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Precision measurements of o, at HERA

1

The strong coupling constant o

e The strong coupling constant, g, is one of the fundamental parameters of QCD

> Nnot
experiment

e The success of perturbative QCD lies on precise and consistent determinations

of ag from diverse phenomena

e There is a wealth of determinations of as at
HERA from a variety of observables (jets,
structure functions,...)

e The as(Myz) values are all in good agreement
and consistent with the current world average:

0.1182 £+ 0.0027
S Bethke, hep-ex/0407021

e Observables resulting from jet algorithms lead
now to determinations of ag that are as precise
as those from more inclusive measurements

Jet shapesin NC DIS

ZEUS (Nucl Phys B 700 (2004) 3)
Multi-jetsin NC DIS

ZEUS (DESY 05-019 - hep-ex/0502007)
Inclusive jet cross sectionsin yp

ZEUS (PhysLett B 560 (2003) 7)
Subjet multiplicity in CC DIS

ZEUS (Eur PhysJour C 31 (2003) 149)
Subjet multiplicity in NC DIS

ZEUS (PhysLett B 558 (2003) 41)
NLO QCD fit

H1 (Eur PhysJ C 21 (2001) 33)

NLO QCD fit

ZEUS (DESY 05-050 - hep-ex/0503274)
NL O QCD fit

ZEUS (Phys Rev D 67 (2003) 012007)
Inclusivejet crosssectionsin NC DIS
H1 (Eur PhysJ C 19 (2001) 289)
Inclusivejet cross sectionsin NC DIS
ZEUS (PhysLett B 547 (2002) 164)
Dijet cross sectionsin NC DIS

ZEUS (PhysLett B 507 (2001) 70)
World average

(S. Bethke, hep-ex/0407021)

(eg T decays) o

0.14
a(M,)
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Precision measurements of o at HERA >
@ Comparison of as determinations at HERA F 5

e Determinations of as(Mz) from ZEUS and H1 from jet cross sections, internal
structure of jets and NLO QCD fits of structure functions:

Process Coll. | Value | Stat. | Experim. | Theory | Total
Dijet NC DIS ZEUS | 0.1166 | 0.0019 | T0°0023 | ~0:0004 | —0'000s
Inc. Jet NC DIS | ZEUS | 0.1212 | 0.0017 | T0'005 | T0'0057 || 1o 0044
Inc. Jet NC DIS H1 |0.1186 | — jggggg jggggi J_rggggg
3/2 Jet NC DIS ZEUS | 0.1179 | 0.0013 | To'goze | Toooas | Fo 0066
3/2 Jet NC DIS H1 | 0.1175 | 0.0017 | 00020 | ~0.0068 | ~o 0086
Subjet NC DIS ZEUS | 0.1187 | 0.0017 | To'ooce | To0076 | —o007%
Jet Shape NC DIS | ZEUS | 0.1176 | 0.0009 | 0’0026 | —0'0072 | ~0.007+
Subjet CC DIS ZEUS | 0.1202 | 0.0052 | 00000 | “o0oes | “o'0ors
NLO QCD Fit ZEUS | 0.1183 | — - e R
VLo QoD Rt | H1 Joatso] — | Fougle [Rou [
Inc. Jetyp ZEUS | 0.1224 ] 0.0001 | Tgoo15 | T0:0042 | —00046

— experimental uncertainties: ~ 3%
— theoretical uncertainties: ~ 4% (jet cross sections and NLO QCD fits)
~ 8% (internal structure of jets)
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Precision measurements of o, at HERA 3

Jet cross sections

e Inclusive-jet cross sections in NC DIS (ZEUS): ZEUS
= [TT T L | T T
N 1 L .
— Qs from do /dQ? for Q% > 500 GeV? and s * ZEUS 96.97 -
EJeB > 8 GeV: g w0
+0.0023 40.0028 Ng 10 L -
as(MZ) = 0.1212 :I: 0.0017 (Stat ) —0.0031 (eXp ) —0.0027 (th.) B E Jet energy scale uncertainty ]
©

10 '3:_ NLO QCD: (corrected to hadron level)
E o, (M,)=0.1175

B
=ET,jet)

1 . DISENT MRST99 (15=Q)

e Experimental uncertainties: ;
. - . 10 ¢ 3

— dominated by jet energy scale uncertainty: S ————C
—|-1 6 1.4 [ Ratio to DISENT MRST99 (Ug=ET er) 3

Aas/as = 7% : :

1.2 | 1 3

r [ ]
- TW{WW\T T
1 NN AN

e Theoretical uncertainties: 08 F O Theoduncerany
— terms beyond NLO: Aa,/a, = £2% Cogl F B Partontohadroncamecton
— uncertainties from pPDFs: Aa,/a, = +1% » T ;
— hadronisation corrections: Aa;/a, = +0.2% L e

102 103 104

2 (GeV?)
PLB 547 (2002) 164
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Precision measurements of o, at HERA

4

@ Jet cross sections

e Inclusive-jet cross sections in NC DIS (H1):

® o, from dza/dEJet dQ? for 150 < Q2 < 5000 GeV?
and EJeB > 7 GeV:

as(Myz) = 0.1186 + 0.0030 (exp.) & 0.0051 (th.)

d°0,, / dE; dQ° / (pb/GeV°)

e Experimental uncertainties:
— dominated by jet energy scale uncertainty

e Theoretical uncertainties:
— terms beyond NLO and hadronisation corrections:
equal contribution to Ao /o
— uncertainties from pPDFs: Aa,/a, =123 %
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Precision measurements of o, at HERA 5

Jet cross sections

e Inclusive-jet cross sections in photoproduction (ZEUS):

— ag from do /dE7" for E~ > 17 GeV: 3 . ZEUS58.00
i —_NLOQCD
as(Mz) = 0.1224 £ 0.0001 (stat.) 100028 (exp.) 10002z (th.) 3 —LOQCD
= 10 F 1<n®<25 e
© 142<W, <293GeV -
1 £ J
_1:
10 - 4

e Experimental uncertainties: :
— dominated by jet energy scale uncertainty: 20

Aas/as = £1.5%

o 10 j‘lHl‘HH‘HH‘HH‘HH‘HH‘HHM[
| C jet energy scale uncertaint

e Theoretical uncertainties: S05 - [7INLOuncartainty ¢
N termS beyond NLO Aas/as :i—gg % zlI 0 :’77'?77'E777§7777§7777;7777W/////&J777// TTIITTTTT] -
. . « B ]
— uncertainties from pPDFs: Aa,/a; = £0.9% §-05 - E
. . - . - P N T T R D SR

— hadrom_sa‘gon corrections: Aa,/as = +0.8% TR R
— uncertainties from vPDFs: Aa,/a; = +0.7% El* (Gev)

PLB 560 (2003) 7
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Precision measurements of o, at HERA 6

@ NLO QCD fits of structure functions

e H1: inclusive lepton-proton data from low-z H1 data, high-Q2 H1 data and
large-z BCDMS data:

as(Mz) = 0.1150 % 0.0017 (exp.) To'000s (model) = 0.0050 (th.)

e Experimental uncertainties: Aa. /o, = +1.5%
e Model uncertainties: Ao, /a, =05 %
e Theoretical uncertainties: Ao, /o, = +4.3% EPJ 21 (2001) 33

e ZEUS: data from HERA-I on NC and CC inclusive cross sections and jet cross
sections in NC DIS and photoproduction:

as(Mz) = 0.1183 £ 0.0028 (exp.) £ 0.0008 (model) £ 0.0050 (th.)

e Experimental uncertainties:
— (un)correlated systematic sources: Aa,/a; = +(0.6)1.9%
— normalisation: Aa,/a; = +1.4%

e Model uncertainties: Ao, /o, = +0.7%

e Theoretical uncertainties: Aa. /o, = +4.2%
DESY 05-050 - hep-ex/0503274
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Precision measurements of o, at HERA 7

Averaging the determinations of ag at HERA

e A proper average requires the inclusion of correlations among the different
determinations:

— Experimental uncertainties:
— eg |et energy scale (correlated among the determinations from each
experiment)

— Theoretical uncertainties:
— parton distribution functions of the proton (correlated)
— hadronisation corrections (partially correlated)
— terms beyond NLO (correlated?)

— Since the theoretical uncertainties are dominant and the biggest contribution
arises from the terms beyond NLO
— the difficulty of averaging the determinations of as(My) at HERA lies on the
treatment of the theoretical uncertainties arising from terms beyond NLO

C Glasman (Universidad Autbnoma de Madrid) DISO05: April 28, 2005



Precision measurements of o, at HERA 8

Averaging the determinations of ag at HERA

e Several methods have been used to obtain an average as(M z) value and its
uncertainty from the HERA measurements:

— Nalve approach: determinations assumed to be uncorrelated
as(Mz) = 0.1188 £+ 0.0020 (ZEUS + H1)

— Schmelling’s method: a procedure to average correlated data when
correlations are present but hard to quantify (used by S. Bethke)

— A more reliable (but conservative) approach:
— known correlations among the as(M z) determinations from the same
experiment are taken into account
— the theoretical uncertainties arising from terms beyond NLO are assumed
to be fully correlated (conservative!)
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Precision measurements of o, at HERA 9

Average of as from HERA | measurements

e Method I. Error-weighted average and optimised-correlation error (M Schmelling,
Phys. Scripta 51 (1995) 676):

— an optimised correlation error was calculated from the error covariance
matrix, assuming an overall correlation factor between the total errors of all
measurements — this factor is adjusted so that the overall x?/dof = 1

— error-weighted average obtained separately for ZEUS and H1 and from the
combination of all measurements:

as(Myz) = 0.1196 + 0.0060 (ZEUS) and ag(My) = 0.1166 + 0.0053 (H1)
as(Myz) = 0.1188 + 0.0057 (ZEUS + H1)

— This error estimation gives rise to larger errors than expected when some
measurements have large correlations, as it is the case here — it is preferable
to restrict to the most accurate measurements (Aa, < 0.006):

as(Mz) = 0.1192 £ 0.0047 (Ac’ < 0.006) (ZEUS + H1)
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Precision measurements of o, at HERA 10

Average of as from HERA | measurements

e Method II. Average and uncertainty using correlated sources:

— error-weighted average obtained separately for ZEUS and H1 with:
* uncorrelated experimental uncertainties
* correlated experimental uncertainties (jet energy scale)
* Individual theoretical uncertainties (higher orders, PDFs and hadronisation)

— estimation of overall uncertainty conservative, since theoretical uncertainty
due to higher orders assumed to be fully correlated for all measurements:

as(Mz) = 0.1200 % 0.0023 (exp.) 0000, (th.) (ZEUS)

as(Mz) = 0.1160 % 0.0016 (exp.) 00055 (th.) (H1)

— combined ZEUS+H1 average obtained by using error-weighted average and
* experimental uncertainties considered to be uncorrelated
* overall theoretical uncertainty taken as linear average of uncertainties in
each experiment, since values are very similar:

— as(Myz) = 0.1186 % 0.0011 (exp.) & 0.0050 (th.) (ZEUS + H1)
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Precision measurements of o, at HERA 11

Average of ag from HERA | measurements: summary of ags(Mz)

e Several methods have been used to obtain an average of as(Mz) at HERA:
— Naive method: a,(Mz) = 0.1188 + 0.0020
— Schmelling’s method: a,(Mz) = 0.1192 + 0.0047
— Correlated sources:

as(Mz) = 0.1186 £ 0.0011 (exp.) & 0.0050 (th.) HERA average: 0.1186 + 0.0011 (exp.) + 0.0050 (th.)
~ 014
— 0.1186 + 0.0051 S | e zEUSdata " Hidata
. (o} | 1
e The last two methods give comparable 0.13|- MM HERA average ]

uncertainties — confidence on the result

T

0.12 |- e Eatoae” g (F st e e e £ i Sl

e The last method is considered to be the most i i i ] 5 % % {’ o
realistic (though conservative) since the known - | .

0.11 - ' N
correlations among determinations from the [ thouncert 16""'“”0‘3”' }
same experiment were taken into account S N7 N7 ST S SO S

i oBBdgddgbd g
22209222 z2¢z
o >
e The HERA average is: g s 38538 B
Sgoz g gE ¢
2 g 2
— as(Mz) = 0.1186 & 0.0011 (exp.) £ 0.0050 (th.) 3 LA
£ S

experimental uncertainty: ~ 0.9%; theoretical uncertainty: ~ 4%
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Precision measurements of o, at HERA 12

Scale dependence of ag

o The QCD prediction for the energy-scale dependence of ag has been tested by
determining ag from the measured differential cross sections at different EJet

HERA

CSw 0.25 w T T T
I o ZEUS
H1

0.2 i % I
I ii“%i\ii" |

[ Qcb 1 T .
0.1 - a (M) =0.118 + 0.003 _
] | ‘ | | | | | | | | ‘
10 10°
E& (GeV)
— The determinations are consistent with the running of o g predicted by QCD
over a large range in EJet ZEUS Collab, PLB 560 (2003) 7

ZEUS Collab, PLB 547 (2002) 164
H1 Collab, EPJ C 19 (2001) 289
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Precision measurements of o, at HERA 13

Scale dependence of ag

e Determinations at similar E%‘ft were combined using the correlation method:

UwO'ZS w I
I e HERA

0.15 ii
------ QCD } ~~~~~~~~~~

01 - a(M,) = 0.118 + 0.003 3

10 100
Ef (GeV)

— Observation of the running of as from HERA jet data
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Scale dependence of ag

e Comparison of HERA results with other

: _ HERA jet data
experiments:

wl

sa Deep Inelastic Scattering
oe e'e Annihilation

o Hadron Collisions

= ® Heavy Quarkonia

04}

— HERA determinations consistent with

other experiments \%
0.3}

very competitive 02|

o1 : é%

———— QCD as(Mz)=0.118 £ 0.003

— Uncertainties of HERA determinations \\ﬁ\ I

1 10 Q[GEV] 100

S Bethke and P Zerwas, Physik Journal 3 (2004) 31
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HERA average: 0.1186 + 0.0011 (exp.) + 0.0050 (th.)

e A comprehensive average of the as(Myz) and £ . seusdma o
its energy scale dependence at HERA has been = o[ == HERA average .
performed taking into account the known 012 i;li
correlations in each experiment and assuming i 1 ? % * {' i
(conservatively) that the theoretical uncertainties " . i 1exp e
arising from higher orders are fully correlated: 01t :9 R RN
O 000 g 00 o 0
as(Mz) = 0.1186 = 0.0011 (exp.) £ 0.0050 (th.) 555857352 ° 3"
e Room for improvement? ST L HERA
— NNLO calculations needed for determination &, i ;
of PDFs have recently been finished
— NNLO calculations needed for jet-based oisk iii i
observables are well under way i A } |
orl | amp=oussooms T
E& (GeV)
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