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What this talk is about

Many hadrons produced at high energies

Lagrangians with partonic degrees of freedom

EFTs for jets (!) and boosted heavy quarks

Quarks which do not form hadrons (top)

Models

First-principle computations

Hadronic jets
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Motivation
Higher energies are cleaner because perturbative computations work 

But for inclusive observables one looses sensitivity to quark masses 
and the strong coupling 

In hadronic machines one gets contamination from secondary 
collisions (underlying event), ISR, boosted sub-jets…

6 1. The Standard Model, the Higgs Boson and New Scalar Particles

Figure 1.3. The cross-section for the production of hadrons in e+e≠ annihilations. The
measurements are shown as dots with error bars. The solid line shows the prediction of the
SM

Figure 1.4. The measured W-pair production cross section compared to the SM and
alternative theories not including trilinear gauge couplings.
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✔Spectator partons. (beam 
remnants)
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To get back some sensitivity to interesting parameters, or loose 
sensitivity to nasty physics, one needs to “sharpen the pencil” 

The idea is keeping track of the final-state global kinematics 

Jets and event shapes are an excellent tool for that

Higher energies are cleaner because perturbative computations work 

But for inclusive observables one looses sensitivity to quark masses 
and the strong coupling 

In hadronic machines one gets contamination from secondary 
collisions (underlying event), ISR, boosted sub-jets…

Motivation



What is exactly a jet?
Need to use a specific recombination scheme or “jet algorithm”

Finally, one can use trimming or grooming techniques to remove 
soft radiation (e.g. soft drop)    … or …

On top of that one might use different axes (standard vs WTA)



We can use a continuous variable to tell us how “jetty” the event is
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Thrust

Heavy-jet mass

C-parameter

plane normal to thrust axis 
defines two hemispheres

Jet broadening

What is exactly a jet?
Need to use a specific recombination scheme or “jet algorithm”

Finally, one can use trimming or grooming techniques to remove 
soft radiation (e.g. soft drop)    … or …

On top of that one might use different axes (standard vs WTA)
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Thrust

Heavy-jet mass

C-parameter

plane normal to thrust axis 
defines two hemispheres

These are called event shapes and make computations simpler

In this talk I will consider these in different “massive schemes”

Jet broadening

We can use a continuous variable to tell us how “jetty” the event is

Need to use a specific recombination scheme or “jet algorithm”

Finally, one can use trimming or grooming techniques to remove 
soft radiation (e.g. soft drop)    … or …

On top of that one might use different axes (standard vs WTA)
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How do they look like?

Q  = 91.2 GeV
peak

shoulder tail
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no jets2,3 jets

2-jets

Dijet configurations have small values of the event shape

Q = center of mass energy

differential distribution (usually binned)



EFT’s for jets



Fixed-order computations have large logs in peak and shoulder

EFT treatment allows to sum them up and treat hadronization 
from first principles

For massless quarks and not-so-boosted heavy quarks: SCET 
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Soft-collinear effective Theory

EFTs allow to deal with one scale at a time in mustiscale problems
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Soft-collinear effective Theory

hard matching coefficient

jet function (collinear radiation)

soft function (wide angle soft radiation)

Fixed-order computations have large logs in peak and shoulder

EFT treatment allows to sum them up and treat hadronization 
from first principles

For massless quarks and not-so-boosted heavy quarks: SCET 

EFTs allow to deal with one scale at a time in mustiscale problems
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Soft-collinear effective Theory
Fixed-order computations have large logs in peak and shoulder

EFT treatment allows to sum them up and treat hadronization 
from first principles

For massless quarks and not-so-boosted heavy quarks: SCET 

EFTs allow to deal with one scale at a time in mustiscale problems

computation to all orders in large-β0

w.i.p. with N. González Gracia

asses ambiguities (asymptotic behavior) 0f various pieces
quantify hadronization corrections

closed form for anomalous dimension and matrix elements
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[Bris, VM, Preisser: JHEP 09 (2020)]

(massive case)
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modified SCET to account for mass power corrections

(massive case)

computed in [Lepenik & VM: JHEP 01 (2018) 122]

Absorb mass power corrections into hard and jet function
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kinematic power corrections

computed in [Lepenik & VM: JHEP 01 (2018) 122]

In this talk we will have time only to present [JHEP 01 (2018) 122]

Soft-collinear effective Theory
Fixed-order computations have large logs in peak and shoulder

EFT treatment allows to sum them up and treat hadronization 
from first principles

For massless quarks and not-so-boosted heavy quarks: SCET 
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Massive schemes
Originally introduced by Salam and Wicke to study hadron mass 
effects on hadronization [JHEP 05 (2001) 061]

Useful when considering heavy quarks to gain/loose sensitivity

Massless-particle momenta: 
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p2E = p2P = 0behave as massless

same collinear limit
[A. Bris, VM, M. Praisser JHEP 09 (2020)]

minimal mass sensitivity

+ in E-scheme leading hadronization correction is universal

can use either

Originally introduced by Salam and Wicke to study hadron mass 
effects on hadronization [JHEP 05 (2001) 061]

Useful when considering heavy quarks to gain/loose sensitivity



FO computations



General structure of partonic distribution at lowest two orders
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C = V, A vector or axial-vector current

for massive primary quarks the difference matters
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Dirac Delta
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mass power correction that can be absorbed 
into EFT factorisation theorems

Depends on the event shape

0.0 0.1 0.2 0.3 0.4 0.5

0

10

20

30

40

0.0 0.1 0.2 0.3 0.4 0.5

0

5

10

15

20

25

computed 
analytically
[Lepenik, VM]

 massive event-shapes at FO<latexit sha1_base64="jjSlwRhxkhki/GoC2TcW4aNKSM8=">AAAB/nicdVDJSgNBFOyJW4xbVDx5aQxCvAwzWUzmFvTizQhmgUwIbzqdpEnPQnePEIaAv+LFgyJe/Q5v/o2dRVDRgoai6j1edXkRZ1JZ1oeRWlldW99Ib2a2tnd297L7B00ZxoLQBgl5KNoeSMpZQBuKKU7bkaDge5y2vPHlzG/dUSFZGNyqSUS7PgwDNmAElJZ62SPXBzUiwJPrad4FHo2gJ8962ZxlOhXHKTvYMktWtVIoalIsnZcLNrZNa44cWqLey767/ZDEPg0U4SBlx7Yi1U1AKEY4nWbcWNIIyBiGtKNpAD6V3WQef4pPtdLHg1DoFyg8V79vJOBLOfE9PTkLK397M/EvrxOrQbWbsCCKFQ3I4tAg5liFeNYF7jNBieITTYAIprNiMgIBROnGMrqEr5/i/0mzYNpl07op5WoXyzrS6BidoDyyUQXV0BWqowYiKEEP6Ak9G/fGo/FivC5GU8Zy5xD9gPH2CYt/leA=</latexit>

O(↵s)
[C. Lepenik, VM JHEP 01 (2018) 122]



<latexit sha1_base64="qYQGw51NcQL20zHCOu0riwtQtME="></latexit>

1

�C
0

d�C

de
= R0

C(m̂) �(e� emin) + CF
↵s

⇡
AC

e (m̂)�(e� emin)

+ CF
↵s

⇡
BC

plus(m̂)


1

e� emin

�

+

+ CF
↵s

⇡
FNS
e (e, m̂) +O(↵2

s)
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Dirac Delta
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mass power correction that can be absorbed 
into EFT factorisation theorems
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General structure of partonic distribution at lowest two orders

Dirac Delta

non-singular termsDepends on the event shape

mass and kinematic power corrections that cannot be 
absorbed into EFT factorisation theorems (additive correction)
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General structure of partonic distribution at lowest two orders

Dirac Delta

non-singular termsDepends on the event shape

mass and kinematic power corrections that cannot be 
absorbed into EFT factorisation theorems (additive correction)
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<latexit sha1_base64="y3ZFcWqBEabekax7ttofWU1jMYg=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilVg9FxE2/XHGr7hxklXg5qUCORr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdSxW1S/xsfu2UnFllQMJY21JI5urviYxGxkyiwHZGFEdm2ZuJ/3ndFMNrPxMqSZErtlgUppJgTGavk4HQnKGcWEKZFvZWwkZUU4Y2oJINwVt+eZW0alXvolq7v6zUb/I4inACp3AOHlxBHe6gAU1g8AjP8ApvTuy8OO/Ox6K14OQzx/AHzucPt3mPOA==</latexit>

 

<latexit sha1_base64="cBS0yauje8VRCgLBqJEMyhNoWK8=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahp7JbBT2WevFYwX5Au5Rsmt3GZpMlyQpl6X/w4kERr/4fb/4b03YP2vpg4PHeDDPzgoQzbVz32ylsbG5t7xR3S3v7B4dH5eOTjpapIrRNJJeqF2BNORO0bZjhtJcoiuOA024wuZ373SeqNJPiwUwT6sc4EixkBBsrdQZNFkXVYbni1twF0DrxclKBHK1h+WswkiSNqTCEY637npsYP8PKMMLprDRINU0wmeCI9i0VOKbazxbXztCFVUYolMqWMGih/p7IcKz1NA5sZ4zNWK96c/E/r5+a8MbPmEhSQwVZLgpTjoxE89fRiClKDJ9agoli9lZExlhhYmxAJRuCt/ryOunUa95lrX5/VWk08ziKcAbnUAUPrqEBd9CCNhB4hGd4hTdHOi/Ou/OxbC04+cwp/IHz+QPzFI63</latexit>

!

<latexit sha1_base64="NugkpqXInq0Oms9qtfTefKeDFGs=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRZBL2W3Cnos9eKxgv2AdinZNLuNzSZLkhXK0v/gxYMiXv0/3vw3pu0etPXBwOO9GWbmBQln2rjut1NYW9/Y3Cpul3Z29/YPyodHbS1TRWiLSC5VN8CaciZoyzDDaTdRFMcBp51gfDvzO09UaSbFg5kk1I9xJFjICDZWavcbLIouBuWKW3XnQKvEy0kFcjQH5a/+UJI0psIQjrXueW5i/Awrwwin01I/1TTBZIwj2rNU4JhqP5tfO0VnVhmiUCpbwqC5+nsiw7HWkziwnTE2I73szcT/vF5qwhs/YyJJDRVksShMOTISzV5HQ6YoMXxiCSaK2VsRGWGFibEBlWwI3vLLq6Rdq3qX1dr9VaXeyOMowgmcwjl4cA11uIMmtIDAIzzDK7w50nlx3p2PRWvByWeO4Q+czx/0mI64</latexit>

+

In terms of Feynman diagrams at      one has<latexit sha1_base64="pYKm/b37TMqMZFXy8JpVsDj7YT8=">AAAB/nicdVDJSgNBFOxxjXEbFU9eGoMQL8OMxCy3oBdvRjALJMPwptOTNOlZ6O4RwhDwV7x4UMSr3+HNv7GzCCpa0FBUvcerLj/hTCrb/jCWlldW19ZzG/nNre2dXXNvvyXjVBDaJDGPRccHSTmLaFMxxWknERRCn9O2P7qc+u07KiSLo1s1TqgbwiBiASOgtOSZh70Q1JAAz64nxR7wZAiePPXMgm3VypWKU8IzUq2V56RcsbFj2TMU0AINz3zv9WOShjRShIOUXcdOlJuBUIxwOsn3UkkTICMY0K6mEYRUutks/gSfaKWPg1joFyk8U79vZBBKOQ59PTkNK397U/Evr5uqoOpmLEpSRSMyPxSkHKsYT7vAfSYoUXysCRDBdFZMhiCAKN1YXpfw9VP8P2mdWc65Zd+UCvWLRR05dISOURE5qILq6Ao1UBMRlKEH9ISejXvj0XgxXuejS8Zi5wD9gPH2CakIlfU=</latexit>

O(↵s)

x 2-particle phase space x 3-particle phase space

both in d-dimensions

<latexit sha1_base64="O7QhZfNMSb2VTz7+/CQVDr8i2kc=">AAAB7XicdVBNS8NAEJ3Ur1q/qh69LBbBU0hKbdpb0YvHCvYD2lA22027dpMNuxuhlP4HLx4U8er/8ea/cZtWUNEHA4/3ZpiZFyScKe04H1ZubX1jcyu/XdjZ3ds/KB4etZVIJaEtIriQ3QAryllMW5ppTruJpDgKOO0Ek6uF37mnUjER3+ppQv0Ij2IWMoK1kdr95pgNyoNiybHrVc9zKygjtXp1Saqeg1zbyVCCFZqD4nt/KEga0VgTjpXquU6i/RmWmhFO54V+qmiCyQSPaM/QGEdU+bPs2jk6M8oQhUKaijXK1O8TMxwpNY0C0xlhPVa/vYX4l9dLdVjzZyxOUk1jslwUphxpgRavoyGTlGg+NQQTycytiIyxxESbgAomhK9P0f+kXbbdC9u5qZQal6s48nACp3AOLnjQgGtoQgsI3MEDPMGzJaxH68V6XbbmrNXMMfyA9fYJsjyPOg==</latexit>

�2
<latexit sha1_base64="Qc8BgRlP23ON25jjk8sPjT5yyP0=">AAAB9HicdVBNS8NAEN3Ur1q/qh69LBbBU0i0Nu2t6MVjBdsKTSibzbZduruJu5tCCf0dXjwo4tUf481/4zatoKIPBh7vzTAzL0wYVdpxPqzCyura+kZxs7S1vbO7V94/6Kg4lZi0ccxieRciRRgVpK2pZuQukQTxkJFuOL6a+90JkYrG4lZPExJwNBR0QDHSRgoyX3IYzfzWiPbP++WKYzdqnudWYU7qjdqC1DwHuraTowKWaPXL734U45QToTFDSvVcJ9FBhqSmmJFZyU8VSRAeoyHpGSoQJyrI8qNn8MQoERzE0pTQMFe/T2SIKzXloenkSI/Ub28u/uX1Uj2oBxkVSaqJwItFg5RBHcN5AjCikmDNpoYgLKm5FeIRkghrk1PJhPD1KfyfdM5s98J2bqqV5uUyjiI4AsfgFLjAA01wDVqgDTC4Bw/gCTxbE+vRerFeF60FazlzCH7AevsE7L6SOA==</latexit>

d�3

 massive event-shapes at FO<latexit sha1_base64="jjSlwRhxkhki/GoC2TcW4aNKSM8=">AAAB/nicdVDJSgNBFOyJW4xbVDx5aQxCvAwzWUzmFvTizQhmgUwIbzqdpEnPQnePEIaAv+LFgyJe/Q5v/o2dRVDRgoai6j1edXkRZ1JZ1oeRWlldW99Ib2a2tnd297L7B00ZxoLQBgl5KNoeSMpZQBuKKU7bkaDge5y2vPHlzG/dUSFZGNyqSUS7PgwDNmAElJZ62SPXBzUiwJPrad4FHo2gJ8962ZxlOhXHKTvYMktWtVIoalIsnZcLNrZNa44cWqLey767/ZDEPg0U4SBlx7Yi1U1AKEY4nWbcWNIIyBiGtKNpAD6V3WQef4pPtdLHg1DoFyg8V79vJOBLOfE9PTkLK397M/EvrxOrQbWbsCCKFQ3I4tAg5liFeNYF7jNBieITTYAIprNiMgIBROnGMrqEr5/i/0mzYNpl07op5WoXyzrS6BidoDyyUQXV0BWqowYiKEEP6Ak9G/fGo/FivC5GU8Zy5xD9gPH2CYt/leA=</latexit>

O(↵s)
[C. Lepenik, VM JHEP 01 (2018) 122]



Virtual contributions
Massive quark form factors have two contributions:

<latexit sha1_base64="MRHxc0gIcA9Gwz1yu3S40BXIJ3o="></latexit>

V µ =


1 + CF

↵s

⇡
A(m̂)

�
�µ + CF

↵s

⇡

B(m̂)

2m
(p1 � p2)

µ ,

Aµ =


1 + CF

↵s

⇡
C(m̂)

�
�µ�5 + CF

↵s

⇡

D(m̂)

2m
�5 q

µ ,

A and C are IR divergent and contain 

Results look simpler in terms of the quark velocity
<latexit sha1_base64="gXLcVrUFLOviditWC7HGNGh9Nr8=">AAAB/3icdVDJSgNBEO1xjXGLCl68NAbBi2EmTmI8CEEvHiOYBTJj6Ol0kiY9i901gTDm4K948aCIV3/Dm39jZxFU9EHB470qqup5keAKTPPDmJtfWFxaTq2kV9fWNzYzW9s1FcaSsioNRSgbHlFM8IBVgYNgjUgy4nuC1b3+xdivD5hUPAyuYRgx1yfdgHc4JaClVmZ3gM+wo24lJNaR7fQIYP8mP2plsmbutHhcKhXwmNhmsYinim1hK2dOkEUzVFqZd6cd0thnAVBBlGpaZgRuQiRwKtgo7cSKRYT2SZc1NQ2Iz5SbTO4f4QOttHEnlLoCwBP1+0RCfKWGvqc7fQI99dsbi395zRg6JTfhQRQDC+h0UScWGEI8DgO3uWQUxFATQiXXt2LaI5JQ0JGldQhfn+L/SS2fswo588rOls9ncaTQHtpHh8hCJ6iMLlEFVRFFd+gBPaFn4954NF6M12nrnDGb2UE/YLx9ArRZlUk=</latexit>

v =
p
1� 4m̂2

<latexit sha1_base64="WLdqerBETokR45k0/XyX/G70ooI="></latexit>

Lv ⌘ log

✓
1 + v

2m̂

◆
We also define

[C. Lepenik, VM JHEP 01 (2018) 122]

<latexit sha1_base64="phImuALNBzKBIGqt8tCOvbJyXIk=">AAACCHicdVDLSsNAFJ3UV62vqEsXDhahbkJSW9Rd0Y3LCvYBTSiT6SQdOpOEmYlQQpZu/BU3LhRx6ye482+cPgSfBy4czrmXe+/xE0alsu13o7CwuLS8Ulwtra1vbG6Z2zttGacCkxaOWSy6PpKE0Yi0FFWMdBNBEPcZ6fiji4nfuSFC0ji6VuOEeByFEQ0oRkpLfXPfZXHo+jQMWcUNBMIZzzOXp/lUE0d9s2xbZ9V6/bgGfxPHsqcogzmaffPNHcQ45SRSmCEpe46dKC9DQlHMSF5yU0kShEcoJD1NI8SJ9LLpIzk81MoABrHQFSk4Vb9OZIhLOea+7uRIDeVPbyL+5fVSFZx6GY2SVJEIzxYFKYMqhpNU4IAKghUba4KwoPpWiIdIx6F0diUdwuen8H/SrlpO3bKvauXG+TyOItgDB6ACHHACGuASNEELYHAL7sEjeDLujAfj2XiZtRaM+cwu+Abj9QPVEZqD</latexit>

log

✓
m

µ

◆

IR divergence and explicit μ 
dependence cancels when 
adding real radiation

2Real
<latexit sha1_base64="fn2fxAFuFqR2Vuf/fza6DMldiHU=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4kJJUQY9FLx6r2A9IQtlsN+3S3WzY3Qgl9Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5UcqZNq777aysrq1vbJa2yts7u3v7lYPDtpaZIrRFJJeqG2FNOUtoyzDDaTdVFIuI0040up36nSeqNJPJoxmnNBR4kLCYEWys5NeD80AJ9EAx71Wqbs2dAS0TryBVKNDsVb6CviSZoIkhHGvte25qwhwrwwink3KQaZpiMsID6luaYEF1mM9OnqBTq/RRLJWtxKCZ+nsix0LrsYhsp8BmqBe9qfif52cmvg5zlqSZoQmZL4ozjoxE0/9RnylKDB9bgoli9lZEhlhhYmxKZRuCt/jyMmnXa95FrX5/WW3cFHGU4BhO4Aw8uIIG3EETWkBAwjO8wptjnBfn3fmYt644xcwR/IHz+QMnuJCF</latexit>

⇥
<latexit sha1_base64="y3ZFcWqBEabekax7ttofWU1jMYg=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilVg9FxE2/XHGr7hxklXg5qUCORr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdSxW1S/xsfu2UnFllQMJY21JI5urviYxGxkyiwHZGFEdm2ZuJ/3ndFMNrPxMqSZErtlgUppJgTGavk4HQnKGcWEKZFvZWwkZUU4Y2oJINwVt+eZW0alXvolq7v6zUb/I4inACp3AOHlxBHe6gAU1g8AjP8ApvTuy8OO/Ox6K14OQzx/AHzucPt3mPOA==</latexit>

 

<latexit sha1_base64="cBS0yauje8VRCgLBqJEMyhNoWK8=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahp7JbBT2WevFYwX5Au5Rsmt3GZpMlyQpl6X/w4kERr/4fb/4b03YP2vpg4PHeDDPzgoQzbVz32ylsbG5t7xR3S3v7B4dH5eOTjpapIrRNJJeqF2BNORO0bZjhtJcoiuOA024wuZ373SeqNJPiwUwT6sc4EixkBBsrdQZNFkXVYbni1twF0DrxclKBHK1h+WswkiSNqTCEY637npsYP8PKMMLprDRINU0wmeCI9i0VOKbazxbXztCFVUYolMqWMGih/p7IcKz1NA5sZ4zNWK96c/E/r5+a8MbPmEhSQwVZLgpTjoxE89fRiClKDJ9agoli9lZExlhhYmxAJRuCt/ryOunUa95lrX5/VWk08ziKcAbnUAUPrqEBd9CCNhB4hGd4hTdHOi/Ou/OxbC04+cwp/IHz+QPzFI63</latexit>

!

<latexit sha1_base64="NugkpqXInq0Oms9qtfTefKeDFGs=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRZBL2W3Cnos9eKxgv2AdinZNLuNzSZLkhXK0v/gxYMiXv0/3vw3pu0etPXBwOO9GWbmBQln2rjut1NYW9/Y3Cpul3Z29/YPyodHbS1TRWiLSC5VN8CaciZoyzDDaTdRFMcBp51gfDvzO09UaSbFg5kk1I9xJFjICDZWavcbLIouBuWKW3XnQKvEy0kFcjQH5a/+UJI0psIQjrXueW5i/Awrwwin01I/1TTBZIwj2rNU4JhqP5tfO0VnVhmiUCpbwqC5+nsiw7HWkziwnTE2I73szcT/vF5qwhs/YyJJDRVksShMOTISzV5HQ6YoMXxiCSaK2VsRGWGFibEBlWwI3vLLq6Rdq3qX1dr9VaXeyOMowgmcwjl4cA11uIMmtIDAIzzDK7w50nlx3p2PRWvByWeO4Q+czx/0mI64</latexit>



Real radiation
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Use symmetric variables such that soft 
singularities are located at y = 0

<latexit sha1_base64="an1gAf2hg6ciwt9VuLRUgtXn/Xk=">AAAB/nicdVDLSsNAFJ34rPUVFVduBovgQkpS21oXQlEEly3YBzQhTKaTdujkwcxECCHgr7hxoYhbv8Odf+OkraCiBy4czrmXe+9xI0aFNIwPbWFxaXlltbBWXN/Y3NrWd3a7Iow5Jh0cspD3XSQIowHpSCoZ6UecIN9lpOdOrnK/d0e4oGFwK5OI2D4aBdSjGEklOfr+tTOCF9DyOMJpYp20s7SSQUcvGeXz+mmjUYM5qRr1OpwpVROaZWOKEpij5ejv1jDEsU8CiRkSYmAakbRTxCXFjGRFKxYkQniCRmSgaIB8Iux0en4Gj5QyhF7IVQUSTtXvEynyhUh8V3X6SI7Fby8X//IGsfQadkqDKJYkwLNFXsygDGGeBRxSTrBkiSIIc6puhXiMVBJSJVZUIXx9Cv8n3UrZrJWNdrXUvJzHUQAH4BAcAxOcgSa4AS3QARik4AE8gWftXnvUXrTXWeuCNp/ZAz+gvX0CH8aU+g==</latexit>

Eg =
y Q

2

<latexit sha1_base64="urdRulWNNNzwCQHy1SdUIWG9ECE=">AAACA3icdVDLSsNAFJ34rPUVdaebwSJU0JLUttaFUBTBZQv2AW0pk+mkHTp5ODMRYgi48VfcuFDErT/hzr9x0lZQ0QMXDufcy733WD6jQhrGhzYzOze/sJhaSi+vrK6t6xubDeEFHJM69pjHWxYShFGX1CWVjLR8TpBjMdK0RueJ37whXFDPvZKhT7oOGrjUphhJJfX07YveNTyFHZsjHNXiKB9nzcPbzkG4D3t6xsidlI7K5SJMSMEoleBEKZjQzBljZMAU1Z7+3ul7OHCIKzFDQrRNw5fdCHFJMSNxuhMI4iM8QgPSVtRFDhHdaPxDDPeU0oe2x1W5Eo7V7xMRcoQIHUt1OkgOxW8vEf/y2oG0y92Iun4giYsni+yAQenBJBDYp5xgyUJFEOZU3QrxEKk4pIotrUL4+hT+Txr5nFnMGbVCpnI2jSMFdsAuyAITHIMKuARVUAcY3IEH8ASetXvtUXvRXietM9p0Zgv8gPb2CdFqll8=</latexit>

Eq =
Q

2
(1� z y)

Useful to consider the di-jet expansion of the 
event-shape measurement function

<latexit sha1_base64="AbVrgHJV08lTTuP+PSvlaKjzrJY="></latexit>

ê(z, y) = emin + yfe(z) +O(y2) ⌘ ē(y, z) +O(y2)

will appear again

[C. Lepenik, VM]
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Use symmetric variables such that soft 
singularities are located at y = 0

<latexit sha1_base64="an1gAf2hg6ciwt9VuLRUgtXn/Xk=">AAAB/nicdVDLSsNAFJ34rPUVFVduBovgQkpS21oXQlEEly3YBzQhTKaTdujkwcxECCHgr7hxoYhbv8Odf+OkraCiBy4czrmXe+9xI0aFNIwPbWFxaXlltbBWXN/Y3NrWd3a7Iow5Jh0cspD3XSQIowHpSCoZ6UecIN9lpOdOrnK/d0e4oGFwK5OI2D4aBdSjGEklOfr+tTOCF9DyOMJpYp20s7SSQUcvGeXz+mmjUYM5qRr1OpwpVROaZWOKEpij5ejv1jDEsU8CiRkSYmAakbRTxCXFjGRFKxYkQniCRmSgaIB8Iux0en4Gj5QyhF7IVQUSTtXvEynyhUh8V3X6SI7Fby8X//IGsfQadkqDKJYkwLNFXsygDGGeBRxSTrBkiSIIc6puhXiMVBJSJVZUIXx9Cv8n3UrZrJWNdrXUvJzHUQAH4BAcAxOcgSa4AS3QARik4AE8gWftXnvUXrTXWeuCNp/ZAz+gvX0CH8aU+g==</latexit>

Eg =
y Q

2

<latexit sha1_base64="urdRulWNNNzwCQHy1SdUIWG9ECE=">AAACA3icdVDLSsNAFJ34rPUVdaebwSJU0JLUttaFUBTBZQv2AW0pk+mkHTp5ODMRYgi48VfcuFDErT/hzr9x0lZQ0QMXDufcy733WD6jQhrGhzYzOze/sJhaSi+vrK6t6xubDeEFHJM69pjHWxYShFGX1CWVjLR8TpBjMdK0RueJ37whXFDPvZKhT7oOGrjUphhJJfX07YveNTyFHZsjHNXiKB9nzcPbzkG4D3t6xsidlI7K5SJMSMEoleBEKZjQzBljZMAU1Z7+3ul7OHCIKzFDQrRNw5fdCHFJMSNxuhMI4iM8QgPSVtRFDhHdaPxDDPeU0oe2x1W5Eo7V7xMRcoQIHUt1OkgOxW8vEf/y2oG0y92Iun4giYsni+yAQenBJBDYp5xgyUJFEOZU3QrxEKk4pIotrUL4+hT+Txr5nFnMGbVCpnI2jSMFdsAuyAITHIMKuARVUAcY3IEH8ASetXvtUXvRXietM9p0Zgv8gPb2CdFqll8=</latexit>

Eq =
Q

2
(1� z y)

Useful to consider the di-jet expansion of the 
event-shape measurement function

<latexit sha1_base64="AbVrgHJV08lTTuP+PSvlaKjzrJY="></latexit>

ê(z, y) = emin + yfe(z) +O(y2) ⌘ ē(y, z) +O(y2)
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0.8 Isobaric event-shape lines have in general non-
analytic form. May or may not cut the phase-space 
boundary. They become the y = 0 boundary at their 
min value and shrink to a point at their max

Real radiation [C. Lepenik, VM]
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Use symmetric variables such that soft 
singularities are located at y = 0

<latexit sha1_base64="an1gAf2hg6ciwt9VuLRUgtXn/Xk=">AAAB/nicdVDLSsNAFJ34rPUVFVduBovgQkpS21oXQlEEly3YBzQhTKaTdujkwcxECCHgr7hxoYhbv8Odf+OkraCiBy4czrmXe+9xI0aFNIwPbWFxaXlltbBWXN/Y3NrWd3a7Iow5Jh0cspD3XSQIowHpSCoZ6UecIN9lpOdOrnK/d0e4oGFwK5OI2D4aBdSjGEklOfr+tTOCF9DyOMJpYp20s7SSQUcvGeXz+mmjUYM5qRr1OpwpVROaZWOKEpij5ejv1jDEsU8CiRkSYmAakbRTxCXFjGRFKxYkQniCRmSgaIB8Iux0en4Gj5QyhF7IVQUSTtXvEynyhUh8V3X6SI7Fby8X//IGsfQadkqDKJYkwLNFXsygDGGeBRxSTrBkiSIIc6puhXiMVBJSJVZUIXx9Cv8n3UrZrJWNdrXUvJzHUQAH4BAcAxOcgSa4AS3QARik4AE8gWftXnvUXrTXWeuCNp/ZAz+gvX0CH8aU+g==</latexit>

Eg =
y Q

2
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Using some distribution identities 
one can extract IR divergences 
and isolate the singular terms
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Useful to consider the di-jet expansion of the 
event-shape measurement function

<latexit sha1_base64="AbVrgHJV08lTTuP+PSvlaKjzrJY="></latexit>
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Real radiation [C. Lepenik, VM]



Analytic results
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With some analytic manipulations we get

real-radiation squared matrix element, summed over polarisations

Analytic results [C. Lepenik, VM]
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�[e� ê(y, z)]

�⇥[y � ymax(z)] �[e� ē(y, z)]� �[e� ē(y, z)]
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Numerical strategy
It is straightforward to find analytic expressions for the event-shape 
measurement in terms of the two phase-space variables z, y
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For a given value of the event-shape in 
general we get the following situation
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Numerical strategy
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For a given value of the event-shape in 
general we get the following situation

Use python to determine all boundaries and 
compute all numerical integrals
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It is straightforward to find analytic expressions for the event-shape 
measurement in terms of the two phase-space variables z, y



Numerical strategy
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For a given value of the event-shape in 
general we get the following situation

Some event shapes need special treatment
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E-scheme broadening Heavy-jet-massE-scheme thrust
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Use python to determine all boundaries and 
compute all numerical integrals
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It is straightforward to find analytic expressions for the event-shape 
measurement in terms of the two phase-space variables z, y
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Applications
Strong coupling determination 

Top quark mass calibration 

Top quark mass determination at N3LL

Abbate, Fickinger, Hoang, VM, Stewart [PRD                    ]

Hoang, Kolodrubetz, VM, Stewart [PRD 91 (2015) 9, 094017-094018]

Hoang, VM, Schwartz, Stewart [w.i.p.]

86 (2012) 094002
83 (2011) 074021

Buttenschoen, Dehnadi, Hoang, VM, Preisser, Stewart

[PRL 117 (2016) 23, 232001]

Bachu, Hoang, VM, Pathak, Stewart [w.i.p.]

Secondary massive quark radiation
Pietrulewicz, Gritschacher, Hoang, Jemos, VM

[PRD 90 (2014) 11, 114001]
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Massive schemes



How do they look like?

Q  = 91.2 GeV
peak

shoulder tail

0.1 0.2 0.3 0.4
0

5
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15

t

1
s0

ds
dt

no jets2,3 jets

2-jets

Dijet configurations have small values of the event shape

Therefore peak clearly visible at low values (hadronization important)

Moderate non-perturbative effects in shoulder: good for fits

Peak and shoulder need large-log resummation — EFT called for!

Q = center of mass energy

differential distribution (usually binned)



Massive schemes
Originally introduced by Salam and Wicke to study hadron mass 
effects on hadronization [JHEP 05 (2001) 061]

Useful when considering heavy quarks to gain/loose sensitivity

Massless-particle momenta: 
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p2 = 0 �! E0 = |~p | can use either
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can use either
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Useful when considering heavy quarks to gain/loose sensitivity
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p2E = p2P = 0behave as massless

same collinear limit
[A. Bris, VM, M. Praisser JHEP 09 (2020)]

minimal mass sensitivity

+ in E-scheme leading hadronization correction is universal

can use either

Originally introduced by Salam and Wicke to study hadron mass 
effects on hadronization [JHEP 05 (2001) 061]

Useful when considering heavy quarks to gain/loose sensitivity



Numerical strategy
It is straightforward to find analytic expression for the event-shape 
measurement in terms of the two phase-space variables z, y
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For a given value of the event-shape in 
general we get the following situation

One can compute the cumulative

Use python to determine all boundaries and 
compute all numerical integrals

[C. Lepenik, VM]

<latexit sha1_base64="16ySTnzXko6ynZ9r3K7chsg717w=">AAACA3icdVDLSgMxFM3UV62vqjvdBItQEYeZ2qIuhKIblxXsA9qhZNJMG5p5kNwRSym48VfcuFDErT/hzr8xbUfweeDCyTn3knuPGwmuwLLejdTM7Nz8Qnoxs7S8srqWXd+oqTCWlFVpKELZcIliggesChwEa0SSEd8VrO72z8d+/ZpJxcPgCgYRc3zSDbjHKQEttbNbLegxIPmbPbyPE36gH6fYbmdzlnlSKJUOi/g3sU1rghxKUGln31qdkMY+C4AKolTTtiJwhkQCp4KNMq1YsYjQPumypqYB8ZlyhpMbRnhXKx3shVJXAHiifp0YEl+pge/qTp9AT/30xuJfXjMG79gZ8iCKgQV0+pEXCwwhHgeCO1wyCmKgCaGS610x7RFJKOjYMjqEz0vx/6RWMO2SaV0Wc+WzJI402kY7KI9sdITK6AJVUBVRdIvu0SN6Mu6MB+PZeJm2poxkZhN9g/H6AeYClcM=</latexit>

✓(x) + ✓(�x) = 1
<latexit sha1_base64="vtTBpRR/KtxGq3Qa7F4ndGW6DZ8="></latexit>

⌃1
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Virtual contributions
Massive quark form factors have two contributions:
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Results look simpler in terms of the quark velocity
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General structure of partonic distribution at lowest two orders
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One-loop correction to total cross section
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