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Background Reading

• Ellis, Stirling, Webber, “QCD and Collider Physics”, 
aka “The Pink Book”. 
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• Gunion, Kaber, Kane, Dawson, “Higgs Hunter’s Guide”

background reading

• Ellis, Stirling, Webber  “QCD and collider physics”

• Salam  “Towards jetography”  Eur. Phys. J. C67 (2010) 637-686

• Gunion, Haber, Kane, Dawson  “Higgs Hunter’s Guide”

unfortunately no complete textbook for modern phenomenology

• Many nice review/lecture notes online: hep-ph/0011256, 
http://cds.cern.ch/record/454171, arXiv:1011.5131, 
arXiv:0906.1833, hep-ph/0505192, arXiv:1709.04533, 
arXiv:1312.5672…

http://cds.cern.ch/record/454171


Purpose of Slides

• Lecture notes will be given on board, but see online notes for more detail 
(will not cover everything there). 

• These slides: plots that I cannot draw easily on the board (in many cases 
borrowed from Simon Badger).

• May update throughout the week.R(hadrons/muons) near s=mZ
50. Plots of cross sections and related quantities 7

Annihilation Cross Section Near MZ

 

 

Figure 50.7: Combined data from the ALEPH, DELPHI, L3, and OPAL Collaborations for the cross section in e+e− annihilation into
hadronic final states as a function of the center-of-mass energy near the Z pole. The curves show the predictions of the Standard Model with
two, three, and four species of light neutrinos. The asymmetry of the curve is produced by initial-state radiation. Note that the error bars have
been increased by a factor ten for display purposes. References:

ALEPH: R. Barate et al., Eur. Phys. J. C14, 1 (2000).
DELPHI: P. Abreu et al., Eur. Phys. J. C16, 371 (2000).
L3: M. Acciarri et al., Eur. Phys. J. C16, 1 (2000).
OPAL: G. Abbiendi et al., Eur. Phys. J. C19, 587 (2001).
Combination: The ALEPH, DELPHI, L3, OPAL, SLD Collaborations, the LEP Electroweak Working Group,

and the SLD Electroweak and Heavy Flavor Groups, Phys. Rept. 427, 257 (2006) [arXiv:hep-ex/0509008].

(Courtesy of M. Grünewald and the LEP Electroweak Working Group, 2007)

data favours 3 light 
neutrino families 

(below 2mν < mZ)
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Figure 9: Example two and three jet e+e− events.

Examples of infrared unsafe observables or procedures are

• number of partons

• observables using incoming parton momentum fractions

• observables based on older jet algorithms

• using infrared unsafe observables as renormalisation or factorisation scale

It is not always easy to find out whether an observable/procedure is infrared safe, in order
to so so correctly we will need to study the details of the jet clustering algorithm and the
factorisation of the intial state in hadron collisions. The factorisation of short and long
distance effects for hadronic inital states is covered in Section 4 while Section 6 covers
details of different jet algorithms.

3.3 Event Shapes

If we consider the e+e− annihilation events shown in Fig. 9 we see a collimated bunch of
hadrons travelling in roughly the same direction as the original quarks or gluons. Often
you can “see” the jets without some fancy mathematical definition. We will come back
and consider jets in more detail when we consider hadron–hadron collisions later in the
course, in Section 6.

An alternative to defining jets is to define a more global measure of the event which
is sensitive to the structure of the event. We need a number of properties to achieve this,
the most important of which is infrared safety, i.e. if there is soft or collinear emission
the answer doesn’t change. Formally if a parton splits into two collinear partons

p → zp + (1− z)p, (29)

(2-jet) Event Display

• Example event display from           collisions. e+e�
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R(hadrons/muons)
R(hadrons/muons)

at low energies the 
ratio is sensitive to:

• fractional quark EM charge
• quark mass
• colour charge  
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σ and R in e+e− Collisions
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Figure 50.5: World data on the total cross section of e+e− → hadrons and the ratio R(s) = σ(e+e− → hadrons, s)/σ(e+e− → µ+µ−, s).
σ(e+e− → hadrons, s) is the experimental cross section corrected for initial state radiation and electron-positron vertex loops, σ(e+e− →
µ+µ−, s) = 4πα2(s)/3s. Data errors are total below 2 GeV and statistical above 2 GeV. The curves are an educative guide: the broken one
(green) is a naive quark-parton model prediction, and the solid one (red) is 3-loop pQCD prediction (see “Quantum Chromodynamics” section of
this Review, Eq. (9.7) or, for more details, K. G. Chetyrkin et al., Nucl. Phys. B586, 56 (2000) (Erratum ibid. B634, 413 (2002)). Breit-Wigner
parameterizations of J/ψ, ψ(2S), and Υ(nS), n = 1, 2, 3, 4 are also shown. The full list of references to the original data and the details of
the R ratio extraction from them can be found in [arXiv:hep-ph/0312114]. Corresponding computer-readable data files are available at
http://pdg.lbl.gov/current/xsect/. (Courtesy of the COMPAS (Protvino) and HEPDATA (Durham) Groups, May 2010.)

meson resonances

2mb2mc
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R(hadrons/muons) - Closer LookR(hadrons/muons)6 50. Plots of cross sections and related quantities

R in Light-Flavor, Charm, and Beauty Threshold Regions
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Figure 50.6: R in the light-flavor, charm, and beauty threshold regions. Data errors are total below 2 GeV and statistical above 2 GeV.
The curves are the same as in Fig. 50.5. Note: CLEO data above Υ(4S) were not fully corrected for radiative effects, and we retain
them on the plot only for illustrative purposes with a normalization factor of 0.8. The full list of references to the original data and
the details of the R ratio extraction from them can be found in [arXiv:hep-ph/0312114]. The computer-readable data are available at
http://pdg.lbl.gov/current/xsect/. (Courtesy of the COMPAS (Protvino) and HEPDATA (Durham) Groups, May 2010.)
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Figure 2: Expected shape for the R ratio.

where s is the centre-of-mass energy of the collision squared. The cross section for the
production of quarks is

σ(e+e− → hadrons) =
4πα2

3s

∑

q

e2qNc, (3)

where eq is the charge of the quark in units of the positron charge and the sum runs over
all quarks for which the centre-of-mass energy

√
s > 2mq, where mq is the mass of the

quark. Remember we must sum over all the quantum numbers of the quarks so the cross
section is multiplied by number of colours, Nc. Therefore for centre-of-mass energies much
less than the mass of the Z0 boson,

√
s ≪ Mz,

R =
∑

q

e2qNc = Nc

(
4

9
+

1

9
+

1

9
︸ ︷︷ ︸

u,d,s

+
4

9

︸ ︷︷ ︸

u,d,s,c

+
1

9

)

︸ ︷︷ ︸

u,d,s,c,b

. (4)

The expected picture is shown in figure 2. The experimental measurement of this ratio
is shown in Fig. 3 as a function of energy showing the thresholds for the production
of the charm and bottom quarks. Below the charm threshold there are three active
quarks down (ed = −1

3), up (eu = 2
3) and strange (es = −1

3) giving R = 2. Above the
charm (ec =

2
3) threshold R = 10

3 while above the bottom (eb = −1
3) threshold R = 11

3 .

2.1.1 The Z resonance

For energies
√
s ∼ mZ we will need to include the effects of the second diagram in Fig. 1.

The cross-section will then have three different contributions, the photon background, the
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Figure 50.6: R in the light-flavor, charm, and beauty threshold regions. Data errors are total below 2 GeV and statistical above 2 GeV.
The curves are the same as in Fig. 50.5. Note: CLEO data above Υ(4S) were not fully corrected for radiative effects, and we retain
them on the plot only for illustrative purposes with a normalization factor of 0.8. The full list of references to the original data and
the details of the R ratio extraction from them can be found in [arXiv:hep-ph/0312114]. The computer-readable data are available at
http://pdg.lbl.gov/current/xsect/. (Courtesy of the COMPAS (Protvino) and HEPDATA (Durham) Groups, May 2010.)
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• Data from last three slides:

Figure 2: Expected shape for the R ratio.

where s is the centre-of-mass energy of the collision squared. The cross section for the
production of quarks is

σ(e+e− → hadrons) =
4πα2

3s

∑

q

e2qNc, (3)

where eq is the charge of the quark in units of the positron charge and the sum runs over
all quarks for which the centre-of-mass energy

√
s > 2mq, where mq is the mass of the

quark. Remember we must sum over all the quantum numbers of the quarks so the cross
section is multiplied by number of colours, Nc. Therefore for centre-of-mass energies much
less than the mass of the Z0 boson,

√
s ≪ Mz,

R =
∑

q

e2qNc = Nc

(
4

9
+

1

9
+

1

9
︸ ︷︷ ︸

u,d,s

+
4

9

︸ ︷︷ ︸

u,d,s,c

+
1

9

)

︸ ︷︷ ︸

u,d,s,c,b

. (4)

The expected picture is shown in figure 2. The experimental measurement of this ratio
is shown in Fig. 3 as a function of energy showing the thresholds for the production
of the charm and bottom quarks. Below the charm threshold there are three active
quarks down (ed = −1

3), up (eu = 2
3) and strange (es = −1

3) giving R = 2. Above the
charm (ec =

2
3) threshold R = 10

3 while above the bottom (eb = −1
3) threshold R = 11

3 .

2.1.1 The Z resonance

For energies
√
s ∼ mZ we will need to include the effects of the second diagram in Fig. 1.

The cross-section will then have three different contributions, the photon background, the
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Figure 50.5: World data on the total cross section of e+e− → hadrons and the ratio R(s) = σ(e+e− → hadrons, s)/σ(e+e− → µ+µ−, s).
σ(e+e− → hadrons, s) is the experimental cross section corrected for initial state radiation and electron-positron vertex loops, σ(e+e− →
µ+µ−, s) = 4πα2(s)/3s. Data errors are total below 2 GeV and statistical above 2 GeV. The curves are an educative guide: the broken one
(green) is a naive quark-parton model prediction, and the solid one (red) is 3-loop pQCD prediction (see “Quantum Chromodynamics” section of
this Review, Eq. (9.7) or, for more details, K. G. Chetyrkin et al., Nucl. Phys. B586, 56 (2000) (Erratum ibid. B634, 413 (2002)). Breit-Wigner
parameterizations of J/ψ, ψ(2S), and Υ(nS), n = 1, 2, 3, 4 are also shown. The full list of references to the original data and the details of
the R ratio extraction from them can be found in [arXiv:hep-ph/0312114]. Corresponding computer-readable data files are available at
http://pdg.lbl.gov/current/xsect/. (Courtesy of the COMPAS (Protvino) and HEPDATA (Durham) Groups, May 2010.)
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Higgs Width

h ! bb: narrow peak
<latexit sha1_base64="L9aKGnE2CY7ZhqYUagD3h1juSoA="></latexit>

h ! WW (ZZ): broad peak
<latexit sha1_base64="cwPBTx1RkrWpdDrLf1V3qtR/W9I=">AAACA3icdVBPSwJBHJ3tr9m/rW51GdLALrK7ilqHELp0NEhX1EVmx1EHZ3eWmdlAROjSV+nSoYiufYlufZtm1aCiHgw83vv9+M17fsSoVJb1YSwtr6yurac20ptb2zu75t5+Q/JYYFLHnHHR9JEkjIakrqhipBkJggKfEdcfXSa+e0uEpDy8UeOIeAEahLRPMVJa6pqH2SHsKA5dN9dqnWbPoS846sGIoFHXzFj5s0rJKZaglbessu3YCXHKxUIR2lpJkAEL1Lrme6fHcRyQUGGGpGzbVqS8CRKKYkam6U4sSYTwCA1IW9MQBUR6k1mGKTzRSg/2udAvVHCmft+YoEDKceDryQCpofztJeJfXjtW/Yo3oWEUKxLi+aF+zKAOnRQCe1QQrNhYE4QF1X+FeIgEwkrXltYlfCWF/5OGk7cLeefayVQvFnWkwBE4BjlggzKogitQA3WAwR14AE/g2bg3Ho0X43U+umQsdg7ADxhvnywRlfQ=</latexit>



R(hadrons/muons) near s=mZ
50. Plots of cross sections and related quantities 7

Annihilation Cross Section Near MZ

 

 

Figure 50.7: Combined data from the ALEPH, DELPHI, L3, and OPAL Collaborations for the cross section in e+e− annihilation into
hadronic final states as a function of the center-of-mass energy near the Z pole. The curves show the predictions of the Standard Model with
two, three, and four species of light neutrinos. The asymmetry of the curve is produced by initial-state radiation. Note that the error bars have
been increased by a factor ten for display purposes. References:

ALEPH: R. Barate et al., Eur. Phys. J. C14, 1 (2000).
DELPHI: P. Abreu et al., Eur. Phys. J. C16, 371 (2000).
L3: M. Acciarri et al., Eur. Phys. J. C16, 1 (2000).
OPAL: G. Abbiendi et al., Eur. Phys. J. C19, 587 (2001).
Combination: The ALEPH, DELPHI, L3, OPAL, SLD Collaborations, the LEP Electroweak Working Group,

and the SLD Electroweak and Heavy Flavor Groups, Phys. Rept. 427, 257 (2006) [arXiv:hep-ex/0509008].

(Courtesy of M. Grünewald and the LEP Electroweak Working Group, 2007)
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Figure 3: The ratio R ≡ σ(e+e−→hadrons)
σ(e+e−→µ+µ−) as a function of energy taken from Ref. [8].

Z-boson resonance and the photon-Z interference. The total cross-section, summed and
averaged over spins can be written as (e.g. [3]):

σ
(

f f̄ → f ′f̄ ′
)

= α2 π

2s

∫ 1

−1

d(cos θ)

{

(

1 + cos2 θ
)
(

q2fq
2
f ′ +

g2Z
4g2e

qfqf ′vfvf ′χ1 +
g4Z
16g4e

(a2f + v2f )(a
2
f ′ + v2f ′)χ2

)

+ cos θ

(
g2Z
2g2e

afaf ′vfvf ′χ1 +
g4Z
2g4e

afaf ′vfvf ′χ2

)
}

where

gZ
ge

=
1

cos θw sin θw
χ1 =

s(s−m2
Z)

(s−m2
Z)

2 +m2
ZΓ

2
Z

χ2 =
s2

(s−m2
Z)

2 +m2
ZΓ

2
Z

The axial (vf = T 3
f − 2qf sin

2 θw) and vector (af = T 3
f ) couplings in the Standard Model

are given in Table 1. T 3
f is the 3rd component of the weak isospin as covered in the course

on the Standard Model. The terms proportional to χ2 come from the Z resonance while
those propotional to χ1 come from the photon-Z interference. ΓZ is the width of the Z
boson.

Later we will take a closer look at the EW sector of the Standard Model and use this
measurement to find constraints on the number of neutrinos families below the Z mass
threshold (see Figure 28).

�Z ⇠
<latexit sha1_base64="oAIyThOoAhd3Q1Pwz4PolGJiipE=">AAAB9HicbZDLSgMxFIbP1Futt1GXboJFcFVmqqDLohuXFewF26Fk0kwbmmTGJFMoQ5/DjQtF3Pow7nwb03YW2vpD4OM/53BO/jDhTBvP+3YKa+sbm1vF7dLO7t7+gXt41NRxqghtkJjHqh1iTTmTtGGY4bSdKIpFyGkrHN3O6q0xVZrF8sFMEhoIPJAsYgQbawVdzQYC9x6RBdFzy17Fmwutgp9DGXLVe+5Xtx+TVFBpCMdad3wvMUGGlWGE02mpm2qaYDLCA9qxKLGgOsjmR0/RmXX6KIqVfdKguft7IsNC64kIbafAZqiXazPzv1onNdF1kDGZpIZKslgUpRyZGM0SQH2mKDF8YgETxeytiAyxwsTYnEo2BH/5y6vQrFb8i0r1/rJcu8njKMIJnMI5+HAFNbiDOjSAwBM8wyu8OWPnxXl3PhatBSefOYY/cj5/AH92kes=</latexit>

Z ! ⌫⌫ + · · ·
<latexit sha1_base64="5sYjJq1fCdVYnD2Lx0cTl0R4eTw=">AAACCXicbVDLSgMxFL3js9ZX1aWbYBEEocxUQZdFNy4r2Ad2hpJJ0zY0kwxJRihDt278FTcuFHHrH7jzb8y0s9DWC4GTc869yT1hzJk2rvvtLC2vrK6tFzaKm1vbO7ulvf2mlokitEEkl6odYk05E7RhmOG0HSuKo5DTVji6zvTWA1WaSXFnxjENIjwQrM8INpbqltA98o1Evkh8aX3ZmNReJugU+aQnje6Wym7FnRZaBF4OypBXvVv68nuSJBEVhnCsdcdzYxOkWBlGOJ0U/UTTGJMRHtCOhQJHVAfpdJMJOrZMD/WlskcYNGV/d6Q40nochdYZYTPU81pG/qd1EtO/DFIm4sRQQWYP9ROO7O5ZLKjHFCWGjy3ARDH7V0SGWGFibHhFG4I3v/IiaFYr3lmlenterl3lcRTgEI7gBDy4gBrcQB0aQOARnuEV3pwn58V5dz5m1iUn7zmAP+V8/gD7SZni</latexit>

2m⌫ < MZ
<latexit sha1_base64="LZ0YiN1xzCCmHkeD9yyF7DK5gvw=">AAAB9HicbVA9SwNBEJ2LXzF+RS1tFoNgFe6ioIVF0MZGiGA+MDmOvc0mWbK7d+7uBcKR32FjoYitP8bOf+MmuUITHww83pthZl4Yc6aN6347uZXVtfWN/GZha3tnd6+4f9DQUaIIrZOIR6oVYk05k7RumOG0FSuKRchpMxzeTP3miCrNIvlgxjH1Be5L1mMEGyv5FSSCjkzQFboLHoNiyS27M6Bl4mWkBBlqQfGr041IIqg0hGOt254bGz/FyjDC6aTQSTSNMRniPm1bKrGg2k9nR0/QiVW6qBcpW9Kgmfp7IsVC67EIbafAZqAXvan4n9dOTO/ST5mME0MlmS/qJRyZCE0TQF2mKDF8bAkmitlbERlghYmxORVsCN7iy8ukUSl7Z+XK/Xmpep3FkYcjOIZT8OACqnALNagDgSd4hld4c0bOi/PufMxbc042cwh/4Hz+AOIakN8=</latexit>

• Clear evidence for 3 light 
neutrino families (                      ).
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9. Quantum chromodynamics 39

They are well within the uncertainty of the overall world average quoted above. Note,
however, that the average excluding the lattice result is no longer as close to the value
obtained from lattice alone as was the case in the 2013 Review, but is now smaller by
almost one standard deviation of its assigned uncertainty.

Notwithstanding the many open issues still present within each of the sub-fields
summarised in this Review, the wealth of available results provides a rather precise and
reasonably stable world average value of αs(M2

Z), as well as a clear signature and proof of
the energy dependence of αs, in full agreement with the QCD prediction of Asymptotic
Freedom. This is demonstrated in Fig. 9.3, where results of αs(Q2) obtained at discrete
energy scales Q, now also including those based just on NLO QCD, are summarized.
Thanks to the results from the Tevatron and from the LHC, the energy scales at which
αs is determined now extend up to more than 1 TeV♦.

QCD αs(Mz) = 0.1181 ± 0.0011

pp –> jets
e.w. precision fits (N3LO)  

0.1

0.2

0.3

αs (Q2)

1 10 100Q [GeV]

Heavy Quarkonia (NLO)
e+e–   jets & shapes (res. NNLO)

DIS jets (NLO)

April 2016

τ decays (N3LO)

1000

 (NLO
pp –> tt (NNLO)

)(–)

Figure 9.3: Summary of measurements of αs as a function of the energy scale Q.
The respective degree of QCD perturbation theory used in the extraction of αs is
indicated in brackets (NLO: next-to-leading order; NNLO: next-to-next-to leading
order; res. NNLO: NNLO matched with resummed next-to-leading logs; N3LO:
next-to-NNLO).

♦ We note, however, that in many such studies, like those based on exclusive states of
jet multiplicities, the relevant energy scale of the measurement is not uniquely defined.
For instance, in studies of the ratio of 3- to 2-jet cross sections at the LHC, the relevant
scale was taken to be the average of the transverse momenta of the two leading jets [434],
but could alternatively have been chosen to be the transverse momentum of the 3rd jet.
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Strong Coupling Determination36 9. Quantum chromodynamics
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Figure 9.2: Summary of determinations of αs(M2
Z) from the six sub-fields

discussed in the text. The yellow (light shaded) bands and dashed lines indicate the
pre-average values of each sub-field. The dotted line and grey (dark shaded) band
represent the final world average value of αs(M2

Z).

below, it may be worth mentioning that the collider results listed above average to a
value of αs(M2

Z) = 0.1172 ± 0.0059.

So far, only one analysis is available which involves the determination of αs from

June 5, 2018 19:47
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1. Introduction

Precision determinations of fundamental parameters within the Standard Model are of

utmost importance in order to test its internal consistency or point towards physics which

goes beyond it. In this respect the central parameter of the strong interaction sector is the

strong coupling αs, and until now tremendous efforts have been put into an ever better

determination of αs [1, 2].

One of the most precise determinations of αs, competitive with the current world

average, is provided by detailed investigations of the τ hadronic width

Rτ ≡
Γ[τ− → hadrons ντ (γ)]

Γ[τ− → e−νeντ (γ)]
= 3.640 ± 0.010 , (1.1)

– 1 –�
hadrons

<latexit sha1_base64="Lbbvt7lLUtD1Z/NKepbYOOI1w84=">AAAB+nicbVBNT8JAEJ3iF+JX0aOXjWDiibR40CPRi0dMBEygIdvttmzYbpvdrYZUfooXDxrj1V/izX/jAj0o+JJJXt6bycw8P+VMacf5tkpr6xubW+Xtys7u3v6BXT3sqiSThHZIwhN572NFORO0o5nm9D6VFMc+pz1/fD3zew9UKpaIOz1JqRfjSLCQEayNNLSr9YHPomgwraMRDmQi1NCuOQ1nDrRK3ILUoEB7aH8NgoRkMRWacKxU33VS7eVYakY4nVYGmaIpJmMc0b6hAsdUefn89Ck6NUqAwkSaEhrN1d8TOY6VmsS+6YyxHqllbyb+5/UzHV56ORNppqkgi0VhxpFO0CwHFDBJieYTQzCRzNyKyAhLTLRJq2JCcJdfXiXdZsM9bzRvm7XWVRFHGY7hBM7AhQtowQ20oQMEHuEZXuHNerJerHfrY9FasoqZI/gD6/MHdwyTfA==</latexit>

0 0.1 0.2 0.3 0.4 0.5
α=g2/4π

−0.12

−0.1

−0.08

−0.06

−0.04

β(
g)

/g
3

Nf=3 NPT
Nf=2 NPT
Nf=3 PT 3 loops
Nf=2 PT 3 loops
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0 0.05 0.1 0.15
a [fm]

0.11

0.115

0.12

0.125

α
s(M

Z)

Constant fit with three β
Constant fit with β=2.05, 1.90
Linear fit

0 0.05 0.1 0.15
a [fm]

150

200

250

300

Λ
M

S−
ba

r [
M

eV
]

Constant fit with three β
Constant fit with β=2.05, 1.90
Linear fit

FIG. 6: Scaling behavior of αMS(MZ) (left) and Λ(5)

MS
(right). We adopt 64 data for β = 2.05.

Three types of continuum extrapolation is given; constant fit with three and two lattice spacings
and linear fit.

21

arXiv:0906.3906

S. Bethke et al.: Determination of the Strong Coupling αS . . . 7

10
-1

1

10

0 0.1 0.2 0.3 0.4 0.5

10
-1

1

10

0 0.1 0.2 0.3 0.4 0.5

10
-1

1

10

0 0.1 0.2 0.3 0.4 0.5

10
-1

1

10

0 0.1 0.2 0.3 0.4 0.5

10
-1

1

10

0 0.1 0.2 0.3 0.4 0.5

10
-1

1

10

0 0.1 0.2 0.3 0.4 0.5

1-T

1/
σ

dσ
/d

1-
T

JADE
14.0 GeV
NNLO+NLLA

1-T

1/
σ

dσ
/d

1-
T

JADE
22.0 GeV
NNLO+NLLA

1-T

1/
σ

dσ
/d

1-
T

JADE
34.6 GeV
NNLO+NLLA

1-T

1/
σ

dσ
/d

1-
T

JADE
35.0 GeV
NNLO+NLLA

1-T

1/
σ

dσ
/d

1-
T

JADE
38.3 GeV
NNLO+NLLA

1-T

1/
σ

dσ
/d

1-
T

JADE
43.8 GeV
NNLO+NLLA

Fig. 1. The plots show as points with statistical error bars the
1 − T distributions at hadron level at

√
s = 14 to 43.8 GeV.

Some error bars are smaller than the data points. Superim-
posed as histograms are the NNLO+NLLA predictions com-
bined with hadronisation effects using the corresponding fit
results for αS(

√
s) shown in table 4. The arrows indicate the

fit ranges.

Table 5. Combined values of αS(
√
s) at the JADE cms en-

ergies from NNLO (upper section) and NNLO+NLLA (lower
section) analyses together with the statistical, experimental,
hadronisation and theory errors.

√
s [GeV] αS(

√
s) ±stat. ±exp. ±had. ±theo.

14.0 0.1690 0.0046 0.0065 0.0124 0.0076
22.0 0.1527 0.0040 0.0036 0.0090 0.0056
34.6 0.1420 0.0012 0.0025 0.0058 0.0050
35.0 0.1463 0.0010 0.0032 0.0059 0.0055
38.3 0.1428 0.0033 0.0045 0.0060 0.0051
43.8 0.1345 0.0021 0.0031 0.0043 0.0045

14.0 0.1605 0.0044 0.0065 0.0148 0.0073
22.0 0.1456 0.0036 0.0033 0.0077 0.0048
34.6 0.1367 0.0011 0.0023 0.0046 0.0040
35.0 0.1412 0.0009 0.0032 0.0049 0.0047
38.3 0.1388 0.0030 0.0043 0.0042 0.0048
43.8 0.1297 0.0019 0.0028 0.0033 0.0034

within ∆αS(mZ0) = 0.0004 and the uncertainties also
agree.

The hadronisation uncertainty of MH at each energy
point and in the combinations shown in table 6 is the
smallest. We have repeated the combinations without MH

and found results for αS(mZ0) consistent within 0.6% with
our main results with hadronisation uncertainties increased
by 14% (NNLO) or 20% (NNLO+NLLA).

0.1

0.11

0.12

0.13

0.14

0.15

0.16

0.17

0.18

0.19

0.2

10 10
2

√s [GeV]

αS

JADE NNLO
ALEPH NNLO

1-T, MH, BT, BW, C, y
D
23

αS(mZ)=0.1210±0.0061

Fig. 2. The values for αS at the JADE energy points. The
inner error bars correspond to the combined statistical and
experimental errors and the outer error bars show the total
errors. The results from

√
s = 34.6 and 35 GeV have been

combined for clarity. The full and dashed lines indicate the
result from our JADE NNLO analysis as shown on the figure.
The results from the NNLO analysis of ALEPH data [12] are
shown as well.

Table 6. Combined values of αS(mZ0) for each observable from
NNLO (upper section) and NNLO+NLLA (lower section) anal-
yses together with the statistical, experimental, hadronisation
and theory errors.

Obs. αS(mZ0) ±stat. ±exp. ±had. ±theo.

1− T 0.1196 0.0011 0.0028 0.0067 0.0049
MH 0.1266 0.0009 0.0047 0.0014 0.0040
BT 0.1190 0.0009 0.0023 0.0047 0.0055
BW 0.1232 0.0008 0.0034 0.0037 0.0035
C 0.1184 0.0013 0.0029 0.0081 0.0045
yD
23 0.1201 0.0005 0.0014 0.0046 0.0026

1− T 0.1175 0.0010 0.0026 0.0061 0.0041
MH 0.1210 0.0008 0.0037 0.0011 0.0032
BT 0.1151 0.0009 0.0019 0.0039 0.0042
BW 0.1143 0.0006 0.0026 0.0028 0.0026
C 0.1148 0.0011 0.0027 0.0073 0.0044
yD
23 0.1199 0.0005 0.0013 0.0046 0.0023

In order to study the compatibility of our data with the
QCD prediction for the evolution of the strong coupling
with cms energy we repeat the combinations with or with-
out evolution of the combined results to the common scale.
We set the theory uncertainties to zero since these uncer-
tainties are highly correlated between energy points. We
conservatively assume the hadronisation uncertainties to
be partially correlated, because these uncertainties depend

arXiv:0810.1389
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hadron collider data in NNLO of QCD: from a measurement of the tt cross section at√
s = 7 TeV, CMS [370] determined

αs(M
2
Z) = 0.1151+0.0028

−0.0027 ,

whereby the dominating contributions to the overall error are experimental (+0.0017
−0.0018), from

parton density functions (+0.0013
−0.0011) and the value of the top quark pole mass (±0.0013).

This latter result will enter our determination of the new world average of αs, and
will thereby open a new sub-field of αs determinations in this Review. We note, however,
that so far there is only this one result in this sub-field. While there are more recent
measurements of tt cross sections from ATLAS and from CMS, at

√
s = 7, 8 and at

13 TeV, none quotes further extractions of αs. A more reliable result will thus be left to
the next Review, however we note that the most recent measurements of tt cross sections
imply larger values of αs(M2

Z) than the one which we use, at this time, as result for this
sub-field.

9.4.7. Electroweak precision fit :
The N3LO calculation of the hadronic Z decay width [35] was used in the latest update
of the global fit to electroweak precision data [437], resulting in

αs(M
2
Z) = 0.1196 ± 0.0030 ,

claiming a negligible theoretical uncertainty. We note that results from electroweak
precision data, however, strongly depend on the strict validity of Standard Model
predictions and the existence of the minimal Higgs mechanism to implement electroweak
symmetry breaking. Any - even small - deviation of nature from this model could strongly
influence this extraction of αs.

9.4.8. Determination of the world average value of αs(M2
Z) :

Obtaining a world average value for αs(M2
Z) is a non-trivial exercise. A certain

arbitrariness and subjective component is inevitable because of the choice of measurements
to be included in the average, the treatment of (non-Gaussian) systematic uncertainties
of mostly theoretical nature, as well as the treatment of correlations among the various
inputs, of theoretical as well as experimental origin.

We have chosen to determine pre-averages for sub-fields of measurements which are
considered to exhibit a maximum of independence between each other, considering
experimental as well as theoretical issues. The six pre-averages are summarized in
Fig. 9.2. We recall that these are exclusively obtained from extractions which are based
on (at least) full NNLO QCD predictions, and are published in peer-reviewed journals at
the time of completing this Review. These pre-averages are then combined to the final
world average value of αs(M2

Z), using the χ2 averaging method and error treatment as
described above. From these, we determine the new world average value of

αs(M
2
Z) = 0.1181 ± 0.0011 , (9.23)
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Figure 1: Predicted tt cross section at NNLO+NNLL, as a function of the top-quark pole mass
(left) and of the strong coupling constant (right), using five different NNLO PDF sets, com-
pared to the cross section measured by CMS assuming mt = m

pole
t . The uncertainties on the

measured stt as well as the renormalization and factorization scale and PDF uncertainties on
the prediction with NNPDF2.3 are illustrated with filled bands. The uncertainties on the stt
predictions using the other PDF sets are indicated only in the right panel at the corresponding
default aS(mZ) values. The m

pole
t and aS(mZ) regions favored by the direct measurements at

the Tevatron and by the latest world average, respectively, are shown as hatched areas. In the
left panel, the inner (solid) area of the vertical band corresponds to the original uncertainty
of the direct mt average, while the outer (hatched) area additionally accounts for the possible
difference between this mass and m

pole
t .

relative uncertainty of 4.1% on the measured stt is independent of mt to very good approxima-
tion.

Changes of the assumed value of aS(mZ) in the simulation used to derive the acceptance cor-
rections can alter the measured stt as well, which is discussed in this Letter for the first time.
QCD radiation effects increase at higher aS(mZ), both at the matrix-element level and at the
hadronization level. The aS(mZ)-dependence of the acceptance corrections is studied using the
NLO CTEQ6AB PDF sets [50], and the POWHEG BOX 1.4 [51, 52] NLO generator for tt produc-
tion interfaced with PYTHIA 6.4.24 [53] for the parton showering. Additionally, the impact of
aS(mZ) variations on the acceptance is studied with standalone PYTHIA as a plain leading-order
generator with parton showering and cross-checked with MCFM 6.2 [54] as an NLO prediction
without parton showering. In all cases, a relative change of the acceptance by less than 1% is
observed when varying aS(mZ) by ±0.0100 with respect to the CTEQ reference value of 0.1180.
This is accounted for by applying an aS(mZ)-dependent uncertainty to the measured stt. This
additional uncertainty is also included in the uncertainty band shown in Fig. 1. Over the rele-
vant aS(mZ) range, there is almost no increase in the total uncertainty of 4.1% on the measured
stt.

In the mt and aS(mZ) regions favored by the direct measurements at the Tevatron and by the
latest world average, respectively, the measured and the predicted cross section are compati-
ble within their uncertainties for all considered PDF sets. When using ABM11 with its default
aS(mZ), the discrepancy between measured and predicted cross section is larger than one stan-
dard deviation.

4 Probabilistic Approach
In the following, the theory prediction for stt is employed to construct a Bayesian prior to
the cross section measurement, from which a joint posterior in stt, m

pole
t and aS(mZ) is derived.

arXiv:1307.1907
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Renormalization Scale Dependence

• Two nice recent examples from arXiv:1707.01044:

H H H H

Figure 1: 5-loop Feynman diagrams evaluated for the H → gg and H → b̄b decay rates.

γ⋆ γ⋆ γ⋆ γ⋆

Figure 2: Sample non-singlet (left) and singlet (right) Feynman diagrams for which the 1/ε
pole terms were computed in our re-calculation of the electromagnetic R-ratio at N4LO.

The third observable we consider is the hadronic R-ratio, see refs. [19–22] and references
therein, defined as

R(s) =
σe+e−→hadrons

σe+e−→µ+µ−

. (2.13)

Away from the Z-pole, the most important contribution to R(s) is given by the partial
decay width of an off-shell photon into massless quarks. Here we re-compute the N4LO
QCD corrections to this electromagnetic contribution. Analogous to the Higgs decay, this
quantity can be extracted from the imaginary part of the photon self energy

Πµν(q2) = (−gµνq2 + qµqν)Π(q2) (2.14)

via

R e.m.(s) = 12π ImΠ(−s− iδ) = NR

[(∑

f

e2f
)
r(s) +

(∑

f

ef
)2

rS(s)
]

(2.15)

with NR = 3 in QCD. The sum runs over nf quark flavours f with electromagnetic charges ef .
The functions r(s) and rS(s) represent the respective non-singlet and singlet contributions
to the R-ratio. Example diagrams for these two contributions are shown in Figure 2.

Calculations

For all three observables under consideration, we are interested in the imaginary parts of self
energies. These can be readily obtained by analytic continuation,

Im Π(−q2 − iδ) = Im eiπεLΠ(q2) = sin(Lπε)Π(q2) , (2.16)
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Figure 3: The renormalization-scale dependence of G̃ = (β(as)/as)2G(M 2
H), with G(q2) defined

in eq. (3.1), at nf = 5 (left panel), and of the decay width ΓH→ gg (right panel), both normalized as

discussed in the text, up to N4LO in MS for αs(M 2
Z ) = 0.118, MH = 125 GeV and µt = 164 GeV.
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Figure 4: The renormalization scale dependence of the decay width ΓH→ gg, normalized as the
right part of fig. 3, for an on-shell top mass of 173 GeV in MS and the miniMOM scheme.
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Up to O(↵4
S) corrections to H ! gg:

<latexit sha1_base64="t3RGsJ4ZJrkQWlbP4uDFzkMJmW8=">AAACGXicbVA7T8MwGHTKq5RXgZHFokUqS5UUJBBTBUs3iqAPqQ2R4zqpVSeObAepivo3WPgrLAwgxAgT/wYn7QAtn2T5dHef7Ds3YlQq0/w2ckvLK6tr+fXCxubW9k5xd68teSwwaWHOuOi6SBJGQ9JSVDHSjQRBgctIxx1dpXrngQhJeXinxhGxA+SH1KMYKU05RbMVQcVh+brSRywaIuf2/vS4DDEXguDUIjO5Afv68v3yhVMsmVUzG7gIrBkogdk0neJnf8BxHJBQYYak7FlmpOwECUUxI5NCP5YkQniEfNLTMEQBkXaSJZvAI80MoMeFPqGCGft7I0GBlOPA1c4AqaGc11LyP60XK+/cTmgYxYqEePqQF7M0bFoTHNA0PxtrgLCg+q8QD5FAWOkyC7oEaz7yImjXqtZJtXZTK9UvZ3XkwQE4BBVggTNQBw3QBC2AwSN4Bq/gzXgyXox342NqzRmznX3wZ4yvH2Hmngg=</latexit>

c.f. optical theorem

• Decreasing 
dependence on     
and scheme with 
increasing order.

µR
<latexit sha1_base64="X3ps8LN//U36vcqKXkYgNZ6zvN0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF49VTFtoQ9lsN+3S3U3Y3Qgl9Dd48aCIV3+QN/+NmzYHbX0w8Hhvhpl5YcKZNq777ZTW1jc2t8rblZ3dvf2D6uFRW8epItQnMY9VN8Saciapb5jhtJsoikXIaSec3OZ+54kqzWL5aKYJDQQeSRYxgo2V/L5IBw+Das2tu3OgVeIVpAYFWoPqV38Yk1RQaQjHWvc8NzFBhpVhhNNZpZ9qmmAywSPas1RiQXWQzY+doTOrDFEUK1vSoLn6eyLDQuupCG2nwGasl71c/M/rpSa6DjImk9RQSRaLopQjE6P8czRkihLDp5Zgopi9FZExVpgYm0/FhuAtv7xK2o26d1Fv3F/WmjdFHGU4gVM4Bw+uoAl30AIfCDB4hld4c6Tz4rw7H4vWklPMHMMfOJ8/t6yOnw==</latexit>
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Renormalization Scale Dependence

• Two nice recent examples from arXiv:1707.01044:

c.f. optical theorem

• Decreasing 
dependence on     
and scheme with 
increasing order.

µR
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Up to O(↵4
S) corrections to R(hadrons/muons):
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H H H H

Figure 1: 5-loop Feynman diagrams evaluated for the H → gg and H → b̄b decay rates.

γ⋆ γ⋆ γ⋆ γ⋆

Figure 2: Sample non-singlet (left) and singlet (right) Feynman diagrams for which the 1/ε
pole terms were computed in our re-calculation of the electromagnetic R-ratio at N4LO.

The third observable we consider is the hadronic R-ratio, see refs. [19–22] and references
therein, defined as

R(s) =
σe+e−→hadrons

σe+e−→µ+µ−

. (2.13)

Away from the Z-pole, the most important contribution to R(s) is given by the partial
decay width of an off-shell photon into massless quarks. Here we re-compute the N4LO
QCD corrections to this electromagnetic contribution. Analogous to the Higgs decay, this
quantity can be extracted from the imaginary part of the photon self energy

Πµν(q2) = (−gµνq2 + qµqν)Π(q2) (2.14)

via

R e.m.(s) = 12π ImΠ(−s− iδ) = NR

[(∑

f

e2f
)
r(s) +

(∑

f

ef
)2

rS(s)
]

(2.15)

with NR = 3 in QCD. The sum runs over nf quark flavours f with electromagnetic charges ef .
The functions r(s) and rS(s) represent the respective non-singlet and singlet contributions
to the R-ratio. Example diagrams for these two contributions are shown in Figure 2.

Calculations

For all three observables under consideration, we are interested in the imaginary parts of self
energies. These can be readily obtained by analytic continuation,

Im Π(−q2 − iδ) = Im eiπεLΠ(q2) = sin(Lπε)Π(q2) , (2.16)
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Figure 5: The renormalization scale dependence of the non-singlet R-ratio for nf = 4 at a reference

scale, specified by αs(q2) = 0.2 in MS, below the Υ threshold in the MS and miniMOM schemes.
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Thrust thrust distribution
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Figure 2: Distributions measured by ALEPH at LEP1, after correction for detector effects, of
thrust and the two-to-three-jet transition parameter in the Durham algorithm. Fitted QCD pre-
dictions at different orders of perturbation theory are overlaid. The lower insets show a relative
comparison of data and QCD fits.

lications. The main source of arbitrariness in the predictions is the choice of the renormal-

isation scale xµ and of the logarithmic rescaling variable xL. The residual dependence of

the fitted value of αs(MZ) on the renormalisation scale is shown in Fig. 3, for the same

two variables as in the previous figures. Most notably, the matching of NLLA terms to the

NNLO prediction does not lead to a reduced scale dependence, compared to pure NNLO

only, but at least to an improvement compared to NLO+NLLA. This could be anticipated

by the discussion in section 2 on the scale dependence of the NNLO and NLLA predictions.

A further study of this particular aspect is described in section 6 below.

The systematic uncertainty related to missing higher orders is estimated with the

uncertainty-band method recommended in Ref. [22]. Briefly, this method derives the

uncertainty of αs from the uncertainty of the theoretical prediction for the event-shape

distribution and proceeds in three steps. First a reference perturbative prediction, here

NNLO+NLLA with xµ = 1 and xL = 1, is determined using the value of αs obtained from

the combination of the six variables and eight energies, as explained in section 5. Then

variants of the prediction with different choices for xµ and xL, for the kinematic constraint

ymax and the modification degree power p are calculated with the same value of αs. A

variation of the matching scheme as advocated in Ref. [22] was not included in the list

of variants, since no R-matching scheme is presently available at NNLO+NLLA. In each

– 10 –
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Thrust - Resummed Prediction
thrust distribution

NLO+Sudakov approximation matched to fixed order
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• Impact of resummation: including Sudakov form factor.
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Resummation - Z transverse momentum
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Figure 5: Comparison of the normalized dimuon differential transverse momentum distribu-
tion from data (solid symbols) with different theoretical predictions. The right panels show the
ratios of theory predictions to the data. The RESBOS-CP version with scale and PDF variation
is used for comparison.
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Figure 6: The normalized pT differential cross section ratio of W� to W+ for muon channel com-
pared with theoretical predictions. Data points include the sum of the statistical and systematic
uncertainties in quadrature. More details are given in the Fig. 4 caption.
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