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HERA and QCD Experiments

— Data has few % accuracy
for a number of
e Talk could/should cover measurements

>50% of HERA | physics! NLO QCD

- Have to be selective — Theory getting to same
level in some regions

— Boldly going to places

QCD Prejudices where no theory has

*Nice theory gone before!

-Hard to be YN — Factorisation and
precise! 1N renormalisation scale
uncertainties?

produced, but [ NNLO QCD
hadrons seen — First calculations coming

— We want more!

*Quarks
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Topics

e Parton Density 3 Jet production

Functions Dijetsin
photoproduction
— F,, F_ and xg(x) — Direct vs. resolved

e Determination of a, e
— Comparison with NLO

— From PDFs QCD predictions
— High E; inclusive jets Data vs. theory at
and dijets highest Q-

— Jet substructure Heavy flavour
production
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HERA Kinematics

e Lots of interdependent
variables used!

S. e-p c.m. energy

Lowest order diagram

 W: g-p c.m. energy (s = 300 — 318 GeV
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QCD and PDFs

» Factorise cross
section into
short range A PDFs

DGLAP evolution

S sl f()AS : S

Use DGLAP to
evolve parton
density functions

Experimental data
has to Conzstrain
input at &

0.001 0.01
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F, Results

d%s

- V'R, £Y XF)

y=Q2/xs Y, =(1£(1- y)’)

e Structure functions:
— F2
F, : longitudinal
component
XF4: small for Q°0 M
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Fit of PDFs

. | - Fit HERA data on F,

QBCDMS
Include best fixed
target data

Have to parametrise

PDFs
f = pxP(L- X)L+ p,v/X + poX)

Do fits with
fixed and free a
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ZEUS and H1 Fits
e ZEUS - H1

— ZEUS + BCDMS, — H1 + BCDMS

£665, NMC 2 — Start at
— Start at — for the gluon

- plus additional — Heavy quarks: Fixed
constraints flavour number

— Heavy quarks: RT scheme
variable flavour
number scheme NLO DGLAP equations used
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ZEUS+H1

® ZEUS 997

. g RS [ H196/97 7 H194/00 Prel.
H E R A F I tS T e PR 2 NMC, BCDMS, £665
| e m000mss 2P 0g NLO QCD Fit
W " 3 4w, D00 (prel. 2001)

- HINLOOQCDFi

e Qver very large
range ZEUS and H1
data and fits agree
very well

e Some differences at
small x

e Limited statistics at
large Q?
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— ZEUS NLO-QCD Fit
i(Prel.) 2001

Errors on PDFs

F, -log, (x)

[ tot. error
= LFEUS 9%/7

- Fits now calculate 7
errors on PDFs

Correlations
between

experimental errors
taken into account

Low x and high Q?
regions have largest
errors
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H1 and ZEUS Gluon Density

ZEUS Preliminary

)
= - - 7
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].I_J_JJ_....IJ.I_I_I_l.l.l.l..l._LJ_I "

Fit of gluon distribution

See evolution of gluon
density as a function of Q°

Can overlay H1 and ZEUS

=
tn

A xg(x.Q% / xg(x,Q%)
=
tn =

distributions b oreey b oR20Gev

General agreement —
differences probably due to:
— heavy flavour scheme
— xg(X) parameterisation -l ' o Y.
aS Correlation Clearly V|S|b|e . \
ed Fit)

- mt error [ a'r: i3
[ s

in error on Xg(X) s
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F, Results

Reall;i need different s

ZEUS used ISR events
H1 measure s,; use F,

from lower y to predict
value at high y (low X)

— DGLAP gives very
consistent picture

— Works best at higher Q? 0s | F, [ H ot

H1 Collaborafion

B aco Fit (H1N
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F, using derivative

e Can also use 1s/fIny
— Works best at low Q?
— F,and F,
contributions similar
 Plot Ts/TIny
as a function of y for
different Q4 ranges
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Lower Limit of pQCD

e Use PDF fits and
DGLAP evolution

e See that QCD
description only fails

below about
0.8 GeV?

» Same effect seen In
F, determination -
value physical for (L
Q?>0.8 GeV? PR r
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Measurements with Jets

e Often made in Breit Single jets have no
frame transverse energy

e Breit frame defined as
e Related to gpc.m. by a
longitudinal boost

Breit frame (ep)

=,
: ; 2o . electro
gluon-photon center-of-mass frame Breit frame ~ electron

Xa;ﬁ=—1-’25

Z-boost

Current jet can be
compared with ete
jets

08/03/2002 QCD Studiesat HERA - lan C. Brock




—

Jets in PQCD

1oy, g dofdlog,(V.,)

- Use typical clustering 13 .
NLOS(1+5,,.)

algorithms to define jets o

NLO scale uncertainty

HOW far can one Iower “k _ [ RAPGAP
Yeur @nd still describe e

jets with pQCD?

Surprisingly far — 30%

of events in DIS can be  [EIRe | Yl “Emeed
classified as having 2 or " e

more jets with y_,~
0.001
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Jets In Breit frame — H1 and ZEUS

= Jets with significant E;
QCDC: usually produced via
QCD Compton or
boson-gluon fusion
process.

Production rate clearly
depends on ag, but data
mostly sensitive to

Dominates
at high Q?

Dominates Breit frame provides
at low Q2 good separation from
proton remnant
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Jet Cross Section

Select DIS events with
high E; jets
Compare inclusive jet

cross sections with NLO
QCD prediction

2 scales: Q° & E;
Good agreement seen

How much should scale
be varied?
A factor of 2?7
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Inclusive Jet Cross Sections

® Can determlne tx_ from inclusive jet cross section

for CTEIZMT parton densities

a. in different  [ESEENEE IRt R

inclusive k, algo.

E; r€gioNs Or NSNS * o)

a, (M;) (preliminary)

fram different 07 (CeV?) regions

fa00 Do as a function
of E;

B
M= Er,_.n

Extraction

reliable for

Q2> 500 GeV?

or E;>15GeV | Theory error ~5%
Running seen due to renormalisation
in a single and factorisation scale

experiment uncertainty
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/EUS Dijet Cross Sections

e Cross section for
single and dijet
production

e Ratio of dijet to

single jet cross
section proportional
to ag
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H1 Dijet Cross Sections

= Dijet cross section
inclusive dijet cross section . -
AN i inclusive k| algorithm Wlth dlfferent ET
e H1 cuts

» Different jet
algorithms

ceezrer TN\ compared at high Q2

B (E., + Ep) =40 GeV

i NLO CTEQSMA {y exchange only) Y N L O iS C I e ar Iy

NLG @ ﬁ +ahaﬂr-:ni:—:.:|

needed
* agextraction uses
150 £ Q° £ 5000GeV *
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Jet Substructure - ZEUS

Look for jet-like
components inside a jet

Find jets in lab system
to keep large single jet
Sam p I e . ‘: . —p ParteniHadron comr < 25 % ;

= FEUS (prel.) 96=-97

Subjets calculated in 5 20D predictions (OISENT):

[carracted Lo hadron level)

N I_O R Y - LD QCD {CTEQ4LY
. — NLOQCD:

Pick a region where
parton/hadron
corrections are < 15%
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ZEUS

— Parton/Hadron corr <15 %

Jet Substructure A R

e LO QCD (CTEQ4L)

— NLO QCD:

e Measurements are - > creousisai]
= CTEQ4M {s-0.116:]

SenSItlve tO aS — I \'\—} CTEQ4AT (am0.110) ]

consistent in C Eregon | (Prel) 9687

(GeV)

different E; regions || euymes

Systematic errors o
mainly from —— o
factorisation and —— W
renormalisation T
scale uncertainty i

ag values are + ZEUS (prel) 9697 \K
(enly experimental errors) e ]

08/03/2002




ZEUS ag Summary

® ZEUS (prel.) 96—-97
—+—— Experimental errors

e Comparison of different A
ZEUS measurements Incl. jets (Q° > 500 Gev?)
shows good agreement
between them all

In jet measurements
theory error dominates
ZEUS dijets

Needs theoretical input (hep—ex/0102042)

PDG 2000

on scale uncertainty (EGF iyl 15 GEO0BITS
(NNLO calculations) S, Bethke

(J. Phys. G286 (2000) R27)

NLO QCD fit
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Compare with PDG and Bethke world
ave rag e EERA o P&easurei_n ents

. I I B s B S e —
—+—— Experimental errorz

-==---=- Theoretical ermar

Good agreement "

N
HERA reSUItS are m ZEUS NLO=0CD fit (prel) 2001

CO m p etl tlve ZEUS (prel.) 96—97 Subjats

ZEUS {prel) 95—47 Jet shape

ZEUS {prel. } 96=97 Incl. jets

Running of ag seen B
|n Slngle expenmen t | (Fhya. Lett. BSOF (2001} 70)

H1 Incl. [ets
[Euvr. Phys. J.C19 [2001) 289)

Influence on world I I,

(hep—ex /001 2053)

average depends on

reducing theoretical s
u n Ce rtal ntl eS (4. Phys. 625 (2000} R27)
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Three Jets — H1

e Look at 3 jet cross
section as a number

of variables

e Cross section Is

proportional to
In lowest order

e Again well described
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= Hi dala
QCD:
— NLO(143, )

M3y > 20 GeV

e H1data/NLO (1+8hadr)
o (M) =0.118 +0.006
[ 1 gluon: CTEGQSM1 +15%

® Hidata QCDNLO(1+3.)
B o (M) =0.11840.008
1 gluon: CTEQEM1 +159%
05 <n/E)< 2

QCD: LO (1+8,.,)




Dijets in Photoproduction

Select events with 2
high E; jets
Measure Ccross
section as a function

*» Hi data
- NLO
= NLO (145, .

NLO clearly needed
especially at high X,
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High Q2

Clearly see effect of W/Z
exchange in cross section

Newest HERA data extend
kinematic range — good
agreement with expectation
seen

QCD + EW effects
completely explain data

More statistics + longitudinal
lepton polarisation coming P g R X YT AW R N B

10 10

with HERA 11 Q0 (GeVY

HERA Charged Current

ac/dQ” (phrGev™

¥ HI1e'p 944 prelim.

it Hle'p

1 ZEUS ¢ p 99400 prelim.
TEUS &'p 9599 prelim.
SM ¢ p (CTEQSD)
M 'p (CTEQSD
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Quark mass provides
hard scale

: ag | EQCDFit (H1) e D' (DIS)
e Boson-gluon fusion e ® D' (op)
IS main production [
mechanism

Charm production
directly proportional
to gluon content

With current
statistics PDF fits
still do a better job

H1 Collaboration
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b Quarks at HERA

* ¢ quark production = Use semileptonic

Cross section In
marginal agreement muon decay mode

with expectations to identify b's
b quark production 2 to — ZEUS also uses

3 orders of magnitude electrons
smaller than c (c.f. LEP)

Should be calculable In _
pPQCD, b should be microvertex detector

better than c as scale is as well
harder

e H1 can use silicon
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b production in DIS

TSR g VLI P

H1 Results

e« Combine muon tag
with impact
parameter

- S/B about 1:1 |

— Fit
—1 beauty
== charm + fake™

=4

e Clear b signal

el

Muons /0.2 GeV

.
el
—
__EI__" L _
__'.." i £

pre [ GeV ]
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HF In Photoproduction + DIS

Signal seen in
photoproduction and DIS

Ratio of data to expectation
about a factor of 2 too high!

2-3 s effect

ZEUS result is consistent

Smaller discrepancy if b
excitation included

Really need HERA |1 +
microvertex detectors
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Conclusions

_ Different a4 results are
HERA data provides many precise and agree well with
precise tests of pQCD each other and world

NLO QCD reaches places average

that no other theory can b quark production cross
reachl section is still a problem

NLO predictions show Heavy quark results will

Kabl q ¢ benefit from HERA Il lumi
re.mar ably good agreemen and microvertex detectors
with measurements over a

N " . HERA Il programme with 5x
Ugerkinematic range lumi + polarised lepton

Errors due to scale beams getting underway
uncertainties often dominate 1 fb-! per experiment by

NNLO calculations needed 2006
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as— the numbers

ZEUS incl. jets | 0.1190 0.0017(stat) 3 o055 (€XP) ‘o o0 (th)
ZEUS NLO fit 0.1172+ 0.0008(stat) + 0.0054(syst)
ZEUS Subjets 0.1185+ 0.0016(stat) "o ooer (eXP) ‘o oo, (th)
ZEUS Jet shape | 0.1179+ 0.0014(stat) s oe (EXP) o oo (th)
ZEUS dijets 0.1166+ 0.0019(stat) ) ooz (€XP) o 0as (th)
H1 incl. Jets 0.1186+ 0.0030(exp) g 0005 (th)

+0.0009

H1 NLO-QCD fit | 0.1150 0.0017(exp): g0 (Model) + 0.005(scal€)

PDG 2000 0.1181+0.002
Bethke 0.1184+ 0.0031
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