Towards Efficient N3LO Predictions for Color Singlet

Processes

Gherardo Vita

i

Nikhef Theory Seminar - Amsterdam, 11 January 2024

Based on:
“N3LO Power Corrections for 0-jettiness Subtractions With Fiducial Cuts”
GV
[2401.03017]



e Introduction

Q [GeV] [ 65710 T 55O

gg — Higgs my 3.5% 30%

8 14 bb — Higgs my 2.3% 2.1%

2 2k e o -4.8% | -0.34%

. . . g 5 —— ey 21% | -2.3%

o Why do we need higher order predictions? e—— N i B
02, s copyr)| X | 39% | -01%

150 | -2.1% | -0.6%

e Enabling N3LO predictions o T T e

dgr dgr
regio regi

Residual

o Beam Functions for non-local subtractions at N3LO | R
" i : X%b%%

e Making N3LO predictions . » » 3777 77~
efﬁCient o ivom

n ' n

o NSLO Power corrections for O-jettiness subtraction ™ e

Y
(

Size of p.c. / error (a




processes key to some of the most pressing questions of

Testing the Standard Model at Colliders

Percent level accurate measurements of several

contemporary particle physics
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Testing the Higgs at Colliders
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Standard Model Phenomenology at percent level

To answer these fundamental questions we need comparable
precision from the theory side!
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QCD Perturbation Theory



Improving Theoretical Predictions
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Perturbative QCD at work!

Without higher order predictions for the fundamental mechanism for Higgs boson production at the
LHC (gluon fusion) we wouldn’t be able to correctly describe collider experiments



Ogb—sX = 00

Theory errors are
projected to be a major
limiting factor for Higgs

precision program...

Improving Theoretical Predictions
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...and the projected
theory error reduction
used in the HL-LHC
analysis (a factor of 2
reduction compared to
current results) will
require tremendous effort
from the theory

community



Improving Theoretical Predictions
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Predictions for Differential Cross Sections

o= fiof /d(I)U\ﬂ2

e C(ross sections for LHC processes are obtained via phase space integrals over

(squared) convoluted with
e Bottlenecks for precision are present for each ingredient. In particular:
o [Efficiently calculate and evaluate multi-loop scattering amplitudes

o Handling of kinematics limits and phase space singularities

o Hxtracting N3LO PDFs



Predictions for Differential Cross Sections
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Non-local subtractions

e One way to deal with IR singularities for
cross sections are EFT-based subtractions:

T cut dosi"e(X do(X
o) = [ dgr i K) g o)
0 dgr P dgr

AJ<X7 chut)

Below the cut region: Above the cut region: Residual:
e Singular distribution e Resolved extra radiation Non singular terms from below the
e Contains most complicated cancellation of IR e No events in Born configuration cut (power correction).
divergences e Lower number of loops Minimized by going to very small

e Control it analytically via factorization theorems e Calculate numerically and/or with values of cut parameter
lower order subtraction schemes

e [Extremely successful program for many color singlet (and top) processes at NNLO
[Matrix collaboration

e With N-Jettiness ability to tackle also processes with jets in the final state



Singular Region of LHC Observables

e Singular region (i.e. below the cut) can be understood at all orders via Leading power
factorization theorems in Soft and Collinear Effective Theory (SCET)

K.g. Transverse-Momentum Distributions in pp

~

S(anUJv V)

Soft Funetion

do o a7 S
— H’L 2 de igp-bp BZ
dQQdezq—»T 0—0 ,sz:[ j(Q MM)]/ T€

Hard Function

q, Beam Functions
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Singular Region of LHC Observables

e Singular region (i.e. below the cut) can be understood at all orders via Leading power
factorization theorems in Soft and Collinear Effective Theory (SCET)

K.g. Transverse-Momentum Distributions in pp

~

S(bTazuv V)

Soft Funetion

do o a7 S
— H’L 2 de igp-bp BZ
dQQdezq—»T 0—0 ,sz:[ j(Q ,,LL)]/ T€

Hard Function

q, Beam Functions

e For N3LO slicing we need Hard, Beam and Soft functions at N3LO
e For H and S, necessary ingredients are constants: known at N3LO since 2010 (/) and 2016 (S)

[Li, Zhu ‘16]
[Gehrmann, Glover, Huber,
Ikizlerli, Studerus “10]

e For Beam function they are full functions (of the collinear splitting variable)

N3LO q,-Beam Function were the last missing ingredient to
extend these methods to N3LO 13



Beam Functions at N3LO

1 million 3-loop Feynman Diagrams

14



Beam Functions at N3LO

THE CROSS SECTION CALCULATION MACHINE

Slide by B. Mistiberger

1 million 3-loop Feynman Diagrams
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Beam Functions at N3LO

THE CROSS SECTION CALCULATION MACHINE

Slide by B. Mistiberger

1 million 3-loop Feynman Diagrams

Collinear expansion of the partonic eross section for
Drell Yan and Higgs at N3LO differential in (Q,, 7, z

- project to ~ v
Ba(ta, xll‘_?’ ,LL) - project to T qT > B; (513115’, br, 1, w_)

a

“N-Jettiness Beam Functions at N3LO” “Transverse Momentum Dependent PDFs at N3LO”
M.Ebert, B.Mistlberger, GV [2006.03056] M.Ebert, B.Mistlberger, GV [2006.05329]

O Quark 7 Beam Functions (i.e. Quark N-Jettiness BF) O Quar‘k TMDPDF (Quark q; Beam Function)

O Gluon T Beam Functions (i.e. Gluon N-Jettiness BF) o UI’IPOIaPiZGd Gluon TMDPDF (Gluon g, Beam Function) g



Precision Standard Model Phenomenology at N3L.O

e N3LO TMDPDF were last missing ingredient for q, slicing at N3LO

e Enabled N3LO predictions for differential and fiducial Drell-Yan and Higgs production

e Marked the advent of a new leve
precision program at the LHC
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Precision Standard Model Phenomenology at N3L.O

e N3LO TMDPDF were last missing ingredient for q, slicing at N3LO

e Enabled N3LO predictions for differential and fiducial Drell-Yan and Higgs production
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However...

e Numerical (slicing) error of these methods very
difficult to control at this order

e Extreme push of NNLO--j predictions well into
the IR needed (NNLOjet pushed to q, = 0.5 GeV)

e Calculations take O(10 million) CPU hours

e Almost any change will require to run
everything from scratch

e Other results use O(100k) CPU hours and stop
at 5 GeV... this requires very delicate
extrapolation to O to obtain finite results.

e Going forward, these facts pose issues for the

practical usability of these predictions 18



In short, starting to think about how to move from
making N3LO predictions possible,
to

making N3LO predictions (more) efficient, stable, and usable

(at least for some color singlet processes...which may also turn out to be a necessary stepping

stone to make other processes possible at N3LO)
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A deeper look into non-local subtractions

do
dr—
TdT

dg(O)

do
dr—
TdT

dg(i)

cut
O
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Tcut

Tmax

o)

Tmax

dT—.

2.

1>0
m{

Below the cut region:

ut

v

)

V.

:[Osub (Tcut

Tcut

e Singular distribution
e Contains most complicated cancellation of IR div.
e Control it analytically via factorization theorems

Above the cut result

e Resolved extra radiation
e No events in Born configuration

do e Lower number of loops
dr— . :
dr e Calculate numerically with lower order
subtraction schemes

Residual/slicing error:
e Non singular terms from below the cut
e Reducing this requires pushing cut parameter to very
small values
e Can be improved analytically by calculation next to
leading power distribution

0.sub

Tcut d
su cut) — dr———
Osub(Teut) /0 T T

d O.sub
dr

do B
dr

AT (Tout) :/CU dr
0
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Improving non-local subtraction methods: Power corrections

AT (Teut ) = / dr
0

e At N3LO power corrections start with 5th
power of log

e Taking Tcut small reduces single power, but
increases size of log =>> very slow convergence

e Kach order in the log equivalent to ~ a 50 fold
reduction in Tcut
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Improving non-local subtraction methods: Power corrections
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0-Jettiness Power Corrections at N3LO

3 Tcut
A O (p 1) e (%) / dr (c3 2 In® 7|4 C3N£jp In* 7 + cNLP In®7+4...)
LS

e 'or O-jettiness, use consistency relations to relate full LL to RV'V correction in collinear limit.

e Focus on Drell-Yan and Higgs production. Single collinear emission fully differential in rapidity:

dO.leLP 1 d : QQT —€ )
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X
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LP Phase Space I' I
. : | 1%
e LL contributions also from off-diagonal --r- M
. . ’ I |

qg + gq channels via subleading power hard € 0N oW g |

|
scattering operators and Lagrangian insertions n | N



0-Jettiness Power Corrections at N3LO: Results for DY
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e By the size of LL NLP: O-jettiness with standard setup (only
LP in subtraction term) would require 7., ~ 107° or even smaller.

e Off-diagonal channel has large power corrections

(in line with empirical observation in q slicing at N3LO)
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0-Jettiness Power Corrections at N3LO: Results for Higgs
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Ok, but what about fiducial power corrections?
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Fiducial vs Dynamical Power Corrections

Power corrections can have different sources. We have already seen an example: phase space vs
amplitude expansion. But so far we have just looked at the production of a color singlet...

Particular source of p.c. are fiducial and isolation cuts on the color singlet decay products.

Reference on the topic is (extended substantially in
in the case of ¢, with also resummation)

In my paper I refer to these p.c. as “fiducial” (irrespectively if we are talking about things induced
by p, lepton cuts or photon isolation cuts), and call the other ones “dynamical” as they are mainly
related to the subleading power dynamics (the latter is not entirely true so suggestions on the naming are

welcome).
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Fiducial Power Corrections

e These are purely kinematic effects, but have very large impact on non-local subtractions due to
non canonical scaling in the cut parameter.

e [n short: dor(cuts) (X) 1 qr do(euts) (x) 1 /76
2 a2’ 2 ~ A A
o Cuts on leptons induce linear terms d@*dYdgr  ¢7 Q d@dYdT7o To| @

For ¢, subtraction they can be captured analytically by a boost, but not for 0-jettiness.

o Photon Isolations induce p.c. with wild and complicated scaling do®™™(X) | R_Q(Q_T)”"< Q >1/ !
. . dQ*dYdg7 9\ Q Er°
No simple boost trick to account for them.

R? /To\1+1/(2n) / Q \1/n
do(smooth) (x) T (6) (ET§0>
dQ2dYdTo, | R? /To\lUn, Q \Un
7 (2) (&)

e So, although fiducial power corrections are more trivial conceptually, account for them comes
first numerically compared to dynamical power corrections.

28



[Cacciari et al. “15]

Projection to Born Improved Slicing e Tackmarn 1]

[GV 24]

In more general cases, cut-induced power corrections can be numerically accounted for by using

Oh, N3LO(O)

/ Note: \

Because of local cancellation
using exact matrix elements,
P2B is very efficient
numerically.

Sometimes referred as the
k“peaﬂfect” subtraction scheme/

“Projection-to-Born Improved Slicing”

= O-h,N3LO((5) + Oh+j, NNLO(O o O)

Tout daiszl,l%?’LO = full -
= dr (0) |+ dop’y; nnLo(O)
O dT T>Tcut

~

P2B correction factor

Above the cut term

full sub
o q doy'\sLo 49 Rero A
-+ T o ( ) Residual Error
0 dr dr

_|_

/

do

full 2 P2B correcti — N\
io(©-0) | " (% =37)
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[Cacciari et al. “15]

Projection to Born Improved Slicing Eber Tackmann 1]

[GV ‘24]

In more genecpaleaasns i aadaing Giaainaatianamaaiehasaniaaliaaaaann ted for by using

This enable us to

Focus on analytic ealeulation of dynamical power :
tion factor

/

k«

corrections
Numerically treat fiducial power corrections efficiently ~
with P2B method 5(0)
term
Note: full sub
Because of local cancellation\ h d dah’ NLO dah’ LD (’3
+ T d o d ( ) Residual Error
using exact matrix elements, 0 i T
P2B is very efficient
numerically.
Sometimes referred as the + [ d oiull O—0 P2B correction / (\5 _ \2/)
perfect” subtraction scheme/ / et NNLO( ) factor
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0-Jettiness P.C. at N3LO: Improving DY

Q 3 Tcut
AgN3HO (g i) v (4;) / dr (c§&" In® 7+ A" In*r + 5 Ind 7+ ...)
0

I I | I I I I | I I I | I I I l

pp — v* (13.6 TeV) all channels N3LO

(Y
=)
L

e So now we are back at

| IIIIIII

lonr” (Teus, Y)|/do™® /dY
! /

considering dynamical power Teyt = 1073

corrections

Teut = 1074

e We have them analytically

[-Y

=)
&

|

e Hence include them in subtraction

I T TTT

term below the cut

ok

=)

do
)
ek
(\V)
o
1NN



0-Jettiness P.C. at N3LO: Estimate of residual error for DY
A0N3LO(Tcut) ~ (Z;)?) /OTcut dr (% + c3N’IAfP In*7 + c3N’I§P n®r4.. )

e Estimate residual slicing error o L L L

removing LL. NLP

(Y
=)
L

* .
pp ? '7 (13.6 Te\/ ) Ao estimate after
all channels N3LO removal of LL NLP

1T lIIIII|
[ IIIIII|

e Assume same size as LL coefficient
(in line with what seen at previous orders)

for subleading logs and powers

HY0(Q)

L1111

o
— —
—_— e
— —
—

® Slicing error significantly reduced. _

[Y
=)
do

0(x50) larger cut allowed.

[
[
[
[
[
I
|
5
l
el
Q
A
IIIII|

-]

Aa'estimate(Tcut? Y) ‘ /ULO (Y)
ek
e
s
]

® May save millions of CPU hours and < T T T e - ___ Teut = 105

—

allow for better convergence studies 1074 —— L — e
0 1 2 3 4



0-Jettiness P.C. at N3LO: Estimate of residual error for Higgs

3 Tcut
AgN (g i) v (ZS) / dr (%4—0?1? In* 7+ c§5 In®r 4 ...)
7-‘— 0 ) )

e Play the same game for
estimating residual slicing error

after the inclusion of LLL NLP in the
subtraction term:

e Assume same size as LL coefficient
(in line with what seen at previous orders)

for subleading logs and powers

® Slicing error significantly reduced.
0(x50) larger cut allowed.

‘ A(7'estimate (Tcuta Y) ’ /&NNLO (Y)

T I T I I T I T I I T I T I | I I I I
101 g9 — H (13.6 TeV) =
= all channels N°LO a
02 me o
[ Teu = 107° g
10—3;___—___:4 ____________ =
- Tcut — 10 =
 Tew = 107° :
10—4 | ] | ] | | ] ] | | ] | | | | | |
0 1 2 3




Conclusion

[
=)

—
T

> Discussed challenges of N3LO calculations and slicing

QT cut 1 sing X g lo( X
. () (1(17- 5 (IT( ut (lq’r

Size of p.c. / error (a.u.)
-
(=]

Below the cut region Above the cut region Residual o
> Used P2B improved slicing to account for fiducial power corrections
" . . " | n
o u
3 ‘\ // : \\ ’ I/ : \\
> Presented the calculation of the ' %%@h@
o0 1V om 0D T oMy
LL NLP at N3LO for O-jettiness i 5 5 ; 7
> lllustrated impact on slicing error Il S—— oot I S S—
for Drell-Yan and Higgs production %, =ow & oo .
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Log behaviour at NLP NLO

(1/010) ‘AO‘(Tcut)’

1071

TTTTTT

102

1073

1074

Al IIIHl

T T T |
- ay L
—-a1L+a0

—— full nons.
full—a; L .
—— full—a;L—aq ...~

| [IIIIIIl 1

I||!|H| I IIIIIIII

pp — Z (13TeV) .-~
a9+gq NLO .-~

IIIHHI | ]lIlIIII

T 1T TEEH

.

|| T

| 1 IIIIII|

11 lIIIHI

| I Y i

10~°
107°

1074

1073
Tcut — 7’cut/ Q

1072

101

(1/0L0) |AU(Tcut)|

1

10_ ; T T [IIIII T T |||||| T T T TTTTT T -I')I—l'/f £

- pp — H (13 TeV) 3

- gg NLO 1

_2_ 1

10 E """ a L §

F ——-a;L+ag ]

| —— full nons. )

_3_ 1

107 full ;L E

- — full—a;L—ay ]

10—4:_/ _E

10—5_ | | IKIIIII | L 11 ||| | | IIIIIII | 1 IIIHI—
1075 1074 1073 1072

Teut — 77:ut/ Q

1071
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Log behaviour at NLP NNLO

(1/010) ‘AU(Tcut)|

10_1 T T T T

pp — Z (13 TeV)
qq + qg NNLO

| II[IIII‘ T T TTTTT

T TTTTI

1072

I IIIIIIIl

[
S
w

—— full nons.
full—as L3

10~

T T IIIIII!

IIIIIIII | I|IIIII] | [ A O 5

~ — - agL3+aftL?

B full—a3L3—

T T TTTT

fit 7 2
a2L

| I s I |

| lIlIIII| L1 L

]IIIIII

|

10~°

10-° 10-3 1072

Tcut = 7-cut/Q

104

101

(1/o01L0) !AO‘(Tcut) ’

10_15 I T |I||l|| T T TTTTTT T | IIII/||P_’___J.J..LI.I
- pp— H (13TeV) _ _ -7~ ]
- g9 +9q NNLO .=~ -
1072 e E
1073 E
""" asL® ]
___a3L3+agtL2_
1074:= —— full nons. -
g full—asL® :
- B full—a3 L3 —alitL? -
10—5 | 1 IIII[I| | 1 IlIIII| 1 | lI[lII| | l2|lllll

107° 104 1073 1072 10~1

Tcut — ﬁut/Q
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A word on linear vs quadratic power corrections

‘ Q
0-jettiness : AO’NJLO(TCM) ~ (4—9
T

. «
qr - AO’N&LO((]Tcut) 64 (Z;

e Scaling in g, of the slicing

q, subtraction has quadratic power corrections, while jettiness
has l¢near power corrections.

e But it all comes down to how one decides to treat the angle dependence

Q

T

3 Tcut . .
dr ((:NI;P n® 7+ In*r + A Ind 7+ ... )
3,5 3,4 33
0

3 q%‘cut/Q2 = ; i
- ) / dr (d?%P In°r + dg{{;f’ Inr + dg{%r’ In3r+.. ) -1r
0 L

param. may lead to the impression that

%T soft emissions
q? : i s
Q—T2 collinear emissions

e In practice, key point is what is more challenging numerically for

the above the cut code:

o 0-jettiness: better suppression of collinear emissions

O : better suppression of wide angle soft emissions

g‘g_(;
=

oF T T T T T
T > Tcut

ol

4

A

-6 ;J 1 1 I ‘1 . I I 1
-6 -4 -2 0 2 4 6

Y

Note: fiducial p.c. generating linear terms

in (q, g0 as /7oy in the case of 0-jettiness 38



Differential color singlet production at N3LO

e T'wo methods for differential N3LO predictions for color singlet:

[ Projection to Born } [ q or 0-jettiness subtraction }

k N(k D10 NE-D10 k
da% Lo _[(d F+jet d F+Jet >]+ dag HO
dO a dO 2! *qT cut smg
40 de o(X) :[/ dgr - }1{ dgr s ]+ Ao (X, qTcut)
JO

dgr dgr
Locally subtracted real emissions Integrated :
counterterm Below the cut region Above the cut region Residual

e PRO: Local counterterm is the full
Matrix Element => Great numerical efficiency | © PRO: Analytic control of IR divergences from

e Cons: Integrated counterterm is very hard to EFT factorization thm. at Leading Power

obtain (analytic differential distribution at N3LO in e Cons: numerically challenging

full kinematics) 39



(Ebert, Mistlberger, GV)

Beam FHHCtiOHS calculation at N3LO [2006.05329], [2006.03056]

e Calculation of the collinear expansion of the partonic cross section for DY and Higgs
@N3LO differential in (Q,, 7, 2)

o ~ 100k Feynman diagrams o RRV: 170 Collinear
Master Integrals

o RRR: 320 Collinear
o Collinear Expansion at the XS level

“Collinear expansion for color singlet cross sections” [Ebert, Mistlberger, GV] MaSter Integrals

o Reverse unitarity for phase space integrals

o Derived system of Differential
Equations for the Master Integrals

o Reduction to basis of Master Integrals via o System has 2 non trivial scales with

Integration By Parts (IBPs) using Water algebraic dependence on the variables
(not something solvable algorithmically)

o Algebraic sectors: constructed dlog
integrand basis via calculation of
leading singularities of candidate
integrals on maximal cut surface

Expanded diagrams
admit (simplified)
IBPs identities

_ Ktz 1-2
. p; f(p.;k')'z

o Boundaries from soft integrals [+ b

Dulat, Mistlberger

and constraints on singular behavior

o RVV: known in full kinematics

[Duhr, Gehrmann] [Duhr, Gehrmann, Jaquier] [Dulat, Mistlberger]




