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‘ Outline ‘

An impressive display of technical firepower
to achieve remarkable precision with experiment!

Here I want to talk about the need to keep on pushing
technical firepower, not just for phenomenology, but also
for theoretical issues.

I will draw examples that fit my theme from my own work
as well as from talks at this conference.



\ Links to other fields ‘

A healthy field should have links to other fields.

* Important to exchange ideas with other subfields.
* Important impact on formal theory!

Loops, Legs
. and Phenomenology
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to the choir

Experimental
Physics




From G. Salam

NNLO hadron-collider calculations v. time as of mid June 2016
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Many New Results
50 Talks!

We heard about many new advances including:

1. Continued advances in NNLQOTalks: Dulat, Dreyer, Gauld, Grazzinni, Lui,
Moult, Mitov, Neumann, Page, Schubert
2. NLO including high multiplicity Talks: Buccioni, Deutchmann, Figy,
. Frixione. Wiegand, Reuchele, Ringer, Vitev
3. N3LO calculations Talks: Dulat, Moch
4. NLL resummation. Talks: Banfi, Monni, Museli, Theeuwes
5. Effective field theory appoaches. Talks: Deutschmann
6. New ideas for multi-loop amplitudes and integrals.
Talks: Bowrowka, Ita, L1, Mishima, Schabinger, Zhang, Zeng
7. Parton showers Talks: Hoeche,Presetel, Soper, Re
8. PDFs Talks: Moch, Nadolsky
9. 4-loop B-function Talks: Zoller
10. Etc.

Impressive advances



physics motivation
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From Barberis’ talk

Top pair production

Production of top quarks: tests SM, special connection t¢
EWSB? (heaviest know elementary particle). The LHC is a
top factory, with enough statistics to perform precision

measurements of differential cross-sections.
CMS-PAS-TOP-16-023
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v’ tt results in excellent agreement with
NNLO+NNLL predictions.

v’ Starts constraining the gluon PDF.
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Fitting PDF from top-pair data From Mitov’s talk

Czakon, Hartland, Mitov, Nocera, Rojo 2016
v Improvement in the gluon PDF after top data is included.

NNLO, global fits, LHC 13 TeV
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v Very significant reduction of PDF error.



¢*
NNLO ~v/Z+ X @y observable Tk from Gauld
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Current Status of the N-Jettiness Scheme

- Good agreement with data

Talk from Lui
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Talk from Grazzini

The MATRIX project

S. Kallweit, D. Rathlev, M Wiesemann, MG
(+C.Hanga, H Sargsyan.....)

qrsubtraction

!

grresummation

4

X

NNLL resummation J NNLO accuracy




From talks of Prestel and Hoche: NLO Parton Showers

Extending Dire beyond leading order
‘ ‘ arXiv:1705.00742

cf. S. Hoche's talk

For a shower implementation with NLO corrections, we need

.. analytically manageable phase space for LO-like (1 — 2) and
real-emission-type 1 — 3 transitions,

.. algorithms that can handle negative (e.g. NLO DGLAP) kernels,
.. cross-validation.

|deal solution: NLO-corrected PS is a fully differential NLO
calculation in the Sudakov exponent:

to
—/ dt /dz[(H% ’P—I) (2)+ [ d®41(R—S)(2,841)
. tl .

[ [

S-event, a.k.a. endpoint H-event

A(to, tl) =€

Pro: On-the-fly numerical recalculation of known NLO results.
Con: Full-fledged implementation requires recalculating loops.
= For now, use a simpler scheme as baseline implementation. )



From talks of Prestel and Hoche: NLO Parton Showers
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NLO parton showering can be done!
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25

N3LO Teaser From Dulat

SV RAPIDITIY DISTRIBUTION @ N3LO




Splitting functions at N°LO Talk from Moch
* Non-singlet splitting functions P2’ i(:z:), anomalous dimension ~2’ i(N )
¢ Fermionic contributions C’)(nfc) known at N*LO Ruijl, Ueda, Vermaseren, Vogt ‘16
¢ Computation based on FORCER program in FORM Ruijl, Ueda, Vermaseren ‘17
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| Relation to Formal Issues

No shortage of technical firepower!

I want to show you how the advances are playing
a crucial role not only in phenomenology, but in
formal questions.

16



IBP Multiloop Technology

Basic technology for multiloop integrals: integration by parts

5 M Chetyrkin and Tkachov
/ [1d°6 -4 I_)1=0
: o5 \ I1x Dk

Laporta alogithm: make the system big enough and you can solve,
in terms of master integrals.

Basic tools: AIR, FIRES, REDUZE2, LiteRed... Awesome tools,
Anastasiou; A. Smirnov; von Manteuffel; Lee even at 4 lOOpS!

But systems get out of control. Always have harder problems
to solve!

Is there a better way? Yes! Syzygy, alegbraic geometry, unitarity

compatibility...
Talks from Ita, Zeng, Schabinger, Zhang

17



New or Improved Loop Integration Technologies ‘

Many talk on new ideas and advances:

IBPs and differential equations without doubled propagators.

Mao Zeng
Asymptotic expansion of Feynman integrals.
Go Mishima
Numerical unitarity method in QCD arald Tt
First two-loop amplitudes with numerical unitarity method
Ben Page
Azurite: a package to determine master integrals via
Yang Zhang

computational algebraic geometry.

Numerical approach to multi-scale multi-loop integrals 7., 1;

Baikov-Lee representations of cut Feynman integrals
Robert Schabinger
Finite fields for linear equations.
Andreas von Mantuefel and Robert Schabinger

18



From Ita’s talk

Hidden Geometry

Algebraic geometry
: See also: ‘The Analytic S-Matrix’,
Coordinate Change EXposes fiber Eden, Landshoff, Olive, Polkinhorne;

structure: . Baikov; HI; Zhang Larsen

Tlt) = d7) t i * @
[t] _/p"---ﬁ('\-' T (p, o) p(p, o) [da @

Functional dependence on internal spaces
important for full integral.

One loop example: internal spaces are
spheres; all non-constant harmonic
functions integrate to zero = IBP relations.

p

Integration region
from part of Landau
equations

Geometry comes with natural structures:
* Function ring => irreducible numerators; tangent vectors => IBP relations

* Cohomology => master integrals; moduli spaces & connections => differential

equations 19



From Ita’s talk

Solve IBP Reduction?

IBP-generating vectors:

® Rotation/scaling/translation generators for each
rung, consistent with momentum conservation at
vertices.

e Can we write down all solutions and solve integral
reduction?

Geometric structures:

® Lie-algebra & representation theory: Numerator polynomials:

master integrands

e

[ta, up) = fop(£, Pi)uc

. power
® Numerators are representations space. counting

® ‘Highers weight’ representation are master
integrals M

There is structure to be exploited




FROM YANG ZHANG’S TALK

Azurite Georgoudis, Larsen, YZ 1612.04252

A ZURich-bred InTEgral-determination method

< Svzvgy > » [BPs within one sector » Master lntegrals

k — "
D/ If the IBP vector satis
0= /dzl cdzr Y 0, (a,-(z)G- / )
i=1 k

Y ai(z) gf +b(2)G =0

z

1=1
the resulting IBP has a simple form (without dimension shift)

Bases on
Svzygyv for IBPs:  Gluza, Kjada. Kosower 1009.0472
IBP with arbitrary cuts:  Ita 1510.05626. Larsen.YZ 1511.01071

See Ita. Page and Zeng's talks for more applications on
unitarity, integral reduction and differential equations

Algebraic geometry to find master integrals. 21



From Mao’s Zeng’s talk

Unitarity beyond integrands

3. DE from tangent vecto
X”apu + Uual#
MZ 17

Frellesvig, Papadopoulos "1 7
Basis choice: Henn '14

“extended” unitarity
cut surface in (p#, [*):

Ziz(l—qi)2=0

Gudja, Kluza, Kosower '10
lta’l5

Larsen, Zhang 'I5
jom tangent vector v#0u

4. Direct integratioy

on contours
e.g. Kosower, Larsen 'l |
Primo, Tancredi '16 ’17 : :
Bosma, Sogaard, Zhang '17 fgrands from sampling fixed

Abreu, Britto, Duhr, Gardi '17; Schabinger '17  points for factorized tree amps

Analytic understanding.

22



Results

Talk from B. Page

Numerical Stability of MMPP Amplitude

two-loop — — ++

two-loop — — 4+

0

—

_(__

# PS points
# PS points

4 L 12 1L

12 L]

# digits # digits

» Comparison to analytics over 10000 phase space points.

» Rescue system based on accuracy of universal % pole.

Proves new technology works in real situations

Freiburg
13/15

Page
Numerical Four-Gluon (Loopfest)




Formal Topic: Solve N =4 sYM Theorﬂ

See talk from Volovich

The key goal is to “solve” planar N =4 sYM theory.

* Connection to AdS/CFT and Maldacena conjecture.
* Connection to integrability.
* Bootstrap program.

24



‘ How is QCD Connected to N=4 sYM?

N =4 sYM plays central role in AdS/CFT and string theory

Connection to QCD is simple.
At any loop order to get N=4 sYM from QCD:

* Replace quarks with 1 adjoint fermion.
* Place all states in D = 10.
* Put all loop momenta in D = 4-2¢.

Dimensional reduction of D =10, N =1 susy is N=4 sYM

If you have a QCD computation, N=4 sYM is
essentially free! N=4sYM is lot simpler.

e
@ 25



From Volovich talk

N=4 Yang-Mills Amplitudes

Despite recent advances, relatively few scattering
amplitudes in N=4 Yang-Mills are available in the
literature.

6-point MHV and NMHV up to 5-loops [caron-Huot,
Dixon, McLeon, Von Hippel 2016]

All 2-loop MHV [Caron-Huot 2011]
7-point 2-loop NMHV [Caron-Huot, He 2011]

7-point 3-loop MHV symbol [Drummond,
Papathanasiou, Spradlin 2014]

7-point 4-loop MHV and 7-point 3-loop NMHV

symbol [Dixon, Drummond, Harrington, McLeod,
Papathanasiou, Spradlin 2016]




| Some Work Related to N = 4 sYM

See talk from Volovich

1) Symbols and pOlylogS. Goncharov, Spradlin, Vergu, Volovich
2) Landau singularities. Dennen, Prlina, Spradlin, Stanojevic, Volovich

3) Bootstrap: Abolish integrands.
Caron-Huot, Dixon, McLeod, Matt von Hippel; Dixon, Drummond, Harrington,
McLeod, Papathanasio, Spradlin; Li, Neill, Zhu

4) Simpler differential equations for multiloop integrals.

Henn; Henn, Smirnov and Smirnov

S5) Fishnet integrals at any loop order. g, andDixon /\ |
Dual conformal integrals have uniform - n |
transcendental weight. Use such integrals | N\/’

as basis in QCD calculations. s

Obvious cross-talk between QCD and N =4 amplitudes

27



Example: Formal Theory Problem Where We Need
Improved Loop Integration

What is the UV behavior of gravity theories?

For major progress we need multi-loop advances
of the type discussed at LoopFest!

28



‘ UV Behavior of Gravity? ‘

P \/327TG n <+ Dimensionful coupling

Kk pMpY D RN L s LA
7 i\\\.p Gravity: / H d p i~ PP

D propagators

Gauge theory: / H propagatOI‘S

* Extra powers of loop momenta in numerator means integrals are
badly behaved in the UV and must diverge at some loop order.

* Much more sophisticated power counting in supersymmetric theories
but this is basic idea.

* With more supersymmetry expect better UV properties.
* Need to worry about “hidden cancellations”.

N =8 supergravity best theory to study.
29



Feynman Diagrams for Gravity

Suppose we want to check UV properties of gravity theories

Using Feynman diagrams:

~1020 No surprise it has
3 loops TERMS MEVer been
calculated via

Feynman diagrams.

4 loops ~1026
TERMS

~103" More terms than

S loops : _
TERMS atoms in your brain!

Need a better approach.

— Calculations to settle
this seemed utterly
hopeless!

— Seemed destined for
dustbin of undecidable
questions.



Basic Tools for Attacking the Problem ‘

We use following tools for computing scattering amplitudes and
studying their UV properties:

1 _
* Generalized unitarity method.

/B, Dixon, Dunbar, Kosower
/B, Carrasco, Johansson, Kosower

* Duality between color and kinematics. Gravity scattering

amplitudes directly from gauge-theory ones. Double copy.
/B, Carrasco and Johansson (BCJ)

* Advanced loop-integration technology.

Chetyrkin, Kataev and Tkachov; Laporta; A.V. Smirnov; V. A. Smirnov; Vladimirov;
Marcus, Sagnotti; Czakon; Laporta; Kosower; Ita; Larsen and Zhang; Zeng, etc

Last item is directly connected to LoopFest.

31



How is Gravity Connected to Gauge Theory

Consider QCD ﬁve-gluon tree amplitude: ZB, Carrasco, Johansson (BCJ)
color factor

15 e kinematic numerator factor
Atree _ Z Gy
5 2

i=1 Hozi P; ¥—— Feynman propagators

4 O 1 4 2 1 4 1 2

3 €1 2 3 €D 5 3 c3 5
c1 = fa3a4bfba56fca1a2 Co = fa3a4bfba26fca1a5 Cc3 = fa3a4bfbalcfcaza5
n; ~ kg -kskp-e16p €364 €5+ ---

Duality between color and Kinematics:
ci+cot+c3=0 «ni+ng+nzg=90

At tree level we can always find a rearrangement so color and
kinematics satisfy the same algebraic constraint equations.

Progress on unraveling relations.

BCJ, Bjerrum-Bohr, Feng, Damgaard, Vanhove, ; Mafra, Stieberger, Schlotterer;
Tye and Zhang; Feng, Huang, Jia; Chen, Du, Feng; Du, Feng, Fu; Naculich, Nastase, Schnitzer

O’Connell and Montiero; Bjerrum-Bohr, Damgaard, O’Connell and Montiero; O’Connell, Montiero, White, etc.
32



How is Gravity Connected to Gauge Theorﬂ

Duality between color and kinematics: ZB, Carrasco, Johansson (BCJ)
4 5 1 4 2 1 4 L 2
3 2 3 5 3 5

cl+02+03:O ©n1+n2—|—n3=0

ree CiTli Miree = 3~ T
n
1 Hai paz 1 Ha’i Pa
gauge theory C; — N, gravity

N=8sugra: (N=4sYM)X(N=4sYM)

There is now a whole zoology of theories that can be obtained
via “double copy” procedure.

Anastasiou, Bornsten, Duff; Duff, Hughs, Nagy; Johansson and Ochirov;
Carrasco, Chiodaroli, Glinaydin and Roiban; ZB, Davies, Dennen, Huang and Nohle;
Nohle; Chiodaroli, Glinaydin, Johansson, Roiban. A. Anastasiou, L. Borsten, M.J. Duff, M.J. Hughes,

Marrani, Nagy, Zoccali; Cachazo, He, Yuan; Chen Du, Broedel, Schlotterer and Stieberger; Carrasco,
Mafra, Schlotterer; 33



| How is Gravity Connected to Gauge Theor&l

/B, Carrasco, Johansson (BCJ)

/

r Al

~ (k) (i)

()

color factor\
Cp, — C; — (4
NE — Ng — 1y

kinematic )
numerator

If you have a set of duality satisfying numerators.

Conjecture:

gauge theory —» gravity theory
simply take

color factor —» kinematic numerator

Crp—p Ny

Gravity loop integrands follow from gauge theory!
The nontrivial part is to find Kinematic numerators
where duality holds. Double copy is easy to prove. 34



Supergravity: Ultraviolet Divergence Status

Bossard, Howe, Stelle; Elvang, Freedman, Kiermaier; Green, Russo, Vanhove ; Green and Bjornsson ;
Bossard , Hillmann and Nicolai; Ramond and Kallosh; Broedel and Dixon; Elvang and Kiermaier;
Beisert, Elvang, Freedman, Kiermaier, Morales, Stieberger; Bossard, Howe, Stelle, Vanhove, etc

In recent years renewed effort to understand UV of supergravity

Key point: all supersymmetry cancellations are exposed.

Poor UV behavior, unless new types of cancellations between
diagrams exist that are “not consequences of supersymmetry
in any conventional sense”. Bjornsson and Green

Consensus agreement from all methods Want to

* N = 8 sugra should diverge at 5 loops in D = 24/5. ? < check this.
* N =8 sugra should diverge at 7 loopsin D =4. 9
* N =4 sugra should diverge at 3 loops in D =4. X
* N =5 sugra should diverge at 4 loops in D = 4. X

New types of cancellations do exist: “enhanced cancellations”.

/B, Davies, Dennen

35



Enhanced UV Cancellations

/B, Davies, Dennen

Suppose diagrams in all possible Lorentz covariant
representations are UV divergent, but amplitude is well behaved.

* By definition this is an enhanced cancellation.
* Not the way nonabelian gauge theory works.

S

N=4 2
sugra 1

20

q

already log divergent

N =4 sugra: pure YM X N=4sYM
3

4 ny~ s tATC (p-q)®er-pea-pes-qea-q+ ...

This diagram is log divergent
Amplitude is UV finite.

* 3 loop UV finiteness of V=4 supergravity proves existence
of “enhanced cancellation” in supergravity theories.
* No known standard symmetry explanation.

36



| NV = 5 Supergravity at Four Loops |

/B, Davies and Dennen
We calculated four-loop divergence in V=5 supergravity.

Industrial strength software needed: FIRES and special purpose C++
N=35sugra: (N=4sYM)X(N=1sYM) Crucial help

from (Smirnov)?

N=4sYM N=1sYM

Diagrams necessarily
UV divergent.

N = 5 supergravity has no divergence at four loops.

Nontrivial example of an “enhanced cancellation”.

37



‘ 82 nonvanishing numerators in BCJ representation ‘

7B, Carrasco, Dixon, Johansson, Roiban (N =4 sYM)

O O B =G Q=S G =~ G = §
] o Bl EC R v s

po NN G SIp= U o Q= SR GRS e
9y o g e s e &y
7Y o < o - o | MO
AL A b B FOR b R
@ >4 W ¥ 4 | % A e

G T A e T P G
e
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IN=5 supergravity at Four Loopil

/B, Davies and Dennen

Special purpose C++ and FIRES

graphs (divergence) x u/(—i/(4m)¥(12)%[34]?stA"*(5)T0) graphs (divergence) x u/(—i/(4m)5(12)%[34]2 st A (5)T0)
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Adds up to zero: no divergence. Enhanced cancellations!
No standard (super)symmetry explanation exists.



Need Better Loop Integration Methods

Enhanced cancellations:

* Standard supersymmety powercounting arguments fail.

* Cancellations visible only after integration. Not in integrand.
* Supergravity friends want to help, but no supersymmetry

angle available. Kind of frustrating.

At present there is only one technique available:
Do full calculation including integration to extract UV.

Y
A
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| Multiloop Enhanced Cancellations

> 3 7 3 7B, Enciso, Parra-Martinez, Zeng (2017)

1”"<P d— 4 1”7 P 9= >4

Conjecture: At large loop momentum enhanced cancellations
follow from Lorentz symmetry and SL(L) relabeling symmetry.

L

= o 8 \N(£)
z&"ﬁi‘i?ry . / <al;[1 dDEa) ; @w o, fov (%5) [1; ¢
iy ¢ 0= [ (IT°0) S o T

L loops

Symmetries generate a generic set of identities between integrals.

Understanding structures of IBPs is crucial 21



| 5 Loop N=8 Supe_rgravitLI

Finally, after considerable effort we have constructed five-

loop integrand. Modified double copy.
/B, Carrasco, Chen, Johansson, Roiban (2017)

We have the N = 8 five-loop four point integrand!

MO & &S

16K nonvanishing diagrams.

We need to extract UV divergence (or lack thereof) from this:

Similar five-loop QCD beta function, except: See Zoller’s talk

* Nastier tensor integrals—rank 16.

D =24/5 instead of D =4.

We are currently setting up an ibp program.
ZB, Carrasco, Chen, Johansson, Roiban, Zeng

Need high tech ibp: See talks from Ita, Page, Zhang and Zeng.
Numerical approaches for checking. See talks from Borowka, Li



‘ Take Home Message_l

The formal and collider phenomenology communities can
learn from each other. Feeds into supergravity.

Supergrav1ty

Our ability to understand UV of supergravity
relies crucially on loop advances.

Keep up the great work! Pheno not only reason.
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