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HERA Luminosity
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What can we study with jets ?

= Measurements of jets in DIS and PHP have provided rich results on:
= parton dynamics
= proton and photon pdfs
= precise determinations of the strong coupling os(Mz) and of its running

= In general these measurements are in excellent agreement with pQCD when hard scales
(Q?, Erjet, -..) are involved. Minor problems have appeared in special regions of phase space
(low xg;), which may require the calculation of higher orders in DGLAP or evolution a la
BFKL and un-integrated parton density functions

= Measurements of jet structure have provided insights on:
= the differences between quark and gluon jets and heavy flavor jets
= the transition from a parton produced in a hard process and the experimentally observed jet

* These measurements have been shown to be reasonably well described by either pQCD
calculations alone or by QCD based models including fragmentation

Here, we will review only some of the latest results from HERA in both areas
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DIS & jet kinematics

= atfixed ep center-of-mass energy \'s, the

NC
fully inclusive process can be described by
only two independent kinematic variables, QZ = 2E.E (1 + cosby,)
usually chosen among the following: B / /
= photon virtuality Q? = -(k-k')? y =1-(E/2E)(1 — cosf,)
* inelasticityy=(P-q)/(P-k) H1
= scaling variable xg;= Q?/(2P-q) =Q?/ys | .
- | |
=)
K |
e k
L
E
p x T o ¢? T’ CC
= Qi = P1 /(1 — yn)

(n = —Intan(6/2)) Yh = (E o pZ)h/(ZEe)
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Jet production processes

= tostudy pQCD in jet production in DIS, jet finding is usually done in the Breit frame in
order to get rid of QPM jets, which have no Er in that frame.

= to study the structure of jets one may want to also use QPM jets, and therefore such
analyses are done in the Lab frame
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Incl. jet cross sections d?a/dQ2dEr (low Q?)

H1prelim-08-032

= H1 preliminary results from HERA| with luminosity of 43.5 pb

= DIS phase space: 5< Q<100 GeV?,0.2<y<0.7

= Jets are found in the Breit frame using the longitudinally invariant inclusive kr cluster algorithm
" Efet>5GeV, -1<nan<25

= [argest syst. error due to 2% uncertainty on the hadronic energy scale, leading to 4 to 10%
uncertainty on the cross section

= measured are double differential cross sections in Q? and jet Er

= NLO calculations: NLOJET++ and fastNLO, theory uncertainties and os(Mz)
" pr2=Q2and pr? = (QH+Er)/4
= CTEQS proton pdfs, including their uncertainties
= higher orders: urr varied between (0.5 -2) yrr separately
" 0s(Mz) =0.118, varied between 0.116 and 0.120
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Incl. jet cross sections do/dEr 5 < Q%2 <100 GeV?

» theory uncertainty » pdf uncertainty » 0s(Mz) uncertainty
> § Hipeim HERA | = | § Hipeim HERAI | > | § H1 prelim. HERA-]
S 10° NLO ™ (1+3,,) S 10° mm NLO ™ (T 48,59 S 10°F o NLO ™ (1 +3,)
3 2 PDF CTEQS 3 -
o ” . (025-40) w2, o ” —— o ° = ek —— ,(M,)=0.116-0.120
g1 . “,2=(02+ E‘%)M u!;" —— ‘l‘f:(o"} Eiw u!; —-— P?=(°2"' 53)14
3 10 = 3 10 = 3 10 w=c
1 H1 preliminary - 1 H1 preliminary . 1 H1 prellminary -
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E; [GeV] E; [GeV] E; [GeV]
£ o3 g\
= 0“(1, | | |
M I |
02
10 50 10 50 10 20
Er[GeV] E;[GeV] Er[GeV]

= uncertainty due to missing higher orders (ren. scale) dominates and increases with decreasing Q?
and Er =» need NNLO calculations

= uncertainties due to pdfs and os(/Viz) are of similar size
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Incl. jet cross sections do/dEr

= sensivity to the choice of renormalization scale

" pr?=(Q+Er?)/4 " pr?=Ef
%' 3_ . § H1 prelim. HERA-| % , 03;_ " § H1 prelim. HERA-]
g 10°¢ NLO * (1 +8,,) g z NLO * (1 +&y,,9)
=2 X . (0.25 - 4.0) u? o - . (0.25 - 4.0) u?
- 102 E_ 2 2 2 ! = 102 E_ 2 'f
w - = u® = (Q°+ E7)/4 w - . u?=Ez
g B r2_ 2 Q B ;_ Q2
3 10 ui=Q S 10 uF =
" H1 preliminary x 1: H1 preliminary x
10 50 10 50
E; [GeV] E; [GeV]

Glinter Grindhammer HSQCD 2008



os(Et) & as(My) fitted to d’a/dQ2dEr (low Q?)
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Norm. n-jet cross sections n.et/onc (high Q2)

H1prelim-08-031

= H1 preliminary results from HERA | + Il with luminosity of 395 pb

= DIS phase space: 150 < Q% <15000 GeV?,0.2<y < 0.7

= jets in Breit frame using the longitudinally invariant inclusive kr cluster algorithm
" Eqjet>7GeV, 0.8 <nap <2.0, for 2 (3) - jets in addition: Mi2 > 16 GeV

= nommalized cross sections anjedONC as function of Q% and jet Er or mean jet Er
=» luminosity uncertainty cancels completely and correlated errors partially

= [argest syst. uncertainty: 1.5% uncertainty on jet energy =» 1to 3% on the normalized cross
section

= NLO calculations: NLOJET++ and fastNLO, theory uncertainties and os(Mz)
= forinclusive jets: pr? = Q% and pr? = (Q2 +Er?)/4; for 2 (3) - jets: Pr? = r2 = Q2
= proton pdfs: CTEQ65M including uncertainties
= uncertainty du to higher orders: prr varied between (0.5 - 2) urr
" as(Mz) =0.118, varied between 0.116 and 0.120

For lack of time the normalized cross sections will only be shown as a function of Q?
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Normalized inclusive jet cross section

H1 Preliminary

0.6—

El greit> 7 GV

T
4‘#
' o HERA | PLB 653 (2007) 134
B (phase space corr'd)
* e  HERA I+ll preliminary
Ml

02— [ 1 NLO ® hadr

Q?/ GeV?

= HERA M prel. results consistent with published HERA | resullts, but significantly reduced
uncertainty due to increased statistics and reduced jet energy scale uncertainty

= the data are well described by NLO QCD predictions
= “conventional” theory uncertainty > experimental uncertainty
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Normalized 2 (3) - jet cross sections
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Normalised 3-Jet Cross Section

= Measured normalized 2 (3) - jet cross sections well described by NLO
= Measurement errors in all cases < theory uncertainty
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Extractions of as

= NLO with as(Mz) as free parameter is fit

ed to normalized jet cross sections

= ¥?(os) is calculated from measurement and NLO with the Hessian method, with sources of
correlated systematic uncertainties, for example the jet energy scale, left free in the fit, allowing
to check consistency with expectations. Statistical correlations are also taken into account.

= theoretical uncertainties: offset method is used, i.e. renormalization and factorization scales,
hadronization corrections and pdfs are varied within their uncertainties and os(Mz) is refitted.
The resulting variations, added in quadrature, provide the total theoretical error.

osjer/opIs = f(Q?)

Measurement as(Mz) | exp.error scale error PDF error | y?/ndf

Orncl.JET/0DIS = f(Q?, Er) 0.1196 | 0.0010 +0.0049 | -0.0036 | 0.0019 26.8/23

oseT/0DIs = f(Q*. < Er >) | 0.1171 | 0.0010 +0.0048 | -0.0036 | 0.0018 28.1/23
' 0.1179 | 0.0014 +0.0056 | -0.0034 | 0.0009 4.53/5

= precise and consistent result: small exp. error (0.7%), theory error (3.5%) mainly due topr
= in good agreement with the result at low Q?
= exp. error as small as best results from LEP

= |ooking forward to NNLO calculations !

HSQCD 2008
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o from Jet Cross Sections

- H1 Preliminary

as(u=Q) for Q> <100 GeV? (HERA I)
as(u=Q) for Q> > 150 GeV? (HERA I+ll)

—— Combined <o (u)> (incl., 2-, 3-jet)
from Q%> 150 GeV?

NLO uncertainty

10 q/Gev

0s(Q) from low and high Q2

0s(Mz) from fit to high Q?
data, evolved down to low
Q2 data

good consistency from high
to low Q2
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Summary of various extractions of as(Mz)

as(Mz) at DIS 2008
— exp. uncert.
H1 high @ jet multiplicities | rih- uncert. = excellent experimental
prelm-08-031¢ ... . .

precision has been reached

EI11 I?wogl:sgncl. jets i |
prelim-08-032 e e
= HERA comb. 2007
Foys Lot 81393 (5057 15 e = used latest published
ZEUS incl. jets | mclqswe jet cross
Phys Lett B 649 (2007) 12 - ' sections from H1 and
HERA comb. 2007 incl. jets o ZEUS in a combined fit.
H1prelim-07-032/ZEUS-prel-07-025 ... - altemative metho d use d
Stenzel, event shapes NNLO —o- to estimate theoretical
pis008 B aeceemaaaa
uncertainty
Bethke -
Prog.Part.Nucl.Phys.58:351-386,2007. | | |
0.11 0.12 0.13
ocS(Mz)
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Theory error (renormalization scale)

= method 1: the fit of os(Mz) to the data is repeated with pr scaled by 0.5 and 2 in the NLO
calculation, and the difference to the result with the nominal scale is taken as error.

=  the theory error depends on the data
= due to limited statistics and fluctuations in the data, this method may lead to an overestimate
= method 2: only theory is used (a la Jones et al., JHEP 122003007), no refit to data

o from fit NLO with u. =
Hr=05Er
\ 4 /

<«—— NLOwith p=Er

eITor on Ot ‘ / NLO with ur =2 Er

due to pr

Oyer

error on fitted o canitlead to an
due to pr underestimate ?
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Impact of ‘96-'97 jet data on pdfs (ZEUS)

= The following HERA | data from ZEUS were used:
= etle-NC and CC inclusive data

= etpinclusive jet data in DIS
= dijet data in direct PHP

| ZlEUS | | | | = A8
— I I L L L L L LI c T I T T T I T T I T T I T T T | T I T I_
P = @ I bs ]
> L ZEUS-JETS N o wE XN*>0T78 ZEUS-JETS 3
= ? [ tot. uncert. E B : [ tot.uncert. ]
B i ; S wlL e - ZEUS dijetyp 9697 -3
= 10°F *  ZEUS incl. jet DIS 96-97 - - T S— Jet energy scale uncert.
- 3 N, 0 Jet energy scale uncert. 3 "%- 10* L = _
T 10tk . =) g S- —=) ;
-~ E ¥ E
® N 125 < Q<250 GeV? E RS U S E=3 P
~ 10° (x 10°) : g - ‘=“‘-'l + :
250 < Q* < 500 GeV? 10° SS- e 1
02 - (x 10%) ] E E-ﬁ |—_l’—_' 3
107 & E E 3
N 500 <G <1000 GeV? 10 g-=‘ ——
C ) (x 10°) ] X i
10 £ = 1 —— lay™<2.4
F 1000 < Q* <2000 GeV?  ° EL.; Lo 24 o2l
C (x 100) ] 10_1 :_ Bﬂ -1 3 < (X w)
1g E - Le (x20)
- 2000 < Q* <5000 GeV? 3 s l==|
: 102 F L,
10 b (x 10) _ 3 [
; 3 [ | O<y™2<1
Q*> 5000 GeV? ] 10 N ; —= T
0 S L o,
E 10 (x 0.0005)
- jetl 2
103 2 3 I* (}(g"!a dl;
il I . | I L1 11 I L1 11 I 111 I 111 I 11 1 I 11 1 I 11 1 I 11 10—5 1 1 I L1 1 W L1 L1 I L1 11 I 1 L1 1 I L1 1 1 I 11
5 10 15 20 25 30 35 40 45 20 30 40 50 60 70
B : jetl
ETJet (GeV) EL" (GeV)
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Impact of jet data from ‘96-'97 on pdfs

gluon fractional error
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Multijet cross sections in CC DIS e*p scattering

Jets in CC DIS allow to test pQCD as well as the electroweak sector of the SM

= sensitive to W propagator and in LO
=" ine’p mainly to u(x,Q?) (1-Pe.)
" ine*p mainly to (1-y) d(x,Q?) (1+Pe+)
= jet measurements using the pos. and neg. longitudinal lepton beam polarizations are in
good agreement with the SM (and will not be discussed here)

= the photon predominantly probes u density and u jets, W" u density and d jets, and W* d
density and u jets

= inNLO sensitive to as and the gluon density
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Multijet cross sections in CC DIS exp scattering
arXiv:0802.3955v2

ZEUS measurements of inclusive, dijet and three-jet cross sections using full HERA Il data
luminosity 358.5 pb™, 180 pb (178.5 pb™) with polarized e (e*) data
DIS phase space: Q*>200 GeV?and y <0.9

signature: no scattered electron, large missing Pr and large Er

jets found using the longitudinally invariant inclusive kr cluster algorithm in the Lab frame
jet phase space: for all jets -1 <net<2.5

" inclusive jets: Etjet > 14 GeV

= dijets: Erjet1 > 14 GeV, Erjetz > 5 GeV

= tree-jets: Ejet1 > 14 GeV, Erjerojetz > 5 GeV

largest uncertainties on data: stat. errors and model uncertainties (CDM and MEPS)

NLO calculations: MEPJET, pr = r = Q, as(Mz) = 0.118, scale uncertainty yr =221 Q
proton pdfs: ZEUS-S pdfs including their uncertainty
dominating theory uncertainty: pdf uncertainty
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Unpolarized CC inclusive jet cross sections

%: 7 e ZEUS CC ep 180 pb™ %
o a5 °ZEUSCC e'p 179 pb™ <
ZE_ ;clu::’gets e é 1
5 20 T
N ] % 107
15 f f 3 :
ol : |
: 3 | 107 :
R A | = |ess strong fall-off with Q?
1 05 0 o.ﬁj eil: 15 2 nj 25 20 40 E - .e:() . jT;tO(OG . Vl)20 an d ET,jet than fOI' NC due tO
) W propagator
N 2" e ey = good description of data by
NLO (MEPJET)
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CC incl. jets: theoretical uncertainties
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Unpolarized CC dijet cross section do/dM;
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= for dijets NLO appears to have problems with normalization and shape
= can one trust the NLO calculation ?

= NC jet cross sections differ between MEPJET and other programs by
510 8%, for CC only MEPJET is available so far

= 2nd NLO program for CC would be welcome
= ratio of ep/ e*p reasonably well described by NLO
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Mean integrated jet shape < y(r) >
ZEUS-prel-07-013

= atsufficiently high jet Er =» jet substructure

mainly due to parton radiation and not \22/

fragmentation

= can be tested by comparing measured
<y(r) > to NLO prediction

= ZEUS prel. results with 368 pb™ of luminosity
= @ >125Ge\? y <095 ,1 1 Ef

= jets found in the lab-frame using the <¥(r R)>= Niets Egret( - R)
longitudinally invariant inclusive kr cluster
algorithm
= 2samples are studied: e S __{ e -
= 1 jetsample with Er > 14 GeV and N e e
1 < Nt <25 => enriched in quarkjets =< aev B \a "L qeoe
= 2jetsample with Er12 > 14 GeV and N

1 <m2<25andD = 2.0 0or 2.5, using
lower Er jet =» enriched in gluon jets

diz = \/("7jet1 — Njet2)? + (Pjet1 — Pjet2)? < D
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http://www-zeus.desy.de/public_results/functiondb.php?id=ZEUS-prel-07-013
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Mean integrated jet shape < y(r) >

ZEUS (prel.) 368 pb™! . ZEUS (prel.) 368 pb!
0.6 )/ * one jet 0.6 / * one jet
0.5 = two jet (lowest EX 0.5 = two jet (lowest EX
04 — one jet) 04 — one jet)
03 e two jet) 03 two jet)
02 1< <25 = 02 1< <25 =
0.1 D=25 Eit> 14 GeV 0.1 D=25 Ei'> 14 GeV

07\\\\\\\\\\\\\\\\\\\\\\\\ | ‘ ‘ ‘ ‘ ‘ ‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
01 0.2 03 04 05 06 0.7 08 09 1

O L1 T T T T | T |
0.1 0.2 0.3 04 05 06 0.7 08 09 1
r r

= 2nd jet with lowest Er is broader than one jet as expected

= both distributions are well described by COV (ARIADNE) and NLO calculations (DISENT and
NLOJET++) using as(Mz) = 0.118, CTEQ6 and pr = pr = Q; the NLO calc. have been corrected
for hadronization effects
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Precise measurements of multijet production in NC and CC have been made, some with
the full HERA statistics and jet energy scale uncertainties of 1 to 2%

The data on jet production are in general very well described by NLO calculations with
theory uncertainty > exp. errors

Jet shapes are well described by NLO and by CDM as implemented in ARIADNE

The precise jet production data allow a precise determination of os(Mz) at NLO, with an
exp. uncertainty of 0.7% and a much larger theory uncertainty between 2 and 3.5%

An NNLO calculation of jet production has the potential of significantly shrinking the total
error on 0s(Mz)

The high statistics and precision of the HERA Il jet data has the potential of further
improving the precision of the proton pdfs when used in global fits

This will provide obvious benefits to the LHC physics program

The final analysis of inclusive and jet data from HERA I+ll with further improved precision
IS in progress
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Low X jets

= A S H1 forward jet data
10 { [ Energy Scale Uncertainty | —_
e e’ & : . EEL'E 82 ph'l 'g 1000 —+ H1
"_E - = % E scale uncert
% v *-E ] > — NLO DISENT 1+3,,,,
Xp; Xp: (small) = ' B 0.5, < <20, ¢
By - BJ j _8 PDF uncert.
] "e  --- LODISENT
evolution 7 500 -~ 1+0ypp
from large —1
to small x = o a)
o — :
forward jet z 2 | . . 4
X, = Ljer (large) = I Wfﬂ’ LTI s 0.001 0.002 0003 0.004
PN Jjet  Ep % . -nm.,....,.m,,, . . g
\U ) 0.0025 0.005
XBj H1 forward jet data
= Forward jet cross sections from 2 olp M
. = X ]{] |:| Energ*t Sn:ale Um:ertamt'r " ~ } E. scale uncert.
H1 and ZEUS (note: DIS phase = . 2505 82 b I = B RGDR
space not identical) £3000 Ty C- ARIADNE (tuned 2 ——com
. B " o]
= not described by DGLAP based =<, cool =
NLO
- 1000 c)
= only CDM (ARIADNE) is able to | _ =
describe the fully differential o b L T
H1data 0.0025 0.005 0.001 0.002 0.003 0.004
Xg; Xg;
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Azimuthal decorrelation of jets at low x

1/ d®/dxgdA¢* (1/deg.)

NLO/Data
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DGLAP based NLO slightly below the data

away from back to back region

CASCADE indicates data are sensitive to un-

integrated gluon distribution



Improved jet algorithms

Improved jet algorithms
and jet area (M. Cacciari,
G. Salam, G. Soyez)

= ensure infrared safety
= good speed

= forarea introduce zero
energy ghost particlesin | e
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