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e Photoproduction of jets
Structure of the photon
Particle production and searches
QCD tests

e Jet studies in deep inelastic scattering
Studies and precise tests of QCD
Determination of o

e QCD studies using the internal structure of jets
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Jet production In ep interaction at HERA

The high-energy ep interactions at the HERA collider provides a powerful labo-
ratory to test the predictions of the Standard Model.

Variables commonly used:

&' (K y e(K) g=k—k = Q%= —¢?
¥y (Q?) s=(p + k)? (center-of-mass energy?)

p < —~— . .
/ remnant | gronic system Yy = Z%
y 9 (W) Q? — Q% = sxy
T =
Quark-Parton Modéel 2p-q

W2~Q?(1/x—1)
Studies of jet production at HERA allows precise tests of pertur-
bative QCD predictions (complementary to ete™ and pp).

Depending on the Q2 value, two different kinematic regimes:

— Q? ~ 0 (quasi-real photon): photoproduction regime or ~vp interactions.
— Q? >> 1 GeV?: deep inelastic ep scattering.
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Jets in the photoproduction regime

At lowest order (LO) QCD, two hard scattering processes contribute to jet

production: direct and resolved photon. ZEUS 1995
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Measurements of jet production informs on 0
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Partonic content of the photon — Photon structure X
Dynamics of resolved and direct processes — QCD tests
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The observable to separate the contributions for to dijet production is

OBS ]-
€XT _
v 2 FE,
which is the fraction of the photon’s energy participating in the production of
the dijet system.

(Erjenr € + Er jess €7 ")
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Dijet photoproduction

Measurement of the dijet cross section as a function of xp and xz.
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—> Sensitive to proton and photon PDFs.

— In general, reasonable description
of the data:
proton = CTEQSM
photon = GRV-HO

— AT high xz~: Large parton-to-
hadron correction improve the
comparison with data.

— Small uncertainties in the proton PDFs
(from DIS data).

Test of photon PDFs
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The structure of the photon
The variable z°% is sensitive to the photon PDFs. The predictions

~

based on the AFG set are tested in different regions of E%etl.
ZEUS

Ratio of do97¢/dx. between
data and NLO QCD.

Different dependence on E%etl

in data and NLO QCD.

Very large theoretical
tainty (20-30%).
Note that CAL energy scale

uncertainty small.
— Big effort to reduce uncertainty

uncer-

To constrain photon PDFS (in-
stead of testing existing sets):

— Improved predictions are needed.
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Searches using high-mass dijets
By using the two highest-E1 jets in the event, and measuring their

invariant mass (M?77).

The cross section is studied as a function
of x, defined as

1+ | cos 6%|
1 — | cos 6%|

where An is the difference in pseudorapidity
between the two jets and 0* the scattering
angle in the dijet CMS.

X = exp(|An|) =

Good description of the data by NLO QCD.

Variable sensitive to Z° and W= pro-
duction.

905% C.L. upper limit on the cross
section for Z0 photoproduction for
the first time at HERA:

Tetpetz0X < 5.9 pb (expected: 0.3 pb).
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Multijet photoproduction is sensitive to Multi-Parton Interactions

Multijets In vp Interactions

ZEUS ZEUS
< 127 < 2
2 . - ® ZEUS(prel.) 1996-1997 j/ Q 1.8 e ZEUS(prel.) 1996-1997
s 1n S 16F  pyTHIA ,
S T B 14F - HERWIG
5 080 A : T 1920, — HERWIG +Jimmy
o & > ° TLH >50GeV |14
S 068, 68 S 1k Maj © $
C ‘\Q______,, 0.8 E /"/
04F ) HErwic SRR 0.6 § 2
0oL [J HERWIG + SUE 04 ¢ _¥
: —— HERWIG + Jimmy _ 0.2 F L
of ~ PYTHIA+MPI Models: Jimmy (HERWIG) 0 ! | !
-0.5 0 0.5 0.5 0 0.5
cos0, cos0,

T he four jets are converted into three pseudo jets by combining the two jets of
lowest two-jet invariant mass.

e O3 is the angle between the highest- E; pseudo-jet and the beam
in the four-jet rest frame.

e For low myy: the inclusion of MPI is able to describe the data.
The soft underlying event option (HERWIG) does not work.

e For high m,4j: the cross section is less sensitive to MPL.

[



Oscar Gonzalez (UAM)

HCP-2002 Conference, 1-X-2002

Inclusive jet photoproduction

Inclusive jet production allows the performance of additional tests
of QCD predictions.

H1 preliminary

do /dEF [pb/GeV]

® H1 Data

® ZEUS Dato
— (GS96
- -~ GRV—-HO
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e NLO QCD describes the mea-
surements.

e The theoretical uncertainties
are smaller than for dijet produc-
tion.

e T he present experimental and
theoretical precision does not al-
low discrimination between pho-
ton PDFs.

e Very good agreement between
both H1 and ZEUS (95 data).
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do/dE*(pb/GeV)

(Data-NLO QCD)/NLO QCD

Scaling violations in vp interactions
Inclusive jet cross sections at different W,, have been used to test
the hypothesis of scaling expected in the Quark-Parton Model.

e ZEUS (prel.) 98-00 (82.2 pb™) - 4 3 3
, —TNLOOCD Scaled cross section: (E7jct)*(Ejet d3c/d(pjet)?)
107+ — LOQCD
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L Ll L | ' | L ) L ,
jet energy scale uncertainty 6:5 08 - | jet energy scale uncertainty "2< nVP <0
05 &  [///]NLO uncertainty T NLO uncertainty
l \ — ‘ \ ‘ ‘ ‘ \ ‘
LTI i 4%%7 0.2 0.3 04
5 X; = 2 E¥ W,
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0 20 10 =0 o 70 s 9o ® Scaling hypothesis is discarded (probab. ~ 0.005).
EfGev) e NLO describes the observed scaling violations.
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Jet production in DIS

Study of the production of high-Er jets in the Breit frame allows
the test of QCD predictions in deep inelastic scattering.

P : i i _
—— In this frame, production of high trans
q verse energy in the hadronic final state is
directly related to hard QCD processes.
L aboratory Frame Breit Frame

At LO QCD jet production in DIS in the Breit frame is given by

the processes
+ e

e

pﬁ\ =— remnant

\
q’ g

QCD-Compton

Boson-gluon fusion
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Inclusive jet cross sections at low Q?

Study of jet production at low Q2 to test perturbative QCD
H1 Inclusive Jets
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S| | E the data.
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10"} —§-HiData | | — NLO corrections are large
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10 LOQCD ] : ward region
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A-05 Improvement of calculations is
8 § | ; needed to understand low Q2 and
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Three jet production in DIS
Three-jet cross section is well described by NLO QCD, i.e. (’)(af;’)

Ratio of three to two jet cross sections

N; 10 F e H1 data

@ QCD: o,

0] . —— NLO (1+5._.) oY ® Hldata  QCD:NLO (1+5,.,)

S 1 L e NG e g I I o (M,) = 0.118 +0.006
L LO So06 | [ 1 gluon: CTEQ5M1 +15%
o0t © S 05 <(u/B)< 2

=, I

% A QCD: LO (1+3, )
b'o?lo -2 B D:oo

© E 0.4 ““.;‘ﬂ."‘;um;‘mm,&m

- M, . > 25 GeV i
_3 e
b e Hildata/NLO (1+5,,,) oo | Myu>2500v T

E\ - GS(MZ):O-llsiO.OOG . |||||| | | | IIIII| | | | IIIII|

8 [ ] gluon: CTEQ5M1 +15% 2 3

S 15 | 05 <(u/E)< 2 10 10 10, )
C\G = Q (Gev )
g 1 [Ft _

© L\“* Large NLO correction, but data well de-

05 L | | scribed at NLO QCD.
2 3
10 10 10 ) Reduced uncertainties: gluon content,
Q" (GeV?) renormalisation scale...
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Forward jet production

Sensitive to QCD evolution schemes (specially at low Bjorken x):

a
o

dcrI/\()JIx(n bL
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e DGLAP needs contribution from resolved virtual photon.

e DGLAP (RAPGAP=RG) — kg ordering
e BFKL (~ ARIADNE=CDM) — random walk in kr
e CCFM (CASCADE) — kg factorisation
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e ARIADNE describes the data.

e CASCADE predicts too high a rate of forward-going jets.
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1 Eproton

= large
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Jet production in DIS and precise tests of QCD
e Studies of jet production in DIS in the Breit frame allows the
realisation of precise tests of QCD.

e Big improvement in the knowledge needed to perform QCD stud-
ies during the last years:

— Jets are defined in the Breit frame.
e using the kp cluster algorithm.
e cuts in the Breit frame only (theoretically motivated).

— Jets produced in the high Q2 region.
e Small uncertainties due to terms beyond NLO.
e Small uncertainty in proton PDFs.

— Inclusive jet production vs dijet production.

® dijet case: additional cuts are needed to remove IR-sensitive
regions— larger theoretical uncertainties.

This knowledge has been translated into precise QCD studies with
jets and precise determinations of as from jet production at HERA
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Inclusive jet production at high @2
ZEUS

Inclusive jet cross sections
* ZEUS 96-:97 measured with cuts in the
Jet energy scale uncertainty i
NLO QCD: (corrected to hadron level) Brelt frame Only

a, (M,)=0.1175

— DISENT MRST99 (i =E2,) 2 2
--- DISENT MRST99 (:iRzQ) Q > 125 GeV
125 < Q% < 250 GeV 2 B B

250 < Q% <500 GeV 2
(x10%

Very precise test of QCD predictions.

500 < Q% < 1000 GeV?
o (x10°)

Experimental and theoretical un-
certainties: ~ 10%

1000 < Q? < 2000 GeV 2
(x100)

2000 < Q% < 5000 GeV > Agreement (N ]_O%) with NLO QCD
040 prediction over many orders of mag-

nitude in Q2 and EB . ..
Q% > 5000 GeV2 Q Tjet
(x1) R

Differences of the same order as

uncertainties.

10 15 20 25 30 35 40 45

ETjet (GeV)

Used to extract ag
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Azimuthal distribution of jets in the Breit frame
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Normalised cross section in order to com-
pare the measured and predicted shape of
the distribution.

e ¢F, is the angle in the Breit
frame of the jet with respect to
the positron scattering plane.

®

e Perturbative QCD predicts
do
dqu

jet

= A+B cos qbf;t—l—C cos 2¢7

jet

® NLO QCD in very good agree-
ment with the data.
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HERA data and the running of as(u)

Inclusive and dijet cross sections in the Breit frame were used to extract the
value of the strong coupling constant at different scales.

Data in good agreement with the HERA: running of a (k)
running predicted by QCD 2T T sdigncusiveets p=E2) ||
ol I T = ZEUS 96-97 (dijets, u=Q)

® ZEUS 96-97 (inclusive jets, p=E2,;) |

The values extracted from inclusive jet

production in DIS: — from a, (M,)=0.1184 £ 0.0031 7

0.2

e H1 (150 < Q? < 5000 GeV?):

as(Mz) = 0.1186 £ 0.0030 (exp.) o ooss (the) Tooas (pdf.)

e ZEUS (Q? > 500 GeV?): 0.15

as(Mz) = 0.1212 £ 0.0017 (stat.) "o ooz (syst.) o ooss (th.)

— Dominated by uncertainty from theory. - 1
01 _I Ll 1 1 1 1 Lol ]

— Precision is comparable with best other 10 30 50 102
individual measurements. U (GeV)
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QCD studies using the internal structure of jets

T he internal structure of the jets informs in the transition from the
partons originating the jets to the observed hadrons.

e One simple way to study the in-
de“m“s\!, 2 ternal struture of the jets is by
1JET means of the subjet multiplicity.

PN

Py PY Subjets are jet-like objects within a jet
% 6% o
®° [,

The study of the internal struc-
vawabies dabes  2aties  Lsbid ture of jets allows the perfor-

Increasing Y, >
individual complete mance of QCD studies.
particles jet

e Differences between quarks and gluons.

e Test of NLO QCD predictions.

Jets — partons in the hard process ® Determination of a;.

Subjets — partons in the jet
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Quark and gluon initiated jets
In QCD it is expected that the jets initiated by gluons have larger
Mmultiplicities than those initiated by quarks.

o ZE0S The dijet sample which includes quark and gluon
— [ e ZEUS(prel.) 1996-97 yp dijets - -p = - - -
LN N initiated jets is well described by PYTHIA.
\ 1<n® <2 ) ) ) oL
o — PYTHIA PYTHIA predicts different multiplicities for
s 12 PYTHIA quarks quarks and gluons.
i «+++ HERWIG
3t ] . ) ) ]
; By tagging cc dijet events in photoproduction it
“F has been possible to obtain a pure and unbiased
tr sample of quark-initiated jets.
TR T Tt yl o) o) D" meson
ZEUS o
A.g ! * ZEUS (prel.) 96-00 ' untagged charm' jet .
v e ' 2 >76Gev metcheds
N 1% <2
5r \
E —— PYTHIA
4 — — PYTHIA gluons
t «—— PYTHIA quarks
3 7 - PYTHIA charm o) other jet
; Good agreement between PYTHIA predictions
o for quarks and the jets opposite to the tagged
O T T charm jet.

19



Oscar Gonzalez (UAM)

HCP-2002 Conference, 1-X-2002

=
©

=
e¢)

N> (Evjer)

14

1.3

1.2

T he internal structure of jets in DIS
NLO QCD predictions for the internal structure of jets are available
for jets produced in DIS in the laboratory frame.

ZEUS

—> Parton/Hadron corr < 15 %

pQCD predictions (DISENT):
(corrected to hadron level)
-- LO QCD (CTEQ4L)
— NLO QCD:

CTEQ4AS5 (a,=0.122) ]
— —> CTEQ4M (a,=0.116)_]
CTEQ4AT (6,-0.110)

—_10-2 ™~
ycut_,I O

~

~..
~

o ZEUS (prel.) 96-97 .

Q? > 125 GeV? n
1< Nu<2

15 20 25 30 35 40 45 50

Etia (GeV)

Improved comparison with theory

® NLO QCD predictions cor-
rected for hadronisation effects
describe the data.

e Sensitivity to os.

® Data for Er jet > 25 GeV were
used to extract og:

as(Myz) = 0.1185 £ 0.0016 (stat.) 000 (syst.) oooss (th.)
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Summary
Jet studies at HERA allow very precise tests of QCD predictions.

HERA O(SMeasurements
L LI I L DL B B
——1+— Experimental uncertainties

e T he measurements provide:

— tests Of perturbative QCD beyond LO_ ------- Theoretical uncertainties
— tests of the photon PDFs. T 26Us 96-97 Incl jets
— precise determinations of os. b ZEUS NLO-QCD fit 2002
) ) S -ﬁ ...... ZEUS (prel.) 96—97 Subjets
e A big effort done in order to reduce the o
S LB ZEUS (prel.) 95-97 Jet shape

experimental uncertainties

—o ZEUS dijets
b EEED (Phys. Lett. BSO7 (2001) 70)

— Energy scale uncertainty to 1%.

=1 (nglncplh;:ti €19 (2001) 289)
e In many analyses the uncertainties of the e H1 NLO-QCD fit 2000
. . ) i [ N N (Eur. Phys. J. C21 (2001) 33)
theoretical predictions are limiting the 6 2002
precision of the results. 77| R o0 onmy oranony

S. Bethke
(J. Phys. G26 (2000) R27)

® Higher orders or resummed calculations T PR PR PP EPE PR R
0.12 0.13 0.14 0.15

are needed. oy (M)
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