US

UNIVERSITY
OF SUSSEX

Subtraction of NNLO singulr f
with a universal analytic algorithm
in massless QCD

_ _

Gloria Bertolotti

University of Sussex

Loop-the-Loop Workshop, 14/11/24

In collaboration with L. Magnea, G. Pelliccioli, A. Ratti,
C. Signorile-Signorile, P. Torrielli, S. Uccirati

[JHEP12(2022)042, JHEP07(2023)140]




Introduction

> Vast increase in collider data accuracy as well as in the complexity of observables being probed,
as the LHC moves into the high-luminosity phase

1 1
doap = Z/o dxa/O dzy faja(Ta) foB(T) dGab(Ta, Tp) <1+0( Z)CD/QH))a n>1
ab

PDFs Non-perturbative
effects

Hard scattering
in perturbation theory
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dogy = do' + (%) ') (%> ds'? + ..

LO NLO NNLO
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Introduction

> Vast increase in collider data accuracy as well as in the complexity of observables being probed,
as the LHC moves into the high-luminosity phase

1 1
doap = Z/o dxa/O dzy faja(Ta) foB(T) dGab(Ta, Tp) <1+0( Z)OD/Qn))a n>1
ab

PDFs Non-perturbative
effects

Hard scattering
in perturbation theory

: : : Q Qg 2
4 Enormous progress is rapidly setting NNLO dé ., = d[;c(b?)) + (2—S> d&é? + (2—8) d&g)) + ...

in the strong coupling as the standard; @ T
state-of-the-art predictions for 2 — 3 collider processes LO NLO NNLO

pp — Wbb (massless) [H. B. Hartanto, et al. 2022]

_ Multi-loop

pp — ttH [S. Catani et ol 2022] S scattering amplitudes

pp — Wbb (massive) [L Buonocore, et al. 2022]

pp = Vjj  [S.Badger, et al. 2023] Cancellation

_ of infrared singularities
pp — ttW  [L Buonocore, et al. 2023]

pp = bbZ [ Mazzitell et al. 2021]
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From the literature

» Automated subtractions at NLO  Solved problem > Proposed methods at NNLO
* Frixione-Kunszt-Signer (FKS) subtraction [95/2328] % Antenna subtraction [Gerhmann, Glover, et al ]
* Catani-Seymour (CS) dipole subtraction [9602277] % ColorfulNNLO subtraction [Del Duca, Trocsanyi, et al.]

. % Sector-improved residue subtraction [Czakon, Mitoy, et al.]
* Nagy-Soper subtraction [0308127]

* Nested soft-collinear subtraction [Caola, Melnikov, et al]

%* Projection to Born [Cacciari, Salam, et al ] K

See talk by

% qT subtraction [Catani, Grazzini, et al.] F. Devoto

% N-jettiness [Boughezal, Petriello, et al.]

% Local Unitarity [Hirschi et al] * ...
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From the literature

» Automated subtractions at NLO Solved problem

* Frixione-Kunszt-Signer (FKS) subtraction [95/2328]
* Catani-Seymour (CS) dipole subtraction [9602277]

* Nagy-Soper subtraction [0308127]

Why a new scheme at NNLO?

» Room for improvement in universality and efficiency,

to overcome high computational complexity

Our proposal:
Local Analytic Sector Subtraction

[JHEP12(2022)042 , JHEP07(2023) 140]

Gloria Bertolotti

> Proposed methods at NNLO

% Antenna subtraction [Gerhmann, Glover, et al]

% ColorfulNNLO subtraction [Del Duca, Trocsanyi, et al.]

% Sector-improved residue subtraction [Czakon, Mitoy, et al.]
* Nested soft-collinear subtraction [Caola, Melnikov, et al]

* Projection to Born [Cacciari, Salam, et al] K

See talk by

% qT subtraction [Catani, Grazzini, et al.] F. Devoto

% N-jettiness [Boughezal, Petriello, et al.]

% Local Unitarity [Hirschi et al] * ...

. Ambitious goal:

automation of QCD predictions
in fixed NNLO event generator
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Exploring the framework...

Local Analytic Sector Subtraction

dO' . dULO do—NLO dO-NNLO 0= partonic Cross section

dX  dX dX dXxX T X = generic IRC-safe observable

0 Introduction to subtraction strategy at NLO FSR

{ Subtraction formula at NNLO FSR

Q Status & Perspective

Gloria Bertolotti 3/27



Generalities at NL.O

> X. = IRC-safe observable computed with i-body kinematics, dx, = (X — X))

dONLO / I(K
—— " = d(I)n V& Explicit € poles :
dX Xn pRAteR
+ /dq)n+1 R 5Xn—|—1 Singular in PS IE
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Generalities at NL.O

> X. = IRC-safe observable computed with i-body kinematics, dx, = (X — X))

o= | p O«
7Y = dd, ) Explicit € poles :
dX Vox, pRAteR
+ /d(I)n+1 Ran+1 Singular in PS XE

2 Subtraction algorithm: introduce local counterterm K and phase-space factorisation
/dq)n+1 K5Xn = /d(I)n I5Xn d(I)n—|—1 — d(I)'n ch)rad

2 Result: subtracted NLO cross section numerically integrable in d = 4 dimensions

donro o
d—X = /dq)n (V—I—I)(gxn Finite in €

+ ‘/d(I)n_i_1 <R 5Xn—|—l _s K5Xn> Integrable in PS

Gloria Bertolotti 4/27



Strategy of the algorithm

» Unitary partition of radiative phase-space with sector functions W j [Frixione, Kunszt, Signer 9512328]

R — Z RWz’j with Z W; j= 1 Minimal approach to disentangle

i it overlapping singularities

Gloria Bertolotti 5/27



Strategy of the algorithm

Z W; j = 1 Minimal approach to disentangle
overlapping singularities

R= > RW; with

* Single-unresolved configurations

€;
1
S, soft parton i Ei = LRG| O<

S X Wy
R S Sij Qé
C;; collinear pairij —wW;; = — 0

SqiSqj

* Example of NLO sector function — (Sqi = 2 qem * ki, Sij = 2k - kj, s = qo)

1
0'7;]' = =0
gi wij

Uij
Wi =~
’ > Oab
a,b#a
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Strategy of the algorithm

* Single-unresolved configurations

S;

soft parton i

collinear pair ij

with
Sqi

E = LRG|
S
S S5
SqiSqj

* Example of NLO sector function

Gloria Bertolotti

Minimal approach to disentangle
overlapping singularities

* Sum rules: limits of sector functions
still form a unitary partition

S;» Wy=1
1£i
Cij(Wij +Wii) =1
Key for

integration

(sqi=2qcm'ki78ij :2kzkj7$:qzm>

Wq;j =

_ 9y
> Oab
a,b#a

0'7;]'

1

gi wij
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Strategy of the algorithm

> Unitary partition of radiative phase-space with sector functions VV;; [Frixione, Kunszt, Signer 9512328]

» Collect the relevant IRC limits for a given sector

Notation
RWZ'J' — [Sz + Cz‘j — SZCW} RWU — integrable LRW;; = (LR)(LW;;)
for L = S@', C@'j,

Soft + Collinear - Overlap
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Strategy of the algorithm

> Unitary partition of radiative phase-space with sector functions VV;; [Frixione, Kunszt, Signer 9512328]

» Collect the relevant IRC limits for a given sector

Notation
RWZ'J' — [Sz + Cz‘j — SZCW} RWU — integrable LRW;; = (LR)(LW;;)
for L = SZ', C@'j,

Soft + Collinear - Overlap

* Products of known splitting kernels x Born-level MEs Not yet parametrised

k,l Sik il missing proper
pv n-body on-shell kinematics!
C’L] R = Nl Szj?‘ Buy({k}jja ki + k])
1)
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Strategy of the algorithm

> Unitary partition of radiative phase-space with sector functions VV;; [Frixione, Kunszt, Signer 9512328]
e Collect the relevant IRC limits for a given sector

2 Catani-Seymour final-state dipole mapping [Catani Seymour 9605323]

kp kb
Ka
{kly---akn—I—l} — {klv'”’kn}(abC) _>
kc ]_{p
R A 1—k
pas — 1y Yo S S
1—y Sab + Sac + Spe | Sab 1 Sbe

* Phase-space factorisation and parametrisation

AP, = dOP) 4o = 4d,, ({k} () dD,0q(5": y, 2, ¢)
[ s sy [ oo / dy / dz[y(1 —y?)=(1-2)| (1 -y)
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Strategy of the algorithm

> Unitary partition of radiative phase-space with sector functions VV;; [Frixione, Kunszt, Signer 9512328]
e Collect the relevant IRC limits for a given sector

2 Catani-Seymour final-state dipole mapping [Catani Seymour 9605323]

Adapt momenta mapping to each kernel,

» Promotion to counterterms: Improved limits , , , _
while tuning action on sector functions when necessary

K = Z {Sz + Cz’j - SzCrL]i| RWU
1,J 710
Notation
_ _ LW”
s \\* 1
S R = Nl 5fzg Z ki (Zk‘l) gl Wij =S, Wij _ Wi
SikSil Zl;&z wlil
P ral €;Wir
7 iir C . W = J
Cin =M SZj B/S,f ) 1y YV €iWir + €Wy
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Strategy of the algorithm

> Unitary partition of radiative phase-space with sector functions VV;; [Frixione, kunszt, Signer 9512328]
e Collect the relevant IRC limits for a given sector

2 Catani-Seymour final-state dipole mapping [Catani Seymour 9605323]
» Promotion to counterterms: Improved limits

» Locality of the cancellation ensured by consistency relations

as well as

SiWij = SiSiWij
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Strategy of the algorithm

> Unitary partition of radiative phase-space with sector functions VV;; [Frixione, kunszt, Signer 9512328]

» Collect the relevant IRC limits for a given sector dUd J;(LO — / d®, (V +1 ) 0x,

» Catani-Seymour final-state dipole mapping [Catani Seymour 9605323] + / AP i1 (R 0xp1 — K 5Xn)

M Finite in phase space

» Promotion to counterterms: Improved limits T

» Locality of the cancellation ensured by consistency relations

as well as

SiWij = SiSiWij
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Strategy of the algorithm

> Unitary partition of radiative phase-space with sector functions VV;; [Frixione, kunszt, Signer 9512328]

» Collect the relevant IRC limits for a given sector dad ];(LO _ / 00, (V N I) 5.

» Catani-Seymour final-state dipole mapping [Catani, Seymour 9605323] + / AP 41 (R 0x, 4 — K 5Xn)

M Finite in phase space

» Promotion to counterterms: Improved limits Gttt find = 4)

» Locality of the cancellation ensured by consistency relations

» VV;; sum rules + mapping adaptation = simple analytic counterterm integration

K= [Si+Cy—SCy| W, = > SiR+Y Cy(1-8;-S)R

b,J 71 J>i

Gloria Bertolotti 10/27



Strategy of the algorithm

> Unitary partition of radiative phase-space with sector functions VV;; [Frixione, kunszt, Signer 9512328]

» Collect the relevant IRC limits for a given sector di&w _ / . (V N I) 5y

» Catani-Seymour final-state dipole mapping [Catani, Seymour 9605323] + / AP 41 (R 0x, 4 — K 5Xn)

: .y Finite in phase space
» Promotion to counterterms: Improved limits = . 5 s
(integrable in d = 4)

Free from € poles
» Locality of the cancellation ensured by consistency relations = P

» VV;; sum rules + mapping adaptation = simple analytic counterterm integration

Kzz[gﬁaj_g@j}zmw ZSR+Z% i—§)R]

i,j#i j>i
B 4 ~ ZB(zkl) 1 SEE: SR ¢)1 —z
_( rad Y, 2,

S
2 Kl "

ZB(,M) (4m)2T(1 — e)I'(2 — ¢)
(“‘“l) e?T'(2 — 3e)
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Strategy of the algorithm

> Unitary partition of radiative phase-space with sector functions VVj; ;1 [Frixione, kunszt, Signer 9512328]

e Collect the relevant IRC limits for a given sector dUd J;(LO — / d®,, (V +1 ) 0x,

& Catani-Seymour final-state dipole mapping |[Catani, Seymour 9605323] + / d®p i1 (R 0x, 4 — K 5Xn)

. y Finite in phase space
» Promotion to counterterms: Improved limits = . 5 s
(integrable in d = 4)

Free from € poles
» Locality of the cancellation ensured by consistency relations = P

» VV;; sum rules + mapping adaptation = vsimple analytic counterterm integration

Kzz[gﬁaj_g@j}zaww ZSR+Z% i—§)R]

1,571 J>i
B 4 ~ ZB(zkl) 1 SEE: SR ¢)1 —z
_( rad Y, 2,

S
2 Kl "

Z B(Zkl) (4m)2T(1 — e)I'(2 — ¢)
(“‘“l) e?T'(2 — 3e)
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Exploring the framework...

Local Analytic Sector Subtraction

dO' . dULO do—NLO dO-NNLO 0= partonic Cross section

dX  dX dX dxX T X = generic IRC-safe observable

0 Introduction to subtraction strategy at NLO FSR

{ Subtraction formula at NNLO FSR

Q Status & Perspective
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Generalities at NNLO

> X.=IRC-safe observable computed with i-body kinematics, dx, = §(X — X)

d
donnro _ / 4D, VVoyx Up to 1/e* poles

dX J
. Up to 1/€? poles
T / d®niy RV 5X”+1 Singular in PS

+ / d(I)n_|_2 RR 5Xn—|—2 Singular in PS
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Generalities at NNLO

> X.=IRC-safe observable computed with i-body kinematics, dx, = §(X — X)

—dag;w - / 4, (VV )5Xn

N [ T

+/d<I>n+2 [RRcSXnH _KWsy  — <K(2) _ K(m))gxn]

2 Introduce local counterterms and proper phase-space factorisations

strongly-ordered
double-unresolved

{3 double-unresolved ) single-unresolved

Gloria Bertolotti 13/27
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Generalities at NNLO

> X.=IRC-safe observable computed with i-body kinematics, dx, = §(X — X)

d
% = /d(I)n (VV+I<2) +I(Rv))5Xn

+ / d®, [ (RV + 1<1>>5Xn+1 _ (K<RV> + 1(12))5)@}

+/d<I>n+2 [RRCSX,,,H _KWsy  — <K(2) _ K(m))gxn]

2 Introduce local counterterms and proper phase-space factorisations

0 strongly-ordered \

double-unresolved

KW :(E K(12) Iﬁ dPpi2 = dPpy1 dPrad

{3 double-unresolved ) single-unresolved
d(I)n+2 = d®, dq)rad,2
2 RV :
K®) ! g K®Y) j(% dP®p41 = d®,, dPraq 1

Gloria Bertolotti 13/27
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Subtracting RR singularities

» Smooth unitary partition of double-unresolved phase space ®,, 2 into sectors W),

RR= Y)Y RRWu with D) Wik =1

L,JjF kFi 1,j7# kFi
1£i,k 1£i,k

* 3 topologies collecting all types of singularities

K |
| | Wijik = Si Gy Sy Cijr SCyji
Wijkl S, Cij Sik Cijk;l SCii SCkz]
Wijiks Wijk; Wijki ¢

Gloria Bertolotti 14/27



Subtracting RR singularities

» Smooth unitary partition of double-unresolved phase space ®,, 2 into sectors W),

D) Wik =1

RR= Y)Y RRWu with

1,771 k#t
1#4,k

* 3 topologies collecting all types of singularities

K |
) g Wk
| . Wijk;
Wiiki
Wijiks Wijk; Wijki ¢

Gloria Bertolotti

1,J71 k#i
14,k

Si Ci;j 1Sij Cijr SCijy

Ci; 1Si Cijr SCyi SCyyj
Cij 1Sk Cijrr SCikr SCyij

single-unresolved limits

double-unresolved limits

double-soft partonsiand j
triple-collinear partons (i,j,k)
double-collinear partons (i,j) and (k)

soft parton 7 and collinear partons (j,k)

14/27



Subtracting RR singularities

» Smooth unitary partition of double-unresolved phase space ®,, 2 into sectors W),

RR = E E RR Wik with g E Wik =1
i,j#i ki Qi ki
124,k 1,k

* 3 topologies collecting all types of singularities

| / Wijie = Si Cij 1855 Cij SCijy
! , Wijk; + Si Cij 1Sik Cijr SCijr SChij
Wijkl DS, Cij Sik Cz’jkl SCiri Sck:ij
Wijiks Wijk; Wijki ¢
single-unresolved limits
% Sum rules: limits of sector functions Key for
still form a unitary partition integration double-unresolved limits

S; j  double-soft partonsiandj

Szk(z > Wika+ > Y. Wk;bid) =1 C
ik

b#i d7i,k bk d#k,i triple-collinear partons (i,j,k)
Ciji Z Wabbe + Wabcb) =1 Cijkl  double-collinear partons (i,j) and (k1)
b gk
abe € n(ik) SC; jk  soft parton i and collinear partons (j,k)
14/27
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Subtracting RR singularities

» Smooth unitary partition of double-unresolved phase space ®,, 2 into sectors W),

e Collect the limited relevant IRC limits reproducing all singularities
1 .
RRW, — L) + L2 — LPLO|RRW: — integrable

single-unresolved double-unresolved (r = ijjk, ijkj, ijkl)

LS) = SZ+C’L](]‘ _SZ) L(Q) - Sw+ka(1—S”)JrSka(l—Sw)(l—ka)
L), = Sik+Cijr(1-Six) +(SCijk+SCris) (1-Sir)(1- Cyj)
LE?,ZZ = Sik+Cijri(1—=Sir) +(SCir+SChij ) (1—=Sir) (1 - Cyjnr)

Notation
LRRWiju = (L RR) (L Wijn)
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Subtracting RR singularities

» Smooth unitary partition of double-unresolved phase space ®,, 2 into sectors W),

e Collect the limited relevant IRC limits reproducing all singularities
RRW, — L) + L2 — LPLO|RRW: — integrable

single-unresolved double-unresolved (r = ijjk, ijkj, ijkl)

ijik = Sij+Cijk(1—S@‘j)+SCijk(1—Sij)(1—Cijk)
LS])W = Szk:+C1jk(1_Szk:)‘|‘(Sczj]g+SC]€U)(1—SZ]€)(1—CZJ]€)
L'Ejgl)cl = Sik+Cijr(1—Sik)+(SCir+SCri; ) (1—Sik) (1—Cijki)

L) = S;+Cy;(1-8)) L)

Notation

% Products of known splitting kernels x lower-multiplicities MEs
L RRWiji = (L RR) (L Wiji) pUtHis P

[Catani, Grazzini 9810389, 9908523]

N2 c e c
SuRR o> S5 Y { L ST B Bk + 2 (k)
cFik

SicSi SkeS SkeS
icoid eti k,c.d keokf kcokd
d#i,k,c f#i,k,c,d,e

Missing momentum conservation
out of the double singular region!
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Subtracting RR singularities

» Smooth unitary partition of double-unresolved phase space ®,, 2 into sectors W),
2 Collect the limited relevant IRC limits reproducing all singularities
» Nested Catani-Seymour mappings from (n + 2) — n kinematics

{k} — {E}(abc,def)
%k Minimal set of involved momenta A, 4o = dP{ereD do!*t) qp!del)
% Still clear factorisation of radiative d.o.f.

* Smart and adaptive parametrisation
simplifies kernel expressions

{k} > {pleted

_ NP2 Sed Sef  m(icd,kef) bed
sunn 5 My [ [y g
c#ik teoid e#i,k,c,d keokf
d#i,k,c f#ik,c,d,e

Sed  plicd,kcd)
+2 : Bcdcd ] }

SkeSkd M

Gloria Bertolotti
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Subtracting RR singularities

» Smooth unitary partition of double-unresolved phase space ®,, 2 into sectors W),
e Collect the limited relevant IRC limits reproducing all singularities

» Nested Catani-Seymour mappings from (n + 2) — n kinematics

> Promotion to counterterms: Improved limits adapting momenta mapping to each kernel,
while tuning action on sector functions when necessary

C)(Q\ KW = Z Z L(l) RR Wi single-unresolved limits
i.j#i ki
(((\ l#i,k .
0 —(2) uniform
O\/§‘ 8 K®= Z Z Lijr R Wijk double-unresolved limits
i,jF#1 ki
1#£4,k
ly-ordered
(12) _ L(l) T?® pp y strongly
S Z Z wkl Wigh double-unresolved limits
1, #1 z’ifi
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Subtracting RR singularities

» Smooth unitary partition of double-unresolved phase space ®,,. » into sectors W;.;
YP p p + J

e Collect the limited relevant IRC limits reproducing all singularities

» Nested Catani-Seymour mappings from (n + 2) — n kinematics

> Promotion to counterterms: Improved limits adapting momenta mapping to each kernel,

&

@

Gloria Bertolotti

while tuning action on sector functions when necessary

, _(2) uniform
0 K@= Z Z ijkt BB Wijki double-unresolved limits
i,j#i ki
I#i,k
= { Z Sk + Z Zéijk<1 —gij — Sik _gﬂ'k)
i,k>1 1,j>1k>g

I
<
o

+ Z Zzaz‘jkl [1 =y =Ty =5y =By

1,j>1k#j 1F#]

kS0 15k == S S e o
Collection of o —SCiri(L = Six —Sit) = SCjpi(L = Sjr — Sji)
universal kernels! —SCrij(1 —Sik — Sjx) — SCuii(1 — Sy — Sjl)}
+ Z Z@ijk(l = §ij - §zkj)(1 — E’ij>}RR
§,§>i ki
k>j

17/27



Subtracting RR singularities

» Smooth unitary partition of double-unresolved phase space ®,, 5 into sectors W,
2 Collect the limited relevant IRC limits reproducing all singularities

» Nested Catani-Seymour mappings from (n + 2) — n kinematics

» Promotion to counterterms: Improved limits adapting momenta mapping to each kernel,
while tuning action on sector functions when necessary

» Locality of the cancellation ensured by R
consistency relations

verified
sector by sector

Selection of displayed limits

Si) C’L]) S?,j) CI]A

Gloria Bertolotti 18/27



Subtracting RR singularities

donNLO /
= [ do, )
e VVox,

+/dq)n+1 RV(5Xn+1

+ / dd,, 40 [RR 5x, e — KWGx | — (K<2> _ K<12>)5Xn}

[ Finiteness of double-real correction (integrable in d = 4)

Gloria Bertolotti 19/27



Subtracting RR singularities

i / d®, (VV + 1) )ox.

+ / i, ., (RV + I<1>)5Xn+1 — n 1<12>)5Xn }

+ / d®, »|RROx,, , — KWsx  — (K<2> _ K<12>)5Xn}

[ Finiteness of double-real correction (integrable in d = 4)

2 Wijk sum rules + mapping adaptation — analytic integrations by means of standard techniques
[Magnea, et al 2010.14493]

o IM= / AP,0q KM @ 102 = / AP, K12 o I®= / APyaa,2 K2
NNLO
* Logarithmic (trivial) dependence on Mandelstam invariants complexity

* Note: no approximations in local terms!

Gloria Bertolotti 19/27



Subtracting RV singularities

doNNLO (2)
n / d®, | (RV + I<1>)5Xn+1 — + 1(12))5Xn }
+ / d®, »|RROx,, , — KWsx  — (K@) _ K<12>)5Xn}

» More intricate cancellation pattern involving both poles and phase-space singularities

RV + I s finite in €

7 a2 _, integrable

Gloria Bertolotti

Still singular in PS x

Contains poles in € x
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Subtracting RV singularities

doNNLO (2)

+ / APy | (BV +10)dx,,, — (K 4 102)5x ]

+ / d®, »|RROx,, , — KWsx  — (K<2> _ K<12>)5Xn}

» More intricate cancellation pattern involving both poles and phase-space singularities

RV + IM) — finite in ¢ [ Analytically checked RV — K®) _ integrable

finiteness
7 a2 _, integrable of RV contribution! K®) 4 102) s finite in €

» Apply NLO strategy to define the real-virtual local term [Bem,at al 9903516]

8 K™ = 3 [(Si+Ciy(1 - 8:) )RV Wy + Ay |
i i

Gloria Bertolotti 20/27



Subtracting RV singularities

donNNLO _ ) 4 &)

+ / APy | (BV +10)ox,,, — (K 4 102) 5 |

+ / d®, »|RROx,, , — KWsx  — (K<2> _ K<12>)5Xn}

» More intricate cancellation pattern involving both poles and phase-space singularities

RV + IM) — finite in ¢ [ Analytically checked RV — K®) _ integrable

finiteness
7 a2 _, integrable of RV contribution! K®) 4 102) s finite in €

» Apply NLO strategy to define the real-virtual local term [Bem,at al 9903516]

8 K™ = 3 [(Si+Ciy(1 - 8:) )RV W + Ay | o I8 = / 4P, g KEY)
i,j4i
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Subtracting RV singularities

4o, <VV +I® 4 I<RV>)5Xn

— KWy

+ / APy | (BV +10)ox,,, — (K 4 102) 5 |

d®, .o :RR 5x _ (K(2) _ K<12>) 5Xn}

n—+42 n+1

Removing VV poles

> Extract the € poles of the double-virtual correction and sum counterterm integrations

M Analytically verified for an arbitrary number of final-state partons

VV +1® + T’Y) 5 free from e poles

Gloria Bertolotti 22/27



NNLO subtraction formula
............................................ Massless QCD final-state radiation s

doONNLO _ /dq)n VV + 7@ _|_[(RV))5

_I_

\

A, 1 (RV + I<1>)5X » (K<RV> + I<12>)5Xn}

+ / 2 RR Sx, g — KWoy | — (K<2> _ K(12))5Xn]

2 Verified for an arbitrary number of final-state coloured particles
(as well as of arbitrary massive/massless colourless ones)

2 No approximations introduced in local and integrated terms

» Analytic finite remainder retaining mostly simple logarithmic dependence
on kinematic invariants
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NNLO subtraction formula

............................................ Massless QCD ﬁnal-state radiation sErsssssssEEEEEEEEREEE

|(VV +1@ 4 1)

Lab = log Ll;
y2i

2
(2) (RV) _ M1, @)1,
VV+I® 47 _(%)H +ZI JT+ZI

Z% e Ljr/Llr'] B

J I#j
Z [I(O + 1L ] (1-G) 3 4P .) B.,
{ Analytic } eI
| 0) 1 Bo c
and compact! + ZLcd l[cd +[c(d) L.g+ ELchr (4 — Leq) Z hey, ]
c,d#c
5)
+ Z l— 2+ CQ + 2C3 — Z C4 i 2(1_C3) Lcd] Bedcd
c,d#c

c,d#c c,d#c

e#d e, f#e
1 ce ce
Y [m L2, + - In 38—+2L13(—3—)]Bcd6}
ke 3 Sde Sde
e#c,d
1
+ ( 27T> { [zd, — thc L]r] VI 4+ 3 " Lea (2—§Lcd> vin } +vvin
c,d#c

1 1
alx (1_C2) Z Lcd Led Bcded + Z Lcd Lef |} - 5 Lcd (l_gLe )] Bcdef
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NNLO subtraction formula

........................ Massless QCD ﬁnal-state radiation sEsEEEsEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE®

doONNLO _ /dCI)n VV + 7@ +[(RV))5

_I_

\

Ay | (RV +1M)ox,,, — (K™ + 1094y, |

+ / 2 RR Sx, g — KWoy | — (K<2> _ K<12>)5Xn]

2 Verified for an arbitrary number of final-state coloured particles
(as well as of arbitrary massive/massless colourless ones)

2 No approximations introduced in local and integrated terms

» Analytic finite remainder retaining mostly simple logarithmic dependence
on kinematic invariants

> Ready to be implemented in a numerical framework equipped with
the relevant matrix elements
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Symmetrised sector functions

Zij = Wij + Wji
ete”— jj at NLO Real configuration # limits per sector | # sectors | # limits

a(1) Wiz, Whas 1
W1, Wsa 3

Z13, Za3 2 2 4

e"e” — jjj at NNLO
# limits per sector | # sectors | # limits

Double-real configuration Ws4a5, Wassa, Waasa, Wasas, Wasss, Wsasa 11
for selected channel

n Wazss, Wasss, Ws334, Wsaa3 3 12 88

e~ —qqq'qyg

€

Wisss, Wssas 5

Z345 15 1 15

Zijk = Wijjk + Wikks + Wiiik + Wikki + Whiij + Whji
+ Wijks + Wikjk + Wiiki + Wikik + Weigi + Whij
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Exploring the framework...

Local Analytic Sector Subtraction

dO' . dULO do—NLO dO-NNLO 0= partonic Cross section

dX  dX dX dXxX T X = generic IRC-safe observable

0 Introduction to subtraction strategy at NLO FSR

{ Subtraction formula at NNLO FSR

Q Status & Perspective
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Status & Perspective

M General analytic subtraction formula for massless FSR and ISR at NLO

M Numerical validation of the NLO subtraction formula in MadNkLO

[ GB, Torrielli, Uccirati, Zaro 2209.09123 ]

M General analytic subtraction formula for massless FSR at NNLO

Next steps...

» Numerical implementation of the NNLO FSR formula

° Improved-MadeLO [ GB, Limatola, Torrielli, Uccirati to appear soon ]|

e et+e->13 jets [ Kardos, Bevilacqua, Chargeishvili, Moch, Trocsanyi 2407.02 194, 2407.02195 ]

» Extension to initial-state coloured particles for LHC applications
(expected integrals of complexity similar to massless FSR)

> Treatment of the massive case: less singular limits, but more involved integrals
[ GB, Limatola, Torrielli, Uccirati “Massive @ NLO” to appear soon ]
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Status & Perspective

M General analytic subtraction formula for massless FSR and ISR at NLO

M Numerical validation of the NLO subtraction formula in MadNkLO

[ GB, Torrielli, Uccirati, Zaro 2209.09123 ]

M General analytic subtraction formula for massless FSR at NNLO

Next steps... Thanks for your attention!

» Numerical implementation of the NNLO FSR formula

° Improved-MadeLO [ GB, Limatola, Torrielli, Uccirati to appear soon ]

e et+e->13 jets [ Kardos, Bevilacqua, Chargeishvili, Moch, Trocsanyi 2407.02 194, 2407.02195 ]

» Extension to initial-state coloured particles for LHC applications
(expected integrals of complexity similar to massless FSR)

> Treatment of the massive case: less singular limits, but more involved integrals
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Backup slides



NNLO subtraction formula

Massless QCD final-state radiation

Lab = log il;
%

|(VV +1@ 4 1)

2 .
VV 1@ 4 [®Y) - (-) { 1
2w

Analytic
and compact!

|

(8%
S + YT+ STIPKE, A 0 = s e 2] o (- 20 (),
| ()J' - J +NQ[CQ(@*ECer%@)+50<E*1C2)+050(71*E@)}
0 1
+ Z Ij’r Ijr LJT:| BJT —2 (1_0 + N,C, {C <§2 087C2+ Cyr=— C4> <i;;+5@ C3+§C4>
J
5669 85 11
60( f—cf—g)]
O) (1) 50 5 864 24 12
+ S Lo |19 W IO + 22 12, 4
% cdf-cd W cd Jred T 7o Hed +Ng[CFC(f%ﬂlcs)wﬂo(gfzcs)+ﬁo<%f§@>
c,d#c
+q2(—22—f§+15@ 14¢3 + C4>+Cﬁo<647*%42*%<3>]

+ > l—2+C2+2<3—§C4+2(1

c,d#c

+(1-G) Y LeaLeaBosea + 3 L

c,d#c c,d#c
e#d e,f#e |
+ 1 Lins3ee 4o
Z l nsde d * 3 Sde *
c,d#c
e#c,d
hc fin
+ (2W> { lEd,—Z’y L]r] VI 4+ ) " Lea

c,d#c

J
|

Gloria Bertolotti

I(l) = 5fa{q,(7}CF |:NqCF <§ = ZCQ) + Ngq <§ _

2
ZC2> +§Ngﬁo
+CF<*%*442+243> A<§*3C2+3§s)+50(1 +C2>]
+ 4y, g{ N,C,.C, (10-7¢) — NoC, 5o<777@> + N, 02(777@) +Ngq50<7+ @)

(N +1)BO+ CC’

w G — 40 50+02<***C2+5C5) Qﬁ(}(g*iﬁzﬂ

@ = é(15 Ca—T7fo—15)Cy, — 7(5 Ca—2680)7 +2G CL, n
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Consistency relations

Primary Limits selected by the full sector functions O ubed
Wabcd
Z Z Oabed
a,b#a c#a
RRWijik = Siy Gy, Sij, Cir, SCijk d#ac
RRWijr; + Siy Cij, Sik, Gk, SCik, SCpj Cubod = ! 1
RR Wi+ Siy Cyij, Sik, Cijr, SCirr, SCyyj (€a Wap)™ (€c + Ope €a) Wed

[a > 0]

Limits damped by the full sector functions, but not by improved limits of sector functions

Secondary  Generated by the specific definition chosen for sector functions

Ls [RR W, — (E(jl) + I E(T”)) RRW. } ~  integrable
Non : , : :
sl Still potentially singular in PS (r = ijjk. ijkj. ijkD)
Auxiliary Generated by spurious singularities in collinear kernels Singular in PS
C.W. —_ %
i Wag € + €;
PP () > 42 Sjr C, [6--(1—§-)}RW~ —
ij(r) \%i 2 Sin R ’ * — Integrable in PS
ral € Wiy
C/Z:j Wij = /

€iWir + €Wy
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