 2 * ZEUS 96-97
e Advantages of inclusive jet cross sectionsina &
- O 10 E =
QCD analysis: 2
— Infrared insensitivity (No dijet asymmetriC CUtS T *° | mm secneray scateuncerainy
needed) — wider phase-space than in dijet 10| NLO QCD: (corrected o hadron evel)
. i JLE (M,)=0.1175 3
— sSuited to test resummed calculations Al — DISENT MRSTSD (1,=£%,.)

----- DISENT MRST99 (1=Q)

— smaller theoretical uncertainties than in dijet
Cross sections SR

1.4 [ Ratio to DISENT MRST99 (H=E% ) ) -

e Small experimental uncertainties: 12 b E
— uncorrelated uncertainties (5%) - M ______ ;
— absolute energy scale, +3 (1)% for low (high) EX' (£5%) °°F, |, | | N ey 0 o

i i i C = _II Parltor;-tc;-t;a;irlolnlcorrectilon ] 3

e Small theoretical uncertainties: had _
— higher orders (5%) oo T :
—s proton PDFs (3%) T
— ay(Mz) (5%) Q° (Gev?)

— parton-to-hadron corrections (< 10%; uncertainty < 1%)
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Inclusive jet cross sections in NC DIS: do /dE7 4

— Jets searched with kr algorithm in the Breit frame

— At least one jet with E%f’tB > 8GeVand —2 < 7' < 1.8 Phys Lett B 547 (2002) 164
— Kinematic range: Q% > 125 GeV? and —0.7 < cos~vy < 0.5 ZEUS
— no cut applied in the laboratory frame < 1"?;‘""'""""""'"""""""""""g
. .. 5 i * ZEUS 96-97 ]
e Comparison to NLO predictions (DISENT): % ol
et - N
— pp = Epgand pp = Q o
— p PDFs: MRST99 S P L

af NLO QCD: (corrected to hadron level)

10 E o, (M)=01175 3
— The measured inclusive jet cross sections are - —— DISENT MRSTO0 (4,E¥ )
. L i A eoee DISENT MRST99 (1=Q) ]
well described by the predictions at high Q? al: =
. jet e e
and at h'Qh E.f]Z",B 1.4 — Ratio to DISENT MRST99 (Mx=E7;er) 3
1.2 ;— —;
9 jet 1 m«\\\x\m N
— At low Q“ and low E7 i, the measurements 08 | :
. . ; ’ ; b Lo Lo Lo Lo Lo Lo
of inclusive jet cross sections are above the ¢ 1 Partahta Hadron Eaikaction |
calculations by ~ 10%, of the same size as N :

the theoretical uncertainties L

5 10 15 20 25 30 35 40 45
B
l.ET,jet (GEV)

— Extraction of as from these measurements restricted to high Q2 and Eﬂ_ﬁfB
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Inclusive jet cross sections and determination of as(Mz)

e NLO QCD calculations of inclusive jet cross sections depend on as(M z) through
— matrix elements (6 ~ A - as + B - o?)
— proton PDFs (as(Mz) value assumed in evolution)

} do/dQ? NLO QCD

(in a given Q? range)

e To take into account the correlation, the
NLO QCD calculations were performed
using various sets of proton PDFs which

: measured value
assume different values of as(My)

e The calculations were then parametrised
as a function of ags(M ) in each region
of Q2 of the measurements

—

e From the measured value of do /dQ? T
in each Q? region, the value of as(My) Lo as(Mg)
and its uncertainty were extracted

0.110 ... 0.116...0.122

CTEQ4Al ..CTEQ4M... CTEQ4A5
Jet Production in DIS at HERA C Glasman (Universidad Autbnoma de Madrid)
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Inclusive jet cross sections and determination of ag

e The inclusive jet cross section da/dQ2 for Q2 ~ 500 GeV2 has been used to
extract ag(Mz)

— as(Mz) = 0.1212 £ 0.0017 (stat.) T0:0055 (exp.) To 0025 (th.)
Phys Lett B 547 (2002) 164
(H1 result: as(Mz) = 0.1186 & 0.0030 (exp.) 100038 (th.) 100025 (PDF))
(for Q* > 150 GeV?) Eur Phys J C 19 (2001) 289
e Experimental uncertainties:
— jet energy scale (1% for EJet > 10 GeV)

e Theoretical uncertainties:
— terms beyond NLO (Aas(Mz) = 3%)
— uncertainties proton PDFs (Aas(Myz) = 1%)
— hadronisation corrections (Aas(Myz) = 0.2%)

e Consistent with other determinations of as and the PDG
— Very precise determination of as(Mz)!

— Further precision depends upon further experimental and theoretical
Improvements

Jet Production in DIS at HERA C Glasman (Universidad Autbnoma de Madrid)
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Test of the energy-scale dependence of ag 5

e The QCD prediction for the energy-scale dependence of a5 has been tested
determining ag from the measured dlfferentlal Cross sections at different scales
— from the measured da/dE B in each EX B region, aS(E B) was extracted

— The measurements are consistent with the running of a5 predicted by QCD

jet
over a large range in ET B

o 025 | ® ZEUS (82 pb’ )(mclusvejet yp - p=Bi%) | Phys Lett B 570 (2003) 7
I m ZEUS (38 pb’ ) (dijet DIS- p=Q) Phys Lett B 507 (2001) 70
A ZEUS (39 pb’ ) (inclusivejet DIS- p= Elg) Phys Lett B 547 (2002) 164
*H1  (33pb™) (inclusivejet DIS- p=E¥) | Eyr Phys J C 19 (2001) 289
02l | - Bethke 2002
i I
0.15 - 178 %I%% Jﬁi
01 E
| | ‘ | ‘

10 10
H (GeV)

e Compilation of H1 and ZEUS determinations of as(p) using measurements of
jet production in NC DIS and photoproduction
— test of the scale dependence of ag between u = 8.4 GeV and 90 GeV

Jet Production in DIS at HERA C Glasman (Universidad Autbnoma de Madrid)
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Inclusive jet do /dEr 1 in different "LAB regions at low Q)

— Jets searched with k£ algorlthm in the Breit frame

— At least one jet with EJe > 5GeVand —1 < nﬁ;B < 2.8 Phys Lett B 542 (2002) 193
) 2 H1 Inclusive Jets

— Kinematic range: 5 < Q < 100 GeV

3 103 10<n,<05 | 05<n,<15 | 15<n,<28 |
o Experimental uncertainties: % T “backward” . “central” }{ _  “forward”
— uncorrelated uncertainties (5 — 10%) S S s |
— absolute energy scale, £3% (10 — 15%) g- 5 - L
e Comparison to LO/NLO predictions ¢ , | |
(DISENT): ) . |
3 ata E3 3
— UR = E%?’Ba Qand HE — Q -ZfLOQCD 5
— p PDFs: CTEQ5L/M 10 ' ——NLOQCD | g
» Theoretical uncertainties: 0°F  WEE] i
— higher orders (20 — 30% at low E?ﬁ%, 10% § 1 :nﬁdcgﬂrgﬁg}on 7 1
at high EJZ?B) 20 + :
— parton-to-hadron corrections (5 — 10%; S 0
uncertainty 5%) Q-O-i :
o Good agreement between dataand NLO'  ~— 10 2 s 10 2 4 10 2
“backward” and “central” reglons E; [GeV]

o Large NLO corrections for low EJ B and in “forward” region — NLO/LO ~ 5

e NLO predictions below data for EJ T.B < 20 GeV in “forward” region
Jet Production in DIS at HERA C Glasman (Universidad Autbnoma de Madrid)
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jet

Inclusive jet da/dE;}’B in different Q2 regions for 1.5 < Mg < 2.8

H1 Inclusve Jets

jet

12

Phys Lett B 542 (2002) 193

%' 25 5<Q?<10Gev? | 10<Q?<20Gev? | 20<Q?<35Gev? | 35<Q*<70Gev? | 70<Q?<100GeV? |
O 0= = : | :
o) i — =
&10 SR —— Bl ccone F E
— - [ ——— F-----
_LICJ5 [ : ,
S S S — S
o) b -
10 F 0 el e+
-2F
10 '}
o
10 | 4
< had
< I adronization
és 1 ;:luncertainty 1 5
< [
g O
Q
A -1 T - ]
9’, 10 20 40 10 20 40 10 20 40 10 20 40 10 20 30
E. [GeV]

NLO predictions up to 50% lower than the data in regions where the NLO

corrections are largest

Jet Production in DIS at HERA
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e “Backward” region well described by
NLO

e NLO predictions lower than the data
In “central” and “forward” regions for
2 < (EI%./Q)? < 50
— reglons dominated by small values
of (EJet )% and Q?

e NLO calculations with up = Q
— dlsagreement for large (EJet /Q)?

(small Q?)

— Improved calculations are needed to
understand jet production at low Q2

do,,/d(E4Q?) [pb]

(QCD-Data)/Data

do /d(Ej B n/Q)?: interplay of the two hard scales

H1 Inclusive Jets

1o<mw<05

== NLOQCD
' Mé:'ﬁ

“backward” 7

- 05<n,<15

“central”

| 15<n,,<28

“forward”

:l uncertainty

hadronization |

100 1

10

100 1

Phys Lett B 542 (2002) 193

10

100
2
E2/Q
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Azimuthal distribution of jets in NC DIS
e The distribution of the azimuthal angle ¢fat In the Breit

POSITRON

OUTGOING QUARK

frame between the lepton scattering plane and the
plane defined by the jet and the incoming proton osTR2
direction is expected to be non-uniform due to
perturbative QCD effects and insensitive to

non-perturbative effects AN%“éﬁgyf ||

— clean test of perturbative QCD

-2

. e LO pQCD prediction for unpolarised NC DIS at
T | | Q>< M2
3 - — da/dqulzt — A+ B - cos ((bjlzt) + C' - cos (Zcbjlzt)

o
w
I

— In ¥*q — qg the outgoing g(q) preferentially
appears at ¢ = 0(7)

0.25 -

s 1 — In~y*g — qq the ¢ dependence is dominated by
[ — NLO QCD DISENT (1p=E%jcr) ]
015 :_ """ NLO QCD DISENT (iRzsz%jetand uR=E$J-et/2)_: the COS 2¢ term
LE LO QD DISENT (g-Ef,00 1 e For an inclusive jet measurement
0 60 120 180 240 300 360 — da/d¢jet - A _I_ C * COS (2¢jet)
@, (°)

Jet Production in DIS at HERA C Glasman (Universidad Autbnoma de Madrid)
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Azimuthal distribution of jets in NC DIS

e Measurement of the normalised inclusive jet cross section (1/U)d0/d¢3et

— Jets searched with kr algorithm in the Breit frame Phys Lett B 551 (2003) 226
— At least one jet with EJ}; > 8 GeV and —2 < st < 1.8 ZEUS

T I T T T T I T T T T I T T T T
02 e ZEUS 96-97 i

— Kinematic range: Q? > 125 GeV? and —0.7 < cos~ < 0.5
— no cut applied in the laboratory frame to avoid distorsions
of the azimuthal distribution by kinematic effects

(/o) dofd¢?,

0.15

e Clear enhancements at qSB = 0 and ¢Jet 7y

— Small experimental uncertainties
— Negligible parton-to-hadron corrections N0 ocD

— Small theoretical uncertainties: : —— DISENT MRSTO9 (1=E% ) _
— terms beyond NLO (£1% on the amplitude of the er e DISENT MRSTO (g=Q) 1
modulation of the distribution) ' '

— other uncertainties (eg intrinsic kr of partons in the ol v i1y A I

L1
0 /2 Tt 311/2 2Tt

proton) are smaller @, (rad)

e NLO QCD calculations (O(ag)) using up = Eﬂ;ﬁ,% (or up = Q), ur = Q and the
MRST99 pPDF sets describe the measurements very well

0.1 - -

— precise test of the perturbative QCD prediction for the azimuthal distribution

Jet Production in DIS at HERA C Glasman (Universidad Autbnoma de Madrid)
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Azimuthal distribution of jets in NC DIS: Q2 dependence
e Measurement of the normalised inclusive jet cross section (1/a)da/d|q§£t| in

different regions of Q2

e NLO QCD calculations describe the data well
e LO QCD predicts a larger asymmetry, particularly
at low Q2

e The asymmetry is predicted to decrease as Q2
Increases due to the progressive decline of the
~*g — qq process

e To quantify the asymmetry and its dependence
on Q?, a fit was performed to the data and QCD

calculations using the functional form
.1 do

odlgi|

(1/0) dofd]g?, |

— % 1+ f1cos (quB;t) + f9 cos (2¢£t)

0.4

Phys Lett B 551 (2003) 226

&350

125<Q*<250Gev?

LI I LI I LI
250 < Q?2< 500 GeV2

TU2 Tt

62, | (rad)

10 2 T

2, | (rad)

® ZEUS 96-97

7] — NLO QCD DISENT (p=Efe;)

1 --- LO QCD DISENT (1o=EE;e;)

Jet Production in DIS at HERA
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1 do _ 1 B B
"odeB,| T T 1 + f1 cos ((bjet) + f2 cos (zcbjet)} Phys Lett B 551 (2003) 226
jet
e Fitted values of f; and fo as functions of Q2 and ZEUS
: 2 2
fOI’ the entll’e Sample (Q > ]_25 Gev ) fl K a) Asymmetry from the cos (ijet term
il | * ZEUS 96-97
40.0121 : Y ey ) S

— f1(Data)= —0.0273 £ 0.0144 (stat.) "y 5099 (Syst.) |

— f1(NLO QCD)= —0.000370-9925 (,1n — scale)

-0.1

2

20
— fa(Data)= 0.0947 & 0.0143 (stat.) 700155 (syst.) |

0.1

— f2(NLO QCD)= 0.09841 0097 (ugr — scale)

e For f1, the observed asymmetry tends to be slightly * YR ""'1'03 —

larger and more negative than that of the NLO Q@ (Gev?)
e The NLO QCD calculations of fo are in good agreement with the measured values

— Precise test of pQCD prediction for the azimuthal asymmetry

Jet Production in DIS at HERA C Glasman (Universidad Autbnoma de Madrid)
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Parton evolution at low x

e At low x, dijet data may be used to gain insight into parton dynamics
e+

e The evolution of the PDFs with p g I1s described by

ot the DGLAP evolution equations

e The DGLAP equations sum the leading powers of
Vg)ﬁgf(")n as log Q2 in the region of strongly-ordered
R transverse momenta
’ — Q2> K2 > ...> k2, > k2,
nom (LLA: strong kp-ordered parton cascade)

X

— successful description of jet production at large
scales

ez X k2

X,k —® DGLAP approximation expected to break down at
et low = — when log Q? < log 1/, terms proportional
to aslog 1/x become important and need to be

roton
P summed

e The BFKL equations accomplish this:
— the integration is taken over the full k7 phase space of the gluons
— no k7 ordering

Jet Production in DIS at HERA C Glasman (Universidad Autbnoma de Madrid)
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Parton evolution at low x

e The CCFM parton evolution with angular-ordered parton emission is equivalent
to the BFKL approach for x — 0 and reproduces the DGLAP evolution at large «

e Do the properties of the dijet system depend on the dynamics of the ladder?
— k7 ordered or unordered evolution of cascade

e Possible deviations from the DGLAP approach can be tested at small x, where

strong kp-ordering of the exchanged parton cascade is no longer strictly fulfilled
e+

e At small x: parton emission along the exchanged
gluon ladder increases with decreasing x
— not included in DGLAP: additional contributions

vérgg{aoln have to be included when predicting cross

C \ sections at low x

< K — the two outgoing hard partons are no longer

"o balanced in transverse momentum: excess of
events with the hard partons no longer
x_ k back-to-back in azimuth

2 T2

Xl le ———
Jet

e+

proton

Jet Production in DIS at HERA C Glasman (Universidad Autbnoma de Madrid)
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— Jets searched with kr algorithm in the v*p cms frame

— At least two jets with £}, > 5 GeV,

—1 < U‘EXB <25and Ez .. > 7GeV

— Kinematic range: 5 < Q% < 100 GeV? and
1074 <z <1072

e Comparison tzo NLO predictions (DISENT):
— p% = EX" and p% = 70 GeV?
— p PDFs: CTEQG6M

Theoretical uncertainties:
20%

—

10%

e Good agreement between data and NLO
calculations within the present uncertainties,
even at small values of E;,max where effects

due to small-x dynamics should be most

prominent

—

d’c/(dQ’dxdEy,  )[pb/GeV’]

Triple differential cross section: do/dQ*dzdE

Contributed paper to EPS03
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— Jets searched with kr algorithm in the v*p cms frame
— At least two jets with £}, > 5 GeV,
—1 < ni%p < 2.5 and E;;max > 7 GeV
— Kinematic range: 5 < Q% < 100 GeV? and
107 <z <1072
o Comparlson to NLO predlctlons (DISENT):

— pt = EX, % and p% = 70 GeV?
. » PDFs: CTEQ6M

e No significant disagreement between data and ¢ H1Data

NLO calculations within the uncertainties,
small deviations observed at small values of
z, Q% and |An*|

Triple differential cross section: do /dQ?*dxz|An*|

Contributed paper to EPS03
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@ Azimuthal jet separation

e Measurement of the azimuthal separation, A¢*, of the two hardest jets in the

~*p cms
e DGLAP: A¢* # m can occur due to higher order effects z 1
e BFKL and CCFM: number of events with A¢* < 7 should 5
increase due to partons entering the .
hard process with large kr g
— A significant fraction of events observed at small E 1
10

azimuthal separation

e The measurement of a multi-differential cross section
as a function of z, Q2 and A¢* is difficult due to large
migrations ,
e The ratio 10

fO N2Jet(A¢* £ Qz)dA¢* _ gﬂ_

f() N2Jet(A¢* €Ly Qz)dA¢* ’ 3
IS better suited to test small-x effects

— S =

Contributed paper to EPS03

- [5 <Q?<10 GeV?]

e H1 Data

(uncorrected)

—— ARIADNE

e RAPGAP 4

L NI AT NN N NNH
0 50 100

R
150

A¢* [Degrees]
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@ x and Q? dependence of S

e Measurement of the S distribution as a function of x in bins of Q?2
Contributed paper to EPS03

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 «

0.05

5<Q2%<10 GeV?
* ® H1 Data

(preliminary)

95]
0.1

0.05

™

DISENT: |

Af_ no kr fﬁ: -
e Comparison to NLO-3jet predictions (NLOJET):™
— accurate description of the data at large Q? 0

0.05

and large x

— fail to describe the increase towards low x,“ |

especially at low Q2

0.05

",

NLOJET:

30<Q%<50 GeV?

01

0.05

f:isz

ek

X

10<Q@*<15 GeV?

NLO-Dijet (DISENT)
pi= E;?, 13=70 GeV?
(corrected for hadronization)

50<Q°<100 GeV?
NLO-3jets (NLOJET)

2= E;% 1i=70 GeV
(corrected for hadronization)

et i |

107

10
X

Jet Production in DIS at HERA
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@ x and Q? dependence of S

e Measurement of the S distribution as a function of x in bins of Q?2
Contributed paper to EPS03

_ A useful comparison is only provided by~ w| , SO08e T, | edtasaet
models which incorporate higher order | * e A
effects beyond NLO e

e Comparison to RAPGAP predictions (DGLAP X Uox

appro aCh): mo'l L 15<Q°<20 GeV? mm i 20<Q%<30 GeV?
— good description of data at large Q2 and i i

large x oos |
— fall to describe the increase towards low x, | 7

especially at low Q? T e T )
— improved description of data when » gy 1” pC——

incorporating resolved photons, but still " Sl

prediction too low at low x e 4

________________  S— ,

Jet Production in DIS at HERA C Glasman (Universidad Autbnoma de Madrid)
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@ x and Q? dependence of S

e Measurement of the S distribution as a function of x in bins of Q?2

e If the observed discrepancies are due to the

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 Q% “

— fail to describe the data at high Q2

e Comparison to CCFM predictions (CASCADE):
— the prediction using JS2001 lies S|gn|f|cant-
ly above the data

0 [ L L L L L L

— the prediction using the set 2 of Jung2003 «" |

closer to the data
— The measurement of the ratio S is sensitive *
to the details of the unintegrated gluon :
distribution ) S—

mO.Z r

Influence of non-kr-ordered parton emissions,

Contributed paper to EPS03

5<Q*<10 GeV?

e H1 Data
(preliminary)

15<Q°<20 GeV?
----- CASCADE - Jung03
—— CASCADE - JS2001
ARIADNE

005 - X .

0.15

01 |

0.05 |

m0.2 r

0.15

0.1

| oos

10<Q*<15 GeV?
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Multijet production in NC DIS

Jet

e(v) Jet
ViIZ Jet
w) 49
q
P Penant P [ P Femnant i
jet production in the QPM: jet production at O (as):
Y —q Y9 — 99,7 q — qg
one-jet events two-jet events
Jet
e(\)) Jet  Jet

/ — Events with three jets can be seen as
dijet processes with additional gluon
radiation or splitting of a gluon in a

proton p  proton 2] [piedi’

P Femnant Jet remnant Jet . )
iet production at (’)(ag): — Direct tests of QCD be2yond LO:

v*9 — qdg, v*q — qgg 73jet % %
three-jet events

Jet Production in DIS at HERA C Glasman (Universidad Autbnoma de Madrid)
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Dijet and three-jet cross sections in NC DIS: dO'/dQ2

— Jets searched with kr algorithm in the Breit frame

— At least two jets with E!_,?tB > 5GeVand —1 < nﬁB < 2.5 Contributed paper to EPS03
— Kinematic range: 10 < Q? < 5000 GeV?,0.04 < y < 0.6 and cosv < 0.7
— Events with M3/(MY) > 25 GeV were selected ZEUS
‘% : ® ZEUS (prel.) 98-00 Dijets &)
. Q o b V ZEUS (prel.) 98-00Trijet.s
e Comparison to NLO (O(a?) and O(a3)) 2 HE creroy Sesle Uncerisiny
predictions (NLOJET): g

— up = pup = Ep

— p PDFs: CTEQ6 S S
10 3 et NLO (1 +§,.4) - O(ag3) 5
E | | [ R L
N ) E 15 * ® Dijets /NLO : O(q,2) NLO:0.5< (4 /E;) <2 b)
e The measured dijet and three-jet cross £125 -
i i s ! %meﬂj
sections are well described by the Boms o

162 I I Lol I I R I \)\

¥V Trijets /NLO : O(a,3) KXX NLO:05<(p /E;)<2

predictions

12

data / theory

— Potentially useful observable to make an 08 |
accurate determination of ag

Jet Production in DIS at HERA C Glasman (Universidad Autbnoma de Madrid)
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Q? dependence of the dijet to three-jet cross section ratio |

Contributed paper to EPS03

e Measurement of the dijet to three-jet cross ZEUS
sections ratio as a function of Q? o5

® ZEUS (prel.) 98-00
[ ] Energy Scale Uncertainty

NLO (1 +8,,,) : 0.5< (1 /E;)<2
Mpjet > 25 GeV

o

S

(6]
I

e Many experimental and theoretical
uncertainties cancel out in the ratio
— more accurate test of color dynamics

(d 0-/dQZ)trijets / (d 0-/dQZ)dijets
©
~
T ‘ T T T T

0.35 —

0.3 —

0.25 —

e The measured ratio is well described by the
NLO calculations for Q2 > 50 GeV?

| Il Il Il Il Il Il L1 ‘
o2 102 10°
Q? (GeV?)
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Internal structure of jets

e The investigation of the internal structure of jets gives insight into the transition
between a parton produced in a hard process and the experimentally observable
jet of hadrons

e The internal structure of a jet is expected to depend mainly on the type of
primary parton, quark or gluon, from which it originated and to a lesser extent
on the particular hard scattering process

e QCD predictions: .
— At sufficiently high EXSt, where fragmentation effects become negligible, the
jet structure is expected to be driven by gluon emission off the primary parton,
and therefore, calculable by pQCD

— Gluon jets are predicted to be broader than quark jets due to the larger colour
charge of the gluon

e The lowest non-trivial-order contribution to the jet substructure is given by
O(aayg) calculations for ep in LAB frame

— Measurements of jet substructure provide a stringent test of pQCD
calculations directly beyond LO

Jet Production in DIS at HERA C Glasman (Universidad Autbnoma de Madrid)
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Internal structure of jets: subjet multiplicity

e Subjets are resolved within a jet by reapplying the hzds:

kr-cluster algorithm on all the particles belonging f
to the jet until for every pair of particles the
quantity d;; is above dcyt = Yeut * (Eﬂ_ﬁt)2 / \

e All remaining clusters are called subjets | |

e The subjets structure depends upon the value ,-,:‘.-.': @@@

chosen for the resolution parameter ycut &
Many subjets 4 subjets 2 subjets 1 subjet
-
Increasing y _,

e In pQCD, the mean subjet multiplicity, (ngyp;et) iS calculated as the ratio of the
cross section for ng,hjet — 1 subjets over that of the inclusive jet production

jet ) 2
Unsubjet_l(ET ~ Ansubjet_1 OéS_I_anubjet_1 s

ie(BY) CletF Diet-s

<nsubjet —1) =

Jet Production in DIS at HERA C Glasman (Universidad Autbnoma de Madrid)
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Ycut dependence of Ngsubjet

— Jets searched with kg algorithm in the LAB frame Phys Lett B 558 (2003) 41

— At least one jet with E%?t > 15GeVand —1 < p'*t < 2 ZEUS
— K|nematlc range QZ > 125 Gev2 /\._‘ 5_||||||| LI ””“;Ipalrtcl)r;/%;hlron T T T TTITT
2 L correction < 25 %
® vl ® ZEUS 96-97 ]
4= pQCD predictions (DISENT): 7]
i (corrected to hadron level) |
fragmentation model dependence: < 3% i - LOQCD (CTEQAL)
jet energy scale: ~ 1% 3 g Mo .
. _2 - CTEQ4A5][a (M,)=0.122]
e Small corrections for ycuyt > 10 - =7 e e |
— Data (detector effects): < 10% 2 CTEQuALLe o |
— NLO (parton-to-hadron effects): < 17% for [ Q?>125Gev?
jet . E,. >15GeV
E)" > 25 GeV [ ]
-IIIIII 1 1 IIIIIII L L IIIIIII L L il
e Comparison to LO/NLO predictions (DISENT): £ 2 .  ARIADNE ;
— UR = Wp = Q 15F TR ---- LEPTO-MEPS E
— p PDFs: CTEQ4L/M T :
1.2 ;‘ @ Theoretical unclertainty Q2 < pg <12Q)
11 F 3
. . . E ORI S E
e Comparison with QCD calculations: N
— The LO calculations fail to describe the data 107 107 107 1

— The NLO calculations provide a good description of the data Ve

Jet Production in DIS at HERA C Glasman (Universidad Autbnoma de Madrid)
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e The mean subjet multiplicity at a fixed value of P L B Setd (AD08)) 20
yCUt <nSUbJet(yCUt - 10 2)> decreases aS /\ LI I UL L I IZIIEILIJ§ T I L I T T
EJ increases: the jets become more 7 [ e GO

(= 8= .. . b

o inetes VN e e S
1.7 = - ]

e This observable is sensitive to o, N . Nooom ]
e The sensitivity of (Nsubjet(Ycut = 107~ 2)) as - _ gizj’jiz;j f
15 f— a,(M,)=0.116]  _]

a function of E to the value of as(Myz) is g CTEQUALLe M=ot ]
seen by comparlng the measurement to QCD Py 102 |

: - : 13 .
calculations using three different values of " zEUs o607 T _
aS(Mz) 12 :— Q2>125Gev? e -

C -1<njet<2 .

e Comparison with QCD calculations: g 14 PHEH
— The LO calculations fail to describe the datad ,,| N oe ]
— The NLO calculations provide a good i !

description of the data: thusétlt canbe used o booeck e et e
to determine as(My) for E.” > 25 GeV e . _
—_ —2 . 0'9; [ B R B BT
— Extraction of as from (ngypjet(Ycut = 107 9)): el oo fnnn Ton e

— as(Mz) = 0.1187 £ 0.0017 (stat.) T0:0055 (exp.) To'0ome (th.) Erje (GeV)
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Event shapes

e Extraction of s from measurements of event shape variables (thrust, jet
broadening) is complementary to the one from jet cross sections

e Event shape variables are particularly sensitive to the details of the non-
perturbative effect of hadronisation

e Recently, new developments on the model of power-law corrections have prompted
revived interest in the understanding of hadronisation within the framework of pQCD

e In this type of analysis, the data are compared to a model prediction which
consists of a combination of NLO QCD calculations and the theoretical expectations
of the power corrections, characterised by an effective coupling &g

e Previous results give support to the concept of power corrections in the approach
of Dokshitzer et al.

0.7 o T T T T

oo oot unemaneg| | 5% | — but a large spread in the fitted values for
- i . o g suggested higher orders QCD needed

— resummed NLL calculations matched to
NLO, are now available

T \ 1 — and it is possible to study event shape
- | distributions instead of only mean values

06 F

a,(y, =2 GeV)

05 |

04 |

0.3_||||||||||| T TG SR .
0.1 0.12 0.14 ag(M,)

a,(M,)
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@ Event shape distributions: thrust

e A suitable frame in which to study event shapes at HERA is the Breit frame

— the separation between the current jet and Contributed paper to EPS03
the proton remnant is maximal H1 EVENT SHAPES: T
e Measurement of event shape distributions for S, .. e
14 < Q <200GeVand0.1 <y <0.7: o Fe- T *ie
—s thrust 7 and 7., jet broadening B, jet mass p ~ joba ™ m. T
and C parameter are defined for particles in SRS S 1.
the current hemisphere (n < 0) B - = ..
— jet rates are defined using the kp algorithm S T . . t
for all hadrons in both hemispheres b, e ™, T
e Example: corrected measured distribution for - —— e
thrust and fitted theory prediction TR A . MY T
e Theory: L = ++—T—
— DISASTER++ (CTEQ5M1 pPDFs) 10°L R :
— resummation matched to NLO and power corrections L T T
— x?2fitto data Lo L= o iscer TT T
— free parameters: a;(Mz) and &g S I
e A good description of the data by the QCD 1o Lo <com cav
predictions is obtained at high Q? T
e The description of the data at low Q2 is poorer >0 o %’O

Jet Production in DIS at HERA C Glasman (Universidad Autbnoma de Madrid)
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@ Test of the power corrections model

e The 10 contours of the results of &g and a:

H1 preliminary Contributed paper to EPS03
S’ 0.60- NLO(a2)+NLL+PC Fits
(b} ’ L
(@) B B stat. and exp. syst. errors
N i Tc Q >20GeV
= 0.551
o L
s i
0.50_—
0.45_—
- <4— world average
0.40 _| | i | | ! | I L I ! | |
0.11 0.12 0.13
Gs(m ZO)

e Negative correlation coefficient between ag and &g found for all variables

e Universal non-perturbative parameter &g = 0.5 at the 10% level in agreement
with previous results but with smaller spread

e Sizeable theoretical uncertainty coming from higher orders (~ 5% for both &g
and ag, as large as experimental uncertainty)

Jet Production in DIS at HERA C Glasman (Universidad Autbnoma de Madrid)
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Conclusions

e HERA has become a unique QCD-testing machine due to

— at large scales:
— considerable progress in understanding and reducing uncertainties led to
------- very precise measurements of the

th. uncert.
o Inclusivejet cross sectionsin yp
i W ZEUS (Phys L ett B 560 (2008 7) fundamental parameter of the_ theory
—e—+  Subjet multiplicity in CC DIS — the use of observables resulting from
ZEUS (hep-ex/0306015) jet algorithms leads to determinations
FoH Subjet multiplicity in NC DIS ;
---------- ZEUS (Phys Lett B 558 (2003) 41) of as as precise as those from more
— Jet shapesin NC DIS I I
............. P - toIECHEF,Ol)lncluswe measure_ments (eg T decay)
Cre NL O QCD fit = Improved calculations needed for better
H1 (Eur PhysJ C 21 (2001) 33)
- NLO QCD fit accuracy
ZEUS (Phys Rev D 67 (2003) 012007)
i Inclusivejet crosssectionsinNC DIs — at low x and low Q
"""" H1 (Eur PhysJ C 19 (2001) 289) . : :
L R G NE B con5|derabl_e progress in unde_rstqndlng
“ ZEUS(PhysLett B 547 (2002) 164, the mechanisms for parton emission
Heo+ Dijet cross sectionsin NC DIS i
........ U (o |25 5 o G T _has been achieved
_ World average - Intel’p|ay Of DGLAP <> BFKL <« CCFM
(S- Bethke, hep-ex/0211012) dynamics has still to be fully worked out
0.1 0.12 0.14 = Further progress needs more
afM,)

experimental and theoretical work
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