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INTRODUCTION

From top quark physics
to 23 amplitude frontier
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INTRODUCTION

The top quark

e To-date heaviest e Largest coupling to the
fundamental particle _t b Higgs boson
o Affects the EW vacuum
stability
Ve
VAl
7 Should

e+ \ D _\or sohoullls;tgg?

e Decays before hadronising

e Information about its spin
state can be inferred from
decay product distributions
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INTRODUCTION

Vacuum stability

0.125

Vacuum Stability in the Standard Model and Beyond

0.120 Gudrun Hiller,"»? Tim Hohne,! Daniel F. Litim,?> and Tom Steudtner!

YTU Dortmund University, Department of Physics, Otto-Hahn-Str.4, D-44221 Dortmund, Germany

0.115 2Department of Physics and Astronomy, University of Sussex, Brighton, BN1 9QH, U.K.

alP)(My)

We revisit the stability of the Standard Model vacuum, and investigate its quantum effective
potential using the highest available orders in perturbation theory and the most accurate deter-
mination of input parameters to date. We observe that the stability of the electroweak vacuum
centrally depends on the values of the top mass and the strong coupling constant. We estimate
0.105 that reducing their uncertainties by a factor of two to three is sufficient to establish or refute SM

166 168 170 e 174 176 vacuum stability at the 50 level. We further investigate vacuum stability for a variety of singlet
M,/GeV scalar field extensions with and without flavor using the Higgs portal mechanism. We identify the

0.110

[CMS analysis]

Higgs stability at the 50 level or above. Assuming that
central values do not change, we find that a 5o signature

0.120
3 necessitates the uncertainty in the top mass M; to come
> down to the 200 — 300 MeV range. Future e*e™ -colliders
[<]

0.115 [arXiv:2401.08811 ‘24]

171 172 173 174

M,/GeV

Colomba Brancaccio Towards tt+jet @ NNLO 5


https://arxiv.org/pdf/2401.08811
https://arxiv.org/pdf/1904.05237

INTRODUCTION

ndirect mass extraction

Lagrangian mass extractions
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. Limitations from missing
higher perturbative orders
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INTRODUCTION

tt+jet production at the LHC

From Olaf Behnke’s talk at TOP24 pT(tf)
tt+jet is crucial also for precision tests of — 37 13 TeW)
the Standard Model § L Hiew <Ees
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[ATLAS Collaboration ‘24] Need N3LO tt — Need NNLO tt+jet
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INTRODUCTION

Towards NNLO QCD corrections tt+jet

Cross section = Amplitude + Phase space integration

NNLO

’I’L

oo Q Sl j}t(;
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INTRODUCTION

Current status of tt+jet corrections

BB DD

e NLO QCD corrections - Nowadays NLO is automated
[Dittmaier, Uwer, Weinzierl, ’07] OpGﬂLOOpSQ HelaC—NLO
°® Mixed QCD and EW Corrections [Buccioni., Lang, Lindert, Maierhéfer, [Bevilacqua, Czakon, Garzelli, van
[Giitschow, Lindert, Schénherr *18] Pozzorini, Zhang, Zoller “19] Hameren, Kardos, Papadopoulos,
. . Pittau, Worek “11]
e Full off-shell decays and interfaces with MadGraph5_aMC@NLO

[Alwall, Frederix, Frixione, Hirschi, Maltoni, Mattelaer,

parton ShOWGF [Melnikov and Schulze "10] \ Shao, Stelzer, Torrielli, Zaro “14]
[Alioli, Moch, Uwer *12] Implemented within the framework
[Bevilacqua, Czakon, Hartanto,

Kraus, Worek *15-"16] POWheg- Box
[Alioli, Nason, Oleari, Re “10]
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INTRODUCTION

Current status of tt+jet corrections

/
e NNLO QCD corrections needed
=) initial steps towards this challenge
[Badger, Becchetti. Chaubey.
One-loop at O(g?) Marzucca, Sarandrea ’22]
[Bera. CB. Canko. Hartanto, ‘25]
DEs for two-loop [Badger. Becchetti. Chaubey. Marzucca ’23]
planar topologies [Badger. Becchetti. Giraudo, Zoia ’24]
) ) [Becchetti, Dlapa. Zoia '25]
Ntum_elrlcal evaltf:t'c?n { [Badger, Becchetti, CB. Hartanto, Zoia *24]
e NLO QCD corrections Wotoop amphtude yZ
[Dittmaier, Uwer, Weinzierl, *07] 72 N =
e Mixed QCD and EW corrections —
[Gltschow, Lindert, Schénherr *18]

e Full off-shell decays and interfaces with

parton ShOWGF [Melnikov and Schulze 0]

[Alioli, Moch, Uwer "12]
[Bevilacqua, Czakon, Hartanto,
Kraus, Worek 15-"16]
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INTRODUCTION

Current frontier of 2 9 3 scattering amplitudes

]
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INTRODUCTION

Current frontier of 2 9 3 scattering amplitudes

L
_

/
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INTRODUCTION

Growing challenges for phenomenology

Massless amplitudes Internal masses
Massless :
internal Logs, :\:I]iSf;\\;T
propagators Classical Polylogs,

MLPs ... propagators_

Analytic cancellation
of the poles
Compact expressions
Fast and stable
numerics

|

Pentagon functions
approach

e Functions under
investigation

|

How to obtain the
same advantages of
the massless case?
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INTRODUCTION

Plan for the next ~half an hour

e Leading colour approximation

e Helicity amplitudes

e Integral families

e Finite field methods

e Review pentagon functions approach

e Extend the pentagon function strategy to non-canonical DEs
— minimise the impact of non-polylogarithmic functions

e Numerical evaluation of special functions

e Numerical evaluation and analytic reconstruction of the amplitude

|
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AMPLITUDE
COMPUTATION

Finite field methods &
Special function basis

Colomba Brancaccio Towards tt+jet @ NNLO 15



SCATTERING AMPLITUDES

Colour decomposition

e Consider all diagrams contributing to the process (gg->ttg @ 2 loops)

= a3 (! )

e Colour expansion = take the leading colour limit
== reduce the complexity of the loop integrals

S XL

Leading colour occ Nc2 == only planar diagrams

diagrams tot LC
tree-level 16 6
1-loop 384 7

Colomba Brancaccio Towards tt+jet @ NNLO
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SCATTERING AMPLITUDES

Helicity amplitudes

N

A(L) _ 27;‘7:@'([1)

=\

Ex. gg -> ttg

Ti = mg @(p2)v(p1)e(ps, q3) - 1 €(Ps, qa) - P1 €(Ps5,G5) - P1 ~F_(L) _ Z a

Tz = ...

Tensor structure

Form factors

Py V(P1)

Zj ZTT AL

pol

J/

; _ 71

A(L),proa

Specify helicities:

Colomba Brancaccio

N
A(L),hihahshahs _ } :Zh1h2h3h4h5 ]:z'(L)

7=1

Towards tt+jet @ NNLO
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SCATTERING AMPLITUDES

Massive spinors

Helicity amplitudes encode spin correlation information

= inclusion of top-quark decay in narrow-width approximation
Helicity: projection of the spin along the direction of momentum
Massless case:

Example
_)

R OB

Colomba Brancaccio

s
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SCATTERING AMPLITUDES

Massive spinors

Helicity amplitudes encode spin correlation information
= inclusion of top-quark decay in narrow-width approximation
Helicity: projection of the spin along the direction of momentum

Massive case:
h=+4 R h=-A4

@5 - . Y
e = e

2 0w
= AN

Colomba Brancaccio Towards tt+jet @ NNLO 19
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SCATTERING AMPLITUDES

Massive spinors

Helicity amplitudes encode spin correlation information
= inclusion of top-quark decay in narrow-width approximation
Helicity: projection of the spin along the direction of momentum

bn
U—(p, m) — <pm> (U+<p7 m>|pb<—>n>

ooy < BN @ m)ln
TV NP 7

m2

Massive case:

where n an arbitrary light-like momentum and p”* = p* — 5 nt
p-n

see [Kleiss, Stirling ‘85] [Arkani-Hamed. Huang, Huang "17]

Colomba Brancaccio Towards tt+jet @ NNLO 19


https://www.sciencedirect.com/science/article/abs/pii/0550321385902858?via%3Dihub
https://arxiv.org/pdf/1709.04891

Reduction to Master Integrals (Mls)

e The amplitude is written in terms of a large set of Feynman integrals:
D=4-2

. 4
ARHapr] (T, €) = ZC’L'(fa ) Li(T,€) i, I(f,e):/k2( i

k1 + p1)2(ki + p1 + p2)2...

7

e Feynman integrals — linear combination of an integral basis (alias Mls)
— obtained solving Integration by Parts Identities (IBPs)

[Tkachov, ’81][Chetyrkin, Tkachov, ’81]

m [Laporta, '00]
P Pz

e IBP solution dominates the total evaluation time

— IBPs generated in an optimised way thanks to Neat/IBP + FiniteFlow
[Wu, Boehm, Ma, Xu, Zhang ’23] Peraro, ‘19

Colomba Brancaccio Towards tt+jet @ NNLO 20


https://github.com/yzhphy/NeatIBP
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https://arxiv.org/pdf/2305.08783
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SCATTERING AMPLITUDES

Integral families

HTA HTB

45 <

+HTA (102365)  +HTB(162 3(_,5

PBA PBR . PBC

3
5 < i¥/ 9
9 5 j 4
4 5 z * 5

+PBA (1e2365) +PBB (16 2 365)

Colomba Brancaccio Towards tt+jet @ NNLO
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SCATTERING AMPLITUDES

Integral families

HTA HTP

+HTA (leg, 5<—>5 + H'|‘B(i<—>2 3<->5

. , 5
©2365) 4+ HTB(iHQIBHS)

PBA | PBB , PBC Y PPR  , PBC

5

3
5 L N— 2 5 Q- X 2
2 3 j 4 4 > j 4
™~
4 z O ‘ /A 1 5 4 3 O ‘ 1 5
+PBA(102365) +PBB (162 36:5) +PBA(L02365) +PBB (162 365)
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SCATTERING AMPLITUDES

Algebraic Vs analytic complexity
Amplitude in terms of Mls

A(2):proj (fv 6) — Z dz(fa 6) Ji (fa 6) Elliptics

7

)

e N
Algebraic complexity Analytic complexity
— 6 variables — internal massive
propagators

Classical
polylogs
Logs @ P

# loops

Difficulty grows with:
° Loop order
° Number of particles

# particles

Colomba Brancaccio Towards tt+jet @ NNLO 29



SCATTERING AMPLITUDES

Algebraic complexity

Intermediate steps in scattering
amplitude computations can
produce very large expressions

Replace symbolic operations
with numerical evaluations in a
finite field

(integers mod prime P)

[von Manteuffel, Schabinger "14] [Peraro '16]

Numerical framework: FiniteFlow

<< FiniteFlow™

FUNCL = xA4 + yA8;
FUNC2 = x"2;

FFNewGraph[graphXY, in, {x, y}1;

FFAlgRatFunEval[graphXY, evalXY, {in}, {x, y}, {FUNC1}];

FFGraphOutput[graphXY, evalXY];

FFGraphEvaluate[graphXY, RandomInteger[{10%6, 1077}, 2]]

{5374497635291780286}

FFAlgRatFunEval[graphXY, evalX, {in}, {x, y}, {FUNC2}];

FFAlgMul[graphXY, times, {evalX, evalXY}];
FFGraphOutput[graphXY, times];

FFReconstructFunction[graphXY, {x, y}]|

{x®+x*y®}

[Peraro "19]

FFGraphDraw[graphXY]

in

evalXyY evalX

Colomba Brancaccio

Towards tt+jet @ NNLO
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https://github.com/peraro/finiteflow
https://arxiv.org/pdf/1406.4513
https://arxiv.org/pdf/1608.01902
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SCATTERING AMPLITUDES

Differential equations for Mls

Mis satisfy the following differential equation:

[Kotikov ‘91-’93]

- — [Bern, Dixon, Kosower ‘94]
S L — — [Remiddi ‘97]
df(Z, e) = dA(Z,€) f(Z,€) (Gemvman oo
[Henn, “13]

For PBA and PBC:

[Badger, Becchetti, Chaubey, Marzucca 23]
[Badger. Becchetti, Giraudo, Zoia '24]

/
\_

dA; () =€) ¢; dlog W;(Z)
S \

€ factorised dlog-form

Colomba Brancaccio Towards tt+jet @ NNLO 24


https://arxiv.org/pdf/2210.17477
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SCATTERING AMPLITUDES

Differential equations for Mls

Mis satisfy the following differential equation:

Colomba Brancaccio

df(Z,€) = dA(Z,€) f(Z,¢)

For PBB:

[Badger, Becchetti, Giraudo, Zoia '24]

dA Z Zcmwz
k=0/ i

DEs quadratic in €

one -form

S

> | solution in terms of elliptic functions
DANGER

Towards tt+jet @ NNLO

Canonical form in the

new paper by
Becchetti, Dlapa, Zoia

utlon
/ Numerical

Integration

24


https://arxiv.org/pdf/2404.12325
https://arxiv.org/pdf/2503.03603
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https://arxiv.org/pdf/2503.03603

SCATTERING AMPLITUDES

Laurent expansion

e Expand the amplitude around ¢ = 0 to compare the pole structure against
UV renormalization and IR subtraction

e The Laurent expansion of the Mis is
@

f(@e) =) W@
k=0

e Construction of a basis of algebraically independent Mils components in
terms of which we can express the amplitude

0
A(QL),prOj (E, f) — Z Z Ekrki(f@
. k=—4

1

Colomba Brancaccio Towards tt+jet @ NNLO



SCATTERING AMPLITUDES

Pentagon functions approach

We would like to achieve:

1. Analytic UV/IR pole subtraction
2. Simplification of finite remainders
3. Improved numerical evaluation

“Pentagon functions” approach
particularly successful for 2-loop
5-point with no internal masses

see [Gehrmann. Henn, Jakubdik . Lim, Mella, Syrrakos. Tancredi, Bobadilla ‘24] [Gehrmann. Henn, Lo Presti 18] [Chicherin. Sotnikov ’20] [Chicherin,

Sotnikov, Zoia ’22] [Abreu. Chicherin, Ita. Page, Sotnikov, Tschernow, Zoia '24]

Colomba Brancaccio Towards tt+jet @ NNLO
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https://arxiv.org/pdf/1807.09812
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https://arxiv.org/pdf/2306.15431

SCATTERING AMPLITUDES

Pentagon functions approach

How does the
pentagon functions
approach work?

Colomba Brancaccio Towards tt+jet @ NNLO
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SCATTERING AMPLITUDES

Pentagon functions derivation: Step O

The inputs of the algorithm are:

e canonical DEs for all topologies and permutations

dﬁ',o (Z) = dAT,J(f>ﬁ',a (Z)

topology permutatlon

Z ct) dlog W;(Z

e Boundary values for the Mls components (will be needed at Step 2 ()

Numerical boundary values obtained with AMFlow
[Liu, Ma, Wang “18] [Liu, Ma ‘22]

Colomba Brancaccio Towards tt+jet @ NNLO 28


https://gitlab.com/multiloop-pku/amflow
https://arxiv.org/pdf/1711.09572
https://arxiv.org/pdf/2201.11637

SCATTERING AMPLITUDES

Pentagon functions derivation: Step 1

e Solution of the canonical DEs in terms of Chen iterated integrals

@

f(f, €) = Z e"’f("’)(f) Laurent expansion up to the required order

k=0
» l S . O [boundary velues|
F® &) = / QAE)FED@) + F¥ (@) o
\fY )
Y

/ leg Wlk (f/)[Wil, “ @ Wik—l]fo (f/)
ti

Chen iterated integrals = [W;,,..., W; ]z, (&)

Colomba Brancaccio Towards tt+jet @ NNLO 29



SCATTERING AMPLITUDES

Pentagon functions derivation: Step 1

e Solution of the canonical DEs in terms of Chen iterated integrals
e Write the MIs components in terms of symbols

Symbol = iterated integral without the boundary information

[Goncharov, Spradlin, Vergu, Volovich “10]
[Duhr, Gangl, Rhodes “12]

Example

Lig(z) = —/ dlog(z) o dlog(1 — x)

0

S (Lig(x)) = = [1 — x, x]

Look for relations among Mls components exploiting that
symbols are independent

Colomba Brancaccio Towards tt+jet @ NNLO 29
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SCATTERING AMPLITUDES

Pentagon functions derivation: Step 1

e Solution of the canonical DEs in terms of Chen iterated integrals
e \Write the MIs components in terms of symbols
e Select the MI components for the basis at symbol level

7\

Include products

{fi(O)} — {1}
W — 8
{fi(z)} U {Fim v Fj(”}

of lower-weight functions

— (i)

Tune ordering
to streamline the amplitude

Preferred ordering:

e lower-weight functions
over higher-weight functions

e 1-loop functions
over 2-loop functions

Colomba Brancaccio
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SCATTERING AMPLITUDES

Pentagon functions derivation: Step 1

Solution of the canonical DEs in terms of Chen iterated integrals
Write the MIs components in terms of symbols

Select the MI components for the basis at symbol level

At the end of this step we have

Towards tt+jet @ NNLO 29

Colomba Brancaccio



SCATTERING AMPLITUDES

Pentagon functions derivation: Step 2

Write the Mls components as iterated integrals

We make the following ansatz:

All Mls components are polynomials in {F(z)}

+ C (2
f¢(2) Z F(2)+Zb F(l) F(1)+CC
Gk

Fixed from symbol level analysis

FO=3" M, Wi, +ZM ARES
i //

1112
Boundarles fixed at Step O

Colomba Brancaccio Towards tt+jet @ NNLO

Match with boundaries

e

[Abreu, Chicherin, Ita, Page, Sotnikov, Tschernow, Zoia ’24]

\

>

Example
At weight 2

30
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SCATTERING AMPLITUDES

Pentagon functions derivation: Step 2

Write the Mls components as iterated integrals

We make the following ansatz:

At the end of the algorithm we have:

Towards tt+jet @ NNLO

30
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SCATTERING AMPLITUDES

Pentagon functions derivation:
non-canonical case

| thought | saw

onical equation

Colomba Brancaccio Towards tt+jet @ NNLO 31



SCATTERING AMPLITUDES

Pentagon functions derivation:

non-canohnical case

e Choose the Mis so that the non-polylogarithmic
functions are pushed in the fmlte art
— Numerical check of which f ( t) =0

e Possible because
- the pole structure of the 2 loop amplitude is set by
1 loop amplitude

e Not obvious because
- arbitrary choice of the MlIs (which have poles)
- DEs couple “non-problematic” Mis to the
problematic ones

Colomba Brancaccio Towards tt+jet @ NNLO
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DEs for tt+jet production

The pentagon functions approach applies straightforwardly
to PBA and PBC
For PBB (and its permutation), we have:
de(fa 6) — QB(fa €>fB(fa 6)
pd N

2 to indicate the topology PBB

Qp(Z,€) = Z ol (z)

o) (z Z AB dlog Wy (2

+ Z Bk,JwJ

Q linearly |ndependent

v
non-logarithmic one-forms

Effort to shape the DEs in
dlog-form as much as possible

Colomba Brancaccio Towards tt+jet @ NNLO

eg w(z,y) = wz(x,y)dr + wy(z,y)dy

Sector containing
“problematic” Mi

<
e

Sector containing 2
“problematic” Mls

=7 N\

Sector containing 3
“problematic” Mls
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SCATTERING AMPLITUDES

Conspiracy among the boundary values

The DEs for the component f (%) are

with k>0

df ™ (@) = QO) F® (@) + QW(X) FE (@) + QD(X) FED(F) feam = Fov@ =

|
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SCATTERING AMPLITUDES

Conspiracy among the boundary values

The DEs for the coefficients f*)(z) are o
with £ >
4f®(7) = QOB FPE) + QW (XOF4T(7) + QOOFFI(@) oo = Foom -0

- df(o) () =0 —  From the knowledge of which coefficients vanish,

based on sufficient numerical evaluation using AMFlow

—  fO(Z) constant
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SCATTERING AMPLITUDES

Conspiracy among the boundary values

The DEs for the coefficients f*)(z) are
with k£ >0

df (@) = QUBFHE) + oW (X) FED(@) + QDX F4T (@) foam - 7w -0
- df O (z) = — f(o)(f) Constant

df V(& Z Ay ; dlog Wi(%) f ) — canonical
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SCATTERING AMPLITUDES

Conspiracy among the boundary values

The DEs for the coefficients f*)(z) are
with k>0

df ™ (z) = QO(z 7) + QW (X) FED(@) + QP XOF*T(E)  feog - Fov@ - o
- afO@ =0 — f(o)(f) Constant
D —

L —1 df(l)(f) = ZALZ' dlog W; (%) F© — canonical
N '
_, 1 _,
B=2) a5 (7) = 5712 1153 (0)+8 £11) (@) +4 1) (F0)+3 112 (F0) 48 15 (@0) | wn @)+
~
vanishing for a conspiracy of the boundary values
df @ Z Ay ; dlog Wy(&) f) — canonical

34
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SCATTERING AMPLITUDES

Conspiracy among the boundary values

The DEs for the coefficients f*)(z) are o
df ®(z) = 00z z) + QW (X) fED(z) + Q) (@) 7o =@ =0
afO@ =0 — f(o)(f) Constant
df W (z Z Ay ; dlog W (Z) f F0O —~ canonical
df @ ZAzldlogW( 7) f() — canonical

Same as for k. = 2

ll@l
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SCATTERING AMPLITUDES

Conspiracy among the boundary values
The DEs for the coefficients f*)(z) are o
df W (@) = QO(@&) f® (@) + oW (X) FED (@) + Q@ (X) F*2(@) foa@ = Forw =0
df Oz =0 — f(o)(f) Constant
df W (z ZAl ;dlog W;(Z) f© —~ canonical
df @ ZAzldlogW( 7) f() — canonical

Same as for k. = 2

—

f-(4)(f) F(4 ) —— Non-polylogarithmic special functions
(2

ﬁll@l

T~ Mls of the elliptic sectors
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SCATTERING AMPLITUDES

Polylogarithmic Vs Non-polylogarithmic

# 237 functions

[ All special functions

B Non-polylogarithmic functions

we know how to achieve
fast+stable numerics

need further investigation

]
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SCATTERING AMPLITUDES

Numerical evaluation of special functions

We solve the DEs for the special functions using generalised power series

. . . [Moriello *20]
method as implemented in Dn‘fExg[Hiddin -
Evaluation time per segment - Special functions Evaluation time per segment - Non-polylog. functions

e 300

150 250 I

N
o
o

100

Number of Segments

Number of Segments
@
o

50

=
o
o

a
o
T

150 200 250 300 350 400
8 10 12 14 16 18

Time [s]
Time [s]

| | PB4 | PBg | PB¢ | all MIs | special func. (all) | special func. (non-polylog.) |

(T) | 43s | T7s | 66s 309 s 297 s 16 s
o 7s 17 s 14 s 27 s 65 s 3s

|
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https://gitlab.com/hiddingm/diffexp
https://arxiv.org/pdf/1907.13234
https://arxiv.org/pdf/2006.05510

RESULTS

Two-loop gg—->ttg helicity amplitudes:

Numerical evaluation
and analytic results

Colomba Brancacc io Towards tt+jet @ NNLO
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RESULTS

Notation and kinematics Ps

Process: Q{e(

9(—p4) + g(=ps) = t(p1) + t(p2) + g(p3)

Kinematics: P
e

f = (d12, d237 d347 d457 d157 m%)

Spin structure basis for helicity states:

L + o+ ah: h hs . .\ hshahs
A( )(1t72t_73 374 475 7nt7nt)_mtq)34

4
x 3 Oi(ne,ng) ALY, 2F 3%, ahs, 5M)
1=1

P,

VAN

P3N

Colomba Brancaccio Towards tt+jet @ NNLO
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RESULTS

Finite remainder reconstruction

e Mass-renormalised amplitudes are gauge invariant
== Gauge invariance check

e UV/IR poles identified analytically and finite remainder computed directly
== Pole check

e Results cross-checked against independent computation of helicity
amplitudes in terms of momentum-twistor variables
== Simplification of the amplitude

max degrees max degrees
SR MIs recon. SF recon.
ACLITF, 2+ 3he_4F4 BPs) 404/393 314/303
A2 [2](1t+,2t+,3hs 4, Blin) 398/389 305/296
A@LBl(r of ghs, gha 5hx) 411/402 321 /312
A2, [4](14r 2+ g, 44, 5As) 420/411 326/317
Colomba Brancaccio Towards tt+jet @ NNLO 39



RESULTS

Numerical evaluation of the finite remainder

Numerical evaluation of finite remainders up to two loops in
the leading color limit for gg - ttg production

Helicity R0).[1] R(0),[2] R(0),[3] R(0).[4]

+++ | 0.26326 — 0.0097514 i 0 0 0

o B 5.9619 — 0.16047 i 0 0 —0.31659 — 0.097935 1
++ — | —5.9575+ 0.0089231i | —12.606 — 0.0674401 | 4.6564 + 0.024911i | —1.9692 — 0.0105351

Helicity RM-01/R0).[1] R(M.12]/ R(0).[1] RM.BI/R).[1] R4/ R(0).[1]

s 2y 38.396 — 5.80021 71.982 — 4.0653 i —14.289 + 0.70866 1 17.909 — 0.395281
Ry 19.221 — 8.41511i —4.8506 + 4.80151 0.67096 — 0.09959 1 —1.2201 4 2.1594 i
ok = 20.369 — 19.9911i 41.522 — 41.9691i —15.990 4 15.7391 6.2964 — 6.4584 1

Helicity R®):N]/R(0).[1] R(®).[2] / R(0).[1] R3]/ g(0).[1] R(2):14/R(0),[1]
bbot 882.48 — 91.6191 2489.7 — 266.721 —492.28 4+ 8.1003 1 593.35 — 87.5691
= 414.16 — 206.87 1 —171.78 + 189.69i 25.226 — 1.56391 —54.820 + 95.716 1
ke 332.97 — 646.021 623.01 — 1325.11 —259.14 + 512.331 89.185 — 198.651

Colomba Brancaccio

A A

Check out our paper arXiv:241213876 <t
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https://arxiv.org/abs/2412.13876

RESULTS

Beyond numerical evaluation

Is it possible to
decrease the maximal
polynomial degree of the
coefficients?

Colomba Brancaccio Towards tt+jet @ NNLO a1



Univariate partial fraction decomposition

Step 1 Look for linear relations among the coefficients

i
—— Express the more complicated coefficients in terms of the simpler ones

|
Colomba Brancaccio Towards tt+jet @ NNLO a2



Univariate partial fraction decomposition

Step 1 Look for linear relations among the coefficients

Zczm( Fl=0 Yz

Step 2 Make the ansatz

’ Ni(Z)
s (SB) = qgi; € Z
H D( )q J’\ J
Denominators known from the They can be determined by
study of Feynman integrals reconstructing the coefficients
contributing to the amplitude on a random phase-space slice
ri(Z(t)) = (1)
[Abreu, Cordero, Page ‘18]
Colomba Brancaccio Towards tt+jet @ NNLO a2


https://arxiv.org/pdf/1812.04586

RESULTS

Univariate partial fraction decomposition

Step 1 Look for linear relations among the coefficients

ZC’LT"( i) =0 Yz

)

Step 2 Make the ansatz -
N; (%)

S /T

Step 3 Perform univariate partial fraction decomposition .. .

qijGZ

Example /Qj 9 /Qj //2
3 2 2 3 7
(i) = 2Ty 2ey 4 dy (@) @@ e +al)y
i 2 (22 1 y2) 2 ” 22 + 92

max. numerator|[denominator degrees 4|5 —— max. numerator|denominator degrees 1|0

Colomba Brancaccio Towards tt+jet @ NNLO a2


https://arxiv.org/pdf/2102.02516

RESULTS

Analytic reconstruction

Univariate partial

+
Momentum twistor
variables

feasible analytic

fraction decomposition

d4r de + 7712 dz'; dlr
S34 — 2d3q, tys = —, tig— ———L toz— —, t5 — —,
dsy dz4 d3y d3y

—4dy5(dys + do3) + 4dysdas — 4dzadys + 4dasz(dzg — m?) — 4dism? + trs

I5123 — 3 :
o 8(d12 + mf)(dlg == d;;_l = d45 -+ -mg))
with d;; = p; - p; and trs = 4ieu,,,,(,p’f’p§p§pg no T5123 dependence

¥

reconstruction max degrees max degrees
\ Sub-amplitude o
X original UPFD
ACHL(1F 93 gk ghe i) 314/303 44/0
A@LRI(1F 2% 3hs, 4he, Blis) 305/296 54/0
A@BI(1F,2F, 373, 4hs 5hs) | 54/0
AP, 2F 88, 4h4, 50) || 56/0
Colomba Brancaccio Towards tt+jet @ NNLO a3



CONCLUSIONS
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Conclusions

e Numerical evaluation of two-loop leading colour helicity finite
remainders for gg->ttg

e Developed a new strategy for master integrals bypassing
canonical form challenges

e Efficiently isolated polylogarithmic and non-polylogarithmic
components for numerical evaluation

o
c
&
o
o
x

CItt3I@NNLO =
Completing the analytic reconstruction @

/l

?os'c §'° llous {X\é

(including contributions from closed fermion loop)

Optimize numerical evaluation of special functions

Integration over phase space to deliver cross-section
results (using available subtraction schemes)

[OCCe| [OCe| (@00
o

Colomba Brancaccio Towards tt+jet @ NNLO as



Conclusions

e Numerical evaluation of two-loop leading colour helicity finite
remainders for gg->ttg

e Developed a new strategy for master integrals bypassing
canonical form challenges

e Efficiently isolated polylogarithmic and non-polylogarithmic

components for numerical evaluation T
Youl-.

Optimize numerical evaluation of special functions @smm @“aw

o
c
&
o
o
x

Completing the analytic reconstruction
(including contributions from closed fermion loop)

Integration over phase space to deliver cross-section @S’«me
results (using available subtraction schemes)

[OCCe| [OCe| (@00
o
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BACKUP

|
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BACKUP

DEs for non-polylogarithmic special functions

The DEs for the non-polylogarithmic functions are

dG () = M (

—

X

) G(Z)

where the connection matrix has the form

Colomba Brancaccio

1

20

40

60

84+

1

20

40

60

84

1l

1

|_'|‘ 1 "l.l'_l

R ik

20

40

60

140

160

184

11 }
4*

120

\ {Fl(él*) }12
=1

AN

Non-polylogarithmic functions
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Physical point

The point chosen in the physical region for the sub-amplitudes evaluation is

 1617782845110651539 335 _ 5
2 7 15068333897971200000 >~ ° T 12327 Tt T T 32
L _ 3665 4 > __376940175237098461
773287 TP T 14087 Tt T 15068333897971200000
. - /582950030096630501
with trz =1
426229309440
In terms of momentum twistor variables
— —E e = _@ Fan = _@
S34 — 16 ) 45 — 229 3 12 — 72 )
By d= o L, 1,
W= " WL gy ElEST BT IEE

|
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