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State of the art of NNLO calculations: 2-3 processes
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Precision studies have become of major importance in the rich
physics programme at the Large Hadron Collider (LHC). Many LHC
reactions, in particular 2 — 1 a

tor bosans gives direct access to anomalous quartic gauge cou-

plings, e, the Z — yy decay has been constrained in Ref. [33],

— 2 processes, are not only  Furthermore, the triphoton final state is important to constrain

measured, but also predicted at a remarkable accuracy by now.  anomalous Higgs couplings in on decays [39-41] or

Prime examples are colour singlet processes, such as vector-boson  in the rare Higgs boson production process in association with a
pair production, cf. for instance the recent Zy [2] and ZZ [3] mea- __photon [42] with the Higes boson decaying into a pair of
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State of the art of NNLO calculations: forma
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Nested soft-collinear subtraction

Towards a general subtraction formula for NNLO
QCD corrections to processes at hadron colliders:

Q final states with quarks and gluons

0
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State of the art of NNLO calculations

So, is NNLO solved? In principle yes ...

STRIPPER: given the relevant amplitudes and enough
computational resources, the NNLO calculation is streamlined

But: refine IR schemes, efficiency

* prohibitive computational cost .
Improve resources

(ML, GPUs, grids, ...)

different techniques

* missing cross-validation
NNLO tools

cooperation

* still along way to NNLO event generation

21/07/2025 Matteo Marcoli

pp - jjj event shapes with STRIPPER
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State of the art of N3LO calculations

Inclusive: Fully differential:
- a1 *
. gg-H [Anastasiou,Durh,Dulat,Herzog, Mistleberger “15] [Cieri,Chen,Ghermann,Glover,Huss 18] *
[Mistleberger ‘18] o gg_) [Billis,Dehnadi,Ebert,Michel,Tackmann ‘21]
. gg—>HH [Chen,Li,Shao,Wang 19,20] [Chen,Gehrmann,GIover,Huss,Mistleberger,PeIIoni’21]T
1 1 *
[Chen,Gehrmann,Glover,Huss,Yang,Zhu 21,22]
' . -Y/Z/W
* VBFH IRl pp Y [Chen,Gehrmann,GIover,Huss,Monni,Re,RottoIi,TorrieIIi’22]*
, [Campbell,Neumann 22,23] *
* VBF HH [DreyerKarlberg ‘18]
* DIS : :
. SV/ZIW [Durh,Dulat,Mistleberger *20] [Currie,Gehrmann,Glover,Huss,Niehues,Vogt 18]T
PP Y [Durh,Mistleberger '21]
e bb-H * H-bb [mondinischiaviwilliams ’19]1-
[Baglio,Durh,Mistleberger,Szafron ‘22]
° pp—>Z/W H . e*e'—>jj [Chen,Jakubcik,MM,Stagnitto 25] :t
Several phenomenologically relevant results despite the extreme complexity. * (T slicing
Available techniques are applicable to limited cases. T Projection-to-Born

New approaches must be developed for more complicated processes. + Antenna Subtraction

21/07/2025 Matteo Marcoli



Antenna subtraction

[NNLOJET collaboration: Huss et al. ‘25]

Successfully applied at NNLO to a variety of processes within the NNLOJET Monte Carlo framework
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Ridder,Gehrmann, inclusion of | | | j J
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[Gehrmann,Stagnitto ‘22] [Gehrmann,Schirmann ‘22] identified FS particles
[Bonino,Gehrmann,MM,Schirmann,Stagnitto ‘24] (fragmentation)
_ [Braun-White,Glover,Preuss '22,23] | “idealized” antenna
@ Calculations [Fox,Glover '23] functions
® Formulation and extensions FoxGlovermm24) |~ 9€neralized” antenna
functions
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Antenna subtraction

[NNLOJET collaboration: Huss et al. ‘25]

Successfully applied at NNLO to a variety of processes within the NNLOJET Monte Carlo framework
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@® Formulation and extensions
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GENERALIZED FINAL-STATE
ANTENNA FUNCTIONS AT NNLO

work with Elliot Fox and Nigel Glover, JHEP 12 (2024) 225



Standard antenna functions (FSR)

Describe unresolved emissions between two hard radiators > —_—
\

Trad|F|onaIIy extracted from Folour-ordered (Gehrmann-De Ridder,

matrix elements for colour-singlet decay Gehrmann,Glover ‘04,'05]

i=1,X0 = 0.{L;}. {P}}. {P}}

[Braun-White,Nigel,Preuss ‘22,'23]

Recently: designer antenna algorithm to build
antenna functions directly from unresolved factors
* Simpler expressions
* Better isolation of IR limits
* Removal of some unphysical singularities

21/07/2025 Matteo Marcoli
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Generalized antenna functions (roxGlovermm 24]

Two-hard-radiator antenna functions work very well for some configurations, less well for others

What emission topologies can they easily describe?

NLO: one unresolved emission = only one possible topology

hard radiator (i) unresolved real emission (j)

/

antenna function

21/07/2025 Matteo Marcoli

My (oayiy gk, ..

colour-ordered squared
amplitude for real emision

3-2 momentum
) mapping:
*  momentum
conservation

\

Born-level squared
amplitude

hard radiator (k) IR limits . ?;fhi”ness
° IMItS
O/:h - 1.h 0 . - .
X3(Z ,],k‘ )Mn(---,(Z]),(]k),...) [Kosower ‘97,'02]
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Generalized antenna functions (roxGlovermm 24]

Two-hard-radiator antenna functions work very well for some configurations, less well for others

What emission topologies can they easily describe?

NLO: one unresolved emission — only one possible topology colourorderedisquiared
amplitude for real emision

hard radiator (i)

unresolved real emission (j)

0 .. 3-2 momentum
My (. 00,0,k ..0) mapping:
*  momentum
conservation

hard radiator (k) IR limits * on-shellness
IR limits
O/:h : 1.h 0 =N a1 R
XS(Z ,j,k )Mn("'7(?’,]))(]k)7'--) [Kosower ‘97,'02]
antenna function Born-level squared
amplitude

21/07/2025 Matteo Marcoli 13



Generalized antenna functions (roxGlovermm 24]

NNLO: two unresolved emissions —» multiple topologies

colour-unconnected emissions: no shared hard radiatior
i k1 i2 j2 0 .. .
i \ / Mn—{—Q("'7217]17]{17'"7Z27]27k27°'°>

ko i fully iterated structure

\ /
\ / - -

\ / XO(, 31, K XI5, o, KYMO(. ., (i141), (Gik1)s - - - s (i2]a), (jaka), - . .)

21/07/2025 Matteo Marcoli 14



Generalized antenna functions (roxGlovermm 24]

NNLO: two unresolved emissions = multiple topologies

colour-unconnected emissions: no shared hard radiatior

. k1 i2 j2 .. .
g J1\ / M2+2(...,21,]1,/€1,...,Z2,]2,]€2,...)
k2 i fully iterated structure

\ /
\ / - -

\ / XO(, 31, K XI5, o, KYMO(. ., (i141), (Gik1)s - - - s (i2]a), (jaka), - . .)

21/07/2025 Matteo Marcoli 15



Generalized antenna functions (roxGlovermm 24]

NNLO: two unresolved emissions = multiple topologies

colour-unconnected emissions: no shared hard radiatior

. k1 i2 j2 .. .
g J1\ / M2+2(...,21,]1,/€1,...,Z2,]2,]€2,...)
k2 i fully iterated structure

\ /
\ / - -
\ / X%, g1, KXl Go, KEYMO(. .. (111)s (Gakr)s - -+, (i2]2), (jokz), .. )

colour-connected emissions: both hard radiators shared

‘ My (.. iy g,k 1)

! I ———

X9(", 4, k, MM . ., (igk), (KI), .. .)

4—-2 momentum mapping

J
I
I
l

|
1/
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Generalized antenna functions (roxGlovermm 24]

NNLO: two unresolved emissions = multiple topologies

colour-unconnected emissions: no shared hard radiatior

. k1 i2 j2 .. .
g J1\ / M2+2(...,21,]1,/€1,...,Zg,jg,kz,...)
k2 i fully iterated structure

\ /
\ / - -
\ / X9(i%, 51, k) X985, g2, KE)MO(. .., (1), (jik1), - - ., (i2g2), (j2k2), .. )

colour-connected emissions: both hard radiators shared

‘ My (.. iy g,k 1)

I ———

X9(", 4, k, MM . ., (igk), (KI), .. .)

4—-2 momentum mapping

J
I
I
I

|
1/
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Generalized antenna functions (roxGlovermm 24]

There is more ... almost colour-connected emissions: only one shared hard radiator e comaliesicd) end el et

sector of antenna subtraction

j k | NOT fully iterated: the two emissions “feel” each
other through the recoil on the shared radiator

traditional antenna functions can be used,
but a very complicated sequence of iterated
structures is needed, plus Large-Angle-Soft-Terms

[Gehrmann De-Ridder,Gehrmann,Glover,Heinrich ‘07]
[Weinzierl ‘08] [Currie,GloverWells ‘13]

from e*e—jjj @NNLO

21/07/2025 Matteo Marcoli 18



Generalized antenna functions (roxGlovermm 24]

There is more ... almost colour-connected emissions: only one shared hard radiator

j k | NOT fully iterated: the two emissions “feel” each
other through the recoil on the shared radiator

traditional antenna functions can be used,
but a very complicated sequence of iterated
structures is needed, plus Large-Angle-Soft-Terms

[Gehrmann De-Ridder,Gehrmann,Glover,Heinrich ‘07]
[Weinzierl ‘08] [Currie,GloverWells ‘13]

Ideally we want:

most complicated and inefficient
sector of antenna subtraction

0 .. 5-3 momentum mapping
M, (.. ,5, 5,k l,m...)

|

X0 (" 5, KM L mM)YMO(. . (i5k), (ijkIm), (kim), . ..

generalized three-hard-radiator antenna function

21/07/2025 Matteo Marcoli

from e*e—jjj @NNLO
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Generalized antenna functions (roxGlovermm 24]

i,

K Not possible with matrix element-based antenna functions k

j | /

m

i m non-trivial function of the
three-particle phase space \ I
---é i

L
Type porton comtent hand partons. X3 © X2
[Braun-White,Nigel,Preuss 22,'23] A (i K Ly, ) - D®D
With the designer antenna algorithm, it is possible to construct antenna sk antiquarkghuon f~~*<("3'j""“‘>'“?’”9; e
. . . . . 0 5 (il, gy, Kl 1, mb qqg ®D
functions with more than two hard radiators: generalized antenna functions. B (hinkbigmly)  q  A®E
quark-antiquark-quark ;In ("’ Jrs k”l mz) qqQ AR A
X . . . . D“( 1,1\ g, m’) q99 D®F
Analytical integration made particularly simple thanks to a O o klpm) g9 E@D
convenient choice of 53 momentum mapping. i gluseruiion j CGipkploms)  wg 400
E? (’I Jgs A] IQ HIQ) q99 D®G
_ ) o Sij E;,.( ity s Kl Lg.ml) 949 E®D
pI - p’L + pj Szk» + Sjkpk ]\m.‘,(’q \Jo A() Iz, ’”R) q99 EQFE
s s F,(i Jgr kgL, mh) 999 F®F

7,] lm u( ) . ok 3 = o
map : pK — 1 _|_ _|_ )pk Gy yJgs kg lg,my 999 G®F
53 ( Szk + 8]].{3 Slk + Smk gluon-gluon-gluon “”)<, Ja» ]," lgs m”) 999 G®D
p p + p Sim p Hy ( )(122 Jas L g, mq) 999 [ex:ye
M — l - — . _ _Fk h .

iterated dipole mapping " Stk + Smk 5 e plom) g9 GO B

[Fox,Glover,MM ‘24]
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Generalized antenna functions (roxGlovermm 24]

Not possible with matrix element-based antenna functions

non-trivial function of the
three-particle phase space

final-state radiation only,

extension to ISR in progress

[Braun-White,Nigel,Preuss ‘22,'23]
With the designer antenna algorithm, it is possible to construct antenna
functions with more than two hard radiators: generalized antenna functions.

Analytical integration made particularly simple thanks to a
convenient choice of 53 momentum mapping.

21/07/2025

pr = Pi +pj — LP
I i ' Sin + Sik k
Sij Sim,
ma : =11
P53 PK ( + s+ 5on + s+ 3mk) Pk
Slm
Pm = pL+DPm — ———— Dk
Stk + Smk

iterated dipole mapping

Matteo Marcoli

Type

Name and
parton content

Reconstructed 0 0
X: X!
hard partons 3©X3

Agﬁ(i,’;.jg. k'!’,’.ly. mf}) q9q D®D

quark-antiquark-gluon Bg’x(i,} I kg) o mg) e Aet
Z?.:;(l‘%«j«kf,’«lg-mﬁ}) qq9 A®D

Egs(d}_]- k{;.lQ. ’”2'2) qqg AQFE
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Generalized antenna functions: validation and applications

NNLO correction to event shapes in e*e- annihilation:

* perfect agreement with original method

* simpler subtraction terms

* up to 5-10x faster
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Hadronic Higgs decays:

« differences between H-bb and H—-gg

* jetrates at order as® (3jet @NNLO, 2jet @N3LO)

H - 2jet at N3LO
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[Fox,Gehrmann-De Ridder,Gehrmann,Glover,MM,Preuss ‘25]
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FIRST STEPS AND RESULTS AT N3LO
WITH ANTENNA SUBTRACTION

work with Xuan Chen, Petr Jakubcik and Giovanni Stagnitto
2505.10618, 2507.12537



Jet production at lepton colliders: e*e'=jj @N3LO

Simple process:
* only q-q N3LO antenna functions;

* only dipole-like correlations at N3LO;

Goals:
* definition of N3LO antenna functions;

* exploration of numerical challenges
(IR stability of loop amplitudes);

* preparation of computational framework
for more complicated processes;

[Chen,Jakubcik,MM,Stagnitto ‘25]

&

RRR RRV
RVV VW

The CaICUIat|On bL“IdS on tOp [Gehrmann,Glover,Hussl
of e*e—jjj @NNLO in NNLOJET  Nieuhes,Zhang '17]

Analytic mtegratlon.of FSR [Jakubcik,MM,Stagnitto 22]
N3LO antenna functions in: [Chen,Jakubcik,MM,Stagnitto ‘23]

standard matrix-element based antenna functions

21/07/2025 Matteo Marcoli 24



Local subtraction at N3LO

Subtraction at N3LO:

donsro = /[dgvvv —do"] + /[dJRVV —do¥] + / [do 8V — do?] + /
n n n+1

/
/
/
/
/
/
/
/ double-virtual real =/

subtraction term

triple-virtual
subtraction term

double-real-virtual
subtraction term

with:

do® = do”t + do®? + do™? do¥ = do*?5r — /davls1 — /dJS2
1 2

dO‘T :dO.V15'1 _|_dO.V152 —/dO‘Sl dO‘W _ _/dO.VQSl —/dO‘VlS2 —/dO'SS
1 1 2 3

one-loop double-unresolved quantities

Challenge: numerical stability of
two-loop single-unresolved quantities

21/07/2025 Matteo Marcoli

triple-real /
subtraction term

[Chen,Jakubcik,MM,Stagnitto ‘25]
See also [Chen,MM ‘25]

Rescue-system to trigger
quadruple precision

Rescue-system to trigger
Taylor expansions of
special functions
25



Results

Basic checks: inclusive cross section

N3LO coefficient

o3 = g, (%

0'(3) = 0y (%

exact — 27_‘_

21/07/2025

)3(—105i 11)

AN

Monte Carlo error.

Not so small for inclusive
quantities due to large
cancellations: not the
most clever way to
compute inclusive XS.

)3 (—102.14...)

[Chetyrkin,Kinn,Kwiatkowski ‘95]

Two-jet rate at order O(as®) (direct calculation)

two-jet rate

1.0 1

---- NLO

— N3LO

NNLO

as(mz) =0.118

No need of
previous
knowledge of
N3LO quantities.
Fiducial cuts can
be implemented

8 ] =4 Durham too
ZE i,
Z, 1.].__' 1=
2 i
2 el
S 1.0 S I — = e
1073 1072 1071 10°
Yeut : .
1 \R T L{
Full agreement with indirect calculation of =~
' o Ry jet
[Gehrmann-De Ridder, Gehrmann,Glover,Heinrich ‘08] v Ry
0.6 [ of theory
(3) (y ) ALEPH data
(3) T y*—n jets\Jcut [ Q-206Gev |
Rn (ycut) - (3) 04 b o, (M) =0.1189
v*—hadrons ¢ Iy
02 [tk e
3 3 ! 3 !\)
Ré )(ycut) =1- § R7(’L )(ycut) 0 NicE B S
4 3 -2 1 0
n:3 |°g10(ycut)
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Results

Leading-jet energy:
* defined on 2-jet events, bin-integrated,;

* lower orders vanish quickly at large Ej
for smaller y.. because energetic jets
recoil against multiple emissions which
are more likely to be clustered as three
or more jets;

e again, the whole distribution can be
obtained by combining e*e—jjj @NNLO
with the N3LO inclusive XS.

It's a proof-of-principle application.

21/07/2025
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Full agreement up to NNLO with L

[Anastasiou,Melnikov,Petriello ‘04]
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How to proceed? Generalized antenna functions at N3LO

RRR:
RRV:
RVV:

21/07/2025

L

\b
b2

K K

Starting from: Starting from:
e'e — 3j e‘e - 4j
pp — V4] pp =2

& &
% G

Matteo Marcoli

Special case for:
ete - 3j
pp — V4]
General case for:
e‘e > 4j
pp = 2j

28



SUMMARY AND OUTLOOK



NNLO may be solved, but still not so accessible. Several ongoing efforts towards
automation and generalization. N3LO is very challenging, but (more than) first steps
made in this direction already.

Generalized antenna functions yield a simpler and more efficient formulation
of final-state IR subtraction. Outlook: extension to hadronic processes.

Thank you very much for your attention!

First application of antenna subtraction to a fully-differential N3LO calculation.
Outlook: gradual extension to more complicated processes.

21/07/2025 Matteo Marcoli 30
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Fixed-order calculations in QCD PP - jij event shapes with STRIPPEi

as O{S 2 as 3 10M o -2
oco=0g+|—)o1+|=—) 62+ |=— | O3+... . 8 . 1 8
21 27 21 Eam| z i 2 3 2
o =2 LE S -
= of | 22 . b a
[ =2 3
g 100k| =2 ﬁ -
o |
Leading Order (LO) . Next-to- Next-to-Next-to Next-t?-Next-to-Next-to & 10k
Leading Order (NLO) Leading Order (NNLO) Leading Order (N3LO) 1k
100
i
0(10%) - O(100%) O(1%) - O(10%) <0(1%)

[Febres Cordero,

>> accuracy, reduction of theory uncertainties von Manteuffel,Neumann ‘2]

>>> complexity, manpower, computational cost

21/07/2025 Matteo Marcoli 32



Fixed-order calculations in QCD PP - jij event shapes with STRIPPEi

as O{S 2 as 3 10M o :2
oco=0g+|=—)o1+\\— ) 62+ |— | O3+... . H
21 21 21 s wml 2 i 2 3§ £
%100k = 2
> 2 -
Leading Order (LO) . Next-to- Next-to-Next-to Next-tP-Next-to-Next-to & 10k
Leading Order (NLO) Leading Order (NNLO) Leading Order (N3LO) 1k
100
e
0(10%) - O(100%) O(1%) - O(10%) <0(1%)

[Febres Cordero,

>> accuracy, reduction of theory uncertainties von Manteuffel,Neumann ‘2]

STRIPPER

>>> complexity, manpower, computational cost /

Conditions to claim that infrared subtraction is solved at a NxLO? NLO NNLO [/

* Given matrix elements and resources, the NXLO correction can be computed /
* New NKLO calculations are streamlined
* Different groups/approach available (validations, efficiency, ...)

* NKLO calculations can be easily reproduced and performed by anyone

DD )

Q0000
VSO0

* NKLO event generation is possible

21/07/2025 Matteo Marcoli 33



NLO: three-parton tree-level antenna functions

colour singlet decay.

XY o / dds X3 4
Integrated antenna function

21/07/2025 Matteo Marcoli

0
M ,-
----é j
k
>
' I
0 K
M5 —
0
XO — M3
3 Mg Matrix elements for

Encapsulates the
divergent behaviour
when parton j becomes
soft or collinear to i, k.
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Antenna subtraction at NLO

Real 3-parton tree antenna

O . .
— | > X3(¢,5,k) -
factorization properties of QCD | |

Antenna function

parton j soft or collinear to i or k

n+1

Analytical integration over PS of
the unresolved radiation

Virtual
el v
O(c. .
Poles = Poles | X3 (Szk) i
___Integrated antenna function n

[Gehrmann-De Ridder,Gehrmann,Glover ‘05] [Currie,GloverWells “13]

21/07/2025 Matteo Marcoli 35



NNLO: four-parton tree-level antenna functions

o —
M ;
L J
k
/
>
' I
0 L
My —
0
XO M4
4 MQO Four-parton tree-level antenna functions are

extracted analogously to the three-parton ones

Xy o /dcb4X§j

21/07/2025 Matteo Marcoli



NNLO: three-parton one-loop antenna functions

0 — — 1 — —
M M) /.
---Cé J
k
_> +
o« |
0 0 K ~
MY L MY L _
Unresolved tree-level factor Unresolved one-loop factor

Three-parton one-loop antenna defined removing from the one-loop decay matrix
element the unresolved tree-level configuration:

21/07/2025 Matteo Marcoli 37



Antenna subtraction at NNLO

[Gehrmann-De Ridder,Gehrmann,Glover ‘05] [Currie,GloverWells “13]

. single 4-parton tree antenna
RR: unresolved double
. X0,
, 4 unresolved
+
. X0x0.
' 3<*3
n+2 n+1 =
RV: removes tree x loop loop x tree
) g-poles
0
X3 °
n+1 n+1
VV:

21/07/2025

Matteo Marcoli
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Colourful antenna subtraction

Ultimate goal: combine generalized 1 Complexity
antenna functlon.s with the colourful Traditional approach Colourful approach
antenna subtraction method

Predictable in
full generality

“closure” of the
subtraction
[Chen,Gehrmann,Glover,Huss,MM ‘22] o VWV I

W
[Gehrmann,Glover,MM ‘23] _I
e RV analytical e RV

“unintegration”
integration
* RR

* RR

Proliferation of IR limits cIosbure c?fthe
at high-multiplicities subtraction

dz; dx
doT =Ny [ TR0, (@) [2AL T OIS )] one oo

Exploit universal IR

des de singularity structure in
do¥ ,/\/VV/ ! 2d<I> nd (Pn) virtual corrections to
5 systematically construct
0 [
2{< +2|.,7(1)|An+2> < +2\J(1)|An+2> < +2|~7(1)|An+2> real-radiation counterterms

A1 © 04D+ (4 0 ol T P42 ) }
two loops

21/07/2025 Matteo Marcoli 39



Mapping (in)dependence occioverm2s

Let's consider:
* n, momenta {p} involved in an unresolved configuration
* ngsSpectator momenta {q}

mapping to absorb the recoil
of unresolved radiation:

{p} — {p}

generic 45 / APy, 4n, ({0}, {0}) X({p}) M({B}, {a}) IS5 (B) Aa)) —

subtraction term

full phase-space unresolved factor
(antenna function)

The mapping is chosen to induce a factorization of the phase space

measurement selects njesjets
function applies fiducial cuts

resolved phase-space:

APSy, 40, ({0}, {a}) = APSx ({8} /{B)) APSy,4n,({B), {g}) ~ the messurement

unresolved phase-space

function acts on it

Ao o [ aPS, 1, (7). {a) [ [ XHaPSx({HAF| M5} {a) J55 (5). {a)

— [ APS, e, (B} () RN M (5). {532

integrated unresolved factor

21/07/2025 Matteo Marcoli

({p}:{q})

two mappings are
equivalent if the yield
the same X({p})

40



Mapping (in)dependence occioverm2s

two hard radiators: ny = 2, {p1, ... ,pnp} — {pa,pB}

81.m, = (D1 + -+ +pnp)2 = (pa+DPB)” = sas

~ o~ o any momentum-conserving
X ({pa,ps}) = C(€)(saB)” mapping gives same result

three hard radiators: nz =3, {p1,....0n,} = {Pa, 0B, D}

S1omy =1+ +0n,)° = Pa+DB+Dc)’ = sapc

X ({Pa,pB,Pc}) = ZO (saB)* (sac)” (sBc) + ...

many “unfixed” scales, different result for different mappings

21/07/2025 Matteo Marcoli



N3LO antenna functions

Antenna

RRV: é Xﬂé Xi—%; m%é
2
RVV: % Xg-é Xé-ié X§=J\A§?§ X3%23—X§%%
- —— - 2 2 2

21/07/2025 Matteo Marcoli

Integrated
antenna

XD o /d<I>5 X?

X} o /d<I>4 X,

X7 = / dd; X2

42



Analytic integration of final-state N3LO antenna functions

Integration of renormalized matrix elements for colour-singlet decay over the fully inclusive phase

space:
/ ddbs MY, / AP, Mj, / dPs M3, / APy My ]

Two-parton three-loop, for validation:

/d<I>5M§ +/<11<I>4M;l +/d<I>3M32 +/d<1)2M3 — finite N°LO
inclusive XS

[Jakubcik,MM,Stagnitto ‘22]
[Chen,Jakubcik,MM,Stagnitto 23]

Master integrals from

[Gituliar,Magerya,Pikelner ‘18]
[Magerya,Pikelner “19]

. . . _I_ 2 1 1
Reverse unitarity: 20T (p%) = 5 — 5 [Cutkosky 60]
p- — ’LO P -+ ZO [Anastasiou, Melnikov ‘02,'03]

* Phase space and (genuine) loop integrals addressed simultaneously;
* Systematic treatment of all four layers within a common framework;

Matteo Marcoli
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