PRAMANA © Indian Academy of Sciences \Vol. 61, No. 5
— journal of November 2003
physics pp. 803-817

as M easurements

SUNANDA BANERJEE
Tata Institute of Fundamental Researelomi Bhabha Road, Mumbai 400 005, India

Abstract. The strong coupling constants, has been determined from many pure inclusive and
semi-inclusive measurements. All these measergs) measured at different scales, are consistent
among each other and the measurements can be combined ts(rive) = 0.118+0.003.
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1. Introduction

The theory of strong interaction QCD [1] has only one free parameter, the coupling con-
stant,as. QCD has a well-defined prediction for the energy dependence eflarge at
low energies (large distances leading to confinement of quarks) and small at high energies
(small distances leading to asymptotic freedom)appears with colour factors in all basic
2_

couplings of quarks and gluons: @ - as for quark bremsstrahlun@g = '\lchcl = %), (b)
Tr- asin gluon splitting Tr = %), (c)Ca - asin triple gluon vertexCa = Nc = 3).

The value ofos is obtained from a variety of pure ihsive and semi-inclusive measure-
ments and the theoretical calculations forghg@rocesses are complete to different order
of perturbation theory. The processes with the order of QCD calculation are summarised
below:

Total hadronic cross-section bidecays o(al)

Hadronic decays of-branching ratio, spectra o(al)

Kinematic distributions ohadronic final states ia" e~ interactions:

Jet rates o(ad)

All event shape variables o(a?)

Selective event shape variables 1y, -..) 0(a2) + resummation

Scaling violation in deep-inelastic scattering and in fragmentation
functions o(a.

2
S
Jet rates in high energy hadronehan or lepton—hadron scatteringg(a2)
2
S

Hadronic decays of heavy quarkonia Oa
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In the following sections, we describe the measurements éfom each of these pro-
cesses and we summariseyth

2. Scaling violation

The first quantitative test of perturbative QCD has been carried out in the scaling violation
in deep inelastic scattering (observedgmandvN scattering). Now large amount of data
exist on structure functions froep/up/ - - - experiments. Most recent data come from the
H1 and ZEUS experiments [2] at the HERA collider. QCD provi@&sdependence of
structure functions in terms of parton density functiBhdéndds:

dFgm
dinQ2

Fits have been performed to determine parton density functiomantevatron jet data
have been used to constrain gluon density at largéreating correlated errors properly,
one obtains

as(mz) = 0.119 + 0.002(expt) £ 0.003(theory).
QCD evolution of non-singlet structure function is knowret¢ad):

a
ZST{qu 2 F5™+ [P ® XGJ }.

1 — a Oe\ 2
vp 2 vp 2\\ _ _(Ys) _ zs
|| x(EP Q)+ (x,Q))_3[1 (%)-358(%)
os\ 3
—19.0(;) —AHT].
The higher twist term&HT) has been estimated @a fit to the existing data [3] yields

as(mz) =0.118 + 0.011

The spin dependent structure functions measured in polarised lepton—hadron scattering
[4] have been used to determiog

as(mz) = 0.1147 5354 (exp + 0.009(theory).

Fragmentation functions {&, E)) have been measured [5] @Te~ collisions for a va-
riety of hadronsi{ with energy fraction®) of the initial parton of energ§. Flavour tag
and 3-jet analysis have been used to dis-entangle quark and gluon fragmentation. Global
analysis of the energy evolution measuogs

as(mz) = 0.117+ 3998 (expt) * 5992 theory).

3. Inclusivejet production

Inclusive cross-section of jet production has been measured in hadron—hadron [6] and
lepton—hadron [7] scattering. CDF has defined jets using the cone algorithm with cone
angle of 0.7. The inclusive cross-section has been measured as a function of transverse jet
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Figure 1. Strong coupling constants measured by the CDF experiment from inclu-
sive jet cross-section as a function of energy scale.

energy Er) between 50 GeV and 400 GeV. In that range, the cross-section drops by more
than seven orders of magnitude. This crosstien has been calculat¢o next-to-leading
order:

do
dEt

Using these measurements, evolutiomghas been tested over a large energy range (see
figure 1).

ZEUS Collaboration [7] has studied inclusive jet production by reconstructing jets using
thek, algorithm [8] in the Breit frame. Measurements have been made over a large range
of Q% as well asEr. NLO (£(a?)) calculation has provided @asonable description of
data over the entire range @ andEr giving

= 032 xFo+ 033 X FnLo.-

as(Mmz) = 0.1212+ 0.0017(stat) T 33933 (syst) * 3-3558(theory).

4, Quarkonium decays

Decay branching ratio of heavy quarkonia can be used to detegina these determi-
nations one assumes the hadoomd leptonic decay widths tadtorise into a perturbative
and a non-perturbative part. Three sets of measurements have been used to measure

e The ratio of partial widths to hadrons and to muon pair is measured:

_ T (Y—hadron$
Ru(Y) = Ty
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The ratio is corrected for relativistic nature @5 system and for non-perturbative
correction due to colour octet contribution.

e The ratio of partial widths:

_ [(Y=yyg
Ry(Y) = FEY:gggg
is measured and higher order calculatfor radiative decays has been used.

e The moments of the ratio of cross-section:

_* Ru(9)
Mn_/o ds§1+

1
o(ete” — bb)
oeter —»utu~)

Ro(s) =

are used.

Bulk of these measurements have been dongH$) [9] and these measurements can
be combined to provide

as(mz) = 0.109 + 0.004,

5. Z lineshape

The ratio Rz) of partial width ofZ to hadrons and to lepton pairs:

Ry — Nz —qq) :E
‘T TZoee) T,

has been determined [10] at LEP and SLC fromasurements of inclusive cross-sections
as a function of centre-of-mass energy. Tinisasurement has beeompared with theory
in improved Born approximation and assuming that the QCD correction will factorise out:

Rz =R (1+ &qcp)

dqcp ~ 4% and is used to measune.

Here no assumption has been made on the hadronisation mechanism and the use of a
ratio helps partial cancellation of electrowesddiative corrections. So one expects to
measureaxs with small theoretical uncertainty.

The effect of lepton mass has to be taken care of — otherwise this will alter tredue
by 2%. docp has been calculated #6(ag):

B (%) va(R)

== )t+a(= azl—) .

dqcp = &1 ( ) tal) tal;

One should note that QCD correction aﬁeﬁ%through its contribution t& self energy

and toZbb vertex. QCD corrections to the vector and the axial vector components are also

different. So factorisation is not exact. Serhigher order corrections exist due to recent
calculations:
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Ratio of Hadronic to Leptonic Width
Experiment R=T.4/T,

ALEPH ® 20.729 £ 0.039

L3 —T@®— 20.809 + 0.060
OPAL : —1—@®— 20.822 £ 0.044
1
! x?/dof = 35/3
1
LEP —&— 20.767 = 0.025
1
common error ' 0.007
1
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Figure 2. Combination of ratio oZ partial width to hadrons to that to leptons from
the four LEP experiments.

0/(G&mf) correction forp andZbb vertex, ~
effect of heavy top o self energies andbb vertex in& (asGeny),
¢ (aas) correction forZ self energy,

o (ag) correction toZ decay rates to hadrons for botector and axial vector com-
ponents,

e 0(a?) m dependent corrections,

e complete mass corrections é‘f(ag%) to the axial coupling oF boson,

and these have been used during the extractian.of

The measurements from the four LEP esipeents have been combined wittxa of 3.5
for three degrees of freedom (see figure 2). This measurement provides one of the cleanest
determination ofis:

as(mz) = 0.121 + 0.004(expy + 0.004(theory).
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Estimation of theoretical uncertainties include: (i) uncertainties in the electroweak correc-
tions and their implementations (studied using different electroweak libraries); (ii) uncer-
tainty due to light quark contribution in radiative correctionsdegp; (iii) uncertainty due
to error inb quark mass; (iv) uncertainty due to unknown mass corrections; (v) missing
higher orders in QCD calculations; (vi) non-perturbative corrections; (vii) unknown Higgs
mass.

LEP EW Working Group has performed a standard model fit to all EW measurements.
This fit yields

as(mz) = 0.1199+ 0.003Q

6. T Decays

The ratio R;) of T decay branching ratio to hadrons and that for leptons:

R — MNrt—vr+hadron  1-Be—By
T T(t= vy By

is also a pure inclusive measurement and has been used to detegnikiereB is the
branching ratio oft. Mass of the hadronic system from semi-leptonic decays\aries
betweerm; andm;. R; is measured irte~ colliders from leptonic branching ratio and
lifetime measurements. The measuesnts are then compared with theory:

m ds s )2 2s
(1) (0)
Rr = 1271/0 ; <1 T2> [<1+ T2> Im ™ (s) + Imn P (s)

ImN® = Hadronic spectral function

The spectral functions have been calculated Bp@dan be expressed in terms of CKM
matrix elements andocrection terms:

Rr = 3 [[Vud|® + [Vus|?] Sew [1 + Sew + Sqco) -

In quark-parton modeR; = 3. The overall correction factor i520%. Sy is the sum
of leading logs and has been estimated using R&H.0194). g\ is the EW correction
term and has been calculated to NLL order(.0010). dgcp has perturbative as well as
non-perturbative components. The perturbative component has been calculatedjo

2 3
3co = (as(mr)> +5.2023<—as(mf)> +26.366<—a$(mr)> .
m T m

The non-perturbative part has been estimated using operator product expansion and QCD
sum-rule. Effect of quark mass effect has also been estimated and used in the extraction
of as.

Be andB,, are directly measured ia" e~ experiments by identifying pair events and
then looking fort decays to one charged particle whére tharged particle is identified as
an electron or a muon. Most precise measurements come from LEP experiments. Taking
world average [11] of all existing measurements
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Be = 0.1784+0.0006 By =0.1737+0.0006
and correcting for mass effects (phase space suppression), one obtains:
R; = 3.629+0.015.
AlternatelyB; is extracted front lifetime measurement:

B =~ <ﬂ>5.
Ty \My

Again using world average values fioy andt; [11]:

m; = (1.7770+ 0.0003 GeV,

7 = (0.2906+ 0.0011) ps

one obtains

R; = 3.645+0.020

Combining these results from the two independent measurements, one obtains a more

precise value foR; and hence offs:

Rr = 3.635+0.012

as(m;) = 0.35+0.03.
Propagating to a scatez with five quark-flavours and taking care of the threshold effects
suitably, this gives:

as(mz) = 0.121+ 0.003

ALEPH Collaboration [12] has measured the spectral function for the spin 1 and O states
of the hadronic system and also separately for the vector and axial-vector components:

_ M BIoV/A) 1 dNya
va(s)/a(s) = 6]Vud?Sew  B(T — eVevr) Nyja  ds

2 > -1
S S
1= = 1+ =
(9 = m2 Bromw) 1 dNa/. s\7?
S = 6|Vud|?Sew B(T — €eVeVr) Na ds m)
Events belonging to the-pair final state are selected. Eatfdecay is then identi-
fied from the number of reconstructed charged and neutral pions. The measured invariant
mass spectrum is corrected using a regularigeersion matrix. Constraints from isospin
symmetry is used to extract the branching ratios. From the corrected mass spectrum (see
figure 3), the spectral moments are extracted:

m? k "dR
Ry [as(1- ) (S) Bave
T, / 0 rn% rn% dS
These are fitted simultaneously to extragtm;) and phenomenological operators from

the non-perturbative components. The fit yields
as(mz) = 0.120+ 0.003
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Figure 3. Corrected mass distribution of the vector component of the hadronic system
from 1 decays.

7. Event shapes

There are several global event shape variables from the finaledtate— hadrons which

are sensitive to the value ofs. The four LEP experiments, ALEPH, DELPHI, L3 and
OPAL, measured these variables at many eenfrmass energies. At high energies, the
background to the hadronic sample is laggel one needs to worry for controlling back-
grounds due to initial state radiation (ISR)de-fermion processes (WW, ZZ production).
There were too many energy points each aitmall number of events and the LEP exper-
iments combined some of these engapgints to make a measurement (8,45 in the range
204-209 GeV have been combined to give an effective measuremgit-a06 GeV).
Typical number of events and level of background in the event sample per experiment are
summarised in table 1.

Event shape distributions have been measuséty charged and neutral particles. Mea-
surements have been made for six event shape variables for which improved analytical
calculations are available: thrudt); scaled heavy jet maspy), jet broadening variables
(BT, Bw), C- andD-parameters. These distributiong &orrected for residual contamina-
tion, detector resolution and acceptance.

7.1 Analysis of moments

The moments of the event shape variables have been described [13] as a sum of the per-
turbative contribution and a power law dependence due to non-perturbative contribution.
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Table 1. Statistics and level of background in the hadronic event
sample in a typical LEP experiment.

Vs (GeV) fLdt (pb1) No. of events Background
91.2 100 >3x 100 Negligible
133 12 800 2%
161 11 300 5%
172 10 250 10%
183 60 1300 12%
189 170 3500 13%
200 200 3500 14%
206 210 3500 15%

These two contributions have different energy dependence. The first moment of an event
shape variablé is written as

() = (foert) + (Fpow) »

where the perturbative contributiaffpery has been determined #6(a2). The power
correction term for T, py, C andD is given by

<fp0w> =ct 7,

where the factocs depends on the shape varialbland &2 is supposed to have a universal
form:

a?(y/s s K
2 = T be ool - asty®) - =L (n L4 241
for a renormalisation scale fixed gfs. The parameteqy is the value ofas in the non-
perturbative region below an infrared matching sqale= 2 GeV); By is (1INc — 2Ng)/3,
whereNc is the number of colours ardk is the number of active flavourk. = (67/18 —
112 /6)Ca — 5Ng/9 andCr, Ca are the usual colour factors. The Milan factef is 1.49 for
Nk = 3. For the jet broadening variables, th@ver correction term takes the form

<fp0w> =ciFZ,

where

- + - —
2\/aCracmw 4 6aCe
andatakes a value 1 foBr and 2 forBw. acmw is related taas.

DELPHI and L3 have analysed the moments in terms of the two variaklasd ag.
They obtain good fits (see figure 4) and the results are summarised in table 2.

o ( n 3. B 61374 é’(\/cTs)>

7.2 Analysis of shape distributions

The QCD predictions in fixed order pertutlman theory cannot take into account the effect
of multiple gluon emission. In second ordealculations two gluons can be emitted at
most. For variables like thrust, heavy jet mass, etc. this leads to a singular behaviour of the
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Figure 4. Moments of event shape variables as a function of centre-of-mass energies
fitted to a combination of perturbative and power law terms.

Table 2. as determined from the energy dependence of moments of event shape vari-
ables.

as(mz) from DELPHI as(mz) from L3
(1-T) 0.1241+ 0.0034 0.1162 0.0049
(pH) 0.11774 0.0036 0.1068= 0.0036
(Br) 0.1174+ 0.0029 0.1163t 0.0034
(Bw) 0.1167+ 0.0019 0.1172- 0.0034
(C 0.1222+ 0.0036 0.116H 0.0030
(D) 0.1371+ 0.0092
Combined 0.121% 0.0046 (expti 0.0030 (theory) 0.1183 0.0046 (expti- 0.0044 (theory)
812 Pramana —J. Phys., Val. 61, No. 5, November 2003



as Measurements

Table 3. Schematic representation of the fixed order expansion vs. the logarithmic
expansion of theoretical predictions to the event shape variables.

Leading log Next-to-leading log Subleading
First order L2 asL s aso (1/L)
Second order a’Ls a’L? asL a? a0 (1/L)
Third order oLt oL asL? asL al aso(1/L)

distributions in kinematic regions where multi-gluon emission becomes dominant. This is
a direct consequence of the collinear and infrared divergence of the gluon emission cross-
section. Itis possible to isolate the singular terms in every order of perturbation theory and
to sum them up in the form of an exponential series. These calculations have been carried
out for a few shape variables [14] to next-to-leading log terms.

One can write down the cumulative cross-section in the form

Yy 1do
R0 = [

i C(as)Z(y, as) + D(ats,y)

with

n=1

D(asay) = Z Dn(y)arsl,
n=1

oo n+1

3(y, as) = exp [ Z z Gnmﬁ’s‘Lm]

n=1m=1

= exp|L g1(TsL) + g2(@sL) + as ga(Asl) + -+ ],

_ As
s o

con(?)

wherey is the event shape variable. In the two-jet regipis, small. Thereforel. and the
corrections due to large powerslofre large.
In the fixed order calculations [15], one can write down

Ry, as) = asA(y) + aZB(y) + &(ad).

The two approaches are summarised in t&bl€he first two rows have been completely
computed in the fixed order calculations ahd first two columns are known to all orders
in the recent resummed calculations. In orttedescribe the data over a wide kinematic
region, it is desirable to combine the two sets of calculations taking care of the common
parts. This leads to a number of matching schemes.

The simplest matching scheme is to mathk two calculations at a given value wf
and use a suitable damping function so that the resummed calculations contribute to the
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two-jet region and the fixed order calculations dominate in the multi-jet region. A more
preferable approach would be to combine the two calculations and subtract the common
terms of the two calculations. This is done by taking the log of the fixed order calcula-
tions and expanding it as a power series. Then one can matchr{g)liGcalled the ‘In
R matching’ scheme). Alternatively one can carry out a similar procedure in the function
R(y) rather than in IfiR(y). This procedure is called tHematching scheme. In a variation
of the ‘R matching’ scheme, the ter@zﬁéL is included in the term of the exponential
and subtracted after exponentiation. This method is termed as the ‘mddifiredching’
scheme.

One has to take care of the additional constraint coming from kinematics, namely the
cross-sections vanish beyond the kinematic limit

R(Y = Ymax) =1,
dR
d_y(y: Ymax) = 0.

These constraints are strictly obeyed in the fixed order calculations but they are not valid
for the resummed expansion. The first constraint can be taken care of by regging
with R(y) — R(ymax) for the resummed calculation&lternatively, one can repladein the
resummed term by’ = In(y~P — ymbx+ 1) in the ‘In R matching’ scheme to fulfil both of
them. p is termed as modification degree and this scheme is referred to as ‘modifRed In
matching’.

An important improvement of the new QCD calculations with respect to the second
order formulas is their ability to describe also the lpwegion. One should note that the
sub-leading terms are not included beyond second order.

The calculations for the distributions of the five variables are given in the form of ana-
Iytical functions

fPey;s, as(p), M) -

These calculations are carried out for massiggrtons. To compare the analytical calcu-
lations with the experimental distributions, one has to include the effect of hadronisation
and decays using Monte Carlo programs. These have been taken care of by using parton
shower programs with string or cluster fragmentation. The fragmentation parameters are
determined from a comparison of predicted aneasured distributions for several event
shape variables. All these generators déscthe experimental measurements well. The
perturbative calculations for a variabjehave been folded with the probabilify©™Per

(y,y) to find a valuey after fragmentation and decafor a parton level valug:

() = [ ) Py y)ay

The resulting differential cross-sectidfly) is compared with the asurements. The cor-
rection for hadronisation and decays chandgeesgerturbative prediction by less than 5%
for the event shape variables over a largeskiratic range. The corrections increase in the
extreme two-jet region.

To determinedxs at each energy point, the measuredribistions are fitted to the analyt-
ical predictions, using the modified-Idgmatching scheme after gections for hadroni-
sation effects. Figure 5 shows one such fit toltBedata at,/s = 206 GeV.
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Figure 5. Measured distributions of thrust,, scaled heavy jet maspy, total, B,
and wide,By, jet broadenings, an@-parameter in comparison with QCD predictions
at,/s= 206 GeV.

The four LEP experiments use different set of variabigs differ in fitting range, in
matching scheme and also in estimation (method) of systematic errors. To combine these
measurements, the LEPQCD working group chooses two matching schemes for all the
four experiments (modified IR andR schemes) and classifies the uncertaintgoflue to
four sources: (1) statistical; (2) experimental systematic (dominated by backgrounds); (3)
hadronisation (dominated by model differences); (4) uncalculated higher orders.

The LEPQCD has decided to estimate ladsation uncertainty from the difference
between various models. In order to determine theoretical uncertainty due to uncalculated
higher orders, LEPQCD has developed a new prescription: ‘uncertainty band method'.
Here one obtains the uncertainty band for a figgdy varying (1) renormalisation scale
(between/s/2 and 2/5); (2) rescaling factorx (L' = In(1/x.y)); (3) kinematic constraint
(Ymax); (4) matching scheme and (5) modification degneén(L’). For a fixed reference
prediction (InR), one then findsxrs variation which covers the band within the fit range.
The uncertainty is typically 5% at LEP1 and it goes down to 3.5% at the highest LEP
energy.

For combining differentis values (between experimentsbbetween energies of a given
experiment), the working group has definedethodology of treating the correlated errors.
With this prescription thers values at different energies have been combined and they are
summarised in table 4.
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Table 4. as values measured at LEP from a fit to the event shape distributions to the
matched fixed order and resummed calculation.

V/5(GeV) ds AaSat AaE® AgHad AgScale
41.4 0.1415 0.0024 0.0027 0.0018 0.0077
55.3 0.1260 0.0023 0.0049 0.0045 0.0067
65.4 0.1332 0.0015 0.0031 0.0041 0.0061
75.7 0.1190 0.0012 0.0051 0.0045 0.0056
82.3 0.1174 0.0013 0.0037 0.0051 0.0055
85.1 0.1140 0.0018 0.0041 0.0051 0.0056
91.2 0.1197 0.0002 0.0008 0.0010 0.0048

133.0 0.1149 0.0016 0.0012 0.0010 0.0045

161.0 0.1080 0.0025 0.0014 0.0003 0.0043

172.0 0.1046 0.0029 0.0017 0.0006 0.0040

183.0 0.1076 0.0013 0.0008 0.0007 0.0038

189.0 0.1089 0.0008 0.0009 0.0006 0.0037

200.0 0.1074 0.0009 0.0010 0.0006 0.0036

206.0 0.1073 0.0009 0.0008 0.0005 0.0034

The measured values can be fitted to the QCD evolution equation in NNLO wiiok
14.6 for 13 degrees of freedom. The fit corresponds to:

as(mz) = 0.1198 + 0.0009(expt + 0.0046(theory).

ALEPH [16] has analysed 4-jet events éfe™ interactions at,/s~ mz. From the
measured energies of the 4-jets with algorithm at y,; = 0.008, the different angular
correlations have been measured. These distributions lead to simultaneous measurement
of as and QCD colour factors:

as(mz) =0.119 + 0.006(stat) + 0.026(syst).

8. Summary

A large number of measurements existarfrom a variety of experiments. PDG averages
11 measurements withyg of 9.

as(mz) =0.1171+ 0.0014
The measurements described above give a weighted average

as(my) = 0.1183+ 0.0009

The errors are however correlated and treatment of combining these correlated errors has
been discussed in detail in [17]. A similae&tment provides a more realistic estimate of
the error to bet0.003.
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