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Perturbative QC
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NLO for very high
multiplicities
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-+ Backgrounds to new physics

- Experiments can push their
searches to small corners of
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/-boson with high
transverse momentum

Impressively precise measurements
which can measure effects beyond

NLO. 3
NLO does not describe the data. 32
NNLO has only been achieved =
recently.
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/-boson with high
transverse momentum
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W/Z production at
NNLO

A 2 ->2 process with many
scales

Large NLO corrections

Important NNLO corrections,
not always captured by the
scale variation at NNLO.

NNLO effects are important to
bring the theory prediction in
closer agreement with data.
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The 750 GeV excitement

Events / 40 GeV

Data - fitted background
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This is a theory free measurement

Background can be determined from data
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Events / 40 GeV

Background uncertainties

E Fits of different background functions to ATLAS 13 TeV diphoton data
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The background fitting is not totally free of uncertainties and ambiguities

Verification from theory is highly desired.
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Diphoton background at ] ATLAS data
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Projection of precision in Higgs couplings

CMS Projection
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Higgs production at N3LO

CA, Duhr, Dulat, Furlan, Gerhmann, Herzog,
Lazopoulos, Mistlberger

First computation of an

selup 1, EFT, 13 TeV

LHC process at this il
perturbative order LO
sol NLO
Decreases theoretical A a0
uncertainty by a factor of = T
two 5" / ]
j —_—
, f
- Will benefit the program for o [~
Higgs coupling extraction. -
O . ) . . . 1 E
0.0 0.2 0.4 0.6 0.8 1.0 1.2
pimy (U= UR=1F)
o = *0V2 P 5197 bb (11.0%) ( eorY)—l.élG pb (3.11%) ( —I_&S)
o +2.22 pb (+4.56%) n
0 =48.58pb 357 (70 (theory) £1.56pb (3.20%) (PDF+ay) .

14



all®

RBATIVE

UTATIONS

15

Mathematics

Computing

Physics




NLO: why is it
solved?

One-loop amplitudes in gauge
theories = (Tree-amplitudes in —
gauge-theories) and (Integrals in
scalar field theories)

4
-

- Singularities of tree-amplitudes
due to radiation of a single parton Cq +c3
understood for arbitrary processes. __ T

Tree X Tree X Tree X T'ree




From NLO to NNLO

- A very beautiful structure of perturbation

theory at NLO, where we can reduce the
cross-section calculations to a few scalar
integrals and LO calculations (infrared
limits, master integral coefficients)

- It makes one dream that also higher orders

NNLO, NNNLO, etc may be reduced to a
few scalar integrals and LO calculations.

- Such a structure has not arisen yet.

- But progress is fast over the last decade
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What has been achieved at NNLO?

- Multiple solutions of the problem of infrared divergences
- Slicing (“cut-off”) methods and subtraction methods

- All have reached high levels of maturity recently, after
many years of development and exchanges of ideas.

- First public tools which implement these algorithms in a
large scale.
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What has been achieved at NNLO?

- Mature methods to compute scattering amplitudes.
- First two-loop 4-point 2-loop amplitudes were computed in around 2000-2003.

- Based on novel techniques (method of differential equations, Mellin-Barnes,
automated reductions, etc)

- New recent developments: we are becoming clever to anticipate the result of our
computations.

- Discovered new algebraic properties (symbol, co-product) of polylogarithms and
their generalisations (the functions which appear in amplitude computations)

- Established theorems and techniques to perform multi-dimensional integrations in
dimensional regularisation in a “correct order”

- But also numerical methods
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Higgs pair production
at NLO (2-loop)
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Borowka, Greiner, Heinrich, Jones, Kemer,
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Commitment and

breakthroughs
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What has been achieved at N3LO?

- Simple inclusive cross-sections (DIS, VBF=DIS x DIS, Higgs)

- A big leap forward in perturbative computations, combining
established technigues with modern ideas.

- Proof that our perturbative methods are not bound to NNLO
but can be used, In principle, at any order In perturbation
theory.

+This was not the case of NLO techniques, which are

rightfully exploiting important simplifications specific to this
order.
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VBF at N3LO

- “Squares” the result of N3LO
Higgs-DIS (Moch,Vogt, Vermaseren)

- and the colour+kinematic
suppression of non-factorizable
contributions.

- Excellent agreement with NNLO.

- Per mille scale variation at
N3LO.

Py
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Asymptotic expansions

An integral depending on a small parameter ( § — 07):

o 1 2T
' /_oo T w12+ 07 a(1+40)

Knowing the analytic result it is easy to expand.

I — 2; 1 - (46%) + (46%)% — (467 + .. ]

If we did not know the answer, could we at least get a few terms of
the expansion in the small parameter?

NOT EASY: As § — (07  theintegral diverges!

Need to expand around an infinite value!
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- Slice the integration region: Hard+SoftA+SoftB

- Hard: no denominator becomes singular. SoftA,B: one denominator
becomes singular.

- In each region, Taylor expansions are legitimate! We can expand the
iIntegrand and integrate within the boundaries of the region.
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Strategy of regions

[et’s introduce some regulators

> 1
e I

and expand the around the first singular point,
without restricting the integration within the SoftA region:

©.@)

o'e Dy — 2 2\M
oS IxN5:Z(1+b,n)/ d:(:(m X 5)

n! NS 22 + 62]' 1

Exchanging the summation and integration is illegitimate.
But let’s go on! The a,b requlators allow to perform all integrations.

n=0

After we do so we find that we can set the requlators to zero. We obtain:

T

Ios —
°T S

11— (46%) + (46%)° — (40%)° +...] = é
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Now expand around the second singular point: x ~ 1 + 0

_ S~ (1+a,n) o0 w(Q(l—x)_(1_$)2_52)n
Lyn145 = Z n! /Ood a _$)2_|_52]1+b

n=0

Performing, an unrestricted integration and setting the regulators
[0 zero:
1

Lo = = [1 = (40%) + (4622 = (40°)° +..] = 5

Now expand around a point away from the sinqularities:

(52)n—|—m

B > (1+a,n)(1+a,m) [ B
Lono,1 = Z n! m) o ax (z2)1Fatn[(1 — g)2]l+btm 0,

as a,b — 0.
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Strategy of regions (Beneke,Smirnov; Jantzen)

- The total integral is the sum of all of its regions, where each
one of them Is extended to cover the full integration domain.

+ Counterintuitive: the integration domains are overlapping!
Apparently, the overlaps vanish.

-+ Not always clear why. Regularisation seems to play a role.

+ This observation appears to hold in general for all sorts of
Feynman integrals.

- Basis for the formulation of effective theories such as SCE
and the proof of factorisation theorems
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Application in Higgs
production

- The equality of the full integral with the sum of
regions is a statement valid at all orders in the

small-parameter expansion, not just the zero
limit.

-+ Can be used to calculate as many sub-leading
terms in the small parameter as we can
technically calculate.

- Small parameter in Higgs boson production:
Recoil energy of the Higgs boson:

51— (P + P»)?
M;;
- Final state gluon radiation is suppressed by this

factor:

P, o< 0
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CONCLUSIONS

- High precision theory + High precision experiment = Recipe for understanding the
laws of physics.

- LHC offers great opportunities for precision studies after the discovery of the Higgs
boson.

- Enormous progress in perturbative QCD.
- NLO solved

- NNLO maturing

- new chapter started at N3LO

- Perturbative methods are becoming mature. But not all is understood...

- Precision physics takes patience and the build up of strong teams with experience.
We are in the frontier of this research field in Switzerland.

- Precision phenomenology requires a long standing and stable support to flourish.
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