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HERA ep collider at DESY: a : )
unigue machine .
Presently the only operating *

high energy collider in
Europe

HERA collides protons and
electrons/positrons at
Vs=318 GeV

HERA-II run features
upgraded luminosity and
polarization

Colliding beam
experiments: H1 and ZEUS
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. HERA delivered
u - HERA=II st been strpassing all .
of INoSIty HERAIl &”
AchIEVEMEnts i :

él}reJad 0tEr_:)e HERA CIrun (Dec
un gﬁi! ered more

collisionsit X Vears of
HERA-T" (19957 2000)

Since end Juni 06, machine has
switched back tore*p (~40 pb
since)
O(500 pb™) per expt expected by -
end of data-taking in mid 2007

Also analysis of HERA-I data is
still going strong ] 800 1000 1200 1400

days of running

Integrated Luminosity (pb
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dronic Final States

= Q2 virtuality of

exchanged photon

(boson)

m Q%2> 1GeV?: deep-

Inelastic scattering (DIS)

m Q2 <1 GeV?: photo-
Proton production (PHP)
remnant m X (Xg): fraction of

proton momentum

carried by struck quark
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mpPansen of Hadronic Final State
fftlert|re

dron interaction

S e NtERaCLon

Quark jet

QUK Jet ARUEGURIKEL - Proton remnant

. i : Quark jet
% l} INCE

contains main features of energetic
hadron interaction (proton
remnant)

Proton remnant less complex than hadron-hadron
interaction

clean reconstruction of kinematic
variables

ideal laboratory for studying QCD
21-Sep-2006 R. Mankel: The Hadronic Final State at HERA 5




tectors

m Colliding mode detectors can
generally measure current
jet & scattered electron very
well (“central region”)

m in these areas, also

theoretical approaches are
tested & tuned best

m in PHP, the scattered
electron usually escapes
along the beam pipe

The proton remnant
emerges close to beam pipe
& is less accessible

m these areas also pose big
challenges to theory

m Additional jets can arise from
more complex processes
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SEMerErontier“Questions Related to
HadrepIcERalrState

N How relevamt 2

. rJow weH rl,;we Ul

( Dlm the forward area?

I tmgwsh evolution schemes
in parton cascades?

m At which accuracy can we describe
production of heavy flavor?
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2. Multlple Jets

4, D* -Jet
Correlations

O .QO\{TH DOWNS
\-
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6. Charm &
Beauty in PHP
Dijet
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| ProGUGHBRNAING BIS

o ZEUS (prel.) 98-00
NLO (u=E'\'p)

--— NLO (1=Q)

do/dQ* (pb/GeV?)

u NEE searchiin Bréit frame
I’ pheton purelyispace-like,
esponaittdinalfdiréction

= OptimalfSEPaIELeN off proton remnant : B S8 Gov
& recollingipe _ 2<n< 1S

| H|gh Ejet-l-m : lcos 1, | < 0.65

> mainlysensitive to; hard QCD
PrOCESSES

> ideal testingiground for pQCD
5 Experiment and NLO calculations

agree over five orders () of
magnitude in the Q2 spectrum

> Impressive success for QCD theory
>

Experimental uncertainty (mainly jet
energy scale) tends to be smaller
than theoretical uncertainly of NLO
calculations

jet energy scale uncertainty
FIAFF NLO uncertainty

TITEETERRRRER] (RRRERE, IRITTIE, FRGRRIRSRE
PR S S T H R i

(data-NLO)/NLO
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#

GEPENCERNCE
PDECOMESHEssisteep

as Q2 ﬁcreﬂ‘ses

=5 Measurements well
described by NLO “~
QCD i ’ 500 < Q* < 1000 GeV’ 1000 < Q* < 2000 GeV*

Q' > 5000 Gev?
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m ifierentiall cress SEctions Vs
: 10, @2 can bejused to
extract strenelceupling constant

= Running ofic. Clearly seen
=» Shape agbes wWith theoretical

Expectation
=¥ Value of a.(MS)Nnraccord with
world average
=» competitive precision

Measuring whole Q range in one
analysis avoids systematic
uncertainties that arise when
combining different experiments

o ZEUS (prel.) 98-00
= QCD
(0, (M) = 0.118 £ 0.003)

U100 200 30 40 S50 60 70

0 ZEUS (prel.) 98-00  (2)

=== world average
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80 90 100
Q (GeV)

et
all EI'I'.B
regions




21-Sep-2006 R. Mankel: The Hadronic Final State at HERA




UJEENEIFSTALES

B ‘
Historical note: in"1979, the first direct
NePSEIWENeHNGRthE glieniwas made at DESY,
asiar tniidERNRIE e anninilation
m resultineiremNerdlgluen radiation
s couldiestiffiate o from)relativer rate

Three-jet signatures;can be seenias the
modern HERASEgUiValent of this measurement

= in Breit frame similar quite
picture aslin exe:

m oOne jet emerging from hard
gluon radiation

= can measure o, from ratio of o ¢
3-jet : 2-jet production —@==_
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assified

ZEUS 98-00 ® Leadi Jet 4 Second Elf} Jet 2

~ ng dec rea Si ng v Third EF}, Jet Energy Scale Uncertainty
LranSVErse rgy E; g '

-> GOOd ‘G&:rlpthn by SR (x10%)

NLO™ infO(e>), even at S o5 ne-ud @E 1
low E; g€t '

A Second EFL Jet

data/ NLO

*NLOJET with CTEQ6

50, 60
Elet (GeV)
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[=]
w

N frelated incertainties |
. . i ZEUS 98-00
a ncel I n ratlo . Energy Scale Uncertainty

u Ratio decreg'e@vlth

mcream%
> fieflects decreasing strength

CTEQ4M NLO ® C, 4 : 1116 < 2/ (Q*+E2) < 1

(do/dQ?), i, | (doldQ?)yp,

of coupling
> well described by theory

m Absolute ratio cani be used to
determine a.(m,)

m Systematics complementary
to inclusive jet measurement

a, =0.1179 + 0.0013(stat.) 22 (exp.) 2% (th.)

—0.0046 —0.0046

0g(M3)

Theoretical Uncertainty
World average: 0.1182 + 0.0027
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th. uncert.

I ——

exp. uncert.

01 012
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C. Glasman

nclusive jet cross sections in NC DIS
ZEUS prel. (contributed paper to EPS05)
Inclusive jet cross sections in NC DIS
H1 prel. (contributed paper to EPS05)
Multi-jets in NC DIS
H1 prel. (contributed paper to EPS05)
HERA average
(hep-ex/0506035)

World average

(S. Bethke, hep-ex/0407021)

0.14

0, (M,)

o, measurements from
HERA have reached an
impressive level of
precision

m need help from theory

Consistent both internally
& with other experiments

With more data to come
from HERA-IT = further
improvement expected
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s EOrwardl anea ist particularly
Sensibverterdetalls i

. evelutionieipartonicascade

xp; ( small)

u At low x, We dofiot probe &
the vg@#structure of the |
proton, but rather see A

from large

universal striicitire of QCD o
- i to small x
radiation at Work

m signature: forward jet forward jet
This enables us to examine et

: ; x, =—— (large)
different mechanisms of '
parton cascade evolutions
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GLLAR i

Doisriitzar-Cirlgoy= ozt i
REIS]

Evolution in powers of In Q2
Strongly orderered in K

Well established at high xand ™
Q?, but expected to break m
down at low x

\SRAERE A
ﬁYTTTY%T
5

Evolution in powers of In
1/x
Strongly orderered in x

May be applicable at low
X m
|
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CCFM

Balitsky-Fadin-Kuraeyv-Lipatov Ciafaloni-Catani-Fiorani-Marchesini

Evolution in both In Q2and
In 1/x

Bridge between DGLAP
and BFKL

Angular ordering
May be applicable at low x
20




H1 forward jet data

E scale uncert

— NLO DISENT 145,
'D‘S“'r.f'::“r.f':iur.f
PDF uncert.

=== LO DISENT
1+E|

DGLAP

leading order suppressed by
kinematics

m  even with NLO, factor 2
below data at low x

m  need for higher orders?

21-Sep-2006

Meastrements (DIS)

0 X5<0.004, 7°<0;,4<20°, X;o>0.035

H1 forward jet data
4 H1
E. scale uncert

——CASCADE set-1
--—-CASCADE set-2

CCFM

m distribution too hard

m comparatively poor
description of the data

< Cuts designed
~ to enhance
BFKL effects

H1 forward jet data

—+— H1

E. scale uncert.
B RG-DIR
----RG-DIR+RES
—CcDM

CDM (similar to BEKL)

m generally good

DGLAP with resolved virtual photon
similar to CDM, but fails to
describe forward+dijet sample
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| Elprlfezidle)nls
CIECIVASEE]

m NIGHER ordgr parten emissions break

- Oraering sche

m Calculations which include such
processes (CDM) achieve better
description of the data
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Production
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\

D= ]Jet Corrﬁ}e IoNS In Photo-
ProcJIJ o

Chamiguarkimass pros es?ard scale even for quasi-real
phoen (Q2~0)
npertlvative QCPNPOCD) applicable over full phase space
SEveral 'ra::]h I)J“O(”‘ expected to contribute to photo-

(one of them tagged by a D*) allow a very
fine-grainedl comparison of different theoretical approaches

e r— Direct photon (x ~1) Resolved photon (x,<<1)

}H H1 a) Direct » b) Real Gluon Emission ¢) Excitation
| -

, D, N w._.-“u:»f\ru”(:}i——'::_:—__
ww: O W

| J MHW’F
‘I /u ;;ala

N(D*) = 592 + 57

® 014 0.145 0.15 0.155 0.16 0.165
m(Knr,) - m(Kn) [GeV]
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HEWAVIGEE|SsHIreat
Hrojeltlcrion

il
s W PYTIHTA: [LO) difiect: photon=gluen fiision, charm excitation &
HeEienEikesidighererder contributions simulated with leading-
|00 parteRsiewers n collinear approach.
CASCADE: LO In }(—;JC"EOJ”]ZEJ"EJO approach. Higher order

correctionstsimulated with initial state parton showers (CCFM
Evolutiony) '

EMNR: (Frixione-Is ngano%ason-Ridolﬁ): NLO calculation (O(a?)),
massive scheme!ini collinear factorization approach

ZMVENS (Zero mass variable flavor number scheme) : NLO calculation
(O(er?)) in collinear approach, neglecting charm mass
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-& Data

H1 —mmRreHad
--- FMNR
AW ZMVFNS2Had

7 JELs OnIaVveradge mere
ok

doldn(D*) [nb]
da/dn(D*) [nb]

indicate e of a hard
NON-CRARIIP. 1lin the
for1 ection

dominant mechanism: hard
gluen| radiauien fiom proton

[la PYATHTIA variant with only: Jor D* + other jet
direct photon does not show
this difference]
= All models include this &
describe effect well

n(D*)

& Data

H1 — FMMR & Had

=== FM

do/dn(jet) [nb]
da/dn(jet) [nb]

data  Jy
vis o
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== Data

= Cascade 1.2

=== Pythia 6.2
Pythia 6.2 (dir.)

: ieselvedPHP.

Sensitive tergluen
emission in initial state

m All calculations
underestimate relative
contribution in xyObs <0.6
region

resolved direct
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== Data
— FMNR ® Had
= FMNR

xobs

resolved direct




it collinéarr appreximation), vp: D* + other jet yp: D* + other jet
~ process yg-—> Jould Ieadito :
IECHELOFIIEIEHALOPBIOT),
But data shiow: onliya25%; of
Cross| sectioniane strHetly back-
to-back
Remainder'canionly be
described withrsignificant
contributions from higher order
QCD radlatlon 120 150 180 I “‘“‘ 120 150 180
Neither PYTHIA nor CASCADE Ao(D jet) [] A (D jet) ]
describe full range

NLO calculation too low for
Ap<120° > relevance of higher
order contributions

-®-Data

=— FMNR & Had
=== FMNR

W ZMVFNS@Had

=@ Data

= Cascade 1.2 H1 . ;

=== Pythia 6.2
Pythia 6.2 (dir.)

=

<
—
<

do/dA ¢(D*jet) [nb/°]

-
o
Ke]
c
Rl
—
et
Q
r—
e
@]
¢
T
"_g.

—
v

> Rich testing ground for QCD,
challenging for theory
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Section
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VER stingent QCDIteS c

s aidENmy; = POCD reliable i fulll pha

Jgdrg/
Mieasurements Inpp) vy, IF]\&J" hag‘

JOWN! IaraE CJJSCFr‘r)rJfJeS

3
-
=2

(PEfIMENntalfchalienge:
bez

auty oftenitagged with AJJ electron or /*/
Interaction

lon (secondary vertex, or p; relatlve to jet) o
s measureme t restricted to hlgh pr b quark >
 extrapolation uncertainty
Alternative: correlation signature
m example: di-muon
Study of di-muon event signatures allows to
use Iow p thresholds
> measure the total bb cross section
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* ZEUS (prel.} 96-00

[dhtfiaver vackgiound T
4 4 - 5 5 C=bbMC
SIS - and (ii) IMNass _ i .y B

Spectra 204D . for . . [0 1f b est.
Subtractio

Beth and guarkonia

1] T P o 2 e ¥ NS
4 5 6 7 8 9 10 11 12

background suppressed by SR e " i, (60
non-isolation reguirement

Bethe-Heitler, quarkonia and
cc background' subtracted
using MC (PYTHIA, RAPGAP,
HERWIG, GRAPE)

3 33 %5 6 7 8 9 10 1112
mit, (GeV) mit, (GeV)
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praistillibtien off tagged Wr}ﬁs

2
c
=
a
1 )
©

21-Sep-2006

ZEUS
= Method is sensitive down to

[ ] bBMC (PYTHIA direct) r pT ( b) . 0

> Small extrapolation
uncertainty

8 10 12 14 16 18
pfragged b-quark (GEV)

: The Hadronic Final State at HERA



G (80 —> DD X)(/s =318GeV) =16.1+1.8(stat) * 33 (syst) nb

Note:
PHP: 5.8 nb  (rmnRr,cTEQSM) PYTHIA+RAPGAP

DIS: 1.0 nb (HvQDISs,CTEQSF4) scaled by 1.95x

[For muons fromils
decays
Wide phase
space
Good agreement
in shape
Normalization

underestimated
by theory pTH?Ge 7

&

ZEUS (prel.) 96-00
— (PYTHIA+RAPGAP) x 1.95
NLO QCD (FMNR*PYTHIA)

® ZEUS (prel.) 96-00
— (PYTHIA+RAPGAP) x 1.95
E NLO QCD (FMNR*PYTHIA)

do/dp.+ (pb/GeV)
do/dn"® (pb)
B
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fzlnle[e o
sUREMERLS
avallaple

% Meas‘u@ents

tend terellarger
tham NLO

ZEUS Prel. D*n

H1

D*u

ZEUS Prel. up

H1

H1
ZEUS
ZEUS
H1

H1 Prel.
H1
ZEUS

FEP (low Q%)
FE® (high Q%)
p: b—eX

W o, 0inX)
W o, linX)

p: dijets

DIS: o, _(ejuX)

vis
DIS: 6, _(ejuX)

vis
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Correlations
Correlations
Correlations
Impact Par.
Impact Par.

rel

t
rel

Py

I
p:e ® Impact Par.

Impact Par.

i
p:e ® Impact Par.
rel
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| -
= picall topology: for charmi & beauty
PreUUchion: =2 jets
W Avery elegentaway’ to identify’ heavy guark
producti tortise lifetime; tags
m c+b i e leads;to significantly

positiveValles ol impact parameter
o of charged tracks

m can be measured with high
resolution silicon vertex detectors

m signed according to jet direction

m Allows simultaneous determination
of charm & beauty rates in PHP

. Smm
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Crizifes) i
(lcont rl)

Tracks with
p>0.5 GeV,
30°<0<1500°,
#CST hits

(re)=2

10 ol |Significance =

Significance oo

Clear excess at positive impact parameter (significance)

Since m,>>m,, decays of beauty hadrons have significantly higher
number of tracks on dverage

Divide into 2 samples according to tracks associated to jet:
m #tracks=1 : charm enriched
m #tracks>1 : beauty enriched
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mm Beauty |n PHP Di-Jet:

Q2<1 GeV?, 0.15<y<0.8,
pe@>11(8) GeV, - 0.9<n*ti(2)<1.3

Charm [pb] Beauty [pb]

m  Cross section: ata || 702 +67(stat.) £ 95(syst.) | 150 £ 17(stat.) £ 33(syst.)
/ +173 +19
EMNR) agrees for charm), but FMNR 200y, 837y
EBNO0) [ow forfbeauty PYTHIA 134 76

s PYTHIA, CASCADE similar CASCADE 438 80

Shapes offprPcranEiic® (not shown)
reasonald ell descrlbed

X, PPS'=firaction of photon energy
participatinginhardiinteraction

At low: x.°°= (resolved photon
regime), NLLO! calculation strongly
underestimates the beauty cross
section
m PYTHIA agrees in shape .

At x °bs >0.85 ﬂdlrect photon .
regime), models work generally
well («<>photon gluon fusion)

CHARM BEAUTY
1M E = chBX — cjix

=—— NLO QCD & had

do/dp, " [ph/GeV]

-
o
-
=
=
-5
o
]
L]
s

wp = ehbX = ejiX j

H1

do/dx™ [pb]
da/dxS" [pb]

02 04 06 08
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SUITIHIHA

s \Wealth of measurements from HERA on structure of
HeeieRICHinall Stake |
a only a shiell selectio
a Unigueszacliaior QCD studies

- m NLOIar@gly sticcessful'in describing experimental data

SOmMe cnelienging frontiers identified
m QCD dynamics; in viéﬂ‘ity of proton remnant (low x regime)
m resolved phote-production
m beauty cross section
= With large HERA-IT data sample, and improvements in
theory, expect further insights in QCD frontiers regarding
the hadronic final state
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