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Definition of a generic hadronic jet:

Group of particles which are ‘close’ to each other

|

Partons in QCD calculations
Final state hadrons in data and MC

Many definition of ‘closeness’

Cone algorithms Clustering algorithms

use geometrical information (no E) use geometrical information + E
.>

AR = VA% +A2¢ <R, e.g. d; = min(E12,E12)(A%n+A%9)/R,? > any Eq,2

Theoretical problems with

overlapping cones .

— large uncertainty
Not used at HERA since early days




Clustering Algorithms

Group particles together if

Mass
JADE algorithm
dij =92 EiEj(1 — Coseij) <d used extensively in e*e-
problems with ghost jets \
i

cut

Durham algorithm

allows to vary resolution scale d

— subjets

Longitudinaliy invariant k.
d; = min(E; 2, E12)(An%+A@?)/Ry? > any E1 2 R,...radius, chosen =1
Longitudinally Invariant k. algorithm

combines features of cone and durham-
The remaining objects are called Jets




Hadronisation corrections

Needed to compare data and QCD calculations

Hadronisation corrections applied to NLO

Obtained from LO+PS Monte Carlos

Describe jet production at HERA (apart from normalization)

Longitudinally invariant k; algorithm

Smallest hadronisation correction
(smallest uncertainty?)
Preferred algorithm at HERA

hadronization corrections (HERWIG)

Durham (exclusive) k; algorithm

Allows to vary scale
Only used for subjet studies

exclusive kJ_
Cambridge




Energy scale of scattered electron (+1%) <+1%
Uncertainty in detection efficiency for scattered electron (+2%) + 2%
Uncertainties in trigger efficiencies and event selections <+ 3%
Uncertainties in correction for detector acceptances <+ 3%

Jet Energy Scale

E-(jet) spectrum exponentially falling — Dominant error ZEUS 1994

First ZEUS jet publications £10% error in cross section [] "

— G396 (R)
— GS96 (2R)

Select Jets with high(er) ET iii:g:; ' 134 <W< 180 Gev
Dedicated effort to understand hadronic energy scale :

Use of fact that  py (scattered electron) = py (hadronic system)
Study events with single jets and small remaining hadronic energy , 1SoWSTEY

x/ndl 2458 / B
P1 0.B08BE-0O7

= 8514
2 0.85 233 < W< 277 CeV

R=07

Current Jet Energy Scale Uncertainty * 1% (for E(jet) > 10 GeV)




dojer = Z_ / dx f,.(x, as, ur) dda(x, as(pur), ur, pr) D(z, pr, o)
a=—q.q9.8

hard scattering Fragmentation
cross section function

Major theoretical uncertainties

Hadronisation corrections

Corrections in general small <10%

Uncertainty taken as difference between estimations based on different MCs
(unsatisfactory)

Proton PDFs Typical uncertainty * 1-2% i Q* = 10 GeV?

3 QCD fit

Traditionally taken from difference obtained with
various sets of PDFs (unsatisfactory)
Covariance matrix V,, ., of the fitted parameters {p,} available
correct evaluation of error on cross section

Xg (X 0.05)

In yP: additional uncertainty due to PDFs of photon




, pr) d6a(x, s(pr)} pr, pr) D(z, py,

hard scattering Fragmentation
cross section function

Strong coupling as Current uncertainty *1.7%

Enters PDFs value assumed to evolve to different scales in fit to inclusive DIS data
Enters do,  governs strength of interaction

e
b

Current world average value

7
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NLO uncertainty

e
3]
T

Used consistently in PDFs and do,

Only free parameter of pQCD: jet cross sections sensitive to it

Uncertainty can be large on [ L A ]

Dominating theoretical error .“?“?‘.f.;f?"?‘i‘%:‘.’z...oj
I . logwé

Corresponding uncertainty NOT known O L

Estimated through residual dependence on renormalization pg
and factorization g scales : Z

— Choice of scales: Q, Ey, or linear combination LRt
Customary, but arbitrary to vary scales by factor 2 logy5

Terms beyond ag?




Jet Production Processes at HERA
Event classes

Photoproduction: Q2 ~0 (real photons)
Deep inelastic scattering: Q2 > few GeV? (virtual photons)

Jet production mechanisms (LO in o)

Boson-Gluon Fusion QCD Compton Scattering

Multi-jet Higher order processes (og", n>1)
Multi-parton interactions (— L. Stanco)




Inclusive-Jet Cross Sections in DIS

Data sample

Q2> 125 GeV?
L = 82 pb! of e*p collisions

Jet reconstruction

With k; algorithm in the
longitudinally invariant inclusive mode

And in the Breit frame

Jet selection

E ’et (Breit) > 8.0 GeV
E et (lab) > 2.5 GeV
-2 < n’¢t (Breit) < 1.5

Results

do/dE*(Breit) in large range of Q?
Nice description by NLO QCD

do/dEf'g(pb/GeV)

| T T
e ZEUS(82pb™Y)

inclusive jets

125 < Q% < 250 GeV*

ZEUS

250 < Q7 < 500 GeV*
1 | 1 1 1 |

jet energy scale
uncertainty

500 < Q% < 1000 GeV?
L | L

1000 < Q° < 2000 GeV* =
Il | | Il

~

NLO (CTEQ6)
— =)

2000 < Q? < 5000 GeV*
| | 1 1

E Q? > 5000 GeV*
1 1 | 1 1 1 |

E

20 40

20 40

ETp(GeV)




S 2
(ST N

Ratio to NLO QCD

—

S
b

Dominant experimental
uncertainty: energy scale

S
S

S
'S

jet energy scale - NLO uncertainty

uncertainty B

rel. diff. to NLO (u2=(E’f's)?)

Theoretical uncertainty ~

experimental uncertainty HL-L > - -t
A R ey

&
)

With HERA |l data statistical
uncertainty at high Q2 will © 500<Q’<1000GeV: T 1000 < Q<2000 GeV>
be significantly reduced — —— —

2000 < Q* < 5000 GeV?> [ Q?>15000 GeV?

20 40 40
E'lp(GeV)




Determination of strong coupling constant ag(M,)

Q2 > 500 GeV?
Smaller experimental (E scale) uncertainties
Smaller theoretical (PDFs and scale) uncertainties

Parameterize theoretical cross section as

do/dQ?(as(Mz)) = Cyas(Mz) + Coas*(M,)
(same value of o, in PDF and calculation)

Determine C, and C, from y? fits

Fit parameterized theoretical cross do/dQ?(ags(M,))
to measurement

Result

a5(My) = 0.1207 + 0.0014 (stat.) Ty on>> (syst) o ooay (theo.)
One of world’s most precise...

PDG: ax(M,) = 1.176 + 0.002

e ZEUS 82 pb™

E=1 QCD

(0, (M) =0.1207 + 0.0044)

35 40 45
Ets (GeV)




Multi-Jets in DIS

Data sample

—h

150 GeV? < Q? < 15,000 GeV?
L = 65 pb-' of e*p collisions

H1 Preliminary 99-00
® Dijets
4 Trijets

-
Q

had)
(y-exchange only)

Jet reconstruction 0.25 <2/ Q" <4.0

do / dQ? (pb/GeV?)
[e=]

With k; algorithm in the
longitudinally invariant inclusive mode
And in the Breit frame

Eflet > 5 GeV
1< ni'jb <25
Mziei’ M3191 > 25 GeV

—
e
w

—h
Q
A

Jet selection

—r
Q
4]

E et (Breit) > 5.0 GeV
-1 <n'et(lab) < 2.5

Dijets: my, > 25 GeV
Trijets: mg; > 25 GeV

} To reduce infrared regions (E;' ~ E;?)

Results

do/dQ? in large range of Q2
Nice description by NLO QCD




Ratio of 3-jet/2-jet

o
(4]
7]

Many experimental

0. A H1 Preliminary 99-00
uncertainties cancel

NLO (143,

Otrjet | Caijet
=]
o

(y-exchange only)

025<y’ /Q° <4.0

5

3/2

Theoretical uncertainty ~
experimental uncertainty

R
o
'S

- Hadronisation Uncertainty

H1 Preliminary 99-00
2

os(Q)

Averaged o,(V)

World Average (PDG):

(M) = 0.1187 4 0.0020

Average os(M,)

Extraction of ay(M,)

Similar procedure as with incl. jets

ag(M,) = 0.1175 £ 0.0017 (stat.) + 0.005 (syst.) ‘>’

00068 (theo.)




| 14 <E[" <17 GeV | 17 <Elft! < 25 GeV

Di-Jets in Photoproduction seeres _

| == NLO(GRV)®HAD
|- -=-- NLO(AFG) ® HAD

Data sam P le C. ' - Jetenergy scale

Q2 < 1 GeV?
134 <W < 277 GeV

Jet reconstruction

With k; algorithm in the
longitudinally invariant inclusive mode

NN
S eeay

14 <EFY <17 GeV I 17 <EFfY <25 GeV

® ZEUS 96-97

| == NLO(GRV & CTEQ5M1) I
L +==+  NLO(GRV & MRST99) -
I Jet energy scale L

I uncertainty W
mw 1 APIPLIN A Jet selection
NSRRI E %t > 14.0 and 11.0 GeV

-1 <n'et(lab) < 2.4
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25 < Elf <35 GeV L 35 < El*!' <90 GeV

4 de/dx, in bins of EJ¢t

| - Photon PDF inadequate?
P04 0808 TRz 0d 080 NLO pQCD calculation inadequate?

Large discrepancy with theory




Photon PDFs determined from yy interactions at low scales

At HERA photon PDFs being probed at high scales (jet E;)

Similar study of H1 shows ‘perfect’ agreement with NLO pQCD @1)@
H1 uses slightly higher E;, cut at 15 GeV Om0

Study of dependence on E;, cut

Dependence NOT reproduced by NLO

25 < ElF1'< 35 GeV
H1 cut more fortunate A<l 0y

15 20 25
E_|re|2, cut (G ev)

o ZEUS 96-97
HERWIG (normalised)
E== NLO(GRV)® HAD
NLO (AFG) ® HAD

15 - 20 25
Elet2. cut (GeV)




Event Shapes

Data sample

196 < Q? < 40,000 GeV?
L = 106 pb-' of e*p data

Event shape of hadronic final state

Sy D
r=1-T with T=2=hrzhl [Po.n|

E:h | ﬁh |

— - —
. ~ 2n |Pn- 0|
> T nr 2h |Ph|

. >h |ﬁt,h|
> Jet broadening B= "7 > IPal
- L il

_ (Z:h Eh )2 - (-Z:h I?ih)2
> Squared jet mass pP= (2%n [Pul)?

Znn¢ [Pl |B|eos*

= C-parameter C= Sn [P




Theoretical calculations

~L [ P e

Available at NLO level including resumi
Hadronisation corrections taken care of

P,~q, R where q, is a universal parameter (independent of ES variable V)

Differential distribution

Nicely reproduced by NLO+NLL+PC

NLO+NLL+PC

H1 Data

(=20%) B
=== 15 GeV . NLO+NLL
<0>=18 GeV =)

«On=24 Gey (=)

<Q>=58 Gey (X

<Q>=81 GeV (=2

L
o
]
0 <0>=37 GeV (=¥
Y
A
*

<Q>=116 Gey (=2

—— NLO(m2)+NLL+PC it Mean of ES Variable versus Q
MLO [o2)+MLL+PC (axrapolated)

Nicely reproduced by NLO+NLL+PC
(2 parameter fit: o and o)




Fit to differential distributions

—  ~Consistent values of oy and o,
(ay indeed universal within 10%)

NLO(02)+NLL+PC Fits
to DISTRIBUTIONS

stat. and exp. syst. ermors

0.45/

[ H1 Event shapes
0.40 ) T R L

NLO(02)+NLL+PC

fits to DISTRIBUTIONS

L L L L | L 1 I 1 1 L Il I Il Il L L I J
0.110 0.115 0120 0125 0.130 20 40
or(m_,)

Combined fit over all ES Variables

— ag(My) = 0.1198 £ 0.0013 (€XP) 0’0049

+0.0018

— 0y = 0.476 £ 0.008 (€XP) o ooee

(theo)

(theo)




HERA Measurements of ag

Event slmpes in DIS
H1 (DESY 05225 - hep-ex/0512014) See

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) C.Glassman

Multi-jets in NC DIS hep-ex/0506035
H1 prel. (contributed paper to EPS05)

Multi-jets in NC DIS

ZEUS (Eur Phys Jour C 44 (2005) 183)
Jetshapes 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)
Sub&est multiplicity in NC DIS

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

H1 (Eur Phys J C 21(2001) 33

NLO QCD fit

ZEUS {Eur Phys Jour C 42 (2005) 1)
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)
D}'_—iet cross sections in NC 124

ZEUS (Phys Lett B 507 24

HERA a‘rera&g‘

(hep-ex/0506035)

World average

(S. Bethke, hep-ex/0407021)

0.14

0, (M,)




Conclusions

Precision jet physics at HERA

Experimental uncertainties often < 3%
Uncertainties dominated by jet energy scale uncertainty

Performed large number of measurements

Photoproduction (inclusive jets, dijets, multijets...)
DIS NC (inclusive, dijets, multijets, subjets...)
DIS CC (inclusive...)

Results provide

Constraints on proton PDF (included in NLO QCD fits of F,)
Constraints on photon PDF (needs better calculations)
High precision measurements of the strong coupling constant ag(M,)

os(My)era = 0.1193 + 0.0005 (exp) + 0.0025 (theo)




Backup Slides




Frames for Jet Finding

Events p; balanced .
Cone algorithm invariant to longitudinal boost pp colliders
— Analysis in laboratory frame

Hadronic system recoils against scattered electron

Deep Inelastic Scattering — jets have p; in laboratory frame

BREIT FRAME 2xg, +p=0

Virtual photon purely space-like @ = (0, 0, 0, -2xg,p)
Photon collides head-on with proton

q
BORMN FROCESS BOSON—GLUOMN FUSION QCD COMPTOMN

High-E; Jet Production in Breit Frame

suppression of Born contribution
‘ suppression of Beam remnant jet(s)




E; — Cuts for Dijet Selection

ZEUS l Symmetric cuts

+  ZEUS 96-97 .
—— DISENT 1207 For instance E;4, E1, > 5 GeV

DISENT pa=E%/4
T MERJET e Reduced phase space for real emission of
soft gluons close to cut
Common Jet Cuts %, Complete cancellation of the soft and collinear singularities
EERE:ZE:X ) with the corresponding singularities in the virtual
! contributions not possible

Unphysical behavior of calculated cross section

Solutions

Additional cut on Sum of E; ﬂ

for instance E1; + E;, > 13 GeV

Asymmetric cuts @
for instance E;;>8 GeV, E;, > 5 GeV




Jets in Photo-production

Photon has very low virtuality Q2~ 0 GeV?

Only one inclusive variable W,; ... photon — proton center of mass

To O(aag) — 2 types of processes contribute to jet production

Direct photo-production Resolved photo-production

Photon interacts as A parton with momentum
an entity fraction x, in the photon
> enters the hard scattering
process

ZEUS 1995

M om e ntu m fraCti o n xv PYTHIA 5.7 DIRECT + RESOLVED

HERWIG 5.9 DIRECT + RESOLVED
-

Can be reconstructed as

HERWIG 5.2 DIRECT

« ZEUS 1995

Direct X, = 1 Resolved X, < 1

0 01 02 03 0.4 05 06 0.7 08 09 ]
X




