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QCD “Metrology” in Deep Inelastic Scattering(DIS)

® QCD is a one-parameter theory (neglecting mq, 0qcp): Aqcp «— as(myz)

® o measurements in Deep Inelastic Scattering (DIS):
» scaling violations (QCD fits of structure functions)
» event and jet shapes

» Jet cross-sections
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® inclusive jet cross-section: high statistics, infrared safe (no asymmetric cuts)

® ratio tri-jet / di-jet cross-section: lower statistics, partial cancellation of syst.
errors (luminosity, hadronic energy scale, parton distribution functions)
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Jet Observables in the Breit Frame

® Definition of Breit frame in naive quark-parton model (and no intrinsic pr):
—“out __ =in

v and q collide head on, p;"" = —p,

\/\/\V/Dv\/\/\<

® transverse momentum in Breit frame stems mainly from QCD process
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Jet Observables in the Breit Frame

® Definition of Breit frame in naive quark-parton model (and no intrinsic pr):
v and q collide head on, p.** = —p;"

\/\/\V/Dv\/\/\<

® transverse momentum in Breit frame stems mainly from QCD process

Y AAA

® longitudinally invariant kt jet-algorithm in the Breit Frame
» collinear and infrared safe
» iterative clustering dij = min(E7 , E3 ) - ((mi — m)° + (¢ — ¢5)°)
» result: n jets with d;; > R where Ry =1

® Sources of experimental systematic uncertainties:
» electron kinematics —> Lorentz transformation
» model dependence for data correction (detector, hadronization, parton showers, QED)

» absolute hadronic energy scale
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Jet Production Cross-Sections in perturbative QCD

® jet cross-sections calculated in perturbative QCD at fixed order of as:

Ojet — Z /dX fi (X7 HF, S )6-QCD(X7 HUF, LR, S (MR)) : (]- + 5had)

1I=q,q,g

® measure strong coupling through as dependence of o,
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Jet Production Cross-Sections in perturbative QCD

® jet cross-sections calculated in perturbative QCD at fixed order of as:

Ojet — Z /dX fi (X7 HF, S )6-QCD(X7 HUF, LR, S (MR)) : (]- + 5had)

1=q,q,8

® measure strong coupling through as dependence of o,
® truncated pertubation series => explicit ur dependence

® choice of jet-observables, kinematic region, etc. where pQCD most predictive
—> low k-factors (NLO/LO), low ur dependence

® possible choices of ug and ur @ Q, Et,f(Q, ET)
assess theoretical uncertainty due to missing higher orders through pr-dependence
of o.; and measured ag by varying ur — convention: pur /" 2ur and pr \, 0.5uR

® pQCD calculation programs — implementation of user jet algorihm
» DISENT: 2+1 jets NLO (az)
» NLOJET++: 3+1 jets NLO(c?)
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Measurement of Inclusive Jet Cross-Sections (H1) @

® DIS phase space: d?0, 0b/GeV?
150 < Q* < 5000GeV?, 0.2 <y < 0.6 dErdQ2 P
® inclusive jets phase space: 2
B >7éeV 21 0< ; <2.5 10 = H1 preliminary 99-00
T,Breit ? ’ TILab ) ;_ —_— ® 150<Q*< 200 GeV?
® Data correction (det.&QED): =—O0— (x 200) O 200<Q< 300GeV’
(CDM[DJANGO]+MEPS[RAPGAP]) /2 1 = —0— B 300<QP< 600Gev?
. . . B . ) |:| < 2< e 2
® dominating exp. uncertainty: = - ZOL(:; (ia 5;00?025\/_4_0)“2
abs. hadronic energy scale 10-2; gd )
— vary E in HCAL by +£2% = . (x 20)
S S —
® NLO pQCD (NLOJET): J; - " x2)
» scales: ur = E7, urp = Q 10 =
> PDFS: CTEQ5M1 ;_I | | | | | | | | | | | | | | | ? I(>< J-) | |
» hadronization corrections: 10 20 30 40 50
(CDM[DJANGO]+MEPS[RAPGAP])/2 Et (GeV)
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Measurement of Inclusive Jet Cross-Sections (H1) @
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Measurement of Inclusive Jet Cross-Sections (H1) @

do; do.
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Measurement of Inclusive Jet Cross-Sections (H1) @

doe 2 do.
b/GeV Jet
aqz [PP/GeV'] dE+

1l e ® H1 prelim. 99-00

Ipb/GeV]

B ® HI1 prelim. 99-00

- —— NLO (1+3,,,) 10

- (0.25 - 4.0) 2,

------ NLO (1+3,,,)
* (0.25 - 4.0) 12,

jet

do._/dQ? (pb/GeV?)
I
do,_ /dE, (pb/GeV)

N
=
N
X 4

Data/Theory
[N
=
I’IIIIlIIII
———

Data/Theory
H
=

[EEY
NNNN{IIII’III'IIII

:I.__+ﬁ """""""""""""""""""""""""""""""" ; """"""""""""

0.9 0.9F
08 300 1000 3000 0-8~16" 20 30" 40 50
Q* (GeV’) E, (GeV)

good agreement between pQCD (NLOJET) prediction
and data over full phase space
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as Measurement from Inclusive Jets (H1)

D

® parametrize pQCD prediction for cross-section in bin (4): a(i)(ozs) — A -as + B - as?

o 0.22

®fit asin each bin of ©
double-diff. cross-section

® consider exp. syst. errors
partially correlated

®scales: pr = E1, uF = Q
® 2 /ndf = 20.14/14
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0.18F-

0.16
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0.08

jet

o, from inclusive jet cross section
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H1 preliminary 99-00

A 0ogE)

e o(M)

m Averaged o,(M,)
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_________

—— world average (PDG)
a,(M,) = 0.1187 + 0.0020
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as Measurement from Inclusive Jets (H1) @

® parametrize pQCD prediction for cross-section in bin (4): aj(eit)(ozs) — A -as + B - as?

o, from inclusive jet cross section

- . 0.22
®fit agin each bin of © =, H1 preliminary 99-00
double-diff. cross-section 0-20__ A afE)
I~ o as(Mz)
® consider exp. syst. errors 0-18?~ m Averaged a (M,)
I N \\“\ — sEt f d st
partially correlated 0.16:— _________ \O/(v f)rk)j Srenr:;/eer(igs(;( )
®scales: ugr = Et1, up = Q 0.14- S a,(M,) = 0.1187 + 0.0020
® \2/ndf = 20.14/14 01204+ 8 + I :
0.10F T
008

as(mz) = 0.1197 4 0.0016(exp.) © ) hae (th.)
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Measurement of Inclusive Jet Cross-sections (ZEUS)

® DIS phase space:
Q? > 125GeV2, | cos yhap| < 0.65

® inclusive jets phase space:

EJ'I(?tBrem > 8Gev’ _20 < nf-Be;ceit < ]‘5
do.. do. do;
® Measure: —= * and o

dQ?’ dEr’ ' gyt

® dominating exp. error: hadr. E-scale
»vary EFG by £ 1% (3% i B L <10Gev?)

» typical effect ob ojer : £5%

® Comparison with pQCD (DISENT):
» scales: ur = Et(or Q), ur = Q
» PDFs: MRST99
» hadr. and Z" exchange corrs: ARIADNE

® good description of data
(slightly better with ug = Et)

=
o

do/dQ? (pb/GeV?)

(data-NLO)/NLO

ZEUS

* ZEUS (prel.) 98-00 ]
NLO (pg= ETB)
— NLO (4z=Q)

Elfy >8Gev
2<n%<15
|cosy, | < 0.65

[ [ ‘
j€t energy scale uncertainty

- NL O uncertainty

- -
77777 A = [/ [T [ 1777 /%7 7777777771
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as Measurement from Inclusive Jets (ZEUS) L
doe doe
® fit g -parametrized pQCD prediction t
S-P P P dE+ dQ?
® alternatively: running as — fit as ((Er))- or as ((Q))-parametrized pQCD
ZEUS . zBUS
S O ZEUS (prel.) 98-00 . . GZEUS(prel) 9800 |
ST world average alQ? o2 = QCD |
0.14 1 ] regions 1 (a{M,)=0118+0003)
0.12 7% ______ oo O i R S % _____ WSS % |
01 - N - ‘i 015 %é ; _
10 Q2 (GeV ) i .....................
2. 7‘”m‘HmHmm\Hmuummumuu
an > 500GeV*: 0'110 20 30 40 50 60 70 80 90 100
(GeV)
. +0.0019 +0.0029
as(mz) = 0.1196 +0.0011(stat.) " o (exp.) "2 (th.)
A. Specka (Ecole Polytechnique, France) HEP2005, Lisboa, 22.07.05 9




Measurement of 2-jet and 3-Jet Cross-Sections (H1) @

® data correction(detector & QED, but no EW):

. - g N ®  H1 Preliminary 99-00
(DJANGO+RAPGAP)/2 —> Dijets: X 1.10, Trijets: x0.95 £YC DNETS NLO (1)
o K (y-exchange only)
. - 814l 0.25<Mﬁf/Q2<4.0
. Com pa Fison Wlth N LOJ ET: B I Hadronisation Uncertainty
» scales: ur = pur = Q 1-2:—
» PDFs: CTEQ5M (CTEQ4A for as fits) 1-;—-*-—* ¢ —
» had. corrs: Dijets: xX0.93, Trijets: x0.75 08
o 1 — ool
% E H1 Preliminary 99-00 o (Gev))
- e Dijets -
@) = e g 2 [ —
> 1 ) A Trijets 8 16 ®  H1 Preliminary 99-00
-‘élO g_‘ . . —NLO(1+5_) £k TRIJETS NLO (145,_)
~ - ) (y-exchange only) §1.4__ (s-exchange only)
g -2_ \‘\\ \\\‘*\ 0-25<M$f/Q2<4-0 - 0.25 <%/ Q*< 4.0
\blo E_ el T . ’ 1.2—_ -Hadronisation Uncertainty
o - . :
B Breit N
10°3 - jet > 5 GeV D 1
- _ Lab | N B
- 1 My < 2.5 ‘ ok
10" & MZjet’ M3jet > 25 GeV e :
= opL— v L
- 4 10° 10*
- Q’ (Gev?)
-5 1 1 1 1 1 1 1 1 | 1 1 1 1 1 1 1 1 |
10 10° 0 Good agreement for Q% < m%o

1
0? (GeV?)
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as Measurement from 3-jet / 2-jet Cross-Section Ratio (H1) @

30.55 C
50 - ®  H1 Preliminary 99-00
\E_ 0.5 e NLO (1+5, )
|? 0.45 :_ (y-exchange only)
0:% - 0.25<u’ /Q*<4.0
04—
= - Hadronisation Uncertainty
C ®
0.35—
0.3 :—
0.25 :—
0.2 :—
0.15 C 1 1 1 1 1 1 1 1 I 3 1 1 1 1 1 1 1 1 I 4
10 po0o
Q° (GeVY)

® R3/o well described by pQCD where
EW effects negligable — exclude high-
est (9 bin

® fit ag parametrized NLO pQCD predic-
tion (NLOJET) for R3/2



as Measurement from 3-jet / 2-jet Cross-Section Ratio (H1) @

30.55 C
50 - ®  H1 Preliminary 99-00
\E_ 0.5 e NLO (1+5, )
|? 0.45 :_ (y-exchange only)
0:% - 0.25<u’ /Q*<4.0
04—
= - Hadronisation Uncertainty
C ®
0.35 :—
0.3 :—
0.25 :—
0.2 :—
015_ ||3 1 1 1 1 L1 ||4
10 po0o
Q° (GeVY)

® R3/o well described by pQCD where
EW effects negligable — exclude high-

est (9 bin

® fit ag parametrized NLO pQCD predic-

tion (NLOJET) for R3/-

w» 0.22
]

0.2
0.18
0.16
0.14
0.12

0.1

~ 0.18
< 0.17
0.16
0.15
0.14
0.13
0.12
0.11]

0.1

0.09
0.08

———
—

H1 Preliminary 99-00
2

as(Q’)

Averaged ag(M,)

World Average (PDG):
og(M,) = 0.1187 = 0.0020

4
Q* (GeV?)

H1 Preliminary 99-00
G'S(MZ)

Theoretical Uncertainty
Averaged ag4(M,)

World Average (PDG)
ag(M,) =0.1187 = 0.0020




as Measurement from 3-jet / 2-jet Cross-Section Ratio (H1) @

§0.55_ w 0.22
3*3 C e  H1 Preliminary 99-00 ° T H1 Preliminary 99-00
3 05 NLO (1+8,,) 02f o (@)
|? 0_45:_ (y-exchange only) B o Averaged ag(M,)
0:% g 025 <12,/ Q<40 0‘18:_ World Average (PDG):
0.4 - - Hadronisation Uncertainty 0.16:—$ i as(M;) = 0.1187 = 0.0020
0.35— 1 N i
n 014
0.3 C *
- 012
0.25 - i
- 0ab L "
0.2 v o Gev?
- —~ 018
0.15 C L 1 I R | I I I R | gj ; H1 Preliminary 99-00
10° 10° 7 °'”i e M) |
Q" (GeV") 0.16 Theoretical Uncertainty
015F. o Averaged ag(M,)
. s World Average (PDG)
® R3/o well described by pQCD where 0141 t4(My) = 0.1187 + 0.0020
. . 0.13 :
EW effects negligable — exclude high- oz i i "
est (9 bin ouf i ? |
0.1
® fit ag parametrized NLO pQCD predic- i
tion (NLOJET) for R3/o oHeevs

as(mz) = 0.1175 4 0.0017(stat.) & 0.0050(exp.) *o-0>* (th.)
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Measurement Multi-jet Cross-Sections (ZEUS) L

® DIS phase space: ZEUS

10 < Q* < 5000GeV?, 0.04 <y < 0.6

%\ igf: - ZEUS 98-00 @ Leading Ei°; Jet A Second Elf Jet ?
. . . O 102C v Third EIf; Jet [[77] Energy Scale Uncertainty
® inclusive jets phase space: S 1.
t t =~ 1,
E 5o > 5GeV, —1.0 <5, <2.5 52 10 m\
10 &
M2Jet7 M3jet > 25GeV s 0 E— \4\'\'\! (X10%)
o 10 - (X 10%)
oM dogjer dozjer d dosjet S 10 M, > 250ev
easure: sz " dE+ an —d77jet 18.7?7 NLO : 00 3) ® C,
T - BE (57 1/16 < p2 1 (QME2) < 1
. . . Brelt 18 -9§ 1 1 1 1 ‘ 1 \R\ 1 ‘ \T\ 1 1 ‘ 1 ‘ 1 1 1
® dominating exp. uncertainty: 20 @ Leading Ef Jet I )]
hadronic energy scale L b -
C | | | ‘ | | | | ‘ | ‘ | [
> vary ET g DY £ 1% (£3% |fEJetL ,<10GeV2) Q2 T second R get o
Z B : .
> typ. effect on o3t 1 £6% (£3% on R30) T | supea ! :
© : i | A —_
. . T 2 F —— <=
® Comparison with NLOJET: ; |y Third B Jet .
= 1 i v X ><+" EXX b
. — — L LA Y YA A Za VA § ]
>Sca|es /’LR - /’LF - \/(E_zr B + Q2)/4 i [ R R BN R R R R [
’ 0 10 20 30 40 50 60
» PDFs: CTEQG6 ElL (GeV)
» hadr. corrs: LEPTO — x1.15-1.35 good agreement data <+ NLO pQCD
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as Measurement from 3-jet / 2-jet Cross-Section ratio (ZEUS)#

ZEUS

® ZEUS 98-00 a)
L Energy Scale Uncertainty B ]
045 77Z] CTEQ6NLO®C,,,: 1/16 <p2/(Q*+E)<1

o
&)
T
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03[
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0.25
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0.2k
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12— —
1.15 — _
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as Measurement from 3-jet / 2-jet Cross-Section ratio (ZEUS)/

ZEUS ZEUS

0.5 05

g - ®  ZEUS 98-00 ) ] g - ® ZEUS 98-00 a) |
& L Energy Scale Uncertainty B ] N L Energy Scale Uncertainty B ]
g 045 77Z] CTEQ6NLO®C,,,: 1/16 <p2/(Q*+E)<1 g 045 CTEQAMNLO ® C, , : 1/16 <2/ (Q*+E) <1
B c ] © c b
S 0.4 - S 0.4 — 7

S o35 - S o35 -
S 03[ - S 03 Myiers(Mgjers) > 25 GeV =

o r ] ) [ eeeceee CTEQ4 : a.=0.122 ]
) C ] S - CTEQ4 : a.=0.119 B
025 ] 0.25 [ mememem CTEQ4 | a3=0.116 B
M) > 2580V ; TGl ;

O 0.2 1 1 1 1 I ‘ 1 | 1 1 — 0.2 1 1 1 1 S L1 ‘ 1 I 1 1
B b) N 014 - b)
~ B 7 B ]
> 1.2 i 1 ém i 1
g 115- 7] S o013 7
S 11k _ - ]
1.05 | 0.12 - .
1 L ]
i , 0.11 ]
0.95 - B ]
0.9 - 0.1 .
I 7 - Theoretical Uncertainty i
0.85 - B C World average: 0.1182'+ 0.0027 ]
0.8 1 I ‘ 1 | ‘ 0'09 1 1 1 1 | ‘ 1 1 1 1 I ‘ ]

2 2
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as Measurement from 3-jet / 2-jet Cross-Section ratio (ZEUS)

ZEUS

ZEUS

5 05p Q) | g 05[ a) |
= C [ ) ZEUS 98-00 ] 5 C ° ZEUS 98-00 ]
R u [iff] Energy Scale Uncertainty - ] R u [l Energy Scale Uncertainty ~ ]
g 0.45 :* 1777] CTEQ6NLO ® Cpag 116 < ué / (Q2+E$_) <1 7: _g 0.45 ; CTEQ4AMNLO®C, ,: 1/16 < Llf/ (Q2+E$) <1
S - ] B E Femsessensensenees,
S 04p - S 04- % ....... 3
% o035 - 3 oossl 0 S e E
(\IO - . (\IO E .................
T 03¢ - S 03¢ Moot (Mgiers) > 25 GeV -
o C ] o) [ eeseees CTEQ4:a,=0.122
S g 1 ) C CTEQ4 : a5=0.119
0.25 — - 0.25 [ -e-e-e- CTEOQ4 : anO.116 ]
: Majers(Mgjers) > 25 GeV ] ST ETE®4: 858110 ]
O 0.2 | | | | I | ‘ | I - | | 0.2 | | | | % L1 ‘ | I | | |
B b) N 014 b) -
~ B B B
=z 127 1 2 i
~ (2]
« 1.15 — - o] 0.13 [ |
"&.; - B - r 1 1
°  lir ? ] - : ; : P
| Z A ] : : i: ' ]
L T . 0.11 ' -
0.95 — — i ]
0.9 — — 0.1 ]
I 7 I ---- Theoretical Uncertainty
0.85 - 7 r 1 World average: 0.1182'+ 0.0027
0 8 | I | ‘ | I - ‘ 0'09 [ | | | | I - ‘ | | | | I | ‘ ]
. 2 2
10* 10 ’ » 10* 10 2 2
Q" (GeV?) Q° (GeV’)
as(mz) = 0.1179 £+ 0.0013(stat.) G (exp.) g (th.)
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Summary of as Measurements with Jets at HERA

th. uncert.
Hro4 Inclusivejet cross sectionsin NC DIS
o accurate measurements Of Qs exp. uncert. ZEUSprel. (contributed paper to EPS05)
from _jet production at HERA o Inclusive jet cross sectionsin NC DIS
) L H1 prel. (contributed paper to EPS05)
» increased statistics (full HERA-1)
. et Multi-jetsin NC DIS
» exp.syst. errors Improved -----------
H1 prel. (contributed paper to EPS05)
® consistent measurements —t MultijetsinNC DIS
between H1 and ZEUS ZEUS (DESY 05-019 - hep-ex/0502007)
» combined fits (cf. C. Glasman, DIS2005) B Inclusivejet cross sectionsin NC DIS
. . . H1 (Eur PhysJ C 19 (2001) 289
» conservative anaIyS|s of error correlation (Eur Phys ( ) 289)
e Inclusive jet cross sectionsin NC DIS
® HERA average: (ZEUS & Hl) ZEUS (Phys Lett B 547 (2002) 164)

HERA average
(hep-ex/0506035)

0.1 0.12 0.14

a (M)
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Conclusion and Perspectives

th. uncert. . .
o4 Inclusivejet cross sectionsin NC DIS
exmt_ ZEUS prél. (contributed paper to EPS05)
Inclusivejet crosssectionsin NC DIS
- Multiglet&sin NCbDIe% )
ckant e H1 prel. (contributed paper to EPS05
... mutually consistent MUlti-jets in NC DIS
""""" ZEUS (DESY 05-019 - hep-ex/0502007)
I I Jet shapesin NC DIS
...all consistent with world average L. s N S 00 (2004 3
. o Inclusive jet cross sectionsin yp
_..com pet|t|ve """"" ZEUS (Phys Lett B 560 (2003) 7)
] ZEUS (Eur PhysJour C 31 (2003) 149)
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