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* Thanks to the local organizers for such a wonderful conference and venue:
Simone Marzani, Tobias Neumann,Vincent Theeuwes, Doreen Wackeroth, Ciaran
Williams, Tracy Gasinski, Chang, Jeremy, Jia, Matthew, Michael, Roberto, Syed
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* Thanks to the local organizers for such a wonderful conference and venue:
Simone Marzani, Tobias Neumann,Vincent Theeuwes, Doreen Wackeroth, Ciaran
Williams, Tracy Gasinski, Chang, Jeremy, Jia, Matthew, Michael, Roberto, Syed

Both legs and loops are a natural fit in Buffalo!



The LHC circa 2016

*Impressive agreement between SM theory and experiment. There is
agreement on cross sections spanning many orders of magnitudes and
containing numerous final states.

Standard Model Production Cross Section Measurements Status: August 2016
| s | >
_Q O Ololal [x2) oo
10" kg Ll ATLAS Preliminary Theor
Q. AD inelasic y
S 106F or i Rn12 vs=7,8 13T/ LHC pp ¥& =7 TeV
o BBl Oata 45-a9M!
nz2
5 D3<m,<5TWN
10 o e LHC pp V5 =8 TeV
e B Dae 203!
104 £-n; =0
-o-
LHC pp Vs=13 TeV
10° 2 1750, 2 0-0- Kl oata 008- 148
O Om O ata sia U.ug .
. pr>100GeN ny=2n, =1 o o N »3:
10‘ O 000, 2 1 u e Ww ww tal
n: s 3"62 o WA — P‘ : O d .
<» n, >2 o &
10* N4 .3 =9 .o. ﬁ “En
On 1'63 "-O: a g a Wy
N =4 n,b..: ha a «On
1 “hsor"\d n =6 Htr 9 oi a
n; > S5 'b - 2y
n=6um n>7 - 8
10_1 I n, -f.'ns Ih I a8
[ ® | n =8
n. ..'.l‘_nb n n n n ey
10-2 .
n =7 n rd ' - O
a e w
1073 &
174
21 J. Huston
PP Jas Y W Z tt t vvVv Y H Vy tWZ tty Zjj ww Zyy Wy VVj
ne04

CWE  Dad. EWx
. ) . id e\ o id fd. id fof. o M M o & W



The Lagrangian of Nature!

®* With the discovery of a scalar particle having properties consistent
with the SM Higgs boson, the Lagrangian of Nature appears complete.

® The SM is predictive: given mp, all couplings of the Higgs are now fixed.

my = 125.09 + 0.21 (stat.) £ 0.11 (scale) £ 0.02 (other) % 0.01 (theory) GeV,
(ATLAS+CMS, 1503.07589, fit to 41+2Y)
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Failures of the Standard Model

® Of course not! Numerous outstanding problems exist in the SM.

* Hierarchy problem: no symmetry prevents the Higgs mass from
being dragged by quantum corrections to the GUT/Planck scales

Mgaugeferm _ Mpare ] + 3 |n A/M} Q 4y
(MHiggs)Z N (Mbare)Z +/\2
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Resolved by TeV scale SUSY?

e The flavor puzzle: what explains * Dark matter: What are the new
the observed masses and mixing? degrees of freedom that describe
dark matter?
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Experimental guidance

* No convincing evidence of new particles or BSM effects; Higgs looks
SM-like, limits on SUSY and other new states over a TeV and increasing
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If Joey and his group still haven’t found any by next LoopFest:
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Experimental guidance

* No convincing evidence of new particles or BSM effects; Higgs looks
SM-like, limits on SUSY and other new states over a TeV and increasing

Precision searches for subtle deviations from the SM that point
to resolutions of these issues will become evermore important
during Run I, especially if we continue to see no obvious new
physics.

The work done by the LoopFest community has never been
more important!
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Fixed-order QCD calculations

* As many talks on NNLO results/codes as NLO

NLO:
* Jean-Nicolas Lang: RECOLA
* Raoul Roentsch: NLO for gg—=VV
 Christian Weiss: NLO in WHIZARD

* Lars Hofer: Collier

e Christian Reuschle: QCD and EW NLO
with NLOX

NNLO:
* Walter Giele: MCFM@NNLO
 Alexander Huss: Z+j@NNLO
 Xiaohui Liu: NNLO with N-jettiness
* Marius Wiesemann: NNLO with MATRIX
* David Heymes: NNLO with STRIPPER
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NNLO session starting to have the same acronym soup as the NLO one:

STRIPPER: 7

(To the authors: what goes
in this space?)
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Analytical Result for Dimensionally Regularized

Massless On-shell Double Box | 7 years after double-box breakthrough,

NNLO QCD pheno for 2—2 is arriving in
Nuclear Physics Institute of Moscow State University time fOI" high-Pl"eCiSiOn LHC data

Moscow 119899, Russia

V.A. Smirnov!

Abstract
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do /dp7 [pb/GeV]

Ratio to NLO

The Z-boson p1 spectrum

* The sub-percent experimental precision make this a stringent precision test of
the SM, and illustrates the challenges to further improving precision at Run |l
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The Z-boson fiducial cross section

* Everything must be in place to achieve percent-level precision at Run |l
theory, PDFs, parameters such as &s, luminosity and experimental systematics

8 TeV fiducial Z cross-section
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dsigma/dpT 5 (pb/GeV)

Zb production with NLOX
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RECOLA 2.0 for SM and BSM physics
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NLO corrections to gg—VV computed

« gg contribution to pp — ZZ at NNLO increased by 80%
at 8 TeV and 70% at 13 TeV

* This increases the NNLO corrections from 12% -
18% at 8 TeV and 16% — 23% at 13 TeV

0
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ONNLO+gg,NLO = 8.7 pb
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New techniques for many loops

* Single most-talked about topic (by my counting): new methods and results
for multi-loop integrals/amplitudes

* Lorenzo Tancredi: differential equations and

* Stephen Martin: 3-loop vacuum integrals ) ) ) ,
dispersion relations for Feynman amplitudes

* Andreas von Manteuffel: fields and 4-loop

form factors  Amedeo Primo: adaptive integrand

: , , decomposition
* Ayres Freitas: numerical techniques for 2-3

| .  William Torres Bobadilla; d-dimensional
oop integrals

, , , o unitarity and color kinematics duality
* Matthieu Jaquier: numerical unitarity at 2-

loops  Falko Dulat: Iterated integrals in multi-Regge

kinematics
* Freddy Cachazo: QFT amplitudes from

Riemann surfaces * Rob Schabinger: finite integrals and four-loop

form factors
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Formal Precision studying mathematical structure
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of scattering amplitudes; healthy
cross-talk with more formal
theory




New techniques for many loops

* Single most-talked about topic (by my counting): new methods and results
for multi-loop integrals/amplitudes

* Lorenzo Tancredi: differential equations and

* Stephen Martin: 3-loop vacuum integrals ) ) ) ,
dispersion relations for Feynman amplitudes
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* Subtraction hindered NNLO phenomenology for many years. Now solved
(antennae, CoLoRFulNNLO, N-jettiness, sector-improved residues, qT, ...)

* 2-loop 2—2 amplitudes now exhausted; need new methods for 2-loop
amplitudes (and potentially more stable 2—4 NLO as an input to real-
virtual corrections) to enable 2— 3 and beyond at NNLO



Numerical improvement of Mellin-Barnes techniques:

Counter rotations not always successful:

2
- —21-22
W/d'zld.’q 2(m2) 2( %2-)
y M(—22)M3(1 + 22)M (=21 — 22)M (1 + 29 + 22)M (=1 — 23 — 225)
r(1-—=z)

For p?2 = m? contour rotation has no effect

Shift countour: zq = ¢y 4+ iyq, 20 = o + n + iys

a Worst asymtotic behaviour of integrand for y; — —oc, yo = 0:

~ y1—2_2(4\2+n) (forn=o0andc; = —0.7: ~ yl-o.e)

a Pick up (finite number of) pole residues from contour shift

Enabled 2-loop bosons corrections
to weak mixing angle for b-quarks

efflbos — _.0855 x 10—4

A. Freitas

Public codes MBNumerics
and 3VIL coming on line for

3-loop vacuum integrals;
relevant for both SUSY and
low-energy expansions
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Improved IBP solver by finite field sampling; initial

Ty O\ results for 4-loop gluon form factor

) ) )X/ /) 7)) )D |

)
() (D)) (N ) /

—— o - [64, 32

Package: finred r4 |N3 - CA <3 —
Author: Andreas v. Manteuffel f 27 81
features: A. V. ManteUffeI

e C++11 implementation for univariate sparse matrices

o employs flint library Let’s continue with our three-loop form factor example

o parallelisation: SIMD, threads, MPI, batch

diagram run time | relative accuracy diagram run time | relative accuracy

e equation filtering: eliminate redundant rows 23} T

o plus lots of IBP specific features
o much faster than Reduze 2 128 s 5.12 x 1079 39004 s 9.91 x 10~

Pl...Pn P1.--Pn

«oodn .

Ii1 = /dD[Z" Ck tk([) - dD(”Zi C"t;‘naster([") + Zj C:I't.iurface({) R. Schabinger

[Ossola, Papadopoulos, Pittau 06; Bern, Dixon, Kosower]

@ The coefficients ¢, can be determined on the cut [Bem. bixon, Kosower 06],

M
|

M. Jaquier 2.0 ="1- )
k .

3

Attempts to improve IBP solution

algorithms, or to extend successful
integrand reduction idea to NNLO




A New One-Loop Integrand
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Euclidean kinematics

Write Lorentz invariant quantities

in terms of 3n-10 variables
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Precision Higgs calculations

* Large number of talks on precision calculations for Higgs physics

* Vincent Theeuwes: soft gluon resummation

* Bernhard Mistlberger: differential ,
for tth production

distributions for precision Higgs physics
* Elisabetta Furlan: CP-even scalar boson
production

* Timo Schmidt: BSM(SM) Higgs production in
gluon fusion

* Tobias Neumann: the Higgs at high pr

* Stefano Forte: high energy resummation
and the Higgs pt

* Alexander Penin: light-quark mass effects

in gluon-fusion Higgs production * Matthias Kerner: HH production with full m

dependence



Source of uncertainty combined

® Global M: Electron reconstruction and identification efficiencies 1.6%
Electron isolation and impact parameter selection 0.5%
+0.15 +0.08 Electron trigger efficiency <0.2%
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Source of uncertainty

combined

Electron reconstruction and identification efficiencies 1.6%

.. —G(stat:) . Electron isolation and impact parameter selection 0.5%
st |—otame) Tt Uncertainty Becars e iy
. o(theory) . — l»l Muon reconstruction and identification efficiencies 1.5%

H - vy 0% f '!'_' f Muon trigger efficiency 0.2%
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Howw  .\:| systematic error on the signal strength is |
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of progress on Higgs pt!

NNLO PT Distribution

\ [Anastasiou, Lionetti, BM,Pelloni, Specchia)
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The Higgs pt and Yukawa couplings

* Part of a vibrant recent activity on the measurement of light Higgs
couplings at the LHC and future colliders (exclusive decays, charm tagging,

novel production modes, event shapes, ...) o
Total scale uncertainties
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Nice example of healthy cross-talk between new ideas and

the precision calculations they motivate
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— L0 — NLO :

w— NNLO — NRO |
LHC .03
PDF4LHC15

O R A k21 - High-precision cross sections for
' ' ’ BSM Higgs and scalar production
now available

Ur=p, € [ms/4,ms)

ms [GoV) E. Furlan

B Novel coupling cg consistently included at NNLO in HIGLU [Spira et al. (1995)],
resummation effects not yet examined.
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PDFs and other input parameters

* Several talks on precision input parameter/PDF determinations

* Richard Ball: charm content of the proton * Arnd Behring: 3-loop massive operator

+ Giulia Zanderighi: the photon PDF matrix elements for DIS
* Peter Marquard: relating the Mbar and on-

shell top mass



PDFs and other input parameters

®| HC Higgs XSWG assumes PDF4LHC s(Mz): 0.1180+£0.0015

*Several fits prefer lower 0s(Mz); LO ggH~0s>=>strong parametric dependence!

1602.00695
1.05k
1.00+
0.95+
§
g 0.90
S
(o}
0.85 g:;m
- Fix Xs(Mz)=0.113, value found in
fit; study , predictions
0.75} ~|0% lower cross section!

2 4 6 8 10 12 BEVEE
E(TeV)



PDFs and other input parameters

®| HC Higgs XSWG assumes PDF4LHC s(Mz): 0.1180+£0.0015

*Several fits prefer lower 0s(Mz); LO ggH~0s>=>strong parametric dependence!

1602.00695

lllustrates the need to have everything (theory,

parameter determinations, experiment) in place
for precision studies at Run |

fit; study CT 14, predictions

0.75} ~10% lower cross section!

AAAAAAAAAAAAAAAA
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Effective field theory techniques

* Several talks on effective field theory techniques and resummation in QCD

 Matthias Neubert: factorization and * Mao Zeng: jet veto resummation for the
resummation of jet cross sections WWV cross section

. . ] . 3 ) ) . .
HuaXing Zhu: the Higgs pt at N°LL * Nikolaos Kidonakis: resummation for top

quark production



Smc(t)

New understanding of non-global logs
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ploda/dp

* Missing at this LoopFest: precision QCD

Precision QCD for jet substructure

observables
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calculations of jet substructure
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From D. Kosower, 2014 LoopFest closing talk:“too
important a field to be left to the phenomenologists™

Want analytic understanding of what comes out of

parton shower simulations!



Electroweak corrections

* Several talks on advances in electroweak corrections

* Laura Reina: precision EWV fits e Stefano diVita: Mixed QCD-EW corrections
e Christian Bauer: EVV Sudakovs for virtual for Drell-Yan
and real radiation  Marek Schoenherr: EVV corrections for

* Jia Zhou: weak corrections in MCFM vector boson plus jet production



Improvements on Higgs coupling

Importance of EW Sudakov
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Isina | (upper limit)

Higher order corrections for BSM

* A few talks on higher-order corrections for BSM physics

* Tania Robens: EW renormalization of the * lan Lewis: Higgs physics and the singlet
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Parton shower evolution

* Only a single talk on parton shower developments

Dijet azimuthal decorrelations
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The impact of our field

From Z.Bern, 2012 LoopFest closing talk:

Question:
What should we do to ensure that we have a long-lasting
impact?

Answer: When people look back in 10 years they should say:
1) A great discovery was made at the LHC because of what
we did.
2) Fundamental theoretical breakthroughs emerged from
work in collider phenomenology.



The impact of our field

without higher-order corrections

ATLAS /and CMS Preliminary - ATLAS
LHC BUn 1

- CMS
-o- ATLAS+CMS

—+ 10

2 2.5 3 3.5 4
Parameter value

* Proper interpretation of the Higgs
(and discovery in the WW channel)
is just one example of a great LHC
result impossible without the work
of the LoopFest community

1) A great discovery was made at the LHC because of what

we did. J

We should be vocal about
our indispensable
contributions to this effort!



Focusing on the future

* LHC has a further ~20-year life span, including HL-LHC running

HL-LHC schedule E. Elsen, LHCP 2016

LHC
Run 1 | Run 2 ' T
= 13Tov PN 13514 Tev w-um 14 Tev . e anargy
7rev  8TeV_ | “Himen cotimatons 08 Folmstion ool HL-LHC pomial
RS projest Po-rm ) noows | intaliation |
- @xperiment s _f I L e e e i | upgrade phase 2
Frowral beam pipes phase 1
/k.v\ oy /
—
EXd 150 fo' t
Q LHC Injectors Upgrade (LIU) 0 HL-LHC installation
Q Civil engineering for HL-LHC equipment P1,P5 0O Phase-2 de of ATLAS and CMS
Q First 11 T dipoles P7; cryogenics in P4 A YOS .
O Phase-1 upgrade of LHC experiments Schedule driven by radiation damage

to tnner triplet (eol: 2022)

Should we just keep doing what we’ve been doing?



Focusing on the future

* Independently from what Run Il finds, there will be a continued need for
precision calculations and simulations throughout the LHC program. But
what happens to the precision community when the experiment ends!

Motivational speaker |I: Motivational speaker 2:

“I try to learn from the past, but |  “Part of being a winner is knowing when enough

blan for the future by focusing is enough. Sometimes you have to give up the
exclusively on the present.That's fight and walk away, and move on to something
where the fun is.” that's more productive.”

* What will you do if nothing new is found in the first few years of Run
[I? Keep focusing on LHC data, or look for other possible applications

of precision technology?



Focusing on the future

* Independently from what Run Il finds, there will be a continued need for
precision calculations and simulations throughout the LHC program. But
what happens to the precision community when the experiment ends!

Motivational speaker |:

“I try to learn from the past, but |
plan for the future by focusing
exclusively on the present.That's

where the fun is.” - Donald Trump

Motivational speaker 2:

“Part of being a winner is knowing when enough
is enough. Sometimes you have to give up the
fight and walk away, and move on to something

that's more productive.” - Donald Trump

Find another
motivational speaker!



Other experiments needing precision

* Glad to see several talks on low-energy precision probes of new physics,
focusing on new experiments such as the FNAL g-2 and mu2e

* Thomas Blum: hadronic light-by-light on

the lattice * Andrzej Czarnecki: radiative corrections to
: L the bound electron g-factor
* Tao Liu: 4-loop electron contribution to

the muon g-2 * Robert Szafron: decay of a bound muon
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Other experiments needing precision

* Glad to see several talks on low-energy precision probes of new physics,
focusing on new experiments such as the FNAL g-2 and mu2e

* Thomas Blum: hadronic light-by-light on * Andrzej Czarnecki: radiative corrections to the
the lattice bound electron g-factor

* Tao Liu: 4-loop electron contribution to * Robert Szafron: decay of a bound muon
the muon g-2 * N. Rodd: radiative corrections to DM annihilation

* What other experiments can we think about?
* |00 TeV pp collider: great, just rerun codes after changing +/s! (and after
debugging NaNs, and checking for expansions in |/mp, ...)

* Electron lon Collider: a precision QCD machine, expected to be one of
the new facilities in the US

* Neutrino physics: also expected to be a major new US facility; application

of SCET ideas expected to improve modeling of neutrino-nucleon cross
section (R. Hill (2016))

* Dark matter:in this conference = N. Rodd






