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What is particle theory?



Identifying the fundamental forces and 
building blocks of the universe 

Understanding why they have the 
properties that we observe
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What is particle theory?
physics
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LHC explores in huge 
number of directions.
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interactions

The Standard Model (SM)

our experimental exploration of 
the Higgs-related SM 

interactions is only just starting

parts of this talk adapted from 
“The Higgs boson turns ten",  
GPS, Zanderighi and Wang  

Nature 607 (2022) 7917, 41-47

https://inspirehep.net/literature/2104782
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Higgs field in space

x

y
φ

Higgs field ( ) can be different at each point in space 

A Higgs boson at a given point in space is a fluctuation of the field

ϕ
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a core hypothesis of Standard Model 

fundamental particles get their mass 
from interaction with the Higgs field
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top quark is 
300,000 times 
heavier than 
electron
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Higgs field

SM: larger mass of top comes from 
stronger interaction with Higgs field
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Higgs field

SM: larger mass of top comes from 
stronger interaction with Higgs field

Is this 
“Yukaw

a inter
action

” hypo
thesis 

true?
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Higgs field in space

x

yφ

10 11. Status of Higgs boson physics

Table 11.1: State-of-the-art of the theoretical calculations in the main Higgs
production channels in the SM, and the major MC tools used in the simulations

ggF VBF VH tt̄H

Fixed order: Fixed order: Fixed order: Fixed order:

NNLO QCD + NLO EW NNLO QCD NLO QCD+EW NLO QCD

(HIGLU, iHixs, FeHiPro, HNNLO) (VBF@NNLO) (V2HV and HAWK) (Powheg)

Resummed: Fixed order: Fixed order: (MG5 aMC@NLO)

NNLO + NNLL QCD NLO QCD + NLO EW NNLO QCD

(HRes) (HAWK) (VH@NNLO)

Higgs pT :

NNLO+NNLL

(HqT, HRes)

Jet Veto:

N3LO+NNLL

Figure 11.1: Main Leading Order Feynman diagrams contributing to the Higgs
production in (a) gluon fusion, (b) Vector-boson fusion, (c) Higgs-strahlung (or
associated production with a gauge boson), (d) associated production with a pair
of top (or bottom) quarks, (e-f) production in association with a single top quark.
with top quarks.

December 1, 2017 09:35

t

t

t

t

γ

γ

An LHC collision of the kind that  
led to the Higgs boson discovery
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➤ Record events with two photons;  
➤ classify and count them according to the invariant mass of the two photons (γ)

more events at specific energy 
= Higgs bosons
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rate of events consistent  
with SM to ~10% 

but how can you be sure 
it’s a top-quark that’s in 
the intermediate stages?

? ?
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https://www.nobelprize.org/prizes/physics/1993/press-release/

A very important observation was made when the system had been followed for some years 
[…]  reduction of the orbit period by about 75 millionths of a second per year […] 
because the system is emitting energy in the form of gravitational waves in accordance 
with what Einstein in 1916 predicted should happen to masses moving relatively to each other. 
[…] the theoretically calculated value from the relativity theory agrees to within about one half 
of a percent with the observed value. The first report of this effect was made by Taylor and co-
workers at the end of 1978, four years after the discovery of the binary pulsar was reported.
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A very important observation was made when the system had been followed for some years 
[…]  reduction of the orbit period by about 75 millionths of a second per year […] 
because the system is emitting energy in the form of gravitational waves in accordance 
with what Einstein in 1916 predicted should happen to masses moving relatively to each other. 
[…] the theoretically calculated value from the relativity theory agrees to within about one half 
of a percent with the observed value. The first report of this effect was made by Taylor and co-
workers at the end of 1978, four years after the discovery of the binary pulsar was reported.

indirect  
observation
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https://www.nobelprize.org/prizes/physics/2017/press-release/

Gravitational waves finally 
captured 

On 14 September 2015, the 
universe’s gravitational 
waves were observed for the 
very first time. The waves, 
which were predicted by 
Albert Einstein a hundred 
years ago, came from a 
collision between two black 
holes. It took 1.3 billion 
years for the waves to arrive 
at the LIGO detector in the 
USA.
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Higgs field in space
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https://cern.ch/gsalam/higgs  
CC BY-SA 4.0

https://cern.ch/gsalam/higgs
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“Due to a (too) low signal-to-background ratio S/B ~ 1/9 [ttH] 
channel might not reach a 5σ significance for any luminosity.” 

[from introduction to arXiv:0910.5472,  
summarising ATLAS and CMS ttH(→bb) studies at that point]

Situation at start of LHC (2009)



since 2018: ATLAS & CMS see (at >5σ) events with top-quarks & Higgs simultaneously

21

Higgs = one in 2 billion events 1 in 2,000 events with top quarks

enhanced fraction of Higgs bosons in events with top quarks 
→ direct observation of Higgs interaction with tops 

(consistent with SM to c. ±25%)

indirect direct (5.2σ)
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Discovery of 3rd generation–Higgs field interactions by ATLAS & CMS ~ 2018
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by observing  in association 
with top quarks

H

Discovery of 3rd generation–Higgs field interactions by ATLAS & CMS ~ 2018
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by observing  in association 
with top quarks

H

by observing  decaysH → bb̄

Discovery of 3rd generation–Higgs field interactions by ATLAS & CMS ~ 2018

in part with approach from Butterworth, Davison, Rubin & GPS ’08
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by observing  in association 
with top quarks

H

by observing  decaysH → bb̄

Discovery of 3rd generation–Higgs field interactions by ATLAS & CMS ~ 2018

by observing  decaysH → τ+τ−

Full 3rd generation Yukawas were not part of the LHC design case. 
Amazing achievement of LHC experiments to have directly observed them



UCSB Physics ColloquiumGavin Salam 23

Particle’s mass 
[GeV]

Particle’s 
strength of 
interaction 
with Higgs 

field

Standard Model prediction:  

mass = higgs-field-value 
             × interaction-strength



Gavin Salam

what could one be saying about it?

For a full set of particles (3rd generation) that are like the ones we’re made of, 
the LHC has demonstrated that their mass is not an intrinsic property, but is 

generated by an interaction with a non-zero Higgs field. 

A field is something that can in principle be controlled and modified.  
Could the masses of elementary particles conceivably also be controlled and 

modified? Science fiction…

24

Is this any less important than the discovery of the Higgs boson itself? 
My opinion: no
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These are the 
fundamental 
particles that 

make up atoms
du d

uu d

e

proton neutron

atom

NB: most of mass of proton and 
neutron comes from other sources 
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https://videos.cern.ch/record/2757407
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up
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uproton:
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≈ 2.2 MeV/c2

u d
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≈ 4.7 MeV/c2

2.2 MeV 2.2 MeV 4.7 MeV

+electromagnetic 
   & strong forces  938.3 MeV≃++
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Giving us the hydrogen atom, & chemistry and biology as we know it 
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down

≈ 4.7 MeV/c2

up

≈ 2.2 MeV/c2

u

2.2 MeV 4.7 MeV 4.7 MeV

+electromagnetic 
   & strong forces  939.6 MeV≃+ +

Supposedly because up quarks interact more weakly  
with the Higgs field than down quarks

++

Protons are lighter than neutrons→ protons are stable.  
Giving us the hydrogen atom, & chemistry and biology as we know it 
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4

X �MX �QEDMX �QCDMX

N �0.68(39)(36) 1.59(30)(35) �2.28(25)(7)

⌃ �7.84(87)(72) 0.08(12)(34) �7.67(79)(105)

⌅ �7.16(76)(47) �1.29(15)(8) �5.87(76)(43)

TABLE I. Isospin breaking mass di↵erences in MeV for mem-
bers of the baryon octet. The first error is statistical and the
second is systematic. As discussed in the text, we guesstimate
the QED quenching uncertainties on the EM contributions to
be O(10%). Propagating the uncertainty in �QEDM

2
K yields

an O(4%) error on the �m contributions. The quenching un-
certainties on the total splittings can then be obtained by
adding those of the EM and �m contributions in quadrature.
These guesstimates are not included in the results.

These variations lead to 27 = 128 di↵erent fits for
each of the isospin splittings and parameter combina-
tions. Correlating these with the 128 fits used to deter-
mine �M

2,ph and allowing various parameter combina-
tions but discarding fits with irrelevant parameters, we
obtain between 64 and 256 results for each observable.
The central value of a splitting is then the mean of these
results, weighted by the p-value. The systematic error is
the standard deviation. Because we account for all cor-
relations, these fit qualities are meaningful. The whole
procedure is repeated for 2000 bootstrap samples and the
statistical error is the standard deviation of the weighted
mean over these samples. We have also checked that the
results are changed only negligibly (far less than the cal-
culated errors) if they are weighted by 1 instead of by the
p-value.

The �m corrections that we do not include in the sea
are NLO in isospin breaking and can safely be neglected.
The neglected O(↵) sea-quark contributions break fla-
vor SU(3). Moreover, large-Nc counting indicates that
they are O(1/Nc). Combining the two suppression fac-
tors yields an estimate (M⌃ �MN )/(NcMN ) ' 0.09. A
smaller estimate is obtained by supposing that these cor-
rections are typical quenching e↵ects [19] that are SU(3)
suppressed, or by using [20] the NLO �PT results of [10].
However, in the absence of direct quantitative evidence,
it is safer to assume that the EM contributions to the
splittings carry an O(10%) QED quenching uncertainty.

Final results and discussion.– Combining the methods
described above, we obtain our final results for the total
octet baryon isospin splittings �MN , �M⌃, and �M⌅

defined above. These results, together with those ob-
tained for the EM and �m contributions, are summa-
rized in Table I. We also plot them in Fig. 3, with the
experimental values for the full splittings. Our results
are compatible with experiment.

Concerning the separation into �m and EM contribu-
tions, there exist very few determinations of these quan-
tities up to now. In the review [21], hadron EM split-
tings were estimated using a variety of models and Cot-

�9

�8

�7

�6

�5

�4

�3

�2

�1

0

1

2

�MN �M⌃ �M⌅

(M
eV

)

total
QCD
QED
exp.

FIG. 3. Results for the isospin mass splittings of the octet
baryons (total), the individual contributions to these split-
tings from the mass di↵erence mu �md (QCD) and from EM
(QED). The bands denote the size of these results. The error
bars are the statistical and total uncertainties (statistical and
systematic combined in quadrature). For comparison, the ex-
perimental values for the total splittings are also displayed.

tingham’s formula for the nucleon. These estimates are
compatible with our results within ⇠ 1.5�. The EM nu-
cleon splitting has recently been reevaluated with Cot-
tingham’s formula in [22], yielding a result which is in
better agreement with ours. �MN has further been stud-
ied with sum rules in [23].
Besides the entirely quenched, pioneering work of [24],

ours is the only one in which the baryon octet isosplit-
tings are fully computed. The only other lattice calcula-
tion of the full nucleon splitting is presented in [25]. Like
ours, it implements QED only for valence quarks. While
their �QCDMN agrees very well with ours, agreement
is less good for the EM contribution and total splitting,
which they find to be 0.38(7) MeV and �2.1(7) MeV, re-
spectively. That study was performed in rather small vol-
umes with a limited set of simulation parameters, making
an estimate of systematic errors di�cult. The few other
lattice calculations consider only the �m contributions
to the baryon splittings, in Nf=2 [7, 26] and Nf=2+1
[27, 28] simulations. The results of [26–28] rely on impre-
cise phenomenological input to fix mu/md or (mu�md).
The estimate for �QEDM

2
K of [16] is used directly in

[26, 28] and that of [29], indirectly in [27]. The most re-
cent Nf=2 calculation [7] actually determines �QEDM

2
K

in quenched QED, as we do here for Nf=2+1. �QCDMN

is computed in [7, 26, 27] while all three QCD splittings
are obtained in [28]. The latter is also true in [30], where
Nf=2+1 lattice results are combined with SU(3) �PT
and phenomenology. Agreement with our results is typ-
ically good. In all of these calculations, the range of
parameters explored is smaller than in ours, making it
more di�cult to control the physical limit.

L.L. thanks Heiri Leutwyler for enlightening discus-

Lattice calculation 
(BMW collab.) 

1306.2287 
1406.4088

proton - neutron mass difference

total

up and down masses 
i.e. Yukawa interactions

QED

https://arxiv.org/abs/1306.2287
https://arxiv.org/abs/1406.4088
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currently we have no evidence that up and down quarks 
and electron get their masses from Yukawa interactions 

— it’s in textbooks, but is it nature?
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a BIG question of particle 
physics is whether all of 

these particles acquire their 
mass in the same way
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In SM hypothesis: the lighter the particle, the less it interacts with the Higgs field 

→ the more difficult it is establish if it actually gets mass from interactions with the Higgs field

a BIG question of particle 
physics is whether all of 

these particles acquire their 
mass in the same way
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[…] cornerstone of Europe’s decision-making process for the long-term future of the field 

[…] develop a visionary and concrete plan that greatly advances knowledge in fundamental physics 
through the realisation of the next flagship collider at CERN, and to prioritize alternative options to be 

pursued if the preferred plan turns out not to be feasible or competitive.

2024 to 2026
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2029–2041 

proton–proton  
14,000 GeV energy 
10× more collisions 

than LHC

FCC-ee FCC-hh

2045–2060(c.) 

electron–positron 
91–365 GeV energy 

300,000× more 
collisions than LEP 

[or CEPC@China,  
ILC, CLIC, C3]

2070–2090(c.) 

proton–proton 
~100,000 TeV energy 
10× more collisions 

than HL-LHC 

or SppS@China 
or muon collider

approved & upgrade 
under construction
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In SM hypothesis: the lighter the particle, the less it interacts with the Higgs field 

→ the more difficult it is establish if it actually gets mass from interactions with the Higgs field

a major LHC goal of the next 
years (Run-3 or HL-LHC) will 

be to establish, for the first 
time, whether a 2nd generation 
particle also acquires its mass 

in the same way 

[ATLAS/CMS have first 
indications, but not yet 5σ]
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What of future colliders

quarks and yet-lighter particles 
are much harder  

future  collider, if built, 
will clearly establish if charm-

quarks get their mass from 
Higgs-field interactions

e+e−
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What of future colliders

It’s becoming clear that strange 
quark and electron “Yukawas” 
are just barely at the edge of 

reach of FCC-ee 

Discovering origin of electron 
mass would be a huge 

accomplishment 

electron Yukawa: see d’Enterria, Poldaru, Wojcik, 2107.02686

https://arxiv.org/abs/2107.02686
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desirable features of the next major HEP project(s)?

an important target to be reached ~ guaranteed discovery 

exploration into the unknown by a significant factor in energy  

major progress on a broad array of particle physics topics 

likelihood of success, robustness (e.g. multiple experiments)  

cost-effective construction & operation,  
low carbon footprint, novel technologies

36

?
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fundamental particles only get 
mass if the Higgs field is  

non-zero

37

Why is the Higgs field non-zero?
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https://commons.wikimedia.org/wiki/File:VFPt_Dipole_field.svg
https://en.wikipedia.org/wiki/Western_Hemisphere#/media/File:Western_Hemisphere_LamAz.png

S

N
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https://commons.wikimedia.org/wiki/File:VFPt_Dipole_field.svg

https://en.wikipedia.org/wiki/Western_Hemisphere#/media/File:Western_Hemisphere_LamAz.png

S

N

HIGGS  
FIELD

HIGGS  
FIELDHIGGS  

FIELD

HIGGS  
FIELD

HIGGS  
FIELD

HIGGS  
FIELD HIGGS  

FIELD

HIGGS  
FIELD
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V(ϕ)

Public D
om

ain, https://com
m

ons.w
ikim

edia.org/w
/index.php?curid=

95023097

unique among all the 
fields we know, the Higgs 
field is the only one that 
is non-zero “classically” 

Why? 
Higgs potential? 

Keystone of SM

SM
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Higgs potential

41

The Higgs field is non-zero 
because that ensures the 
lowest potential energy 

The SM proposes a very 
specific form for the 

potential as a function of 
the Higgs field 

V(ϕ) ∼ − μ2ϕ2 + λϕ4
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Higgs potential – remember: it’s an energy density

42

Corresponds to an energy density of 
 

 → Mass density of  
i.e. >40 billion times nuclear density

1.5 × 1010 GeV/fm3

E = mc2 2.6 × 1028 kg/m3
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https://en.wikipedia.org/wiki/Globe#/media/File:World_Globe_Map.jpg

https://en.wikipedia.org/wiki/Old_fashioned_glass#/media/File:Old_Fashioned_Glass.jpg

Harder Stadium, photo from google street view,terms say OK to  
“publicly display content with proper attribution online, in video, and in print.”

https://maps.app.goo.gl/aY4ypn4sptTrr4ct9
https://en.wikipedia.org/wiki/Globe#/media/File:World_Globe_Map.jpg
https://en.wikipedia.org/wiki/Old_fashioned_glass#/media/File:Old_Fashioned_Glass.jpg
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Earth at neutron star density

https://en.wikipedia.org/wiki/Globe#/media/File:World_Globe_Map.jpg

https://en.wikipedia.org/wiki/Old_fashioned_glass#/media/File:Old_Fashioned_Glass.jpg

Harder Stadium, photo from google street view,terms say OK to  
“publicly display content with proper attribution online, in video, and in print.”

https://maps.app.goo.gl/aY4ypn4sptTrr4ct9
https://en.wikipedia.org/wiki/Globe#/media/File:World_Globe_Map.jpg
https://en.wikipedia.org/wiki/Old_fashioned_glass#/media/File:Old_Fashioned_Glass.jpg
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Earth at neutron star density Earth at Higgs  
potential density

https://en.wikipedia.org/wiki/Globe#/media/File:World_Globe_Map.jpg

https://en.wikipedia.org/wiki/Old_fashioned_glass#/media/File:Old_Fashioned_Glass.jpg

Harder Stadium, photo from google street view,terms say OK to  
“publicly display content with proper attribution online, in video, and in print.”

https://maps.app.goo.gl/aY4ypn4sptTrr4ct9
https://en.wikipedia.org/wiki/Globe#/media/File:World_Globe_Map.jpg
https://en.wikipedia.org/wiki/Old_fashioned_glass#/media/File:Old_Fashioned_Glass.jpg
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Higgs field in space

x

yφ

11. Status of Higgs boson physics 31

boson to a pair of b quarks [180], yiedling a 95% CL upper limit on BR(t → Hc) < 0.47%
with an expected sensitivity of 0.44%.

III.4. Higgs boson pair production

Higgs boson pair production in the SM is rare. It is however a very interesting final
state to search in two specific modes: (i) the search for non-resonant production of the
Higgs boson pair and (ii) the search for resonant production of two Higgs bosons in the
decay of a heavier particle.

The measurement of non-resonant Higgs pair production is important for constraining
Higgs self-couplings. In the SM the main non-resonant production mode of two Higgs
bosons in the final state proceeds through a loop (mainly of top quarks) (Fig. 11.5a).
Another production mode is via the trilinear coupling of the Higgs boson (Fig. 11.5b),
whose amplitude is not negligible compared to the former. These diagrams interfere
negatively making the overall production rate smaller than what would be expected in
the absence of a trilinear coupling.

Figure 11.5: Feynman diagrams contributing to Higgs boson pair production
through (a) a top- and b-quark loop and (b) through the self couplings of the Higgs
boson.

III.4.1. Searches for Higgs boson pair production

The searches for Higgs boson pair production both resonant and non-resonant are very
interesting probes for a variety of theories beyond the SM, and can be done in a large
number of Higgs boson decay channels. At Run 1 the ATLAS and CMS collaborations
have searched for both resonant and non resonant Higgs boson pair production in the
following channels: (i) HH → bbγγ [181]; (ii) HH → bbτ+τ− [182]; (iii) HH → bbbb [183];
and (iv) HH → WW ∗γγ [182]. (iv) in final states containing multiple leptons (electrons
or muons) covering the WW ∗WW ∗, WW ∗ZZ∗, ZZ∗ZZ∗, ZZ∗τ+τ−, WW ∗τ+τ−,
ZZ∗bb, τ+τ−τ+τ− channels [184]; (v) γγτ+τ− channels [184].

At Run 2 most of these channels have been updated both by the ATLAS and CMS
collaborations and the results are summarized in Table 11.7.

III.4.2. The Higgs self coupling

The Higgs boson self coupling is an extremely important direct probe of the Higgs
potential with implications on our understanding of the electroweak phase transition.

December 1, 2017 09:35

c3λ3
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Higgs potential

45

Studying H→HH probes 
specific mathematical property 

of the potential’s shape: 

its third derivative ( ), 
i.e. how asymmetric it is  

at the minimum 

[reconstruction in plot 
assumes higher derivatives as 

in SM]

λ3
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Higgs potential

45

Studying H→HH probes 
specific mathematical property 

of the potential’s shape: 

its third derivative ( ), 
i.e. how asymmetric it is  

at the minimum 

[reconstruction in plot 
assumes higher derivatives as 

in SM]

λ3

direct 
observ

ation o
f H→H

H inter
action

 is a 

“guara
nteeab

le disc
overy”

 that H
EP sho

uld be 

aiming for
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typeset from Gian Giudice original for Fabiola Gianotti

ℒ = y H ψ ψ̄ + μ2 |H |2 − λ |H |4 − V0

Almost every problem of the Standard Model originates from Higgs 
interactions 

naturalness stability

cosmological constant

flavour
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UNDERLYING 
THEORY

EXPERIMENTAL 
DATA

how do you make 
quantitative 
connection?
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Papers commonly cited by ATLAS and CMS (since 2020)
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Lagrangian  data 

ATLAS and CMS (big LHC expts.) have  
written > 800 articles since 2020 

links ≡ papers they cite

↔

quantum chromodynamics (QCD) theory papers

experimental & statistics papers



QCD
quantum chromodynamics 

the theory of the strong 
interaction

49

36 9. Quantum Chromodynamics

world average, we first combine six pre-averages, excluding the lattice result, using a ‰
2 averaging

method. This gives
–s(M2

Z) = 0.1176 ± 0.0011 , (without lattice) . (9.24)

This result is fully compatible with the lattice pre-average Eq. (9.23) and has a comparable error.
In order to be conservative, we combine these two numbers using an unweighted average and take
as an uncertainty the average between these two uncertainties. This gives our final world average
value

–s(M2
Z) = 0.1179 ± 0.0010 . (9.25)

�s(MZ
2) = 0.1179 ± 0.0010

� s
(Q

2 )

Q [GeV]

� decay (N3LO)
low Q2 cont. (N3LO)

DIS jets (NLO)
Heavy Quarkonia (NLO)

e+e- jets/shapes (NNLO+res)
pp/p-p (jets NLO)

EW precision fit (N3LO)
pp (top, NNLO)

 0.05

 0.1

 0.15

 0.2

 0.25

 0.3

 0.35

 1  10  100  1000

Figure 9.5: Summary of measurements of –s as a function of the energy scale Q. The respective
degree of QCD perturbation theory used in the extraction of –s is indicated in brackets (NLO:
next-to-leading order; NNLO: next-to-next-to-leading order; NNLO+res.: NNLO matched to a
resummed calculation; N3LO: next-to-NNLO).

This world average value is in very good agreement with the last version of this Review, which
was –s(M2

Z
) = 0.1181 ± 0.0011, with only a slightly lower central value and decreased overall

6th December, 2019 11:50am

strong coupling ( ) v. momentum scaleαs

Like QED, with key differences 

• Charge comes in three variants 
(red, green, blue) 

• Force carrier (gluon), is charged 

• Coupling is larger (and non-
perturbative at small momenta)



What actually happens in a 
collision?

50
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incoming beam particle

intermediate particle 
(quark or gluon)

final particle (hadron)

Event evolution spans 7 orders of 
magnitude in space-time

http://panscales.org/videos.html 

http://panscales.org/videos.html
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incoming beam particle

intermediate particle 
(quark or gluon)

final particle (hadron)

Event evolution spans 7 orders of 
magnitude in space-time

http://panscales.org/videos.html 

http://panscales.org/videos.html
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1 TeV

10 GeV

energy
scale

1 GeV

100 GeV

hadronisation

shower

hard process

parton

PanScales 
project

PanScales 
project[ ]

π Κ π ρ p . . . . . Κ π π Κ π π

timeZ'

1 TeV

10 GeV

energy
scale

1 GeV

100 GeV

hadronisation

shower

hard process

parton

PanScales 
project

PanScales 
project[ ]

π Κ π ρ p . . . . . Κ π π Κ π π

timeZ'

αs ∼ 0.1

αs ∼ 0.1 − 0.25

αs ≳ 0.4
[non-perturbative models]
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1 TeV

10 GeV

energy
scale

1 GeV

100 GeV

hadronisation

shower

hard process

parton

PanScales 
project

PanScales 
project[ ]

π Κ π ρ p . . . . . Κ π π Κ π π

timeZ' αs ∼ 0.1

Calculate scattering cross sections as a “perturbative” series 
expansion in power of the strong coupling  αs

σ = c0 + c1αs + c2α2
s + ⋯
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Precision is essential to understand LHC data and learn from them

Standard Model and Higgs Theory                                               Daniel de Florian 21

Inclusive Higgs : an example of precision  

Georgi et al
1978

Dawson, Spira et al
1991-2003

M. Grazzini, D. de Florian
2003-2016

Anastasiou et al
2016-

from M. Grazzini

THE NEED OF PRECISION: TOWARDS THE  LEVEL%

[plot from M.Grazzini]

ATLAS  
data

LO: α2
s

Higgs Boson Cross Section

via Lorenzo Tancredi, adapted
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2003-2016
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2016-
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LO: α2
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Inclusive Higgs : an example of precision  

Georgi et al
1978

Dawson, Spira et al
1991-2003

M. Grazzini, D. de Florian
2003-2016

Anastasiou et al
2016-

from M. Grazzini[plot from M.Grazzini]
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ATLAS  
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LO: α2
s

NLO

Higgs Boson Cross Section
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s + α4
s

via Lorenzo Tancredi, adapted
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Precision is essential to understand LHC data and learn from them

Standard Model and Higgs Theory                                               Daniel de Florian 21

Inclusive Higgs : an example of precision  

Georgi et al
1978

Dawson, Spira et al
1991-2003

M. Grazzini, D. de Florian
2003-2016

Anastasiou et al
2016-

from M. Grazzini[plot from M.Grazzini]

THE NEED OF PRECISION: TOWARDS THE  LEVEL%

ATLAS  
data

LO: α2
s

NLO

Higgs Boson Cross Section

NNLO

N3LO 
α2

s + ⋯ + α5
s

via Lorenzo Tancredi, adapted
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FOUR-PARTON SCATTERING TO THREE LOOPS
[Caola, Chakraborty, Gambuti, von Manteuffel, LT ’21]

Phys.Rev.Lett. 128 (2022) 21, 212001

..

. . .

Dear Sir or Madam,

We are pleased to inform you that the Letter

Three-loop gluon scattering in QCD and the gluon

Regge trajectory

Fabrizio Caola et al.
Phys. Rev. Lett. 128, 212001 (2022)

Published 26 May 2022

has been highlighted by the editors as an Editors’ Suggestion. Publication of a Letter is

already a considerable achievement, as Physical Review Letters accepts fewer than 1/4 of

submissions, and is ranked first among physics and mathematics journals by the Google

Scholar five-year h-index. A highlighted Letter has additional significance, because only about

one Letter in seven is highlighted as a Suggestion due to its particular importance, innovation,

and broad appeal. Suggestions are downloaded more than twice as often as the average

Letter, and receive substantially more press coverage. Suggestions are cited at roughly twice

the rate of nonhighlighted Letters. More information about our journal and its history can be

found on our webpage prl.aps.org.

Yours sincerely,

Hugues Chaté

Editor

Physical Review Letters

Michael Thoennessen

Editor in Chief

American Physical Society

PHYSICAL REVIEW LETTERS

+ 500 more pages

= 50000 Feynman diagrams 

 @ 3 loops in QCDgg 𝒪 gg

=  Feynman integrals! 107

slide from Lorenzo Tancredi
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1980 1990 2000 2010 20201970

Drell-Yan (γ/Ζ) & Higgs production at hadron colliders
NLOLO NNLO[……………….] N3LO
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DGLAP splitting functions
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All of this is impossible without simulations
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Herwig 7

Pythia 8

Sherpa 3
used in ~95% of ATLAS/CMS publications 

they do an amazing job of simulating vast swathes of data; 
collider physics would be unrecognisable without them
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 |  *------------------------------------------------------------------------------*  | 
 |  |                                                                              |  | 
 |  |                                                                              |  | 
 |  |   PPP   Y   Y  TTTTT  H   H  III    A      Welcome to the Lund Monte Carlo!  |  | 
 |  |   P  P   Y Y     T    H   H   I    A A     This is PYTHIA version 8.303      |  | 
 |  |   PPP     Y      T    HHHHH   I   AAAAA    Last date of change:  1 Sep 2020  |  | 
 |  |   P       Y      T    H   H   I   A   A                                      |  | 
 |  |   P       Y      T    H   H  III  A   A    Now is 19 Jul 2021 at 11:41:40    |  | 
 |  |                                                                              |  | 
 *-------  PYTHIA Process Initialization  --------------------------* 
 | We collide p+ with p+ at a CM energy of 1.400e+04 GeV            | 
 |------------------------------------------------------------------| 
 | Subprocess                                    Code |   Estimated | 
 |                                                    |    max (mb) | 
 |------------------------------------------------------------------| 
 |                                                    |             | 
 | g g -> H (SM)                                  902 |   3.065e-07 | 
 --------  PYTHIA Event Listing  (complete event)  --------------------------------------------------------------------------------- 

    no         id  name            status     mothers   daughters     colours      p_x        p_y        p_z         e          m 
     0         90  (system)           -11     0     0     0     0     0     0      0.000      0.000      0.000  14000.000  14000.000 
     1       2212  (p+)               -12     0     0   649     0     0     0      0.000      0.000   7000.000   7000.000      0.938 
     2       2212  (p+)               -12     0     0   650     0     0     0      0.000      0.000  -7000.000   7000.000      0.938 
     3         21  (g)                -21    19     0     5     0   101   102      0.000      0.000     10.638     10.638      0.000 
     4         21  (g)                -21    20    20     5     0   102   101      0.000      0.000   -373.110    373.110      0.000 
     5         25  (h0)               -22     3     4    21    21     0     0      0.000      0.000   -362.472    383.747    126.000 
     6         21  (g)                -31    75    75     8     9   104   105      0.000      0.000    162.462    162.462      0.000 
     7         21  (g)                -31    76     0     8     9   106   104      0.000      0.000     -8.450      8.450      0.000 
     8         21  (g)                -33     6     7    42    43   106   107      2.904     -9.848     -5.104     11.466      0.000 
     9         21  (g)                -33     6     7    44    44   107   105     -2.904      9.848    159.116    159.447      0.000 
    10         21  (g)                -31    14     0    12    13   108   109      0.000      0.000     14.037     14.037      0.000 
   . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
  1624        111  pi0                 91  1516     0     0     0     0     0      0.081      0.097     -0.757      0.779      0.135 
  1625        111  pi0                 91  1516     0     0     0     0     0     -0.082     -0.156     -0.614      0.653      0.135 
  1626        130  K_L0                91  1522  1522     0     0     0     0     -2.188      0.152     13.925     14.106      0.498 
                                   Charge sum:  2.000           Momentum sum:     -0.000      0.000     -0.000  14000.000  14000.000 
 --------  End PYTHIA Event Listing  -----------------------------------------------------------------------------------------------
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Machine learning and jet/event structure 
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Convolutational Neural Networks and Jet Images

I Project a jet onto a fixed n ⇥ n pixel image in rapidity-azimuth, where
each pixel intensity corresponds to the momentum of particles in that
cell.

I Can be used as input for classification methods used in computer
vision, such as deep convolutional neural networks.

[Cogan, Kagan, Strauss, Schwartzman JHEP 1502 (2015) 118]
[de Oliveira, Kagan, Mackey, Nachman, Schwartzman JHEP 1607 (2016) 069]

Frédéric Dreyer 11/42

2021 Young Experimental Physicist  
EPS HEPP prize

Particle Transformer for Jet Tagging
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Figure 3. The architecture of (a) Particle Transformer (b) Particle Attention Block (c) Class Attention Block.

of particles, in a shape (N, N,C →). The particle and inter-
action inputs are each followed by an MLP to project them
to a d- and d→-dimensional embedding, x0

→ RN↑d and
U → RN↑N↑d→

, respectively. Unlike Transformers for NLP
and vision, we do not add any ad-hoc positional encodings,
as the particles in a jet are permutation invariant. The spatial
information (i.e., the flying direction of each particle) is
directly included in the particle inputs. We feed the particle
embedding x0 into a stack of L particle attention blocks
to produce new embeddings, x1, ...,xL via multi-head self
attention. The interaction matrix U is used to augment the
scaled dot-product attention by adding it as a bias to the
pre-softmax attention weights. The same U is used for all
the particle attention blocks. After that, the last particle
embedding xL is fed into two class attention blocks, and a
global class token xclass is used to extract information for
jet classification via attention to all the particles, following
the CaiT approach (Touvron et al., 2021). The class token
is passed to a single-layer MLP, followed by softmax, to
produce the final classification scores.

Remark. ParT can also be viewed as a graph neural network
on a fully-connected graph, in which each node corresponds
to a particle, and the interactions are the edge features.

Particle interaction features. While the ParT architec-
ture is designed to be able to process any kinds of pairwise

interaction features, for this paper we only consider a spe-
cific scenario in which the interaction features are derived
from the energy-momentum 4-vector, p = (E, px, py, pz),
of each particle. This is the most general case for jet tagging,
as the particle 4-vectors are available in every jet tagging
task. Specifically, for a pair of particles a, b with 4-vectors
pa, pb, we calculate the following 4 features:

! =
√

(ya ↑ yb)2 + (ωa ↑ ωb)2,

kT = min(pT,a, pT,b)!,

z = min(pT,a, pT,b)/(pT,a + pT,b),

m2 = (Ea + Eb)
2

↑ ↓pa + pb↓
2,

(3)

where yi is the rapidity, ωi is the azimuthal angle, pT,i =
(p2x,i + p2y,i)

1/2 is the transverse momentum, and pi =
(px,i, py,i, pz,i) is the momentum 3-vector and ↓ · ↓ is the
norm, for i = a, b. Since these variables typically have
a long-tail distribution, we take the logarithm and use
(ln !, ln kT, ln z, ln m2) as the interaction features for each
particle pair. The choice of this set of features is motivated
by Dreyer & Qu (2021).

Particle attention block. A key component of ParT is the
particle attention block. As illustrated in Figure 3(b), the
particle attention block consists of two stages. The first
stage includes a multi-head attention (MHA) module with
a LayerNorm (LN) layer both before and afterwards. The

Qu, Li & Qian, 
arXiv:2202.03772

https://arxiv.org/abs/2202.03772


using full jet/event information for H/W/Z-boson tagging
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Element #1:  
what are parton showers 

 trying to achieve?

parton showers span disparate scales 
natural language is “logarithmic” accuracy

63

Dasgupta, Dreyer, Hamilton, Monni & GPS, 1805.09327
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QCD parton shower: an evolution equation (in evolution scale v, e.g. transverse momentum)
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QCD parton shower: an evolution equation (in evolution scale v, e.g. transverse momentum)
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Question 1 

Can repeated iteration of 1→2 
branchings reproduce the true 
probability for 1→n, for any n? 

Under what conditions?
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selected collider-QCD accuracy milestones
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DGLAP splitting functions
LO NLO NNLO [parts of N3LO]

1980 1990 2000 2010 20201970

Drell-Yan (γ/Ζ) & Higgs production at hadron colliders
NLOLO NNLO[……………….] N3LO

transverse-momentum resummation (DY&Higgs)
NLL[……]LL NNLL[…] N3LL

fixed-order matching of parton showers
LO NLO NNLO […….] [N3LO]

parton showers
[parts of NLL…………………………………………..]LL

(many of today’s widely-used showers only LL@leading-colour)

NLL

parts  
of  

NNLL

Question 2 

Can a single parton shower reproduce all 
known resummations? [perturbation theory 

across disparate scales]
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1. Momentum conservation: the core of any shower

68

qq̄

1~
Dipole showers conserve momentum at each step. Traditional dipole-local recoil:

pendix A), the kinematic mappings (Appendix B), the analytic expectations for our colour

tests (Appendix C) and the derivation of the spin branching amplitudes (Appendix D).

The validation of our approach at all-orders across many observables and a presentation of

the associated all-order testing methodology are to be found in a separate publication [1].

2 Basics of hadron-collision dipole showers

In this section we will highlight common features of dipole showers and formulate a generic

standard dipole shower, which will be used as a convenient reference for a LL-accurate

shower throughout this work and our companion article [1]. We will concentrate on colour-

singlet production in proton-proton collisions, specifically qq̄ ! Z and gg ! H, with a

hadron-hadron centre-of-mass energy
p
s and a colour-singlet Born four-momentum Q

µ.

2.1 Generic formulation of a hadron-collider shower

Standard dipole showers and the PanScales hadron-collider showers that we develop later

in Section 4 have a number of characteristics in common. These include the final and

initial-state splitting probabilities, as well as the generic structure of recoil for emission of

a parton from a dipole. In this work, all partons are considered to be massless and we will

often refer to the colour singlet as the “hard system”.

First, we consider a final-state parent parton ı̃ that radiates a collinear emission k. The

post-branching momentum of the parent is denoted by i. The phase-space of the emission

k is parameterised by its transverse momentum k?, its longitudinal momentum fraction

z (relative to the pre-branching parent) and its azimuthal angle '. In the collinear limit

(✓ik ⌧ 1), the di↵erential branching probability then reads

epi
pk ' zepi

pi ' (1� z)epi

! dPFS
ı̃!ik

=
↵s(k2?)

2⇡

dk2?
k
2
?

dz

z

d'

2⇡
N

sym
ik

[zPı̃!ik(z)] ,

(2.1)

with ↵s the strong coupling and N
sym
ik

a symmetry factor that is equal to 1/2 for g !

gg splittings, and 1 otherwise. We use symbols with a tilde to indicate pre-branching

partons and their momenta, and symbols without any decoration to indicate post-branching

partons. The DGLAP splitting functions Pı̃!ik are provided in Appendix A. A well-known

feature of Eq. (2.1) is its singular behaviour in the soft (z ! 0) collinear limit for flavour-

conserving emissions (i.e. Pg!gg and Pq!qg), and in the hard (z ⇠ 1) collinear limit for

every type of emission. The soft and collinear singularities compensate the smallness of

↵s in the corresponding regions of phase space, resulting in the large logarithms that the

shower resums.

In hadronic collisions, final-state radiation is to be supplemented with emissions from

the incoming partons. Over three decades ago, it was realised that a backwards evolution

– 4 –
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Dipole showers conserve momentum at each step. Traditional dipole-local recoil:

(a)

r =
 p

⟂
,2

 / 
p ⟂

,1

Δφ12

ratio of dipole-shower double-soft ME to correct result

0.05

0.1

0.2

0.5

1

-π -π/2 0 π/2 π
 0

 1

 2

|M
2show

er (p
a ,p

b ∈
♢)| / |M

2correct (p
a ,p

b ∈
♢)|

Applies to "diamond" rapidity region

(b)

Figure 3: (a) Illustration of the modification of the transverse momentum (upper panel)

and rapidity (lower panel) of gluon 1 after emission of gluon 2, shown as a function of

the rapidity of gluon 2. Prior to emission of gluon 2, gluon 1 originally has a rapidity

⌘g1 ' 2.3 and transverse momentum ep?,g1 = v1 = 10�6
Q (v1 = 10�6

Q and 1 � z1 =

10�5). Gluon 2 has v2 = 1
2v1 and is emitted parallel in azimuth to gluon 1. To help

guide the eye, four regions of gluon 2 rapidity are labelled according to the identity of the

parton that branches and that of the spectator. The results have been obtained using a

numerical implementation of the kinematic maps of section 2. The transverse momentum

shifts in (a) can be reinterpreted in terms of the e↵ect they have on the e↵ective matrix

element for double-soft emission. Plot (b) shows the ratio of this e↵ective matrix element

to the true one, as a function of the azimuthal angle between the two emissions and their

transverse-momentum ratio (in a specific “diamond” region of widely separated rapidities,

cf. Appendix A). For simplicity, the matrix-element ratio is given in the large-Nc limit.

that this issue with subleading Nc terms will also a↵ect those double logarithms. We will

investigate this in section 4.1.

We should note that issues with the attribution of colour factors beyond leading NC in

dipole showers have been highlighted in a range of previous work, e.g. Refs. [36, 53, 79, 80].

Our analysis in this subsection is close in particular to that of Ref. [53]. We also note

that approaches to obtain the correct subleading colour factor for at least the main soft-

collinear divergences have existed for some time. The classification that is implied by

angular ordering (see also Ref. [52]) provides a guide in this direction, as was articulated

for a dipole shower in Ref. [53] and found to be relevant for particle multiplicities at LHC

energies [54]. Another proposal is that of Ref. [79].

– 15 –

ratio of effective shower 
matrix element to exact one

Shower initially generated matrix element for  
particle , whose momentum differs (by ~ 50%)  
from final particle 1.  

Matrix element is incorrect wrt final momentum 1. 
First observed: Andersson, Gustafson, Sjogren ’92 
Closely related effect present for Z pt: Nagy & Soper 0912.4534 
Impact on log accuracy across many observables: Dasgupta, Dreyer, Hamilton, Monni, GPS, 1805.09327 

1̃

https://arxiv.org/abs/0912.4534
https://arxiv.org/abs/1805.09327


Gavin Salam UCSB Physics Colloquium

1. Correct recoil rule: no side effects on other distant emissions

70

qq̄

1~
One approach

pendix A), the kinematic mappings (Appendix B), the analytic expectations for our colour

tests (Appendix C) and the derivation of the spin branching amplitudes (Appendix D).

The validation of our approach at all-orders across many observables and a presentation of

the associated all-order testing methodology are to be found in a separate publication [1].

2 Basics of hadron-collision dipole showers

In this section we will highlight common features of dipole showers and formulate a generic

standard dipole shower, which will be used as a convenient reference for a LL-accurate

shower throughout this work and our companion article [1]. We will concentrate on colour-

singlet production in proton-proton collisions, specifically qq̄ ! Z and gg ! H, with a

hadron-hadron centre-of-mass energy
p
s and a colour-singlet Born four-momentum Q

µ.

2.1 Generic formulation of a hadron-collider shower

Standard dipole showers and the PanScales hadron-collider showers that we develop later

in Section 4 have a number of characteristics in common. These include the final and

initial-state splitting probabilities, as well as the generic structure of recoil for emission of

a parton from a dipole. In this work, all partons are considered to be massless and we will

often refer to the colour singlet as the “hard system”.

First, we consider a final-state parent parton ı̃ that radiates a collinear emission k. The

post-branching momentum of the parent is denoted by i. The phase-space of the emission

k is parameterised by its transverse momentum k?, its longitudinal momentum fraction

z (relative to the pre-branching parent) and its azimuthal angle '. In the collinear limit

(✓ik ⌧ 1), the di↵erential branching probability then reads
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[zPı̃!ik(z)] ,

(2.1)

with ↵s the strong coupling and N
sym
ik

a symmetry factor that is equal to 1/2 for g !

gg splittings, and 1 otherwise. We use symbols with a tilde to indicate pre-branching

partons and their momenta, and symbols without any decoration to indicate post-branching

partons. The DGLAP splitting functions Pı̃!ik are provided in Appendix A. A well-known

feature of Eq. (2.1) is its singular behaviour in the soft (z ! 0) collinear limit for flavour-

conserving emissions (i.e. Pg!gg and Pq!qg), and in the hard (z ⇠ 1) collinear limit for

every type of emission. The soft and collinear singularities compensate the smallness of

↵s in the corresponding regions of phase space, resulting in the large logarithms that the

shower resums.

In hadronic collisions, final-state radiation is to be supplemented with emissions from

the incoming partons. Over three decades ago, it was realised that a backwards evolution

– 4 –
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qq̄

1~
One approach

2

emission of 2 takes transverse 
recoil from q

 left almost unchanged if  recoil from emission of 2 taken by (much harder) qθ1q ⊥
Can be achieved in multiple ways: 

➤ global transverse recoil  
(Dasgupta et al 2002.11114, “PanGlobal”; Holguin Seymour & Forshaw 2003.06400; Alaric 
2208.06057 + , Apollo, 2403.19452)  

➤ local transverse recoil, with non-standard shower ordering & dipole partition 
(2002.11114 “PanLocal”; Nagy & Soper 0912.4534 + , “Deductor”)

⋯

⋯
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https://arxiv.org/abs/2002.11114
https://arxiv.org/abs/2003.06400
https://arxiv.org/abs/2208.06057
https://arxiv.org/abs/2403.19452
https://arxiv.org/abs/2002.11114
https://arxiv.org/abs/0912.4534
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Element #2: testing correctness

Parton showers operate at all orders and mix many 
effects. How can you separate out just the orders you 

aim to control to test they’re correct?

72

Dasgupta, Dreyer, Hamilton, Monni, GPS & Soyez, 2002.11114

https://arxiv.org/abs/2002.11114
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Δψ12
kt1

kt2

jet
➤ run full shower & 

measure specific observable: azimuth between 
two highest-kt emissions (soft-collinear) 

➤ Normal QCD:  and two orders of 
magnitude in momentum 

➤ Focus on “logarithmic” part by taking smaller 
 and 10 orders of magnitude 

➤ ratio to NLL should be flat ≡ 1 

➤ it isn’t: have we got an NLL mistake? Or a 
residual subleading (NNLL) term?

αs ≃ 0.1

αs = 0.02

73

ratio 
to 
NLL

Test class 2: full shower v. all-order NLL
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Δψ12
kt1

kt2

jet
➤ run full shower & 

measure specific observable: azimuth between 
two highest-kt emissions (soft-collinear) 

➤ Normal QCD:  and two orders of 
magnitude in momentum 

➤ Focus on “logarithmic” part by taking smaller 
 and 20 orders of magnitude 

➤ ratio to NLL should be flat ≡ 1 

➤ it isn’t: have we got an NLL mistake? Or a 
residual subleading (NNLL) term?

αs ≃ 0.1

αs = 0.01
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Test class 2: full shower v. all-order NLL
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Δψ12
kt1

kt2

jet
➤ run full shower & 

measure specific observable: azimuth between 
two highest-kt emissions (soft-collinear) 

➤ Normal QCD:  and two orders of 
magnitude in momentum 

➤ Focus on “logarithmic” part by taking smaller 
 and 40 orders of magnitude 

➤ ratio to NLL should be flat ≡ 1 

➤ it isn’t: have we got an NLL mistake? Or a 
residual subleading (NNLL) term?

αs ≃ 0.1

αs = 0.005

75

ratio 
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Test class 2: full shower v. all-order NLL
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Δψ12
kt1

kt2

jet
➤ run full shower & 

measure specific observable: azimuth between 
two highest-kt emissions (soft-collinear) 

➤ Normal QCD:  and two orders of 
magnitude in momentum 

➤ Focus on “logarithmic” part by taking smaller 
 and 40 orders of magnitude 

➤ ratio to NLL should be flat ≡ 1 

➤ extrapolation  agrees with NLL

αs ≃ 0.1

αs = 0.005

αs → 0

76
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Test class 2: full shower v. all-order NLL

PanGlobal agrees 
with NLL
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Δψ12
kt1

kt2

jet

77

ratio 
to 
NLL

Test class 2: full shower v. all-order NLL

PanGlobal agrees 
with NLL

standard dipole 
shower differs 
from NLL by 
~60%, i.e. O(1)
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Test class 2: full shower v. all-order NLL — many observables

78

4

FIG. 2. Left: ratio of the cumulative y23 distribution from several showers divided by the NLL answer, as a function of
↵s ln y23/2, for ↵s ! 0. Right: summary of deviations from NLL for many shower/observable combinations (either ⌃shower(↵s !
0,↵sL = �0.5)/⌃NLL � 1 or (N subjet

shower(↵s ! 0,↵sL
2 = 5)/N subjet

NLL � 1)/
p
↵s). Red squares indicate clear NLL failure; amber

triangles indicate NLL fixed-order failure that is masked at all orders; green circles indicate that all NLL tests passed.

Fig. 1.
The left-hand plot of Fig. 1 shows the Pythia8 dipole

algorithm (not designed as NLL accurate), while the
middle plot shows our PanGlobal shower with � = 0.
The dipole result is clearly not independent of � 12

for ↵s ! 0, with over 60% discrepancies, extending the
fixed-order conclusions of Ref. [37]. The discrepancy is
only ' 30% for gg events (not shown in Fig. 1), and
the di↵erence would, e.g., skew machine learning [67] for
quark/gluon discrimination. PanGlobal is independent
of � 12. The right-hand plot shows the ↵s ! 0 limit
for multiple showers. The overall pattern is as expected:
PanLocal works for � = 0.5, but not � = 0, demon-
strating that with kt ordering it is not su�cient just to
change the dipole partition to get NLL accuracy. Pan-
Global works for � = 0 and � = 0.5. (Showers that
coincide for ↵s ! 0, e.g. Dire v1 and Pythia8, typically
di↵er at finite ↵s, reflecting NNLL di↵erences.)

Next, we consider a range of more standard observ-
ables at NLL accuracy. They include the Cambridgep
y23 resolution scale [68]; two jet broadenings, BT and

BW [69]; fractional moments, FC1��obs , of the energy-
energy correlations [47]; the thrust [70, 71], and the max-
imum ui = kti/Qe��obs|⌘i| among primary Lund declus-
terings i. Each of these is sensitive to soft-collinear ra-
diation as kt/Qe��obs|⌘|, with the �obs values shown in
Fig. 2 (right). Additionally, the scalar sum of the trans-
verse momenta in a rapidity slice [72], of full-width 2, is
useful to test non-global logarithms (NGLs). These ob-
servables all have the property that their distribution at
NLL can be written as [47, 53, 72–74]

⌃(↵s,↵sL) = exp
⇥
↵�1
s g1(↵sL) + g2(↵sL) +O

�
↵n
sL

n�1
�⇤
,

(6)
where ⌃ is the fraction of events where the observable
is smaller than eL (g1 = 0 for the rapidity slice kt).
We also consider the kt-algorithm [75] subjet multiplic-

ity [76], [51]§ 5.
Fig. 2 (left) illustrates our all-order tests of the shower

for one observable,
p
y23. It shows the ratio of the ⌃

as calculated with the shower to the NLL result, as a
function of ↵s ln

p
y23 in the limit of ↵s ! 0. The stan-

dard dipole algorithms disagree with the NLL result, by
up to 20%. This is non-negligible, though smaller than
the disagreement in Fig. 1, because of the azimuthally
averaged nature of the

p
y23 observable. In contrast the

PanGlobal and PanLocal(� = 0.5) showers agree with
the NLL result to within statistical uncertainties.
Fig. 2 (right) shows an overall summary of our

tests. The position of each point shows the result of
⌃shower(↵s ! 0,↵sL = �0.5)/⌃NLL�1 or (N subjet

shower(↵s !
0,↵sL2 = 5)/N subjet

NLL � 1)/
p
↵s. If it di↵ers from 0, the

point is shown as a red square. In some cases (amber tri-
angles) it agrees with 0, though an additional fixed-order
analysis in a fixed-coupling toy shower [37] [51]§ 2 re-
veals issues a↵ecting NLL accuracy, all involving hitherto
undiscovered spurious super-leading logarithmic terms.1

Green circles in Fig. 2 (right) indicate that the
shower/observable combination passes all of our NLL
tests, both at all orders and in fixed-order expansions.
The four shower algorithms designed to be NLL accurate
pass all the tests. These are the PanLocal shower (dipole
and antenna variants) with � = 1

2 and the PanGlobal
shower with � = 0 and � = 1

2 .

1 Such terms, (↵sL)n(↵sL2)p in ln⌃, starting typically for n = 3
(sometimes 2), p � 1, appear for traditional kt ordered dipole
showers for global (�obs > 0) and non-global observables [51]§ 3.
Terms of this kind can generically exist [77–79], but not at
leading-colour or for pure final-state processes with rIRC [47]
safe observables. In many cases, the spurious super-leading log-
arithms appear to resum to mask any disagreement with NLL.
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The left-hand plot of Fig. 1 shows the Pythia8 dipole

algorithm (not designed as NLL accurate), while the
middle plot shows our PanGlobal shower with � = 0.
The dipole result is clearly not independent of � 12

for ↵s ! 0, with over 60% discrepancies, extending the
fixed-order conclusions of Ref. [37]. The discrepancy is
only ' 30% for gg events (not shown in Fig. 1), and
the di↵erence would, e.g., skew machine learning [67] for
quark/gluon discrimination. PanGlobal is independent
of � 12. The right-hand plot shows the ↵s ! 0 limit
for multiple showers. The overall pattern is as expected:
PanLocal works for � = 0.5, but not � = 0, demon-
strating that with kt ordering it is not su�cient just to
change the dipole partition to get NLL accuracy. Pan-
Global works for � = 0 and � = 0.5. (Showers that
coincide for ↵s ! 0, e.g. Dire v1 and Pythia8, typically
di↵er at finite ↵s, reflecting NNLL di↵erences.)

Next, we consider a range of more standard observ-
ables at NLL accuracy. They include the Cambridgep
y23 resolution scale [68]; two jet broadenings, BT and

BW [69]; fractional moments, FC1��obs , of the energy-
energy correlations [47]; the thrust [70, 71], and the max-
imum ui = kti/Qe��obs|⌘i| among primary Lund declus-
terings i. Each of these is sensitive to soft-collinear ra-
diation as kt/Qe��obs|⌘|, with the �obs values shown in
Fig. 2 (right). Additionally, the scalar sum of the trans-
verse momenta in a rapidity slice [72], of full-width 2, is
useful to test non-global logarithms (NGLs). These ob-
servables all have the property that their distribution at
NLL can be written as [47, 53, 72–74]

⌃(↵s,↵sL) = exp
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↵�1
s g1(↵sL) + g2(↵sL) +O
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↵n
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,

(6)
where ⌃ is the fraction of events where the observable
is smaller than eL (g1 = 0 for the rapidity slice kt).
We also consider the kt-algorithm [75] subjet multiplic-

ity [76], [51]§ 5.
Fig. 2 (left) illustrates our all-order tests of the shower

for one observable,
p
y23. It shows the ratio of the ⌃

as calculated with the shower to the NLL result, as a
function of ↵s ln

p
y23 in the limit of ↵s ! 0. The stan-

dard dipole algorithms disagree with the NLL result, by
up to 20%. This is non-negligible, though smaller than
the disagreement in Fig. 1, because of the azimuthally
averaged nature of the

p
y23 observable. In contrast the

PanGlobal and PanLocal(� = 0.5) showers agree with
the NLL result to within statistical uncertainties.
Fig. 2 (right) shows an overall summary of our

tests. The position of each point shows the result of
⌃shower(↵s ! 0,↵sL = �0.5)/⌃NLL�1 or (N subjet

shower(↵s !
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NLL � 1)/
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↵s. If it di↵ers from 0, the

point is shown as a red square. In some cases (amber tri-
angles) it agrees with 0, though an additional fixed-order
analysis in a fixed-coupling toy shower [37] [51]§ 2 re-
veals issues a↵ecting NLL accuracy, all involving hitherto
undiscovered spurious super-leading logarithmic terms.1

Green circles in Fig. 2 (right) indicate that the
shower/observable combination passes all of our NLL
tests, both at all orders and in fixed-order expansions.
The four shower algorithms designed to be NLL accurate
pass all the tests. These are the PanLocal shower (dipole
and antenna variants) with � = 1

2 and the PanGlobal
shower with � = 0 and � = 1

2 .

1 Such terms, (↵sL)n(↵sL2)p in ln⌃, starting typically for n = 3
(sometimes 2), p � 1, appear for traditional kt ordered dipole
showers for global (�obs > 0) and non-global observables [51]§ 3.
Terms of this kind can generically exist [77–79], but not at
leading-colour or for pure final-state processes with rIRC [47]
safe observables. In many cases, the spurious super-leading log-
arithms appear to resum to mask any disagreement with NLL.



Gavin Salam UCSB Physics Colloquium 79

Building a consistent parton shower
Forshaw, Holguin, Plätzer [2003.06400]

Improvements on dipole shower colour
Forshaw, Holguin, Plätzer [2011.15087]

A partitioned dipole-antenna shower 
with improved transverse recoil

Preuss [2403.19452]

Logarithmic accuracy of parton 
showers: a fixed-order study
Dasgupta, Dreyer, Hamilton, Monni, 

Salam [1805.09327]

Parton showers beyond leading 
logarithmic accuracy

Dasgupta, Dreyer, Hamilton, Monni, Salam, 
Soyez [2002.11114]Colour and logarithmic accuracy in 

final-state parton showers
Hamilton, Medves, Salam, Scyboz, Soyez 

[2011.10054]

Spin correlations in final-state parton 
showers and jet observables

Karlberg, Salam, Scyboz, Verheyen [2103.16526]
Soft spin correlations in final-state 

parton showers
Hamilton, Karlberg, Salam, Scyboz, Verheyen 

[2111.01161]

PanScales parton showers for hadron 
collisions: formulation and fixed-order studies

van Beekveld, Ferrario Ravasio, Salam, Soto Ontoso, 
Soyez, Verheyen [2205.02237]

PanScales parton showers for hadron 
collisions: all-order validation

van Beekveld, Ferrario Ravasio, Hamilton, Salam, 
Soto Ontoso, Soyez, Verheyen [2207.09467]

Next-to-leading-logarithmic 
PanScales showers for deep inelastic 

scattering and vector boson fusion
van Beekveld, Ferrario Ravasio [2305.08645]

Introduction to the PanScales framework, version 0.1
van Beekveld, Dasgupta, El-Menoufi, Ferrario Ravasio, Hamilton, 
Helliwell, Karlberg, Medves, Monnim Salam, Scyboz, Soto Ontoso, 

Soyez, Verheyen [2312.13275]

PanScales

A new approach to color-coherent parton 
evolution

Herren, Höche, Krauss, Reichelt, Schönherr [2208.06057]

New approach to QCD final-state evolution in 
processes with massive partons

Assi, Höche [2307.00728]

The Alaric parton shower for hadron colliders
Höche, Krauss, Reichelt [2404.14360]

Alaric

Summation of large 
logarithms by parton showers

Nagy, Soper [2011.04773]

Summation by parton showers of large 
logarithms in electron-positron annihilation

Nagy, Soper [2011.04777]

Deductor

Logarithmic accuracy of angular-
ordered parton showers

Bewick, Ferrario Ravasio, Richardson, 
Seymour [1904.11866]

Initial state radiation in the Herwig 7 angular-
ordered parton shower

Bewick, Ferrario Ravasio, Richardson, Seymour [2107.04051]

Herwig

NLL accuracy is the becoming the new standard

Apollo

15 slide from M. van Beekveld
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E.g. at NNLL, effective matrix 
element should be correct even 

where there are pairs of emissions 
close by in the Lund plane

80
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Element #3:  
extension to higher orders
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Make each new emission’s distribution conditional on one previous emission

81

k1
Distribute  according to k1 M2(k1)



UCSB Physics ColloquiumGavin Salam

Make each new emission’s distribution conditional on one previous emission

81

k1
Distribute  according to k1 M2(k1)

k1
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Make each new emission’s distribution conditional on one previous emission

81

k1
Distribute  according to k1 M2(k1)

k1
Distribute  according to k2 M2(k1, k2)/M2(k1)

k2

k1 k2
Distribute  according to k3 M2(k2, k3)/M2(k2)

k3

Relies on factorisation: e.g.   
if 3 and 4 well separated in Lund plane from 1 and 2  
[factorised matrix elements given in Dokshitzer, Marchesini & Oriani '92, Campbell & Glover, hep-ph/9710255, 
Catani & Grazzini hep-ph/9810389, etc.]

M2(k1, k2, k3, k4)/M2(k1, k2, k3) → M2(k3, k4)/M2(k3)

k1
Distribute  according to k4 M2(k3, k4)/M2(k3)

k2 k3 k4

https://inspirehep.net/literature/336198
https://arxiv.org/abs/hep-ph/9710255
https://arxiv.org/abs/hep-ph/9810389
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Account for virtual corrections associated with each emission

82

k1 NLO correction to  emission 
intensity sums loop correction and all 
possible scenarios for the next 
emission 

k1k1 k2

+ ∫ dk2
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Account for virtual corrections associated with each emission

82

k1 NLO correction to  emission 
intensity sums loop correction and all 
possible scenarios for the next 
emission 

k1k1 k2

+ ∫ dk2

k2 NLO correction to  emission 
intensity sums loop correction and all 
possible scenarios for the following  
emission

k2
k2 k3

+ ∫ dk3

k1 k1

etc.
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Account for virtual corrections associated with each emission

82

Again relies on factorisation, e.g. when 1 and 2 are well separated in the Lund plane 
+ careful nesting, cf. Ferrario Ravasio et al, 2307.11142; van Beekveld, Dasgupta, El-Menoufi, 
Helliwell, Monni, GPS 2409.08316  
(see also Hartgring, Laenen & Skands, 1303.4974, Campbell et al 2108.07133 at fixed order)

k1 NLO correction to  emission 
intensity sums loop correction and all 
possible scenarios for the next 
emission 

k1k1 k2

+ ∫ dk2

k2 NLO correction to  emission 
intensity sums loop correction and all 
possible scenarios for the following  
emission

k2
k2 k3

+ ∫ dk3

k1 k1

etc.

https://arxiv.org/abs/2307.11142
https://arxiv.org/abs/2409.08316
https://arxiv.org/abs/2108.07133
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Testing NNLL for event shapes (so far only for e+e– collisions)

83

4

FIG. 2. Test of NNLL accuracy of the PanGlobal (PGsdf

ω=0)
shower for the cumulative distribution of the Cambridge y23

resolution variable, compared to known results for Z →
qq̄ [52] (left) and H → gg [77] (right). The curves show the
di!erence relative to NNLL for various subsets of ingredients.
Starting from the red curve, DS additionally includes double
soft contributions and 2-jet NLO matching; 3ω includes 3-loop
running of εs and the K

resum

2 term. B2 in the legend refers
only to its resummation part, Bint,NLO

2
. Including all e!ects

(blue line) gives a result that is consistent with zero, i.e. in
agreement with NNLL.

just involve the Sudakov non-emission probability) to
the shower’s double-soft emissions, as anticipated below
Eq. (3). The connection with the ARES NNLL formal-
ism [51, 52, 58] is discussed in Ref. [72], § 4.

Besides the analytic proof, we also carry out a series
of numerical verifications of the NNLL accuracy of sev-
eral parton showers with the above elements, using a
leading-colour limit 2CF = CA = 3. These tests help
provide confidence both in the overall picture and in our
specific implementation for final-state showers. Fig. 2
shows a suitably normalised logarithm of the ratio of the
cumulative shower and resummed cross sections, for a
specific observable, the two-to-three jet resolution pa-
rameter, y23, for the Cambridge jet algorithm [73] in
Z → qq̄ (left) and H → gg (right) processes. Focusing
on the PGsdf

ωps=0
shower, the plots show results with vari-

ous subsets of ingredients. A zero result indicates NNLL
accuracy. Only with 2-jet NLO matching [74], double-
soft corrections [29], B2 [67, 68] terms, 3-loop running of
ωs [75, 76], K2 contributions [58, 66], and the drift cor-
rection of this Letter does one obtain agreement with the
known NNLL predictions [52, 77]. For this shower and
observable, the drift correction dominates.

Tests across a wider range of observables and shower
variants are shown in Fig. 3 for a fixed value of ε =
ωs ln v = ↑0.4. With the drifts and all other contribu-
tions included, there is good agreement with the NNLL
predictions [45–52, 58, 61, 77].

Earlier work on NLL accuracy had found that the co-
e!cients of NLL violations in common showers tended
to be moderate for relatively inclusive observables like
event shapes [5]. In contrast, here we see that non-NNLL

FIG. 3. Summary of NNLL tests across observables and
shower variants. Results consistent with zero (shown in green)
are in agreement with NNLL. The observables correspond to
the event shapes used in Ref. [5] and they are grouped accord-
ing to the power (ϑobs) of their dependence on the emission
angle. All showers that include the corrections of this Letter
agree with NNLL.

FIG. 4. Results for the Thrust and Durham y23 [78] ob-
servables with the PanGlobal showers compared to ALEPH
data [79], using εs(MZ) = 0.118. The lower (middle) panel
shows the ratios of the NNLL (NLL) shower variants to data.

showers di”er from NNLL accuracy with coe!cients of
order one. That suggests a potential non-negligible phe-
nomenological e”ect.
Fig. 4 compares three PanGlobal showers with ALEPH

data [79] using Rivet v3 [80], illustrating the showers in
their NLL and NNLL variants, with ω

ms
s (MZ) = 0.118 for

both. We use 2-jet NLO matching [74], and the NODS
colour scheme [6], which guarantees full-colour accuracy
in terms up to NLL for global event shapes. Our showers
are implemented in a pre-release of PanScales [81] v0.2.0,
interfaced to Pythia v8.311 [3] for hadronisation, with
non-perturbative parameters tuned to ALEPH [79, 82]
and L3 [83] data (starting from the Monash 13 tune [84],
cf. Ref. [72] § 5; the tune has only a modest impact on the

Ferrario Ravasio et al, 2307.11142, van Beekveld et al, 2406.02661

Difference relative to known 
NNLL

need to analyse and account for all possible 
sources of NNLL contribution 
(some, which don’t affect event shapes, are still work in progress)

https://arxiv.org/abs/2307.11142
https://arxiv.org/abs/2406.02661
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provide confidence both in the overall picture and in our
specific implementation for final-state showers. Fig. 2
shows a suitably normalised logarithm of the ratio of the
cumulative shower and resummed cross sections, for a
specific observable, the two-to-three jet resolution pa-
rameter, y23, for the Cambridge jet algorithm [73] in
Z → qq̄ (left) and H → gg (right) processes. Focusing
on the PGsdf

ωps=0
shower, the plots show results with vari-

ous subsets of ingredients. A zero result indicates NNLL
accuracy. Only with 2-jet NLO matching [74], double-
soft corrections [29], B2 [67, 68] terms, 3-loop running of
ωs [75, 76], K2 contributions [58, 66], and the drift cor-
rection of this Letter does one obtain agreement with the
known NNLL predictions [52, 77]. For this shower and
observable, the drift correction dominates.

Tests across a wider range of observables and shower
variants are shown in Fig. 3 for a fixed value of ε =
ωs ln v = ↑0.4. With the drifts and all other contribu-
tions included, there is good agreement with the NNLL
predictions [45–52, 58, 61, 77].

Earlier work on NLL accuracy had found that the co-
e!cients of NLL violations in common showers tended
to be moderate for relatively inclusive observables like
event shapes [5]. In contrast, here we see that non-NNLL

FIG. 3. Summary of NNLL tests across observables and
shower variants. Results consistent with zero (shown in green)
are in agreement with NNLL. The observables correspond to
the event shapes used in Ref. [5] and they are grouped accord-
ing to the power (ϑobs) of their dependence on the emission
angle. All showers that include the corrections of this Letter
agree with NNLL.

FIG. 4. Results for the Thrust and Durham y23 [78] ob-
servables with the PanGlobal showers compared to ALEPH
data [79], using εs(MZ) = 0.118. The lower (middle) panel
shows the ratios of the NNLL (NLL) shower variants to data.

showers di”er from NNLL accuracy with coe!cients of
order one. That suggests a potential non-negligible phe-
nomenological e”ect.
Fig. 4 compares three PanGlobal showers with ALEPH

data [79] using Rivet v3 [80], illustrating the showers in
their NLL and NNLL variants, with ω

ms
s (MZ) = 0.118 for

both. We use 2-jet NLO matching [74], and the NODS
colour scheme [6], which guarantees full-colour accuracy
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interfaced to Pythia v8.311 [3] for hadronisation, with
non-perturbative parameters tuned to ALEPH [79, 82]
and L3 [83] data (starting from the Monash 13 tune [84],
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Ferrario Ravasio et al, 2307.11142, van Beekveld et al, 2406.02661

Difference relative to known 
NNLL

need to analyse and account for all possible 
sources of NNLL contribution 
(some, which don’t affect event shapes, are still work in progress)

4

FIG. 2. Test of NNLL accuracy of the PanGlobal (PGsdf

ω=0)
shower for the cumulative distribution of the Cambridge y23

resolution variable, compared to known results for Z →
qq̄ [52] (left) and H → gg [77] (right). The curves show the
di!erence relative to NNLL for various subsets of ingredients.
Starting from the red curve, DS additionally includes double
soft contributions and 2-jet NLO matching; 3ω includes 3-loop
running of εs and the K

resum

2 term. B2 in the legend refers
only to its resummation part, Bint,NLO

2
. Including all e!ects

(blue line) gives a result that is consistent with zero, i.e. in
agreement with NNLL.

just involve the Sudakov non-emission probability) to
the shower’s double-soft emissions, as anticipated below
Eq. (3). The connection with the ARES NNLL formal-
ism [51, 52, 58] is discussed in Ref. [72], § 4.

Besides the analytic proof, we also carry out a series
of numerical verifications of the NNLL accuracy of sev-
eral parton showers with the above elements, using a
leading-colour limit 2CF = CA = 3. These tests help
provide confidence both in the overall picture and in our
specific implementation for final-state showers. Fig. 2
shows a suitably normalised logarithm of the ratio of the
cumulative shower and resummed cross sections, for a
specific observable, the two-to-three jet resolution pa-
rameter, y23, for the Cambridge jet algorithm [73] in
Z → qq̄ (left) and H → gg (right) processes. Focusing
on the PGsdf

ωps=0
shower, the plots show results with vari-

ous subsets of ingredients. A zero result indicates NNLL
accuracy. Only with 2-jet NLO matching [74], double-
soft corrections [29], B2 [67, 68] terms, 3-loop running of
ωs [75, 76], K2 contributions [58, 66], and the drift cor-
rection of this Letter does one obtain agreement with the
known NNLL predictions [52, 77]. For this shower and
observable, the drift correction dominates.

Tests across a wider range of observables and shower
variants are shown in Fig. 3 for a fixed value of ε =
ωs ln v = ↑0.4. With the drifts and all other contribu-
tions included, there is good agreement with the NNLL
predictions [45–52, 58, 61, 77].

Earlier work on NLL accuracy had found that the co-
e!cients of NLL violations in common showers tended
to be moderate for relatively inclusive observables like
event shapes [5]. In contrast, here we see that non-NNLL

FIG. 3. Summary of NNLL tests across observables and
shower variants. Results consistent with zero (shown in green)
are in agreement with NNLL. The observables correspond to
the event shapes used in Ref. [5] and they are grouped accord-
ing to the power (ϑobs) of their dependence on the emission
angle. All showers that include the corrections of this Letter
agree with NNLL.

FIG. 4. Results for the Thrust and Durham y23 [78] ob-
servables with the PanGlobal showers compared to ALEPH
data [79], using εs(MZ) = 0.118. The lower (middle) panel
shows the ratios of the NNLL (NLL) shower variants to data.

showers di”er from NNLL accuracy with coe!cients of
order one. That suggests a potential non-negligible phe-
nomenological e”ect.
Fig. 4 compares three PanGlobal showers with ALEPH

data [79] using Rivet v3 [80], illustrating the showers in
their NLL and NNLL variants, with ω

ms
s (MZ) = 0.118 for

both. We use 2-jet NLO matching [74], and the NODS
colour scheme [6], which guarantees full-colour accuracy
in terms up to NLL for global event shapes. Our showers
are implemented in a pre-release of PanScales [81] v0.2.0,
interfaced to Pythia v8.311 [3] for hadronisation, with
non-perturbative parameters tuned to ALEPH [79, 82]
and L3 [83] data (starting from the Monash 13 tune [84],
cf. Ref. [72] § 5; the tune has only a modest impact on the

https://arxiv.org/abs/2307.11142
https://arxiv.org/abs/2406.02661


Gavin Salam UCSB Physics Colloquium

Comparing to LEP event-shape data

NNLL brings 20% 
effects ( ) 

Dramatically 
improves agreement 
with data, using a 
“normal”   

NB: 3-jet @ NLO still 
missing for robust 
pheno conclusions

∼ αs

αs = 0.118

84

4

FIG. 2. Test of NNLL accuracy of the PanGlobal (PGsdf

ω=0)
shower for the cumulative distribution of the Cambridge y23

resolution variable, compared to known results for Z →
qq̄ [52] (left) and H → gg [77] (right). The curves show the
di!erence relative to NNLL for various subsets of ingredients.
Starting from the red curve, DS additionally includes double
soft contributions and 2-jet NLO matching; 3ω includes 3-loop
running of εs and the K

resum

2 term. B2 in the legend refers
only to its resummation part, Bint,NLO

2
. Including all e!ects

(blue line) gives a result that is consistent with zero, i.e. in
agreement with NNLL.

just involve the Sudakov non-emission probability) to
the shower’s double-soft emissions, as anticipated below
Eq. (3). The connection with the ARES NNLL formal-
ism [51, 52, 58] is discussed in Ref. [72], § 4.

Besides the analytic proof, we also carry out a series
of numerical verifications of the NNLL accuracy of sev-
eral parton showers with the above elements, using a
leading-colour limit 2CF = CA = 3. These tests help
provide confidence both in the overall picture and in our
specific implementation for final-state showers. Fig. 2
shows a suitably normalised logarithm of the ratio of the
cumulative shower and resummed cross sections, for a
specific observable, the two-to-three jet resolution pa-
rameter, y23, for the Cambridge jet algorithm [73] in
Z → qq̄ (left) and H → gg (right) processes. Focusing
on the PGsdf

ωps=0
shower, the plots show results with vari-

ous subsets of ingredients. A zero result indicates NNLL
accuracy. Only with 2-jet NLO matching [74], double-
soft corrections [29], B2 [67, 68] terms, 3-loop running of
ωs [75, 76], K2 contributions [58, 66], and the drift cor-
rection of this Letter does one obtain agreement with the
known NNLL predictions [52, 77]. For this shower and
observable, the drift correction dominates.

Tests across a wider range of observables and shower
variants are shown in Fig. 3 for a fixed value of ε =
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Parton showers are among the most widely used tools in collider physics. Despite their key
importance, none so far has been able to demonstrate accuracy beyond a basic level known as leading
logarithmic (LL) order, with ensuing limitations across a broad spectrum of physics applications.
In this letter, we propose criteria for showers to be considered next-to-leading logarithmic (NLL)
accurate. We then introduce new classes of shower, for final-state radiation, that satisfy the main
elements of these criteria in the widely used large-NC limit. As a proof of concept, we demonstrate
these showers’ agreement with all-order analytical NLL calculations for a range of observables,
something never so far achieved for any parton shower.

High-energy particle collisions produce complex
hadronic final states. Understanding these final states
is of crucial importance in order to extract maximal
information about the underlying energetic scattering
processes and the fundamental Lagrangian of particle
physics. To do so, there is ubiquitous reliance on gen-
eral purpose Monte Carlo (GPMC) event generators [1],
which provide realistic simulations of full events. A core
component of GPMCs is the parton shower, a subject of
much recent research [2–28]. Partons refer to quarks and
gluons, and a shower aims to encode the dynamics of par-
ton production between the high-energy scattering (e.g.
production of electroweak or new-physics states) and the
low scale of hadronic Quantum Chromodynamics (QCD),
at which experimental observations are made.

Typically parton showers are built using a simple
Markovian algorithm that takes an n-parton state and
stochastically maps it to an n + 1-parton state. The it-
eration of this procedure, e.g. starting from a 2-parton
state, builds up events with numerous partons. A fur-
ther step, hadronisation, then maps the partons onto a
set of hadrons. Even though this last step involves mod-
elling [29, 30], many of the features of the resulting events
are driven by the parton shower component which is, in
principle, within the realm of calculations in perturbative
QCD. This is because the showering occurs at momen-
tum scales where the strong coupling, ↵s is small.

Much of collider physics, experimental and theoreti-
cal [31–34], is moving towards high precision, especially
in view of large volumes of data collected so far at
CERN’s Large Hadron Collider (LHC). On the theoreti-
cal front many of the advances either involve approxima-
tions with a small number of partons, or else are specific
to individual observables. Parton showers, in contrast,

⇤ On leave from CNRS, UMR 7589, LPTHE, F-75005, Paris,
France and CERN, Theoretical Physics Department, CH-1211
Geneva 23, Switzerland

use a single algorithm to describe arbitrary observables
of any complexity. This versatility comes at a cost: lesser
accuracy for any specific observable and, quite generally,
at best only limited knowledge [35–38] of what the ac-
curacy even is for a given observable. In fact there is
currently no readily accepted criterion for categorising
the accuracy of parton showers. One novel element that
we introduce in this paper is therefore a set of criteria for
doing so.
The role of showers is to reproduce emissions across

disparate scales. Our first criterion for accuracy starts
by structuring this phase space: there are three phase
space variables per emission, and two of them (e.g. en-
ergy and angle) are associated with logarithmic diver-
gences in the product of squared matrix element and
phase space. We define LL accuracy to include a con-
dition that the shower should generate the correct e↵ec-
tive squared tree-level matrix element in a limit where
every pair of emissions has distinctly di↵erent values for
both logarithmic variables. At NLL accuracy, we fur-
ther require that the shower generate the correct squared
tree-level matrix element in a limit where every pair of
emissions has distinctly di↵erent values for at least one of
the logarithmic variables (or some linear combination of
their logarithms). Beyond NLL accuracy we would con-
sider configurations with a pair of emissions (or multiple
pairs) both of whose logarithmic variables are similar.
To help make this discussion concrete, let us consider

showers that are not NLL accurate according to this cri-
terion: angular ordered showers [39–41] do not repro-
duce the matrix element for configurations ordered in
energy, but with commensurate angles, and this is as-
sociated with their inability to correctly predict ↵n

sL
n

(NLL) e↵ects for non-global observables [36]. Transverse-
momentum (kt) ordered showers with dipole-local re-
coil [2, 3, 5, 11, 42, 43] do not reproduce matrix elements
for configurations ordered in angle but with commensu-
rate transverse momenta, because of the way they assign
transverse recoil [37]. As a result they fail to reproduce
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We present a detailed model for exclusive properties of initial state parton showers. A numerically efficient algorithm is 
obtained by tracing the parton showers backwards, i.e. start with the hard scattering partons and then successively reconstruct 
preceding branchings in falling sequence of spacelike virtualities Q2 and rising sequence of parton energies. We show how the 
Altarelli-Parisi equations can be recast in a form suitable for this, and also discuss the kinematics of the branchings. The 
complete model is implemented in a Monte Carlo program, and some first results are presented. 

A model for exclusive properties of  high-p T events 
in hadron-hadron interactions requires a number of  
separate components [ 1 ]: QCD hard scattering matrix 
elements, structure functions, initial state (spacelike) 
parton evolution, final state (timelike) parton showers, 
and jet fragmentation. Of these, the initial state parton 
showers probably are the least well studied. In the 
present paper we will therefore develop a detailed mod- 
el for this component,  using the backwards evolution 
formalism, an approach orthogonal to presently avail- 
able models. In particular, this allows a quite efficient 
implementation in terms of  computer algorithms for 
event generation. Together with the other components 
above, this model has been implemented within the 
framework of  the Lund Monte Carlo [2,3]. We pres- 
ent some first results here, to illustrate the methods 
and problems. 

A fast hadron may be viewed as a cloud of  quasi- 
real partons. At each instant, an individual parton can 
initiate a cascade, branching into a number of  partons. 
These partons do not have enough energy to be on 
mass-shell (M 2 < 0), and thus only live for a ffmite 
time before reassembling. In a hard interaction be- 
tween two incoming hadrons, when two partons scat- 
ter to highPT,  also the other partons in the two re- 
lated cascades are provided with the necessary energy 
to live indefinitely. The correct description for this 
transfer of  energy is obviously given by the various 
2 ~ N  hard scattering matrix elements, where 2 stands 
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Fig. 1. Schematic picture of spacelike shower evolution, with 
hard scattering partons 1 and 2 and emitted timelike partons 
4, 6 and 8. 

for the two initiators of  the cascades a n d N  for the 
final parton multiplicity. In practice, matrix elements 
can only be calculated for small values of  N, and one 
has to resort to approximate schemes, such as the 
leading logarithmic approximation (see e.g. ref. [4]). 
In particular, for subsequent Monte Carlo applications, 
it is convenient to imagine that the partons on the two 
branches which leads from the two initiators to the 
hard scattering (7 ~ 3 -~ 1 and 5 ~ 2 in fig. 1) have in- 
creasing spacelike virtualities, Q2 = _ M2 > 0, adjust- 
ed such that the partons on all other branches (8, 4 
and 6 in fig. 1) may haveM 2/> 0, these latter partons 
are in the following referred to as the timelike ones. 
Then the momentum transfer given by the central 
2 ~ 2 hard scattering subprocess is enough to ensure 
that all partons may end up on mass shell. Except for 
the two hard scatterers, the partons continue essential- 
ly along the direction of  the respective hadron they 
belonged to, although occasionally they may have large 
transverse momenta and give rise to separately visible 
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We present a new Monte Carlo simulation scheme for jet evolution in perturbative QCD 
which takes into account the results of recent analyses of soft-gluon interference. Therefore, this 
scheme accounts correctly not only for the leading collinear singularities, as in previous schemes, 
but also for leading infrared singularities, In this first paper we study the basic features of gluon jet 
evolution such as: (i) the interference effects and the corresponding depletion of the parton 
distributions in the soft region; (ii) the approach to asymptopia; (iii) the efficiency of colour 
screening (preconfinement), which has been questioned recently by Bjorken. 

I. Introduction 

Quantum chromodynamics (QCD) is considered a good candidate for a theory of 
strong interactions but the difficulty of reliable calculations makes the necessary 
tests and predictions rather scarce. Asymptotic freedom suggests a domain of 
phenomena (hard scattering processes) in which perturbation theory leads to reliable 
results. For instance, in e+e-  collisions at high energy Q, there are techniques which, 
in the perturbative expansion of inclusive distributions for off-shell partons (quarks 
and gluons), allow one to sum the contributions of all leading collinear singularities, 
i.e. all leading-logarithmic terms of the type [as(Q2)ln(Q2/QZ)]L Here Q0 is the 
off-shell mass of emitted partons, which provides the cut-off for the collinear 
singularities and is such that the perturbative expansion is still justified, i.e. 

< 
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In tins paper we extend our previous work on the simulation of coherent soft-gluon radiation 
to hard colhsions that involve incoming as well as outgoing coloured partons Existing simulations 
correctly sum the leading colllnear singularities for imtml- and final-state radlahon, and in some 
cases the leading infrared contributions from outgoing partons, but  not those for incoming (or the 
interference between incoming and outgoing) Asymptotically, however, the leading infrared and 
colhnear contributions are comparable, the bulk of gluon emission occurring in the soft region 
Furthermore,  a correct treatment of leading infrared terms is necessary for the inclusive cancella- 
tion of singularities in the Sudakov form factor We show how such a treatment may be 
formulated m terms of an angular ordering procedure applicable to all hard processes We then 
describe a new Monte Carlo program winch incorporates this procedure, together with other new 
features such as azimuthal correlations due to gluon polarization and interference The program is 
designed as a general-purpose event generator, simulating hard lepton-lepton, lep ton-hadron  and 
h a d r o n - h a d r o n  scattering in a single package Slmulatmn of soft hadromc colhslons and underly- 
ing events is also included We present the predictions of the program for a wide variety of 
processes, and compare them with analytical results and experimental data 

1. Introduction 

The coherence [1,2] of soft hadronlc radiation in hard processes is one of the 
most characteristic features of perturbative QCD. It emerges from the study [3-5] of 
the leading infrared singularities of the theory which, together with the analysis of 
leading collinear singularities [6], completes the description of the dominant asymp- 
totic behavlour of parton distributions. 

Coherence is intrinsically a quantum phenomenon, arlsmg from the interference 
of soft-gluon amplitudes, which is present even in physical gauges. It involves the 
bulk of the radiation, since a gluon is considered soft whenever its energy ts small 
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Birth of Pythia

Birth of Herwig (with elements of NLL for global observables)

[ca. 800 papers on the subject of event generators ……………………………….………………………….……]

General principles for a NLL parton shower  
 (formulated for e+e-, many extensions will follow)
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Parton showers are among the most widely used tools in collider physics. Despite their key
importance, none so far has been able to demonstrate accuracy beyond a basic level known as leading
logarithmic (LL) order, with ensuing limitations across a broad spectrum of physics applications.
In this letter, we propose criteria for showers to be considered next-to-leading logarithmic (NLL)
accurate. We then introduce new classes of shower, for final-state radiation, that satisfy the main
elements of these criteria in the widely used large-NC limit. As a proof of concept, we demonstrate
these showers’ agreement with all-order analytical NLL calculations for a range of observables,
something never so far achieved for any parton shower.

High-energy particle collisions produce complex
hadronic final states. Understanding these final states
is of crucial importance in order to extract maximal
information about the underlying energetic scattering
processes and the fundamental Lagrangian of particle
physics. To do so, there is ubiquitous reliance on gen-
eral purpose Monte Carlo (GPMC) event generators [1],
which provide realistic simulations of full events. A core
component of GPMCs is the parton shower, a subject of
much recent research [2–28]. Partons refer to quarks and
gluons, and a shower aims to encode the dynamics of par-
ton production between the high-energy scattering (e.g.
production of electroweak or new-physics states) and the
low scale of hadronic Quantum Chromodynamics (QCD),
at which experimental observations are made.

Typically parton showers are built using a simple
Markovian algorithm that takes an n-parton state and
stochastically maps it to an n + 1-parton state. The it-
eration of this procedure, e.g. starting from a 2-parton
state, builds up events with numerous partons. A fur-
ther step, hadronisation, then maps the partons onto a
set of hadrons. Even though this last step involves mod-
elling [29, 30], many of the features of the resulting events
are driven by the parton shower component which is, in
principle, within the realm of calculations in perturbative
QCD. This is because the showering occurs at momen-
tum scales where the strong coupling, ↵s is small.

Much of collider physics, experimental and theoreti-
cal [31–34], is moving towards high precision, especially
in view of large volumes of data collected so far at
CERN’s Large Hadron Collider (LHC). On the theoreti-
cal front many of the advances either involve approxima-
tions with a small number of partons, or else are specific
to individual observables. Parton showers, in contrast,
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use a single algorithm to describe arbitrary observables
of any complexity. This versatility comes at a cost: lesser
accuracy for any specific observable and, quite generally,
at best only limited knowledge [35–38] of what the ac-
curacy even is for a given observable. In fact there is
currently no readily accepted criterion for categorising
the accuracy of parton showers. One novel element that
we introduce in this paper is therefore a set of criteria for
doing so.
The role of showers is to reproduce emissions across

disparate scales. Our first criterion for accuracy starts
by structuring this phase space: there are three phase
space variables per emission, and two of them (e.g. en-
ergy and angle) are associated with logarithmic diver-
gences in the product of squared matrix element and
phase space. We define LL accuracy to include a con-
dition that the shower should generate the correct e↵ec-
tive squared tree-level matrix element in a limit where
every pair of emissions has distinctly di↵erent values for
both logarithmic variables. At NLL accuracy, we fur-
ther require that the shower generate the correct squared
tree-level matrix element in a limit where every pair of
emissions has distinctly di↵erent values for at least one of
the logarithmic variables (or some linear combination of
their logarithms). Beyond NLL accuracy we would con-
sider configurations with a pair of emissions (or multiple
pairs) both of whose logarithmic variables are similar.
To help make this discussion concrete, let us consider

showers that are not NLL accurate according to this cri-
terion: angular ordered showers [39–41] do not repro-
duce the matrix element for configurations ordered in
energy, but with commensurate angles, and this is as-
sociated with their inability to correctly predict ↵n

sL
n

(NLL) e↵ects for non-global observables [36]. Transverse-
momentum (kt) ordered showers with dipole-local re-
coil [2, 3, 5, 11, 42, 43] do not reproduce matrix elements
for configurations ordered in angle but with commensu-
rate transverse momenta, because of the way they assign
transverse recoil [37]. As a result they fail to reproduce
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A new standard for the logarithmic accuracy of parton showers
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We report on a major milestone in the construction of logarithmically accurate final-state parton
showers, achieving next-to-next-to-leading-logarithmic (NNLL) accuracy for the wide class of ob-
servables known as event shapes. The key to this advance lies in the identification of the relation
between critical NNLL analytic resummation ingredients and their parton-shower counterparts. Our
analytic discussion is supplemented with numerical tests of the logarithmic accuracy of three shower
variants for more than a dozen distinct event-shape observables in Z ! qq̄ and Higgs! gg decays.
The NNLL terms are phenomenologically sizeable, as illustrated in comparisons to data.

Parton showers are essential tools for predicting QCD
physics at colliders across a wide range of momenta from
the TeV down to the GeV regime [1–4]. In the presence
of such disparate momenta, the perturbative expansions
of quantum field theories have coe�cients enhanced by
large logarithms of the ratios of momentum scales. One
way of viewing parton showers is as automated and im-
mensely flexible tools for resumming those logarithms,
thus correctly reproducing the corresponding physics.

The accuracy of resummations is usually classified
based on terms with the greatest logarithmic power at
each order in the strong coupling (leading logarithms or
LL), and then towers of terms with subleading powers of
logarithms at each order in the coupling (next-to-leading
logarithms or NLL, NNLL, etc.). Higher logarithmic ac-
curacy for parton showers should make them consider-
ably more powerful tools for analysing and interpreting
experimental data at CERN’s Large Hadron Collider and
potential future colliders. The past years have seen major
breakthroughs in advancing the logarithmic accuracy of
parton showers, with several groups taking colour-dipole
showers from LL to NLL [5–18]. There has also been ex-
tensive work on incorporating higher-order splitting ker-
nels into showers [19–29] and understanding the structure
of subleading-colour corrections, see e.g. Refs. [6, 30–41].

Here, for the first time, we show how to construct par-
ton showers with NNLL accuracy for the broad class of
event-shape observables at lepton colliders, like the well-
known Thrust [42, 43] (see e.g. Refs. [44–65] for calcula-
tions at NNLL and beyond). This is achieved by devel-
oping a novel framework that unifies several recent devel-
opments, on (a) the inclusive structure of soft-collinear
gluon emission [58, 66] up to third order in the strong cou-
pling ↵s; (b) the inclusive pattern of energetic (“hard”)
collinear radiation up to order ↵2

s [67, 68]; and (c) the in-
corporation of soft radiation fully di↵erentially up to or-
der ↵2

s in parton showers, ensuring correct generation of

any number of well-separated pairs of soft emissions [29].
We will focus the discussion on the e

+
e
�

! Z ! qq̄

process, with the understanding that the same arguments
apply also to H ! gg. Each event has a set of emis-
sions with momenta {ki} and we work in units where the
centre-of-mass energy Q ⌘ 1. We will examine the prob-
ability ⌃(v) that some global event shape, V ({ki}), has
a value V ({ki}) < v. Event-shape observables have the
property [69] that for a single soft and collinear emission
k, V (k) / kte

��obs|y|, where kt (y) is the transverse mo-
mentum (rapidity) of k with respect to the Born event
direction and �obs depends on the specific observable,
e.g. �obs = 1 for Thrust. Whether considering analytic
resummation or a parton shower, for v ⌧ 1 we have

⌃(v)=F exp


�4

Z
dkt

kt

Z
1

kt

dzPgq(z)M(k)
↵e↵

2⇡
⇥(V (k)>v)

�
,

(1)

with Pgq(z) = CF
1+(1�z)2

z and M(k) a function that ac-
counts for next-to-leading order matching, with M(k) !
1 for kt ! 0. The exponential is a Sudakov form factor,
encoding the suppression of emissions with V (k) > v, cf.
the grey region of Fig. 1. It brings the LL contributions
to ln⌃, terms ↵

n
sL

n+1 with L = ln v, as well as NLL
(↵n

sL
n), NNLL (↵n

sL
n�1), etc., contributions. The func-

tion F accounts [69] for the di↵erence between the actual
condition V ({ki}) < v and the simplified single-emission
boundary V (k) < v that is used in the Sudakov. It starts
at NLL.
In Eq. (1), the e↵ective coupling, ↵e↵, can be under-

stood as the intensity of gluon emission, inclusive over
possible subsequent branchings of that emission and cor-
responding virtual corrections. We write it as

↵e↵ = ↵s


1+

↵s

2⇡
(K1+�K1(y)+B2(z)) +

↵
2
s

4⇡2
K2

�
, (2)

with ↵s ⌘ ↵
ms
s (kt) and here the rapidity y = ln z/kt.
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We present a detailed model for exclusive properties of initial state parton showers. A numerically efficient algorithm is 
obtained by tracing the parton showers backwards, i.e. start with the hard scattering partons and then successively reconstruct 
preceding branchings in falling sequence of spacelike virtualities Q2 and rising sequence of parton energies. We show how the 
Altarelli-Parisi equations can be recast in a form suitable for this, and also discuss the kinematics of the branchings. The 
complete model is implemented in a Monte Carlo program, and some first results are presented. 

A model for exclusive properties of  high-p T events 
in hadron-hadron interactions requires a number of  
separate components [ 1 ]: QCD hard scattering matrix 
elements, structure functions, initial state (spacelike) 
parton evolution, final state (timelike) parton showers, 
and jet fragmentation. Of these, the initial state parton 
showers probably are the least well studied. In the 
present paper we will therefore develop a detailed mod- 
el for this component,  using the backwards evolution 
formalism, an approach orthogonal to presently avail- 
able models. In particular, this allows a quite efficient 
implementation in terms of  computer algorithms for 
event generation. Together with the other components 
above, this model has been implemented within the 
framework of  the Lund Monte Carlo [2,3]. We pres- 
ent some first results here, to illustrate the methods 
and problems. 

A fast hadron may be viewed as a cloud of  quasi- 
real partons. At each instant, an individual parton can 
initiate a cascade, branching into a number of  partons. 
These partons do not have enough energy to be on 
mass-shell (M 2 < 0), and thus only live for a ffmite 
time before reassembling. In a hard interaction be- 
tween two incoming hadrons, when two partons scat- 
ter to highPT,  also the other partons in the two re- 
lated cascades are provided with the necessary energy 
to live indefinitely. The correct description for this 
transfer of  energy is obviously given by the various 
2 ~ N  hard scattering matrix elements, where 2 stands 

0370-2693/85/$ 03.30 © Elsevier Science Publishers B.V. 
(North-Holland Physics Publishing Division) 

Fig. 1. Schematic picture of spacelike shower evolution, with 
hard scattering partons 1 and 2 and emitted timelike partons 
4, 6 and 8. 

for the two initiators of  the cascades a n d N  for the 
final parton multiplicity. In practice, matrix elements 
can only be calculated for small values of  N, and one 
has to resort to approximate schemes, such as the 
leading logarithmic approximation (see e.g. ref. [4]). 
In particular, for subsequent Monte Carlo applications, 
it is convenient to imagine that the partons on the two 
branches which leads from the two initiators to the 
hard scattering (7 ~ 3 -~ 1 and 5 ~ 2 in fig. 1) have in- 
creasing spacelike virtualities, Q2 = _ M2 > 0, adjust- 
ed such that the partons on all other branches (8, 4 
and 6 in fig. 1) may haveM 2/> 0, these latter partons 
are in the following referred to as the timelike ones. 
Then the momentum transfer given by the central 
2 ~ 2 hard scattering subprocess is enough to ensure 
that all partons may end up on mass shell. Except for 
the two hard scatterers, the partons continue essential- 
ly along the direction of  the respective hadron they 
belonged to, although occasionally they may have large 
transverse momenta and give rise to separately visible 
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SIMULATION OF QCD JETS INCLUDING SOFT GLUON INTERFERENCE 
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We present a new Monte Carlo simulation scheme for jet evolution in perturbative QCD 
which takes into account the results of recent analyses of soft-gluon interference. Therefore, this 
scheme accounts correctly not only for the leading collinear singularities, as in previous schemes, 
but also for leading infrared singularities, In this first paper we study the basic features of gluon jet 
evolution such as: (i) the interference effects and the corresponding depletion of the parton 
distributions in the soft region; (ii) the approach to asymptopia; (iii) the efficiency of colour 
screening (preconfinement), which has been questioned recently by Bjorken. 

I. Introduction 

Quantum chromodynamics (QCD) is considered a good candidate for a theory of 
strong interactions but the difficulty of reliable calculations makes the necessary 
tests and predictions rather scarce. Asymptotic freedom suggests a domain of 
phenomena (hard scattering processes) in which perturbation theory leads to reliable 
results. For instance, in e+e-  collisions at high energy Q, there are techniques which, 
in the perturbative expansion of inclusive distributions for off-shell partons (quarks 
and gluons), allow one to sum the contributions of all leading collinear singularities, 
i.e. all leading-logarithmic terms of the type [as(Q2)ln(Q2/QZ)]L Here Q0 is the 
off-shell mass of emitted partons, which provides the cut-off for the collinear 
singularities and is such that the perturbative expansion is still justified, i.e. 

< 
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M O N T E  CARLO SIMULATION OF GENERAL HARD PROCESSES 
WITH COHERENT QCD RADIATION* 
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In tins paper we extend our previous work on the simulation of coherent soft-gluon radiation 
to hard colhsions that involve incoming as well as outgoing coloured partons Existing simulations 
correctly sum the leading colllnear singularities for imtml- and final-state radlahon, and in some 
cases the leading infrared contributions from outgoing partons, but  not those for incoming (or the 
interference between incoming and outgoing) Asymptotically, however, the leading infrared and 
colhnear contributions are comparable, the bulk of gluon emission occurring in the soft region 
Furthermore,  a correct treatment of leading infrared terms is necessary for the inclusive cancella- 
tion of singularities in the Sudakov form factor We show how such a treatment may be 
formulated m terms of an angular ordering procedure applicable to all hard processes We then 
describe a new Monte Carlo program winch incorporates this procedure, together with other new 
features such as azimuthal correlations due to gluon polarization and interference The program is 
designed as a general-purpose event generator, simulating hard lepton-lepton, lep ton-hadron  and 
h a d r o n - h a d r o n  scattering in a single package Slmulatmn of soft hadromc colhslons and underly- 
ing events is also included We present the predictions of the program for a wide variety of 
processes, and compare them with analytical results and experimental data 

1. Introduction 

The coherence [1,2] of soft hadronlc radiation in hard processes is one of the 
most characteristic features of perturbative QCD. It emerges from the study [3-5] of 
the leading infrared singularities of the theory which, together with the analysis of 
leading collinear singularities [6], completes the description of the dominant asymp- 
totic behavlour of parton distributions. 

Coherence is intrinsically a quantum phenomenon, arlsmg from the interference 
of soft-gluon amplitudes, which is present even in physical gauges. It involves the 
bulk of the radiation, since a gluon is considered soft whenever its energy ts small 

* Research supported in part by the U K  Science and Engineering Research Council and m part by the 
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Birth of Pythia

Birth of Herwig (with elements of NLL for global observables)

[ca. 800 papers on the subject of event generators ……………………………….………………………….……]

General principles for a NLL parton shower  
 (formulated for e+e-, many extensions will follow)

General principles for NNLL parton showers
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Parton showering with higher-logarithmic accuracy for soft emissions
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The accuracy of parton-shower simulations is often a limiting factor in the interpretation of data
from high-energy colliders. We present the first formulation of parton showers with accuracy one or-
der beyond state-of-the-art next-to-leading logarithms, for classes of observable that are dominantly
sensitive to low-energy (soft) emissions, specifically non-global observables and subjet multiplici-
ties. This represents a major step towards general next-to-next-to-leading logarithmic accuracy for
parton showers.

Parton showers simulate the repeated branching of
quarks and gluons (partons) from a high momentum scale
down to the non-perturbative scale of Quantum Chromo-
dynamics (QCD). They are one of the core components
of the general-purpose Monte Carlo event-simulation pro-
grams that are used in almost every experimental and
phenomenological study involving high-energy particle
colliders, such as CERN’s Large Hadron Collider (LHC).
Parton-shower accuracy is critical at colliders, both be-
cause it limits the interpretation of data and because of
the increasing importance of showers in training powerful
machine-learning based data-analysis methods.

In the past few years it has become clear that it is
instructive to relate the question of parton-shower ac-
curacy to a shower’s ability to reproduce results from
the field of resummation, which sums dominant (loga-
rithmically enhanced) terms in perturbation theory to
all orders in the strong coupling, ↵s. Given a logarithm
L of some large ratio of momentum scales, resumma-
tion accounts for terms ↵

n
sL

n+1�p, NpLL in a leading-
logarithmic counting for L ⇠ 1/↵s, or ↵

n
sL

2n�p, NpDL
in a double-logarithmic counting, for L ⇠ 1/

p
↵s.

Several groups have recently proposed parton showers
designed to achieve next-to-leading logarithmic (NLL)
and next-to-double logarithmic (NDL) accuracy for vary-
ing sets of observables [1–10]. A core underlying require-
ment is the condition that a shower should accurately re-
produce the tree-level matrix elements for configurations
with any number of low-energy (“soft”) and/or collinear
particles, as long as these particles are well separated in
logarithmic phase space [2, 11, 12].

In this letter we shall demonstrate a first major step
towards the next order in resummation in a full parton
shower, concentrating on the sector of phase space in-
volving soft partons. This sector is connected with two
important aspects of LHC simulations, namely the total
number of particles produced, and the presence of soft
QCD radiation around leptons and photons (“isolation”),
which is critical in their experimental identification in a
wide range of LHC analyses. The corresponding areas
of resummation theory, for subjet multiplicity [13–15]

and so-called non-global logarithms [16–42], have seen
extensive recent developments towards higher accuracy
in their own right, with several groups working either
on next-to-next-to-double logarithmic (NNDL) accuracy,
↵
n
sL

2n�2, for multiplicity [43, 44] or next-to-single log-
arithmic (NSL) accuracy, ↵n

sL
n�1, for non-global loga-

rithms [45–48].
To achieve NSL/NNDL accuracy for soft-dominated

observables, a crucial new ingredient is that the shower
should obtain the correct matrix element even when there
are pairs of soft particles that are commensurate in en-
ergy and in angle with respect to their emitter. Sev-
eral groups have worked on incorporating higher-order
soft/collinear matrix elements into parton showers [49–
58]. Our approach will be distinct in two respects: firstly,
that it is in the context of a full shower that is already
NLL accurate, which is crucial to ensure that the cor-
rectness of any higher-order matrix element is not broken
by recoil e↵ects from subsequent shower emissions; and
secondly in that we will be able to demonstrate the log-
arithmic accuracy for concrete observables through com-
parisons to known resummations.
We will work in the context of the “PanGlobal” fam-

ily of parton showers, concentrating on the final-state
case [2]. As is common for parton showers, it organises
particles into colour dipoles [59], a picture based on the
limit of a large number of colours Nc. Such showers iter-
ate 2 ! 3 splitting of colour dipoles, each splitting thus
adding one particle to the ensemble, and typically break-
ing the original dipole into two dipoles. The splittings are
performed sequentially in some ordering variable, v, for
example in decreasing transverse momentum kt. Given
a dipole composed of particles with momenta p̃i and p̃j ,
the basic kinematic map for producing a new particle k

is

p̄k = akp̃i + bkp̃j + k? , (1a)

p̄i = (1� ak)p̃i , (1b)

p̄j = (1� bk)p̃j . (1c)

followed by a readjustment involving all particles so as to
conserve momentum [60], § 1. For the original PanGlobal
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Collider particle physics is a rich and diverse subject 

Core exploration of the Higgs sector has only just started 

➤ Many aspects are (hypothesized to be) crucial for the world around us 

➤ Major targets for future colliders: e.g. triple-Higgs interaction ⟺ Higgs potential 

Central to quantitative collider physics is the strong interaction 

➤ quest for accuracy brings huge challenges & QCD is delivering on multiple fronts 

➤ one of those fronts is the question of how to span disparate momentum scales in 
simulations: major conceptual steps over past years & soon to be available for 
practical use.
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