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Engineering jet substructure observables
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• Theoretically calculable: IRC (or at least Sudakov) safety

Minimal checklist to keep in mind for potential jet substructure observables



Engineering jet substructure observables
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Theory

xDLL(x) = 2
αsCR

π ∫
R

k⊥,min/(xpt)

dθ
θ

f(1/x,1/θ)

Introduction FF from subjets: basic ideas Study in HIC Conclusion

Why do we need a new fragmentation function in HIC?

Standard FF is not IRC safe.

Simple LL estimate: xDpp(x) = 2↵̄s

R R
k?min/(xpT )

d✓
✓ I0

⇣
2↵̄s

p
2 log(1/x) log(R/✓)

⌘

• ) strong dependence upon k?min.

• ) very sensitive to hadronization

modelling.

• Not ideal if we want to learn about the

modifications of the perturbative cascades

in the medium.
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• Theoretically calculable: IRC (or at least Sudakov) safety

Minimal checklist to keep in mind for potential jet substructure observables



Engineering jet substructure observables
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• Theoretically calculable: IRC (or at least Sudakov) safety

• Experimentally measurable, e.g. thermal background impact on

Minimal checklist to keep in mind for potential jet substructure observables



Engineering jet substructure observables
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• Experimentally measurable

θg

• Designed to probe a particular physics mechanism

• Theoretically calculable: IRC (or at least Sudakov) safety
Minimal checklist to keep in mind for potential jet substructure observables

[2009.07172]

[Caucal, ASO, Takacs in preparation]



The Lund Jet plane: concept
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with

Elastic scattering amplitude has a (small) real part

is the main building block of scattering theoryTel(s, t)
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Coulomb scattering ~ strong interaction at
t0⇠1/(14�tot)
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10-4 GeV2 at √s=7 TeV   

Theory

Primary Lund Jet plane density: all splittings along the hardest branch
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3Excellent synergy between theory and experiment 

[Dreyer, Salam, Soyez 1807.04758]
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The Lund Jet plane: Monte Carlo and data 
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8 ALICE Collaboration

the narrower splittings, the generators disagree especially at high kT by up to 50% (with large uncertain-
ties).

ALI-PREL-479196 ALI-PREL-479220

ALI-PREL-479204 ALI-PREL-479228

Fig. 5: The projections of the primary Lund plane density onto the ln(R/DR) (left) and ln(kT ) (right) axes com-
pared to different MC generators for different regions of the Lund plane. The top left shows the angular dependence
for a non-perturbative region and the bottom left for a perturbative region. The right panels show the kT distribution
for wider splittings on the top and narrower splittings on the bottom. The ratios of the generators to the data are
shown in the bottom panel.

6 Conclusion

The fully corrected measurement of the primary Lund Plane density has been presented for charged-
particle jets in pp collisions at

p
s= 13 TeV with the ALICE detector. Through a 3D unfolding procedure,

the Lund plane density is corrected for detector effects which allows for quantitative comparisons to MC
generators. Projections of the Lund Plane density are shown in order to isolate different regions of
phase space. The data seems to be described by the generators within 10–20% except for the most
narrow, highest kT splittings where Herwig and Sherpa are suppressed relative to the data. In general,

High-pt jets Low-pt jets

J
H
E
P
1
0
(
2
0
2
0
)
1
7
0Figure 12. Comparison between our calculations and the ATLAS measurement from ref. [84],

for different bins of ∆. The dashed vertical lines, corresponding to z = kt
p⊥∆ for p⊥ = 675GeV

and several kt values, are meant to indicate the transverse scales one is typically sensitive to. The
shaded grey bands indicate bins where the relative uncertainty on the non-perturbative corrections
is larger than 10%. The shaded red regions indicate that our calculation is incomplete because of
the missing resummation of the boundary logarithms.

and slices in z in figure 13. The vertical dashed lines correspond to the kt scales estimated

using z = kt/(p⊥∆), i.e. assuming a jet at the lower p⊥ cut of 675GeV and a leading

parton/subjet carrying a fraction x = 1 of the initial jet transverse momentum. The shaded

grey bands indicate regions where the uncertainty on the non-perturbative corrections is

larger than 10%. Shaded red bands correspond to the regions sensitive to the boundary

logarithms discussed in section 3.3.2. We recall that we have not resummed these terms,

so our calculation should be considered incomplete in the red shaded regions. A rough

estimate of their potential size is given in appendix B.

For all unshaded bins in figures 12 and 13, we see agreement between our predictions

and the data to within the experimental and theoretical uncertainties. Generally speak-

ing, the theoretical uncertainties are larger than the experimental ones, though they are

– 28 –

The Lund Jet plane: constraints on theory 

Challenging measurement for theory. Ideal for tuning MC tuning

[Lifson, Soyez, Salam 2007.06578]
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t = �2p2(1� cos ✓)
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with

Elastic scattering amplitude has a (small) real part

is the main building block of scattering theoryTel(s, t)
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10-4 GeV2 at √s=7 TeV   

Theory

SoftDrop: Splittings that satisfy z > zcutθβ

log 1/θ
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]

β = 0

[Larkorski, Marzani, Soyez, Thaler 1402.2657]
[Dasgupta, Fregoso, Marzani, Salam 1307.0007] [Dreyer, Necib, Soyez, Thaler 1804.03657]
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Results
Comparison to Data

ATLAS ALICE STAR

ATLAS

Very good agreement with available data

A higher         would further improve the agreement✓cutg
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[P.Cal talk at ‘Jets and their substructure from LHC data’]
zg

Grooming enables theory-to-data comparisons without the need of MCs



SoftDrop at LHC: heavy-ions

7Data does not have enough discriminatory power

[2009.07172]
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Jet substructure as a window into non-perturbative dynamics

[2103.13286]
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• Given a jet ( ) What 
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Follow a jet…
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• Splitting ‘ ’ becomes 
flat and the  quite 
narrow for the third 
split where we observe 
collinear emissions  
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Expected narrowing as due to the Cambridge/Aachen algo
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Unfolded zg distributions with respect to Rg for
20  pT,jet < 25 GeV/c with R = 0.4
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When we go from small to large Rg we move from collinear
hard splitting to softer wide angle splitting
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Unfolded zg distributions with respect to Rg for di↵erent
pT,jet bins with R = 0.4
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Distributions change mildly with varying pT,jet ! Rg is the driving
factor
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Iterative SoftDrop at RHIC energies

P(zg)~1/zg recovered when raising the jet pt

log 1/θ
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β = 0

θ = 0.25
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with

Elastic scattering amplitude has a (small) real part

is the main building block of scattering theoryTel(s, t)
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10-4 GeV2 at √s=7 TeV   

Theory

Dynamical grooming: Hardest splitting

log 1/θ
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1
pT
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zi(1 − zi)pT,i(θi/R)a

[Mehtar-Tani, ASO, Tywoniuk 1911.00375, 2005.07584]
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Dynamical grooming: primary Lund Jet Plane

11
Grooming condition auto-generated on a jet-by-jet basis



DyG: motivation from a heavy-ions perspective 
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Early vs. late splittings with TimeDrop

RAA ∝
dNAA/dpt

dNpp/dpt

a

pt,jet

1

tf ≪ LQGP

tf ∼ LQGP

Accessing the spatio-temporal evolution of the Quark Gluon plasma

[See also Apolinário et al. 2012.02199]
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Early vs. late splittings with TimeDrop Molière scattering with ktDrop
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∝
1
k4
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a b
[See also Apolinário et al. 2012.02199] [See also d’Eramo et al.1211.1922]
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Accessing the spatio-temporal evolution of the Quark Gluon plasma



First measurements by the ALICE Collaboration
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Goal: describe this data through pQCD techniques
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LO+NNDL comparison to data
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Non-perturbative corrections
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LO+NNDL+NP comparison to data
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[59], a critical novel aspect is how we isolate the structure
of NLL terms αnsLn. For each given observable v, with
L ¼ ln v, we consider the ratio to the true NLL result in the
limit αs ≡ αsðQÞ → 0 with fixed αsL. This helps us isolate
the NLL terms from yet higher-order contributions, which
vanish in that limit. Numerically, a parton shower cannot
be run in the αs → 0 limit for fixed αsL. However, with
suitable techniques [51] (Sec. 6), [60–62], one can run
multiple small values of αs and extrapolate to αs ¼ 0. We
examine not just our showers, but also our implementations
of two typical kt-ordered shower algorithms with dipole-
local recoil, those of PYTHIA8 [2] and DIRE V1 [11] [with the
αs þ Kα2s choice as in Eq. (4)].
A first test concerns the multiple-emission matrix

element. We have constructed our showers specifically
so that they reproduce the squared matrix elements in the
limits discussed above that are relevant for NLL accuracy.
A simple observable for testing this is to consider the two
highest-kt Lund-plane primary declusterings [63,64] with
transverse momenta kt1 and kt2 (originally defined for
hadronic collisions, the eþe− analogue is given in Sec. 4
of the Supplemental Material [51] and implemented with
FASTJET [65]). The αs → 0 limit for fixed αsL
(L ¼ ln kt1=Q), ensures that the two declusterings are soft
and widely separated in Lund-plane pseudorapidity η
(which spans jηj≲ jLj ∼ 1=αs). In this limit the full matrix
element reduces to independent emission and so the
difference of azimuthal angles between the two emissions,
Δψ12, should be uniformly distributed, for any ratio kt2=kt1
(recall that strongly angular-ordered soft emission is not
affected by spin correlations). We consider the Δψ12

distribution in 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 β¼ 0. The dipole

result is clearly not independent of Δψ12 for αs → 0, with
over 60% discrepancies, extending the fixed-order conclu-
sions of Ref. [37]. The discrepancy is only ≃30% for gg
events (not shown in Fig. 1), and the difference would, e.g.,
skew machine learning [67] for quark versus gluon dis-
crimination. PanGlobal is independent of Δψ12. The right-
hand plot shows the αs → 0 limit for multiple showers. The
overall pattern is as expected: PanLocal works for β¼ 0.5,
but not β¼ 0, demonstrating that with kt ordering it is not
sufficient just to change the dipole partition to get NLL
accuracy. PanGlobalworks forβ¼ 0 andβ¼ 0.5. (Showers
that coincide forαs → 0, e.g., DIREV1 and PYTHIA8, typically
differ at finite αs, reflecting NNLL differences.)
Next, we consider a range of more standard observables

at NLL accuracy. They include the Cambridge
ffiffiffiffiffiffi
y23

p

resolution scale [68], two jet broadenings, BT and BW
[69], fractional moments, FC1−βobs , of the energy-energy
correlations [47], the thrust [70,71], and the maximum ui ¼
kti=Qe−βobsjηij among primary Lund declusterings i. Each of
these is sensitive to soft-collinear radiation as kt=Qe−βobsjηj,
with the βobs values shown in Fig. 2 (right). Additionally,
the scalar sum of the transverse momenta in a rapidity slice
[72], of full-width 2, is useful to test nonglobal logarithms
(NGLs). These observables all have the property that their
distribution at NLL can be written as [47,66,72–74]

Σðαs; αsLÞ ¼ exp½α−1s g1ðαsLÞ þ g2ðαsLÞ þOðαnsLn−1Þ&;
ð6Þ

where Σ is the fraction of events where the observable is
smaller than eL (g1 ¼ 0 for the rapidity slice kt). We also
consider the kt-algorithm [75] subjet multiplicity [76],
Sec. 5 of the Supplemental Material [51].
Figure 2 (left) illustrates our all-order tests of the shower

for one observable,
ffiffiffiffiffiffi
y23

p
. It shows the ratio of the Σ as

FIG. 2. Left: ratio of the cumulative y23 distribution from several showers divided by the NLL answer, as a function of αs ln y23=2, for
αs → 0. Right: summary of deviations from NLL for many shower and observable combinations [either Σshowerðαs → 0; αsL ¼
−0.5Þ=ΣNLL − 1 or ½Nsubjet

showerðαs → 0; αsL2 ¼ 5Þ=Nsubjet
NLL − 1&= ffiffiffiffiffi

αs
p

]. 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.
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• In vacuum, jet substructure as tool to gauge the accuracy of parton showers
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• In vacuum, jet substructure as tool to gauge the accuracy of parton showers

• Recent developments in jet quenching theory are paving the way to quantitative 
theory-to-data comparisons 
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