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v What is measured at colliders?
v What fundamental questions can be answered at colliders?
v The role of theory

v This course is meant to supplement your standard courses in 
QFT and PhEP. 

v You are free to choose to take it or not. No exam at the end.
v If you do:

v Please actively participate in the lectures/discussions.
v You will have to complete individual projects at the end

About the course:

Today: Part I: Introduction

Contact: please talk to me after lectures or by email (google me)
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Particle physics is driven by the belief that:

… are driven and described by the same microscopic forces
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Here is the particle physicist’s picture of the world:

It is all about the desert; what is it – what’s its nature?

Is it merely a desert? Or an oasis? Or perhaps a jungle?
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There are several important problems that are in the realm of particle physics:

Ex: Confinement: 

Proof: The LHC

CMS; 11-003

ü An outstanding problem in the theory of strong interactions                                   
(QCD = Quantum ChromoDynamics).

ü Yet we know how to go around it 
and keep making progress.

The energy 
dependence of the 
strong coupling 
constant:

Perfect agreement 
between theory 
predictions and 
experimental 
measurements 
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The Dark Matter Problem

The famous galactic rotation
curves problem:

Dramatic departure from the 
expectation based on Newtonian dynamics

Especially after WMAP it became clear that:

Fritz Zwicky ‘1933
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Why did I bring Dark Matter into this discussion?

ü It has to have some microscopic explanation

ü (more subtle) If there is a jungle of particles in the desert, then such new physics 
offers Dark Matter candidates.

In a way, conceptually, New Physics implies a resolution to the dark matter problem.

We should view the absence of bSM physics at the LHC, if it comes to that, 
as a strong guide for understanding the mystery of Dark Matter

Dark matter is a different story: 

ü We do not know how to solve it 
ü And we do not know how to circumvent it …

The opposite is not quite true: 



Theory of collider physics                                                                 Alexander Mitov                   Sofia University, 2017-18

The modern physics at particle accelerators



Particle colliders …

… everyone knows that colliders discover things!
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We have had great successes at accelerator-based physics in the recent past

Discovered Higgs boson: 

… established the CKM paradigm:

The apparent success of the SM can hardly by overstated

40 years of tireless scrutiny: no deviation from the SM so far
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Phenomenology at colliders

ü Phenomenology = Provide testable predictions at experiments (mostly colliders).

ü Why the need for Phenomenology?

• Theory becomes very complicated
• Experiments become too complicated. “To conquer we need to divide”

ü Why colliders?

Ø They provide controlled environment! 
• You can repeat the same thing millions/billions of times and rigorously study what 

happens (with statistical methods).
• Example of the opposite situation: astrophysical observations. There we witness 

events but cannot reproduce them!

Ø Interpret data in terms of underlying models:

• Which models are correct
• Which ones are disfavored



Searches for New Physics at Colliders
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Among the 100’s of bSM searches, there is one I’d really like to discuss …

Very strongly suppressed in the SM

Easy theoretically:
ü Purely leptonic final state

Main feature: any bSM contribution inside the loops can significantly modify the rate.

Very hard measurement:
ü Tiny rate

After a long search the rate was finally measured:

The ratio of the branching fractions of the two decay modes pro-
vides powerful discrimination among BSM theories12. It is predicted in
the SM (refs 1, 13 (updates available at http://itpwiki.unibe.ch/), 14,
15 (updated results and plots available at http://www.slac.stanford.
edu/xorg/hfag/)) to be R:B(B0?mzm{)SM=B(B0

s?mzm{)SM~
0:0295z0:0028

{0:0025. Notably, BSM theories with the property of minimal
flavour violation16 predict the same value as the SM for this ratio.

The first evidence for the decay B0
s?mzm{ was presented by the

LHCb collaboration in 201217. Both CMS and LHCb later published
results from all data collected in proton–proton collisions at centre-of-
mass energies of 7 TeV in 2011 and 8 TeV in 2012. The measurements
had comparable precision and were in good agreement18,19, although
neither of the individual results had sufficient precision to constitute
the first definitive observation of the B0

s decay to two muons.
In this Letter, the two sets of data are combined and analysed

simultaneously to exploit fully the statistical power of the data and
to account for the main correlations between them. The data corre-
spond to total integrated luminosities of 25 fb21 and 3 fb21 for the
CMS and LHCb experiments, respectively, equivalent to a total of
approximately 1012 B0

s and B0 mesons produced in the two experi-
ments together. Assuming the branching fractions given by the SM
and accounting for the detection efficiencies, the predicted numbers of
decays to be observed in the two experiments together are about 100
for B0

s?mzm{and 10 for B0 R m1m2.
The CMS20 and LHCb21 detectors are designed to measure SM phe-

nomena with high precision and search for possible deviations. The two
collaborations use different and complementary strategies. In addition to
performing a broad range of precision tests of the SM and studying the
newly-discovered Higgs boson22,23, CMS is designed to search for and
study new particles with masses from about 100 GeV/c2 to a few TeV/c2.
Since many of these new particles would be able to decay into b quarks
and many of the SM measurements also involve b quarks, the detection of
b-hadron decays was a key element in the design of CMS. The LHCb
collaboration has optimized its detector to study matter–antimatter
asymmetries and rare decays of particles containing b quarks, aiming
to detect deviations from precise SM predictions that would indicate
BSM effects. These different approaches, reflected in the design of the
detectors, lead to instrumentation of complementary angular regions
with respect to the LHC beams, to operation at different proton–proton
collision rates, and to selection of b quark events with different efficiency
(for experimental details, see Methods). In general, CMS operates at a
higher instantaneous luminosity than LHCb but has a lower efficiency
for reconstructing low-mass particles, resulting in a similar sensitivity to
LHCb for B0 or B0

s (denoted hereafter by B0
(s)) mesons decaying into two

muons.
Muons do not have strong nuclear interactions and are too mas-

sive to emit a substantial fraction of their energy by electromagnetic

radiation. This gives them the unique ability to penetrate dense mate-
rials, such as steel, and register signals in detectors embedded deep
within them. Both experiments use this characteristic to identify
muons.

The experiments follow similar data analysis strategies. Decays
compatible with B0

(s)?mzm{ (candidate decays) are found by com-
bining the reconstructed trajectories (tracks) of oppositely charged
particles identified as muons. The separation between genuine
B0

(s)?mzm{ decays and random combinations of two muons (com-
binatorial background), most often from semi-leptonic decays of two
different b hadrons, is achieved using the dimuon invariant mass,
mmzm{ , and the established characteristics of B0

(s)-meson decays. For
example, because of their lifetimes of about 1.5 ps and their production
at the LHC with momenta between a few GeV/c and ,100 GeV/c, B0

(s)
mesons travel up to a few centimetres before they decay. Therefore, the
B0

(s)?mzm{ ‘decay vertex’, from which the muons originate, is
required to be displaced with respect to the ‘production vertex’,
the point where the two protons collide. Furthermore, the negative
of the B0

(s) candidate’s momentum vector is required to point back to
the production vertex.

These criteria, amongst others that have some ability to distinguish
known signal events from background events, are combined into
boosted decision trees (BDTs)24–26. A BDT is an ensemble of decision
trees each placing different selection requirements on the individual
variables to achieve the best discrimination between ‘signal-like’ and
‘background-like’ events. Both experiments evaluated many variables
for their discriminating power and each chose the best set of about ten
to be used in its respective BDT. These include variables related to the
quality of the reconstructed tracks of the muons; kinematic variables
such as transverse momentum (with respect to the beam axis) of the
individual muons and of the B0

(s) candidate; variables related to the
decay vertex topology and fit quality, such as candidate decay length;
and isolation variables, which measure the activity in terms of other
particles in the vicinity of the two muons or their displaced vertex. A
BDT must be ‘trained’ on collections of known background and signal
events to generate the selection requirements on the variables and the
weights for each tree. In the case of CMS, the background events used
in the training are taken from intervals of dimuon mass above and
below the signal region in data, while simulated events are used for the
signal. The data are divided into disjoint sub-samples and the BDT
trained on one sub-sample is applied to a different sub-sample to avoid
any bias. LHCb uses simulated events for background and signal in the
training of its BDT. After training, the relevant BDT is applied to each
event in the data, returning a single value for the event, with high
values being more signal-like. To avoid possible biases, both experi-
ments kept the small mass interval that includes both the B0

s and B0

signals blind until all selection criteria were established.
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Figure 1 | Feynman diagrams related to the B0
s Rm1m2 decay. a, p1 meson

decay through the charged-current process; b, B1 meson decay through the
charged-current process; c, a B0

s decay through the direct flavour changing
neutral current process, which is forbidden in the SM, as indicated by a large red

‘X’; d, e, higher-order flavour changing neutral current processes for the
B0

s ?mzm{ decay allowed in the SM; and f and g, examples of processes for the
same decay in theories extending the SM, where new particles, denoted X0 and
X1, can alter the decay rate.
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The ratio of the branching fractions of the two decay modes pro-
vides powerful discrimination among BSM theories12. It is predicted in
the SM (refs 1, 13 (updates available at http://itpwiki.unibe.ch/), 14,
15 (updated results and plots available at http://www.slac.stanford.
edu/xorg/hfag/)) to be R:B(B0?mzm{)SM=B(B0

s?mzm{)SM~
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{0:0025. Notably, BSM theories with the property of minimal
flavour violation16 predict the same value as the SM for this ratio.

The first evidence for the decay B0
s?mzm{ was presented by the

LHCb collaboration in 201217. Both CMS and LHCb later published
results from all data collected in proton–proton collisions at centre-of-
mass energies of 7 TeV in 2011 and 8 TeV in 2012. The measurements
had comparable precision and were in good agreement18,19, although
neither of the individual results had sufficient precision to constitute
the first definitive observation of the B0

s decay to two muons.
In this Letter, the two sets of data are combined and analysed

simultaneously to exploit fully the statistical power of the data and
to account for the main correlations between them. The data corre-
spond to total integrated luminosities of 25 fb21 and 3 fb21 for the
CMS and LHCb experiments, respectively, equivalent to a total of
approximately 1012 B0

s and B0 mesons produced in the two experi-
ments together. Assuming the branching fractions given by the SM
and accounting for the detection efficiencies, the predicted numbers of
decays to be observed in the two experiments together are about 100
for B0

s?mzm{and 10 for B0 R m1m2.
The CMS20 and LHCb21 detectors are designed to measure SM phe-

nomena with high precision and search for possible deviations. The two
collaborations use different and complementary strategies. In addition to
performing a broad range of precision tests of the SM and studying the
newly-discovered Higgs boson22,23, CMS is designed to search for and
study new particles with masses from about 100 GeV/c2 to a few TeV/c2.
Since many of these new particles would be able to decay into b quarks
and many of the SM measurements also involve b quarks, the detection of
b-hadron decays was a key element in the design of CMS. The LHCb
collaboration has optimized its detector to study matter–antimatter
asymmetries and rare decays of particles containing b quarks, aiming
to detect deviations from precise SM predictions that would indicate
BSM effects. These different approaches, reflected in the design of the
detectors, lead to instrumentation of complementary angular regions
with respect to the LHC beams, to operation at different proton–proton
collision rates, and to selection of b quark events with different efficiency
(for experimental details, see Methods). In general, CMS operates at a
higher instantaneous luminosity than LHCb but has a lower efficiency
for reconstructing low-mass particles, resulting in a similar sensitivity to
LHCb for B0 or B0

s (denoted hereafter by B0
(s)) mesons decaying into two

muons.
Muons do not have strong nuclear interactions and are too mas-

sive to emit a substantial fraction of their energy by electromagnetic

radiation. This gives them the unique ability to penetrate dense mate-
rials, such as steel, and register signals in detectors embedded deep
within them. Both experiments use this characteristic to identify
muons.

The experiments follow similar data analysis strategies. Decays
compatible with B0

(s)?mzm{ (candidate decays) are found by com-
bining the reconstructed trajectories (tracks) of oppositely charged
particles identified as muons. The separation between genuine
B0

(s)?mzm{ decays and random combinations of two muons (com-
binatorial background), most often from semi-leptonic decays of two
different b hadrons, is achieved using the dimuon invariant mass,
mmzm{ , and the established characteristics of B0

(s)-meson decays. For
example, because of their lifetimes of about 1.5 ps and their production
at the LHC with momenta between a few GeV/c and ,100 GeV/c, B0

(s)
mesons travel up to a few centimetres before they decay. Therefore, the
B0

(s)?mzm{ ‘decay vertex’, from which the muons originate, is
required to be displaced with respect to the ‘production vertex’,
the point where the two protons collide. Furthermore, the negative
of the B0

(s) candidate’s momentum vector is required to point back to
the production vertex.

These criteria, amongst others that have some ability to distinguish
known signal events from background events, are combined into
boosted decision trees (BDTs)24–26. A BDT is an ensemble of decision
trees each placing different selection requirements on the individual
variables to achieve the best discrimination between ‘signal-like’ and
‘background-like’ events. Both experiments evaluated many variables
for their discriminating power and each chose the best set of about ten
to be used in its respective BDT. These include variables related to the
quality of the reconstructed tracks of the muons; kinematic variables
such as transverse momentum (with respect to the beam axis) of the
individual muons and of the B0

(s) candidate; variables related to the
decay vertex topology and fit quality, such as candidate decay length;
and isolation variables, which measure the activity in terms of other
particles in the vicinity of the two muons or their displaced vertex. A
BDT must be ‘trained’ on collections of known background and signal
events to generate the selection requirements on the variables and the
weights for each tree. In the case of CMS, the background events used
in the training are taken from intervals of dimuon mass above and
below the signal region in data, while simulated events are used for the
signal. The data are divided into disjoint sub-samples and the BDT
trained on one sub-sample is applied to a different sub-sample to avoid
any bias. LHCb uses simulated events for background and signal in the
training of its BDT. After training, the relevant BDT is applied to each
event in the data, returning a single value for the event, with high
values being more signal-like. To avoid possible biases, both experi-
ments kept the small mass interval that includes both the B0

s and B0

signals blind until all selection criteria were established.
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Figure 1 | Feynman diagrams related to the B0
s Rm1m2 decay. a, p1 meson

decay through the charged-current process; b, B1 meson decay through the
charged-current process; c, a B0

s decay through the direct flavour changing
neutral current process, which is forbidden in the SM, as indicated by a large red

‘X’; d, e, higher-order flavour changing neutral current processes for the
B0

s ?mzm{ decay allowed in the SM; and f and g, examples of processes for the
same decay in theories extending the SM, where new particles, denoted X0 and
X1, can alter the decay rate.
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In addition to the combinatorial background, specific b-hadron
decays, such as B0 R p2m1n where the neutrino cannot be detected
and the charged pion is misidentified as a muon, or B0 R p0m1m2,
where the neutral pion in the decay is not reconstructed, can mimic the
dimuon decay of the B0

(s) mesons. The invariant mass of the recon-
structed dimuon candidate for these processes (semi-leptonic back-
ground) is usually smaller than the mass of the B0

s or B0 meson because
the neutrino or another particle is not detected. There is also a back-
ground component from hadronic two-body B0

(s) decays (peaking
background) as B0 R K1 p2, when both hadrons from the decay are
misidentified as muons. These misidentified decays can produce peaks
in the dimuon invariant-mass spectrum near the expected signal,
especially for the B0 R m1m2 decay. Particle identification algorithms
are used to minimize the probability that pions and kaons are mis-
identified as muons, and thus suppress these background sources.
Excellent mass resolution is mandatory for distinguishing between
B0 and B0

s mesons with a mass difference of about 87 MeV/c2 and
for separating them from backgrounds. The mass resolution for
B0

s?mzm{ decays in CMS ranges from 32 to 75 MeV/c2, depending
on the direction of the muons relative to the beam axis, while LHCb
achieves a uniform mass resolution of about 25 MeV/c2.

The CMS and LHCb data are combined by fitting a common value for
each branching fraction to the data from both experiments. The branch-
ing fractions are determined from the observed numbers, efficiency-
corrected, of B0

(s) mesons that decay into two muons and the total
numbers of B0

(s) mesons produced. Both experiments derive the latter
from the number of observed B1 R J/y K1 decays, whose branching
fraction has been precisely measured elsewhere14. Assuming equal rates
for B1 and B0 production, this gives the normalization for B0 R m1m2.
To derive the number of B0

s mesons from this B1 decay mode, the ratio
of b quarks that form (hadronize into) B1 mesons to those that form B0

s
mesons is also needed. Measurements of this ratio27,28, for which there is
additional discussion in Methods, and of the branching fraction
B(B1 R J/y K1) are used to normalize both sets of data and are con-
strained within Gaussian uncertainties in the fit. The use of these two
results by both CMS and LHCb is the only significant source of correla-
tion between their individual branching fraction measurements. The
combined fit takes advantage of the larger data sample to increase the
precision while properly accounting for the correlation.

In the simultaneous fit to both the CMS and LHCb data, the branch-
ing fractions of the two signal channels are common parameters of
interest and are free to vary. Other parameters in the fit are considered
as nuisance parameters. Those for which additional knowledge is
available are constrained to be near their estimated values by using
Gaussian penalties with their estimated uncertainties while the others
are free to float in the fit. The ratio of the hadronization probability
into B1 and B0

s mesons and the branching fraction of the normaliza-
tion channel B1 R J/y K1 are common, constrained parameters.
Candidate decays are categorized according to whether they were
detected in CMS or LHCb and to the value of the relevant BDT dis-
criminant. In the case of CMS, they are further categorized according
to the data-taking period, and, because of the large variation in mass
resolution with angle, whether the muons are both produced at large
angles relative to the proton beams (central-region) or at least one
muon is emitted at small angle relative to the beams (forward-region).
An unbinned extended maximum likelihood fit to the dimuon invari-
ant-mass distribution, in a region of about 6500 MeV/c2 around the
B0

s mass, is performed simultaneously in all categories (12 categories
from CMS and eight from LHCb). Likelihood contours in the plane of
the parameters of interest, B(B0 R m1m2) versus B(B0

s?mzm{), are
obtained by constructing the test statistic 22DlnL from the difference
in log-likelihood (lnL) values between fits with fixed values for the
parameters of interest and the nominal fit. For each of the two branch-
ing fractions, a one-dimensional profile likelihood scan is likewise
obtained by fixing only the single parameter of interest and allowing
the other to vary during the fits. Additional fits are performed where
the parameters under consideration are the ratio of the branching

fractions relative to their SM predictions, S
B0

(s)
SM:B(B0

(s)?mzm{)=

B(B0
(s)?mzm{)SM, or the ratioR of the two branching fractions.

The combined fit result is shown for all 20 categories in Extended
Data Fig. 1. To represent the result of the fit in a single dimuon
invariant-mass spectrum, the mass distributions of all categories,
weighted according to values of S/(S 1 B), where S is the expected
number of B0

s signals and B is the number of background events under
the B0

s peak in that category, are added together and shown in Fig. 2.
The result of the simultaneous fit is overlaid. An alternative repres-
entation of the fit to the dimuon invariant-mass distribution for the six
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5Theory Division, CERN, CH-1211 Geneva 23, Switzerland
6Dept. of Particle Physics and Astrophysics, Weizmann Institute of Science, Rehovot 76100, Israel

(Dated: November 4, 2013)

We combine our new results for the O(αem) and O(α2
s) corrections to Bs,d → ℓ+ℓ−, and present

updated branching ratio predictions for these decays in the standard model. Inclusion of the new
corrections removes major theoretical uncertainties of perturbative origin that have just begun to
dominate over the parametric ones. For the recently observed muonic decay of the Bs meson, our
calculation gives B(Bs → µ+µ−) = (3.65± 0.23) × 10−9.

PACS numbers: 12.38.Bx, 13.20.He

Rare leptonic decays of the neutral B mesons are
highly suppressed in the standard model (SM), and pro-
vide important constraints on models of new physics. In
the SM, these flavor changing neutral current decays are
generated first at one-loop level through W-box and Z-
penguin diagrams. Their branching ratios undergo an
additional helicity suppression by m2

ℓ/M
2
Bq

, where mℓ

and MBq
denote masses of the charged lepton and the

Bq meson, respectively. This suppression can be lifted in
models with extra Higgs doublets, such as the minimal
supersymmetric standard model. Constraints on such
models can be obtained even for the scalar masses reach-
ing a few TeV, far above the current direct search limits
(see e.g. Ref. [1]). However, one of the key factors in
determining the constraints is the SM prediction accu-
racy. Improving this accuracy is the main purpose of the
present work.
The average time-integrated branching ratios Bqℓ ≡

B[Bq → ℓ+ℓ−] (q = s, d; ℓ = e, µ, τ) depend on details
of BqB̄q mixing [2]. A simple relation Bqℓ = Γ[Bq →
ℓ+ℓ−]/Γq

H holds in the SM to a very good approxima-
tion, with Γq

H denoting the heavier mass-eigenstate total
width. For ℓ = µ, the current experimental world aver-
ages read [3]

Bsµ = (2.9±0.7)×10−9, Bdµ =
(
3.6+1.6

−1.4

)
×10−10. (1)

They have been obtained by combining the recent mea-
surements of CMS [4] and LHCb [5]. In the Bsµ case,
reduction of uncertainties to a few percent level is ex-
pected in the forthcoming decade. To match such an
accuracy, theoretical calculations must include the next-
to-leading order (NLO) corrections of electroweak (EW)
origin, as well as QCD corrections up to the next-to-
next-to-leading order (NNLO). In the present paper, we
combine our new calculations of the NLO EW [6] and
NNLO QCD [7] corrections to the relevant coupling con-
stant (Wilson coefficient) CA, and present updated SM
predictions for all the Bqℓ branching ratios.

A convenient framework for describing the considered
processes is an effective theory derived from the SM by
decoupling the top quark, the Higgs boson, and the heavy
electroweak bosons W and Z (see, e.g., Ref. [8] for a
pedagogical introduction). The effective weak interaction
Lagrangian relevant for Bq → ℓ+ℓ− reads

Lweak = N CA(µb) (b̄γαγ5q)(ℓ̄γ
αγ5ℓ) + . . . , (2)

where CA is the MS-renormalized Wilson coefficient
at the scale µb ∼ mb. The ellipses stand for other,
subleading weak interaction terms (operators) which
we discuss below. The normalization constant N =
V ⋆
tbVtq G

2
FM

2
W /π2 is given in terms of the Fermi constant

GF (extracted from the muon decay), the W -boson on-
shell mass MW , and the Cabibbo-Kobayashi-Maskawa
(CKM) matrix elements Vij .
Once CA(µb) is determined to sufficient accuracy, the

branching ratio is easily expressed in terms of the lepton
massmℓ, the Bq-meson massMBq

and its decay constant
fBq

. The latter is defined by the QCD matrix element
⟨0|b̄γαγ5q|Bq(p)⟩ = ipαfBq

. One finds

Bqℓ =
|N |2M3

Bq
f2
Bq

8π Γq
H

βqℓ r
2
qℓ |CA(µb)|

2 + O(αem), (3)

where rqℓ = 2mℓ/MBq
and βqℓ =

√
1− r2qℓ. Equation (3)

holds at the leading order in flavor-changing weak in-
teractions and in M2

Bq
/M2

W , which is accurate up to
permille-level corrections. In particular, operators like
(b̄γ5q)(ℓ̄ℓ) from the Higgs boson exchanges give rise to
O(M2

Bq
/M2

W ) effects only. Thus, one neglects such oper-
ators in the SM. However, they often matter in beyond-
SM theories.
As far as the O(αem) term in Eq. (3) is concerned, it

requires more explanation because we are going to ne-
glect it while including complete corrections of this order
to CA(µb). The first observation to make is that some
of the O(αem) corrections to CA(µb) get enhanced by

SM:
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We combine our new results for the O(αem) and O(α2
s) corrections to Bs,d → ℓ+ℓ−, and present

updated branching ratio predictions for these decays in the standard model. Inclusion of the new
corrections removes major theoretical uncertainties of perturbative origin that have just begun to
dominate over the parametric ones. For the recently observed muonic decay of the Bs meson, our
calculation gives B(Bs → µ+µ−) = (3.65± 0.23) × 10−9.

PACS numbers: 12.38.Bx, 13.20.He

Rare leptonic decays of the neutral B mesons are
highly suppressed in the standard model (SM), and pro-
vide important constraints on models of new physics. In
the SM, these flavor changing neutral current decays are
generated first at one-loop level through W-box and Z-
penguin diagrams. Their branching ratios undergo an
additional helicity suppression by m2

ℓ/M
2
Bq

, where mℓ

and MBq
denote masses of the charged lepton and the

Bq meson, respectively. This suppression can be lifted in
models with extra Higgs doublets, such as the minimal
supersymmetric standard model. Constraints on such
models can be obtained even for the scalar masses reach-
ing a few TeV, far above the current direct search limits
(see e.g. Ref. [1]). However, one of the key factors in
determining the constraints is the SM prediction accu-
racy. Improving this accuracy is the main purpose of the
present work.
The average time-integrated branching ratios Bqℓ ≡

B[Bq → ℓ+ℓ−] (q = s, d; ℓ = e, µ, τ) depend on details
of BqB̄q mixing [2]. A simple relation Bqℓ = Γ[Bq →
ℓ+ℓ−]/Γq

H holds in the SM to a very good approxima-
tion, with Γq

H denoting the heavier mass-eigenstate total
width. For ℓ = µ, the current experimental world aver-
ages read [3]

Bsµ = (2.9±0.7)×10−9, Bdµ =
(
3.6+1.6

−1.4

)
×10−10. (1)

They have been obtained by combining the recent mea-
surements of CMS [4] and LHCb [5]. In the Bsµ case,
reduction of uncertainties to a few percent level is ex-
pected in the forthcoming decade. To match such an
accuracy, theoretical calculations must include the next-
to-leading order (NLO) corrections of electroweak (EW)
origin, as well as QCD corrections up to the next-to-
next-to-leading order (NNLO). In the present paper, we
combine our new calculations of the NLO EW [6] and
NNLO QCD [7] corrections to the relevant coupling con-
stant (Wilson coefficient) CA, and present updated SM
predictions for all the Bqℓ branching ratios.

A convenient framework for describing the considered
processes is an effective theory derived from the SM by
decoupling the top quark, the Higgs boson, and the heavy
electroweak bosons W and Z (see, e.g., Ref. [8] for a
pedagogical introduction). The effective weak interaction
Lagrangian relevant for Bq → ℓ+ℓ− reads

Lweak = N CA(µb) (b̄γαγ5q)(ℓ̄γ
αγ5ℓ) + . . . , (2)

where CA is the MS-renormalized Wilson coefficient
at the scale µb ∼ mb. The ellipses stand for other,
subleading weak interaction terms (operators) which
we discuss below. The normalization constant N =
V ⋆
tbVtq G

2
FM

2
W /π2 is given in terms of the Fermi constant

GF (extracted from the muon decay), the W -boson on-
shell mass MW , and the Cabibbo-Kobayashi-Maskawa
(CKM) matrix elements Vij .
Once CA(µb) is determined to sufficient accuracy, the

branching ratio is easily expressed in terms of the lepton
massmℓ, the Bq-meson massMBq

and its decay constant
fBq

. The latter is defined by the QCD matrix element
⟨0|b̄γαγ5q|Bq(p)⟩ = ipαfBq

. One finds

Bqℓ =
|N |2M3

Bq
f2
Bq

8π Γq
H

βqℓ r
2
qℓ |CA(µb)|

2 + O(αem), (3)

where rqℓ = 2mℓ/MBq
and βqℓ =

√
1− r2qℓ. Equation (3)

holds at the leading order in flavor-changing weak in-
teractions and in M2

Bq
/M2

W , which is accurate up to
permille-level corrections. In particular, operators like
(b̄γ5q)(ℓ̄ℓ) from the Higgs boson exchanges give rise to
O(M2

Bq
/M2

W ) effects only. Thus, one neglects such oper-
ators in the SM. However, they often matter in beyond-
SM theories.
As far as the O(αem) term in Eq. (3) is concerned, it

requires more explanation because we are going to ne-
glect it while including complete corrections of this order
to CA(µb). The first observation to make is that some
of the O(αem) corrections to CA(µb) get enhanced by

Exp:

2

on B meson kinematics together with the use of the LHCb result for fs/ fd in the CMS accep-
tance [11]. The LHCb result with the fs/ fd uncertainty similarly separated is

B(B0
s ! µ+µ�) =

⇣
2.87 +1.09

�0.95 ± 0.17
⌘
⇥ 10�9 . (4)

Because of the asymmetric uncertainties, the only exact method to combine these results is to
combine the likelihood functions, either through a simultaneous fit or otherwise. Such an ap-
proach, which would also allow a precise evaluation of the combined significance, has not yet
been performed. Instead, a number of simplified approaches have been considered, including
the Particle Data Group prescription [15] and others suggested in the literature [16]. The results
quoted are based on one of the methods suggested in Ref. [16]. The combinations are performed
using ensembles of simplified pseudo-experiments, where the distributions are modelled with
variable-width Gaussian functions.3 It has been verified that other methods give similar re-
sults. The fs/ fd uncertainty of ±0.17 ⇥ 10�9 in B(B0

s ! µ+µ�) is treated as 100 % correlated
between the two measurements.

The preliminary combined results for the time-integrated branching fractions are

B(B0
s ! µ+µ�) = (2.9 ± 0.7)⇥ 10�9 , (5)

B(B0 ! µ+µ�) =
⇣

3.6 +1.6
�1.4

⌘
⇥ 10�10 ,

where the uncertainties include both statistical and systematic sources. Both branching frac-
tions are consistent with the SM expectations. Although a thorough evaluation of the combined
significance has not yet been performed, it is clear that the B0

s ! µ+µ� decay is observed (i.e.
> 5s), while the yield of B0 ! µ+µ� decays is not statistically significant (i.e. < 3s).4

In summary, results from the CMS and LHCb collaborations on the branching fractions of B0
s !

µ+µ� and B0 ! µ+µ� decays have been combined. The combinations are shown in Fig. 1 and
compared to results from other experiments on the B0

(s) ! µ+µ� decays in Fig. 2.
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Figure 1: Comparison of the latest CMS and LHCb results [11, 12], the combined value, and the SM
prediction (vertical line) for (left) the time-integrated branching fraction B(B0

s ! µ+µ�) and (right)
B(B0 ! µ+µ�). The width of the vertical band represents the uncertainty in the SM prediction. The
error bars represent the combined statistical and systematic uncertainties.

3 The variable-width of the Gaussian function is given by s(x) = s̄ + s0 ⇥ (x � x̄), where s̄ = 2sLsR/ (sL + sR)
and s0 = (sL � sR) / (sL + sR), where sL and sR are the asymmetric uncertainties, and x̄ is the mean of the Gaussian
function.

4 This conclusion is supported by a number of approximate methods to combine p-values [17].

Bobeth et al arXiv:1311.0903
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Main feature: any bSM contribution inside the loops can significantly modify the rate.

The measured rate agrees with SM. But there is more:

What should we take from this?

è Nature is unkind to us?

Ø It is becoming increasingly less likely that large deviation from the SM will be seen.

Ø Rate could have been different by orders of magnitude; yet agrees well with SM

Ø Rate could have been even below SM; apparently it is not (at least not by much)

The hard lesson seems to be that whatever is going on:

Ø Future searches will need high precision (theoretically and experimentally).

(and this was not obvious, or expected, until recently)
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We combine our new results for the O(αem) and O(α2
s) corrections to Bs,d → ℓ+ℓ−, and present

updated branching ratio predictions for these decays in the standard model. Inclusion of the new
corrections removes major theoretical uncertainties of perturbative origin that have just begun to
dominate over the parametric ones. For the recently observed muonic decay of the Bs meson, our
calculation gives B(Bs → µ+µ−) = (3.65± 0.23) × 10−9.

PACS numbers: 12.38.Bx, 13.20.He

Rare leptonic decays of the neutral B mesons are
highly suppressed in the standard model (SM), and pro-
vide important constraints on models of new physics. In
the SM, these flavor changing neutral current decays are
generated first at one-loop level through W-box and Z-
penguin diagrams. Their branching ratios undergo an
additional helicity suppression by m2

ℓ/M
2
Bq

, where mℓ

and MBq
denote masses of the charged lepton and the

Bq meson, respectively. This suppression can be lifted in
models with extra Higgs doublets, such as the minimal
supersymmetric standard model. Constraints on such
models can be obtained even for the scalar masses reach-
ing a few TeV, far above the current direct search limits
(see e.g. Ref. [1]). However, one of the key factors in
determining the constraints is the SM prediction accu-
racy. Improving this accuracy is the main purpose of the
present work.
The average time-integrated branching ratios Bqℓ ≡

B[Bq → ℓ+ℓ−] (q = s, d; ℓ = e, µ, τ) depend on details
of BqB̄q mixing [2]. A simple relation Bqℓ = Γ[Bq →
ℓ+ℓ−]/Γq

H holds in the SM to a very good approxima-
tion, with Γq

H denoting the heavier mass-eigenstate total
width. For ℓ = µ, the current experimental world aver-
ages read [3]

Bsµ = (2.9±0.7)×10−9, Bdµ =
(
3.6+1.6

−1.4

)
×10−10. (1)

They have been obtained by combining the recent mea-
surements of CMS [4] and LHCb [5]. In the Bsµ case,
reduction of uncertainties to a few percent level is ex-
pected in the forthcoming decade. To match such an
accuracy, theoretical calculations must include the next-
to-leading order (NLO) corrections of electroweak (EW)
origin, as well as QCD corrections up to the next-to-
next-to-leading order (NNLO). In the present paper, we
combine our new calculations of the NLO EW [6] and
NNLO QCD [7] corrections to the relevant coupling con-
stant (Wilson coefficient) CA, and present updated SM
predictions for all the Bqℓ branching ratios.

A convenient framework for describing the considered
processes is an effective theory derived from the SM by
decoupling the top quark, the Higgs boson, and the heavy
electroweak bosons W and Z (see, e.g., Ref. [8] for a
pedagogical introduction). The effective weak interaction
Lagrangian relevant for Bq → ℓ+ℓ− reads

Lweak = N CA(µb) (b̄γαγ5q)(ℓ̄γ
αγ5ℓ) + . . . , (2)

where CA is the MS-renormalized Wilson coefficient
at the scale µb ∼ mb. The ellipses stand for other,
subleading weak interaction terms (operators) which
we discuss below. The normalization constant N =
V ⋆
tbVtq G

2
FM

2
W /π2 is given in terms of the Fermi constant

GF (extracted from the muon decay), the W -boson on-
shell mass MW , and the Cabibbo-Kobayashi-Maskawa
(CKM) matrix elements Vij .
Once CA(µb) is determined to sufficient accuracy, the

branching ratio is easily expressed in terms of the lepton
massmℓ, the Bq-meson massMBq

and its decay constant
fBq

. The latter is defined by the QCD matrix element
⟨0|b̄γαγ5q|Bq(p)⟩ = ipαfBq

. One finds

Bqℓ =
|N |2M3

Bq
f2
Bq

8π Γq
H

βqℓ r
2
qℓ |CA(µb)|

2 + O(αem), (3)

where rqℓ = 2mℓ/MBq
and βqℓ =

√
1− r2qℓ. Equation (3)

holds at the leading order in flavor-changing weak in-
teractions and in M2

Bq
/M2

W , which is accurate up to
permille-level corrections. In particular, operators like
(b̄γ5q)(ℓ̄ℓ) from the Higgs boson exchanges give rise to
O(M2

Bq
/M2

W ) effects only. Thus, one neglects such oper-
ators in the SM. However, they often matter in beyond-
SM theories.
As far as the O(αem) term in Eq. (3) is concerned, it

requires more explanation because we are going to ne-
glect it while including complete corrections of this order
to CA(µb). The first observation to make is that some
of the O(αem) corrections to CA(µb) get enhanced by
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We combine our new results for the O(αem) and O(α2
s) corrections to Bs,d → ℓ+ℓ−, and present

updated branching ratio predictions for these decays in the standard model. Inclusion of the new
corrections removes major theoretical uncertainties of perturbative origin that have just begun to
dominate over the parametric ones. For the recently observed muonic decay of the Bs meson, our
calculation gives B(Bs → µ+µ−) = (3.65± 0.23) × 10−9.

PACS numbers: 12.38.Bx, 13.20.He

Rare leptonic decays of the neutral B mesons are
highly suppressed in the standard model (SM), and pro-
vide important constraints on models of new physics. In
the SM, these flavor changing neutral current decays are
generated first at one-loop level through W-box and Z-
penguin diagrams. Their branching ratios undergo an
additional helicity suppression by m2

ℓ/M
2
Bq

, where mℓ

and MBq
denote masses of the charged lepton and the

Bq meson, respectively. This suppression can be lifted in
models with extra Higgs doublets, such as the minimal
supersymmetric standard model. Constraints on such
models can be obtained even for the scalar masses reach-
ing a few TeV, far above the current direct search limits
(see e.g. Ref. [1]). However, one of the key factors in
determining the constraints is the SM prediction accu-
racy. Improving this accuracy is the main purpose of the
present work.
The average time-integrated branching ratios Bqℓ ≡

B[Bq → ℓ+ℓ−] (q = s, d; ℓ = e, µ, τ) depend on details
of BqB̄q mixing [2]. A simple relation Bqℓ = Γ[Bq →
ℓ+ℓ−]/Γq

H holds in the SM to a very good approxima-
tion, with Γq

H denoting the heavier mass-eigenstate total
width. For ℓ = µ, the current experimental world aver-
ages read [3]

Bsµ = (2.9±0.7)×10−9, Bdµ =
(
3.6+1.6

−1.4

)
×10−10. (1)

They have been obtained by combining the recent mea-
surements of CMS [4] and LHCb [5]. In the Bsµ case,
reduction of uncertainties to a few percent level is ex-
pected in the forthcoming decade. To match such an
accuracy, theoretical calculations must include the next-
to-leading order (NLO) corrections of electroweak (EW)
origin, as well as QCD corrections up to the next-to-
next-to-leading order (NNLO). In the present paper, we
combine our new calculations of the NLO EW [6] and
NNLO QCD [7] corrections to the relevant coupling con-
stant (Wilson coefficient) CA, and present updated SM
predictions for all the Bqℓ branching ratios.

A convenient framework for describing the considered
processes is an effective theory derived from the SM by
decoupling the top quark, the Higgs boson, and the heavy
electroweak bosons W and Z (see, e.g., Ref. [8] for a
pedagogical introduction). The effective weak interaction
Lagrangian relevant for Bq → ℓ+ℓ− reads

Lweak = N CA(µb) (b̄γαγ5q)(ℓ̄γ
αγ5ℓ) + . . . , (2)

where CA is the MS-renormalized Wilson coefficient
at the scale µb ∼ mb. The ellipses stand for other,
subleading weak interaction terms (operators) which
we discuss below. The normalization constant N =
V ⋆
tbVtq G

2
FM

2
W /π2 is given in terms of the Fermi constant

GF (extracted from the muon decay), the W -boson on-
shell mass MW , and the Cabibbo-Kobayashi-Maskawa
(CKM) matrix elements Vij .
Once CA(µb) is determined to sufficient accuracy, the

branching ratio is easily expressed in terms of the lepton
massmℓ, the Bq-meson massMBq

and its decay constant
fBq

. The latter is defined by the QCD matrix element
⟨0|b̄γαγ5q|Bq(p)⟩ = ipαfBq

. One finds

Bqℓ =
|N |2M3

Bq
f2
Bq

8π Γq
H

βqℓ r
2
qℓ |CA(µb)|

2 + O(αem), (3)

where rqℓ = 2mℓ/MBq
and βqℓ =

√
1− r2qℓ. Equation (3)

holds at the leading order in flavor-changing weak in-
teractions and in M2

Bq
/M2

W , which is accurate up to
permille-level corrections. In particular, operators like
(b̄γ5q)(ℓ̄ℓ) from the Higgs boson exchanges give rise to
O(M2

Bq
/M2

W ) effects only. Thus, one neglects such oper-
ators in the SM. However, they often matter in beyond-
SM theories.
As far as the O(αem) term in Eq. (3) is concerned, it

requires more explanation because we are going to ne-
glect it while including complete corrections of this order
to CA(µb). The first observation to make is that some
of the O(αem) corrections to CA(µb) get enhanced by

2

on B meson kinematics together with the use of the LHCb result for fs/ fd in the CMS accep-
tance [11]. The LHCb result with the fs/ fd uncertainty similarly separated is

B(B0
s ! µ+µ�) =

⇣
2.87 +1.09

�0.95 ± 0.17
⌘
⇥ 10�9 . (4)

Because of the asymmetric uncertainties, the only exact method to combine these results is to
combine the likelihood functions, either through a simultaneous fit or otherwise. Such an ap-
proach, which would also allow a precise evaluation of the combined significance, has not yet
been performed. Instead, a number of simplified approaches have been considered, including
the Particle Data Group prescription [15] and others suggested in the literature [16]. The results
quoted are based on one of the methods suggested in Ref. [16]. The combinations are performed
using ensembles of simplified pseudo-experiments, where the distributions are modelled with
variable-width Gaussian functions.3 It has been verified that other methods give similar re-
sults. The fs/ fd uncertainty of ±0.17 ⇥ 10�9 in B(B0

s ! µ+µ�) is treated as 100 % correlated
between the two measurements.

The preliminary combined results for the time-integrated branching fractions are

B(B0
s ! µ+µ�) = (2.9 ± 0.7)⇥ 10�9 , (5)

B(B0 ! µ+µ�) =
⇣

3.6 +1.6
�1.4

⌘
⇥ 10�10 ,

where the uncertainties include both statistical and systematic sources. Both branching frac-
tions are consistent with the SM expectations. Although a thorough evaluation of the combined
significance has not yet been performed, it is clear that the B0

s ! µ+µ� decay is observed (i.e.
> 5s), while the yield of B0 ! µ+µ� decays is not statistically significant (i.e. < 3s).4

In summary, results from the CMS and LHCb collaborations on the branching fractions of B0
s !

µ+µ� and B0 ! µ+µ� decays have been combined. The combinations are shown in Fig. 1 and
compared to results from other experiments on the B0

(s) ! µ+µ� decays in Fig. 2.
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Figure 1: Comparison of the latest CMS and LHCb results [11, 12], the combined value, and the SM
prediction (vertical line) for (left) the time-integrated branching fraction B(B0

s ! µ+µ�) and (right)
B(B0 ! µ+µ�). The width of the vertical band represents the uncertainty in the SM prediction. The
error bars represent the combined statistical and systematic uncertainties.

3 The variable-width of the Gaussian function is given by s(x) = s̄ + s0 ⇥ (x � x̄), where s̄ = 2sLsR/ (sL + sR)
and s0 = (sL � sR) / (sL + sR), where sL and sR are the asymmetric uncertainties, and x̄ is the mean of the Gaussian
function.

4 This conclusion is supported by a number of approximate methods to combine p-values [17].



Hey, top mass measurement might help!
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How can we tell if it is a desert or a jungle?

Back to the desert …



Places where the top mass is crucial: 

- Higgs-inflation 

Top quark mass

Bezrukov, Shaposhnikov ’07-’08

Assume non-minimal coupling to gravity:

Then: Higgs = inflaton provided: 

Ø Theory remains perturbative at high energy,

Ø Has been criticized for inconsistent inflation.

103 < x <1041)

2)

3)
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- Higgs-inflation 

Top quark mass

De Simone, Hertzbergy, Wilczek arXiv:0812.4946v2

Provided it works J
the model is very predictive! 
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Results from PLANK (past expectation – not the actual result)

Bezrukov, Shaposhnikov ’07-’08



Higgs mass and vacuum stability in the Standard Model at NNLO.  

Degrassi, Di Vita, Elias-Miro, Espinosa, Giudice, Isidori, Strumia ‘12
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The fate of the Universe might depend on 1 GeV in Mtop!

Yet another application of the top mass:

Quantum corrections 
(included)

Vacuum stability condition:



Higgs mass and vacuum stability in the Standard Model at NNLO

Degrassi, Di Vita, Elias-Miro, Espinosa, Giudice, Isidori, Strumia ‘12
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For the right values of the SM parameters (and we are right there)
SM might survive the Desert.

Possible implication:

ü Currently a big push for better understanding of the top mass. Precision is crucial here…
See, for example: Juste et al arXiv:1310.0799 ; Moch et al arXiv:1405.4781



Precision in particle physics

Theory of collider physics                                                                 Alexander Mitov                   Sofia University, 2017-18



Precision  = confidence!

v LO (leading order) = crude estimate of the result

v NLO (next to leading order) = better estimate of the result 
crude estimate of uncertainty

v NNLO  = for the first time quantify the uncertainty

Three precision observables have been identified for the LHC:

“The three pillars”: 

ü Higgs Production 
ü Drell-Yan 
ü Top Quark Production

Precision in the LHC era

Within perturbation theory
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ü The essence of the problem is to quantify the equation 

Experiment – Standard Model = Discovery
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u NLO calculations are the workhorse of LHC physic. They are: 

u Versatile

u Flexible

u Not always as accurate as we might want.

u Great value of NLO calculations: automation!!

NLO vs NNLO



The NLO automation

MadGraph5_aMC@NLO: sample from 172 processes
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NLO calculations: a sample of full(*) automation

* ) within reason and some limits …

Courtesy of M. Grazzini
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NLO calculations: full(*) automation
• NLO calculations have become so advanced and almost fully automated that, really, there is no 

excuse to use LO in serious analyses!

• I would mention the aMC@NLO collaboration which has taken the approach of full automation 
+ shower following the extremely successful MC@NLO approach.

• NLO automation allows not only QCD but any SM process. In principle these are contained 
now in the aMC@NLO. 

• Similar developments from the Sherpa+OpenLoops collaboration (see arXiv:1412.5157)

• The number of high-quality works I can’t cover here is enormous. Let me only mention few: 
• Denner/Dittmaier et al
• The Helac collaboration
• GOSAM project
• Njet library
• BlackHat Collaboration
• MCFM

• Among the most impressive results ever achieved at NLO is the monstrous tt+jet calculation 
with full off-shell effects and top decay: 2
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FIG. 1. Representative Feynman diagrams, involving two (first diagram), one (second diagram) and no top quark reso-
nances (third diagram), contributing to the leading order pp → e+νeµ

−ν̄µbb̄j process at O(α3
sα

4). The last diagram with
a single W boson resonance contributes to the off-shell effects of the W gauge boson.

of Feynman diagrams contributing to the leading or-
der process at O(α3

sα
4) are presented in Figure 1. We

stress here that contributions of the order O(αsα6)
have not been included in our calculations. Full off-
shell top quark effects at NLO have already been con-
sidered in the literature for a simpler process, i.e. top
quark pair production, first in [13, 14], and subse-
quently in [15–18]. Quite recently, a first attempt
to go beyond the NWA for a 2 → 5 processes has
been undertaken in [19], where NLO corrections to
pp → e+νeµ−ν̄µbb̄H have been considered.

Calculation: NLO QCD corrections to pp →
e+νeµ−ν̄µbb̄j have been calculated with the Helac-

Nlo Monte Carlo program [20]. This is the first such
computation with five final states (the decay prod-
ucts of the W ’s are not counted, because they do not
couple to color charged states) carried out within this
framework. We compute the virtual corrections in the
’t Hooft-Veltman version of the dimensional regulari-
sation using Helac-1Loop [21] and CutTools [22],
which are based on the Ossola-Papadopoulos-Pittau
(OPP) reduction technique [23–25]. The most compli-
cated one-loop diagrams in our calculations are hep-
tagons. A number of optimizations have been devised
in the algorithm of Helac-1Loop for the selection of
loop topologies, which discard in advance all possibili-
ties that are not compatible with the SM. This allowed
us to substantially reduce the generation time. The
process under consideration requires a special treat-
ment of unstable top quarks, which is achieved within
the complex mass scheme [26, 27]. At the one loop
level the appearance of a non-zero top quark width in
the propagator requires the evaluation of scalar inte-
grals with complex masses, which is supported by the
OneLOop program, used for the evaluation of the
integrals [28]. For consistency, mass renormalization
for the top quark is also done by applying the complex
mass scheme in the well known on-shell mass counter
term. The preservation of gauge symmetries by this
approach is explicitly checked by studying Ward iden-
tities up to the one loop level. Reweighting tech-

niques, helicity and color sampling methods are ad-
ditionally used in order to optimize the performance
of our system. The singularities from soft or collinear
parton emissions are isolated via subtraction methods
for NLO QCD calculations. Specifically, two inde-
pendent subtraction schemes are employed: the com-
monly used Catani-Seymour dipole subtraction [29–
31], and a fairly new Nagy-Soper subtraction scheme
[32], both implemented in the Helac-Dipoles soft-
ware [31]. The implementation consists of a phase
space integrator of subtracted real radiation and in-
tegrated subtraction terms for massless and massive
cases. The phase space integration is performed with
the multichannel Monte Carlo generator Phegas [33]
and Kaleu [34]. In the latter case, dedicated addi-
tional channels for each subtraction term have been
added for both subtraction schemes to improve the
convergence of the phase space integrals for the sub-
tracted real contribution. Let us also note, that we
have implemented a new option in Helac-Nlo for
automatically selecting the desired perturbative order
in αs and α, preserving at the same time the struc-
ture and the advantages of the Dyson-Schwinger re-
cursive approach for the construction of the ampli-
tude. This modification is particularly useful in the
current project, since we are interested in mixed con-
tributions, i.e. O(α3

sα
4) at LO and O(α4

sα
4) at NLO.

Phenomenological Application: In the fol-
lowing we present our numerical results for pp →
e+νeµ−ν̄µbb̄j + X at the LHC at the center-of-mass
energy of

√
s = 8 TeV. Decays of the weak bosons to

different lepton generations are considered, to avoid
virtual photon singularities arising from γ → ℓ+ℓ− de-
cays. These effects are at the level of 0.5%, as checked
by an explicit LO calculation. The SM parameters are
set to

GF = 1.16637 · 10−5 GeV−2 , mt = 173.3 GeV ,

mW = 80.399 GeV , ΓW = 2.09974 GeV ,

mZ = 91.1876 GeV , ΓZ = 2.50966 GeV ,

Bevilacqua, Hartanto, Kraus, Worek 1509.09242
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u NNLO, where possible, will ultimately define the reach of the LHC.

u The kind of questions to be addressed at NNLO (or N3LO) are:

u Detailed answers about the Higgs boson (in fact, requires even N3LO)

u Self consistency of the SM at the level of few percent.

u Extract parameters with high precision (mW, mtop, Higgs, …)

u Search for non-SM couplings 

u Say as much as possible about the nature of Dark Matter candidates. 
If no candidate is found in direct searches, powerful exclusion limits might be very 
valuable hints about how to think about this very real problem.

NLO vs NNLO
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The actual Higgs observation!
ATLAS ‘12

Higgs production

CMS ‘13

Precision in theory and experiment is key in ID-ing. Work ongoing. Need to go beyond NNLO?
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• We want to know as much as possible about the Higgs. This means precise SM predictions to 
compare with experiment.

• Most pressing question: the uncertainty of the total cross-section

• It necessitated the calculation of the N3LO correction (a first for hadron colliders!)
Anastasiou, Dulat, Duhr, Furlan, Gehrmann, Herzog, Lazopoulos, Mistlberger ‘15

Scale variation
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NNLO

N3LO
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setup 1, EFT, 13 TeV

carefully analyse the residual uncertainty associated to all of these contributions. In this

way we obtain the most precise theoretical prediction for the Higgs production cross section

available to date.

We conclude this section by summarizing, for later convenience, the default numerical

values of the input parameters used in our numerical studies, as well as concrete choices

for PDFs and quark mass schemes. In particular, we investigate three di↵erent setups,

which are summarized in Tab. 1–3. Note that we use NNLO PDFs even when we refer

to lower order terms of the cross section, unless stated otherwise. The values for the

quark masses used are in accordance with the recommendations of the Higgs Cross Section

Working Group [82], wherein the top quark mass was selected to facilitate comparisons

with existing experimental analyses at LHC, Run 11.

Table 1: Setup 1

p
S 13TeV

mh 125GeV
PDF PDF4LHC15 nnlo 100

as(mZ) 0.118
mt(mt) 162.7 (MS)
mb(mb) 4.18 (MS)

mc(3GeV ) 0.986 (MS)
µ = µR = µF 62.5 (= mh/2)

Table 2: Setup 2

p
S 13TeV

mh 125GeV
PDF PDF4LHC15 nnlo 100

as(mZ) 0.118
mt 172.5 (OS)
mb 4.92 (OS)
mc 1.67 (OS)

µ = µR = µF 62.5 (= mh/2)

Table 3: Setup 3

p
S 13TeV

mh 125GeV
PDF abm12lhc 5 nnlo

as(mZ) 0.113
mt(mt) 162.7 (MS)
mb(mb) 4.18 (MS)

mc(3GeV ) 0.986 (MS)
µ = µR = µF 62.5 (= mh/2)

3. The cross-section through N3LO in the infinite top-quark limit

3.1 The partonic cross section at N3LO in the heavy-top limit

In this section we discuss the contribution �̂ij,EFT in eq. (2.4) from the e↵ective theory

where the top quark is infinitely heavy. This contribution can be expanded into a pertur-

bative series in the strong coupling constant,

�̂ij,EFT

z
=

⇡ |C|2
8V

1X

n=0

⌘(n)ij (z) ans , (3.1)

where V ⌘ N2
c � 1 is the number of adjoint SU(Nc) colours, as ⌘ ↵s/⇡ denotes the strong

coupling constant evaluated at a scale µ and C is the Wilson coe�cient introduced in

eq. (2.5), which admits itself a perturbative expansion in the strong coupling [17, 18, 19],

C = a2s

1X

n=0

Cn a
n
s . (3.2)

Here both the coe�cients Cn and the strong coupling are functions of a common scale µ.

At LO in as only the gluon-gluon initial state contributes, and we have

⌘(0)ij (z) = �ig �jg �(1� z) . (3.3)

1Note that the current world average mOS
t = 173.2 is within the recommended uncertainty of 1GeV

from the proposed mOS
t = 172.5 that we use here.

– 6 –

Total cross-section in 
the large mt limit

Claude Duhr, Zurich Workshop 2016 

Higgs production at the LHC

Higgs at N3LO



Theory of collider physics                                                                 Alexander Mitov                   Sofia University, 2017-18

Claude Duhr, Zurich Workshop 2016 

Summary

48.48
±0.90pb ±1.26pb 

pb
         pb ±0.12 

pb
±0.56 

pb
±0.48 

pb
±0.34 

pb
±0.48 

pb±1.86% ±2.60%         % ±0.25% ±1.15% ±1.00% ±0.70% ±1.00%

�[pb] �PDF �↵s �scale �trunc �PDF-TH �EW �tb �1/mt

+0.09
�1.11

+0.2
�2.3

• Scale choice

•          and     are computed using the PDF4LHC recommendation.

• We have also considered parametric uncertainties on quark 
masses, and change of renormalisation scheme.

µF = µR 2 [mH/4,mH ]

�PDF �↵s

➡ Negligible.

• We do not include threshold resummation effects.
➡ Captured in N3LO scale variation.

• Combination of errors:
➡ PDF and aS in quadrature.
➡ the rest is added linearly.

• Total cross-section at N3LO:

• Uses NNLO pdf; no N3LO pdf’s available (likely 1% effect)

• EW corrections exact at NLO; at mixed QCD-EW included in an EFT approach (gauge bosons 
integrated out into Wilson coefficients)

• Quark masses (mt mb) included exactly at NLO. NNLO desirable

• Threshold resummation likely not pressing issue anymore.

• Basically, at N3LO the Higgs cross-sections starts to look just like the NNLO cross-sections of 
2-to-2 processes (top-pair, for example)

See also Forte et al ‘14

Higgs at N3LO
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Grazzini, Kallweit, Rathlev, Torre ’13
de Florian, Mazzitelli ‘13

Z(à l+l-) + γ @ NNLO
HH @ NNLO

Vector boson pair production at NNLO

Following the idea of Catani and Grazzini ‘07, the availability of 2-loop amplitudes makes it 
possible to compute NNLO corrections to processes with non-strongly interacting final states.

u First example: di-photon production.
Spectacular example of the need of
higher order corrections!

u Very recently: 

The delayed perturbative convergence we know from Higgs can also be seen in HH
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• Essential for understanding EWSB physics
• NNLO correction reduces tension with ATLAS; agrees with CMS

Gehrmann, Grazzini, Kallweit et al ‘14

3

√
s

TeV σLO σNLO σNNLO σgg→H→WW∗

7 29.52+1.6%
−2.5% 45.16+3.7%

−2.9% 49.04+2.1%
−1.8% 3.25+7.1%

−7.8%

8 35.50+2.4%
−3.5% 54.77+3.7%

−2.9% 59.84+2.2%
−1.9% 4.14+7.2%

−7.8%

13 67.16+5.5%
−6.7% 106.0+4.1%

−3.2% 118.7+2.5%
−2.2% 9.44+7.4%

−7.9%

14 73.74+5.9%
−7.2% 116.7+4.1%

−3.3% 131.3+2.6%
−2.2% 10.64+7.5%

−8.0%

TABLE I. LO, NLO and NNLO cross sections (in picobarn)
for on-shell W+W− production in the 4FNS and reference
results for gg → H → WW ∗ from Ref. [75].

decrease when moving from LO to NLO and NNLO.
Moreover, the NNLO (NLO) corrections turn out to ex-
ceed the scale uncertainty of the NLO (LO) predictions
by up to a factor 3 (34). The fact that LO and NLO
scale variations underestimate higher-order effects can be
attributed to the fact that the gluon–quark and gluon–
gluon induced partonic channels, which yield a sizable
contribution to the W+W− cross section, appear only
beyond LO and NLO, respectively. The NNLO is the
first order at which all partonic channels are contribut-
ing. The NNLO scale dependence, which amounts to
about 3%, can thus be considered a realistic estimate of
the theoretical uncertainty due to missing higher-order
effects.

In Figure 1, theoretical predictions in the 4FNS are
compared to CMS and ATLAS measurements at 7 and
8 TeV [5–8]. For a consistent comparison, our results
for on-shell W+W− production are combined with the
gg → H → WW ∗ cross sections reported in Table I.
It turns out that the inclusion of the NNLO corrections
leads to an excellent description of the data at 7 TeV and
decreases the significance of the observed excess at 8 TeV.
In the lower frame of Figure 1, predictions and scale vari-
ations at NNLO are compared to NLO ones, and also the
individual contribution of the gg → W+W− channel is
shown. Using NNLO parton distributions throughout,
the loop induced gluon fusion contribution is only about
35% of the total NNLO correction.

In the light of the small scale dependence of the 4FNS
NNLO cross section, the ambiguities associated with the
definition of a top-free W+W− cross section and its sen-
sitivity to the choice of the FNS might represent a sig-
nificant source of theoretical uncertainty at NNLO. In
particular, the omission of b-quark emissions in our 4FNS
definition of the W+W− cross section implies potentially
large logarithms of mb in the transition from the 4FNS
to the 5FNS. To quantify this kind of uncertainties, we
study the NNLO W+W− cross section in the 5FNS and
introduce a subtraction of its top contamination that al-
lows for a consistent comparison between the two FNSs.
An optimal definition of W+W− production in the 5FNS
requires maximal suppression of the top resonances in
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FIG. 1. The on-shell W+W− cross section in the 4FNS at

LO (dots), NLO (dashes), NLO+gg (dot dashes) and NNLO

(solid) combined with gg → H → WW ∗ is compared to re-

cent ATLAS and CMS measurements [5–8]. In the lower panel

NNLO and NLO+gg results are normalized to NLO predic-

tions. The bands describe scale variations.

the pp → W+W−b and pp → W+W−bb̄ channels. At
the same time, the cancellation of collinear singularities
associated with massless g → bb̄ splittings requires a suf-
ficient level of inclusiveness. The difficulty of fulfilling
both requirements is clearly illustrated in Figure 2 (left),
where 5FNS predictions are plotted versus a b-jet veto
that rejects b-jets with pT,bjet > pvetoT,bjet over the whole
rapidity range, and are compared to 4FNS results. In
the inclusive limit, pvetoT,bjet → ∞, the higher-order correc-
tions in the 5FNS suffer from a huge top contamination.
At 7 (14) TeV the resulting relative enhancement with
respect to the 4FNS amounts to about 30 (60)% at NLO
and a factor 4 (8) at NNLO. In principle, it can be sup-
pressed through the b-jet veto. However, for natural jet
veto values around 30 GeV the top contamination re-
mains larger than 10% of the W+W− cross section, and
a complete suppression of the top contributions requires
a veto of the order of 1 GeV. Moreover, as pvetoT,bjet → 0,
the (N)NLO cross section does not approach a constant,
but, starting from pvetoT,bjet ∼ 10 GeV, it displays a loga-
rithmic slope due to singularities associated with initial
state g → bb̄ splittings. This sensitivity to the jet-veto
parameters represents a theoretical ambiguity at the sev-
eral percent level, which is inherent in the definition of
top-free W+W− production based on a b-jet veto.

To circumvent this problem we will adopt an alterna-

• NNLO correction similar in size to Hà WW*

• Hard to separate WW from top-pair production; 
• b-jets essential in this:

3
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TeV σLO σNLO σNNLO σgg→H→WW∗

7 29.52+1.6%
−2.5% 45.16+3.7%
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TABLE I. LO, NLO and NNLO cross sections (in picobarn)
for on-shell W+W− production in the 4FNS and reference
results for gg → H → WW ∗ from Ref. [75].

decrease when moving from LO to NLO and NNLO.
Moreover, the NNLO (NLO) corrections turn out to ex-
ceed the scale uncertainty of the NLO (LO) predictions
by up to a factor 3 (34). The fact that LO and NLO
scale variations underestimate higher-order effects can be
attributed to the fact that the gluon–quark and gluon–
gluon induced partonic channels, which yield a sizable
contribution to the W+W− cross section, appear only
beyond LO and NLO, respectively. The NNLO is the
first order at which all partonic channels are contribut-
ing. The NNLO scale dependence, which amounts to
about 3%, can thus be considered a realistic estimate of
the theoretical uncertainty due to missing higher-order
effects.

In Figure 1, theoretical predictions in the 4FNS are
compared to CMS and ATLAS measurements at 7 and
8 TeV [5–8]. For a consistent comparison, our results
for on-shell W+W− production are combined with the
gg → H → WW ∗ cross sections reported in Table I.
It turns out that the inclusion of the NNLO corrections
leads to an excellent description of the data at 7 TeV and
decreases the significance of the observed excess at 8 TeV.
In the lower frame of Figure 1, predictions and scale vari-
ations at NNLO are compared to NLO ones, and also the
individual contribution of the gg → W+W− channel is
shown. Using NNLO parton distributions throughout,
the loop induced gluon fusion contribution is only about
35% of the total NNLO correction.

In the light of the small scale dependence of the 4FNS
NNLO cross section, the ambiguities associated with the
definition of a top-free W+W− cross section and its sen-
sitivity to the choice of the FNS might represent a sig-
nificant source of theoretical uncertainty at NNLO. In
particular, the omission of b-quark emissions in our 4FNS
definition of the W+W− cross section implies potentially
large logarithms of mb in the transition from the 4FNS
to the 5FNS. To quantify this kind of uncertainties, we
study the NNLO W+W− cross section in the 5FNS and
introduce a subtraction of its top contamination that al-
lows for a consistent comparison between the two FNSs.
An optimal definition of W+W− production in the 5FNS
requires maximal suppression of the top resonances in
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(solid) combined with gg → H → WW ∗ is compared to re-

cent ATLAS and CMS measurements [5–8]. In the lower panel

NNLO and NLO+gg results are normalized to NLO predic-

tions. The bands describe scale variations.

the pp → W+W−b and pp → W+W−bb̄ channels. At
the same time, the cancellation of collinear singularities
associated with massless g → bb̄ splittings requires a suf-
ficient level of inclusiveness. The difficulty of fulfilling
both requirements is clearly illustrated in Figure 2 (left),
where 5FNS predictions are plotted versus a b-jet veto
that rejects b-jets with pT,bjet > pvetoT,bjet over the whole
rapidity range, and are compared to 4FNS results. In
the inclusive limit, pvetoT,bjet → ∞, the higher-order correc-
tions in the 5FNS suffer from a huge top contamination.
At 7 (14) TeV the resulting relative enhancement with
respect to the 4FNS amounts to about 30 (60)% at NLO
and a factor 4 (8) at NNLO. In principle, it can be sup-
pressed through the b-jet veto. However, for natural jet
veto values around 30 GeV the top contamination re-
mains larger than 10% of the W+W− cross section, and
a complete suppression of the top contributions requires
a veto of the order of 1 GeV. Moreover, as pvetoT,bjet → 0,
the (N)NLO cross section does not approach a constant,
but, starting from pvetoT,bjet ∼ 10 GeV, it displays a loga-
rithmic slope due to singularities associated with initial
state g → bb̄ splittings. This sensitivity to the jet-veto
parameters represents a theoretical ambiguity at the sev-
eral percent level, which is inherent in the definition of
top-free W+W− production based on a b-jet veto.

To circumvent this problem we will adopt an alterna-
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FIG. 2. The pp → W+W− cross section in the 5FNS at
√
s = 8 TeV is plotted versus a b-jet veto, pT,bjet < pvetoT,bjet,

and compared to results in the 4FNS (which are pvetoT,bjet independent). Full 5FNS results (left plot) are contrasted with top-

subtracted 5FNS predictions (right plot). The relative agreement between 5FNS and 4FNS results is displayed in the lower

frames. Jets are defined using the anti-kT algorithm [39] with R = 0.4, and in order to guarantee the cancellations of final-state

collinear singularities, bb̄ pairs that are recombined by the jet algorithm are not vetoed.

tive definition of the W+W− cross section in the 5FNS,
where resonant top contributions are subtracted along
the lines of Refs. [40, 41] by exploiting their characteris-
tic scaling behaviour in the limit of vanishing top-quark
width. The idea is that doubly (singly) resonant contri-
butions feature a quadratic (linear) dependence on 1/Γt,
while top-free W+W− contributions are not enhanced
at small Γt. Using this scaling property, the tt̄, tW±

and (top-free) W+W− components in the 5FNS are de-
termined from high-statistics evaluations of the 5FNS
cross section at different values of Γt. The 5FNS top-free
W+W− cross section σ5F

WW , defined in this way, is pre-
sented in Figure 2 (right) for

√
s = 8 TeV. Its dependence

on the b-jet veto demonstrates the consistency of the em-
ployed top subtraction: at pvetoT,bjet → 0 we clearly observe
the above-mentioned QCD singularity from initial-state
g → bb̄, while for pvetoT,bjet∼

> 10 GeV, consistently with the

absence of top contamination, σ5F
WW is almost insensitive

to the veto. Thus the inclusive limit of σ5F
WW can be used

as a precise theoretical definition of W+W− production
in the 5FNS, and compared to the 4FNS. The agreement
between the two schemes turns out to be at the level of
1 (2)% at 7 (14) TeV, and this finding puts our NNLO
results and their estimated uncertainty on a firm theo-
retical ground.

In summary, we have presented the first NNLO cal-
culation of the total W+W− production cross section
at the LHC. The W+W− signature is of crucial im-
portance to precision tests of the fundamental structure
of electroweak interactions and provides an important
background in Higgs boson studies and searches for new
physics. Introducing consistent theoretical definitions of
W+W− production in the four and five flavour num-
ber schemes, we have demonstrated that the huge top
contamination of the W+W− signal can be subtracted
without significant loss of theoretical precision. The
NNLO corrections to W+W− production increase from
9% at 7 TeV to 12% at 14 TeV, with an estimated 3%
residual uncertainty from missing contributions beyond
NNLO. Gluon fusion amounts to about 35% of the total
NNLO contribution. The inclusion of the newly com-
puted NNLO corrections provides an excellent descrip-
tion of recent measurements of the W+W− cross section
at 7 TeV and diminishes the significance of an observed
excess at 8 TeV. In the near future more differential stud-
ies at NNLO, including leptonic decays and off-shell ef-
fects, will open the door to high-precision phenomenology
with W+W− final states.

We would like to thank A. Denner, S. Dittmaier and
L. Hofer for providing us with the Collier library. S. K.,

Top 
included

Top not 
included

WW production at NNLO
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Top-pair production at NNLO

• LHC: the top factory

• Top discovered at the Tevatron but statistics there was very limited (~1k events)
• LHC gets the chance to produce lots of top events (>100k events recorded at Run I)
• LHC Run 2 cross-section larger by a factor of 4.

• The LHC should, for the first time, study the top completely, all its couplings and 
parameters. 

• Top is (most) important background for most BSM searches.

• Interesting anomalies (top forward-backward asymmetry at the Tevatron)

• Important for SM Higgs

• So far the only NNLO input for gluon pdf from hadron colliders

• Measurement of αS . Top mass is a major input when extending SM towards GUT scales 

(think vacuum stability, Higgs inflation).
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Top-pair production at NNLO

• Impressive agreement for the total cross-section (level of 4-5%)

ü Notable: after a month of data 
taking the largest error, by far, is 
the one due to luminosity!

ü Cancels in the tt/Z ratio. Excellent 
agreement with NNLO SM. 

Z
totσ / tt

totσ
0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

ATLAS Preliminary
-113 TeV, 78 - 85 pb

 total uncertainty±data 
 stat. uncertainty±data 

ABM12LHC
CT10nnlo
NNPDF3.0
MMHT14nnlo68CL

(NNLO QCD, inner uncert.: PDF only)

Figure 5: Measured cross-section ratio Rtt̄/Z compared to NNLO predictions at
p

s = 13 TeV based on the
ABM12LHC, CT10, NNPDF3.0 and MMHT14 PDF sets. The inner shaded band corresponds to the statistical
uncertainty on the measurement, whilst the outer shaded band includes both statistical and systematic uncertainties.
The inner error bars on the predictions correspond to PDF uncertainties only, whilst the outer error bars also include
QCD scale and ↵S uncertainties.

uncertainties rescaled to 68 % CL) is

RCT10nnlo
tt̄/Z = 0.427+0.022

�0.013 (PDF) +0.012
�0.016 (QCD scale) +0.005

�0.004 (↵s) ,

where the third uncertainty corresponds to varying ↵S in the range 0.1180 ± 0.0012. The experimental
result agrees with this prediction, and with those from NNPDF3.0 and MMHT14nnlo68CL, as can be seen
from Figure 5. However, they are only marginally consistent with the prediction using the ABM12LHC
PDF set, which gives a 12 % smaller tt̄ cross-section than CT10. The predictions are made for a fixed
top-quark mass of mt = 172.5 GeV, and vary by ⌥2.7 % for a ±1 GeV change in mt. They also depend onp

s, and would vary by ±1.2 % for a ±1 % change away from the assumed value of
p

s = 13 TeV.

9. Conclusion

The inclusive tt̄ production cross-section is measured using an ATLAS pp collision data sample of 85 pb�1

at
p

s = 13 TeV, in the same-flavour dilepton tt̄ ! `+`�⌫⌫bb̄ and lepton-plus-jets tt̄ ! `+⌫qq̄0bb̄ decay
channels. In the dilepton channel, the numbers of opposite-sign ee and µµ events with one and two
b-tagged jets are counted, allowing a simultaneous determination of the tt̄ cross-section �tt̄ and the prob-
ability to reconstruct and b-tag a jet from a tt̄ decay, ✏``b . Assuming a top-quark mass of mt = 172.5 GeV,
the result is: �tt̄ = 749 ± 57 (stat) ± 79 (syst) ± 74 (lumi) pb.

In the lepton-plus-jets channel, the cross-section is extracted by counting the number of events with
exactly one electron or muon and at least four jets, at least one of which is identified as originating from a
b-quark. Assuming a top-quark mass of mt = 172.5 GeV, the result is: �tt̄ = 817±13 (stat) ±103 (syst) ±
88 (lumi) pb.

22

 Total inclusive cross section at NNLO (+NNLL) 
[Czakon, Fiedler, Mitov; 2013]

 Where we are

 

3
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ü NNLO QCD corrections systematically 
improve the agreement with CMS 
data.

ü Agreement with ATLAS (not shown) 
even better. 

ü NNLO does what one normally 
expects:

• Convergence
• Decrease of scale error
• Pdf error not included

Cavendish-HEP-15/yy, TTK-15-zz

Top quark pair di↵erential distributions for the LHC

Michal Czakon,1 David Heymes,2 and Alexander Mitov2

1Institut für Theoretische Teilchenphysik und Kosmologie,
RWTH Aachen University, D-52056 Aachen, Germany

2Cavendish Laboratory, University of Cambridge, Cambridge CB3 0HE, UK

We present predictions for top quark pair di↵erential distributions measured at the LHC. Our
result is based on fully di↵erential calculation in NNLO QCD which is exact and complete. Our
results improve the agreement between existing LHC measurements and LHC data thus, hopefully,
helping to alleviate the existing tension between LHC measurements and Standard Model predictions
for the top quark transverse momentum distribution. We note that the invariant mass distribution
is very stable with respect to higher order corrections which makes it well suitable, for example, for
searches for physics beyond the Standard Model.

INTRODUCTION

There is remarkable overall agreement between Stan-
dard Model (SM) predictions for top quark pair produc-
tion and LHC measurements. Measurements of the total
inclusive cross-section at 7 TeV, 8 TeV [1–3] and, since
few months ago, 13 TeV [4, 5] agree well with Next-to-
Next-to Leading Order (NNLO) QCD predictions [6–11].
Di↵erential measurements of final state leptons and jets
are generally well-described by existing NLO QCDMonte
Carlo (MC) generators. Concerning top quark di↵eren-
tial distributions, the description of top quark P

T

has
long been in tension with data [12–14]; see also the latest
di↵erential measurements in the bulk [15] and boosted
top [16] regions. First 13 TeV measurements have just
appeared [17, 18] and they show similar results, i.e. MC
predictions tend to be harder than data.

This so-called top P
T

“discrepancy” has long been a
reason for concern. Since the top quark is not measured
directly, but is inferred from its decay products, any dis-
crepancy between top-quark-level data and SM predic-
tion implies that, potentially, the MC generators used in
unfolding the data may not be accurate enough in their
description of top quark processes. Since the top is a
main background in most searches for physics beyond
the SM (BSM) any discrepancy in the SM top descrip-
tion may potentially a↵ect a broad class of processes at
the LHC, including BSM searches and Higgs physics.

The main “suspects” contributing to such a discrep-
ancy are possible deficiencies in MC event generators and
higher order SM corrections to top-pair production. The
goal of this work is to derive the so-far unknown NNLO
QCD corrections to the top quark P

T

spectrum at the
LHC and establish if these corrections bridge the gap be-
tween LHC measurements, propagated back to top quark
level with current MC event generators, and SM predic-
tions at the level of stable top quarks.

Our calculations are for LHC at 8 TeV. They show
that the NNLO QCD corrections to the top quark P

T

spectrum are significant and must be taken into account
for proper modelling of this observable. The e↵ect of
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FIG. 1: Normalised top/antitop PT distribution vs. CMS
data [15]. NNLO error band from scale variation only.

NNLO QCD corrections is to soften the spectrum and
bring it closer to the 8 TeV CMS data [15].
The rest of this paper is organised as follows...

DETAILS OF THE CALCULATION

Our results are based on a fully di↵erential NNLO
QCD calculation of inclusive top-pair production at the
LHC. Similarly to our earlier Tevatron predictions for the
top-quark forward-backward asymmetry [19] this calcu-
lation is complete and exact, i.e. it includes all partonic
channels contributing at this order in perturbation the-
ory, without any approximation.
With some important modifications which we describe

Top-pair production at NNLO: PT spectrum



ü Learn to think as physicists: what matters and what doesn’t

ü Factorization for physical processes and non-perturbative contributions (PDF, etc)

ü Perturbative loop computations

ü Understanding how to tame Infra Red singularities

Ø Unlike UV divergences we do not renormalize them away

Ø One needs to rethink the concept of a final state: the final states we measure are 
mixture of basic states (in the sense of S-matrix elements)

Ø This is a huge problem

ü A lot of computing: all problems worth considering involve 103 - 106 Feynman diagrams

ü Analytical and numerical methods used; How to evaluate integrals?

ü (Efficient) evaluation of amplitudes

ü What does it mean to evaluate an integral in terms  of functions that themselves cannot be 
computed numerically

ü Etc.

Next Lectures

Theory of collider physics                                                                 Alexander Mitov                   Sofia University, 2017-18


