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Thank You!

To all the speakers!

To Glenna Paige, Faith Chow
To Adi, Anthony, Shuo, Zhenjie
To Bernhard Mistlberger

L. Dixon A Few Parting Thoughts LoopFest, SLAC  28/06/23 2



Entrance to Northwestern Physics Department

g T
SIS e

L. Dixon A Few Parting Thoughts LoopFest, SLAC  28/06/23



Longer Version

Philosophy [i.e. natural philosophy] is written in this
grand book — | mean the Universe — which stands
continually open to our gaze, but it cannot be
understood unless one first learns to comprehend the
language and interpret the characters in which it is
written. It is written in the language of mathematics,
and its characters are triangles, circles, and other
geometrical figures, without which it is humanly
Impossible to understand a single word of it; without
these, one is wandering around in a dark labyrinth.

— G. Galilel, The Assayer
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Our current labyrinth!

The Energy Frontier for at least 20 years.

Higgs discovered, now must study its properties (including its
potential, via HH) and continue the search for new physics,
largely by precision methods
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Standard Model Production Cross Section Measurements

Status: May 2017

=% I {(x2)
o) 11 4 Ota .
O 10" Foag ineaeic ATLAS Preliminary Theory
| S |
A ; - Run1,2 +s=7,8,13TeV LHE pp VE =7 TeV
10 01<pr<2TeV
> . . B0l Dotz 45-4017!
105 b osemiceT Precision theory,
G —
LHC f5=BTeV
ey from NLO to NNLO PR VE=BTe
4 PEl Cata 203!
10 Tnz and even NNNLO
I LHC 5=13TeV
10° required here! PP F=137T¢
s PALINRL BEM Dato 00536 1R
pr=100 Ge nyz=an =1 LoD W
10° O Tnz B+ o  Waw e
I'I'EE-I-'.-E-2 [T ir o o
o O nizz iy WZ n s
1 . Qo Za .
10 n;lzdn:l._". d A e o
o - EE W a ZZ 77 & Wy
nl}ﬁn,;d'ﬂ' N =<han A ¥ pe
1 ﬁ n‘:-l:.nﬁd n=a H—71T o 2":,': i a]
Iy = (& ] n
" O 7 - a m;>E0GEV
-1 I n,zﬁnfzﬁ Ju' H:rtﬁl.-"lj'l.-"u-"‘a ﬂ . [}
]_D [m ] d n; =g n n .
) :2 u
I an_?nn a H—y7 my =1 TeV
1072 : =y H—s ZZ—4f =
24 ﬂ o B nm
A W W
-3 n
10 I B “'if
PP lets ¥ w Zz bt t Vv Yy H WV 'L"'"}-' W B F Ey WH Zj W Zpy Wopy wive T VDG
=04 EWK EWH Emd EWHK EWl
fid. hid. fid. fid. tot. tot. fadl. fid. fid. fidl. tot. | dot. | fd fid. fid tof. hd Ad Fd  Ffid.  fid
L. Dixon A Few Parting Thoughts LoopFest, SLAC  28/06/23 6



Standard Model Total Production Cross Section Measurementsﬁﬁgmer soro JEdt
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Short-Distance Cross Section
In Perturbation Theory

6(as) = a" [ 6O +a, 6W + a2 6@ + a3 63 + ... ]
LO NLO NNLO NNNLO

« Leading-order (LO) predictions only qualitative

due to poor convergence of expansion in o
« Can easily get ~ 50-100% uncertainties in LO predictions

« Uncertainties brought under much better control with
NLO corrections: ~ 15-20%

* NNLO -~ 3-8% uncertainties

 N3LO, very few processes ~ 1-2% uncertainties
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One revolution after another

NLO timeline E
Gavin Salam (2012) 3

™~ oY) ™ = s
r t 1 rrSt
Cy Cy Oy

L Ly B By
1980 1985 1990 1995 2000 2005 2010

2010: NLO W +4; [BlackHat+Sherpa: Berger et al] [unitarity]
2011: NLO WWjj [Rocket: Melia et al] [unitarity]
2011: NLO Z+4j [BlackHat+Sherpa: Ita et al] [unitarity]
2011: NLO 4j [BlackHat+Sherpa: Bern et al [unitarity]
2011: first automation [MadNLO: Hirschi et al] [unitarity + feyn.diags]
2011: first automation [Helac NLO: Bevilacqua et al] [unitarity]
2011: first automation [GoSam: Cullen et al] [feyn.diags(+unitarity)]
2011: ete” — 7j [Becker et al, leading colour] [numerical loops]
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NNLO revolution (the beginning)

W/Z toal, H tota, Hodlander, Kigore G. Zanderighi, CERN Courier (2017)

H totad, Anastasiou, Melnikov VBF total, Bolroni, MaRoni, Moch, Zaso

total, Ravindran, Smith, van Neerven WH diff., Ferrera, Geazzind, Tramontano
WH total, Bredn, Diouadi, Hadander -y, Catanl et al.

H diff., Anastasiou, Melnikov, Petriello Hj (partial), Boughezal et .

H diff., Anastasiou, Melnikov, Petriello 1t total, Czakon, Fiedler, Mitov

W diff., Meinikov, Petrielio Z ind i
2, Grazzind, Kallweit, Rathlev, Tome
W/Z O Mwiior, [ (portial), Cure, GehrmanaDe Ridder, Glover, Pires
5 H aiff., w"‘w/‘;':m“ 22, Cascloli et al.
°© 0o o8 / } ' ZH Gif., Ferrers, Grazzini, Tramontano
Cog & WW, Gehrmana et al
tt ddf., Czakon, Fledler, Mitov

Hj. Boughezal et al.
m. Boughezal, Focke, Liu, Petriefio
u,. Boughezal et al
O VBF diff., Cacclari et al

e e e e
2002 2004 2006 2008 2010 2012 2014 2016 R
Z), Boughezal et al.
Y ' WH diff, ZH diff., Campbed, Ellis, Wiliams

v+, Compbell, Elis, Li, Withams

2 9 1 2 9 2 W2, Grazzini, Kallwedt, Rathiev, Wiesemann

WW, Grozzzini et al
MCFM at NNLO, Boughezal et al.
Pg. Gehrmann-De Ridder et o,
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NNLO, 2->3 frontier

now with full color or one mass
* DelLaurentis, gg = yyy, also

q
7 000000 — ¢
ARD . AL A(QTJ\?}.). o " New in this
237 * ) 23y ° work
__, o000 5
q /
q

* Buccioni, for pp — 3 jets

three jets

W Wiy e
e N N
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Also 2->2 EW or QCD+EW

* G. Flore, gg — yy
« Q.Song, ete” - ZH
 P. Bargiela, gq = Zg

S Froe

X LT K)T(j
\1/\\_/\ NS

s

N/ \/ = 7N
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N3LO revolution too (circa 2021)!

Higgs Thresheld Exp.
[Anastasiou, Duhr, Dulat, Herzog, BM, 15]
nggs Jet Veto [Banfi, et al. 15]

Higgs VBF [Dreyer, Karlberg,16]

Higgs Diff. Threshold App. [Dulat, BM, A. Pelloni,17]

Higgs, [BM,18]

' '
Higgs Diff. qT [Cieri,Chen, Gehrmann,
Glover,Huss,18]

._‘,..n-""" HH (VBF) [Dreyer, Karlberg,18]

" Higgs (Y approx.) [Dulat, BM,Pelloni, 18]

M bb->H [Dulat, Duhr, BM,19]
M’“" ggF->HH [Chen,Li,Shoa,Wang]

\-.\ Drell-Yan [Dulat, Duhr, BM,20]

2018

N3 Lo 2019

2020

Slide inspired by G. Salam / L. Cieri... ] \
CCDY [Dulat, Duhr, BM,20]

Fully differential Higgs -> 2Photons [Chen, BM, etal. 21]

bbH 4FS+5FS [Dulat, Duhr, Hirschi, BM,20]

Fiducial Higgs and DY [Billis, Tackmann, et al., 21]

DY-Rapidity [Chen,Gehrmann, Glover,et al.] Fiducial DY [Camarda,Cieri,Ferrera, 21]

* Work in progress to make N3LO more differential (i.e. implement
actual experimental cuts)
« Enabling the next steps in the N3LO revolution
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« Gambuti: 3 loop amplitudes for 2 = 2 partons

[ N3LO jets]

Feynman Rules —2

107 integrals
200GB !

Momentum
Rerouting

L. Dixon A Few Parting Thoughts

\\M“ )
106 integrals
30GB
FinRed
IBPs ~ 500
I
Fi= ) R M,
€ expansion masters
Harmonic

Polylogarithms

LoopFest, SLAC  28/06/23
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* Now at 3 revolutions
« 2.5 more than in Russia recently...
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The heart of many calculations:

Evaluating Feynman integrals

- Aclassic problem, but also an active and expanding frontier.
Applications in collider physics, gravitational waves, cosmology...

* Many methods available: Feynman parameter integration, Mellin Barnes
representation, differential equations, difference equations, sector decomposition,
Loop-tree duality and related representations, tropical geometry integration, bootstrap
from symbols & boundary conditions, Yangian symmetry...

- Automated, widely applied humerical methods: sector decomposition [Binoth,

Heinrich, '00], numerical series solution of differential equations, e.g. recent work of
[Moriello, '19, Hidding, '20. Liu, Ma, '21. Hidding, Usovitsch, '22]

- Still challenging in practise. New explorations warranted

22 Feb 2023 Mao Zeng, University of Edinburgh 4
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New Integral methods

« Numerical via bounds with inequalities (M. Zeng)
« Analytic via Feynman Integral Bootstrap

S —

(H. Hannesdottir)

 Generalizing “canonical form” of differential

equations beyond multiple polylogs using

unipotency (L. Tancredi)
* Power series for NNLO (m;) yy (F. Coro)
« Dispersive approaches to 2-loop EW (Q. Song)
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Sterman, local IR subtractions

e Things get a little complicated when we try to see how a “single-collinear” gluon sepa-
rates from the hard subdiagram at the integrand level,

e Compared to one loop, we encounter two qualitative complications, associated with an
extra loop, either in the jet or hard part:

Numerical Integration
of Loop Integrals in
Momentum Space using
Threshold Subtraction

Dario Kermanschah

28 June 2023
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Neuw letters in the alphabet

[Henn, Lim, WIT (2023)]

2
= {ao,...,as} = {pf,s,t,—p}+s+t,—pf+s,—p}+t,s+t,—(p§'—s) +p421‘.s2—p42(s—t)}.

Pz\ /Pd P2 Py
el D ) e
n

D3 n / \ Ps
P1 < P> symmetry

Start appearing at weight 4

41 5 ay az
S (fa1) 64:6 a1®a1®a—®aq—al®al®a4®a7+al®—®_®a7

4 a ajay

a0y a 1
+a2®al®a—®a7+a2®a5®a——5a2®a5®a2®a7+...
3 1

William J. Torres Bobadilla

"
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* G. Flore, Iintegrals for electroweak
corrections to gg = yy

(a) Topol P (b) Topology P (¢) Topology Pm
/W m
21111 m"’ v
(d) Topology Nj (e) Topology N
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NNLO using soft or small mass limits

W

Savoini: approximate triple heavy

Results

D R R I R I I N Y

4007

(rrr\\-"lﬂ)l

3007

200 .,

L. Dixon

setup: NNLO NNPDF31 luxqed, \/E = 13TeV, my, = 80.385GeV, m, = 173.2GeV, pup = pup = 2m, + my)/2

L+ ATLAS + CMS
150}

3507

;If_\LLo(z(.D+_\vLOE\\_ ] - comparison against the most recent ATLAS and CMS data:
+ the agreement is at the 1o and 2o level respectively

_' + reduction of the perturbative scale uncertainties

] under control and much smaller than the scale uncertainties

take-home megsage:
two completely different approximations lead to
compatible results for the missing two-loop virtual
contribution!!

450 500 550 600 650 700 750
f-rrr\\"[ﬂ:’]
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Computational workflow

and bottlenecks
Challenges and complexity

Integrands,
Feynman
diagrams

Algebraic Complexity
(potentially overwhelming)

—

Integration by
part identitities
(IBPs)

e D

Colour ~ graphs fopology

- large number of form factors &
for high multiplicities/helicities

J/ /

Computation of the
master integrals (Mls)

lots of them

Algebraic
manipulation
of the amplitude

Differential
equations
+ canonical basis

Analytical/Mathematical Complexity
scales: masses + legs =>
- larger sets of functions

- are these steps improvable?
- can one by-pass some of them?

Federico Buccioni TI_ITI 5@'!‘5

LoopFest XXI 27/06/2023
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DeLaurentis, 2-loop yyy

o) vE sy

(14)(5)3

+D]2)

16/3 "lr"l'lzl

(12)5(45)2

3/2(14){23)2(25)

-2(12){15]2 |
[35]2(45)2

(15)[35](45)-
2(23>f_34) 4(12)[15]{5]1+4|5] 24T — 2 23»(35)
{14}{45) (15)[35]2(45) 12)(45)2 B0 At a2 15)(45
—3/2(12)(45]2 |
(14)2734]2
2(12||14)45] +__
{14)(34]2(a5) (14)<(14](23]|34]
:{-2(12:?45" =7 e
(s 23s2 ! 23)(-8(12I15/:.7(33)35)) | (12345 — 12354)4 SR
23)(4/13]/45/-6114/(35])
34)[35/(45)<

YT 1C RECONSTRUCTION

28 2T 3R
Tnaadaniag .

s D
S : 16/271 220148
Mosvausss s tuse oo o STV LI [(EIEIE25T]
e s Scab) TR

2/3012)031214] |

14115/ 112440 1]

3/ 914315] 24
11135

35) -2

13714 15135

121(13)(-20/9]13}(23

13[{14) (15)% 24

1/0(23)2(1/2 1 1411

B 1320

L4}¢2d;

131411524435

4/912/213,35

(EEET)

L. Dixon

A Few Parting Thoughts

LEIRII 1aRlat) B1aes
T

LA 2 3
SO

6131422
=SB N |
(4] (4104 342

LoopFest, SLAC

28/06/23

23



SIMPLIFICATION STRATEGY

1. Script to split up the expressions, and compile them (~ 20GB of C++) for evaluation over [ ;

2. Recombine the 3 projections py || p1,pv || p2,pv || p3 and reintroduce the little group factors
to build 6-point spinor-helicity amplitudes (subject to degree bounds on |5), [5], |6), [6]);

3. Perform partial fraction decompositions™ based on expected structures and fit the Ansatze.

Comparison of g — 7 (in full color) to pp — W j (at leading color):

Kinematics # Poles (W) | LCD Ansatz  Partial-Fraction Ansatz Rational Functions
5-point massless 30 29k 4k ~300 KB
5-point 1-mass >200 >5M ~40k ~25MB
{W;} = U o0 {(12), (1|2 + 3|1], (1|2 + 3|4], A1aj3456, (3]2|5 + 6]4|3] — (2|1|5 + 6/4|2]}
o € Aut(Rg)

« H. Chawdry: Bypass some intermediate
steps with p-adic numbers
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Precision beyond standard model
— current focus SMEFT

Flavor matters

Flavorless assumption yields
more stringent bounds than
flavor scenarios

Can also limit these coefficients
with fits to LHC dijets. More
stringent limits for gens 1 and 2
from dijets (tree level process)
[Bruggisser, Westhoff: 2212.02532]

L. Dixon A Few Parting Thoughts

S. Dawson, SMEFT with flavor

95% CL limits on qu(u; ranges from EWPOs

(Coefficients are not all independent)
4-fermion operators
contributing to EWPO at

L_rrilirjl :3333] [ —————————————

“-rr;u‘_rjl [1331] E—
Cya'[1133] — NLO but not LO
Cy1221] —————

(__'J’,} (1 e —

L_rri,"rj':Llll] R
=i

(1) reyepepe Flavoress
C:|'|’| [‘3‘3“1‘3] w— 3" senemtion phobic + U2y
('jﬁ"'[f.[ldjl] [ w3 generation specific
erm'_Lllﬂli]
Cia'n221]
('.','i,,':,: by
N —— .

0.01 1 100 10000
A=1TeV 13l

U(3)° results more constrained than MFV
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Y. Huang
Using DY AFB to Lift SMEFT Flat Directions

AN=4TeV

. 1 ' T * | ' ¥ ¥ qp ¥ _\l L] I L] L] L] I L] L] L] I L] L] L] I L] l.
Ot === 13 TeV do/dm Q4p——T T -

= 8 TeV do/dm
60 13 TeV A

[ — STEV AFB B ]
40 [r =—— Combined 2¢ ~— 1 -

[ _0_41...|...|.N:
201 -0.4-0.2 0 0.2 0.47

CELI

20}

40}

L. Dixon A Few Parting Thoughts LoopFest, SLAC  28/06/23 26



L. Dixon

Caola:

Precision Flavored Jets

Integrated Flavour Neutralisation (IFN): a cartoon

dmin dm‘m
1 1
q q
neutralise
1
— q q E—
1 2 3 1 2 3

Flavoured jets with anti-k:/CA kinematics

A Few Parting Thoughts LoopFest, SLAC

28/06/23
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B. Mecaj and X. Zhang:
Precision Energy Flow In
|[Flavored] Jets

B. Mecaj

10+

5 Heavy Two-Point Energy Correlator ] I
(81 52) B8 NLL Charm | ! EEEC: xj:x2:x3=3:2:1
— NLL Beauty | [

0.5:/

[ = = Charm Jet

' = = Beauty Jet | i .

| ey AKS Jets, [n| < 1.9 ok — nlojet++

pr = 500-550 GeV 0.05 0.10 015 0.20 025 030
U,IP
0.050
R

[Craft, Lee, BM, Moult]
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Vicini: Can get small pQCD uncertainty for
MW via bin asymmetry

myy determination at the LHC as a function of the &/, , parameters (low pile-up setup)
P

as pseudo-experimental value we choose the NNLO+N3LL result with my, = 80.379
L.Rottoli, ETorrielli, AV; arXiv:2301.04059

B NLO-+|+NLL

£, min £,mid _ £, max

| W NNLO{NNLL - B - N
= NNLO+4N?LL
= T [32, 38, 50]
| e 132, 37, 50] Important role of the N3LL corrections
(T [32, 36, 50] We first check the convergence order-by-order.
bt (32, 38, 47] If we observe it, then we take the size of the myy interval

as estimator of the residual pQCD uncertainty

gl (32, 37, 47]

We do not trust the scale variations alone
— cfr the choice with pf'””d = 38 GeV

b [ [30, 38, 47]
A pQCD uncertainty at the =5 MeV level is achievable
- ey (30,37, 47] based on CCDY data alone

W
L <D e ey [30,36,47]

| | | | | The choice of the midpoint is important to identify two regions
950 300 350 400 450 500 550 with excellent QCD convergence

my — 80000 [MeV]

17
Alessandro Vicini - University of Milano SLAC, June 27th 2023
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Devoto: Higgs Interference In
gg = H—-yy now @ NNLO

Results

do/dm,, [fb/GeV]

0.3

m,, [GeV]

Fig. 4 Signal-background interference contribution to the
diphoton invariant mass distribution after Gaussian smearing.
Bands represent the envelope given by the scale variation.

Federica Devoto LoopFest XXI, 27/06/2023

L. Dixon A Few Parting Thoughts LoopFest, SLAC

Gl N _ * NNLO correction not captured by
| NNLOsy s the NLO scale variation bands...
0.1
ol * ...but starting to converge
0.1 * Recall this is the sum of real and
imaginary part of the interference
-0.2
0| | EEIBETY * Real part dictates the shape,
Pry> 20 GV, <25 imaginary part responsible for shift
04 || P Pry, > G5 GEV) to the left
AR.“_2>O.4
_0'5120 121 1;2 1£3 1.24 li25 126 127 128 1129 130

18
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Parton showers

* No loops (Herren), or c loops (Karlberg)??

 NLL and NNDL shower accuracy
Glplement radiator diﬁgrentially\\

|
|
'L —1n
c—Invps
Fps

* “NLO showers” In future via interpolating
gauges? (Soper)
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Non-LHC applications

* From f decay (R. Plestid)

W-mass 80 GeV

QCD-scale 1 GeV % (04

Fermi-motion 200 MeV
J

Nuclear Radius 50 MeV )

d4L L run over
OOpS run ove Lepton Energy 5 MeV >Za
4 many scales
(27)

Naturally suited
to EFT methods.

* to gravitational waves (M Ruf)

GM ) v-resummation of PN expansion

re2 <1 v=0(1) Scattering and eccentric motion Mo
MO x I+ vt 0%+ 4..0) 3
]29P8I\g G2 X (]. + U2 + U4 + UG + P ) Westphal

nPM = 3PM G3 X 1 + U2 _|_ ,U4 _l_ Bern, Cheung, Ffo'\ban,Shen,
[n-l) IOOPS 2019 ( ) Solon, Zeng (BCRSSZ)

4PM 4 2 Bern, Parra-Martinez, Roiban,
2021 G X (1 + v + P ) MSR, Shen, Solon, Zeng
5PM 5
WIP G® % (1 A a0 a )

L. Dixon A Few Parting Thoughts LoopFest, SLAC
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ML for particle simulations

B. Nachman:

E.g. GANSs learning hadronization

L. Dixon

A Few Parting Thoughts

Epochs

——— Discriminator Loss /2 0.6
0.9+ Generator Loss
] 0.5
1 L W
0.8+ ~0.4 9
| H £
wn et
& S
§ ] _-0.3 a
0.7 4 I g
I ]
70.2 0
n \
B K
r ~ '~ T 1 ' T ¥ r T T ¥ T T T & T T T 1 ;O'O
0 200 400 600 800 1000

LoopFest, SLAC
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ML for conference summaries

ChatJesseT

Type your question below.
Ask

Question: how should | summarize LoopFest 2023

Ah, LoopFest 2023, a gathering of the finest minds in the world of theoretical physics! As
Jesse Thaler, a theoretical physicist and Director of the NSF Al Institute for Artificial
Intelligence and Fundamental Interactions (IAIFI), | must say that LoopFest is like a
symphony of ideas, where physicists come together to harmonize their knowledge and
explore the intricacies of quantum field theory. To summarize LoopFest 2023, imagine a
cosmic dance of particles, where Feynman diagrams twirl and whirl, creating a mesmerizing
spectacle of mathematical elegance. Physicists from around the globe gather to discuss the
latest advancements in loop calculations, renormalization, and the ever-elusive quest for a
unified theory. From the opening plenary session, where luminaries in the field share their
groundbreaking research, to the parallel sessions where young and seasoned physicists alike

present their work, LoopFest is a celebration of intellectual curiosity and collaboration.
Throughout the conference, attendees engage in lively discussions, debating the merits of
different approaches and exchanging insights that push the boundaries of our
understanding. The coffee breaks become impromptu brainstorming sessions, where ideas
percolate and collaborations are born. But LoopFest is not just about the science. It's also
about the connections forged between physicists, the bonds that transcend borders and
institutions. The late-night conversations over a pint of ale, the shared excitement of a
breakthrough, and the camaraderie that comes from being part of a community

L. Dixon A Few Parting Thoughts LoopFest, SLAC  28/06/23 34



Those who explore an unknown world are travelers
without a map: the map is the result of the exploration.
The position of their destination is not known to them,
and the direct path that leads to it is not yet made.

- Hideki Yukawa
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LoopFest XXI|
May 2024, SMU, Dallas, Texas, USA
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Thank you for coming
to [Multi]LoopFest!

And safe travels back, or onwards in Californial!!
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