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Motivations for ttj production
& 23 amplitudes frontier
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INTRODUCTION

tt+jet production at the LHC
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INTRODUCTION

Towards NNLO QCD corrections tt+jet

Cross section = Amplitude + Phase space integration

NNLO
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INTRODUCTION

Current status of tt+jet corrections
NNLO QCD corrections needed

-
=) initial steps towards this

(]
challenge
[Badger, Becchetti, Chaubey, Marzucca,
Sarandrea '22]

[Badger, Becchetti, Chaubey, Marzucca 23]
[Badger, Becchetti, Giraudo, Zoia ’24]

V VY

e NLOQCD corrections[ N

Dittmaier, Uwer, Weinzierl, ’07]
e Full off-shell decays and interfaces with

parton ShOWGF [Melnikov and Schulze *10]

[Alioli, Moch, Uwer "12]
[Bevilacqua, Czakon, Hartanto, Kraus,
. Worek ’15-"16] .
e Mixed QCD and EW corrections

[GUtschow, Lindert, Schénherr 18]
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INTRODUCTION

Current frontier of 2 9 3 scattering amplitudes

]
Colomba Brancaccio Towards tt+jet @ NNLO




INTRODUCTION

Current frontier of 2 9 3 scattering amplitudes
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SCATTERING
AMPLITUDES

Introduction to methodology
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SCATTERING AMPLITUDES

Colour decomposition

e Consider all diagrams contributing to the process

1960~ 3 (gt )

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

LO 16 6
NLO 384 7
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SCATTERING AMPLITUDES

Helicity amplitudes

N
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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
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Specify helicities:
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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:

R Ex.
V'

<3 >

p P S
Ch O

Colomba Brancaccio

s

Towards tt+jet @ NNLO 14



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

el
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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:

(p +m)In)
U-i—(pv m) — p <pb TL>

(p +m)|n]

[p* 1]

/\/U m) —
D —(p,m)

m2

nt

where n an arbitrary light-like momentum and pb’” — pt —

2p-n

see [Kleiss, Stirling ’85] [Arkani-Hamed, Huang, Huang *17] [Badger, Chaubey, Hartanto, Marzucca ’21] [Badger, Becchetti, Chaubey, Marzucca, Sarandrea ’22]
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SCATTERING AMPLITUDES

Reduction to Mis

e The amplitude is a linear combination of Feynman integrals:
A(L),proj (f7 6) — Z C; (fa G)Iz(fv E)
7

e Feynman integrals — linear combination of Master integrals (Mls) using:

Integration by Parts Identities (IBPS) (chctykin, ratacy, Tkachoy, 's0]

0 1
d°kydky ( 1 ) =0
/ Ok P K2k + p1)2 (ks + 1+ p2)

e |IBPs generated with Neat/BP twu, soehm, ma, xu, zhang 23]
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SCATTERING AMPLITUDES

Integral families
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SCATTERING AMPLITUDES

Integral families
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SCATTERING AMPLITUDES

Algebraic complexity

e Amplitude in terms of Mis

ARIProi(F €) = lda(@ye) MI;(Z, €)

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

e Replace symbolic operations with
numerical evaluations in a finite field
(integers mOd prlme P) [von Manteuffel, Schabinger *14] [Peraro "16]

e Numerical framework: FiniteFlow

[Peraro 9]
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SCATTERING AMPLITUDES

Differential equations for Mls

Mls satisfy the following differential equation:

—

df (7, e) = dA(Z,€) f(Z,€)

—

where X are the kinematic invariants (6 variables)

For PBA and PBC:

[Badger, Becchetti, Chaubey, Marzucca ’23]
[Badger, Becchetti, Giraudo, Zoia ’24]

dA(Z,€) = € Z ¢; dlog(a; ()

¢ factorised dlog-form

For PBB:

[Badger, Becchetti, Giraudo, Zoia ’24]

dA(Z, €) = € D Cij (@)

DEs quadratic in € one-form

solution in terms of elliptic functions

DANGER

Towards tt+jet @ NNLO
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SCATTERING AMPLITUDES

Laurent expansion of the Mis

e Expand the Mls around € = 0:
@
f(&e) =) " fP(D)
k=0

e Advantages for algebraically independent Mis
components (pentagon functions):
1. Analytic UV/IR pole subtraction
2. Simplification of finite remainders
3. Improved numerical evaluation

e Pentagon functions method applies to DEs:

—

df(€) =€ ¢;dlog(a; (7)) f(7,e)

J

see [Gehrmann, Henn, Lo Presti *18] [Chicherin, Sotnikov 20] [Chicherin, Sotnikov, Zoia *22] [Abreu, Chicherin, Ita, Page, Sotnikov, Tschernow, Zoia ’24]
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SCATTERING AMPLITUDES

A basis of special functions for tgj

Pentagon functions method applies straightforwardly to
PBA and PBC, while for PBB non-canonical DEs

!

Mls of hon-canonical sectors are:
non-zero only starting from O(g*)!

!

Potentially over-complete basis with non-polylogarithmic
functions only in the finite reminder!

!

Finally, the amplitude takes the form

ACL Proi(c 7y = § Z i (& ~@

1 k=-4
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SCATTERING AMPLITUDES

Polylogarithmic Vs Non-polylogarithmic

# 237 functions

[ All special functions

B Non-polylogarithmic functions

/

fast+stable numerics

need further investigation
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SCATTERING AMPLITUDES

Numerical evaluation of special functions

Special functions evaluated using generalised power series method poriciio 20
as implemented in DIiffEXP iuqing 1

Evaluation time per segment - Special functions Evaluation time per segment - Non-polylog. functions
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RESULTS

Numerical evaluation of two-loop
gg->ttg helicity amplitudes

Colomba Brancaccio
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RESULTS

Notation and kinematics Ps

Process: Q{e(

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

Kinematics: P

- K
d = (di2,da3, ds4, dus, d15,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
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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

helicit max degrees max degrees
SR MIs recon. SF' recon.
i ET 294 131
S ok ak hauke o 334 269
L i ke 395 264

|
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RESULTS

Numerical evaluation

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
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CONCLUSIONS

Conclusions & outlook
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Conclusions

e Numerical evaluation of two-loop 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

Outlook

e Pursue analytic reconstruction
e Optimize the numerical evaluation of special functions

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