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QCD and Precision
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Xs(Mz) from Z—hadrons

< | The LEP and SLD EWWGs, . |

] o e 40 ‘Phys Rept. 427, 257 (2006) .

» Fit of electroweak precision observables S AR -

» Input mostly from LEP data from the Z-peak oo N\

» Determination of (s: most sensitivity o | '
through total hadronic cross section at the o | )

Z-pole and the partial leptonic width |

= 127 I'eel hag R = Dyu/Te sem -92-[-(;-&?]

2 m2 T2 £ o Gf'tter Group, EPJ C72 2003 (20|2)
obtained from the four LEP experiments, 17 Ng o ) Hee i
milli on 7 d ec a)’S 3:5: ””” ‘":,.};"f};;{"&;c;s’;i’a}iﬁci ié"Bh&’sﬁ’ééé’édé’(zbb’a)] —é 7
Complete O(xs*) calculation available: we /2
P. Baikov et al., Phys. Rev. Lett. 108,222003 (2012) 1:: : E
Gfitter: : **************************************** P )
as(Mz) = 0.1191 £+ 0.0028 (exp.) + 0.0001 (theo.) as(M)

3% 1% 3%
Improvement in precision only with ILC/GigaZ expected m Q
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Jet Production in DIS

DIS inc. jets, dijet trijet

e'
q
q q _
q
E-P 9 E-P i
O—> X O— X

Boost to Breit frame, 2P + g =10

. Aw TPT

only EW
coupling o (ks o (X 52

M2
Momentum fraction of struck parton (in LO): & == (1 | Q122)

Direct sensitivity to s and gluon PDF
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Precision Jet Measurements at HERA

400 ————————————————
= e e_p -
| — etp

- — low E
300 -

HERA-2 jet measurements

X HERAII
200~ (2003-2007)

High statistics

H1 Integrated Luminosity / pb

HERA1
(1992 - 2000)

L = 300-500 pb-': small statistical uncertainties,
even at high Q? and high Pt |

() I I-
0 500 1000 1500

Days of running

Excellent control over systematic uncertainties

electron measurement: 0.5 — |% scale uncertainty

jet energy scale: 1% uncertainty!
effect on jet cross sections: 3 — 10%

acceptance correction:
4 — 5% uncertainty

trigger: | — 2% normalisation uncertainty

luminosity: 2 — 2.5% normalisation uncertainty

Roman Kogler 5 Precision Tests of QCD “;




Jet Algorithms in DIS
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» No pile-up subtraction or corrections for the underlying event
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» HERA provides a very clean environment to study QCD
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HERA Jet Data in PDF Fits

H1 and ZEUS HERA I+II PDF Fit with Jets

H1 and ZEUS HERA I+II PDF Fit
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I exp. uncert. o
|:| model uncert. §
trization uncert. &) . .
0.6 [ parame < I d
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Hlprelim-11-034, ZEUS-Prel-11-001

Only inclusive jet cross sections included
in HERAPDF fits so far

Large potential shown: correlation between
gluon PDF and &s(Mz) disentangled

as(Mz) = 0.1202 + 0.0013(exp.)
+ 0.0012(had) 4 0.0045(scale)
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I exp. uncert.

|:| model uncert. xu,
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HERAPDF Structure Function Working Group
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--- HERAPDF1.5f
— HERAPDF1.6

HERAPDF Structure Function Working Group March 2011
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Multijet Cross Sections At Low Q*

§ wE e | *Double-differential inclusive jet, dijet and trijet
= ek ' measurement, small experimental uncertainties
" 10k Inc Jets of 6 —10%

g H1 ] eData well described by NLO, . = \/(Q2 + P?)/2

10 50 . . . . . .
pricev]  theoretical uncertainties dominated by missing

>  H1 data higher orders:
g 10°F NLO ® hadr o o) o . 2
8 30% at low Q7 Pt and 10% at high Q4 Pt
s 10
g fDijet e choice of 1+ = (Pr) disfavoured by data
5 FH1 '

1w = *Simultaneous &s(Mz) fit to 62 data points:

(Pr)|GeV]
%‘ * H1 data
g 1ok NLO ® hadr as(Mz) = 0.1160 £ 0.0014(exp.)
= ’ 0.0093
- | o oone(th.) & 0.0016(pdf)
% [ Trijet
8 [ H1 " 1% 3% 1% 3%
® (PryiGev] H1,EP) C67,1 (2010) m Q
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Multijet Cross Sections At High Q*

i C Inclusive Jet ¢ H1 Data (prel.) L 10% Dijet ¢ H1 Data (prel.) ': - Trijet ¢ H1 Data (prel.)
S 102k, NLO® ¢, ® Z’ S b NLO®c,® Z’ S 1ok NLO® ¢, ®Z’
g - o HERAPDF 1.5 :6_ 10 . HERAPDF 1.5 :6. = ° HERAPDF 1.5
n-l— 10 A - A -
° v, 1L ° Q. 1E
= B K
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e Double-diffe
150 < Q%<

e Reduced sca

rential inclusive jet, dijet and trijet measurement at
5000 GeV?

e dependence compared to low Q? measurement

e Data are we
independent

| described by NLO calculations, p, = \/(Q2 + P?)/2
test of HERAPDF 1.5

* Determination of &Xs(Mz) from individual observables

with ~2% ex
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perimental and ~3.5% theoretical uncertainty '%
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Unfolding of Multijet Cross Sections

Take correlations
between observables
INto account

Full, partly anti-
correlated, covariance
matrix available after
unfolding

Normalisation of
individual
measurements
possible using full
error propagation

Valuable information
for QCD fits

Trijet Bin

Dijet Bin

Bin

NC Bin

Inclusive Jet
—t
w

-k O O

14 1
NC Bin

5 9 13 17 21 1
Inclusive Jet

Bin

Correlation

Neighboring QZ bins .

5 9 1317 21 1 4 7101
Dijet Bin ~ Trijet

c
O
=
S
7]
S
S
O
&
316
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OJet/ONC x 10

Normalised Multijet Cross Sections

1 Normalised Normalised Normalised H 1
10"°F Inclusive Jet Dijet Trijet
. Preliminary
g . ° . NLO ® ¢,
10 e o NLOJet++ and fastNLO
o . QCDNUM
o ] . s  CT10,0,=0.118
o (o]
10° o ° s ® 150 <Q’< 200 GeV?
- ° o o (i=10)
. " om O 200<Q*< 270 GeV?
10* " " . (i=8)
o - . e W 270<Q*< 400 GeV>
O
o %o (i = 6)
102 L N “ o O 400<Q?< 700 GeV*
F ., . . (i=4)
E A o A 700 < Q%< 5000 GeV?
1f : - 1=2
E ., ‘ 4 A 5000 <Q?< 15000 GeV?
EE A } A A (I = 0)
10-2 -E § { {
11 I| ] 1 11 11 I| ] ] 11 11 I| ] ] 11
710 20 50 710 20 50 710 20 50
P P GeV
PT,Jet < T>Dijet < T>Trijet [ ]

Roman Kogler

NLO Calculation

NLOJet++ and

QCDNUM
corrected for
hadronisation effects

Scale choice:
py = Q7
1
M% = §(Q2 + P%)

H1-Prelim-12-031
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Determination of s(Mz)

Normalized Inclusive Jet

a, =0.1197 £ 0.0008 (exp) £ 0.0014 (PDF) + 0.0011 (had) =+ 0.0053 (theo)
v? / ndf =28.7/23 = 1.24

Normalized Dijet

a, =0.1142 £ 0.0010 (exp) = 0.0016 (PDF) =+ 0.0009 (had) + 0.0048 (theo)
v? /ndf =27.0/23 = 1.17

+

Normalized Trijet

o, =0.1185 £ 0.0018 (exp) + 0.0013 (PDF) + 0.0016 (had) + 0.0042 (theo)
2/ ndf = 12.0/16 = 0.75

+
+

Good y?*/ndf for each individual observable

Tension between & from dijets and inclusive/trijets observed, but s values
well within theoretical uncertainties

Combined Fit

o, = 0.1177 +/- 0.0008 (exp)
v* / ndf = 104.608 / 64 = 1.634

Fit to all data points
Relatively large y*/ndf
H1-Prelim-12-031
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Combined Fit

Largest benefit is from a combined fit
simultaneous fit to normalised inclusive jet, dijet and trijet cross sections

Sensitivity to higher orders

theoretical uncertainty estimated by variation of scale, use k-factor as
indicator for higher order contributions

k = oxLo/oLo range of k-factor: 1.05 <k < 1.45

Restrict analysistok < 1.3

faster convergence of perturbative series
trade-off between number of data points and smaller theoretical uncertainty

Normalised Multijets withk < 1.3
a, =0.1163 £0.0011 (exp) +0.0014 (PDF) +0.0008 (had) + 0.0039 (theo)

H1-Prelim-12-031 m
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Jet Production in Photoproduction

(_ >X

direct photoproduction

njet—Za () Z /dzz:‘]‘[,/da:7

1,9=4,49,9

fz/p(xp7uf)fj/7(xvvuf) ($p7377,ur,/ﬁf)

resolved photoproduction

Photon flux: Weizsacker-Williams approximation

Direct case: fj/’y(x’ya pr) = 0(xy —1)

Direct sensitivity to (s gluon and photon PDFs
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Jet Production in Photoproduction

% 10 6 _3 1 = S B NLO: proton/photon PDFs 1
_% * ZEUS 300 pb ] “ [ —— ZEUS-S/GRV-HO |
N —— NLO (ZEUS-S/GRV-HO) ~ 05 T ]
- 107 ¢ E = - N !
2 H ) 5 5 E = L +a N
= i Q*<1GeV : = B Soas s
~ 4 et 0 A A
S 10 142<W,_<293GeV i T R
- k algorithm ] - A< <0 T 0<n<1 * -
103 . -0.5
o 3 B | NLO ®NP:
- - 4% == Pram=1GeV
1024 , . 0.5 T - B 15Gey ]
E 2< T]Jet <25 E LN \ - XL XX p?l‘e’:nin =2 GeV
i (x20000) ] N Téw, S~ ’
10 = o oL VebakoZ. 25 o 4o ARE T VR A
- L5<n<2 3 L[/ LI T ANVIAIIIIbsiesss cernee)
B (x1000) | - ) . .
1 L . _ i 1<*<15 T 1.5 < <2 i
E !1<nm<1-5§ _0.5 I TR I R I — I — Lo by v v v by
af (100 120 40 60 80
- | | jet
10 ] 1 E; (GeV)
af denfico 1« ZEUS 300 pb™
10 = (x1) 0<n®<1 = ] . .
- x10) 3 ] jet energy-scale uncertainty
3 jet energy-scale uncertainty 1 {///] theoretical uncertainty
10 & — . il
: : - 2<n®<25 - Q> <1GeV?
_I | | | 1111 | 111 | 1111 | 111 | 1111 | | | 1 I_ -0 5 i | L1 1 | L1 1 | L1 1 | L1 ] 142 < W < 293 GeV
20 30 40 50 60 70 SOt 90 20 40 60 80 I al th
e jet i
E; (GeV) E; (GeV) r EOTm

Double differential measurement in Pr and n
» Higher Pt reach than in the DIS case

» Differences between data and NLO at low PT/large n could be from
photon PDFs or non-perturbative effects

Roman Kogler |5 Precision Tests of QCD
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Jet Production in Photoproduction

ZEUS, Nucl. Phys. B, 864, | (2012)

Determination of o

/>-\ L
» restricted Pt region of 21 < Pt <71 GeV S 7]
to reduce non-perturbative effects and =
dependence on proton PDF g0
» similar values obtained of kt, anti-kt and .
SISCone algorithms i
. . . . 10 =
» reduced uncertainty due to missing higher :
orders, but uncertainty due to photon 10 7L
o] Q 05 :—’g
PDFs non-negligible 2 o
ZEUS o0
N B 025
0.16 [0 corr. exp. ’ ] E 05

0.15

0.14

0.13

0.12 b———

[Z71 corr. exp.@® th.

— QCD

30

40 50

Roman Kogler

60

70

E: (GeV)

1<n<25
! Q*<1GeV?

P 142< W, <293 GeV
: k algorithm

L B B LR UL I
« ZEUS300pb!  (a)’
NLO: proton/photon PDFs

—— ZEUS-S/GRV-HO ;
- - - HERAPDFL5/GRV-HO |
-e—— MSTWO08/GRV-HO E

jet energy-scale uncertainty

Al JABL ZERp, L s ddaiaMae ARRRER G RRA
T HE R AT T

- [7]] theoretical uncertainty

20

1 1 ‘ 1|
30 40 50 60 70 80 90
jet

E (GeV)

as(Mz) = 0.1206 700953

+0.0042 (th.)

|6 Precision Tests of QCD

(exp-) 200035



Extending the Reach: e*e™

NNLO+NLLA NNLO  NLOSNLLA

Use event shapes at § = Mz ol ] 1

» -In(y3), the two-to-three jet transition . . 1. =

» Bt and Bw, the total and wide jet broadening s, -+ 1 BENG

» C, the C-parameter derived from the °r B B T
linearised momentum tensor I T | B

» Mu, the heavy jet mass ' N 1 B 1 B [

NNLO Calculations have been performed

» Resummation of leading logs due to soft gluon radiation
essential

» Partial re-introduction of scale dependence
» Running of & probed up to Y = 204 GeV

ags(Myz) = 0.1224 + 0.0009 (stat) + 0.0009 (exp)
+ 0.0012 (had) + 0.0035 (theo)

G. Dissertori et al., JHEP 08,036 (2009)

100 160 220
[GeV]
| % 3% 1% 3%
| s

180 200
Ecm
1 Roman Kogler |7 Precision Tests of QCD @ | |



d?c/dp_dy (pb/GeV)

Extending the Reach: pp

D0 measurement of inclusive jet production

lyl<0.4 (x32
0.4<lyl<0.8 (x

= DO Run I )(

0.8<lyl<1.2 (x
(
(

)

|||||m]

IIIIIﬂT|

1.2<lyl<1.6 (x
1.6<lyl<2.0 (x
2.0<lyl<2.4

16
8)
4)
2)

> » O B O e

\s = 1.96 TeV
L =0.70 fb’
Reone = 0.7
— NLO pQCD

. . A
+non-perturbative corrections

CTEQ6.5M p_=p_=p_

|||||m] IIIII|T|| IIIIIﬂT| |||||m] IIIII|T|| |||||m] |||||m] |||||m] |||||m] |||||m]

50 60 100 200 300 400 600

P (GeV)

» Jet Pt measured up to 600 GeV

» Good description over full | and Pt

range by NLO calculations

» Potential bias: data are input for PDF

fits and influence gluon density at
x >0.2

» Extraction of O restricted to

X1, X2 < 0.25, only 22 bins left at
relatively small Pt

» threshold corrections available:

reduction of theoretical uncertainty

as(Mz) = 0.1161 100055 (exp.)

o,

Roman Kogler

0-0022 (theo.) 1% 3% 1% 3%
DO, Phys. Rev. D80, 111107 (2009) @ /(\\
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Extending the Reach: pp

Normalised jet cross sections at the Tevatron

-1
10 = DO L=07®"|F -~ 4 22<AR<26
- A - - ® 18<AR<22
|- - A_ I ®*14<AR<138
s I = I I 4
2 £ [ Al [
= 10 - - 3
% - Ug=Ue=Pr |E - -
S - MSTW2008 PDFs |¢ -
Q i _ ;
s . — NLOpQCD + || i
s _3| non-perturb. correct. Vs =1.96 TeV
10 F 3 3 3
B p™ =30GeV | ™ =50 GeV |f o™ =70 GeV |f P = 90 GeV
Tmin - . lein - . lein - . lein

50 100 200 400 50 100 200 400 50 100 200 400 50 100 200 400

pr (GeV)
Njet () npr
M f Rap = 2 i1 (pT)Nr(lb)r(AR7th1)rnin)
easurement o AR Niet(pT)

- = o (M,)=0.1191
0.08+ (D@ comb‘ined fit to R, data)

- (a) ® DO R, (this analysis)

O DO

A ALEPH evt. shp.

+0.0048
-0.0071

incl. jets

N 0.14 :_(b)+ . A A . + |
S, 0.12 —3-Fbrbomriri +
Ol ] | | |
50 100 200 400
Q (GeV)

DO, arXiv:1207.4957

» Measure of hardness of neighbouring jets within AR

» Small sensitivity to proton PDFs

» Small experimenta

» Probing of scales up to 400 GeV, but large theoretical

uncertainty (only NLO calculations available)

i Roman Kogler 19

uncertainty due to partial cancellations

| % 3%
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Ratio wrt CT10

LHC

Jet measurements at the LHC are gaining in precision

ATLAS, Phys. Rev. D86, 014022 (2012)

x‘v‘v‘v‘w

e

L 08<lyl<12

AVAYAL — _— =
DR e R T LT 30 ‘.;avow
O gt O R G X

- 1.2<yl <21

20 30 10° 2x10° 10°

I L dt=37 pb”

\'s=7 TeV
anti-k, jets, R=0.6

Data with
statistical error

Systematic
uncertainties

NLOJET++ (u=p7"®) x
Non-pert. corr.

o

—_ MSTW 2008

— — - NNPDF 2.1

HERAPDF 1.5

» Jet data available with scales up to
-2 TeV

» Full unfolding of experimental effects of
ATLAS inclusive jet data

» Experimental uncertainties of 10-20%

» Non-negligible non-perturbative
corrections

» First determination of (s at scales up to
600 GeV

» Large uncertainty due to disagreement
between R=0.4 and R=0.6

Ozs(Mz) — 0.1151 =

- 0.0077 (exp.)

+0.0051
—0.0040

Roman Kogler

(theo.) 1% 3% 1% 3%
B. Malaescu, P Starovoitov, EPJC 72,2041 (2012) g Q
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Comparison of &Xs(Mz) Values

Uncertainties: exp. —— theo. ----

EW Fit, Z decays, 4NLO
Gfitter Group, Eur. Phys. J. C72, 2003 (2012)

H1+ZEUS NC, CC and jet QCD fits
H1-prelim-11-034, ZEUS-Prel-11-001

H1 multijets at low Q?
H1, Eur. Phys. J. C67, 1 (2010)

H1 norm. multijets at high Q? (unfold)
H1-prelim-12-031

ZEUS inclusive jets iny*p

ZEUS, Nucl. Phys. B 864, 1 (2012)

Aleph Event Shapes, NNLO+NLLA
G.Dissertori et al., JHEP 08, 036 (2009)

DO incl. jets, approx. NNLO
DO, Phys. Rev. D80, 111107 (2009)

D0 angular correlations, NLO
DO, arXiv:1207:4957

ATLAS incl. jets, NLO
B. Malaescu et al., EPJC 72, 2041 (2012)

World average
S. Bethke, Nucl.Phys.Proc.Suppl. 222, 94 (2011)

Roman Kogler
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summary

The Strong Coupling o
» Allows for stringent tests of QCD

» Universality impressively demonstrated by determination from very
different processes at very different scales

» Deviations from the RGE could hint at new physics - precision needed!

Experimental Data

» HERA jet data among the most precise data for precision tests of QCD
» New normalised Tevatron jet measurement with exp. uncertainty ~|%

» Probe highest scales with LHC jet data

Theory

1% 3% 1% 3%
» Missing higher orders often the dominating m /(\
source of uncertainty N N

We are not there yet!
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Additional Material
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Jet Observables

Inclusive Jets

each jet above a given Pt requirement contributes to the cross
section: large statistics, calculation needs contributions from higher-
order configurations

Dijets
events with at least two jets above a certain Pt contribute: reduced
statistics but NLO calculations have smaller scale dependence

Trijets

events with at least three jets above a certain Pt contribute: smaller
statistics and slightly larger experimental uncertainties but high
sensitivity to &s (O(xs?) at LO)

Normalised Jet Cross Sections
benefit from partial cancellations of experimental and theoretical
uncertainties by measurement of Gjed/ ONC

Roman Kogler 24 Precision Tests of QCD @ ‘ ZEUS‘L‘



Multijet Measurement in DIS

Physical correlations

individual jet measurements are correlated: correlations between
individual jets in the inclusive jet sample, dijet events are a subsample
of inclusive jets, trijet and dijet events...

Experimental effects
correlations may change due to the detector resolution: introduces
migrations between different jet samples

Roman Kogler 25 Precision Tests of QCD @ ‘ ZEUS‘L‘



Regularised Unfolding

Migration matrix A describes the detector response

m: measured distribution (detector level)

m=A-x . .
X: true distribution (particle level)

Perform unfolding by analytic minimisation of

1
Y2==-(m—-Ax)'Vi(m - Ax)'+7* . L

2
TUnfold (S. Schmitt), arXiv:1205.6201

Regularisation parameter T suppresses large fluctuations

Correlation of datasets contained in covariance matrix V

Possibility to unfold four measurements at once:
NC DIS, inclusive jet, dijet and trijet cross sections

Roman Kogler 26 Precision Tests of QCD @ ‘ ZEUS‘L‘



Unfolding of Jet Multiplicities

) Migration Matrix
Trijet . :
@2, <pr>s . Multidimensional
Trijet-cuts unfolding in Q2 Pt andy
3 Ditet Full treatment of
ﬁ Q. <pJT>2, V. migrations between jet
S Dijet-cuts observables
@
- Normalisation preserved
InCL‘ Jet with inclusive NC DIS
P, Q% ., (n)
events
DIS' Reconstructed Reconstructed Reconstructed DetECtor response
jets without match Dijet events which Trijet events . . .
EventS to generator level are not generated which are not Obtalned from SlmUIatlon
(Q2 y) as Dijet event generated as
’ Trijet event DimenSion:

about 600 x 2200 bins

Detector level
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Performance test:
Test unfolded result w.r.t.

MC truth
Pull distribution:

mqnfold L x’grue

- ( 1
PZ o 5unf01d
7

Two theo. models:
Djangoh (CDM)

Comparison:

Unfolded results with
results obtained bin-wise
derived correction factors

MC Test

# Entries

# Entries

= Unfolding less biased

60 Bin-by-bin Pseudo Data |- Bin-by-bin Pseudo Data
- Mean 0.12:0.11 Django - Mean 0.45:0.12 Rapgap
50F Regularized Unfolding Correction MC [ Regularized Unfolding Correction MC
- Mean 0.02=:0.09 Django - Mean 0.14+0.10 Rapgap
40 -
30
20
10
O: : |
-8 6 4 2 0 2 4 6 88 6 4 -2 0 2 4 6 8
Puli Puli
35 n
Bin-by-bin Pseudo Data [ Bin-by-bin Pseudo Data
30F Mean 2.24+0.24 Django - Mean -1.62 + 0.22 Rapgap
Regularized Unfolding Correction MC | Regularized Unfolding Correction MC
25 Mean 0.81=0.21 Django

1= Rapgap

— Mean -0.71=x0.23

0864 2 o

1 I L1 1 I 11
4 2 0
Pull

2 4 6 8
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Ratio w.r.t. unfolding Ratio w.r.t. unfolding

Ratio w.r.t. unfolding

Comparison to “bin-by-bin”

Normalised Inclusive Jet Cross Section

Ratio w.r.t. unfolding
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Normalised Dijet Cross Section
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Ratio w.r.t. unfolding
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Normalised Trijet Cross Section
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Performance on data

» bin-by-bin result gives slightly higher
cross section (~0.80)

» larger stat. error - but full covariance
matrix available

Pull between two Correction Methods

m _
O B
k= - — Inclusive Jet Mean -0.87 + 0.17
c 25— .
L - —— Dijet Mean -0.86 = 0.11
H - .
- Trijet
20
15
10— ||
5~
. H1 Preliminary
ollllllllllTllllllTlllllIIIIII
8 6 -4 -2 0 2 4 6 8
(X, o1 ™ XBin-by-bin ) / Xyneord H1-Prel-12-031
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Determination of s(Mz)

NLO calculation depends on PDF and &s(Mz)
= Keep PDF fixed and fit &s(Mz)

Hessian method: Minimise Xz(as) s

lag) =uw' Viu+ Z € =

k
w; = 0P — ot (q,, pdf) (1 — Z Aikek)
k

* Experimental uncertainty obtained by %= ¥?min+1
* Theoretical uncertainty obtained by offset method:

» Repeat fit for u: and pr varied by a factor of 1/2 and 2
* PDF uncertainty calculated with PDF eigenvalues

* Consistency with PDF sets with varied &s(Mz) checked
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