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HERA & detectors

e-p collider Circumference
et-27.5 GeV ~ 11 km

p 920 GeV

E..= 318 GeV

ZEUS detector

H1 detector U/Scint. Cal.

LAr Cal.
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Parton dynamics

e Jets at HERA

e+p - €+ +X inclusive jet production (a) E\“"EZ; r
— 4
. (a)
e+p-€+j+]j,+X dijet production (0, @ 4
« Photoproduction:Q* < 1 GeV -éxi,_,-.-g.
> S
« DIS for jet studies: 1285 Q*< 20000 GeV (ZEUS) 1 (b)
5< Q?<100 GeV (H1lowQ? ) I =
150Q° < 15000\GeH1 high Q?) E il X

* Difference between photoproduction dDkb?
o resolved (hadronig)  significamlg for yp Z ;
o di . | G
directy component for F)oth I " (c)
o hard scales: Q°  (DIS jets) /\ '
EX (/p jets) i) X
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Jet algorithms

Particle variablesE; 7 @  (with respect to beamline)

Calculate a distance measure between pairs

o d; =min(§; ¥.€ ¥ -n' Y+ @ -¢' )1/IR* k algorithm

o d, = min(E; ), E! V) -n")? +(¢ -¢')?/ R? antik; algorithrr
o plus distance to the bealr= E.(* ) dor E; (7, respectively

Cluster: ind smallest of hobjects {d; ,d, }
o d, smallest- combine objects and
o d,. smallest- objekt is a jetand removed

o Iiterate until all objects assigned

Both measures are coliar and infrared safe
o difference is in shape of congjinrg  plan
o antk; jets are more uniformly circular
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More on jet algorithms

» Cone algorithms - popular at hadron colliders
o objects withE, > E™ are the jet 'seeds'
o objects withE, < E;" | within cone radii& about seed

\/(73eed =1, i"' 1/ —WF<R added to thef

o EJ* % @ areE. weighted averages
o gives circular shape - but seeds not 'safd! toders in pQCD

» Seedless Infra-red Safe (SIScone) algorithm saged problem
o find 'stable’ anes of radius R for given s&, , oftial objects with cone axi:
coincident with total momentum direction®f
o p, is scalar sum qf, of objects within cone, disiccones witl, < p, .,
o merge or split overlapping cones E p, (shared)x p,(min)
o for ZEUS jetd = 0.75an@, (mir) O
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1. NC
2. Photoproduction
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NC event selection (ZEUS)

* E, =920 GeVE, = 27.5 Ge\/j Ldt= 817 1.8Pbe p+e'p )

E_,8, measured from Calorimeter celly¥, lcodated using double angle
¥, (in QPM angle of scattered quark) reconstructechfhadronic finaktate

« Event selection cutsE( X E P,=> p, summed over CAL cells)

E.>10 GeV; |Z,|< 34cm; 38E-P,< 65GeV
Q*>125 GeV ;| cog|< 0.65
 Jet reconstruction in Breit frame, then boostegp (HERA) frame

ES, nk for each jet

- RequireE/}, > 2.5 GeV, with at least one jet wilf,, > 8 GeV
and -7 < 1.5 (rejectevents witlf <— 2)

» Acceptince correction factors ~&- widhx 0.1
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Systematic uncertainties

» Jet energy scale uncertainty 185> 10 Ge\3% for smalleiE;
= 5% uncertainty on cross-sections

Detector acceptance correctiong< 3% from diffeean using
ARIADNE or LEPTO-MEPS

Variation of selection cuts within resolutiont< 3%

Uncertainty in boost to Breit frame (use electi@ck) < = 1%

Uncertainty inE, <+ 1%

Apart from jet energy, add other uncertainiieguadrature

« Uncertainty in luminosity: 2.2% - but natided
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NC inclusive jets vs NLO QCD
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Comparison of ZEUS data usikg , akti- daéiScone jet algorithm  NB: z°exchange not in
Good agreement between the measurenuuatss orders of magnituc |\ -© codes, allowed

_ _ for using MC events
and with NLO QCD (DISENT calculation)
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As Q’ increasesglo/dE), decreases less rapidly \Eith
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Uncertainty somewhat larger for SIScone than lgntit lowQ* andg/,
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as from DIS inclusive jets

Use measuredo/dQ*  wit*> 500 G&V
NLO DISENT calculations with &g M, ): 0.510.117, 0.119, 0.121 and 0.1
corresponding ZEUS-S PDF sets
In each @ bin parameterisg M{ ) dependend®ISENT prediction using
do/dQ? @s (M, )] =Cias (M, )+ C:as(M,)
« C/, C, determined by* fit to NLO calculations

Finally a5 (M, ) determined by fit to measuretb/dQ?  values

Uncertanties ona (M ) values:

- repeat calculation for each systgimcheck ondo/dQ® measurements

- largest experimental uncertainty: jet egescple ¢ 2%)

- largest theoretical uncearity: terms beyond NLOK 1.5%); PDE( 0.7%)
- hadronisation: k; + 0.8%; atji-+ 0.9%; SIScarte2%

» Cross checked using other PDF sets: CTEQG6.1; MSI0&/2
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ZEUS results forag(NC Jets)

Method Value Stat. error | Exp. Error | Theory error
+0.0035 +0.0022

ke 0.1207 +/- 0.0014 |-0.0033 -0.0023
+0.0033 +0.0022

antiK; 0.1188 +/-0.0014 |-0.0032 -0.0022
+0.0034 +0.0025

SIScone 0.1186 +/- 0.0013 |-0.0032 -0.0025

Results are good agreement with each other

Precision comparable to, measurements fronte at LEP

Also in good agreement with:
HERA average: 0.1186 +/- 0.0051 (Glasman, DIS 2005
World average: 0.1184 +/- 0.0007 (Bethke, 2009)
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ZEUS yp: event selection & uncertainties

- E, =920 GeVE, = 27.5GeV|Ldt= 1885 4.9Pbep )

* Event seleabn
o' 1 JE® < 2/GeV; total missing, < E® total evel
remove DIS events with identified scatterezt&bn
e SanplehasQ* <1 GeV with media®Q’*= I0 GeV
require 0.2 y< 0.85y is inelasticigstimated using, =(E-p,) /B
- Require at least one jet wil§$, > 17 GeVand<s2* < 1.5

e Uncertaintes

oJet energy scale 1%  uncertainty omssrsectionst 5% low)E ' + 10% highf't
o Detector acceptance correction< 4% from diffeeein using PYTHIA or HERWIG
o Uncertairy in luminosity + 2.6% - but not added
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theoretical relative uncertainty

Calculation from Klasen, Kleinwort & Kramer.
n, =5; py = =E*; AP =226 MeV; PDFs: proton, ZELE photon GRV-HC
Terms beyond NLO: vary scale betwdgfi /2 aR¢f'2

PDF uncertaintyproton, repeat with 22 sets from ZEUJ€eBvering exp. uncertainties
photon, replace GRV-wth AFG04

ZEUS ZEUS

theoretical relative uncertainty

0.2 - | [ | | =
02 F 1 | | | | =1
QCD coscade
-0.2 | | | | T T ] | | | | | 4
02 ' i ' ' +PDFs ' 4 =t | i | i i =

=&
I
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ZEUS ZEUS
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Comparison of ZEUS data usikg , algti- deBiScone jet algorithm
Good agreement between the measurenwamis4 orders of magnituc
and with NLO QCD (Klasen, Kleinwort and Kramer)
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as from photoproduction inclusive jets

Use measuredo/dE®  with ZIE®* < 71 GeV
NLO calc (Klasen, Kleinwort & Kramer) with &, M, ):115, 0.117, 0.119, 0.121 afdl23
corresponding ZEUS-S proton PDFs and GRV-HQHe photon
Similar technique (now Wi )
do/dEf @ (M, )] =Cas (M, )+ Cai(M,)

« C,, C, determined by® fit to NLO calculations

Finally a4 (M, ) determined by? fit to measurett/dE/® values

Uncertainties org (M ) values:
- repeat calculation for each systematic chmfckia/ dQ* measurements
- largest experimental uncertainty: jet egescple ¢ 1.7%)
- largestheoetical incertainty: terms beyond NLO (2 -3%);
proton PDF£ 0.7%photon FDF (~2.4%)
- hadronisation: k;, + 0.5%; ati-+ 0.4%; SiBea 0.2%

R Devenish June 2011
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Results forag (Photoproduction Jets)

Method Value Exp. Error Theory error
+0.0024 +0.0044

Ky 0.1208 -0.0023 -0.0033
+0.0024 +0.0043

antiK; 0.1200 -0.0023 -0.0032
+0.0022 +0.0047

S|Scone 0.1199 -0.0022 -0.0042

Results are good agreement with each other

Precision comparable to, measurements fronte at LEP

Also in good agreement with:
HERA average: 0.1186 +/- 0.0051 (Glasman, DIS 2005
World average: 0.1184 +/- 0.0007 (Bethke, 2009)

Note that exp. errors smaller than for DIS, bubtiyauncertainty is larger
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1. Dijetsin DIS (ZEUS)
2. Multijets in DIS (H1)
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NC event selection (ZEUS) dijet

- E, =920 GeVE, = 27.5GeV[Ldt= 203pbep ), 171he'g )

E_,6, measured from Calorimeter cell,  calculatédgidouble angle

» Event selection cutsE( XX E, P,=> p, summed over CAL cells)

E,>10 GeV, |Z,,]< 30 cm,R .. /JE < 25Gé&¥ , 3E-P<
125<Q* < 20000 Ge¥/ ; 0Ry< 0.6, where Q?/x,s

« Jet reconstructiork{ ) in Breit frame, then boodtegp (HERA) frame
E, ks for each jet

- RequireE/}, > 2.5 GeV, with at least one jet wilf,, > 8 GeV
and -7 < 1.5 (rejectevents witlf <— 2)

» Acceptance correction factors =£lwith £ <0.1
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Systematic uncertainties (dijet)

 Jet energy scale uncertainty 18,> 10 Ge\3% for smalleig;
= 5% uncertainty on cross-sections
Detector acceptance correctiong< 3% from diffeean using
ARIADNE or LEPTO-MEPS
Variation of selection cuts within resolutionz< 3%
Uncertainty in boost to Breit frame (use electi@ck) < = 1%
Uncertainty inE_ <+ 1%
Apart from jet energy, add other uncertainiieguadrature
Uncertainty in luminosity: 2.2% - but not added
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ZEUS dijets I
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Low Q2 5<Q2< 100 Ge\? L = 43.5 pbt
HighQ? 150 <Q?< 15000 GeV2 L = 350 pbt
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Inclusive and multijet cross sectic
as functions 0@’ ang.

Note vertical log scale

Theoretical uncertainty is larger
than experimental at lo®>

Trend of data well described
by NLO QCD
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High Q% Selection
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det =350 pb*; k jetalgorithm in Breit frame
150<Q*< 15000 GeV ; 0.2y< 0.7+ 1< 25
Inclusive jets: & p5 < 50 GeV

Dijets and tijets: 7< p}; < 50 GeV; N> 16 Gé

Data corrected fodetector effects and QED radiation

NLO corrected for hadronisation anfl Z change (NLOJet++)
using HERAPDF1.5:as NI, ¥ 0118y, = s, =,/(Q*+p?) |/
Uncertainty in NLO: varys,

by factor of 2
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[Ldt=350 pis* ;AL L= 2.5%
Phase space:

150< Q? < 15000 GeY ;
02<y<0.7,-1&xnpl< 25
Inclusive jets: 7< p* < 30 GeV

Data well described by NLO
over a large rarggofQ® andp,

Jet energy scall%AE/ E

> Ao lo~2-5%
Exp. uncertainties ~4-8%
about half theory uncertain
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Inclusive Jet Cross Section
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Predictions for
three PDF sets

Q2 bins:
as in previous plot

Differentx regions
for xg andxf probed
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Some potential discrepancies at la@feand largep;
But shows potential of jet data to constrain prd@@t in global fits
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First double-differential
tri-jet cross-sections

at largeQ?

EXp. uncertainty:
~ 6% low <p>
~ 15% high <p>

Overall very good
agreement with NLO QCD
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H1 trijets ag measurement

H1 Preliminary

"'EE 016 Trijet $ (M) =0.1196+ 0.0016 (oxp) Individual fits on
0.15 # Individual fit all data points in
0.14 i i | ? i | i Q?and P>
N A T N
012F & [ ® 4| e ;+++;+++;++ | j Grey band shows
- ¢ t : 5 i i experimental

= i + ' ' uncertainty of the
0.1— . .

- simultaneous fit
0.08—
0.08F | @°bIn1 | Q%bIn2 | G*bIn3 | @°bind | @b | G°bin6 |
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Individual fit errors uncorrelated only; PDF, hadlisation uncert. not shown
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ag from jets (H1)

Inclusive Jet:
as(Mz) = 0.1190 £ 0.0021 (exp.) & 0.0020 (pdf) Tooose (th.)

Norm. Inclusive Jet (Eur. Phys. ] C65, 363):
as(Mz) = 0.1195 4 0.0010 (exp.) & 0.0018 (pdf) Toooae (th.)

Dijet:

as(Mz) = 0.1146 + 0.0022 (exp.) £ 0.0021 (pdf) T oose (th.)
Norm. Dijet (Eur. Phys. ] C65, 363):

as(Mz) = 0.1155 4 0.0009 (exp.) & 0.0017 (pdf) Tgooar (th.)

Trijet:
as(Mz) = 0.1196 £ 0.0016 (exp.) & 0.0010 (pdf) Toooae (th.)

Norm. Trijet (Eur. Phys. ] C65, 363):
as(Mz) = 0.1172 + 0.0013 (exp.) £ 0.0009 (pdf) T99952 (n.)
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H1 high @2 inclusive jet, NLO nmr
H1-pralim-11-032

H1 high Q° dijet, NLO “hiew
H1-pralim-11-032 4

H1 high G? trijet, NLO
m—paﬂl?m—li—ﬂlH?L W
H1+ZEUS NC, CC and jet QCD fits, NLO
Hi-prafim-11-034

H1 high G norm. k, muitijets, NLO
Eur. Phya. J. C8S, 363 (2010

H1 low G° k, multijets, NLO

Enir. Phye. J. CAT, 1 (20000

ZEUS incl. k, jets, NLO

Phye. Leti. B 849, 12 (2007

ZEUS incl. anti—k_ jets, NLO

Phya. Lett. BEI1, 127 2010

Aleph 3-jet rate, NNLO

Phys. Rev. Lett. 104, 072002 (2010

Aleph Event Shapes, NNLO+NLLA
JHEP 0, 38 (2000)

D0 imcl. midpoint cone jets
Phys. Rev. DED, 111107 (2008

World average
5. Boethke, Eur. Phys. J. CB4, 68O (2009)
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o, from Jet Cross Sections in DIS

. ZEUS g
0.22 ZEUS (prel.) ) — QCD ] I = H1datafor5 < Q? <100 GeV?
i @ NC DIS 300 pb- ' 0.25 *  H1datafor Q*> 150 GeV?
0.20 - corr. uncert. [ ) e & Fit from Q2 > 150 GeV? [arXiv:0904.3870]
© photoproduction 189 pl::'1 L b, =0.1168 + 0.0007 (exp.}*22% (th.} + 0.0016 (PDF)
0.18 - COTT. uUncert. - == Central value and exp. unc.
T Theory®PDF unc.
0.16 0.20 ™ H1
0.14 - £
) b | S | S TR ¥ 015
10 20 30 40 50 60 70 :
jet -
ET (GeV) (
010 | |
10 10?
« Inclusivek. jet algorithm for both ZEUS and H1 1 /GeV

« ZEUS showsr, as function &*  on a linsaale

* H1 showsa as function ¢f on alog scale
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Summary

QCD very thoroughly probed at HERA by H1 and ZEUS
- largep; jets the key experimental tool
- different jet algorithms used
- different detectors
- different methods of reconstruction

Results from the two experiments in very good agre¢me
Competitive measurements @f(M.)

NNLO QCD estimates or calculations eagerly awaited...
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