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Typical conclusions of recent hep-ph/
hep-ex papers

We measure XXX and the observable is
in agreement with the Standard Model
predictions

We compute XXX at N'LO and find a

considerable reduction in scale dependence .
_and a better description of the data____




LHC as a precision machine

The LHC conceived as a discovery machine:

e'e” collider | proton-proton collider |
elementary composite
weakly interacting strongly interacting
light heavy

precision machines




LHC as a precision machine

N =¥

precision measurements at the LHC are not a future opportunity,
they are a reality now, e.qg.
- W-boson mass measured with 20 MeV precision (0.02%

- Higgs mass to 250 MeV (0.2%




Precision: key to data

This is a game changer which doubles the potential of the LHC
physics programme

» when new particles are found directly precision measurements
of properties, which are needed to understand the new
underlying theory (this is happening now with the Higgs sector
of the SM)

» but also precision tests bring in new possibilities of precision-
driven discoveries, complementary to direct searches (like for
the top quark at LEP)

. Precise theory: key to exploit data 1



Precision via perturbative expansions

scattering between
elementary partons
colliding protons




The NLO revolution

For a long time, the NLO calculation for each process required a
separate non-trivial, manual calculation. Suddenly, thanks to
theoretical conceptual breakthrough ideas

* input from supersymmetry/string
theory

 connection between loop (NLO)
amplitudes and tree (LO) ones

» sophisticated algebraic methods,
OPP

 generalised unitarity

the problem of computing NLO QCD corrections is now
solved




Automated NLO

An example: single Hi 1 tion pr
example: single Higgs production processes e

Process Syntax Cross section (pb)
Single Higgs production LO 13 TeV NLO 13 TeV
g.1 pp— H (HEFT)
g.2 pp— Hj3 (HEFT)
z.3 pp— H 37 (HEFT)

g.4 pp— H37 (VBF)
2.5 pp—Hj37 (VBF)

% +1.1%
% —1.6%
% +1.1%
.’
7

9 ‘ 1
1593+ 0.003 - 10' _‘,60:
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g7 pp—HW=3
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Automated NLO

An example: single Higgs production processes

Process Svntax Cross section (pb)
A P

Alwall et al ’14

Single Higgs production LO 13 TeV NLO 13 TeV

g1
2.2
2.3

pp— H (HEFT) h 1.593+0.003 - 10" #3050 +1-27 3.261+0.010 - 10* +20.2% +1L.1%
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pp— Hjjj (VBF) hjjjseswrw-z 2824+0.005- T Fla 3.085+0.010 - 10!

Similar results available for all SM
processes of similar complexity
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NLO calculations

Various (pUb”C) tools developed: Biackhat+Sherpa, GoSam+Sherpa, Helac-NLO,
Madgraph5_aMC@NLO, NJet+Sherpa, OpenLoops+Sherpa, Samurai, Recola ...

* Practical limitation: high-multiplicity processes still difficult
because of numerical instabilities, need long run-time on
clusters to obtain stable results (edge: 5-6 particles in the final
state, depending on the process)

* Today focus on




NNLO

NNLO is one of the most active areas in QCD now

After pioneering calculations for Higgs and Drell-Yan more than 15
years ago, recently many 2 — 2 processes computed at NNLO

NNLO most important in three different situations

Benchmark processes Input to PDF fits +
measured with highest background to Higgs
accuracy ~ studies
- Z- -~ diboson
- W v - boson + jet - Higgs
- Z +jet - top-pairs - Higgs + jet

_ dijets, ... -



Two main difficulties at NNLO

P B




1. Cancelation of divergences

Two strategies

,,,,,,,,,
.....




Practical realisations




Practical realisations




2. Two-loop amplitudes

* A number of massless amplitudes computed long time ago (e.g.

gg -~ yr) Bern, De Freitas, Dixon 2002

e 2 to 2 amplitudes with internal or external masses are the state-
of-the-art today, computed either analytically or numerically

(e.g.pp- VW,pp- tt,pp-> HH..)

Caola,Henn, Melnikov, Smirvov,Smirnov (2014-2015); Gehrmann, Mantueffel,Tancredi (2014-2015)
Czakon, Birowks, Greiner, Heinrich, Jones, Kerner, Schlenk, Schubert,Zirke (2016)

The calculation of the amplitude requires |




2. Two-loop integrals

* Rather than brute-force calculation, master integrals in many

cases computed solving differential equations
Kotikov 1991; Remiddi 1997; Henn 2013; Papadopoulos 2014

* Method well-understood when only generalised polylogarithmic

functions (GPL) are involved

e.g. method pushed to 3-loop 4-point functions in N=4 SYM Henn & Mistlberger 1608.00850
or to 2-loop planar 5-point functions Gehrmann, Henn, Lo Presti 1511.054009 ...

* Internal masses complicate the problem considerably: elliptic
functions appear




Two upcoming challenges

1. Fully mastering conceptual challenges related to internal masses
(internal masses necessary for Higgs physics at high pt)

2. Extension of NNLO to 2 to 3 processes

A few encouraging results for going to higher multiplicity from
generalised unitarity methods




Is NNLO really needed?




NNLO vs data

ATLAS

WZ-hvil
® ATLAS Vs=13TeV (m, 66-116 GeV), 3.2 fb”
A ATLAS Vs=8TeV (m,  66-116 GeV), 20.3 fb"
® ATLAS Vs=7 TeV (m, 66-116 GeV), 4.6 fb”
vV DO Vs=1.96 TeV (m, 60-120 GeV), 8.6 fb"
& CDF Ys=1.96 TeV (corr.tom, 60-120 GeV), 7.1 fb™

== MATRIX NNLO, pp—->W2Z (mz_."
NNPDF3.0, uR=pF=(mw+mz)/2

== MCFM NLO, pp—>W2Z (mz , 66-116 GeV)
CT14nlo, pn=uF=mwz/2

= = MCFM NLO, pp—»W2Z (mZ " 60-120 GeV)
CT14nlo, p_=p _=m,;,/2

66-116 GeV)

Ratio to NLO

LHC data clearly prefers NNLO

Same conclusion in all measurements examined so far

With more data NLO likely to be insufficient

21



Comparison to NNLO for Z + jet

do / dp% [pb/GeV]

Ratio to NLO

Gehrmann-De Ridder, Gehrmann, Glover, Huss, Morgan 16
Boughezal, Liu, Petriello *16
NNLOJET pp = Z+20jet _ Boughezal, Ellis, Focke, Giele, Liu, Petriello 15

ATLAS Data +—— e NNLO and EW alleviate
NLO —— tension between data and

theory

1605.04295 * better agreement in

oF>20GeV Iyl <24 normalised distribution

66 GeV <m; < 116 GeV

e remember 2-3%
luminosity error on data

Unnormalised

Normalised

__4 uuuuu
ﬁﬁﬁﬁﬁﬁﬁ

-lllllllllllllnll----n—uuu“-n--- 10

66 GeV <m; <116 GeV
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Impact of Z + jet on luminosities

Gluon-Gluon, luminosity

Boughezal, Guffanti, Petriello, Ubiali 1705.00343

B NN3.Ored
NN3.0red + 8 TeV
V'S = 1.30e+04 GeV

Significant reduction of
uncertainty in all luminosities
(e.g. 30% impact on PDF
uncertainty of Higgs cross-
section)
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Recent progress in PDFs

HXSWG Yellow Report 3 (2013) HXSWG Yellow Report 4 (2016)

Higgs Production Channel % theo. uncertainty } ' Higes Production Channel % theo. uncertainty
g (N3Lo) [N

' ver (N2,o) [ M PDF+as

'wH (N2Lo) [

- znN2eo) D
eeH (N1Lo) |

o 5 10

Still, in many cases PDF uncertainty dominant or not
negligible. Further improvements soon.
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Recent progress in PDFs

Nadolsky QCD@LHC2017/

~ 2017: explicit and implicit advancements

All major groups rush toward implementing LHC data on
jet, WIZ, Z p, tt production in the PDF analysis

« ABMP’16 (arxiv:1701.05838) includes a large LHC W/Z data
set, got closer to the other PDF sets

* The NNPDF3.1 set has been released (arXiv:1706.00428),
iIncluding a compatible subset of the new LHC data

e CT1X and MMHT’ XX to be released within a few months,

__once compatibility of the new experiments is understood

Recurring issues:

» properly assessing the associated error (bias due to choice
of data, methodology, etc.)

* making sure that new physics is not fitted in PDFs
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H + one jet at NNLO

3 calculations with 3 methods = cross-checks and validation

Decays of Higgs to bosons also included. Fiducial cross-sections
compared to ATLAS and CMS data

Caola, Melnikov, Schulze 1508.02684
Boughezal, Melnikov, Petriello, Schulze 1504.07922
Chen, Gehrmann, Glover, Jaquier 1607.08817

pp—2H+=0jet mp=125GeV Vs =8 TeV

H | NNLO EFTeM
2| NLO EFTeM

(1/oro)do/dpyY [1/GeV]

>
(<5
O
—~
-~
=,
=
-
(=
"]
T~
e
e

9
=z
=z
e
2
o

ratio to NLO

Good agreement on normalised distributions, less good agreement

on unnormalised ones (but current data have large errors)
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H + one jet at NNLO

ATLAS Preliminary H—yy,Vs=13TeV, 36.1 b
-¢- data, tot. unc. syst. unc.

4 Data

ATLAS [ ] Syst. uncertainties

H— ZZ* — 4] u LHCXSWG ggH @N3LO + XH
L MG5 FxFx + XH

13 TeV, 36.1 fb #  NNLOPS + XH
4 HRes 2.3, NNLO+NNLL + XH

[fo/GeV]

m,, = 125.09 GeV
B gg—H default MC + XH

B 99— H RadISH+NNLOjet + XH
&%+ XH = VBF+ VH+ttH+bbH

Tay

do,,/ dp

—
%

300 350
P, [GeV]

&L
=
+
O
=
E
i
5]
©
~
=
i)
T
v

0;”01 0'2’7&1 cfid ot
Hige ”Qe,ze;(sU,")/(og,"b)
-l

H—ZZ*—4¢ H—~~
ATLAS, arXiv:1708.02810 ATLAS-CONF-2017-045

- Better agreement with theory with 13 TeV data, compared to
8 TeV

» Fixed-order predictions for fiducial cross-sections and
merging to parton showers crucial
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Fully differential VBFH at NNLO

do/dp, i [pb/GeV] dcs/dAyJl 4, [pb]

LO . 1O
POWHZEG 4 e P(g)WHEG .

. wereuts] [ = | VBECUTS
= LHCIITeV . LHCI3TeV

NNPIDF%O l;lﬂo as: ns " 1 NN?DE%O 1;11110;’18 E18 + e Allows to study realistic
Ho(pt, H)/-<#R lfF< Ho(Pt H) Ho(Pt H)/—<VR “F< uo(p‘*fH Observab|eS, Wlth
realistic cuts

 NNLO corrections
much larger (10%) than
expected (1%)

A N P S N N * Important for coupling
100 150 200 250 300 45 5 55 6 65 7 75 8 85 9
P [GeV] B gy measurements
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Top

- decays before hadronizing = direct access to bare quark
(spin, couplings)
- heavy © window to New Physics
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Top: scale choice

Differential NNLO results now available in the stable top approximation
Czakon, Fiedler, Heynes, Mitov 1601.05375
Czakon, Heynes, Mitov 1704.08551
# Non-trivial (and often overlooked) problem: difference between various dynamic scales
can be substantial.

. @ This is now well-understood for inclusive top-pair production

riteria for fixing th les: m
# Criteria for fixing the scales 2L for: prg, preand pry.

%1 for : all other distributions.

€ Require minimal K-factors, both at NLO and NNLO and for the full kinematics

Mitov QCD@LHC2017
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Top: scale choice

Differential NNLO results now available in the stable top approximation

s Fiedler, Heynes, Mitov 1601.05375
| | 2. Heynes, Mitov 1704.08551
But no understanding of differences

between mt/2 and Ht/4

# Non-trivial (and often overlookee pus dynamic scales
can be substantial.
. @ This is now well-understood for inclusive top-pair production

riteria for fixing th les: m
® Criteria for fixing the scales 2L for: prg, preand pry.

%1 for : all other distributions.

€ Require minimal K-factors, both at NLO and NNLO and for the full kinematics

Mitov QCD@LHC2017

s the resulting uncertainty
band reliable!?
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Top

Differential NNLO top cross section reduces uncertainty on gluon-gluon
luminosity:

NNLO, global fits, LHC 13 TeV

R R T R R T R
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Top mass

Scheme choice no longer an issue: conversion from pole- to MSbar-
scheme known to better than 200 MeV

But most extractions rely on generators: intrinsic uncertainty hard to
quantify

ATLAS Preliminary MCFM NLO fixed-order, u=m /2

11

Ys=8TeV, 202"

HHI . HI f
i iz 3

e CT14
ATLAS-CONF-2017-044 NNPDF 3.0

MMHT

| total uncertainty * HERAPDF 2.0 71

1 statistical uncertainty ° ABM11 ~
world-average direct reconstruction NNPDF nojet

Dilepton p°+p* Dilepton E°+E" Comb. (8 dist)

. Dilepton p™ __Dileptonm™ _

ATLAS: combine several leptonic observables which are less
sensitive to MC modelling (theory=NLO MCFM).
Soon: first application of NNLO production with NNLO decay?

32



NNLO inclusive jet spectrum

Scale (Ur.,Ur) : pt of leading jet Scale (Ur,Ur) : pt of jet

7TeV, Jyj| < 0.5,100 GeV < pr < 116 GeV 7 TeV, anti-kt, R=0.4, |yj| < 0.5, 100 GeV < pr < 116 GeV
NNLOJET NNLOJET

S S
) ]
Y 0
2 g
[

5 5
9 ]
) *)
T T

Currie,Glover, Pires 1611.01460

Low transverse momentum region
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NNLO inclusive jet spectrum

Scale (Ur,Ur) : pt of leading jet Scale (Ur,UE) : pt of jet

77TeV, |yj| < 0.5, 642 GeV < pr < 688 GeV 7 TeV, anti-kt, R=0.4, |yj| < 0.5, 642 GeV < pt < 688 GeV
NNLOJET 120 NNLOJET

'; —_—
o ?
Y 0
e 3
= s
b=

Q &
T kS
= <
o o
T °

Currie, Glover, Pires 1611.01460

High transverse momentum region
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Di-jet Invariant mass

Small y1-y2 Larger yi-y»

. . — L0
NNLOJET ~ ATLAST7TeV. antik jets, R=04.15<ly1<20 w0

WF AR WU IS S e s e — wrasaB B Aptpe=:)ipai) (pad 11IEE
e | L =ashd =i a = hd T

x10° sr::(();v)
2pe S myj; S 3pt (LO) Ipe S mj; S 15pe (LO)
= pt and mjj scales similar = pt and m;jj very different

“We choose the dijet invariant mass as the theoretical scale on the
grounds of perturbative convergence and residual scale variation ...”

Currie, A. Gehrmann-De Ridder, Gehrmann, Glover, Huss, Pires 1705.10271 35



Scale setting:
the usual questions

® How should one set the renormalization and factorization scale
In a given process? It is fair to set the scale a posteriori ...?

® Can one trust the scale uncertainty band, i.e.the factor two
variation around central scale [in particular if set a posteriori]?




Scale setting:
the usual questions

Mostly, there are no good answers. A few approaches:

» dynamical, a priori procedure to set the scales based on clustering
scales (CKKW, MINLO) [typically yields larger uncertainty bands]

> uncertainty extracted from convergence of the PT series [but
needs a few orders...]




Scale setting

Some (obvious) considerations are:

— The question is not what is the right scale (BLM? PCM?) but rather
what is the theoretical uncertainty, and its interpretation

— The more orders one computes, the less relevant the question is,
however the more precise data are, the more important the
question is. Altogether, the question likely to remain relevant

- In all cases examined, when the scale uncertainty band fails badly




NNLO+PS

NNLO:

csood perturbative accuracy, accurate
inclusive cross-sections, but limrted to
low multiplicity and parton level only

H proton

parton

distribution
functions
\ hard scattering /

at NNLO

Parton shower:

less accurate, but realistic description,
including multi-parton interactions,
resummation, hadronization effects

clustering, hadronization & decays

® &

‘u' pions, leptons &
S photons

parton shower™¢
evolution

A

0000000000000

H

00Q000000B0VO0O0

parton

. \ distribution
functions
hard scattering

at LO




NNLO+PS

Merging NNLO and parton shower (NNLOPS) is a must to have the best
perturbative accuracy with a realistic description of final state

* First NNLOPS codes: Higgs, Drell-
Yan & associated Higgs production

* currently, three different methods:
& pions,leptons & MiNLO, UNNLOPS, Geneva

photons

parton showerg
evolution

proton
parton

dlstrlbutlon
functions
hard scatterlng

at NNLO

Hoeche, Li,Prestel ’14-’15 [UNNLOPS]
Astill, Bizon, Hamilton, Karlberg, Nason, Re, GZ ’13-’16 [MiNLO]
Alioli, Bauer, Berggren, Guns, Tackmann,Walsh ’15-’16 [Geneva]
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NNLO+PS for HW

One sample NNLOPS result: associated HW production with cuts
suggested by HXSWG

Astill, Bizon, Re, GZ 1603.01620

HW-NNLOPS (Pythia8-part)
HW-NNLOPS (Pythia8-hadr)
NNLO

g
. 300 SHOWELANG ¢ [T7seos | 751 [ 2.0z | seees | To-es | 397 |
adaronization cause = 77.93 2.34 10.05 3.65
haa t > [79 [ w20 | 2.4 | secsa | 10.05 | 365 |
migration between jet-  [IE
binS u.1_ L BIN1:_ 0:GeV. < Pe <. 150 GeV

 Difficult to reach high
accuracy Iin jet-binned
observables

O
-
Z
Z
e
9
©
o

BIN 1 BIN 2 BIN 3 BIN 1 BIN 2 BIN 3
(nojets) (nojets) (nojets) _(with jets) (with jets) (with jets)

Low p¢ Boosted 41



N3SLO

Two LHC processes known at N°LO




N3LO Higgs production

NLO NLO+NLL NNLO

N3LO N3LO+N3LL
1.0

pimy (H=HR=LF)

e dashed lines include resummation of even higher orders (essentially
no impact on central value at preferred renormalisation scale mn/2 )

e N3LO stabilises the perturbative expansion (N3LO band contained in
NNLO band, while NNLO was not in the NLO band)
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Data vs theory

ATLAS Preliminary L, m, =12509GeV | ,,>
AH-yy 0 H-ZZ* -4l QCD scale uncertainty Ut

mm Tot. uncer. (scale ® PDFsa)

¢ comb. data syst. unc.

Theory 15 years ahead of
experiment!

Vs=7TeV, 451b"
Vs=8TeV, 2031
Vs=13TeV, 13.3tb "' (y7), 14.81b" (2Z2*)

10 11 12 13 Theory predictions
Il without higher orders

Next challenge: extend N3LO accuracy to differential distributions
(hard but within reach?)
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... and inclusive VBFH at N3LO

PDFALHC15_nnlo_mc NNLO
Q/2 <pg, Pp<2Q N3LO [

LHC 13 TeV
NNLO B2 Q2<pgr,Hr<2Q

N3LO [ PDF4LHC15_nnlo_mc

@)
—
)
z
o
R
o
2
&

7 10 13 20 30 50 100 150 200 250 300
Vs [TeV] Pt [GeV]

Again, NNLO was outside the NLO uncertainty band, while N°LO
band (with sensible scale) is fully contained in the NNLO band
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The strong coupling

The strong coupling is the fundamental parameter of QCD. It is not
an observable, but observables depend on it, hence as(Q) extracted
by comparing calculations and data. Four key considerations:
sensitivity, accuracy, control of non-perturbative, scale Q probing as

+ CMS Rs; ratio HERA
—ii— CMS tt prod. LEP
—&— CMS incl. jet PETRA
—&— CMS 3-jet mass SPS
Tevatron

Summary of extractions

from e*e, DIS and hadron
collider experiments

= running probed to TeV
scales

as(Mz) = 0.1171 433025 (3-jet mass)
0.05 &= as(Mz)=0.1185 £ 0.0006 (World average)

= good agreement
between various fits (but
the devil is in the details)
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The strong coupling

Tevatron + LHC average (NLO, not contributing to world average

agrees well with the world average®




Two examples where
recision brings in new




1. Pinning down the Higgs potential

Single Higgs Triple Higgs

done out of reach at LHC
45p 0.1fb




1. Pinning down the Higgs potential

Current and future bounds on A based on double Higgs production:

LHC Runl, 20.3 fo-t — -14.5, 19.1])
2y2b, 1406.5053;

4b, 1506.00285;
2b2t, 2y2W, 1509.04670

LHC Run I, 13.3 fo-1  —»

4b, ATLAS-CONF-2016-049

HL-LHC, 3 ab-T

2y2b, ATL-PHYS-PUB-2017-001
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1. Pinning down the Higgs potential

Alternative: exploit indirect sensitivity to A of single Higgs production

Impact of diff. H data

= (iff. H, global fit
incl. H & diff. HH, k, exclusive fit
incl. H & diff. HH, global fit

51



2. Higgs coupling to 2nd generation

* we know quite well that the Higgs couples to vector bosons and to
39 generation (heavy) quarks as predicted in the SM

e couplings to 2" (and 1s!) generation notoriously more difficult
* a number of ways to constraint the coupling of Higgs to charm:

> rare exclusive Higgs decays

» Higgs + charm production

» constraint from VH (H —bb)
iIncluding charm mis-tagging

» constraint from Higgs width

still largely unconstraint

50 100
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2. Higgs coupling to 2nd generation

* Higgs produced dominantly via top-
quark loop (largest coupling)

* put interference effects with light
quarks are not negligible

* provided theoretical predictions are
accurate enough, constraint on
charm (and possible strange) Yukawa
can be significantly improved
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Similar sensitivity in leading jet p:
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2. Higgs coupling to 2nd generation

* Higgs produced dominantly via top-
quark loop (largest coupling)

* put interference effects with light
quarks are not negligible

* provided theoretical predictions are
accurate enough, constraint on
charm (and possible strange) Yukawa
can be significantly improved

LHC Run II
HL-LHC
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Conclusions

* The Higgs discovery leaves many open questions for the LHC
Run |l to explore

® Precision calculations, crucial to address those questions, are
making giant steps: NLO automated, NNLO the frontier, first N3LO
and NNLO+parton shower results

e Uncertainties reach the level of the few percent for cross-sections
(larger for distributions)




