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Major theme of this talk is precision
predictions for hadron colliders.
Why is precision relevant now more
than ever?

A practical reason
• Exquisite data demands matching theory. We are confronting
the limitations now!

• An example of sub-percent

experimental errors over two
decades of energy and 8
decades of cross section for
the Z-pT spectrum.

• Many other examples
W-boson mass measured with 20MeV
precision (0.02%)
Higgs mass to 250 MeV (0.2%)
….

Our starting point
• Our predictions rely on the Standard Model of particle
physics:

SM
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Our starting point
• So far excellent agreement with a large number of
measurements:

CMS Preliminary

Production Cross Section, σ [pb]

January 2018

7 TeV CMS measurement (L ≤ 5.0 fb-1)
8 TeV CMS measurement (L ≤ 19.6 fb-1)
13 TeV CMS measurement (L ≤ 35.9 fb-1)
Theory prediction
CMS 95%CL limits at 7, 8 and 13 TeV
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Failures of the Standard Model I
• Numerous outstanding problems exist in the SM, both aesthetic and
experimental, that demand explanation.
No hierarchy between input,
“bare” value and quantum
corrections ➪ Naturalness

Does TeV-scale SUSY
resolve this problem?

Mgauge,ferm ∼ Mbare {1 + a ln Λ/M}
(MHiggs)2 ∼ (Mbare)2 +Λ2
True for gauge bosons ➪ gauge symmetry
True for the fermions ➪ chiral symmetry
Not true for the Higgs!

Does this imply the existence of
TeV-scale supersymmetry?

Failures of the Standard Model II
• The Standard Model does not explain the

pattern of observed masses and mixings of
fermions which span orders of magnitude

• The fermion masses are completely

determined by their coupling to the
Higgs!

Failures of the Standard Model III
•

95% of the mass of the
universe is dark matter and
dark energy. The Standard
Model in its current form
explains only ~5% of the
mass of the universe.

•

WIMP miracle: new physics at the electroweak scale, such as
supersymmetry, predicts particles with the right properties to
be dark matter.

Searching for answers
Direct searches: find
new particles

Indirect searches:
find deviations from
predictions in SM
processes

Direct searches
• No sign of supersymmetry, with exclusions reaching above a
TeV in some cases

• Numerous direct searches for many other types of new

physics. So far no strong hints, only stronger exclusion limits.

Everything we’ve measured so far is consistent with the
following picture of fundamental physics at a few/tens of TeV

Life in the desert

• There can be life hidden in the desert! One has to look carefully…
• One key is Precision: measure (and calculate) very well and look
for deviations

An example: the Higgs boson

SM

Dominant systematic error is from theory!
Will limit the benefit from Run II as statistical errors decrease
Precision theory is becoming a critical part of
the discovery program in particle physics

A history of discovery through precision
calculations

•

Discovering new matter and forces through precision theory
has a storied history in physics

• Nov. 10, 1845: Urbain Le Verrier reports

small discrepancies in the orbit of Uranus,
uncovered through precision calculation

• June 1, 1846: he posits a new planet,
whose presence could explain the
observed perturbations

• Sep. 24, 1846: Neptune is discovered,

exactly where predicted by Johann Galle
in Berlin

“The man who discovered a
planet with the point of his pen.”

A history of discovery through precision
calculation

• Le Verrier also undertook calculations of planetary orbits, treating

the planets themselves as small perturbations, through 7th order (!)

• 1843: reported an unexplainable precession of Mercury’s orbit
Triumphantly explained by Einstein
using general relativity

New matter and forces have been
discovered through precision
calculations, let’s hope for the
same at the LHC!

An LHC event from a theorist perspective

Hadronization
at ΛQCD

Hadron
decays
Multiple parton
interactions

Parton-shower
evolution to
low energies
Hard collision
(Higgs
production) at
short distances/
high energies
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How does theory allow us to peer into the
inner “hard-scattering” in this mess?

Factorization
• The key principle is factorization: separate long and
short distance physics

renormalization
scale

+O

factorization
scale

✓

⇤QCD
Q

• Partonic cross sections: computed perturbatively as an expansion
in the coupling constant, for example the strong coupling:

◆n

NLO cross sections
• First order in which quantitative predictions are achieved.

LO: rough estimate only
NLO: first quantitative estimate

Anastasiou, Dixon, Melnikov, Petriello (2003)

NLO cross sections
• Calculating NLO cross sections is a solved problem now.
We are in the era of full automation!

NLO cross sections
• Calculating NLO cross sections is a solved problem now.
We are in the era of full automation!

Single Higgs production processes as an example, Alwall et al, MadGraph

Up to 4-particles
appear in the final
states considered.

NLO cross sections
tools developed, many are public: Blackhat+Sherpa,
• Various
GoSam+Sherpa, Helac-NLO, MadGraph5_aMC@NLO, OpenLoops+Sherpa, …
✤

High multiplicity processes (eg. 5-6 particles in the final state) can be
challenging due to numerical instabilities and require longer runs for stable
results.

• Focus today is on NLO automation of:
✤

BSM signals

✤

NLO electroweak corrections to match NNLO precision
(generic size O(α) ~ O(αs2) suggests that NLO EW ~ NNLO QCD)

✤

Loop induced processes that are enhanced by gluon PDFs

The need for NNLO
• For many important processes that have been measured precisely,
reliable predictions were only achieved at NNLO in QCD (with
further improvements from electroweak corrections).

Anastasiou, Dixon, Melnikov, Petriello (2003)

The need for NNLO
• For many important processes that have been measured precisely,
reliable predictions were only achieved at NNLO in QCD (with
further improvements from electroweak corrections).

LO: rough estimate only
NLO: first quantitative estimate
NNLO: needed for precision!
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The need for NNLO
Background to Higgs
studies, eg.:di-boson;
Input to PDFs, eg.:V+jet,
dijet, ttbar,…

Benchmark processes
measured with high
precision, eg.: Drell-Yan,
Z+jet, …

NNLO
important
for:

When NLO
corrections are large,
NNLO is needed to test
perturbative behavior,
eg.: gg → Higgs

Why is NNLO difficult?
• Draw2 and calculate all Feynman diagrams that appear at NNLO, or
O(αS ) in perturbation theory. Higgs production as an example:

A small sample:
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Why is NNLO difficult?
• Draw2 and calculate all Feynman diagrams that appear at NNLO, or
O(αS ) in perturbation theory. Higgs production as an example:

A small sample:

Singularities appear here in the loop
integral that cancel the ones below

Deriving an organizing principle
We to
integrate inclusively
extract and cancel singularities for
over loop momenta
arbitrary observables was the major
obstacle
in
obtaining
NNLO
predictions
We put observablep
p
i

f

dependent cuts on finalstate momenta!

1
1
Singular when Ef →0 (soft singularity) or
=
2pi · pf
2Ei Ef (1 cos ✓if )
θif →0 (collinear singularity)

Breaking through to NNLO

A barrier was broken
through in 2015!
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explosion
of new NNLO results was
FromThis
G. Salam,
late 2016

made possible thanks to several new ideas!

Cancellation of IR divergences @ NNLO

• Effective field theory methods:
✤

qT subtraction

✤

N-jettiness subtraction

Catani, Grazzini; not valid for jet production processes

RB, Focke, Liu, Petriello; Gaunt, Stahlhofen,
Tackmann, Walsh; valid for all processes including jet production

Subtractionmethods:
methods:
••Subtraction
✤

Sector decomposition

✤

Antenna subtraction

✤

Sector Improved Residue Subtraction Czakon; RB, Melnikov,

Anastasiou, Melnikov, Petriello, Binoth, Heinrich

Kosower; Gehrmann, Gehrmann De Ridder, Glover

Petriello; Czakon, Heymes; Caola, Melnikov, Rontsch

✤

Colorful subtraction Del Duca, Duhr, Kardos, Somogyi, Trocsanyi

✤

Projection to Born Cacciari, Dreyer, Karlberg, Salam, Zanderighi

The frontier: two loop amplitudes
• Known: 2-loop amplitudes for 2 to 2 processes with massless

internal lines (eg. gg→ɣɣ Bern, De Freitas, Dixon 2002; V/H+jet Gehrmann,
Tancredo 2012; Gehrmann, Jaquier, Glover, Koukouvtsakis 2012)

• Known: some 2-loop amplitudes for 2 to 2 processes with internal
or external masses (eg. pp→VV, pp→tt, pp→HH Caola, Henn, Melnikov,
Smirnov, Smirnov 2014-2015; Gehrmann, von Manteuffel, Tancredo 2014-2015; Czakon
2013-2017; Borowka, Greiner, Heinrich, Jones, Kerner, Schlenk, Schubert, Zirke 2016)

• Unknown: a realistic description of Higgs kinematics requires

solving technical issues associated with the presence of internal
masses (eg.: the Higgs pT, keeping the full dependence on Mtop).
Ongoing work (Badger et al; Gehrmann, Henn et al; …).

• Unknown: 2-loop amplitudes for 2→3 processes
(Badger et al;

Gehrmann, Henn, Lo Presti; …).

Ongoing work

A Selection of NNLO
Phenomenology
I apologize for any omissions

Gauge boson plus jet production

• Our first example is gauge

boson plus jet production.
Numerous reasons to consider
this process, eg. improvement
of PDFs, background to dark
matter searches.
NLO+parton shower;
too soft at high HT
another NLO+parton
shower; too hard at high HT
LO+parton shower; better shape,
but normalization difference
HT=scalar sum of jet
transverse momenta

CMS Z+jet
production
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boson plus jet production.
Numerous reasons to consider
this process, eg. improvement
of PDFs, background to dark
matter searches.
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too soft at high HT

Problems in theoretically
another this
NLO+parton
modeling
process; can
shower;
too hard
high HT
NNLO
do at
better?
LO+parton shower; better shape,
but normalization difference
HT=scalar sum of jet
transverse momenta
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Gauge boson plus jet production
RB, Focke, Liu, Petriello, PRL 115 (2015)

RB, Campbell, Ellis, Focke, Giele,
Liu, Petriello, PRL 116 (2016)

W+jet production

Z+jet production

pTjet=leading jet transverse momentum
YZ=reconstructed Z-boson rapidity
K=ratio of NLO/LO or NNLO/NLO

Gauge boson plus jet production
RB, Focke, Liu, Petriello, PRL 115 (2015)

RB, Campbell, Ellis, Focke, Giele,
Liu, Petriello, PRL 116 (2016)

W+jet production

Z+jet production

Aspects of the
corrections:

• NNLO corrections generally much smaller
• At the 10% level, NNLO corrections can

modify shape distributions
• Greatly reduced scale dependence at NNLO

Comparison to the data
Excellent agreement with data at 13 TeV

Comparison to the data
Excellent agreement with data at 13 TeV

NNLO improves the NLO
description of HT
NLO+parton shower
agreement depends strongly on
merging scheme! An uncontrollable
error solved with NNLO

Impact on PDFs from Z-pT
RB, Guffanti, Petriello, Ubiali JHEP 1707 (2017)

~fg x fg

~fq x fg

Gluon-gluon and quark-gluon luminosity
errors reduced right near MX~mH=125 GeV!
PDF error on
Higgs cross
sections reduced
by 30%!

Further impact on PDFs from top-quark
NNPDF collaboration, 2017

• NNLO differential top results lead to further improvement in the gluon

PDF, in particular in the high-x region relevant for new physics searches.

PDF status before the latest NNLO results
HXSWG Yellow Report 3 (2013)

HXSWG Yellow Report 4 (2016)

• Progress on both the perturbative uncertainties and the PDF

uncertainties, steadily improving the Higgs cross sections uncertainty.

• Stay tuned for further improvements of this plot!

VBF@NNLO
Cacciari, Dreyer, Karlberg, Salam, Zanderighi, Phys.Rev.Lett. 115 (2015)

13TeV, anti-KT, R=0.4, NNPDF

~ -1%

~ -5%

NNLO corrections outside
the NLO band after VBF cuts

• NLO+parton shower agrees well with NNLO for PTH but not for ∆yj1,j2
• Non trivial kinematic dependence of the K-factors

Dijet production at the LHC
• Can be used as a tool for searching for physics beyond the Standard Model through bump

hunting in the dijet mass spectrum. Can also be used for testing the running of the QCD
coupling to very large momentum transfer as well as gluon PDFs determination at high-x.

• Only leading color NNLO QCD results currently available.
Currie, Gehrmann-De Ridder, Gehrmann, Glover, Huss, Pires, Phys.Rev.Lett. 119 (2017)

µ=mjj

µ=mjj

µ=<pT>

µ=<pT>

Dijet invariant mass, mjj2=(pj1+pj2)2 . pj1,2 correspond to the two leading jets.
<pT>=1/2(pT1+pT2): average pT of the two leading jets.
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Dijet invariant mass, mjj2=(pj1+pj2)2 . pj1,2 correspond to the two leading jets.
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Higgs + 1jet @ NNLO in QCD
• 3 results with 3 different methods are available, allowing cross checks

and validation. Calculations done in the infinite top mass approximation.
RB, Melnikov, Petriello, Schulze 1504.07922
RB, Focke, Giele, Liu, Petriello 1505.03893
Caola, Melnikov, Schulze 1508.02684
Chen, Gehrmann, Glover, Jaquier 1607.08817

8TeV data

• Normalized distributions agree better with 8 TeV data than

unnormalized ones, although data has large experimental error.

Higgs + 1jet @ NNLO in QCD

• Slightly better agreement with the 13 TeV data.

Higgs production at N3LO
• Perturbative expansion of the cross section stabilized after the inclusion of the N3LO
contribution (N3LO band contained in the NNLO one).

• Dashed lines provide fixed order results improved with resumation. The resummation
does not have an impact on the central value for the scale choice mu=mH/2

• Calculation done in the infinite top mass limit.
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contribution (N3LO band contained in the NNLO one).

• Dashed lines provide fixed order results improved with resumation. The resummation
does not have an impact on the central value for the scale choice mu=mH/2

• Calculation done in the infinite top mass limit.

More on Higgs production
•

With N3LO completed attention has shifted to other
uncertainties in the Higgs production cross section.
trunc
EW
3.7
9.9
PDF(th)
11.5

✤

αs
25.7

✤

finite mass
18.1

3

PDF(th): comes from missing N LO PDF extractions. Now
have first results for the necessary 4-loop splitting functions
Moch, Ruijl, Vermaseren, Vogt 1707.08315

✤

scale
12.8

PDF: error will decrease due to inclusion of Z pT, top data
in latest fits

PDF
18.4

EW: complete factorization of EW and QCD corrections
supported by effective-theory arguments and recently an
exact 3-loop calculation; expect further error reduction
Anastasiou, RB, Petriello 0811.3458; Bonetti, Melnikov, Tancredi 1801.10403

✤

trunc: initial N3LO result was an expansion around the soft
limit; exact expression now known
Mistlberger 1802.00833

Breakdown of residual theory errors on
Higgs production cross section in %
following the numbers in arXiv:1602.00695
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Very active area, many new results;
stay tuned for smaller errors!

The Strong coupling 𝛼s
• A fundamental parameter of QCD, not an observable by itself.
Its evolution with energy can be calculated in perturbative
QCD and compared to observables that depend on it.

✤

Extractions based on
measurements from e+e-,
DIS and hadron collider
experiments

✤

Running of 𝛼s(Q) probed
to the TeV scale

The Strong coupling 𝛼s

• The value of αS at the energy scale MZ cannot be

predicted from QCD and must be extracted by comparing
theory to data.
PDG 2017 world average:
↵S (MZ ) = 0.1181 ± 0.0011
Bethke, Dissertori, Salam PDG 2017

✤

World average dominated by
lattice determinations

✤

Additional contributions from tau
decays, DIS, e+e-→jets, EW
precision data, ttbar cross section

The Strong coupling 𝛼s

• The value of αS at the energy scale MZ cannot be

predicted from QCD and must be extracted by comparing
theory to data.
PDG 2017 world average:
↵S (MZ ) = 0.1181 ± 0.0011
Bethke, Dissertori, Salam PDG 2017

✤

Error has increased since the PDG 2013
average of αS(MZ)=0.1185±0.0006

✤

Primary reasons: low value from ttbar
cross section, more conservative lattice
averaging

Summary
• Many questions remain open years after the Higgs discovery. The

direct searches so far have not revealed any hints. Indirect searches
have become critical at this point, precision is key in this case.

• The precision of LHC data reached an unprecedented level, and

theory predictions for various observables are quickly catching up.

• In the last couple of years several milestones were achieved:

•

✤

Almost all relevant 2 to 2 LHC processes are available at NNLO in QCD

✤

LHC data were combined with the state-of-the-art NNLO predictions to
get better gluon PDFs. More precise understanding of proton structure
than ever.

Next frontier: better data and better description of the Higgs
kinematics. This requires in part understanding 2 to 2 processes
with internal masses.

