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Overview

Project B2a: Automated calculations in SCET

I NNLO soft, jet and beam functions

I high-precision resummations

I phenomenological applications

Project B1e: Power corrections in collider processes

I structure of non-perturbative corrections

I resummations at next-to-leading power

I power corrections to slicing variables
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leading power

⇒ automation

next-to-leading power

⇒ new concepts
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Publications

Project B2a: Automated calculations in SCET

2312.06496 N3LL resummation of one-jettiness for Z -boson plus jet production Alioli, GB, Billis, Broggio, Dehnadi, Lim,
at hadron colliders Marinelli, Nagar, Napoletano, Rahn

2312.11626 The NNLO soft function for N-jettiness in hadronic collisions GB, Dehnadi, Mohrmann, Rahn

2312.14089 FeynCalc 10: Do multiloop integrals dream of computer codes? Shtabovenko, Mertig, Orellana

to appear The NNLO gluon beam function for jet-veto resummation GB, Brune, Das, Wald

Project B1e: Power corrections in collider processes

2302.02729 Linear power corrections to single top production processes at the LHC Makarov, Melnikov, Nason, Ozcelik

2307.02286 Subleading effects in soft-gluon emission at one-loop in massless QCD Czakon, Eschment, Schellenberger

2308.05526 Linear power corrections to top quark pair production in hadron collisions Makarov, Melnikov, Nason, Ozcelik

2309.08410 Soft-overlap contribution to Bc → ηc form factors: diagrammatic GB, Böer, Feldmann, Horstmann,
resummation of double logarithms Shtabovenko

2311.03990 Effects of Renormalon Scheme and Perturbative Scale Choices on GB, Lee, Makris, Talbert, Yan

Determinations of the Strong Coupling from e+e− Event Shapes
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N-jettiness

2312.11626 2312.06496
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N-jettiness

Definition

I TN =
∑

i

min
{

na · ki , nb · ki , n1 · ki , . . . , nN · ki
}

  

Proton 
beam bProton 

beam a

Jet

  

Proton 
beam bProton 

beam a

Jet 1

Jet 2

T1 ' 0 T1 = O(1)

T2 ' 0Motivation

I slicing variable for higher-order calculations

I jet resolution variable in Geneva MC framework

I jet substructure studies

Factorisation [Stewart, Tackmann, Waalewijn 10]

I
dσ

dTN
=

∑
i,j,{kn}

Bi ⊗ Bj ⊗
N∏

n=1

Jkn ⊗ tr
[
Hij→{kn} ∗ Sij→{kn}

]
+ O(TN )

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

S(τ, µ) =
∑
i∈X

〈0|(Sn1 Sn2 . . .SnN )†|X〉〈X |Sn1 Sn2 . . .SnN |0〉 M(τ ; {ki})︸ ︷︷ ︸ ︸ ︷︷ ︸
soft Wilson lines N-jettiness measure

S(2,RV)(ε) = CA
∑
i 6=j

Ti · Tj S(2,Re)
ij (ε)

+
∑

i 6=j 6=k

(λij − λip − λjp) fABC TA
i TB

j TC
k S(2,Im)

ijk (ε)

S(2,RR)(ε) = TF nf
∑
i 6=j

Ti · Tj S(2,qq̄)
ij (ε)

+CA
∑
i 6=j

Ti · Tj S(2,gg)
ij (ε)

+
1
4

∑
i 6=j

∑
k 6=l

{
Ti · Tj , Tk · Tl

}
S(1)

ij (ε) S(1)
kl (ε)

⇒ extent SoftSERVE strategy to non-back-to-back Wilson lines
[GB, Rahn, Talbert 18]
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1-jettiness

I
  

Proton 
beam b

Jet

Proton 
beam a

I one kinematic variable

I n13 ≡ n1 · n3 = 1− cos θ13

⇒ scan 24 configurations

Two-loop coefficient in distribution space
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-100

-75

-50

-25

0

25 I very good agreement with previous

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

I can one understand the divergent

I behaviour at the endpoints?
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50
I analytic method-of-regions analysis

I to derive the leading-power asymptotics

10-10 10-9 10-8 10-7 10-6 10-5
-3000

-2500

-2000

-1500

-1000

-500
I analytic method-of-regions analysis

I to derive the leading-power asymptotics

I numerics stable in deep endpoint region

I relevant for soft functions that are

I defined in highly boosted frame
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2-jettiness

I
  

Jet-1

Jet-2

Proton 
beam 2

Proton 
beam 1

I three kinematic variables

I θ13, θ14, ϕ4 → n13, n14, n34

⇒ scan 28.776 configurations

Two-loop coefficient in Laplace space

0.0 0.5 1.0 1.5 2.0
-50
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0.0 0.5 1.0 1.5 2.0

-4000

-2000

0

2000

4000 I tripoles differ from [Jin, Liu 19]

I results recently confirmed

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

3-jettiness involves 10 dipoles, 60 tripoles and ∼ 45 · 106 configurations . . .
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Z+jet production

First N3LL resummation of a 1-jet observable
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I N3LL matched to NLO prediction for

I γ∗/Z + 2 jets production

I enables the construction of NNLO+PS

I generators for processes with one jet

I within the Geneva framework

I similar implementation in MiNNLO-PS

I generator in progress
[Ebert, Rottoli, Wiesemann, Zanderighi, Zanoli 24]

P R E C I S I O N C A L C U L AT I O N S AT L E A D I N G A N D N E X T– TO – L E A D I N G P O W E R G U I D O B E L L

A N N UA L C R C M E E T I N G – K A R L S RU H E M A R C H 2 0 2 4



e+e− event shapes

2311.03990
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αs determination

Event-shape fits tend to give low value of αs

αs(MZ ) =


0.1179± 0.0009 PDG world average

0.1135± 0.0011 Thrust

0.1123± 0.0015 C-parameter

Recent focus: Non-pert. effects from 3-jet configurations

I C-parameter in symmetric 3-jet limit [Luisoni, Monni, Salam 20]

I general renormalon analysis [Caola, Ferrario Ravasio, Limatola,
Melnikov, Nason 21; + Ozcelik 22]

I implementation in αs fit [Nason, Zanderighi 23]

Our goal: scrutinise if the systematic uncertainties

of the 2-jet predictions are under control

30 9. Quantum Chromodynamics

αs(M2

τ ) = 0.312 ± 0.015.
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Figure 9.2: Summary of determinations of αs(M2

Z
) from the seven sub-fields discussed in the

text. The yellow (light shaded) bands and dotted lines indicate the pre-average values of each
sub-field. The dashed line and blue (dark shaded) band represent the final world average value of
αs(M2

Z
). The “*” symbol within the “hadron colliders” sub-field indicates a determination including

a simultaneous fit of PDFs.

11th August, 2022
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Perturbative treatment

Thrust distribution

• Peak region: strongly affected by hadronisation

• Tail region: used in fit for αs, resummation + matching + fitted 

hadronisation

• Far-tail region: strongly affected by higher-order QCD

8

0.0 0.1 0.2 0.3 0.4

0

5

10

15

Τ

d
Σ

d
Τ

peak region

I very sensitive to non-perturbative effects

tail region

I resummation of Sudakov logarithms

far-tail region

I fixed-order QCD, but few events

N3LL′ resummation using SCET technology

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

Matched to O(α2
s) fixed-order prediction

I high-statistics runs reveal instabilities in EERAD3 [Gehrmann-De Ridder, Gehrmann,
Glover, Heinrich 14]
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Non-perturbative treatment

Gapped shape function

I S(k , µS) =

∫
dk ′ SPT (k − k ′, µS) fmod(k ′ − 2∆)︸ ︷︷ ︸ ︸ ︷︷ ︸

perturbative soft function shape-function model

I gap parameter ∆ models minimal soft momentum of hadronic final state

⇒ SPT and ∆ suffer from renormalon ambiguities in the MS scheme [Hoang, Stewart 07]

Renormalon subtraction

I ∆ = ∆(µδ, µR) + δ(µδ, µR)︸ ︷︷ ︸ ︸ ︷︷ ︸
renormalon free cancels renormalon ambiguity of SPT

⇒ class of schemes that is free of leading renormalon [Bachu, Hoang, Mateu, Pathak, Stewart 20]

I
dn

d(ln ν)n
ln
[
S̃PT (ν, µδ) e−2νδ(µδ,µR )

]
ν=ξ/µR

= 0
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Scheme choices

Two renormalon schemes

I R Scheme: {n, ξ, µδ, µR} = {1, e−γE , µS ,R} used in previous αs fits

I R? Scheme: {n, ξ, µδ, µR} = {1, e−γE ,R?,R?} new scheme

Two perturbative scale choices
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of leading 2-jet power correction
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Results

χ2 fit to global thrust data with Q ∈ [35, 207] GeV
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I siginificant scheme dependence

I spread of {αs,Ω1} values much larger than R2010 ellipse would suggest

I we also find that fits which focus more on dijet events show better fit quality

⇒ sign of additional systematic theory uncertainties?
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Next-to-leading power
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Next-to-leading power

Significant interest in extending SCET technology to subleading power

I threshold resummation [Beneke et al 18-20]

I bottom-induced H → γγ and gg → H [Neubert et al 19-22]

I thrust distribution [Stewart et al 19; Beneke et al 22]

I electron-muon backward scattering [GB, Böer, Feldmann 22]

I leptonic B decays [Feldmann, Gubernari, Huber, Seitz 22;
Cornella, König, Neubert 22]

I resolved contribution in B → Xsγ [Hurth, Szafron 23]

Key problem

I naive factorisation may lead to endpoint-divergent convolutions
∫ 1

0
dz h(z) j(z) =∞

⇒ will resort to diagramatic techniques in the following
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Bc → ηc form factors

Heavy-to-light transition in non-relativistic approximation (mb � mc � ΛQCD)

F (γ) =
1

2Eη

〈
ηc(pη)

∣∣ c̄Γb
∣∣Bc(pB)

〉

Double logarithmic enhancement at large recoil γ ≡ v · v ′ = O(mb/mc)

I F (γ) ∝ 1 +
αs

4π

{
− CF +

9
5

CF −
1
5

CA

}
ln2(2γ) +O(α2

s)︸ ︷︷ ︸ ︸ ︷︷ ︸
soft gluons soft quarks

⇒ non-trivial interplay of soft-gluon and soft-quark corrections

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

I

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

I fm(`+, `−) = 1 +
αsCF

2π

∫ p2−

`−

dk−
k−

∫ `+

m2
c/k−

dk+

k+
fm(k+, k−)

︸ ︷︷ ︸
rung of a ladder

I more complicated Dirac structure leads to mixing effects

I soft-gluon corrections modify each rung in the ladder

P R E C I S I O N C A L C U L AT I O N S AT L E A D I N G A N D N E X T– TO – L E A D I N G P O W E R G U I D O B E L L

A N N UA L C R C M E E T I N G – K A R L S RU H E M A R C H 2 0 2 4



Integral equations

Double-logarithmic series is governed by coupled integral equations

F (γ) ' ξ0 exp

{
−
αsCF

4π
ln2(2γ)

} (
24 f (mc ,mc )− 4

)

f (`+, `−) = 1 +
αsCF

2π

∫ p2−

`−

dk−
k−

∫ `+

m2
c/k−

dk+

k+
e−S(k+,k−)

(
f (k+, k−)−

CA − 2CF

4CF
fm(k+, k−) +

CA

4CF

)

fm(`+, `−) = 1 +
αsCF

2π

∫ p2−

`−

dk−
k−

∫ `+

m2
c/k−

dk+

k+
e−S(k+,k−) fm(k+, k−)

mixing

soft gluons

I analytic solution unknown

I iterative solution up to O(α80
s )

I asymptotic behaviour for αs ln2(2γ)→∞

I recover bottom-induced H → γγ 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?

I 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)

I 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]

I greatly improved capabilities for multiloop calculations

I topology identification, optimized tensor reduction, detection of equivalent / scaleless

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

Project B2a: Automated calculations in SCET

I NNLO soft function for N-jettiness in hadronic collisions

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

I FeynCalc goes multiloop

I Automated calculation of NNLO beam functions in momentum space

Project B1e: Power corrections in collider processes

I Non-perturbative corrections to event-shape variables

I Renormalon studies of top-quark observables

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

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