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Workshop at CERN 
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-  bring together theorists 
and experimentalists 

-  connect theoretical ideas 
with clearly defined 
observables & exploring 
technical challenges 

-  focal point of 
discussions: grooming 
techniques for jet 
substructure observables 

OC: Matteo Cacciari, Leticia Cunqueiro, Yen-Jie Lee, Yacine Mehtar-Tani, Guilherme 
Milhano, Matthew Nguyen, Dennis Perepelitsa, Konrad Tywoniuk, Marta Verweij,  
Urs Wiedemann, Korinna Zapp 



Questions we asked ourselves 
•  Can we devise a strategy that reduces sensitivity to background 

while preserving theoretical control of perturbative jet structure? 
 
 

•  Can we isolate specific physics effects using jet substructure? 
(regimes of dominant contribution) 
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Conclusion from discussions 
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+ many figures from simulations on the group chat 



Conclusion from discussions 
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Documented in a report after the workshop: arXiv:1808.03689 



Parton splittings 
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θ 

pT,1 = (1-zsplit)pT 
 

pT,2 = zsplit pT 
 

pT 

m 

Generic 1 à 2 splitting in QCD 
 

 
 

 
 
 

Two relevant scales: 

-  Opening angle between the two branches: θ 
-  Momentum balance between the two branches: zsplit 

Splitting probability in vacuum: 
 

dPvac = 2
↵sCR

⇡
d log z✓ d log

1

✓



The Lund diagram 
Just a plane to depict parton splittings 

 
 
 
 
 
 
 
 
 
 
 
 

Triangle uniformly filled for unquenched parton shower 
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B. Andersson, G. Gustafson, L. Lönnblad and U. Pettersson, Z. Phys. C 43 (1989) 625 
F. Dreyer, G. Salam, G. Soyez arXiv:1807.04758 

k?/E ⇠ z✓
<latexit sha1_base64="FkW61nCdBt268s/bcRAZbIhwgJs="></latexit><latexit sha1_base64="FkW61nCdBt268s/bcRAZbIhwgJs="></latexit><latexit sha1_base64="FkW61nCdBt268s/bcRAZbIhwgJs="></latexit><latexit sha1_base64="FkW61nCdBt268s/bcRAZbIhwgJs="></latexit><latexit sha1_base64="FkW61nCdBt268s/bcRAZbIhwgJs="></latexit>



Lund and grooming 
Grooming selects on momentum fraction and angle of branches  

in angular ordered tree 
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Zcut = 0.1 and β = 0 

First branching in angular ordered tree 



Lund and grooming 
Grooming selects on momentum fraction and angle of branches  

in angular ordered tree 
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Varying the grooming condition allows to  
select different regions of radiation phase space 

Zcut = 0.1 
β = 0 

Zcut = 0.5 
β = 1.5 

Zcut = 0.1 
β = -1 



Grooming settings and zg 
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Figure 8: Groomed shared momentum fraction, zg, for three different grooming settings in simulations
with and without jet quenching. The uppers panels show the zg distribution normalized by the total
number of ungroomed jets while the lower panels show the ratio of JEWEL and QPYTHIA with respect
to PYTHIA8.

SD3: zcut = 0.1 and � = �1.0: selects only hard radiation;

Figure 7 depicts how these settings remove parts of the phase space in the Lund plane. This will in turn
affect the demands on statistics, especially for the SD3 setting. While the first setting is the more widely
used in various studies of the SD procedure, the two latter are designed to suppress regions of phase
space with a lot of medium activity, as identified in the diagrams in Figure4. One could, of course, devise
other grooming strategies, or even combine various conditions, in order to “carve” out kinematical regimes
of particular interest. We avoid such prescriptions here in order not to bias our jet sample excessively.
On the other hand, it could be interesting to combine grooming strategies with specific reclustering
algorithms, a point we briefly study in Section 3.1.1.

3.1 Groomed substructure observables and sensitivity to jet quenching

After identifying the first splitting that satisfies Eq. (9), we have access to the full kinematics of that
branching step. The groomed jet energy (pT = E) is now defined as pTg ⌘ pT,1 + pT,2, where the
subscripts now refer to the identified subjets. We can then define the groomed momentum fraction,
zg = min (pT,1, pT,2) /pTg and the angle �R12 between the subjets. In our numerical studies, we will
focus on these two quantities but also introduce the groomed mass to energy ratio Mg/pT, where Mg is
defined as in Eq. (1) with all relevant quantities being groomed. These observables shed light on how
the branchings occur in course of the parton shower and are sensitive to medium effects as long as the
branching originates from inside the medium, roughly tfg ⌘ 2pTg/M2

g < L, see discussion above. For the
chosen medium parameters, the samples analyzed with settings SD1 and SD2 will contain an admixture
of in-medium and out-of-medium splittings, see Figure 7, while SD3 picks exclusively out hard splittings
originating from inside the medium.

As in the previous section, the jet quenching Monte Carlo event generators we use in our study are
QPYTHIA and JEWEL (with recoil effects turned on and off) and are shown in Figure 8, 9 and 10.
Jets were reconstructed using anti-kT R = 0.4 and for pT > 130 GeV/c. The results in this section
are obtained at generator level, without embedding. In particular, we have not introduced any detector
resolution effects, such as a minimal angular cut-off �Rmin. Note, that the distributions are normalized
by the total number of anti-kT (ungroomed) jets. The distributions are therefore not self-normalized and
contain information how grooming affects the overall suppression of the jet yield.

Figure 8 shows the momentum fraction zg distribution for different event generators. The vacuum
baseline is represented by the PYTHIA8 data points and compared to results from the QPYTHIA and
JEWEL jet quenching event generators. In this figure, the perhaps most striking feature is the generally
opposite trend of the two models. This can also be traced back to the discussion around Figure 4. The
modified parton shower in QPYTHIA makes the jets broader with respect to jets in vacuum and therefore
many more jets survive the grooming. JEWEL however collimates the jets and therefore less jets are
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Zcut = 0.1 and β = 0 Zcut = 0.5 and β = 1.5 Zcut = 0.1 and β = -1 

Not all grooming settings equally sensitive  
to different physics assumptions 

Comparison of jet quenching MCs (JEWEL,QPYTHIA)  
with vacuum model (PYTHIA) 



surviving the grooming with this setting.
We also note, that while for � � 0, see Figure 8 (left and center), the number of jets for the different

generators remains roughly constant while for the negative grooming setting � < 0, Figure 8 (right), a
large deviation from unity can be observed. Interestingly, QPYTHIA subjets are strongly enhanced in
this regime while JEWEL “Recoils off” subjets are strongly suppressed, both by a factor ⇠ 1.5�2. This is
naturally in agreement with the features already observed in the Lund plane, see Figure 4. For example,
for QPYTHIA we note a strong enhancement at high-kT independently of the momentum fraction z,
see Figure 4 (lower left panel), which reflects in the enhancement in Figure 8 (right). Note also that the
magnitude of effects are the biggest for the most aggressive setting that naively corresponds to early
in-medium splittings.

Comparing the JEWEL results with and without recoil demonstrates that, for the chosen analysis
settings, this observable is not very sensitive to recoil effects except for the small-zg region. In order to
compare to the data presented in [58] for the � = 0 setting, see also [30] for a study using JEWEL, where
a significant deviation from vacuum baseline was observed. We again point out that no minimal angular
cut-off was employed in our studies. Such a cut-off suppresses collinear vacuum radiation and, hence,
amplifies the effects related to the medium.
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Figure 9: Distance between the two groomed subjets, �R12, for three different grooming settings in
simulations with and without jet quenching. The uppers panels show the �R12 distribution normalized
by the total number of ungroomed jets while the lower panels show the ratio of JEWEL and QPYTHIA
with respect to PYTHIA8.

Next we turn to studying the angular separation �R12 distribution of the groomed subjets. In
the context of jet quenching, one particularly interesting question is to gauge whether substructures are
quenched differently as a function of their angular separation. The angular distance between the groomed
sub-jets is plotted in Figure9 for the three grooming settings. Once again, we see big differences between
the MC models; JEWEL “Recoils off” being very collimated and QPYTHIA very broad. The JEWEL
“Recoils on” setting interpolates between the two extremes and, most strikingly, exhibits an enhancement
at intermediate angles, consistent with earlier studies of jet shape and fragmentation function [48].

Once more, it is interesting to point out that the modifications are arguably the strongest for the
most conservative SD setting, see Figure 9 (right). In particular, the JEWEL “Recoils off” samples are
consistently suppressed for all angles. This could point to the importance of energy-loss that is not very
sensitive to angle in JEWEL. The enhancement seen at small �R12 for � � 0, see Figure 9 (left, center),
could also indicate a similar mechanism related to migration of narrow jets from higher pT.

Finally, we study the groomed jet mass normalized by the ungroomed transverse momentum, Mg/pT,jet,
in Figure 10. This observable combines several of the features already seen before and seems particularly
constraining of large-mass jet substructures. In this case, the QPYTHIA and JEWEL “Recoils on” sam-
ples give rise to similar distributions with a strong enhancement at large Mg/pT. The enhancement is the
largest for the latter model, putting strong constraints on the assumptions related to the free streaming
of recoil fragments in JEWEL. In contrast, JEWEL “Recoils off” is more resilient and exhibits a mild
suppression with respect to vacuum results at high-masses. This could again be interpreted as an effect
of energy-loss. During the preparation of the workshop report results on the groomed mass in heavy-ion
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Grooming settings and ΔR12 

Hard Probes 2018 Marta Verweij 11 

Zcut = 0.1 and β = 0 Zcut = 0.5 and β = 1.5 Zcut = 0.1 and β = -1 

Not all grooming settings equally sensitive  
to different physics assumptions 

Comparison of jet quenching MCs (JEWEL,QPYTHIA)  
with vacuum model (PYTHIA) 

Angle 
between 
subjets 



In or outside the medium 
A splitting can either occur inside or outside the medium 

à depends on the formation time of the splitting 
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Coherent or incoherent splitting 
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Splitting not resolved by medium 
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Phase space in medium 
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3 regions for a splitting happening in medium 
1) vacuum splitting inside medium 
2) medium-induced splitting à not uniform in Lund plane 
3) unresolved splitting 



Lund plane in MC 
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Measure Lund diagram in data or Monte Carlo event generator: 
Use iterative declustering technique to unwind the angular ordered 
tree retrieving information about all parton splittings 
à probe of QCD branching history 

More radiation for larger kT  
due to running coupling 
 
+ some distortion from 
underlying event uncorrelated to 
jet 



Lund plane in jet quenching MC 
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MED-VAC 

Medium effects visible in difference distribution (quenched – vacuum) 
Correcting for detector inefficiencies not trivial 



Well-defined selections 
Example: photon-jet 
 
Select population of jets using 

groomed angle 
-  Narrow jets (small angle) 
-  Wide jets (large angle) 

Could help pinning down details of 
jet quenching mechanism 
-  Role of coherence 
-  Energy loss dependence on 

number of partons in shower 

+ eventually medium properties 
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Figure 14: Nuclear modification factor, Equation 10, for subsamples of groomed jets binned as a function
of �R of the leading sub-jets identified using SD1 for 0–10% most central PbPb collisions.

of other substructure observables that were analyzed above, see e.g. Section 3.1, and reflects stronger
energy-loss effects for large-angle substructure fluctuations thereby leading to more quenched partons [70].
Finally including recoil effects, the JEWEL “Recoils on” sample, see Figure14 (right), reveal a strong pT-
dependence of large-angle jets, leading to a big enhancement of RAA at relatively low transverse momenta.
This implies an enhanced constraining power to details of medium recoil modeling in this observable.

Other benchmark observables in heavy-ion collisions include the Z-jet or photon-jet momentum asym-
metry. Here, we will only focus on the latter, defined as the ratio of jet to photon momentum,

xJ� =
pT,jet

pT,�
. (11)

In contrast to the nuclear modification factor (10), this observable does not immediately involve a com-
parison to a proton-proton baseline. The direct access to the photon energy in the measurement also
would help constrain the effect of energy-loss or migration of jets between pT-bins.
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Figure 15: The xJ� distribution for subsamples of groomed jets that have been binned as a function of
the angle found between the leading sub-jets using SD.

In Figure 15 we present the resulting xJ� distribution for the JEWEL “Recoils on” samples in two
centrality bins (corresponding to 0–10% and 90–100% centrality). This sample has been binned in subjet
angular separation, as described above, this time using SD2 grooming. The same features that have
been pointed out multiple times, also show up here as a function of collision centrality. Notably, the
small-angle sample shows very little dependence of centrality, and is closely peaked around 1. The large-
angle sample, on the other hand, which also corresponds to jets formed earlier in the medium, is strongly
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Small angle 
Large 
angle 



Summary 
Effort to establish strategy to get the most out of jet substructure 

observalbes 
 - requires theory & experiment collaboration 

 
At this conference already results based (partially) on these findings 

from both theory and experiment communities 
 
Full report here: arXiv:1808.03689 
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Thanks to all workshop participants 
 

Special thanks to Konrad Tywoniuk 
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