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HERA at DESY

> HERA s an ep collider at DESY Vel
e In operation for 15 years (1992-2007) Ty o
e H1 and ZEUS are collider experiments N
©  general purpose detectors Zi-... — Jl

e (Ee = 27.5 GeV) % p (Ep = 920 GeV) = el E,f |
> < N LTEeT
% Vs =318 GeV R

HERA dellvered

g %00 | 0.4 fb"! per experiment , , ,
P Kinematic Variables:
g | e virtuality of exchanged boson:
ESCT 2= - (k-k')2
5 500 F * Bjorken scaling variable ",
g ro x=Q?/2pq . e
2 E o g exchanged
Eogsnt ® |nelasticity parameter boson
y=pa/pk
:
- Q?=sxy
1 | 1 | 1 g
2000 2500
days of running
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g  New Physics Results with Jets at HERA

e Jet production has been intensively studied at HERA

e Measurements of jets in DIS (Q?> 1GeV?) and photo-production (Q%~0)
provide a powerful ground to:

e test pQCD, factorization, determine alphas and test universality of PDFs

© Inclusive Jets in Photoproduction [ZEUS-prel-08-008]
© [nclusive Jets at low Q2 [H1prelim-08-032]

© Inclusive- and Multi-Jets at high Q2 [zEUS-prel-09-006][H1 DESY-09-032]

o  Multi Jets in CC DIS [ZEUS DESY-08-024]
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by Jet Production at HERA

e Jet Cross Section in pQCD: Series Expansion in powers of as
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| - — f,: parton a density, determined from experiment
dojet = Z / dx fo(x, pp) dog(z, as(tR), LRy LF) P y

a=q,q,g " — 04: subprocess cross section, calculable in pQCD

e Jet finding is usually performed in the Breit Frame:

¢ Quark Parton Model diagram: no transverse momentum (Er) (0:0,0-Q)  current g

© virtual boson and proton collide head-on I A
Y imcoming ¢

Born level process
e Diagrams with as contributions: significant Et produced by:
o QCD Compton (0:0,0,-0)

©  Boson-gluon fusion

QCD compton

e two high ET jets well separated from p-remnant

e Jets are reconstructed using the kr cluster algorithm:
o collinear and infrared safe
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&g Inclusive Jets in Photoproduction [zeus-prel-0s-008)

e QCD analysis from previous publication 7ZEUS
e [ZEUS Phys. Lett. B 560 (2003)] =S S e S e
o  Data 98-00 with Lumi=82 pb-" % o 3 ’ZEUS‘SZ pb )
o  as extracted from do/dET C o st SECLUGS -
a,(Mz) = 0.1224 + 0.0001 (stat.) Tooots (exp.) Tooose (th.). %

. . s 10 ¢ -1< ‘qjm <25 3

e theory uncertainty clearly dominates! 142 < W, <293 GeV

1

e Re-analysis of the same data with NLO (O(as?)) QCD
calculations [Klasen, Kleinwort, Kramer] using:
o  MRST2001 PDF set for proton for different values of as 9L
o GRV-HO PDFs for photon ;
o  ur=P=Eret for each jet
©  new estimate for the theoretical uncertainties using 10 |
method of Jones et al. [JHEP 0312, 007 (2003)] &7 - T

Q

E aoep, Sl theoretical uncertainty l ,

e  New calculations result in better description of the data = '0 YRR i
= Siiittiantmt.... 14 | /1A .
. . . 5-02 | .
e The extraction of as results in a very precise 2 [ EEEN energy scale uncertainty :
determination with a reduced total uncert: 3.1% S0 [ s popemi ey sommeenn ms P m16

o  exp.unc: 1.8 %, PDF unc: <1%,had. corr <0.5% 20 30 40 50 60 70 8 90

EX' (GeV)

as(Mz) = 0.1223 £ 0.0001 (stat.) D o0s: (syst.) & 0.0030 (th.)
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@ Inclusive Jet Production at low Q2 [H1prelim-08-032]

o Data H1: 99-00 with Lumi = 43.5 pb Inclusive Jet Cross Sections do/dQ? and do/dEr

e Kinematic range: Tl § H1 prelim. HERA-
O 5<Q?%2< 100 GeV? 8 x NLO * (1 +8,,9)
o 02<v<07 = . (0.25 - 4.0) urz,f
2 <y<U. =4 . u2 = (Q%+ E2)/4
o~ . u? = Qf
* Cross sections are measured as function of € 102 "
for P *
S
® single inclusive jets — every jet with ;H1 PESAInaLy
Pr>5 GeV 10 L e
10 10
e Main Experimental uncertainties: Q’[GeV?]
® 2% hadronic energy scale: Ac/o = 4-10% i § Hi prelim. HERA-
e uncertainty of acceptance and QEDrad. & 103+ ° o
correction: Ao/0=2-15% B g NLO™ (1 +8,,)
o | o (025 - 4.0) 2,
o Data compared to NLO predictions w107 . u2 = (Q%+ E2)/4
e MS scheme for 5 massive quarks 2 I 2= QP
e CTEQS6 PDFs 3 10} f
2=0N)2 2=0N)2 2
® MF —Q and MR _Q +ET /4 " H1 preliminary I
1 =
10 50
E; [GeV]
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&g Inclusive Jet Production at low Q? (Hiprelim-08-032

Accurate measurement well H1 Inclusive Jet Cross Sections de;;ET
described by NLO QCD:

e exper. uncer: 5-10%
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e theory uncer: 15-30%

® renorm. scale uncert. . | | ,
dominates and increases i - [GeV) g By = Ut

-l
Q
bei
sy
<

=
b
d’0/dE, dQ’ [pb/GeV’|

with decreasing Q2 N £ [ o
§ ik 15<Q%<20 GeV? § 10} 20<Q*<30 GeV? § 108 30<Q°<40 GeV?
scale uncertainty a2 | & | ~ g ,
£ 0.3 fonmmem o9 . g = !
: o1 | o Yoot gl "Ml
P 3 (S9SN DOP TR | | -EI - 3 B x - -
o1 I l © 5 | 4q2 | o102} g
-0.2 P ] 10 50 10 50 10 50
.0.3 E; [GeV] E; [GeV] E, [GeV]
10 10° =
2 ; @ — 2 2
Q' [GeV'] S el e H1 preliminary HERA-I
-
e small predictive power of 810} -
NLO calculations at low Q2 ¥, NLO*(1 +3,,,)
or Et T | | * |
10 50 2= QZ+E2 /4, = Q2
Orders beyond NLO are e cev wy = (B, g

needed in theoretical
predictions!
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&g Running of s from low Q2 (1 prelim-08-032]

e Extraction of as from low Q¢ double differential inclusive jet cross section
produces

a,(Mz) = 0.1186 & 0.0014(ezp) "3 o16: (theory) £ 0.0021(pdf).

o from Inclusive Jet Cross Section (HERA-I)

correlated experimental uncertainties (~1%) " H1 Preliminary
_ _ : « og(n=Q)
theoretical uncertainty (~10%): p
- ]\c/ar{atilon t_Of renolrmalisationt alndb 2and2 0 3_ — <slw>tromo,
actorisation scales separately by 1/2 an I :
e PDF uncertainty \\i | NLO uncertainty
®  hadronisation corrections d"’ e
e Small predictive power of NLO calculations! I %,; }
0 - 2 B “-__\‘\__H e
0-1 = I 1 1 ! —

Q/Gev 10
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@ Inclusive Jet Production at high Q2 (11 DESY.09-032]

e Data H1: 1999-2007 with Lumi = 395 pb-' and kinematic range:
o 150 <Q?< 15000 GeV?
o 02<y<07

e Cross sections are measured as function of for
e single inclusive jets — every jet with 7<P1<50 GeV
e 2(3)-jets — events with at least 2(3) jets with 5<Pt<50 GeV and M12>16 GeV

° Measurements are normalised to the inclusive NC DIS cross section
° partial cancellations of experimental and theoretical uncertainties:
o lumi, trigger efficiencies, QED effects, ...

e  Experimental uncertainties:
° hadronic energy scale dominates (1-5% effect on cross section)
e overall experimental uncert. ranges between 3%-6%, reaching 15% at highest Pt

o Jet multiplicity increases with Q? and is well described by NLO QCD

Normalised Inclusive Jet Cross Section Normalised 2-Jet Cross Section Normalised 3-Jet Cross Section
15 H1 a) 15 H1 b) 10" E H1 c)
- - * H1Data - - M1 Data
o L , ! § o L C—J NLO ® hadr o L I NLO ® hadr
4 =2 =
O B O B b - ?
3 ;Iﬁ'i‘ 3 —— 5 *
8 | o  HERAIPLB 653 (2007) 134 & | . | e | —
(phase space corrected) @) @) —’Tl
4 e H1Data Y 2 ;1—'_
107 F "7 NLO ® hadr 107 F 102
— 1 1 1 1 vl 1 1 1 1 I | L L L L | L L L L | — 1 1 1 1 vl 1 |
1.2 1.2 1.2
15 — s —
oo e i o S e o | < — c 1ot ¢ R
0.8_ . . . L f | 0_8_ 1 1 1 1 | 1 1 1 1 T | 0_8— N | 1 |
10° 10* 10° 10* 10° 10
Q?/ GeV? Q?/ GeV? Q?/ GeV?
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&g Inclusive Jet Production at high Q2 (11 DESY.09-032]

¢ Extraction of the strong coupling:

e determined from the measured normalised jet cross sections as function of Q2
and Eret using the PDFs from global analyses

e determination performed from individual observables and from their combination

: : : Normalised Jet Cross Sections
® Result of simultaneous fit (Hessian method);

o for Q%2>150 GeV? s - H1 . combined H1 data (incl., 2-, 3-jet)

0.20 o fit
as(Mz) = 0.1168 4 0.0007 (exp.) T 5030 (th.) £ 0.0016 (PDF) i

Theory uncertainty

® Experimental uncertainty: 0.6 %
® result with best experimental precision!

*  Total uncertainty: 3.6% 1

e Running of as agrees with QCD expectations

0.10—

| ! ! ! ! oo
10 102
Q/ GeV
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@ Running of &s from low and high Q?jHipreim-08-032;

4

as from low Q2 added to high Q2
curve:

very good agreement between
low and high Q? extractions

low Q? data lie within the theoryd"’
uncertainty of the high Q2 fit

low Q2

0.3

a(My) = 0.1186 & 0.0014(exp) t33132 (theory) £ 0.0021(pdf), 0-2

high Q?

as(Mz) = 0.1168 =% 0.0007 (exp.) F3:9035 (th.) =+ 0.0016 (PDF)

0.1

H1 Preliminary

=  H1 data for Q®> < 100 GeV? (H1 Prelim. 08-032)
* H1 data for Q?>> 150 GeV? (DESY 09-032)
—— o, fit from Q*> 150 GeV? (DESY 09-032)

Theory uncertainty

N

10 10°

Q/GeV
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@ Inclusive Jet Production at high Q2 [zEUs-prel-09-006]

o Data: ZEUS HERA Il with Lumi = 188 pb ~;
e Kinematic range: 3 1
o Q2>125GeV? =
® Measurements: S
: : : : : 10
e single differential cross sections as function of &
Q? or Et or nje! T
¢ Main uncertainties for cross section: S0

o  hadron energy scale
o  theoretical uncert. dominates over exper.

* to minimize total uncertainty, as extracted for
Q2>500 GeV? 0
os(Mz) = 0.1192 & 0.0009 (stat.) T9-993° (exp.) $9:9920 (¢h.)

Qo4

. . —
o  2.9% experimental uncertainty Z. 02
o  3.5% total uncertainty. S

=
e double differential cross sections as function of <

Er and Q2 $-0.4
® have potential to constrain gluon at high x

ZEUS

* ZEUS (prel.) 1883 pb™" -

Elf's > 8 GeV

— NLO

-2 < .I;’t< 1.5
- leosy,l <0.65 E
7} Lt } L } -
C | jet energy scale uncertainty|
T T T

////] theoretical uncertainty

10°

pt
Q" (GeVY)
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@ Inclusive Jet Production at high Q2 (zeUs-prel-09-006]

e Double differential inclusive jet cross sections as function of Et and Q? shows
good description of all data by NLO QCD

ZEUS ZEUS

7
;\ 10 % T T T T 1T T ‘ 1T T ‘ T T ‘ T T ‘ T T 7 ‘ T T 7 % O J T ‘ R R ‘ [ ‘ [ ‘ T LJ T ‘ [ ‘ T ‘ T ‘ T L
é - o ZEUS (prel.) 188.3 pb-l : 2 04 ; jet energy scale 7:7 [///] NLO uncertainty 7:
= 10 6 _ NLO - S 02 uncertainty + B
A : g T E
22 105 ] = 0
= = = = - T ’
z i . - .02 T ] ]
ERI . 02 ¢ o ZEUS (prel.)188.3 pb™ ]
04 - 125<Q7<250GeV’ T 250<Q°<500GeV:
03 25 <QP<s0Gev: | 04
. (x10(:000) .3 T 2<it<15 T lcos vyl <0.65 .
. 250 < Q” < 500 GeV 1 02 C T ]
102 o 3 N 1 :
- 500 < Q* <1000 GeV* | 0 e ” ?}:Eijl
0 - (x1000) ] I T .
3 E 0.2 - T m
- 1000 < Q° <2000 GeV* B 5 , T s s
(L (x100) 7 04 — 500<Q°<1000GeV: T 1000 < Q<2000 GeV*
E = 7\ | ‘ I ‘ || ‘ || ‘ | \77\ | ‘ I I ‘ I I ‘ I | ‘ | \7
E E 7\ [ ‘ 1T ‘ T T ‘ T T ‘ [ LJ [ ‘ T T ‘ T T ‘ 111 ‘ [ L
1 2000 < Q* < 5000 GeV* 04 - N .
10 - o1 - oz b 1 E
0 2 ] 0 - 1& 1 i SR (N .
; ‘ot Q% > 5000 GeV> - I (haa 7 e T
- -2 < n‘l‘; <15 1) - i i + |
3 Icos v, | < 0.65 ] 02 + E
10 = - C T ]
& E L04 — 2000<Q’<5000GeV: T Q>5000GeV’ 7
Lo b b b b v e Ly ) T AR BN AN AT SRS NV SR A SRR RN RS B
5 10 15 20 25 30 35 40 45 10 20 30 40 10 20 30 40
- :
ETp (GeV) Ef' (GeV)
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Inclusive Jet Production in CC DISzeus-pesv-0s-024]

e Data: ZEUS HERA Il with Lumi=0.36 fb-' (e*p/ep data)
e Kinematic range:
o Q?%>200 GeV?
o y<0.9
® Measurements of polarized and unpolarized integrated and differential multi-jet
cross sections in CC DIS were performed.
e FEr>14GeVand-1<net<25

o 0S rrrrrrrr T ]
o e - -] energy scale uncertainty 1
+ -1 Z L i
% - o ZEUS CC e*p 179 pb : . i - I ]
< e ZEUS CCep 180 pb™ =R i 1
= 1 - ) - 8
N’ B ]
-Féﬁ : 0 L&%Z § - —
E -1 :\ [y | [ A TN A WU .
o) 10 =2 = :E: :‘ A A S B B A B ‘:
@ : .%H 10 »(// ]
- d 2 I ]
2 % o LT
10 - = & 20 40 60 80 100 120
: : Eif(GeV)
I - Measured cross section for e*p decreases more
103 rapidly than for e-p data:

20 40 60 80 10 1206 Comparison to NLO QCD predictions:

Ef'(GeV) ¢  the shape and magnitude are reasonable well
described
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&g Multi-Jet Production in CC DISizeus-pesy.08-024

e Additional jets with Ef¢*>5 GeV

el
v J Jet

Protom

P P >ER
reiminant Tet rermmnant Tet

» ZEUS CC ep 180 pb™" -

o ZEUS CC e'p 179 pb™

® Measured dijet cross sections are
NOT well described by NLO

® First observations of 3- and 4-jet — NLO

production in CC DIS

dijets

| lllllll

do/dMY (pb/GeV)

- Q7> 200 GeV- -
-2 7

°1 10 - y <je?1.(92) E
51 - E. >14(5) GeV -
! [ 1< <25 i
3 i -
2 _ : ]

0 ~ 10 -:;| | | 1 | 1 | | | | | | | | | | | | | | |

20 40 60 80 100 120

y sl LY & (GeV)
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&g Summary

Have presented a wealth of high precision
experimental measurements of cross
sections of inclusive jet production in

° photoproduction —exp. uncert,
° low Q% NC DIS H1 high Q2 jet multiplicities o - th. uncert.
¢ ?)Igthllé NC DIS DESY 09032 [arkiv:00043670] T

H1 low Q% incl. jets

New precise and consistent as extraction in | wpeimosoz s
photoproduction and DIS

e  compatible with world average and LEP ZEUSyp jets o
e very high experimental precision ZEUSprebOB008 e
®* running of the coupling verified over large

range 5 < Q% < 10 000 GeV? HERA comb. 2007 incl. jets

e very good agreement between low and high | i vomzespeiores 000 e
Q2 measurements

Data are well described by NLO QCD '3

e Theory scale uncertainties dominate over
the experimental uncertainties Bethke

e Higher order calculations necessary to Prog Part NuclPhys.56:35-386.2007
take full advantage of the data I

011 012 013
0g(M.)
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@ Inclusive Jets in Photoproduction (zeus-prei-os-008)

¢ The extraction of as:

e Predicted cross sections are a convolution of the proton/photon PDFs and the
matrix elements

® ingredients highly correlated concerning dependence on (S

e Method is based on the full dependence of the calculations on as and the
correlation with the PDFs:

o  perform NLO calculations using various PDF sets extracted assuming different

as(Mz) A

©  parametrise as(Mz) dependence of observable do/dA a« /pmmrismm
d()‘ NLO QCD
d_A(aS(MZ)) — Cl Oés(Mz) + CQ Oﬁg(Mz>

w«  C1 and C2 are the free parameters of the fit |
«  extract as(Mz) by mapping do/dA to x axis RSN ERKUSEEIELE SV

extracted a,(Myz)

e Method preserves the as dependence of the calculation and PDFs!

® |t results in a very precise determination with a reduced total uncert: 3.1%
as(Mz) = 0.1223 £ 0.0001 (stat.) 0 o0s; (syst.) &= 0.0030 (th.)

e experimental uncert: 1.8 %, PDF uncert: <1%, hadronisation correction: <0.5 %
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