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Overview

Project B2a: Automated calculations in SCET
» NNLO soft, jet and beam functions
» high-precision resummations

» phenomenological applications

Project Bie: Power corrections in collider processes
» structure of non-perturbative corrections
» resummations at next-to-leading power

» power corrections to slicing variables
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leading power

= automation

next-to-leading power

= new concepts
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2309.08410 Soft-overlap contribution to B, — 7 form factors: diagrammatic
resummation of double logarithms
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N-jettiness
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The NNLO soft function for N-jettiness NILL resummation of onc-jcttiness for Z-boson plus jet
production athadron colliders
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N-jettiness

Definition
TN:Zmin{na-k;,nb-k/,n1~k,-,.‘.,ank,-} : yﬁi
- -
Ti~0
Motivation To~0
» slicing variable for higher-order calculations
» jet resolution variable in Geneva MC framework
» jet substructure studies
Factorisation [Stewart, Tackmann, Waalewijn 10]
do N
are = 2 Bo8® [ Jo® v[Hi oy * Sim i) + O(Th)
ij,{kn} n=1

= need NNLO soft function for generic number of jets N
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Calculation

S(r, 1) = Z (0](Sn, Sny - - -
ieX e —
soft Wilson lines

S )T 1X)(X|Sn, Sy - - -

Sny|0) M(7; {ki})
R —
N-jettiness measure

SER(e) = Ca Y T+ Ty SR (e)
i#
+ 37 (N — Ao — Ap) fase TATETE S0 ()
ik

S@AR)(e) = Teny S T, T; 8299 (e)

i#
+Ca Y T T 829 ()
i#f
+ ST T T TS 8 (e)
i#] k#l

= extent Soft SERVE strategy to non-back-to-back Wilson lines
[GB, Rahn, Talbert 18]
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1-jettiness

Two-loop coefficient in distribution space

1-jettiness C_1nab
25
———— s S .
0 P .
= H
é o s
-25¢ f *
§ $
4 ]
-50f 4+ AN
U e gg—g 4
=758 [« our numerics — i g
~100F —— Campbell et al. fit —ag—aq
0 0.2 0.4 0.6 0.8 1
n1y/2
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one kinematic variable
Mg =mn-n3=1—cosbi3

scan 24 configurations

very good agreement with previous

calculations

[Boughezal, Liu, Petriello 15;
Campbell, Ellis, Mondini, Williams 17]

can one understand the divergent

behaviour at the endpoints?
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1-jettiness

» one kinematic variable
Mg =mn-n3=1—cosbi3

= scan 24 configurations

Two-loop coefficient in distribution space

1-jettiness qg9 — q C_1,nab
50 - . . .
» analytic method-of-regions analysis
of e E
_sof ] to derive the leading-power asymptotics
-100F B
»"
-150p ," e our numerics B
_200F r - - - leading power app. |
" Campbell et al. fit
_25100’4 0.001 0.010 0.100
ni3/2
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1-jettiness

» one kinematic variable

St
¥

Mg =mn-n3=1—cosbi3

= scan 24 configurations

Two-loop coefficient in distribution space

» analytic method-of-regions analysis

-500 . 1

-1000F E to derive the leading-power asymptotics
-1500(- . = . . . .

» numerics stable in deep endpoint region

-2000( e our numerics 9

-2500 leading power app. » relevant for soft functions that are

. Campbell et al. fit
-30 . . .
B T TR T T T defined in highly boosted frame
ni3/2
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2-jettiness

Proton
beam 1

Proton
beam 2

Two-loop coefficient in Laplace space

» three kinematic variables

013,014, 04  — M3, M4, N3

= scan 28.776 configurations

2-jettiness (back-to-back) (13)-dipole 2-jettiness (back-to-back) tripole sum
IR L;::; 4000f; ' ' ' ] » tripoles differ from [Jin, Liu 19]
1001 A 1 zooo—".;_
of- ] » results recently confirmed
2000 by independent calculation
. . . . " 4000 ] [Agarwal, Melnikov, Pedron 24]
0.0 05 1.0 15 2.0 0.0 0.5 1.0 15 2.0
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2-jettiness

Proton
beam 1

Proton
beam 2

Two-loop coefficient in Laplace space

» three kinematic variables
013,014, 04  — M3, M4, N3

= scan 28.776 configurations

1 » tripoles differ from [Jin, Liu 19]

» results recently confirmed

by independent calculation
i [Agarwal, Melnikov, Pedron 24]

2-jettiness (back-to-back) (13)-dipole 2-jettiness (back-to-back) tripole sum
Doy "o 4000f; T T T
—— Jouttenus et al. . L "
1oop 1 2000f s
of
-2000F
. . ) "] -a000f 4
0.0 05 10 15 2.0 0.0 0.5 1.0 15 2.0
nis s

3-jettiness involves 10 dipoles,
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60 tripoles and ~ 45 - 108 configurations ...
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Z+jet production

First N3LL resummation of a 1-jet observable

— NLI
— NNLL

» N3LL matched to NLO prediction for

~v*/Z + 2 jets production

» enables the construction of NNLO+PS

generators for processes with one jet

050 | pp— EHE +j+ X L
| 50 < Mp-/Gev < 150 within the Geneva framework
0.25 ’J VS =13 TeV; Tg > 50 GeV
CS frame
B » similar implementation in MiNNLO-PS
~ 0.1 .
‘ -,:D}jéd generator in progress
2 00 =
H _o01 T [Ebert, Rottoli, Wiesemann, Zanderighi, Zanoli 24]
-0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.(
Ti [GeV]
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e"e~ event shapes

Effects of Renormalon Scheme and Perturbative Scale Choices
on Determinations of the Strong Coupling from e¢*e~ Event Shapes

Suido Bell, '] Christopher Lee, (] Yiannis Makris,?3 Jim Talbert, %[ and Bin Yan2 5§
! Theoretische Physik 1, Center for Particle Physics Siegen, Universitit Siegen,
ter-Flez-Strasse 3, 57068 Siegen, Germany
2 Theoretical Division, Los Alamos National Laboratory, P.O. Box 1663, MS B283,
Los Alamos, NM 87545, USA
3INFN Sezione di Pavia, via Bassi 6, 1-27100 Pavia, Italy
*DAMTP, University of Cambridge, Wilberforce Road, Cambridge, CBS 0WA, United Kingdom.
5 Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049, China

in extractions

We study the role of ion schemes and ive scale choic
of the strong coupling constant ay(rnz) and the leading non-perturbative shift parameter 2 from
resummed predictions of the e event shape thrust. We calculate the thrust distribution to
N®LL’ resummed accuracy in Soft-Collinear Effective Theory (SCET) matched to the fixed-order
O(a?) prediction, and perform a new high-statistics computation of the O(a}) matching in EERAD3,
although we do not include the latter in our final a; fits due to some observed systematics that
require further investigation. We are primarily interested in testing the phenomenological impact
sourced from varying amongst three renormalon cancellation schemes and two sets of perturbative
scale profile choices. We then perform a global fit to available data spanning center-of-mass energies
between 35-207 GeV in each scenario. Relevant subsets of our results are consistent with prior SCET-
based extractions of a,(mz), but we are also led to a number of novel observations. Notably, we
find that the combined effect of altering the renormalon cancellation scheme and profile parameters
can lead to few-percent-lovel impacts on the extracted values in the @, — Qi plane, indicating a

important theory uncertainty that should be accounted for. We also observe
that fits performed over windows dominated by dijet events are typically of a higher quality than
those that extend into the far tails of the distributions, possibly motivating future fits focused more
eavily in this rogion. Finally, we discuss how different estimates of the three-loop soft matching
coefficient ¢} can also lead to measurable changes in the fitted {cx, (21} values.

2311.03990

PRECISION CALCULATIONS AT LEADING AND NEXT-TO-LEADING POWER

ANNUAL CRC MEETING —

KARLSRUHE

GUIDO BELL
MARCH 2024



as determination

Event-shape fits tend to give low value of as e 200016 : T
b0G 2020 ot
0.1179 +0.0009 PDG world average e 2018 :
larison (c) Q0
as(Mz) = ¢ 0.1135+0.0011 Thrust o f sine
0.1123 £0.0015 C-parameter v ) :
IR14 $
e : PO fits
. . . CT18 3
Recent focus: Non-pert. effects from 3-jet configurations ust20 el
ALEPH (j&s) |
. e orat (e
» C-parameter in symmetric 3-jet limit  [Luisoni, Monni, Salam 20] ~ eesiea n
hoe () o
. Verbytskyi (2j) &
» general renormalon analysis [Caola, Ferrario Ravasio, Limatola, [z | ¥ shapes
Melnikov, Nason 21; + Ozcelik 22]  |sehmann @) +—e——
H . . . Hoang (C) —e— !
» implementation in as fit [Nason, Zanderighi 23] [ !
c - hadron
ertene (wiz) l collider
HERA (jets) -
Our goal: scrutinise if the systematic uncertainties poc | R,
of the 2-jet predictions are under control Fc0ns L e | Jattice
0.110 0.115 0.120 0.125 0.13¢
August 2021 as(M3)
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Perturbative treatment

Thrust distribution

PRECISION CALCULATIONS AT LEADING AND NEXT-TO-LEADING POWER
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peak region

» very sensitive to non-perturbative effects
tail region

» resummation of Sudakov logarithms
far-tail region

» fixed-order QCD, but few events
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Perturbative treatment

Thrust distribution

peak region

» very sensitive to non-perturbative effects
tail region

» resummation of Sudakov logarithms
far-tail region

bl ‘ : - » fixed-order QCD, but few events
0.0 0.1 02 03 04

T

NSLL’ resummation using SCET technology

» computation of missing 3-loop soft constant on-going [Baranowski, Delto, Melnikov, Wang 22;
+ Pikelner 24; Chen, Feng, Jia, Liu 22]

Matched to O(a2) fixed-order prediction

» high-statistics runs reveal instabilities in EERAD3 [Gehrmann-De Ridder, Gehrmann,
Glover, Heinrich 14]

GUIDO BELL
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Non-perturbative treatment

Gapped shape function

S(k,us):/dk/ Spr(k — K, ig) froa(K' — 228)

perturbative soft function shape-function model
» gap parameter A models minimal soft momentum of hadronic final state

= Spr and A suffer from renormalon ambiguities in the MS scheme [Hoang, Stewart 07]
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Non-perturbative treatment

Gapped shape function

S(k,us):/dk’ Spr(k — K, ig) froa(K' — 228)

perturbative soft function shape-function model
» gap parameter A models minimal soft momentum of hadronic final state

= Spr and A suffer from renormalon ambiguities in the MS scheme [Hoang, Stewart 07]

Renormalon subtraction

A = A(ps, pr) + (us, 1R)
N e’ N e
renormalon free  cancels renormalon ambiguity of Spr

= class of schemes that is free of leading renormalon [Bachu, Hoang, Mateu, Pathak, Stewart 20]
an = 208 )
9 [SPT v, us) e~ ua,uﬂ] -0
d(Inv)" (v 15) v=E/1R
PRECISION CALCULATIONS AT LEADING AND NEXT-TO-LEADING POWER GUIDO BELL
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Scheme choices

Two renormalon schemes

R Scheme: {n, &, us,up} ={1,e77€, ug, R} used in previous as fits

R* Scheme: {n,&, us,pr} = {1,e77E,R*,R*}  new scheme

Two perturbative scale choices

100{ 2018 Profiles (64 Variations)

A 100{ 2010 Profiles (64 Variations ) A

% 8 , I 2018 scales more conservative
z z 6
© 40 X © 4

m E m . . than those used in previous fits
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Scheme choices

Two renormalon schemes

R Scheme:

R* Scheme:

Two perturbative scale choices

{n7£7 )u’57lu’R} = {176_’YE7“37 R}

{n,& us, npt = {1,677, R*, R*}

100[ 2018 Profiles (64 Variations) N 100[ 2010 Profies (64 Variations) A
80 80 v
i s
> 60| z 60
8 8
40 & s . 40
o o| A —
0 01 02 03 04 o0 0 0r 02 03 04 O

Effective shift of perturbative distribution

Ll Defaul Fitting Window
Dije Fittng Window
- < Dilet Fiting Window
09
o
E Constant Shift (Eq.(
§ ()7/ N3LL'+ O(a?)
€
&
08y Riois
Raoio Rigpo
05
(] 07 03 07 05

.
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used in previous as fits

new scheme

2018 scales more conservative

than those used in previous fits

corresponds to < 10% modification

of leading 2-jet power correction
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Results

X2 fit to global thrust data with Q € [35,207] GeV

110
05| R3010 Rao10 N3LL'+ O(e?)
.
Roore Rygig Rao10
04 105} oo
- F
z . Rioig
i
203 = Rdo10
5 N [ S
N3LL'+ 0(e?)
6
02) 5
6 . 7€[—=,033]
Tel5.033) : 095 0
o 95¢% C.L. Ellipses
BRI 0112 0114 0116 0118 0.110 0112 0.114 0.116 0.118
ay(mz) as(mz)

» siginificant scheme dependence
» spread of {as, 4} values much larger than Ryp1g ellipse would suggest
» we also find that fits which focus more on dijet events show better fit quality

= sign of additional systematic theory uncertainties?

PRECISION CALCULATIONS AT LEADING AND NEXT-TO-LEADING POWER GUIDO BELL
ANNUAL CRC MEETING - KARLSRUHE MARGH 2024



Next-to-leading power

Soft-overlap contribu

n to B, — 1. form factors:
diagrammatic resummation of double logarithms

Guido Bell,” Philipp Béer,”" Thorsten Feldmann,® Dennis Horstmann¢ and
Viadyslav Shtabovenko®
“Theoretische Physik 1, Center for Particle Physics Siegen,
Universitdt Siegen, 57068 Siegen, Germany
PPRISMA® Cluster of Excellence & Mains Institute for Theoretical Physics,
Johannes Gutenberg Universitdt, 55099 Mainz, Germany
E-mail: bellaphysik.uni-siegen.de, pboeertuni mainz.de,
thorst

siegen.de,

siegen.de,
shtabovenkouphysik.uni-siegen. de

Using diagrammatic resummation techniques, we investigate the double-logarithmic series of
the “soft-averlap” contribution to B — 1 transition form factors at large hadronic recoil

assuming the scale hicrarchy my 5 me > Aqen. In this case, the hadronic bound staes can
be treated in the non-rel o

badronic canbe
omputcd perturbatively. This setup defincs one of the simplest cxamples (o study the problem
of endpoint singularites appearing in the factorization of excl
find that the

B-decay
2 double logarithms arise from  peculiar interplay of soft-quar
Togarithms” from ladder

sgrams with energy-ordered spectator-quark propagators, as well as

FeynCalc 10: Do multiloop integrals dream of computer codes?

Vladyslav Shtabovenko®?*, Rolf Mertig®**, Frederik Orellana®"

“Theoretische Physik 1, Cente for Particle Physics Siegen, Universitit Siegen,
Walter-Flex-Str. 3, 57068 Siegen, Germany
Pinstitut fir Theoretsche Telchenphysik (TTP), Karlsruhe Institute of Technology (KIT),
Wolfgang-Gacde-Strafic 1, 76131 Karlsrube, Germans
“GluonVision GmbH, Botzowsi. 10, 10407 Berlin, Germany
Technical University of Denmark, Anker Engelundsoej 1,
2800 Kgs. Lyngby, Dennark.

Abstract

In this work we report on a new version of FEYNCALC, a MATHEMATICA package
widely used in the particle physics community for manipulating quantum field theoreti-
cal expressions and calculating Feynman diagrams. Highlights of the new version include
greatly improved capabilities for doing multiloop caleulations, including topology iden-
tification and minimization, optimized tensor reduction, rewriting of scalar products in
terms of inverse denominators, detection of equivalent or scaleless loop integrals, deriva-
tion of Symanzik polynomials, Feynman parametric as well as graph representation for
master integrals and initial support for handling differential equations and iterated in-
tegrals. In addition to that, the new release also features completely rewritten routines
for color algebra simplifications, inclusion of symmetry relations between arguments of

2309.08410

2312.14089
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Next-to-leading power

Significant interest in extending SCET technology to subleading power

» threshold resummation

» bottom-induced H — vy and gg — H
» thrust distribution

» electron-muon backward scattering

» leptonic B decays

» resolved contribution in B — Xsvy

Key problem

[Beneke et al 18-20]

[Neubert et al 19-22]

[Stewart et al 19; Beneke et al 22]

[GB, Boer, Feldmann 22]

[Feldmann, Gubernari, Huber, Seitz 22;

Cornella, Konig, Neubert 22]
[Hurth, Szafron 23]

1
» naive factorisation may lead to endpoint-divergent convolutions / dz h(z2)j(z) = o0
0

= will resort to diagramatic techniques in the following

PRECISION CALCULATIONS AT LEADING AND NEXT-TO-LEADING POWER
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B: — n¢ form factors

Heavy-to-light transition in non-relativistic approximation (mp, > me > Aqcp)

mev'

[ ——
T

F(v) = 21?77<770(Pn)‘ ¢rb|Be(ps))

‘0000000

mev mev’

Double logarithmic enhancement at large recoil v = v - v/ = O(my/mc)

F(y) o< 1 + %{ —Cr + ngf 1CA } In2(2y) + O(a?) E
4z 5 5

—— ——

soft gluons soft quarks
= non-trivial interplay of soft-gluon and soft-quark corrections :EE

What is the all-order structure of the double logarithmic series?
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Soft-quark corrections

In light-cone gauge all soft-quark corrections arise from energy-ordered ladder diagrams

30000T|

STTTTTY
SOBTTTY

MY
STTTTTY
MY

Structure familiar from electron-muon backward scattering [GB, Bder, Feldmann 22]

fm(Cy,€-) =1+

Po— gk_  [t+ k.
ot (22 % ke k)
14

2 k_ mg/k, k+

rung of a ladder
» more complicated Dirac structure leads to mixing effects

» soft-gluon corrections modify each rung in the ladder
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Integral equations

Double-logarithmic series is governed by coupled integral equations

F) = & o { - 22 | (24 (me, me) — )

C, Po_ dk_ € dk. _ Cp — 2C, C
r(e+,e_):1+£/2 7/2* T oStk (e ko) — A e k) + A
en Je_ k- Jmg/k_ ki 4Cr o 4Ck
mixing

C o dk_ [t dk
(e, 0oy =1+ ZF [RREE [ S5 om S ) e k)
2 ¢ k_ m%/ki ki

soft gluons
» analytic solution unknown

> iterative solution up to O(af0)

» asymptotic behaviour for as In?(2v) — oo

» recover bottom-induced H — ~~ and electron-muon backward scattering in certain limits
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Fixed-order checks

Does this reproduce the correct 2-loop and 3-loop logarithms?
» reconstruct logarithms with method-of-regions techniques

= requires computation of purely hard-collinear coefficient (massless, 5 legs, 3 scales)
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Fixed-order checks

Does this reproduce the correct 2-loop and 3-loop logarithms?
» reconstruct logarithms with method-of-regions techniques

= requires computation of purely hard-collinear coefficient (massless, 5 legs, 3 scales)

Automated toolchain: QGRAF, LoopScalla, FeynCalc, FIRE, pySecDec (Alibrary)
» number of master integrals: 5 (1-loop), 88 (2-loop), 24732 (3-loop)

= 2-loop check works, 3-loop in progress

FeynCalc 10 [Shtabovenko, Mertig, Orellana 23]
» greatly improved capabilities for multiloop calculations
» topology identification, optimized tensor reduction, detection of equivalent / scaleless

integrals, derivation of Symanzik polynomials, support for differential equations, ...
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Conclusions

Project B2a: Automated calculations in SCET
» NNLO soft function for N-jettiness in hadronic collisions

» N3LL resummation for one-jettiness in Z+jet production

v

FeynCalc goes multiloop

» Automated calculation of NNLO beam functions in momentum space

Project Bie: Power corrections in collider processes
» Non-perturbative corrections to event-shape variables
» Renormalon studies of top-quark observables

» Next-to-leading power soft-gluon corrections at one loop

v

Interplay of soft-gluon and soft-quark corrections at next-to-leading power
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