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Tribute to LHC Run |

Standard MOdel fUlIy [S- July 2015 CMS Preliminary
. . & 7 TeV CMS measurement (L = 5.0 fb™)
discovered in Run | at the LHC

# 8 TeV CMS measurement (L < 19.6 fb™)
e.g. Stairway to Heaven plots

-7 TeV Theory prediction
- 8 TeV Theory prediction
< CMS 95%CL limit
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Data 2011+2012

SM Higgs boson mH=126.8 GeV (fit)
Bkg (4th order polynomial) 10’3 T.T. -

wilaylagoaboyl 2 uy by laylw
All results at: http//cern.ch/go/pNj7

Events / 2 GeV

H—yy

\s=8TeV |Ldt=20.7fb"

\s=7TeV ILdt =481b"

Higgs discovered even earlier
than expected

Events - Fitted bkg
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Tribute to LHC Run |

19.7fo' (8 TeV) + 5.1 16" (7 TeV)

First studies of Higgs properties:

e consistent with J°P=0+*
 SM Yukawa couplings

e MH=125.09+0.21(stat.)+0.11(syst.) GeV
ATLAS & CMS 1503.07589

Looks very much like SM Higgs

10 100
Particle mass (GeV)

Era of high-precision Higgs physics is about to start

While precise theoretical predictions were not crucial for the Higgs
discovery, they are for precision measurements
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New Physics in Run |?

Are there tensions between SM predictions and Run | LHC
measurements (a.k.a. hints for New Physics)?

Thanks to superb signal and background modeling only a few ones
and difficult to accommodate in NP scenarios, e.g.

e excess in total WW cross-section, both ATLAS and CMS
o ATLAS excess in diboson production at 2 TeV (3.40), CMS also see
anomalies, but below 2 TeV
* CMS anomaly in Wr search
, | e




Prerequisite: factorization

do —hadrons da'ab—> artons\&s \UR ), )
Pp— _ Z/d$1d$2fa($1,MF)fb(x2,uF) 6 ab—partons (s (14R), R, LF)

PDFs: extracted from Partonic cross-
data, but evolution is sections: expansion in
perturbative the coupling constant
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Ingredients for precision

According to this master formula, accurate predictions for
hadronic cross-section require precise input for:

1. parton distribution functions (PDFs

2. the strong coupling constant as

3. partonic cross-sections, mostly computed via




Parton distribution functions

PDFs are an essential ingredient for the LHC program.
Recent progress includes
e better assessment of uncertainties

e use of wealth of new information from LHC Run | measurements

e progress in tools and methods to include these data in the fits




Parton distribution functions

Example: gluon-gluon luminosity as needed for Higgs measurements

LHC 13 TeV, NNLO, a(M,)=0.118

sity
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e obvious improvement from older sets to newer ones

e agreement at 10 between different PDFs for gluon luminosity in the
intermediate mass region relevant for Higgs studies (but larger
differences at large M, key-region for NP searches)
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Parton distribution functions

Improved control on gluon distributions results in more consistent
Higgs production cross-sections

2012 2015
LHC 8 TeV - iHixzs 1.3 NNLO - PDF+x, uncertaintiee ggH, ggHiggs NNLO, LHC 13 TeV, «=0.118

@017, 0119 o =017, 0119  «=0117, 0.119 { W NNPDF3.0
sH A MMHT14

,E, V¥ CTi4p
H @ CMCPDF
 ----- Envelope

g
5
3
é
QO

£

e PDF uncertainty in the Higgs cross-section down to about 2-3%

e envelope of 3 PDFs (previous recommendation) no longer needed
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PDFs from LHC data

Key PDF sensitive measurements at the LHC include

® jet production (inclusive, dijet, three jet, multi jet, ...)
quark and gluons at medium/large x

® inclusive W/Z production and asymmetries
handle on quark flavour separation and strangess, increase range in x wrt to Tevatron

® high- and low-mass Drell Yan production
constraints at low and high x, increased sensitivity to photon PDF

® \W/Z pt distribution
gluon PDF at moderate/high x

® \V+charm




The coupling constant

The value of as stable in the last years

s M )=0.1176 0.0009 | 2008)| [0.1185 w.o. lattice result]

-

s M )=0.1184 0.0007 [ 2012)

\> , M )=01185 0.0006 ( 2014)

Hadronic Jets
-0

e‘e rates

f——
2 O O 8 Photo-production
—e e

Fragmentation

T-decays T-decays
Lattice Lattice
DIS DIS

e*e™ annihilation

ep event shapesg

e¢*te™ annihilation

Polarized DIS Z pole fits

Z. pole fits

Deep Inelastic Scattefind (DIS)
_o_

T decays

—

Spectroscopy (Latgoe)

0.11 0.12 0.13 0.12 0.13

Recently computed as average of averages
(some of which contain inconsistent results)

Y decay
PR o S—
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The coupling constant

The value of as stable in the last years

s M )=0.1176 0.0009 | 2008)| [0.1185 w.o. lattice result]
> s M )=0.1184 0.0007 ( 2012)

\> , M )=01185 0.0006 ( 2014)

e e results Also stable against elimination of
Xp/d.01. = 2.3/3),

vs(M2) = 0.1183 + 0.0012 (w/o lattice results; classes of results used in the fit

xa/d.of. = 2.9/3), : :
vs(M2) = 0.1187 + 0.0007 (w/o DIS results: But a number of outlier results exist

xa/d.of. = 0.6/3), M — 01135 0.0010

vs(M3Z) = 0.1185+0.0005 (w/o e¥ e results: Thrust [Abbate et al ’10; also Thrust cumulants ’12]
\g,"(i.().f. 2.9/3). and L= 0l 34 0 00

i _.,.(.'U‘:‘,.2 ) = 0.1185+ 0.0005 (w/o e.w. precision fit; Fit with PDFs [Alekhin et al ’13]
xa/d.of. =2.7/3). s M )=0.1112 0.0015

C-parameter [Hoang et al ’15]
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as at the LHC

H1 multijets at low Q?

CMS incl. jets : ag(M,) = 0.1 185‘:;’5‘?: ‘ ‘ EPJC 67:1 (2010)
CMS R - H1+ZEUS (NC, CC,Zjets)
32 H1-prelim-11-034, ZEUS-prel-11-001 (2011)

- . ZEUS incl. jets in y'p
CMS tt cross section NPB 864:1 (2012)

CMS inclusive jets H1 multijets at 51233191;
araiv X
CMS 3-Jet mass CDF incl. jets

PRL 88:042001 (2002)

DO incl. jets
PRD 80:111107 (2009)

DO ang. correl.
PLB 718:56 (2012)

Malaescu & Starovoitov (ATLAS incl. jets)
EPJC 72:2041 (2012)

ATLAS N,,
ATLAS-CONF-2013-041 (2013)
CMSR,,

EPJC 73:2604 (2013)

CMS tt cross section

PLB 728:496 (2014)

CMS 3-Jet mass

DO inclusive jets

DO angular correlation EPJC 75:288 (2015)

H1 CMS incl. jets
EPJC 75:186 (2015)

ZEUS World Average
Chin. Phys. C 38:090001 (2014)

0.13

w already fantastic proof of as running up to TeV region

m More to come with Run Il
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https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsCombined#Summary_of_alphaS_running

NLO calculations

A number of breakthrough ideas developed in the last 10 years, most
notably

- sew together tree level amplitudes to compute
loop amplitudes [on-shell intermediate states,
cuts, generalized unitarity ... ]

- OPP: extract coefficients of master integrals
by evaluating the amplitudes at specific values
of the loop momentum [algebraic method]

D D D
AN = Z (di1i2i3i4 IZ'(1¢2>7;3¢4) + Z (Ci1i2’i3 Ii(lig)ig) + Z (b’il’i2 Ii(1i2)

31 |24] [i1]43] 31 i2]

N —(-

Bern, Dixon, Kosower; Britto, Cachazo, Feng; Ossola, Pittau, Papadopoulos; Ellis, Giele, Kunszt, Melnikoy; ....
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NLO calculations

Various tools developed: Blackhat+Sherpa, GoSam+Sherpa, Helac-
NLO, Madgraph5_aMC@NLO, NJet, OpenLoops+Sherpa, Samurai,
Recola ...

* the automation of NLO QCD corrections is mostly considered a
solved problem

* high-multiplicity processes still difficult (long run-time on clusters
to obtain stable distributions, numerical instabilities).




NLO automation

Example: heavy quarks and jets at NLO

Process Syntax Cross section (pb) T T

Heavy quarks+vector bosons LO 13 TeV NLO 13 TeV SI mi |ar tables for

el  pp— W=Ebb (4f) pp 3.074+0.002 - 102 + 1102 +29-8% +15% = bOSOn+jetS
pp— Z bb (4f) PP 6.993 + 0.003 - 10> * +0.004 - 10° . .
pp — v bb (4f) PP 1.7314+0.001 -10° +0.015 - 10 *: dIbOSOn+jetS
pp— WEbbj (4f) PP 1.86140.003 - 102 3.957 4+ 0.013 - 10? - trlbOSOn+JetS
pp— Z bbj (4f) PP 1.604 +0.001 - 102 + 2.805+0.009 - 102 +2L.0%
pp—+bbj (4f) PP 7.812+0.017 - 102 * 1.233 +0.004 - My o fOUI’ bOSOnS
pp— tEW* pp 377740003 - 10+ 5.662 £ 0.021 - HIL2% +1.7% L heavy quarks +
pp—ttZ PP 5.27340.004 -10-' * 7.598 + 0.026 - . :
pp— iy PP 1.204 + 0.001 - 10° 1.744 + 0.005 - 98% +17 Je'tS
: T 9 o= 9 .1n-1 4 2 AN, .
pp—m_n j PP 2.352 4+ 0.002 - 10 . 3.404 +0.011 : 2 heavy quarkS L
pp—ttZj PP 3.953+0.004 - 107" * 5.074 4 0.016 - 2
pp—ttvj PP 8.726 +£0.010 - 10~' * 1.135 4 0.004 - ' bOSOnS
pp—tt W-W+ (4f) PP 6.675 + 0.006 - 10-3 * 9.904 + 0.026 - e
pp—tt WEZ PP 2,404 £0.002 - 102 3.525 £+ 0.010 - o +2. Slngle tOp
pp—tt Wy PP 2.718 +0.003 - 10-2 3 3.927 4 0.013 - 2 i Sing|e H|ggs
pp—=ttZZ PP 1.349+0.014 - 103 *2 1.840 + 0.007 - i :
pp—tt Z~ PP 2.548 +0.003 - 10~ * 3.656 + 0.012 - - nggS palr
pp—+ ttyy PP 3.272 +0.006 - 10~* Jo 4.402+0.015 -

Attention shifted towards NLO EW corrections.
First automated approaches to EW NLO

G. Zanderighi - CERN & Oxford University 17/44



NLO EW corrections

NLO EW corrections more important for Run ll:

 Run Il energy extends more in the TeV region where EW
corrections are enhanced by large EW Sudakov logarithms

 enhancement by photon emissions (mass-singulars logs, photon
PDF)

* high-precision measurements at the LHC (most notably Mw)

e with higher luminosity many cross-sections will reach few percent
precision




NLO EW corrections

NLO EW corrections are

 most important close to peaks of invariant mass distributions and
In high-pt tails

e often dominant EW corrections from QED

Example: NLO EW correction to Z invariant mass in H - Z2Z — ete ™

dr —
T, (1077

0.0025

H—eetppu"

corrected
0.002
My = 170 GeV
0.0015

-

. '___'--.:.4- -
T _,._*.,.W__“_.:‘
et

0.001

e e’
p~p™ (v recomb.,
0.0005 e~ e’ (no recomb.

p—pt (no recomb.) eeeeeeeee

(v recomb.

0
60 65 70 75 80 85 90 95 100 60 65 70 75 80 85 90 95 100
M, [GeV] M 7 [GeV]

Bredenstein, Denner, Dittmeier, Weber '06
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NLO EW corrections

NLO EW corrections are

 most important close to peaks of invariant mass distributions and
In high-pt tails

e often dominant EW corrections from QED

Example: NLO EW corrections to ptn distributions

da /dpr [GeV][fH)

150 200 250 300 50 100 150 200 250
pr.u|GeV] pru[GeV]

Denner, Dittmeier, Kallweit, Muck ’11
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NLO EW corrections

NLO EW corrections are
 most important close to peaks of invariant mass distributions and
in high-p: tails
e often dominant EW corrections from QED
but not always the case

Example: angle between Z-decay planes in the H-rest frame (probe of
HZZ coupling, small CP-odd component ... )

Boselli et al. 1503.07394

= NLO QED
. PS O(a) QED

e 2-7% effects
 EW effects not dominated by QED
e parton shower approximation off

> percent precision requires

100 150 200 250 350

 (deg) knowledge of full EW corrections
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NNLO revolution

NNLO is one of the most active areas in QCD now

After pioneering calculations for Higgs and Drell Yan more than 10
years ago, only recently many 2 — 2 processes computed at NNLO

' NNLO most important in three different situations ;

Benchmark processes Input to PDFs fits + Very large NLO
(measured with highest backgrounds to Higgs corrections (moderate
accuracy) studies precision needs NNLO)
= 4 - Diboson - Higgs

=W = |y - Boson + jet - Higgs + jet

T - top-pairs )

kPIus more reliable estimate of theory uncertainty ’

Still early days, but in the few cases examined (e.g. Higgs and Drell
Yan, VV, Vy, top ...), better agreement with data at NNLO
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NNLO

While at NLO the bottleneck has been for a long time the calculation
of virtual (one-loop) amplitudes, at NNLO the bottleneck comes
mostly from finding a method to cancel divergences before
numerical integration.

Two main approaches

Slicing:

partition the phase space with since IR singularities of

a (small) slicing parameter so amplitudes are knows, add
that divergences are all below and subtract counterterms so

the slicing cut. In the divergent as to make integrals finite.

i region use an approximate = “Easy” at NLO, but
expression, neglecting finite " complicated at NNLO due to
terms, above use the exact " the more intricate structure of
(finite) integrand (overlapping) singularities




NNLO

-
Different practical realizations:

e antenna subtraction
e g7 Subtraction
e colorful subtraction

e sector improved residue subtraction scheme

'« Projection to Born (P2B)

In town



Antenna subtraction

Antenna subtraction

+ analytic cancelation of poles A. Gehrmann, T. Gehrmann, Glover, Heinrich 05
- complicated?

Applied to

\/ e — B jets A. Gehrmann, T. Gehrmann, Glover, Heinrich 07




gt subtraction

gt subtraction

Catani, Grazzini 07
+ efficient, simple
- applied mostly only to colourless final states

Originally based on transverse momentum resummation for single
boson production (H, Drell Yan). Recently extended to di-bosons:

‘/ ¥y Catani, Cieri, De Florian, Ferrera, Grazzini ’11




Colorful subtraction and P2B

Colorful subtraction

Del Duca, Somogyi, Trocsanyi ’05

+ local subtraction terms
- cumbersome? no application with initial state hadrons

First application to final state radiation

H == bb Del Duca, Duhr, Tramontano, Trocsanyi '15




Sector improved residue

Sector improved residue subtraction (4D formulation)

+ generic method, can be applied in principle to any process Czakon ’10
- numerical cancelation of poles Czakon, Heymes "14

\/ 7z e Boughezal, Melnikov, Petriello ’11

v top-pair production (inclusive and differential) serneuter, Czakon, Fiedler, Mitov
’12-’13; Czakon, Fiedler, Mitov '14

v top decay Bruchseifer, Caola, Melnikov *




-Jettiness slicing

Bouchezal, Focke, Liu, Petriello ’15
Gaunt, Stahlhofen, Tackmann, Walsh ’15

N-jettiness subtraction

+ promising: already very non-trivial applications
- dependence on slicing parameter needs to be checked accurately

W-jet Boughezal, Focke, Liu, Petriello '15

H+jet Boughezal, Focke, Giele, Liu, Petriello 15




NNLO V plus one jet

=
o
—

W+1jet

prt > 30 GeV, |n,ee| < 2.4
Leading order: 533%32 pb

=
O
O
—
=
=
=
~
T
<3

Next-to-leading order: 797+%5 pb
Next-to-next-to-leading order: 787“_“-; pb

e flat K-factor (=1)
* big reduction of theory error

Z+1]et

oo = 1036727 pb

pp—>Z+>1jet Vs =8TeV

onLo = 144.472% pb

onnLo = 151.075% pb

e similar features in Z+jet

e other observables (ptz, yz, ...)
non-trivial K-factor
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NNLO Higgs plus one jet

Leading jet transverse momentum:

e larger K-factor (=1.15-1.20) for H+1jet
» useful comparison between independent calculations

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

Fully inclusive VBF Higgs production was known at NNLO in the
structure function approach. Calculation suggests NNLO is

correction is . with residual uncertainty
Bolzoni, Maltoni, Moch, Zaro ’11

Fully differential calculation recently performed using “Projection
to BOrn (P2 B) methOd Cacciari, Karlberg, Dreyer, Salam, Zanderighi ’15

NLO .t
NNLO-, 3.888 Tg15 0826740 .

Non trivial (10%) effects
In distributions.

Precision measurements I
require differential NNLO |REEEawawE
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NLO + parton shower

~& status of NNLO today similar to that of NLO about 15-20 ys ago

~& NLO+PS: for a long time not known how to do it (difficult to avoid
double counting). Then two new ideas caused a leap in the field

1.MC@NLO (aMC@NLO) 2. POWHEG (POWHEG-BOX)

Frixione and Webber 02 and later refs. Nason 04 and later refs.

» explicitly subtract double counting » hardest emission from NLO

First only processes with no light jets in the final state, now automated in the
POWHEG BOX, MG5_aMC@NLO, Sherpa-MC@NLO, PowHel, Matchbox ...
also with fast procedure to get uncertainties (change scales and PDFs)

Main advantaged of NLO+PS compared to pure Monte Carlo:

- meaningful theoretical uncertainty to predictions

- better extrapolation of backgrounds from control to signal region
Today NLO+PS used in all advanced LHC analyses
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NNLO + parton shower

NNLO + parton shower: realistic exclusive description of the final

state (including MPI, resummation effects, hadronisation, U.E.) with
today’s state-of-the-art perturbative accuracy




NNLO + parton shower

NNLO+PS in it’s infancy, currently three methods/approaches:

~& MiNLO upgrade NLO X+1jet calculations to be NLO accurate for
X production (X=H,V), NNLO reweighing in the Born variables

~& JUNNLOPS relies on NLO multi-jet merging, adds the precise
difference between fixed-order real ME and PS approximation.
Depends on merging scale. Virtual correction confined to lowest
bin (not spread)

~& Geneva combines differential NNLO calculation for X with O-
jettiness  (aka beam thrust) NNLL’ resummation. Perform first
two shower emissions by hand, such that they don’t split the
resummation
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NNLO + parton shower

Example: comparison of NNLOPS with NNLO+NNLL resummation of
JetVHeto Banfi, Monni, Salam, Gz *12

1000

800
JerVHeETO [ ]

o w — Zly —ete (7 TeV
NNLOI S 6()0 1[ / ! (‘ )

GENEVA+PYTHIAS

S 400 —~ NNLL;+NNLO,

— JeTVHETO (NNLL+NNLO)
= JETVHETO (NLL+NLO)

Comparison to high-order resummations very valuable to validate
new calculations and tools
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Resummations

eresummation relevant in multi-scale problems

e source of large logs: veto on real radiation spoils the Kinoshita-
Lee-Nauenberg cancellation of singularities between real and
virtual contributions = large logs are left over

As a result fixed-order calculations have logarithmic divergences

e 0-jet bins: log(pt,veto/M)

e 1-jet bins: log(ptj1/M), log(pt veto/M), log(pt j1/Pt,veto)




Resummations

Resummed calculations matched to fixed order play a key role in
comparison to data and in validation of MC predictions

- best analytic control (NNLL+NNLO)

- many handles to estimate theory uncertainties (besides ur, ur)

NLL+NLO [
{  NNLL+NNLO

-
i

Transverse momentum
resummation for vector§
boson pair production

50 70 100 200 300 500700

-
L]
(&
~N
—
o]
o
T
N
)
o)
b
~
—

T AILAS arXiv:1406.3660
fLdt=-47 7"

Pr{WW) [fb]

66 GeV<mp< 116 GeV Erwme

pp = 2% +X = ' e /it i +X
Vs=7 TeV

el DY Res extended to include
8l decays of bosons (fiducial
predictions possible)

DATA/THEORY
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Automation of resummation

Resummation of large logarithms automated at NLL for a large class

of QCD observables since a while
Banfi, Salam, GZ '04

Recently, automation pushed to NNLL, e.g.

e automated jet-veto resummation for event-shapes in ete” at
NNLL

Banfi, Monni, GZ ’14

e automated jet-veto resummation for electro-weak boson
production processes using MG5_aMC@NLO




Beyond NNLO

e New in 2015: calculation of inclusive Higgs production via gluon-
gluon fusion in the large m: approximation at N3LO

e first N3LO calculation of a hadron collider production process
e calculation motivated by the
SIOW perturbative Convergence Higgs cross section my=125GeV @ LHC 8 TeV

e renormalization scale variation
underestimates the shift to the
next order

e amount of perturbative control
on the cross-section has direct

0.06 0.1 02 03 0.5

impact on range of NP searches el

N nggs sector from General Assembly Higgs Cross
Section Working Group Jan. 2015
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N°LO Higgs production

3 Number to take home:
e e R 2% correction at Mu/2-
| 2% scale uncertalnty

10
0.5 1.0 1.5 20

/my,

Other uncertainties now become all important (PDFs, treatment of
EW, heavy-top approximation, top-bottom interference in loops...).
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N°LO Higgs production

ATLAS (s=8Tev, 203"  PP—H. m,=1254GeV
L} H—=yy § H—=ZZ'—4 X g
f comb. data syst. unc.

F+ O,y O0,,=30+0.1pb

XH = VBF + VH + ttH + bbH

QCD scale uncertainty
B Total uncertainty (scale ® PDF+a.)

NNLO+NNLL

ADDFGHLM

More accurate measurements awaited eagerly!
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Conclusions

QCD is a field very active

e NLO revolution belongs already to the past, NNLO the current
hottest battlefield.
Only in the last few months: H+1jet, Z+1jet, W+1jet, VBF Higgs, VV,
dijets at NNLO and even Higgs at N3LO!

e many other important theoretical and phenomenological
developments (NLO multi-jet merging, matching, inclusion of
EW corrections, resummations ... )




Conclusions

We need to think ahead. A 100 TeV collider is a realistic future
possibility that needs to be explored now as much as possible

e we need to develop more physical intuition about Standard
Model processes at very high energies

e if you do a new calculation for the LHC, why not run directly
your code also for a 100 TeV FCC?




