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The LHC experiments struggle  to get past the ``Standard Model barrier’’  and 
discover physics beyond it. As many exclusion limits improve (increase), we face 
the  prospect of having to understand how to find New Physics  either in  complex 
final states (if it is light) or  in tails of distributions (if it is heavy).  This forces us to 
consider if  precision studies at the LHC -- a hadron collider (!) -- are possible.  

Exclusion limits for stops and gluinos after ICHEP2016

Gluino	decays	to	bb+LSP	

ICHEP2016,	Aug	9,	2016	 Searches	for	SUSY	 10	

Gluinos:	highest	SUSY	producCon	cross	secCon	
•  can	give	access	to	other	sparCcles	via	decay	chains	
•  here:	consider	decays	to	two	quarks	and	the	LSP	

Hadronic	search	with	b-jets	
•  ≥4	jets,	≥3	b,	no	lepton	(this	model)	
•  key	variables:	#b-jets,	MET,	meff,	mT,	large-radius	jet	masses			

ATLAS-CONF-2016-052	 Other	results	
•  CMS-SUS-16-014	
•  CMS-SUS-16-015	
•  CMS-SUS-16-016	

Top	squarks	(the	so:	side)	

ICHEP2016,	Aug	9,	2016	 Searches	for	SUSY	 20	

Direct	producCon		
•  Δm<m(W):	experimentally	challenging	but	could	explain	
DM	density	due	to	co-annihilaCon	

•  handles:	ISR	jets,	so:	leptons	

Hadronic	 CMS-SUS-16-029	 2	leptons	 CMS-SUS-16-025	

for	prompt	decays	

 A challenge
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Systematic precision studies at hadron colliders, aimed at discovering new effects, 
have never been  attempted before. Indeed, hadrons are composite particles kept 
together by a poorly understood strong force.  If we can’t understand (compute) 
properties of one proton, can we confidently describe what happens when two collide? 

The most important prerequisite for the success of precision physics program at the 
LHC is the  understanding of hadron collisions from first principles.  This requirement is 
stronger than  the ability of our tools ( parton showers, fixed order calculations, 
resummations etc.) to describe data; this can happen by accident or because multiple 
tunes are available.

We need to understand, parametrically, the approximations that are made on the way 
from the  Standard Model Lagrangian to a particular measurement and why these 
particular  approximations are  justified in each case. 

We need to be sure that the  framework that we use is solid and that it is improvable 
( and if not, then what is its  ultimate limit). 

In short, we need to start asking questions about the foundations of what we  do to 
describe hard hadron collisions and keep in mind that a significant fraction of the current 
lore and ideas date back to times when even an order-of-magnitude understanding of 
hadron collider  physics was considered a successes; currently, we strive for more.    

 Precision physics at the LHC?
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The new paradigm of discovery 
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Bard: Interpreting New Frontier Energy Collider Physics

Bruce Knuteson!

MIT

Stephen Mrenna†

FNAL

No systematic procedure currently exists for inferring the underlying physics from discrepancies
observed in high energy collider data. We present Bard, an algorithm designed to facilitate the
process of model construction at the energy frontier. Top-down scans of model parameter space
are discarded in favor of bottom-up diagrammatic explanations of particular discrepancies, an ex-
planation space that can be exhaustively searched and conveniently tested with existing analysis
tools.

In contemporary high energy physics experiments, it
is not uncommon to observe discrepancies between data
and Standard Model predictions. Most of these discrep-
ancies have been explained away over time. To convinc-
ingly demonstrate that an observed e!ect is evidence of
physics beyond the Standard Model, it is necessary to
prove it is (1) not a likely statistical fluctuation, (2) not
introduced by an imperfect understanding of the exper-
imental apparatus, (3) not due to an inadequacy of the
implementation of the Standard Model prediction, and
(4) interpretable in terms of a sensible underlying the-
ory. Those who object to (4) as being necessary fail to
appreciate that most hypothesis development in science
occurs before, rather than after, publication. This last
criterion is essential, and will likely point the way to other
discrepancies that must exist if the interpretation is cor-
rect.

In the search for new electroweak-scale physics at

FIG. 1: A cartoon illustration of Bard’s starting point: an
excess (circled in red) in data (individual events shown as tick
marks on the horizontal axis) over Standard Model prediction
(shown as a continuous distribution) in a particular exclusive
final state (e+e!bb̄) on the tail of the total summed scalar
transverse momentum of all objects in the event (

!
pT ).

FIG. 2: Chalkboard drawing of the ingoing and outgoing legs
of the Feynman diagram responsible for producing an ob-
served signal in the final state e+e!bb̄ at the Tevatron (left),
and of a Feynman diagram possibly responsible for producing
this signal (right).

the frontier energy colliders, a model-independent search
strategy (Vista [1, 2] or Sleuth [1, 2, 3, 4, 5]) rigor-
ously addresses whether a statistical fluctuation explains
the observation. Rejecting the hypothesis that the ob-
served e!ect arises from a feature of the detector or an
inadequacy of the detector simulation is best handled by
requiring consistency among all collected data; this is
the purpose of Vista. Our ability to calculate QCD at
hadron colliders has improved dramatically over the past
decade, with much recent progress in describing multi-
jet final states. Using these tools and demanding con-
sistency among many di!erent observables addresses the
third criterion. Addressing the fourth requires a practi-
cal method for systematically generating new hypotheses
to yield sensible interpretations of discrepancies.

Event generators containing implementations of
physics beyond the Standard Model are able to calcu-
late model predictions within particular scenarios. In-
terpreting a specific discrepancy requires working in the
inverse direction, from observed phenomenon to the un-
derlying model. The typical top-down approach of scan-
ning model parameter spaces to find regions compati-
ble with discrepancies is computationally intractable for
parameter spaces with dimensionality larger than about
five. We are aware of no satisfactory systematic pre-
scription for interpreting possible discrepancies observed
at the Tevatron or Large Hadron Collider in terms of the
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Main idea behind this paper  was to search systematically  for a correlated  set of 
deviations from the SM  predictions and a possibility to explain them with a single NP 
hypothesis.  With null search results from the LHC, this idea becomes extremely timely...
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The original wishlist  
Knuteson then came up with the ``NLO wishlist ‘’, i.e. a list of processes 
whose  reliable  description he thought was instrumental for making his idea 
a reality. Incidentally, this wishlist started a concerted effort  by theorists to 
improve ways and means to perform NLO computations -- the beginning of 
the NLO revolution. 
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…in some more detail 

There are deviations from the SM predictions; however, given the errors, both  
theoretical and experimental, nothing to write 500 papers about…again…or make a reservation for  
Stockholm  

What has been studied and how well?
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What has been studied and how well?

Vector boson production in association with jets (up to seven !) .   Need to describe 
kinematic properties of jets; difficult but sufficient statistics to be sensitive to O(1-10) 
percent  accuracy. Physics: determination of PDFs;  backgrounds to BSM searches.   

Gigantic number of tree-level 
and one-loop diagrams needed 
to compute cross-sections and 
kinematic  distributions. Very 
hard if traditional methods have
to be used. 
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What has been studied and how well?
Drell-Yan process (inclusive production of Z,W,virtual photons).  Few percent 
measurements; need accurate predictions.  Requires at least second order in pQCD; 
Physics: backgrounds, PDFs, EW parameters (mass of the W,  Weinberg angle, etc.).  

  R. Plačakytė                             25 Sept - 1 Oct 2016, Quy-Nhon, Vietnam  14

W and Z production (13 TeV)
arXiv:1603.09222

CMS PAS SMP-15-004

W+ cross section tends to be slightly below the NNLO predictions 
(similar in ATLAS and CMS)

Two- (and more) loop diagrams; 
control over final state kinematics.
Joint action of real emission 
contributions and virtual loops. 
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Higgs production and decay channels are known with high precision, largely in line with 
the  forthcoming phenomenology requirements.

1) all major Higgs decay channels are known to NNLO QCD (or higher) and NLO EW 

1) all major Higgs production channels are currently known through (at least) NLO QCD 
(many through NNLO, one through N3LO), and through NLO electroweak.  

2) Many associated Higgs production processes with high jet multiplicity are also 
known at least through NLO QCD (H+3j)

3) Matching/merging of NLO QCD ( and NNLO QCD for simple cases) results with 
parton showers  is available thanks to  MC@NLO, Powheg, Sherpa etc..

What has been studied and how well?

H+0 jet N3LO O(3-5 %) 10 pb fully inclusive 

H+1 jet N2LO O(7%)  7 pb fully exclusive; Higgs 
decays, infinite mass 
limitH+2 jet NLO O(20%) 1.5 pb matched/merged

H+3 jet NLO O(20%) 0.4 pb matched/merged/almost

WBF N2LO O(1%) 1.5 pb exclusive, no VBF cuts

WBF N2LO O(5%) 0.2 pb exclusive, VBF cuts

ZH, WH N2LO O(2-3%) O(1) pb decays to bottom 
quarks at NLO, no 

massesttH NLO O(5%) 0.2pb decays, off-shell effects
Friday, September 8, 17
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The second (NNLO) revolution  
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Where do all these results come from?
Sufficiently inclusive hard hadron processes can be described by the collinear 
factorization formula. In this  framework, proton can be thought of as a beam  of 
partons (quarks and gluons), each carrying a fraction of proton energy (Bjorken x).  The 
probabilities to find partons with definite energy fractions are called parton distribution  
functions (PDFs). These objects are determined from fits to experimental data.

 The goal therefore is to compute partonic  cross sections for particular observables 
and then integrate these cross sections together with  PDFs over Bjorken x’s.  

  

Introduction

● The goal of hadron collider physics program (Tevatron, LHC) is to discover and study 

physics beyond the Standard Model in the  mass range 100 GeV - few TeV 

● To produce that heavy final states, we require rare short-distance processes where both 

protons disintegrate and all momenta transfers are large. These processes can be 

understood using factorization and asymptotic freedom.

● A major role in  such an understanding  is played by parton-parton scattering that is 

described by  perturbative QCD.

                                           

d� =

Z
dx1dx2fi(x1)fj(x2)d�ij(x1, x2)FJ (1 +O(⇤QCD/Q))
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LHC: the world of quarks and gluons

Hard scattering processes at the  LHC can be understood in terms of  quarks and 
gluons;  only limited knowledge about protons is needed. Physics of quarks and gluons 
is governed  by a field theory known as QCD.   QCD is a non-abelian SU(3)-gauge 
theory, so it is quite complicated.  Here is what we need to know about it.

Dµ = @µ � igsT
aAa

µ, Ga
µ⌫ = @µA

a
⌫ � @⌫A

a
µ + igsf

abcAb
µA

c
⌫ .

1) The Lagrangian

2) Degrees of freedom: quarks (up, down, strange, charm, bottom, top) and gluons.
We will focus on the first five quarks that can be considered massless for the 
physics  of hard processes that we want to describe. 

3) Color charges; interactions between quarks and gluons are determined by the 
color charges. Color charges are described by the so-called Casimir invariants of 
the SU(3) group: CF for the quark and CA for the gluon.  Quarks can appear in three 
and gluons in eight color-charged states. 

CF =
N2

c � 1

2Nc
=

4

3
, CA = Nc = 3

LQCD =
X

q̄j
⇣
iD̂ �mj

⌘
qj �

1

4
Ga

µ⌫G
a,µ⌫

[T a, T b] = ifabcT
c
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QCD Feynman rules 

Friday, September 8, 17
 

14



Amplitudes, external states etc. 
Starting from the QCD Feynman rules -- and given initial and final states for which we 
would like to know the scattering amplitudes -- we can put together Feynman 
diagrams  and calculate them.  

This sounds simple but there are  are many things one has to worry about: large 
number of diagrams, complex computations,   loop corrections,  renormalization and 
so on.

One has to be careful to only use physical degrees of freedom to describe initial and 
final  states; if this is not done, we will have to explicitly account for contributions of 
the ghosts particles !

The external states are described by spinors (quarks) that satisfy the (massless) Dirac 
equation  and two polarization vectors for gluons. 

p̂ up = 0, k · ✏ = 0

k = (k0, 0, 0, k0) ) ✏+ =
1p
2
(0, 1, i, 0), ✏� =

1p
2
(0, 1,�i, 0).
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The running coupling constant
It is possible to absorb large quantum corrections to the so-called running coupling 
constant.  The coupling constant in QCD runs in such a way that it decreases at large 
momenta transfers or short distances.  This phenomenon, known as the asymptotic 
freedom, enables us to describe perturbatively hard scattering processes at the LHC. 

Choice of scale in QCD coupling should be correlated with kinematics; for collider 
physics purposes, the transverse momentum of a jet relative to an emitter is often  
a good choice. We will see an example where understanding of this fact plays a 
crucial  role in getting the physics right.
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The importance of infrared dynamics in (p)QCD
Another  aspect of QCD that is very essential  for a variety of issues that we need to 
address when we talk about physics at the  LHC  is the behavior of QCD scattering 
amplitudes  in soft and collinear (unresolved) limits.  The reason this is a  very important 
point is as follows:

1) Theoretically, we can only make solid statements about  infra-red safe observables 
(i.e. that are independent of long-distance  (potentially non-perturbative) dynamics);

2) Soft and collinear limits of amplitudes lead  to not-integrable singularities in cross 
section computations. Obtaining finite fixed order predictions in high orders of pQCD 
requires us to understand how soft and collinear singularities cancel in the inclusive 
quantities (a general statement is provided  by so-called Kinoshita-Lee-Nauenberg  
theorem).  

3) Soft and collinear limits often determine enhanced contributions to scattering 
amplitudes  and cross sections.  Important for the re-summations, understanding of 
PDFs and parton showers. 

4) Soft and collinear emissions dominate high-multiplicity final states.  Crucial for 
parton showers, evolution to large distances and  eventual non-perturbative transition 
from partons to hadrons. 
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The importance of infrared dynamics

 In what follows, we will look at different ways to  describe  hard hadron collider 
processes,  emphasizing the role of infra-red limits for  these descriptions.  

We will mostly talk about  the Drell-Yan (and similar) processes and will, occasionally, 
discuss QED instead of  QCD, for simplicity.  

We will discuss 

-  Drell-Yan process at leading and next-to-leading orders in perturbative QCD; 

- transverse momentum distribution of a lepton pair; 

-  physics of parton distribution functions; 

-  basics of parton showers and jet physics 
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The Drell-Yan process at leading and next-to-leading 
order
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Drell-Yan process at LO
At leading order in pQCD,  production of a lepton pair is described by a single 
Feynman diagram.  We square this diagram and sum over polarizations and colors 
of the external particles.  We use the resulting amplitude squared to compute the 
cross section, employing the standard formulas. 

Q = p1 + p2 = k1 + k2

X
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The phase space  
We can not do much  with the expression that we just wrote down unless we remove the 
energy-momentum conserving delta-function.  Although the manipulations below is an 
overkill for the simple problem we are discussing, in general they show how to split the 
phase-space into the  production and the decay parts. 

[dk1][dk2](2⇡)
4�(p1 + p2 � k1 � k2)

= d4Q �(Q� k1 � k2)[dk1][dk2](2⇡)
4�(p1 + p2 �Q)

= dM2�(Q2 �M2) d4Q �(p1 + p2 �Q)⇥ [dk1][dk2](2⇡)
4�(Q� k1 � k2)

= dM2�(M2 � s)⇥ [dk1][dk2](2⇡)
4�(Q� k1 � k2)|Q2=M2

d�qq̄ =
4⇡2↵2Q2

q

3s

[(k1p2)(k2p1) + (k1p1)(k2p2)]

Q4
⇥ dM2�(s�M2) dLips(Q;M2; k1, k2)

dLips(Q;M2
; k1, k2) = [dk1][dk2](2⇡)

4�(Q� k1 � k2)|Q2=M2
=

1

8⇡

d'd cos ✓

4⇡

The  last equation  is valid in the rest frame of the dilepton pair.   
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The differential cross section 
We can now use the above formulas to compute the DY cross section at leading order. We 
use rapidity and invariant mass of a lepton pair to fix  Bjorken x’s, compute vector Q, 
go to its rest frame, generate lepton momenta and boost them back to the  lab frame. 

d� =
X

q

Z
dx1dx2fq(x1)fq̄(x2)d�qq̄(x1P1, x2P2) + (q $ q̄)
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The differential cross section 

The differential cross section that we just computed provides non-trivial information 
about invariant mass  and rapidity distribution of a lepton pair.  However, the lepton 
pair has vanishing transverse momentum; this is unfortunate since  in reality the 
transverse momentum distribution of a lepton pair is non-trivial and extends from low 
to high pt.
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The differential cross section 
The transverse momentum distribution of a lepton pair is generated by emission(s) of 
gluons.  These emissions can be soft (and multiple), producing a vector boson with  low 
transverse momentum) or hard (and then one does not need many gluons to produce 
significant recoil). We will start with the discussion of the latter case (one emission, big 
recoil).
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The differential cross section at NLO
A gluon emission generates non-trivial transverse momentum distribution of a lepton 
pair and, if we only count the number of lepton pairs produced in proton collisions, 
contributes also to the production rate. 

However, if we attempt to compute its contribution to the total cross section,  we find 
that it is infinitely large!  We will see this on the next slide.  To make our analysis 
simple, we need to introduce some notation. 

It is convenient to separate an integration over the gluon momentum and consider the 
rest, i.e. a phase-space for the lepton pair, the matrix element and the observable (that 
is supposed to be infra-red and collinear safe) as a generic function that satisfies 
certain  conditions if the energy of the gluon becomes soft or if the momentum of the 
gluon becomes collinear to colliding quark or anti-quark. 
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A digression: dimensional regularization
To regularize infra-red and collinear divergences, I will be using dimensional 
regularization. For our purposes, use of dimensional regularization amounts to working 
in  a space-time whose dimensionality is smaller than four.  

Many integrals that diverge in four dimensions in the infra-red and collinear limits 
become convergent; they exhibit a particular  dependence on (d-4) that 
reminds us that the d->4 limit does not exist. 
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Soft and collinear limits

We will now study why the integration over the gluon momentum can not be performed.

M = gsT
a
ij v̄(p2)
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We begin with the  soft limit (i.e. the energy of the gluon vanishes).   There is an infra-
red divergence in the integral for the real emission cross section which implies that this 
cross section can not be computed without an infra-red regulator (as already 
mentioned, we will use dimensional  regularization).  However, the divergence is 
logarithmic; this implies that it is determined by the leading power singularity  of the 
matrix element squared. 
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Soft and collinear limits
It is convenient to describe the soft limit of the entire function FLM(1,2,4) since it is this 
function that enters the cross section computation.  We define the operator that extracts the 
soft divergence at the leading power and obtain

S3FLM(1, 2, 3) = lim
p3!0

FLM(1, 2, 3) = g2sCF
2p1p2

(p1p3)(p2p3)
FLM(1, 2)

Note that the  FLM(1,2,3) contains the phase space of a lepton pair; the above formula 
implies that in the soft limit, it has to be evaluated for Born (no emission) kinematics. 

Note also that the soft limits are universal; they are determined by the color charges of 
hard partons that are present in a particular  process but otherwise are insensitive to 
the details of the hard  scattering process itself. 

Indeed, the above formula applies to Drell-Yan process, Z-production,  WW-production, 
ZZ-production).   It also applies to the Higgs production in gluon fusion  provided that 
we replace the quark color charge (CF) with the gluon color charge CA.
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Soft and collinear limits

The other potentially singular kinematic region is called ``collinear’’.  The collinear 
limit corresponds to gluon being emitted along the momentum of a quark or  an anti-
quark.   We will consider the first situation, for definiteness. 

To understand collinear singularities, it is useful to parametrize the momenta in a 
particular way, known as the Sudakov decomposition. 

p3 = xp1 + �p2 + p?, p1p? = p2p? = 0.

(p1 � p3)
2
= �2E1E3(1� cos ✓13) ⇡ E1E3✓
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2
13, p3? ⇠ s✓13

[dg3] ⇠ d cos ✓13 ⇠ ✓13 d✓13
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Soft and collinear limits
To understand how collinear singularities appear in scattering amplitudes, we note that  
propagators that are present in two diagrams  that contribute to  the production of a 
lepton pair have different  1||3 collinear limits. However, naively, we can not discard non-
singular diagrams since  their interference with the singular ones appears to be non-
integrable. We will now show  that this is not the case (in physical gauges). 

(p1 � p3)
2 ⇠ ✓213, (p2 � p3)

2 ⇠ 1
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These considerations imply that no information 
about non-singular diagram (or diagrams, in  
general) is needed for understanding the 
collinear limit (in physical gauges).  
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Soft and collinear limits
A straightforward computation then gives the result for the amplitude in the collinear 
limit. Similar to the soft case, it is convenient to introduce an operator that extracts the 
relevant singular behavior from the amplitude.  The collinear limit is determined by the 
corresponding splitting function -- a universal function that is independent of the 
underlying hard process.  In contrast to the soft limit, the hard matrix elements does not 
fully decouple -- it depends  on the longitudinal fraction of momenta carried away by 
the emitted gluon. 

Pqq(z) = CF


1 + z2

1� z
� ✏(1� z)

�

Similar to the soft limit, the collinear limit of the matrix element squared can not be 
integrated  over the emission angle in four dimensions. The divergence is fully determined 
by the leading singularity of the amplitude.  In dimensional regularization, collinear 
divergences turn into 1/(d-4) poles. 

FLM(1� 3, 2) = FLM

✓
1 · E1 � E3

E1
, 2

◆
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Soft and collinear limits
Here is the summary of the situation with the gluon emission: 

1)  for a non-soft, non-collinear emission (resolved),   the matrix element is finite and 
integrable;  no infra-red regulator is needed. 

2)  for a soft or collinear emission, the matrix element is not integrable without an infra-red 
or collinear regulator. The non-integrability (divergence) is entirely determined by the 
leading power singularity of the amplitude squared.

3)  in both soft and collinear limits, the matrix element with additional gluon factorizes, at 
leading power,  into a universal functions ( eikonal, splitting) and the Born matrix element 
that is independent of the  momentum of the emitted gluon (almost independent, c.f. the 
collinear limit). 

S3FLM(1, 2, 3) = lim
p3!0

FLM(1, 2, 3) = g2sCF
2p1p2

(p1p3)(p2p3)
FLM(1, 2)

The question is then how to separate resolved emissions  from the unresolved ones. 
Two ways are known and used: slicing and subtraction. We will describe the second 
one. 
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Nested subtraction

It is convenient to denote the integration over the relevant phase-space by angle 
brackets. We extract soft and collinear singularities by an iterated application of soft and 
collinear operators that we introduced earlier. 
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The first term on the right hand side is finite and can be integrated without an infrared 
regulator.  The second and the third terms are potentially divergent and require further 
analysis. 
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Nested subtraction

Consider the second and the third term. They can be significantly simplified.

The last term vanishes for the back-to-back kinematics: 
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Nested subtraction
We obtain the final result for the real emission contribution. The ONLO term is finite and 
can be computed in four-dimensions. The term with two collinear operators is divergent. 
However, this term has a simplified matrix element because of the collinear 
approximation so that partial integration over the gluon phase-space become possible. 

We need to extract divergencies 
from the remaining integration over z
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Nested subtraction
To extract divergencies related to the integration over z, we introduce the plus-
prescription which allows us to extract the divergences and regularize the remainder.
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Nested subtraction
It is convenient to rewrite the integral over z through the leading order Altarelli-Parisi 
splitting function;  this function appears in the so-called DGLAP evolution equation 
that we will discuss  later. 

We then find divergences proportional to tree-level and boosted tree-level matrix 
elements; in the latter case, the boost is described by the Altarelli-Parisi splitting 
function (and additional finite contributions). 
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Nested subtraction
We add the collinear limit of the emission off  the anti-quark leg and obtain the final 
result  for the real-emission cross section. Note that all divergences have been extracted 
without integration over resolved kinematic configurations. The divergences are 
proportional to Born cross sections,  including the boosted one.  The boost is described 
by the Altarelli-Parisi splitting  function.

To cancel these divergences, we have to identify other contributions to the NLO cross 
section that have matching kinematics.  There are two candidates: a) virtual corrections 
since they have  Born kinematics; b) PDFs since their modifications boost the final state 
along the collision axis without giving it a transverse momentum.
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Virtual corrections
We begin with the virtual corrections.  We can compute them explicitly. We  can 
also make use of the observation by S. Catani who pointed out that the structure of  
infra-red divergences of one- (and two-) loop (UV renormalized) amplitudes is known in 
general. In the one-loop case, the divergences are proportional to the Born matrix 
element, and depend on the color charges of colliding partons and the kinematic 
invariants. 

Squaring the amplitude and accounting for the interference, we obtain the contribution 
of the virtual diagrams to the cross section.  Note that the divergent part is fully 
determined  by the leading order cross section; on the contrary, the finite part is 
process-dependent and needs to be explicitly computed on a case-by-case basis. 
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Real and virtual corrections, combined

Combining real and virtual contributions, we obtain 
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Collinear renormalization and the final result
The remaining divergence is associated with the boosted Born kinematics. It can be   
removed after re-definition of the  parton distribution functions. To see that this is 
possible, one should recognize that the boosted  kinematics that appears in the 
divergent contribution is produced by a change in the PDF (similar to the coupling 
constants, PDFs must be determined from the experimental measurements). 

Putting everything together and canceling divergences, we obtain the final formula for 
the NLO corrections to the fully differential cross section. This formula contains only  
finite quantities that  are split according to the underlying Born configurations.  Note 
that we did not require explicit form of the matrix elements to achieve the cancellation 
of the infra-red  and collinear divergences.   However, we assumed that soft and 
collinear limits of the matrix  elements are consistent with QCD. Also, it is crucial  that 
observables that are considered   are infra-red and collinear safe. 
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Summary of the recent developments
1) Computations of cross sections and kinematic distributions at a fully differential level 
is  currently possible at LO, NLO and NNLO.  This is an important development of the 
past twenty years (NNLO -- of the past 2-3 years).

2) NLO subtractions and one-loop computations are automated (i.e. there are public 
programs that can perform NLO computations for complex (in theory -- arbitrary) final 
states).  

3) It is understood (in practice)  how to perform fully differential NNLO  calculations.  
Several methods were proposed that allow us to isolate, regularize and cancel infra-red 
divergencies without integrating over resolved parts of the phase-space. 

4)  The extension of the NLO technology discussed in this lecture  to NNLO is also 
possible.   Such an extension is based on the observation that  divergences that appear 
as the result of correlated soft and collinear emissions, do not appear in QCD 
amplitudes (they do appear in individual diagrams) as the consequence of the so-called 
``color coherence’‘ phenomenon (we will talk about it later).    This allows to extend the 
described construction -- almost verbatim -- to the NNLO case. 
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Summary of recent developments

5) NNLO QCD computations are available for many 2->1 and 2->2 processes (we refer 
to the multiplicity of a Born process, i.e.  pp-> V, pp -> H, pp -> 2jets, pp ->H+j, pp -> Z
+j, pp->VV etc.). 

6) Efficiencies  of the existing NNLO computer codes is an important practical issue; 
improving on that may require an even  better understanding of the underlying 
structures that appear in the soft and collinear limits. 
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