Jets and o, Measurements at HERA

Jorg Behr
(Hamburg University / DESY)

-
On Behalf of the H1 and ZEUS Collaborations !ZEUS
) The 2009 Europhysics Conference on High Energy Physics | %% =

Krakow, July 2009

Outline:
@ Jet Production at HERA and Technicalities
® Inclusive Jets in Photoproduction
® |Inclusive Jets at Low Q2
@ Inclusive- and Multi-Jets at High Q2
® Ssummary

1/18



Jorg Behr Jets and o ¢ Measurements at HERA

Hlle OST (HERNES)
Hll EAST (HERVES)

Electron-Proton Collisions e
at HERA:

/s = 318 GeV+« center
of mass energy

(et )

q exchanged
boson

Falle WEST (4ERAB)
Hal WEST (HERa By

Kinematic Variables:

HERA delivered

gof ® Q2% = — (k- k’)? < virtuality of exchanged
Zmf boson
2 Q2 o . '
EF HERAT ® x= 5 Bjorken scaling variable
= 500
3 Q2 . .-
E w0l ® y = = inelasticity parameter
E 300 |

200 - ~ 2

wh HERA | g Q =5y

o o 500 10‘DI1 1.’-‘0" Zﬂ‘UD 25‘00 .
days of running

2/18



Jorg Behr Jets and o ¢ Measurements at HERA

Jet Production at HERA

Kinematic Regimes: et,e
. 9 2 g exchanged
@ photoproduction (yp): Q2 ~ 0 GeV boson
® deep inelastic scattering (DIS): Q2 > 1 GeV? Jet
jet

Jet cross section in pQCD: Series expansion in powers of as 9
Tjet = Do, 0™ (BR) Dgg q,g fa/p (@ BF) @ P

a,m (@, pr, pF) (1 + Onad) . proton

remnant

Coefficients are convolutions of:

e parton distribution functions (PDFs) f, /, (and of v-PDF in
case of yp)

K

. . g exchanged
e hard scattering matrix element boson =

Measurement:
e test concept of pQCD, factorization, universality of strong jet
coupling and PDFs

e using factorization, pQCD — extraction of «s, PDFs
proton
remnant
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Technicalities

The Breit Frame in DIS
the Breit frame is suitable for studying QCD with

high Er jets
e exchanged boson space-like quark
o strucK quark in Born level has zero  Et (no boson
QCD involved) jet
e directly sensitive to hard QCD processes — no as involved

E7 can be used for identification
e suppression of beam remnant jet

® jets are reconstructed in the Breit frame
using the k cluster algorithm

— infrared and collinear safe

e data are corrected for detector, QED,
electro-weak effects with MC models

e NLO predictions are corrected for parton
shower and hadronisation effects
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ZEUS: Inclusive Jets in Photoproduction (1/2)

Previous Publication: ... ZEUS
>
B ; =1 : : 3 o ZEUS 82 pb™
e data (98-00) with 82 pb~" luminosity 2 10° \LO0eD
e «, extracted from 4= . —— MRST2001/GRV-HO
dEp %
as (Mz) =0.1224  £0.0001 (stat.) g 0 d<nt<25
N tggg?g (exp) 142<Ww<293 GeV
0001 (th) 1
e theory error dominates (4.2%) over
experimental error (~ 1.7%) 0"
a,s from re-analysis (same data): 107
| | ey |
e theory: Quoa [ TR
4 02 [I777] theoretical uncertainty
— O (a?): Klasen, Kleinwort, Kramer : '0 e —
— MRST2001 (previously: MRST99) s o2 (Vs S, st
— photon PDFs: GRV—HO 2 0.4 [ energy scale uncertainty
_ _ piet H o e
— kR = pr = By for each jet 0 0 4 s 60 7 s 9%
e new method for ug variation (Jones et o Ef (GeV)
al) e good data description by NLO
prediction!
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ZEUS: Inclusive Jets in Photoproduction (2/2)

as Extraction:

e pQCD calculations depend on «; via the 10°

. . — T T T T
partonic cross section and the PDFs 2 )
I wgr uncertainty (Jones et al.)

e NLO calculations using various sets of L experimental uncertainty
PDFs with different assumed «s were | /
performed ]

e parametrize as (Mz) dependence of O1s —
observable do/dA in bin ¢ according to

- //
Z‘X =C1-as(Mz)+Co-a? (Mz)

e map measured do/dA to x-axis and oS oA T Gz Gz 01

extract v, (Mz) (M)

= complete o, dependence of the calculations and the PDFs is preserved!
(matrix elements and PDF evolution)
o a, (Mz) = 0.1223 £ 0.0001 (stat.) 70 0oas (sys.) & 0.0030(th.)
= very precise «, determination with 3.1% total error!
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H1: Inclusive Jet Production at Low Q? (1/3)

e DIS atlow QZ2: “; L § H1prelim. HERA-I
Q o ) 103; 5 NLO * (1 +8,,)
— lots of statistic S ¢ 3 (0.25-4.0) 2
— electron in backward region :E,_ i . 12 = (Q%+ E2)/4
=- natural place to look first o O w2 =Q?
S 102 .
e but: reliability of pQCD at NLO with '\g E s
decreasing Q2 or E? s
- H1 preliminary *
e used integrated luminosity: 44 pb—! 10:
10 10?
* 5<Q*/GeV? < 100
jetQ / Q*[GeV?]
o [ 3 5 GeV I~ F
T,Breit > % Jy— ¢ H1 prelim. HERA-I
e inclusive jet and dijet measurement S 10°¢ NLO* (1435
B E ( had)
H : o F . .25 - 4.0) p?
Main Sources of Experimental = 102F (0:25-4.0 w7,
. . . E 2 2.
Systematical Uncertainties: I . uz=(@+Ep)a
. . ) [ w=Q
@ hadronic energy scale uncertainty ° 10: !
— 82 x4 —10% 1? H1 preliminary -
@® acceptance correction uncertainty . 10 50

— 87 ~2-15% E; [GeV]
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H1: Inclusive Jet Production at Low Q? (2/3)

‘5;‘102? = 2 2 §1°27 ] 2 (6;“027 = 2 2
3 17°F 5<Q%<7 GeV' 3 7<Q?<10 GeV K] 10<Q%<15 GeV
B 1oL 2 10p - 2 "
S - G - g 1 =
2 L S 4L E
I.u’_ E I.IJ’_ I.IJ’_
= = AL T 401
£ 10 = » 10 x e =
o o | o
10 50 10 50 10 50
E; [GeV] E; [GeV] E; [GeV]
&5 & & F
> F— 2. 2 = E—= 2 2 RT = 2 2
8 ol 15<Q2<20 GeV 8 1of 20<Q?<30 GeV' 8 "% 30<Q?<40 GeV'
& 2 w g
E - g g .
Waor Wop wrete
< - < P g | S0k -
10 50 10 50 10 50
E; [GeV] E, [GeV] E; [GeV]
s 10
E - 40<Q@?<100 GeV? -
5 1F - ® H1 preliminary HERA-I
el . -
S 107
i NLO*(1 + 5, )
B 102E -
=
10 s0 2 = (Q?+E%)/4,u2 = QF
e Pcev] nz = ( T4, U

e |arger NLO errors compared to data uncertainties

e good data description by NLO predictions within errors!
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H1: Inclusive Jet Production at Low Q? (3/3)

scale uncertainty as uncertainty PDF uncertainty

£03Fm £03 £03
202 > £ 02 202
= 0.1F = 0.1 = 0.1
b e 0 0

01 f] -0.1 0.1
02} - - 0.2 0.2
03 -0.3 0.3

10 10* 10 10* 10 10*
Q[ GeV?] [ GeV?] Q*[GeV?]

- ‘ Q
e NLO not very predictive at low Q? or Er because of low scales

e renormalization scale uncertainty dominates and increases with
decreasing Q” and at low EY; .,

— orders beyond NLO are needed in theoretical predictions!

o, from Inclusive Jet Cross Section (HERA-I)

[ H1 Preliminary

as Extraction: +o(n=Q)
F — <og(w)> from Ot
o double differential inclusive jet cross sections 0.3¢ NLO uncertainty
as (Mz) =0.1186  £0.0014 (exp.) s |
= tgig%gf (theory) 0.2
+0.0021 (PDF)
o ~ 1% exp. uncertainty, =~ 10% theoretical b
0.1t ‘

error 10
Q/GeV 9/18
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ZEUS: Inclusive NC Jets at High Q2 (1/4)

- . ZEUS
e stringent tests of pQCD E 1 « ZEUS (prel.) 188.3 pb™!
calculations at high Er 2 . — NLO
10 & E|
e data taken between 2004 - 2006 % i
were used S0
i i ey -1 f
e integrated luminosity: 188 pb 0L e s cev

f 2 <n'< 1.5
. . . . 10 L

— shown is the single-differential P oSl <068 E
inclusive jet NC cross section as a S04 B e
fUnCtion Of Q2 > 125 Gev2 E 02 [ [ jet energy scale uncerlalntyfl
: 0 b WZEM#W 1
® dijet cross sections: see Juan Terron's talk S02 | (/7] theoretical uncertainty |
=04 | E

= 1‘02 10° 10°?
e good description of data by NLO Q* (GeV?)

QCD over many orders of magnitude  Main Sources of Exp. Sys. Uncertainties:
(for both ur = E7,p and Q)
o hadronic energy scale uncertainty

e smaller theoretical uncertainty  than . Bo o5y
dijets, but still dominates over i

experimental except at high Q2 9 model dependence of acceptance correction
— L2 3 3%
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ZEUS: Inclusive NC Jets at High Q2 (2/4)

EUS

L e e L

—
=

=
™

N E El =] F 1

E E o ZEUS (prel.) 188.3 pb-l ] ; 0.4 F jet energy scale s [777] NLO uncertainty B
= 10 6L i Py uncertainty

CO - g M?m f— ;

22 1050 ] 5 0y T ]

= E E 3 £ T ]

<) E E = L x£ 1

W ] 02 ¢ o ZEUS (prel.)[188.3 pb™ 1

107 E 0.4 125<Q7<250GeV? [ 250<Q’<500GeV: |

E 3 A IR IR IFURPN I it IR IR B I

sb 15 <Q <0GV | L

107 (x100000) E 0410 5. o< 1.5 1 leosy,l <0.65 1

£ 250 <Q* <500 GeV? 02 T |

10 2[ (x10000) 1 & T .

500 < Q% < 1000 GeV? 0 WX V—H——J’i ,

F (x1000) 1 5 T ]

0 1 02 - )

! ; \ 1m|(4:‘l<0($:<2000(;cv1 ; 04 ; l500<Qz<100? Gev? | é; ‘1000<‘Q’<20(‘|0Gevz‘ é

e e e e Tt et B B e e

ar 2000 < Q* <5000 GeV* | 0.4 - x 3

10 - (x10) - 0.2 E 77‘714/;\ 1

10_2: T ] 0:%; F T e ]

E t >5 e E| £ 1 ¥ 4

E 2<ni< 15 b E : \/T*I 1 1

3b leos v, < 0.65 ] -0.2 - b -

10 3 E 0.4 o 2000<Q*<5000GeV: T QF>5000 GeV: 1

T R PR PR PR FEET N PR N AR IR IR I riftl IV PP I O

5 10 15 20 25 30 35 40 45 10 20 30 40 10 20 30 40

) . Ef' (Gev) . ER% (Gev)
® . uncertainty dominates except at high E1 p where the PDF uncertainty is
dominant = potential to further constrain the gluon density in the proton 1118
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ZEUS: Inclusive NC Jets at High Q2 (3/4)

S200 T e e e
35; o ZEUS (prel.) 188.3 pb™!
2=
= —— NLO
B150
=
e inclusive jet cross section 100 -
as a function of 7greit
e 92 shape is dictated by | Efs >8Gev |
kinematic constraints so T Q> 125 GeV?
e good agreement lcos v, <0.65
between data and NLO 0
do Qo4 E
for 52 = E E— . N
n Z 02 © ///// Jjet energy scale uncertainty |
2, & 3 L1777/
=} 22 ]
=-0.2 F ///7] theoretical uncertainty E
E-0.4 ST D N P D T
- -1.5 -1 -0.5 0 1.
Jé
Np
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ZEUS: Inclusive NC Jets at High Q? (4/4)

as Extraction:

e extracted from d‘% for Q% > 500 GeV? = yields smaller total o, error
e experimental uncertainties:

— largest contribution due to jet energy scale uncertainty (£1.9%)
o theoretical uncertainties:

— dominated by terms beyond NLO (+1.8%)
— PDF (+£0.8%)
— hadronisation corrections (4-0.8%)

s (Mz) = 0.1192 £ 0.0009(stat.) T ooas (exp.) o ooas (th.)

= precise measurement with a total error of about 3.5%!
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H1: Inclusive and Multi-Jet Production at High Q2 (

Normalised Inclusive Jet Cross Section

TEH1 a) 1EH1
150 < Q%< 200 GeV? 200 < Q%< 270 GeV?
data sample with 395 pb ! Y OE wk
o 2
luminosity % wb ol
« -
e 150 < Q*/GeV? < 15000 .
8 10 30 40 8 10 30 40
e single inclusive, 2- and 3-jet bhibaad PufGev
X ! FH1 | o 'FH1 | )
cross sections were measured 0<% 400 Gov 400 < Q%700 GeV
10" 10"
e normalization to the inclusive 5
a B 102 2l
neutral current DIS scattering o "
cross section . See— . S
< luminosity uncertainty e we iw % e
P,/ GeV P,/ GeV
cancels and energy scale T o1 FH -
uncertainty reduces in 700 < @< 5000 Gev® 5000« 0% 15000 Gev®
g s 10" 10'F
normalized cross sections ¢
. s w0 10k « H1 Data
e data are well described by NLO  © [EINLO® hadr
predictions! . ' '
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H1: Inclusive and Multi-Jet Production at High Q2 (2/3)

Normalised 2-Jet Cross Section

Dijet Production:

FH1 a)| FH1 b)
150 < Q%< 200 GeV? 200 < Q%< 270 GeV?

e momentum fraction carried by the wh wk
interacting parton:

2
SZ-TB]"(1+A£122)

Oajet/ One
g
T
g
T

12| 1.2
. . . | ——— 1 =
e normalised dijet cross sections as =~ T saf- ‘ byl i
a function of ¢ in several regions of b o - g
Q2 1EH1 , . c) 1FH1 , )
270 < Q°< 400 GeV’ 400 < Q°< 700 GeV'
10'F 10 F

e NLO predictions provide a good
description of the data over the
whole used phase space ‘ ‘ . .

G One

12 1.2
e theory error is significantly larger Y| b T ¥
. g 10° 10" 107 10"
than experimental errors in almost all 3 3
bInS ‘7H1 e) H1 f)
700 < Q%< 5000 GeV? 1 5000 < Q%< 15000 GeV?

— pr uncertainty is largest theory

et One
% 2
T hl
3 3
T

error F * HiData
— jet energy scale uncertainty o P ‘ "uzrDI"L°®"*‘" ,

dominates experimental N = 1 L

uncertainty 107 10" 107 i
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H1: Inclusive and Multi-Jet Production at High Q2 (3/3)

Extraction of o Normalised Jet Cross Sections

(04
e QCD predictions were fitted using S | H1 +  Combined H1 data (incl., 2-, 3-jet)
a x? method =

Theory uncertainty

0.20~
— parameters representing L

systematic shifts of detector
observables are left free in
the fit (Hessian method )

15—
e values of s were extracted by 0.15 |

fitting the individual normalized
inclusive, 2-jet, 3-jet cross

sections and their combination L {
0.10—
| L L L M|
Combined value : 10 102
as (Mz) =0.1168 £0.0007 (exp.) Q/GeV
+0.0046 (th )
—0.0030 :
+0.0016 (PDF) Observed running agrees with QCD
Fit quality: x?/ndf = 65/53 expectation!
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Summary of a, Extractions

= experiment (x's(Mz)
--------- theoretical uncertainty £ 2 2
T T 5
° extra.cted as values are ZEUS: Jotsiny p 2008) | U
consistent with the
world average!
S ZEUS: Jets iny p (2003) gt
e precision is comparable B |
to the values obtained e,
from e e~ interactions H1: Jets at low G (2008) | |
e HERA competitive! |
H1: Multi-Jets at high Q? (2009) -
e different measurements L _
and environments and IV
X ZEUS: Jets at high Q? (2009) —
processes are consistent
< great success of eve- four-jet rates ...
QCD!! B i
world average (S. Bethke 2006) -
1 1 1
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Summary

Measurements of jet production at HERA allow detailed tests of QCD
dynamics.

e the strong coupling as was extracted using ...

— inclusive jets in photoproduction
— inclusive jets at low Q2
— inclusive and multi-jets cross sections at high Q2.

Conclusion:

e pQCD calculations describe the data over a wide range of phase space
e theoretical errors are often much larger than experimental uncertainties
e «; extractions at HERA are competitive!
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