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By way of introduction...

e The HERA collider provides a unique laboratory for the study of the hadronic final state.

e High transverse energy jet data are now very precise, typically experimental systematic
uncertainties are below 5% and non-perturbative effects are small...

> Precision tests of our understanding of QCD.

> Study where theoretical uncertainties are small, and where large.
> Where small, allows extraction of QCD parameters.

> Constraints on proton parton distribution functions.

e Study sub-processes directly proportional to o, or higher powers.

e Explore low () transition region nmp see talk by Kamil Sedlak.
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HERA Kkinematics

e HERA: an ep collider, 27.5 GeV positrons (or electrons) with:

> 1994-1997: 820 GeV protons, /s = 300 GeV

> 1998-2000: 920 GeV protons, /s = 318 GeV s Ge 820 (920) GeV
o (Negative) squared 4-momentum transfer
K Q*=—(k — k)
Oe
" R e Bjorken scaling variable
e
= &
q 2p.q’
_____ . o Inelasticity
n Z ) € __pgq
Th P = -
p.k
Xprq o Total hadronic centre-of-mass energy squared

W?=(qg+p)°=ys—Q
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Jets in deep inelastic scattering

e Factorise jet cross-section into a convolution of PDF's in the proton, f,, with short distance
subprocess, dag,,....

dO_jet - a:%:q‘g/dx fa<37, :u??) X d(}a(ib, CkS(:u%%)v ,LL%%, M%’) X <1 + 5had)

P
Born P QCDC

o Longitudinally invariant 4, agorithm (Catani et al).
ump At high £ hadronisation effects are small n® more reliable QCD predictions.

e Large scale variation possible in both * and E7-.
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Jet production in the Breit frame

o Breit frame nmp purely space-like photon.

(0;0,0,-Q) C)U”e”t q (0;0,0,-Q)
vvv:zvv( <

Y Incoming q v
Born QCDC

e Inclusive jet productionin LAB frame O(«a«!) at lowest order.

*

e Inclusive jetswith high E in the Breit frame, O(««) at lowest order.

> Suppresses Born contribution (in Breit frame current quark hasno E7).

> No cuts on sub-leading jet (can be unobserved)
nmp Theory has better infrared behaviour, smaller renormalisation scale uncertainty.

> Leading order contributionsfrom~*¢g — ¢g and~*q — gg "mp Directly sensitiveto thegluon
distribution within the proton and to QCD subprocess at O ().
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NLO QCD calculations of jet production in DIS

e Many calculations available, virtual and collinear singluarities cancelled using subtraction or
phase space slicing methods, Those used here,

> Dijet production
DISENT (Catani and Seymour): Aa, + Ba,> — subtraction method

> Two and Three jet producution
NLOJET (Nagy and Trocsanyi): C'a,> + Do’ — subtraction method.

e Two “natural” scalesin jet production, Q and EX* renormalisation and factorisation scales, LR,
pr = Qor By
e Calculations at parton level imp correct calculations for hadronisation effects.

e Theoretical uncertainties...

> Terms beyond NLO, usually estimated by varying scale, /. by factor of 2.
> Uncertainty on o, and the proton parton distribution functions,
> Hadronisation corrections.
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Inclusive jet production at high £, - H1

e DIS event selection

A 10°E N
150 < @ < 5000GeV? 2 E | i plrs‘z'f;':‘i‘;oyii'oo
02 <y < 06 Q ?—% | (X.ZOO) O 200<Q?< 300GeV?
. Y . 'g_ 1 s = B 300<Q’< 600GeV?
i : i i ~ :_H , O [J 600<Q’ <5000 GeV
e Inclusive jet selection in the NO’ = - NLO (145 ). (0.25 - 4.0),¢
Breit frame S 10-2f_ N
jet L - " ~ (x20)
’ E |:|
\-l-a E i
—l< gt <25 SR 0 (x 2)
TBreit NO 10 E | ~
. © _ N T . ) P
o Sub-leading jet can be unob- 10 20 30 40 50

served. Et (G EV)
e NLO theory (NLOJET), CTEQ5M 1 proton pdf.

« Reasonably description of data over several orders of magnitude in both Q* and ETByjet.
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Inclusive jet production at high £

F S B
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e Theoretical uncertainty largest at low (), experimental uncertainty ~ 5%.

o Reasonable agreement over compl ete phase space.
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Inclusive jet production at high £, 7EUS
g 2\ 1T T T T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ T \2
§ ] i o ZEUS (prel.) 98-00 -
21 — NLO (u=Ef')
Ef? 10° ; — NLO (uz=Q) ;
= E E
= - ]
o [ -
c 10t =
3 - 125 < Q < 250 GeV> ]
10~ = (x100000) =
- 250 < Q" <500 GeV? -
102 . (x10000) y
) - 500 < Q* < 1000 GeV>
e High QQ > 125 GeV? 10 | (x1000) .
e Inclusive jet cross sections measured in the 5 1000 <" <2000 GeV*
Breit frame 1= E
B B 1+ 2000 < Q* < 5000 GeV> |
ET,jet > 8G€V, _2 < njet < ].5 10 - ]\l\! (x10) E
. . -2 E 2 V2 E
e Again, reasonable agreement with NLO 10 = 5 _je g5 h b
(DISENT) over both Q* and £, o3 leosml<06s :
E\ [ ‘ | ‘ I ‘ I ‘ | ‘ I ‘ I ‘ [ \E
5 10 15 20 25 30 35 40 45

Elf's (GeV

~
N’
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Inclusive jet production at high £

(data-NLO)/NLO
) o o
[CTR— N SR

ZEUS

jet energy scale
uncertaint

V4

0.4 ; | | | | | | é
H A A
04 et 1.5 0.6 E
0.2 -
0 L& - e Hatched band: NLO scale uncertainty for,
B i B B
02 0 Epje/2 < pr < 2Epj.
04 g 500 < Q2 <1000 GeV? 1000 < Q2% <2000 GeV? E ] B
e M EARRREN .BetteragreementWIthuR:ETJet'
04 - + - .
I } T l - o NLO scale uncertainty +5%.
0 ﬁﬁ[? ﬂ:r " Yo e Hadronisation uncertainty < 1%.
B i 1 B E
02 F 2 T © e Overdl, reasonable agreement within the
- 2000 < Q <5000 GeV T __QZ > 5000 GeV 2 B . . . .
04 - s e experimental and theoretical uncertainties
10 20 30 40 10 20 30 40 nmp extraction of the QCD coupling c.
E'fs (GeV)
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Extraction of the strong coupling constant

0.22 o from inclusive jet cross section ZEUS
U) . B 5@ T T T T T ‘ T T ‘ T T ‘ T 17 T T T T
S N H1 preliminary 99-00 - .
0.20%. s ofE) I 3 ZEUS (prel.) 98-00
N o M) A- === QCD |
0.18 B ‘ m  Averaged o (M,) 02 (a.(M,,) =0.118 = 0.003)
0.16 - B & o(E, from averaged o (M,) F sSZ IR
. :_ ——1 world average (PDG) - : ]
0.14L s a,(M,) = 0.1187 = 0.0020 i % :
0124y s | ] [
0.10- T | ]
0.08b 0 — f |
10 10 ]
E, (GeV)

.1\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
10 1S 20 25 30 35 40 45

ETs (GeV)

e H1value as(Mz) = 0.1197 4 0.0016(exp) 00948 (th)
e ZEUSvaue a (Mz) = 0.1196 % 0.0011(stat) 9005 (exp) 0902 (th.)
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Two and three jet production - ZEUS
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e Threejet dynamics reasonably well described by NLO calculation (NLOJET).
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Two and three jet production - H1

— 1 = >
R = H1 Prelimi 99-00 2 B . reliminary 99-
> Coe . oiete g1 pyeTs . oy
% 10_1 —_ | e A Trijets g\% i (y-excha?ge cz)nly)
& § -~ o o NLO(1+6had) N 14 __ 0.25< Mr.f/Q <4.0
o - S . S (y-exchange only) - I Hadronisation Uncertainty
%‘10_2:_ e T 0.25<u? /Q*<4.0 12
0 = e -
Rl S N
103 T > 5GeV N
= " lab N 0.8—
- L<mg <25 - {
10% & MZjet’ MSjet > 25 GeV o 0.6 . : — _—
= " 10 10
= 4 Q* (Gev?)
10° ' ] ' ] >
10° 10* S . [ H1 Preliminary 99-00
Q? (GeVz) F 1'6: TRUETS NLO (1+3, ) y
e Threejet production in the Breit frame- O(aa?) a & 14f revcanse o)
— . <Mr,f <4,
|OW€St Order. 1 2: - Hadronisation Uncertainty ?
e Scales, 11 = pup = (), reasonable agreement for T I
> Dijet cross section, O(a,) + O(a?). F
> Trijet cross section, O(a?) + O(a?). :
o 10° 10*
Q” (GeV?)
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Extracting the strong coupling constant

50.55 ~ 018
w° - e  H1 Preliminary 99-00 = 0.17 E_ H1 Preliminary 99-00
[ — NLO (149,,) g Tk © o)
sk (1-exchange only) 016~ e Theoretical Uncertainty
i 0.451 ¥ y o15F o Averaged a4(M,)
R 0.25<u?/Q*<4.0 E
o4l , = World Average (PDG)
C - Hadronisation Uncertainty 0.14F OLS(MZ) =0.1187 = 0.0020
- ® -
0.35— 0.13F .
- = i :
- 0.12F { : : # l
0.3 = ! ! !
- = il i il :
n 0.11 : : '
0.25 = .
- 0.1
02 0.09f-
015: 1 1 1 1 L 1 1 1 1 Lo | 008: 1 1 | 1 | L | | | T |
10° 10t 10° a0t
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e The two-to-three jet ratio /23, Isdirectly sensitiveto a.

> Reduces renormalisation scale uncertainty.
> PDF uncertainty partially cancels.

e H1value as(My) = 0.1175 4 0.0017(stat) 2= 0.0050(exp) H-002s (th.)
e ZEUSvalue o (M) = 0.1179 4 0.0013(stat) 5002 (exp) 00954 (th)

M.Sutton — Jet production in DIS at HERA 14



Selected o (M) values from HERA jet data
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--------

th. uncert.

bo—

exp. uncert.

e Inclusive and (two)three jet data...

o Comparewith existing HERA averagewith
published data (hep-ex/0506035)

as(Mz) = 0.1188-0.0011(exp)=£0.0050(th)

o Competitively small experimental uncer-
tainties!

0.1

...........

----------

|||||||||

ooooo

ppppppppp

Inclusive 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

HI1 prel. (contributed paper to EPS05)
Multi-jets in NC DIS

ZEUS (DESY 05-019 - hep-ex/0502007)

Inclusive jet cross sections in NC DIS

H1 (Eur Phys J C 19 (2001) 289)

Inclusive jet cross sections in NC DIS

ZEUS (Phys Lett B 547 (2002) 164)

HERA average

(hep-ex/0506035)

0.14
o (M)
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The QCD matrix element

o At tree level, the three-jet cross section can be expressed as

Oepiets = Croa + CpCaop + CpTroc + TrCaop

1
ey L1
q Py =
0 A Tl

e SUNN): Cp=(N*—=1)/2N,Cy=N,Tr =1/2

e The qqg and ggg couplings have different spin structures s Angular correlations in three jet
production sensitive to the underlying gauge structure of the QCD matrix elements.

e Kinematic region, (98-00 data - 920 GeV protons)
Q? > 125GeV

EX™ > 8GeV, EE%P > 5GeV —2 <t < 1.5
QCD - SU(3) contributions (CTEQ6M1 PDF's),
oa: 23%, og: 13%, oc: 39%, op : 25%
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Angular distributions
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jet 1

beamline

0: the angle between plane containing the
beamline and highest E jet and the
plane containing the second and third
highest E'r jets.

H
o
o
>

(1/0) do/d®

S
=3
o

0.01

S ZEUS -
e ZEUS (prel ) 98- 00
— Oy Cf
— O CeG
T GC CF-II-: ]
— Op TG 1
$
0 20 40 60 80
O (deg)

nct . Pseudo-rapidity in the Breit frame of the most forward of the three highest £ jets.

a3 the angle between the second and third highest E jets.

cos(Brsw): = cos(5[Z[(p1 x p3), (P> x pB)] + Z[(P1 X pB), (P2 X P3)]])
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003 LEUS ... . ZEUS
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tics limited. ’ ] : :
a .0;1 ——— 1{ g 0: ]
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04" E e T
-1 T ‘—(‘).5‘ T (‘) T 015 T 1 —0.5 T 0 0.5 1 et 1.5
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Extracting the proton parton densities using jet data

e PDF fits using only inclusive DIS data sensitive only indirectly
to the gluon density through higher-order term.

o Multijet data (and inclusive jet data in the Breit frame) directly
sensitive to the gluon distribution and o, at their leading order.

e NLO jet calculations have existed for some time, but use in PDF fitting prohibative
nmp must perform convolution over = and ()*

Ao = 5 ful, 1) © A0, @u(yah) i 1)

for each iteration through the PDF parameter space, where do involves non-analytic integration
over the phase space including the jet algorithm to cancel the IR divergences.
 Deconvolute the PDF and o, from the matrix elementsin the calculation on agrid of ¢ and ()*

doi" = & 5 S8[uln QF) X al(Q)) X Gy 0

n=1,2a=q,q,9 j
> Allows NLO calculation to be done once,
> Convolution to be done by fast summation nmp suitable for iterative fit.
e Jet calculations can be done for any PDF set and any value of o, to better than 0.5% accuracy!
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The gluon distribution from jet data

e Principle data sets for the ZEUS-jetsfit...

> Published ZEUS Inclusive neutra and
charged current DIS data.

> Published ZEUS inclusive DIS jets (96-97
data) — (Preliminary 98-00 inclusive jets
shown here)

> Published ZEUS 96-97 Dijet photoproduc-
tion.

o NC and CC data constrain the quarks.

e Jet data constrain the medium = gluon (and
Q).

e NO tension between inclusive and jet data
nmp factorisation, see talk by Bruce Straub.
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\H\H‘ T \\H\H‘
Q’=1GeV?

—— ZEUS-JETS fit

ZEUS
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The gluon distribution from jet data

0.6 Q’=1GeV?
04
02

B without jet data
[ | with jet data
L L \\\\H‘ L L \\\\H‘ L L \\\\H‘ L

\HH‘ T \\\HH‘ T \\\HH‘ T T
Q> =20 GeV?

gluon fractional error
\\‘\\\‘\\\‘\\\\\\‘\\\‘\\\‘\\

e Significant reduction in the gluon uncertainty
ump around factor of 2 for medium z, still
significant improvement for high .

Q’ =2000 GeV?

/
AY

10* 103 1072 10! 110* 103 102 10!

- EL

X
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The strong coupling constant ZEUS
20 @=1cev - | Qi=25Gev:
- [ ] ZEUS-JETS fit ]
10 T ZEUS-JETS-ofit 10 N
0 |
0.5 7\\\‘ Ll Ll Ll | \\HHL mL
of - /- :
10™ 10° 107 107! 1 1
0. Q@=7Gev® L ;
. - 10: - ; -
e Jet cross sections sensitive to «, through ; K i
. 0- 1k
> gluon density v g — ¢q. of = i
_0.5m|4 |3. \2‘ mml‘ i m4 .‘..|3 ....|2 ‘....\1. i
. . . 10 10° 10° 10° 1 10° 10° 10° 10° 1
o Allows S|rr_1ultan§ous determination of o, and  ,[” oo 1[0 @ = 2000 Gev* |
gluon density which are not strongly correl ated.
mp gluon does not become unconstrained when ¢ 1 ]
o, isafree parameter in the fit. 0 ] ]
L Rt
-0.5 %m il cnd 0l T E.m Ll Ll ..‘.?
10* 107 102 107! 1 10* 107 102 107! 1
X
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The strong coupling constant :

——t—
exp. uncert.

ZEUS
25 T T T T T T T T T T T T ‘ T T T T T T T T T T T T
£ -
g
S
N 20 * ZEUS-S global fit ]
E o ZEUS only fit (no jets) *
8 | e ZEUS-JETS fit
15 1 ,
I —O—{ world average
(Bethke 2004)
10| .
I * o
: | ,D/
5L i
®\
AcR -
0 O‘Gm r\mefole
| | | | ‘ | | | | ‘ | | | | ‘ | | | | ‘ | | | | ‘ | | | |
0.1 0.105 0.11 0.115 0.12 0.125 0.13
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e From ZEUSjets-a fit

as(Myz) = 0.1183 4 0.0007(uncorr) + 0.0022(corr)
+0.0016(norm) %+ 0.0008(model)

e Estimated uncertainty from terms

beyond NLO +0.0050 0.1

---------

...........

..........

...........

...............

ooooooooo

+++++++
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Inclusive jet cross sections in NC DIS
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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)
Multi-jets in NC DIS

ZEUS (DESY 05-019 - hep-ex/0502007)
Jet shapes in NC DIS

ZEUS (Nucl Phys B 700 (2004) 3)
Inclusive jet cross sections in

ZEUS (Phys Lett B 560 (2003) 7)
Subjet multiplicity in CC DIS

ZEUS (Eur Phys Jour C 31 (2003) 149)
Subjet multiplicity in NC DIS

ZEUS (Phys Lett B 558 (2003) 41)
NLO QCD fit

HI1 (Eur Phys J C 21 (2001) 33)

NLO QCD fit

ZEUS (DESY 05-050 - hep-ex/0503274)
NLO QCD fit

ZEUS (Phys Rev D 67 (2003) 012007)

Inclusive jet cross sections in NC DIS
H1 (Eur Phys J C 19 (2001) 289)

Inclusive jet cross sections in NC DIS
ZEUS (Phys Lett B 547 (2002) 164)

Dijet cross sections in NC DIS
ZEUS (Phys Lett B 507 (2001) 70)

HERA average
(hep-ex/0506035)

World average

(S. Bethke, hep-ex/0407021)

0.14
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Summary and outlook

e ZEUS and H1 continueto produce many high precision measurements of the hadronic final states
in DIS.

e Theoretical uncertainties continue to dominate over much of the phase space.

e First rigourous use of high precison HERA jet data to extract o, and constrain the gluon in the
proton.

> Value from the QCD fit including jet data, using HERA data alone,
as(Mz) = 0.1183 4 0.0028(exp) £ 0.0008(model) £ 0.0050(th)
consistent with the world average, a,(Mz) = 0.1182 + 0.0027 (Bethke, 2004)

o Much more datais currently available and around 700 pb~! is expected by the end of HERA-II
running which will allow even better constraints on QCD and the structure of the proton.
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