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f 23 Jet physics at HERA

v' The HERA collider provides a unique laboratory for the study of the hadronic final state

v Jet data are very precise at high transverse energy where the experimental uncertainties
and non-perturbative effects are small. This allows

O Precision tests of perturbative QCD
0 Constrains on proton and photon parton distribution functions
0 Study the size of the theoretical uncertainties for further improvements

O Extraction of QCD parameters where the uncertainties are small

v Study of subprocesses proportional to o  or higher powers

v Explore the low Q?transition region where non-perturbative effects become important
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HERA Kinematics

< Deep Inelastic Scattering: (Q? >> 1 GeV?

Neutral Current: ¢'p > ¢* X (y,Z")

Charged Current: ¢'p > v, X (W%)

< Photoproduction: |Q? ~ 0 GeV?

> Negative squared 4-momentum transfer

Q’=-q’ = (k—k')’

» Bjorken scaling variable
QZ
2p-q

X

> Inelasticity

P-q

p-k

y

» Total hadronic centre-of-mass energy

W!=(q+p)’' =ys—-Q’
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E Inclusive Jet Photoproduction at HERA

> In photoproduction the photon has low virtuality, at HERA Q2 ~ 10-3 GeV?
= the high transverse energy jets provide a hard scale

»High E; jet production is described up to O (a ag) in the SM by

e

v

Direct Resolved
is point-like q Jet v is hadron-like . Jet
YIS p : q=::;>
q
S _ e
g q Jet =
P

proton remnant proton remnant

Inclusive jet production does not restrict the phase space of the second jet
= reduced theoretical uncertainties in the NLO QCD predictions

— the information of the event kinematics is reduced
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» Cross sections for jets with
17 <EX <95GeV,-1<1*" < 2.5
142< W, <293GeV,Q* <1GeV’

Good agreement of NLO QCD calculation
with the measured cross section over
5 orders of magnitude

Small theoretical uncertainties
» uncertainty due to missing higher orders
in the perturbative series ~10%

> photon and proton PDFs ~ 5%

Theoretical calculation from Klasen, Kleinwort and Kramer - Eur. Phys. J. Direct C 2 (1998) 2
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Inclusive Jet Cross Sections in Photoproduction
ZEUS Collaboration - hep-ex/0212064
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Measurement ofida, in' Photoproduction
ZEUS Coll |
ZEUS ZEUS

- I
o ZEUS 98-00 =" 016 | § ZEUS 95-00 ]
=8 B9 Bethke 2002 all EX*

— from o (ML) = 0.1224 £ 0.0001 L0 U

0.18 . 0.14
: B Bethke 2002

0.16 >

0L 1

0.14
Eit (GeV)
> ag(M,) values determined from a QCD fit to do/dE/°t
in different E ° regions

0.12

o1 L | > Small experimental uncertainties
20 30 40 30 &0 70 > Theoretical error dominates
Eif (GeV)

Running of o in a single measurement » Consistent with recent determination of Bethke

Bethke: hep-ex/0211012 o, (M) = 0.1224 + 0.0001 (stat ) "7 (exp ) *000s; (th.)
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Scaling Violatio
ZEUS Collabora

hotoproduction
hep-ex/0212064 @

Scaling hypothesis: the scaled jet invariant cross section 7ZEUS
. . 3 T
(i) (ge. 9O :E Ll |
dp¥* dp!* dpl" g  ZEIS 800
je " 2E}" @ — NLO QCD
averaged over —2<m,, <0 as a function of x; = W 4 | e scaling
. - et
should be independent of W, % <W, > =180 GeV/<W, > =255 GeV and -2 <1, <0
o ZEUS | ZEUS T LS
%.q ® ZEUS 98-00 %:] ® ZEUS98-00 -E
-‘é‘: 2 —— NLO QCD ‘i‘%: —— NLO QCD g N
Ty — LOQCD I o — LO QCD = i £Eh FETFEEEEEFREREEREE,
T, 10 B _1':_: 10" S E I b L L L EEL L
N W [=]
- = = jet energy scale uncertainty
[/] NLO uncertainty
0° -2<mj <0 and <W, > =180 GeV 0 2<n" <0 and <W_>= 255 GeV
P TP 0'5 | |
o | s | 0.2 0.3 0.4 0.5
= Jet energy scale uncertainty | = Jet energy scale uncertainty
% 05 [7777] NLO uncertainty = % 0.5 [7777] NLO uncertainty = I"_['
% 0 [ rm———————T— 2 o sk » Theoretical uncertainties reduced
.05 8. . . .
=k | = | > Scaling violation due to:
0.2 0.3 0.4 0.5 Loz 03 04 0s . .
*r ~  parton evolution and running of o,
169 < W,, <191 GeV 240 < W,, <270 GeV > First observation of scaling violations

Effectively equivalent to running with two different beam energies . . .
yea g g in jet photoproduction

NLO QCD calculations are consistent with the data
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Inclusive Jet Cross Sections in PHP .
H1 Collaboration - hep-ex/0302034 )
W

H1 inclusive jet photoproduction

¢ H1dataQ?<0.01 GeV? (xR, ) 1 ries ot oot o > Wop
i H1 data u2£1 GEVE _ inciusive | P oproduction
' opp |95 =W, =212 GeV [ 212=W, |, < 285 GeV
— NLO (1+ Sha:i’;l o 21 < H¥< 35 GeV 21 = H¥< 35 GeV
----- NLO ' z
GRV CTEQSM =
5_1 00 |-
=)
=
2
10 . |
-3 an = W.I.P = 212 GeV 212 = W.I.P = 285 GaV
10 incl. kJ_ algor. (D=1) 15 | 35 = B§'= 52 GeV | 35 = B§'= 52 GeV
1D-4 Azq<2s 10 ﬂ\\x@
5| 164w, <242Gev ‘é !
5 = = aoE o
= NLO (1+35,54)
- | l
......... LO (1+5,,) -1 0 1 P 2122 W, = 285 GeV
“$ Hidata @< 1GeV? B2 S S Ra
...... e YT 2 =
AL —— HLO [1+§ ) GRV,CTEQSM I=-1
- = HLO 1+, GRV,CTEQSHJ _‘FQ\A
| | -+++ HLO [1+5.,,,) AFGMRST3a 1 [
10 20 30 40 50 60 70 incl. k, algor. (D=1}
. 0
. EY [GeV] -1 0 1 2 Vo
» Agreement with NLO QCD very good pt T

» All predictions obtained using different proton (MRST99,CTEQ5) 1, coretical calculation from Erixione. Ridolfi -
and photon (GRV,AFG) PDFs agree with the data Nucl. Phys. B 507 (1997) 315
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Comparison ofiyp with pp
H1 Collaboration - hep-ex/0302034

Scaled cross section: independent of energy
up to scaling violations

H1 inclusive jet photoproduction

, ) E_'g P cone algor. (R=1)
_ Ex d'c | _ 2Er z,-10 ¢ H1, W, =200GeV, || <0.5
S(xp) = ; X7 = T P
5 W o PYTHIA (x 1.2)
n dET dn TP o — Direct + Resolved
o -2
XT < 02 ﬁ 10 Resolved
— =
=> shape similar for yp and pp il
= resolved photon ~ hadron 10"
x;> 0.2 =
= yp harder than pp spectrum 4
« enhanced quark density in the 10 g
resolved photon w.r.t. a hadron 5 UA1 (x 0015), s = 200 GeV, || < 1.5 T
- dominance of direct 5| UAT(x0035). Vs ;=630 GeV, [n| <07
. . 10 I Do (x 007), s _- = 630 GeV, || <05
= point-like photon 0 DO (x 0.12), *.'3:; = 1800 GeV, |n] <05 l?

0.1

= Confirmation of the dual nature of the photon

0.3

0.5
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g Jets in Deep Inelastic Scattering

Jet production in DIS et p = e (V,) + jet(s) + X is described in the SM O(as)by

+or 3 +or 3 et or \

o+ e’ or v, e+ e’ or v, et Ve

'Y*, i),w+ yﬁ),wf
P =— remnant P ﬁb remnant

\

> g Jet
Jet q
Jet Pe=p——==—rp==
Born QCD-Compton Boson-gluon fusion

Breit Frame

(0;0,0,-Q) C;“‘rent q (0;0,0,-Q)
W <

Y incoming g Y

Jets with high E; in the Breit frame: Born QCD-Compton

*

» Supress Born contribution (the current quark has no Ey)
> Lowest order contributions QCD-Compton and boson-gluon fusion
> Directly sensitive to QCD subprocesses at O(ag)

Inclusive Jets in ep Interactions at HERA, Monica Vazquez Acosta (UAM) HEP 2003 Europhysics Conference in Aachen, July 19,2003 - 10



Inclusive jets in NC DIS at low Q? .
H1 Collaboration - hep-ex/0206029

Backward Central Forward
_ H1 Inclusive Jets e Low Q” region (5<Q” <100 GeV?)
E 103} 10<M,,<05 | 05<m,<1L5s | 15<mn,<28
%_ mz: ........ — 1At large virtualities Q2> 125 GeV? data agrees
- _ _ ] well with NLO QCD predictions
m o eemmmmm == R : ______ g ———
z 10} ‘ [ I 1*At low virtualities discrepancies are seen and
_ga_. L 3 | 3 are studied in more detail
==l i
10"} § HiData | :
o LO QCD - » Good agreement of NLO QCD with

Y F _ NLOOQCD E data in backward and central regions

10 7} Me=Ef 1 1
o= r
et 1 F 1 + 3
8 os | — [ > Large NLO corrections for low E;
—= 2> r x . .
1 r | . ~
E o E]E and in the forward region: NLO/LO~5
EI -0.5 - EEE
o |
S -} - —

NLO predictions below data for

10 20 30 10 20 40 10 20 40 . .
E, [GeV] E; <20 GeV in the forward region
*

Discrepancy
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Inclusive jets inN@ DIS

: forward region @
ep-ex/0206029 )
Forward region: 1.5 <nlab < 2.8

Hl Inclusive Jets

5< Q< 10 GeV* i 10 < Q* <20 GeV”

R e )

[ 70 < Q* < 100 GeV® |

hadronization |
| g — uncertainty )

(QCD-Data)/Data

10 20 40 10 20 40 10 20 40 10 20 40 10 20 30
E; [GeV]

NLO predictions up to 50% lower than data where NLO corrections are largest
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Q Distribution of the in the Breit frame %
between the lepton scattering plane and the plane i
defined by the jet and the incoming proton direction ©

0O LO pQCD predicts for NC DIS at Q2 << M,?

dc; =A+B-cos((|)B )+C-cos(2(|>B )

jet jet

jet

> In y'q—>qg the outgoing g(q) preferentially appears at ¢=0(r)
> In y*g—qq the ¢ dependence is dominated by the cos2¢ term

0.2

=]
-
L& ]
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Azimuthal asymmetry ofijets in NC DIS .
ZEUS Collaboration - hep-ex/0210064

No jet cuts in the laboratory frame
*E; . >8GeV,2<n;, <18

eQ’>125GeV*,—0.7< cosy < 0.5

—ZEUS

= = ZEUS 96-97 —

NLO QCD:

—— DISENT MRST®9 (u=E7 )
--------- DISENT MRST29 (u,=0Q) =

do B
Q For an inclusive jet measurement: —5 = A+C:-cos (Z(I)jet)
jet o P TR RO R R N T S T R M I |
0 T2 T 3m/2 2T
+» Small experimental and theoretical uncertainties q:f'et (rad)
% NLO QCD calculations describe the measurements very well Normalised cross section
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o

LEUS

Azimuthal asymmetry ofijets in NC DIS .
ZEUS Collaboration - hep-ex/0210064

S S | ZEUS
= oaf 1medemicer’ I am-c<mce’ ] To quantify the asymmetry and f . Asymmetry fromthe cos 0%, term
3 4 the dependence with Q2 o1 [ » ZEUS 96-97
0 3 1 - --- LOQGCD prediction { p =Efjw}
2 ] r EZ MLOQGD pradiction [E Fiu2 Apg AZET.)
L ] ] C
= 1 = afit was performed to the data [ ...
02y o e s b v o b e =0 v o by e b by

T | Ll
w2 T

RS and the QCD calculation using
the functional form

--- LOQCD DISENT [u =Efy.))

[0R | (rad)
. 1 d 1
SR ——G=—[1+f1 -cos(¢it)+ f, -cos(Z(I)
7 — L0 QCD KISENT [u=EE,) od ¢?et T

9 1

0 w2 m

08, | (rad)
Normalised inclusive jet cross section folded about =

The asymmetry is predicted to decrease as Q? increases

due to the progressive decline of the y*g—qq process
» NLO QCD describes the data well
> LO QCD predicts a larger asymmetry at low Q?2

| 1 11111 | ] | 1
2 3
10 10
Q? (Gev %)
o f, is consistent with 0
o f, decreases with Q2

—>

Precise test of pQCD prediction
for the azimuthal asymmetry
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Us Inclusive jets in Charged Current DIS .
L ZEUS Collaboration - hep-ex/0306018
etp—> Vv, +jet+X

»>Test flavour changing electroweak theory and QCD in one type of events

» Analysis peformed in the laboratory frame
ZEUS ZEUS

g . * ZEUS 95-00 e'p CC DIS :2 .| ® ZEUSSSCpCCDIS i
B Inclusive jet production 'E':_— Q®> 200 Gev ?
= N
z — NLO QCD MEPJET e y<09
W a2 2 ~
= 10 >200 GeV ™ N - ARIADNE MC jot
= s| Er>14Gev
=] k
= y <09 A<nFlc2

- Inclusive jet production

Ll Er>1aGev s
10 P — NLO QCD MEPJET
S e ARIADNE MC
Energy scale uncertainty Energy scale uncertainty

= 10 N | I = 2
=] 53 Theoretical uncertainty =] 233 Theoretical uncertainty
& Ls |- . E L1 N
= e = e s
E 1 _m: - ;_\._ = T ‘11_ bty v:.\\J 8 NN = — \L_. L
g ] - E 2 ]
= = 00 N
= 05 | | . -

25 =0 75 100 1 o 1 . 2

EX (Gev) e

1. NLO QCD calculations (MEPJET) Mirkes and Zeppenfeld, Phys. Lett. B380 (1996) 205
2. Matrix elements+parton showers (ARIADNE MC) Lonnblad, Z. Phys. C 65 (1995) 285

have been compared to the data
Both the NLO QCD and MC calculations describe well the data
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Jet Substructure piiinclusive je
ZEUS Collaboration - hep-ex/0306018

Mean subjet multiplicity N ZEUS
M
- _4n-2
ZEUS F 15 Your =10 ® ZEUS95-00 ¢'p CC DIS
I L9 i v i,“
= Yem =102 e ZEUS95-00 ¢'p CC - DIS ® L7 g O ZEUS96-97 ¢'p NC DIS
Energ;
5 LS deposts .. :' s,
NLO QCD MEPJET predictions: = & .
1JET .

Q? > 200 GeV 2

Lé
L5
L7 < CTEQ4AS (0, (M,)=0.122) / / \ \ "
13
12

N — CTEQ4M (o,(M,)=0.116)
N\ : @ @
Lo N S . CTEQ4AL1 (o, (M,)=0.110) - @ o Q0 00 0 ¥ 'ﬂ
Q (0, (Mz)=0. @ ° @ y<0o e
s ".‘ Many subjets 4 subjets 2 subjets 1 subjet L1
", ’_ 20 30 40 S0 [51] TL'I B0
N Increasing ¥, E!:t(GeV)
L4 M 19
;2' . —— CCNLO QCD MEPJET
a? > 200 Gev 2 & oo o
B y<D9 N } \\NC// \\Cc/./ve L7 O S NC NLO QCD MEPJET
L2 E$|> 14 GeV ”'-.,ﬁ__‘_k § 7t % w L6
R jet P p L5 .
1<’ <2 p P - .
H 20 30 40 =0 60 70 B0 Jet Jet B Ej:1> 14 GeV ) S &
EX'(Gev) = _ .
. . L2 A<®<2
The measurement is sensitive to the value of ag(M,) L

E] 4
10

QCD does not distinguish if W (CC) or

a,(M,)=10.1202 = 0.0052 (stat.) fg:gg‘ig (syst.) J_rg:gggg (th.) v (NC) is exchanged
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F 43 Summary and Outlook

v HERA is now producing a wealth of precision jet data at high E;in NC and CC
deep inelastic scattering, photoproduction and the transition region.

v Many extractions of the QCD coupling constant ag with a precision competitive with
the world average. The running behaviour of o4 is clearly seen.

v At high E{¢tin inclusive jet cross sections, theoretical uncertainties are small
and the theoretical predictions are able to reproduce cross sections over many
orders of magnitude.

v At lower Q2theoretical uncertainties are dominant
HI]::> theoretical developments are needed.

v' Experimental precision and coverage of data is now very good
l]l]l::> time to include the HERA jet data in global PDF fits.

Inclusive Jets in ep Interactions at HERA, Monica Vazquez Acosta (UAM) HEP 2003 Europhysics Conference in Aachen, July 19,2003 - 17



