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Introduction

Following...

Stefano Pozzorini

based on ongoing work with

Gloria Bertolotti, Nicolo Giraudo, Florian Herren and Jonas Lindert

Long term goal: NNLO automation (not discussed in this talk)

Based on “combination” of LTD with

o NLO automation in OpenLoops2 [Buccioni, Maierhofer, Lang, Lindert, SP, Zhang,
Zoller 18]

o OpenlLoops automation of 2-loop integrands [SP, Schir, Zoller '22]

First objective: NLO automation (first preliminary results today)

Main features of envisaged tool /

o MC generator of real and “virtual” events with local IR cancellations

o flexible predictions for arbitrary observables (e.g. via Rivet)

Key motivation: assess potential of LTD vs established NLO generators
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Virtual correction in LTD representation

[Catani, Rodrigo, et al]

e Perform the energy-integration with Cauchy theorem

. DD—lq oo 0 1
We =i [ 20 [ al v

Dr.i(q) = (q—l—pj)2—m?—|—7l0
2 R R )
= (¢"+p3)" —|7+p;I>—m> +i0
= (¢" - Ef (D) (" - E; (D)

BE@ = —p) £ \/la+5P +m2 —i0 >< <
—p; £ €(d) '

Gloria Bertolotti 2/17



Virtual correction in LTD representation

[Catani, Rodrigo, et al]

e Perform the energy-integration with Cauchy theorem

. DD—lq oo 0 1
We =i [ 20 [ al v

Dr.i(q) = (q—l—pj)2—m?—|—7l0
2 R R )
= (¢"+p3)" —|7+p;I>—m> +i0
= (¢" - Ef (D) (" - E; (D)

0
_ g €C
Ez'
X X X
BE@ = —p)£/l7+ B[ +m? —i0 \ x T
0 ‘ E;L /
—p; L€ (9) N )/
Closing the contour in the lower half plane Y T -7
yields the LTD formula
Nr(E] ) 1
WF _ _/DD—lq J — — /DD—lq IF(CI)
ng: 2¢;(Q) kle_slr (B} (@) — B (@)(E] (@) — E}, (7))
k#j
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Virtual correction in LTD representation

[Catani, Rodrigo, et al]

e Perform the energy-integration with Cauchy theorem

e Regularise integrand in g-space with auxiliary subtraction terms

Wy (Dp) = / DP~1q Iy(®p,q) = / DP~1q 1P (®g, q) + WS (@5)
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Virtual correction in LTD representation

[Catani, Rodrigo, et al]

e Perform the energy-integration with Cauchy theorem Tangent q-parametrisation

s
. : : s : = ptan (— x >
e Regularise integrand in q-space with auxiliary subtraction terms al = P
[Becker, et al 1010.4187]

WV(q)B) — /DD—lq IV((I)B,Q) — /DD_qu\(/bare)((I) ) T W(ren)( )
= / DP~lq |1 (@, q) — 17" (@p,q) + 1§ (@p,q) — 1{" (@5, q)]

_|_ W(ren)( ) _|_ W(tad)( ) W(fl’c)( ) _|_ W(thr)( )

Soft Scan ete” = tts
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Virtual correction in LTD representation

[Catani, Rodrigo, et al]

e Perform the energy-integration with Cauchy theorem Tangent q-parametrisation

s
. : : s : = ptan (— x >
e Regularise integrand in q-space with auxiliary subtraction terms al = P
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subtraction vs LTD approach

Subtraction algorithm

5O'NLQ = /dq)B W\/((I)B) —I—/dCI)R WR<(I)R)

LTD approach

(SO'NLO = /d(I)B W\/((I)B) —I—/d(I)R WR((I)R)
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LTD approach

(SO'NLO = /d(I)B W\/((I)B) —I—/d(I)R WR((I)R)

N /dq)B/DD_quV(q)BaQ) + /dq’B/DD_quR(q’BaQ) Wr (®r(®B,q))
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subtraction vs LTD approach

Subtraction algorithm

5O'NLQ = /dq)B W\/((I)B) —I—/dCI)R WR<(I)R)
/dq)R /CIR = /dq)B IIR
_ /dq)B [WV@)B) ‘|‘IIR} 4+ /d@R {WR((I)R) _ KIR} Analytic CT integration
Analytic pole cancellation Numerically in D=4
LTD approach

(SO'NLO = /d(I)B W\/((I)B) —I—/d(I)R WR((I)R)
= /dq)B/DD_quV((I)B7Q) + /d@B/DD_quR(q’B,Q) Wr (Pr(®B,q))

= /dch /DD—lq [lv(ch,q) + IR(<I>B,q)}

Direct cancellation of
Numerically integrable in D=4 IR singularities!
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Soft singularities

e Analyse the scaling behaviour in the soft limit

0ONLO = /d(I)B /DD_quV((I)Ba(I) +/d¢RWR((I)R)

1 1
~d R ~ dP) PY x
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Soft singularities

e Analyse the scaling behaviour in the soft limit

0ONLO = /d(I)B /DD_quV((I)B7(1) +/d¢RWR((I)R)

1
~ dlg| [af* x — ~ dP? P x

ql’ L (R)?

However, in a given default parametrisation not all soft singularities are located at |¢'| — 0!

~F . — 0
q—-P[ =0 qpl Tq |q|

Reparametrise!
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Soft singularities

e Analyse scaling behaviour in the soft limit

e Bring IR singularities in standard form: Soft Loop Sectors

Oé@
A0~

I\/((]) = S: S: 5F,a(q) IF(q)

I' aeSr
=1
1
€F,a(Q) — ‘,OF,a(Q)’ Soft projectors: pr,a(q) X —3
> gesr |Pr.s(a)] q
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Soft singularities

e Analyse scaling behaviour in the soft limit

e Bring IR singularities in standard form: Soft Loop Sectors

, 3
Qi A~ f:,
O 10O
....... '..' \ { *eeeee’

Na) =Y Y era@ir@ = K@= Y era@®) r@™)

Soft projectors: PF,Q(Q) X —=
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Soft singularities

e Analyse scaling behaviour in the soft limit

e Bring IR singularities in standard form: Soft Loop Sectors

, 3

9 Y f:,
Of0
R \ { ....... o

~

> q, L
T A

Na) =Y Y era@ir@ = K@= Y era@®) r@™)

I' aeSr I' aEeSr

More explicitly...

ot Rt I Tt
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Soft singularities

e Analyse scaling behaviour in the soft limit
e Bring IR singularities in standard form: Soft Loop Sectors

o Introduce a proper Py — PR mapping to align the phase-space measure

OONLO = /dq)B /DD_lq Iy (P5,q) + /dq)RWR((I)R)
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Soft singularities

e Analyse scaling behaviour in the soft limit
e Bring IR singularities in standard form: Soft Loop Sectors

o Introduce a proper Py — PR mapping to align the phase-space measure

soxio = [dby [ DPlaly(@na) + [ derWa(@n)

— /dcb /DD lq Iy (5, q) + /d@B/DD‘quR@B,q) Wr (Pr(®5,q))

Oy —Pr mapping

[Catani, et al. 0201036]
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Soft singularities

e Analyse scaling behaviour in the soft limit
e Bring IR singularities in standard form: Soft Loop Sectors

o Introduce a proper Py — PR mapping to align the phase-space measure

soxio = [dby [ DPlalv(@na) + [ ddr Wa(@n)

— /dcb /DD lq Iy (5, q) + /d@B/DD‘quR@B,q) Wr (Pr(®5,q))

_ / 1y / pP-1q [ Iv (¥5,q) + In (@B,q)} Locally finite
in soft limit!

Oy —Pr mapping

[Catani, et al. 0201036]
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Collinear singularities

- J
> P,
_ )=
ka,F — q + Pa,T ¢
Pa,T
Iv(®g, q) ! Wr(®r) :
vi¥B,q) ~ = ~
’ 2kar-Dal , - MR 9P, P,
’ kcx,I‘ — | ka,l" | (3 ]
Depends on parametrisation Well-defined
of individual loop diagrams external real momenta
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Collinear singularities

Pa,T
Iv(®g, q) ! Wr(®r) :
vi®¥B,q) ~ = R(PR) ~
’ Qkar-Pal , - 2P, P,
7 ka , - | ko I | ! J
Depends on parametrisation Well-defined
of individual loop diagrams external real momenta
Loop-momentum reparametrisation is needed A momentum mapping from V to R phase-space
to recast singularity in standard form is necessary to align singularities
ka,r = Pa, = q
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Collinear singularities

e Analyse the collinear singularity associated to a given final-state splitting o« — «; + o5

e Add direction information in improved Collinear Loop Sectors

~

/ Pa( ter)
/ emitter

|

|
me

R@s,a) =3 3 capr(®s,q) Ir(®5,q) RN
I' aBeST "
— 1 1 mQ‘Bl T kaﬁ,l“
‘\ /\

mﬁ ~

I Pg

(spectator)
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Collinear singularities

e Analyse the collinear singularity associated to a given final-state splitting o« — «; + o5

e Add direction information in improved Collinear Loop Sectors

~

/ Pa( ter)
/ emitter

1
[
(I)Baq Y Y €apB,T (DBaq)IF((I)Baq) /, J\
I' aBeST /
1 : Map l T Kag,r
‘. /\
. ~
mﬁ ~
I
. Pp
(spectator)
sk Conditions:
Collinear singularity: P2 =m?2 =m? 5=0 Soft singularity: P2 — m?2 = PBQ — m% = m? 5=0
%k Structure:
1004571_‘((1)\/) Pa'pﬁ
> Papr(Pv) laf (q-Pa) (q-Pa+q-Pp)
Oé/B/ESF
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Collinear singularities

e Analyse the collinear singularity associated to a given final-state splitting o« — «; + o5

e Add direction information in improved Collinear Loop Sectors

~

/ Pa( ter)
/ emitter

!
!
(I)Baq Y Y 504[5’F (DBaq)IF(q)Baq) /, J\
I' aBeSr 'l
] mO‘B l T kaB,F _> q
\
l a4 a5r = d — Pag,r \\1/\
me ~
h I s
v(®B,q) Z Z Eap,T( @B,an)F) [p(CI)B,qSB’)F) (spectator)
r aﬁESF
% Conditions:
Collinear singularity: P2 =m?2 =m? 5=0 Soft singularity: P2 — m?2 = PBQ — m% = m? 5=0
%k Structure:
paB,F((I)V) Pa~f~)ﬁ
2. parpr(PV) al (a-Pa) (4 Pa+q-P)
Oé/B/ESF
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Collinear singularities

e Analyse the collinear singularity associated to a given final-state splitting
e Add direction information in improved Collinear Loop Sectors

e Introduce appropriate @y — PR mapping

Pa,T

Pa,T
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Collinear singularities

e Analyse the collinear singularity associated to a given final-state splitting
e Add direction information in improved Collinear Loop Sectors

e Introduce appropriate @y — PR mapping

%k Match q with collinear leg

POéj Pai =q
POéj — f(Q7~Pa7~P5)
Pﬁ :g(QaPonPﬁ)
P,
e % Factorise Dq measure
Pa,T [Catani, Seymour 9605323]
l Mapping
P,
q

Pa,T
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Collinear singularities

e Analyse the collinear singularity associated to a given final-state splitting
e Add direction information in improved Collinear Loop Sectors

e Introduce appropriate @y — PR mapping

P,
Py,
Pa,T
l Mapping
lim
ql| P
q—0
P,
q
Pa,T
Gloria Bertolotti

%k Match q with collinear leg

Pai :q
Paj — f(Q7~POé7~P5)
PBZQ(QaPonPB)

%k Factorise Dq measure
[Catani, Seymour 9605323]

Locally free from
IR singularities!
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Multiple collinear singularities

e Separate different collinear directions with Global Sectors

doNLO = /dq)B/DD_lq {ZSX(‘DB,Q) Iv(®p,q) + ) _ el (Pr(Pv)) In(Pr(Dv))
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Multiple collinear singularities

e Separate different collinear directions with Global Sectors

e Introduce q-parametrisation & mapping that adapt to each identified dipole

doNLO = /dq)B/DD_lq {ZSX(‘DB,Q) Iv(®p,q) + ) _ el (Pr(Pv)) In(Pr(Dv))

= Z/dch/DD_lq(a) {5X(<I>B,q(o‘))fv(%,q(o‘)) + el @R (@v)) Ir(2F (Dv))

%k Sector-dependent parametrisation
lim Jq(x) o |q|?
ql b q(x) o< |q]

/D?’q = /d3X Jq(x) —> B

% Sector-dependent mapping

Oy — B (Dy)
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Multiple collinear singularities

e Separate different collinear directions with Global Sectors

e Introduce q-parametrisation & mapping that adapt to each identified dipole

doNLO = /dq)B/DD_lq {ZSX(‘DB,Q) Iv(®p,q) + ) _ el (Pr(Pv)) In(Pr(Dv))

eV (Dp,q ) Iv(®p,q@) + X (@ (Dy)) In (P (By))

= Z/dCDB/DD_lq(O‘)

R Pa'PB
o X
lq| (q-P.) (q- Po+4q- Pg)

3k Structure: €

sk Requirement: identical in the IR limits to allow V & R combination

lim ¢Y(®5,q) = lim ¥(@(®y))
|la|—0 la|—0

lim e (®p,q) = lim i (P (Dv))
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OL+LTD at work

e Processes with massive external partons soft singularities

ete” —tt+nZ with n=0,1,2

Gloria Bertolotti 13/17



OL+LTD at work

e Processes with massive external partons

ete” —tt+nZ with n=0,1,2

* Setup:

* Tangent q-parametrisation
7
g = ptan (5 :vq)
[Becker, et al 1010.4187]

* Massive dipole mapping
[Catani, et al. 0201036]

Local Soft Cancellation ete” = ttZ7
= |virtual|
|real|
10—9_
sum
10—10_
10—11_
10712 - wwmmﬁ&h”“‘m% &
10713_
101
10~ 10-3 10-2 101
Gloria Bertolotti SCq

10% 5

101_

100_

1071_

1072_

1074_

10—5_

10—2_

1073_

1074_

1075_

1076_

10—7_

10—8_

10—9_

Local Soft Cancellation

soft singularities

ete” — tt

|virtuall
|real|

sum

10~

Local Soft Cancellation

10-3 102 10-1
Lgq

ete” = tt7

|virtuall
|real|

sum

T

10~

10-3 102 10~
13/17



e Processes with massive external partons

_F

€

€

T S tt+ns

with n=0,1,2

* OL+LTD: 1M events with n, = 1

* OL+Sherpa: 1M events

do/dm,; [pb/GeV]

do/door 411D

Gloria

et

e = ttZ7Z

Invariant Mass of ¢ pair

[see details in SP’s talk]

E; < 250 GeV

10-°

1077 =

1078 =

1079 =

10710

— OL+LTD

—— OL+Sherpa

1074

1.1

o

1.0

0.9

0.8 &

e

lll‘llll‘llll‘l

‘7*”T’T‘ | LU | L&I*J
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L
700 50

900

1000
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do/dmy; [pb/GeV]

do/door+1mD

do/dmy; [pb/GeV]

do/door+11D

e e

OL+LTD at work

— tf Invariant Mass of tf pair

E;

< 160 GeV

1071 &=

T IHHW

102

1073

104

T

I

{

I

I

I

I

{

I

I

I

— OL+LTD
—— OL+Sherpa

I

{

I

T

I

{

I rT—

1073 =4

1.1

1.0

0.9

0.8

ete”

— ttZ

Invariant Mass of tf pair

E;

< 250 GeV

10~4

10-5

T

T

T

{

T

T

T

T

{

T

T

T

T

{

—— OL+LTD
—— OL+Sherpa

T

T

T

T

{

T

T

T

T ‘ T Jj
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OL+LTD at work

e Processes with massive & massless external partons

soft + one collinear singularity

n - Local Soft Cancellation etv, — th
e v, — tb
10? 4 |virtual|
* Setup: . reall
sum
* Tangent q-parametrisation 10 4
T
lq| = ptan | = z, 107!
2
[Becker, et al 1010.4187] 107 5
* Massive dipole mapping 10775
[Catani, et al. 0201036] 104 ]
_ _ ~ 104 103 102 10!
Local Collinear Cancellation e v, — tb T,
10° |virtuall
10" 4 |real|
10" 4 : sum
101 ] * Angular parametrisation
1077 4
Ty ~ \/1 — cos(0,)
1077 5
107 5
1075_
1076 5 | | | |
1074 1073 1072 107!
Gloria Bertolotti Lt 15/17



OL+LTD at work

e Processes with massive & massless external partons soft + one collinear singularity

e+ue — tb

* OL+LTD: 1M events with n, = 1
* OL+Sherpa: 1M events [see details in SP’s talk]

etv, — tb  Top-quark Energy E; <160 GeV etv, — tb  Invariant Mass of tb pair E; < 160 GeV

'%‘ 10_1 [ | 1T 1 | 1T 1 | 1T 1 | 1T 1 | 1T 1 | 1T 1 % 10_1 E_ I I I I | I I I I | I I I I | I I I I | I I |—E

& ) - —— OL+LTD =

3 107 g E 3 - —— QOL+Sherpa i

A F - 5 [ P i
- 10—3 - — ()
m — — Ny

= 4 S 102 —

E — _ 3 = -

1074 = = - ]

o = 4 © B i

10~> E — - _

E E 10_3 — —]

1076 = — = 1

1 -7 _ _;I — _|

oo - + :

T I I e B B B L L R T T U e U =

A — _ A — ]

E 1.1 E_ —: E 1.1 :— ‘ ﬁ ‘ —:

§ 10: I_—|| | | I.Jl_l | || I Ir—!_ L1 ||—!—|I I+'-i—'| = - é 10: | | L1 ||— I 1 : Il-I_ll ! | I I 1 |:

s F“"TL\J ﬂl_,_lj ™ 13 ‘H | Lh‘HJ 1 TTTH |E

& 09 = & 09— —

o - I"I 4 - .

08 _ | | | | | | | | | | | | | | ] 0 8 1 | | | | | | | | | | | | | | | | | | | | | [

220 240 260 280 300 320 340 360 450 500 550 600 650
Et [GeV] myp [GeV]

Gloria Bertolotti 16/17



Conclusions & Outlook

e First steps towards a new event generator based on OpenLoops+LTD
e New automated algorithm for local cancellation of IR singularities (NLO FSR)

e Promising preliminary results at inclusive and differential level

What's next?

e Almost ready for application to processes with n massless final-state partons
e Include the treatment of initial-state collinear radiation
e Still wide room for optimisations at various stages of the procedure

e Eager to uncover the full potentiality of this approach!
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for your attention!
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