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2INTRODUCTION

•A NEW HIGH ENERGY COLLIDER WILL NECESSARILY NEED TO 
RECONSTRUCT BOOSTED HEAVY STANDARD MODEL OBJECTS 

•A LOT OF VERY HEALTHY DISCUSSION ABOUT THE CAPABILITIES OF AN 
HCAL TO TRANSVERSELY RESOLVE HADRONIC SHOWERS 

•(SEE TALKS AT BOOST15 BY GILAD PEREZ, SERGEI CHEKANOV) 

•OUTLINE: 
•WHAT CAN A CALORIMETER DO? 
•WHAT IS THE INTRINSIC CAPABILITY OF A CALORIMETER TO EXPLOIT SUBSTRUCTURE?  

•DO WE ACTUALLY NEED/WANT A CALORIMETER TO DO THOSE THINGS? 
HOW MUCH INFORMATION (DISCRIMINATION POWER) DOES ONE LOSE BY THROWING OUT 
NEUTRAL (HADRON) INFORMATION?

https://indico.cern.ch/event/382815/overview


3BACK STORY

•TRADITIONAL CALORIMETERS HAVE BEEN BUILT USING THE BASIC CONCEPT:  
TRANSVERSE CALORIMETER CELL SIZE SHOULD BE ~X0 (λ0) 

•RECENT EXAMPLE: FROM HEP/PH:1506.02656 (BRESSLER,FLACKE,KATS,LEE,PEREZ)
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age energies of 1200 (2700), 700 (1500), 490 (1100) GeV,
and the three leading neutral ones carry 600 (1330), 210
(470), 80 (190) GeV [11]. Similar numbers are obtained
for QCD jets. For hadrons in this range of hundreds of
GeV, the dependence on the energy and species is rather
mild [8, 12, 13]. The 95% longitudinal containment of
hadronic shower cascades, L95%, which is the average
calorimeter depth within which 95% of the hadronic cas-
cade energy will be deposited, is described in terms of
the nuclear interaction length, �A, as [8]

L95% ⇡ (6.2 + 0.8 ln(E/100 GeV))�A . (1)

The 95% lateral containment for hadronic cascades, d95%,
can also be expressed in terms of �A [8],

d95% ⇡ �A . (2)

Smaller interaction lengths are obtained for materials
with larger atomic weights, with �A ⇡ 10, 11, 15, 17,
17, 40 cm for tungsten, uranium, copper, iron, lead, and
aluminum respectively, while scintillator materials typi-
cally have larger interactions lengths. E↵ective interac-
tion lengths of HCALs (composed of scintillator and stop-
ping material) thus cannot be shorter than ⇠ 10 cm, with
typical values, e.g. in ATLAS and CMS, and the proto-
type future calorimeter CALICE [13], being 20–30 cm.

One can then define a minimal scale,

dhad ⇡ d95% , (3)

below which the perturbative jet information becomes
increasingly unresolvable in the HCAL due to overlap
between the hadronic showers (see, e.g., Ref. [14]). Thus,
for any HCAL at a radial distance rHCAL from the beam
axis, one can define a reference angular size, ✓had, below
which the jet substructure information is expected to get
lost,

✓had ⇡ dhad
rHCAL

⇡ 0.1⇥ �HCAL

20 cm
⇥ 2m

rHCAL
. (4)

While it seems very challenging to improve upon �HCAL,
it is in principle possible to decrease ✓had by increasing
the radial distance, rHCAL. A typical opening angle of
a boosted t or W jet is ✓t,W = 2mt,W /pT . Thus, as-
suming �HCAL = 20 cm, to resolve the substructure of
a 3 (10) TeV jet the HCAL needs to be at a distance
of at least rHCAL ⇡ 2, 4 (6, 12) meters from the beam
pipe. Note that it means that superboosted jets might
become relevant already at the LHC, since the active in-
ner radius of the HCAL is 2.3 m for ATLAS and 1.8 m for
CMS. Furthermore, hadronic showers sometimes start al-
ready in the electromagnetic calorimeter (ECAL), which
has an inner radius of 1.4 (1.3) m in ATLAS (CMS).
The calorimeter shower size may or may not be the most
important limitation, since an angular size of about 0.1
describes also the granularity of the ATLAS and CMS

HCALs. However, future colliders are expected to have
much better HCAL granularities (see, e.g., Ref. [12]), so
the HCAL shower size will become the leading obsta-
cle. While scaling up the detectors would eliminate the
problem, this would be very costly, not only due to the
increased HCAL volume but also due to the increased
volume of the magnetic field for the muon detector. This
will likely make such a solution unrealistic.
Limitations of jet substructure variables with-

out neutrals.—The results obtained above lead to the
conclusion that in the future the energy frontier will al-
most unavoidably have to deal with jets in the super-
boosted regime. In this regime, jet substructure analyses
will have to rely solely on information obtained by the
tracker and ECAL. Methods using only tracker and/or
ECAL information have already been explored in the lit-
erature [15–21]. Here we take a somewhat orthogonal
path and attempt to characterize the unavoidable fluctu-
ations that arise in (practically all) jet substructure vari-
ables due to the spatially unresolvable energy depositions
of the neutral hadrons. (A note on terminology: in re-
alistic situations, each “PF neutral” object of CMS [21]
contains energy depositions of multiple almost-collinear
hadrons produced in the showering and hadronization of
the same parton. This commonly includes the purely
electromagnetic ⇡0’s. Our discussion assumes such elec-
tromagnetic depositions to be perfectly resolvable, and
focuses on the long-lived neutral hadrons.)
In the following, we simulate events using

Pythia 8.205 [11] with the default settings, inter-
faced with FastJet [22]. In a more detailed study,
one would also check how the results change when
varying the Pythia settings or using a di↵erent Monte
Carlo (e.g., Sherpa [23]), to estimate the systematic
uncertainties. However, as our goal in this Letter is
not to study any particular jet substructure variable
in detail, but to only use several simple variables to
exemplify our points, we will stick to the default set-
tings. We have checked, nevertheless, that changing the
color reconnection model from the MPI-based original
Pythia 8 scheme (the default choice) to the new more
QCD-based scheme or the new gluon-move model, does
not have any significant e↵ect on the results presented
below.
In Fig. 1, we show the fraction of energy carried by

neutrons, KL’s, as well as all other neutral hadrons that
due to a large boost happen to decay farther than 2 m
from the beam axis, for boosted W and QCD jets with
pT = 3 and 10 TeV. These results are based on a simu-
lation of WW and QCD events in 100 TeV pp collisions.
We use as our defaults anti-kT jets [24] with cone size
R = 3mW /pT = 0.08 (0.024). Smaller cones would fre-
quently fail to capture the W decay products [25], while
larger cones would increase the QCD background at mW

since the average mass of a QCD jet is hmJi ⇠ ↵s pTR,
with the peak of the mJ distribution (the Sudakov peak)

REFERENCE ANGULAR SCALE FOR HADRONIC SHOWERS 
DHAD ~ λ (NUCLEAR INTERACTION LENGTH) 

“HADRONIC MOLIERE RADIUS”

λ = 10, 11, 15, 17 CM FOR TUNGSTEN, URANIUM, COPPER, IRON

E.G., FOR A W RHCAL = 1M, THIS MEANS THE ANGULAR SCALE IS θHAD ~ 0.1

CONCLUSION: GIVE UP, USE TRACKS + γ TO BUILD OBSERVABLES
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age energies of 1200 (2700), 700 (1500), 490 (1100) GeV,
and the three leading neutral ones carry 600 (1330), 210
(470), 80 (190) GeV [11]. Similar numbers are obtained
for QCD jets. For hadrons in this range of hundreds of
GeV, the dependence on the energy and species is rather
mild [8, 12, 13]. The 95% longitudinal containment of
hadronic shower cascades, L95%, which is the average
calorimeter depth within which 95% of the hadronic cas-
cade energy will be deposited, is described in terms of
the nuclear interaction length, �A, as [8]

L95% ⇡ (6.2 + 0.8 ln(E/100 GeV))�A . (1)

The 95% lateral containment for hadronic cascades, d95%,
can also be expressed in terms of �A [8],

d95% ⇡ �A . (2)

Smaller interaction lengths are obtained for materials
with larger atomic weights, with �A ⇡ 10, 11, 15, 17,
17, 40 cm for tungsten, uranium, copper, iron, lead, and
aluminum respectively, while scintillator materials typi-
cally have larger interactions lengths. E↵ective interac-
tion lengths of HCALs (composed of scintillator and stop-
ping material) thus cannot be shorter than ⇠ 10 cm, with
typical values, e.g. in ATLAS and CMS, and the proto-
type future calorimeter CALICE [13], being 20–30 cm.

One can then define a minimal scale,

dhad ⇡ d95% , (3)

below which the perturbative jet information becomes
increasingly unresolvable in the HCAL due to overlap
between the hadronic showers (see, e.g., Ref. [14]). Thus,
for any HCAL at a radial distance rHCAL from the beam
axis, one can define a reference angular size, ✓had, below
which the jet substructure information is expected to get
lost,

✓had ⇡ dhad
rHCAL

⇡ 0.1⇥ �HCAL

20 cm
⇥ 2m

rHCAL
. (4)

While it seems very challenging to improve upon �HCAL,
it is in principle possible to decrease ✓had by increasing
the radial distance, rHCAL. A typical opening angle of
a boosted t or W jet is ✓t,W = 2mt,W /pT . Thus, as-
suming �HCAL = 20 cm, to resolve the substructure of
a 3 (10) TeV jet the HCAL needs to be at a distance
of at least rHCAL ⇡ 2, 4 (6, 12) meters from the beam
pipe. Note that it means that superboosted jets might
become relevant already at the LHC, since the active in-
ner radius of the HCAL is 2.3 m for ATLAS and 1.8 m for
CMS. Furthermore, hadronic showers sometimes start al-
ready in the electromagnetic calorimeter (ECAL), which
has an inner radius of 1.4 (1.3) m in ATLAS (CMS).
The calorimeter shower size may or may not be the most
important limitation, since an angular size of about 0.1
describes also the granularity of the ATLAS and CMS

HCALs. However, future colliders are expected to have
much better HCAL granularities (see, e.g., Ref. [12]), so
the HCAL shower size will become the leading obsta-
cle. While scaling up the detectors would eliminate the
problem, this would be very costly, not only due to the
increased HCAL volume but also due to the increased
volume of the magnetic field for the muon detector. This
will likely make such a solution unrealistic.
Limitations of jet substructure variables with-

out neutrals.—The results obtained above lead to the
conclusion that in the future the energy frontier will al-
most unavoidably have to deal with jets in the super-
boosted regime. In this regime, jet substructure analyses
will have to rely solely on information obtained by the
tracker and ECAL. Methods using only tracker and/or
ECAL information have already been explored in the lit-
erature [15–21]. Here we take a somewhat orthogonal
path and attempt to characterize the unavoidable fluctu-
ations that arise in (practically all) jet substructure vari-
ables due to the spatially unresolvable energy depositions
of the neutral hadrons. (A note on terminology: in re-
alistic situations, each “PF neutral” object of CMS [21]
contains energy depositions of multiple almost-collinear
hadrons produced in the showering and hadronization of
the same parton. This commonly includes the purely
electromagnetic ⇡0’s. Our discussion assumes such elec-
tromagnetic depositions to be perfectly resolvable, and
focuses on the long-lived neutral hadrons.)
In the following, we simulate events using

Pythia 8.205 [11] with the default settings, inter-
faced with FastJet [22]. In a more detailed study,
one would also check how the results change when
varying the Pythia settings or using a di↵erent Monte
Carlo (e.g., Sherpa [23]), to estimate the systematic
uncertainties. However, as our goal in this Letter is
not to study any particular jet substructure variable
in detail, but to only use several simple variables to
exemplify our points, we will stick to the default set-
tings. We have checked, nevertheless, that changing the
color reconnection model from the MPI-based original
Pythia 8 scheme (the default choice) to the new more
QCD-based scheme or the new gluon-move model, does
not have any significant e↵ect on the results presented
below.
In Fig. 1, we show the fraction of energy carried by

neutrons, KL’s, as well as all other neutral hadrons that
due to a large boost happen to decay farther than 2 m
from the beam axis, for boosted W and QCD jets with
pT = 3 and 10 TeV. These results are based on a simu-
lation of WW and QCD events in 100 TeV pp collisions.
We use as our defaults anti-kT jets [24] with cone size
R = 3mW /pT = 0.08 (0.024). Smaller cones would fre-
quently fail to capture the W decay products [25], while
larger cones would increase the QCD background at mW

since the average mass of a QCD jet is hmJi ⇠ ↵s pTR,
with the peak of the mJ distribution (the Sudakov peak)

REFERENCE ANGULAR SCALE FOR HADRONIC SHOWERS 
DHAD ~ λ (NUCLEAR INTERACTION LENGTH) 

“HADRONIC MOLIERE RADIUS”

λ = 10, 11, 15, 17 CM FOR TUNGSTEN, URANIUM, COPPER, IRON

E.G., FOR A W RHCAL = 1M, THIS MEANS THE ANGULAR SCALE IS θHAD ~ 0.1

CONCLUSION: GIVE UP, USE TRACKS + γ TO BUILD OBSERVABLES

HOW STRICT IS THIS ASSUMPTION?   CAN WE DO MORE SOPHISTICATED THINGS?



5STUDY PARAMETERS

•WORK WITHIN THE BASIC NEEDS OF A 100 TEV COLLIDER 

•GOOD CONTAINMENT UP TO 20 TEV JETS 
•AFFECTS JET ENERGY RESOLUTION & LEAKAGE BIASES 

•GOOD LONGITUDINAL SEGMENTATION 
•AFFECTS JET ENERGY RESOLUTION 

•GOOD TRANSVERSE SEGMENTATION 
•FOR JET SUBSTRUCTURE, FOCUS OF THIS STUDY 

•

NEED UP TO 12 λ FOR ECAL + HCAL

TARGET CONSTANT TERM OF 3%



6SOFTWARE FRAMEWORK

•REQUIRES STUDIES WITH FULL GEANT 
•REPURPOSE SLIC (SIMULATOR FOR THE LINEAR COLLIDER) OPTIMIZED FOR SID; 
USE FOR FCC PURPOSES 

•INTEGRATED WITH HEPSIM AND DEPLOYED ON THE OSG (OPEN SCIENCE GRID)

REQUIRES REAL INFRASTRUCTURE TO GENERATE HIGH ENERGY EVENTS IN FUTURE DETECTORS



7SOFTWARE FRAMEWORK

•REQUIRES STUDIES WITH FULL GEANT 
•REPURPOSE SLIC (SIMULATOR FOR THE LINEAR COLLIDER) OPTIMIZED FOR SID; 
USE FOR FCC PURPOSES 

•INTEGRATED WITH HEPSIM AND DEPLOYED ON THE OSG (OPEN SCIENCE GRID)

REQUIRES REAL INFRASTRUCTURE TO GENERATE HIGH ENERGY EVENTS IN FUTURE DETECTORS

DEVELOPMENTS INHERENTLY 
REQUIRED TO EXPLOIT NEW 

DETECTOR DESIGN



8DETECTOR BASELINE

SIFCC

30% SMALLER THAN ATLAS 
30% BIGGER THAN CMS



•BASELINE DETECTOR FEATURES 
•5T MAGNETIC FIELD 
•PIXEL 20µM, OUTER 50µM PITCH 

•CALORIMETER (HGCAL-LIKE) 
ECAL 

•32 LAYERS SI-W SAMPLING 
•~35 X0 (~1λ), 2CM X 2CM CELLS 
•HCAL 
•64 LAYERS FE-SCINTILLATOR SAMPLING 
•~11.3λ, 5CM X 5CM CELLS; Δ∆Η X Δ∆Φ ~ 0.022 X 0.022 
•FINELY LONGITUDINALLY SEGMENTED (<< 1λ PER LAYER)

9DETECTOR PARAMETERS

HCAL



10EXAMPLE EVENT

EXAMPLE: Z’(40 TEV) TO WW

VERY BUSY, COMPLICATED EVENTS!   
TO START UNDERSTANDING THINGS, GO TO SINGLE PARTICLE EVENTS…



11EXAMPLE EVENT

7300 CALORIMETER HITS, 440 SITRACKER HITS 
1 RECONSTRUCTED PFA (PI+) =998 GEV 

1 RECONSTRUCTED CALOCLUSTER AT 1058 GEV 
MANY BACK-SPLASH INTERACTIONS

EXAMPLE: 1 TEV SINGLE PION
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12SINGLE PION PERFORMANCE

Tracks do not reach the tracker! 

RESPONSE RESOLUTION
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•BASIC PERFORMANCE OF ASSOCIATED TRACK AND CLUSTER TO PANDORA PFA OBJECT 
• NEED TO REVISIT CLUSTERING ALGORITHMS 

•BENCHMARK TARGET CALORIMETER PERFORMANCE:  
~2% CONSTANT TERM, 40% SAMPLING TERM 

•CROSS-OVER POINT OF TRACKER AND CALORIMETER RESOLUTION, ~ 2 TEV



13TOWARDS AN INTRINSIC ANGULAR SCALE

•GOING DIRECTLY TO JET PERFORMANCE  
CONVOLVES MANY DIFFERENT ISSUES.  
ANGULAR SCALES, PARTICLE FLOW INTERNALS 
Z’ (10 TEV) TO WW EVENTS 

•WITH SINGLE PARTICLE VALIDATION, STUDY DOUBLE K0L SAMPLES 
•FIX η = 0, SLOWLY VARY K0L SEPARATION IN Φ 
•INTEGRATE SHOWER PROFILE IN Φ OVER MANY EVENTS TO DETERMINE AN 
INTRINSIC SCALE 

•COMPARE 20CM X 20CM VS 5CM X 5CM HCAL CELLS 
•STUDY ONLY CALORIMETER HITS, NOT CLUSTERS (WHICH HAS PF ALGO DEPENDENCY)
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14DOUBLE K0L - 20CM X 20CM - 100 GEV

σ = 0.0045

σ = 0.032

INTEGRATED OVER 50 EVENTS 
2 K0L, Δ∆R = 0.0, 100 GEV EACH

BE CAREFUL WITH THE CONCLUSIONS:  
DIFFERENT COMPONENTS TO THE SHOWER, AND 
DIFFERENT SHOWER POPULATIONS (E.G. SHOWERS 
STARTING IN THE ECAL ~50% OF THE TIME)

ECAL 
HCAL

2X2CM
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15DOUBLE K0L - 5CM X 5CM - 100 GEV

σ = 0.0045

σ = 0.018

INTEGRATED OVER 50 EVENTS 
2 K0L, ΔR = 0.0, 100 GEV EACH

ECAL 
HCAL

2X2CM

BE CAREFUL WITH THE CONCLUSIONS:  
DIFFERENT COMPONENTS TO THE SHOWER, AND 
DIFFERENT SHOWER POPULATIONS (E.G. SHOWERS 
STARTING IN THE ECAL ~50% OF THE TIME)
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16DOUBLE K0L - 20CM X 20CM - 1000 GEV

σ = 0.0040

σ = 0.029

INTEGRATED OVER 50 EVENTS 
2 K0L, ΔR = 0.0, 1000 GEV EACH

ECAL 
HCAL

BE CAREFUL WITH THE CONCLUSIONS:  
DIFFERENT COMPONENTS TO THE SHOWER, AND 
DIFFERENT SHOWER POPULATIONS (E.G. SHOWERS 
STARTING IN THE ECAL ~50% OF THE TIME)
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17DOUBLE K0L - 5CM X 5CM - 1000 GEV

σ = 0.0040

σ = 0.013

INTEGRATED OVER 50 EVENTS 
2 K0L, ΔR = 0.0, 1000 GEV EACH

ECAL 
HCAL

BE CAREFUL WITH THE CONCLUSIONS:  
DIFFERENT COMPONENTS TO THE SHOWER, AND 
DIFFERENT SHOWER POPULATIONS (E.G. SHOWERS 
STARTING IN THE ECAL ~50% OF THE TIME)



18PULL THE K0L APART

5X520X20

• SO FAR LOOKING AT THINGS ON AVERAGE, BUT NEED TO UNDERSTAND 
HOW TO PULL THINGS APART ON AN EVENT-BY-EVENT BASIS

• PULL APART THE K0L TO SEE THE INTRINSIC ANGULAR SCALE

Φ∆ 
0.3− 0.2− 0.1− 0 0.1 0.2 0.3

 E
(G

eV
)

0

100

200

300

400

500

600
R = 0.035 ∆gen 

Φ∆ 
0.3− 0.2− 0.1− 0 0.1 0.2 0.3

 E
(G

eV
)

0

100

200

300

400

500 R = 0.035 ∆gen 



• IN THE ABSENCE OF A SOPHISTICATED CLUSTERING ALGORITHM  
(UNDERSTANDING PANDORA PFA) MAKE NAIVE FIRST STAB…
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19NAIVE CLUSTERING
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FITTING DOUBLE GAUSSIANS: 
GAUS(A+B,Σ) + GAUS(A-B,Σ),  

TRY TO DETERMINE WHEN THE FIT 
FINDS TWO SEPARATED OBJECTS

STARTS TO DEPART PAST THE 
INTERACTION LENGTH BARRIER  

(FOR FE/PLASTIC, R = 2M, ~0.1)

BIG CAVEATS ON NAIVETY, BUT DEFINITELY MORE 
POWERFUL CLUSTERING METHODS CAN BE EXPLORED



20NECESSARY ANGULAR RESOLUTION
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WITHIN 5X5CM CELL…

WILL WE HAVE ENOUGH JUICE FOR A 5 TEV BOOSTED W? 20 TEV?

WITHIN 1X1CM CELL… PT = 5 TEV BOOSTED W



21DISCUSSION

•WORKING TOWARDS INTRINSIC HADRONIC ANGULAR SCALES 
•NOT NECESSARILY DRIVEN BY NUCLEAR INTERACTION LENGTH 
•NEED MORE SOPHISTICATED CLUSTERING METHODS, TO TAKE ADVANTAGE 
OF THE LONGITUDINAL SEGMENTATION 

•CAN “IMAGE” THE START OF THE SHOWER WITH HIGH LONGITUDINAL AND 
TRANSVERSELY GRANULAR DETECTORS 

•VERY INTERESTING TO UNDERSTAND THE INTERPLAY OF ANGULAR RESOLUTION ON 
LONGITUDINAL VERSUS TRANSVERSE GRANULARITY 

•INTRINSIC COUPLING BETWEEN GRANULARITY AND CLUSTERING ALGORITHM 
•LOOK AT ENERGY ASYMMETRIES, DIFFERENT PARTICLE SPECIES, AFFECT OF 
ABSORBER THICKNESS, ETC.



22

DO WE WANT/NEED SUCH A CALORIMETER?



23PERFORMANCE LOSS FROM PARTIAL INFORMATION

•EVEN IF WE COULD BUILD A CALORIMETER TO RESOLVE HADRONIC SHOWERS 
AT THE Δ∆R < ~0.001 LEVEL, IS IT WORTH IT? [$$$$] 

•WHAT DO WE GAIN?   
•WHAT IS THE TRUE DISCRIMINATION POWER LOST BY THROWING OUT THE 
NEUTRAL HADRON INFORMATION? 

•  
STUDY PARAMETERS:  

•@PARTICLE LEVEL, QUANTIFY HOW MUCH PERFORMANCE DEGRADES 
THROWING OUT CERTAIN INFORMATION 

•NO SMEAR/RESOLUTION: THE UPPER LIMIT ON PERFORMANCE DIFFERENCE 
GEANT STUDIES WILL GUIDE US FURTHER 

•



24STUDY INPUTS

SAMPLES FOR COMPARISON 
Q,G,W,Z,T JETS (PT = 1,5 TEV) 

JET CONSTITUENT INPUTS:  
TRACKS 

TRACKS + γ 
ALL PARTICLES 

SUBSTRUCTURE INPUTS  
(A LA BOOST13 REPORT): 

5 DIFFERENT GROOMED MASSES 
N-SUBJETTINESS (τ1/2/3 RATIOS, β=1,2) 

ECF (C1/2 AND D1/2, β=1,2) 
Z LOG(Z), MULTIPLICITY 

WW

QQ



•QUANTIFYING THE INFORMATION LOSS… 
•EXAMPLE TRAININGS: 

25ROC DISCRIMINATION

Z VS Q

Q VS G

“MASS DRIVEN SEPARATION” “SHAPE DRIVEN SEPARATION”



26QUANTIFYING PERFORMANCE LOSS



27QUANTIFYING PERFORMANCE LOSS

NEXT STEPS, USE THE GEANT STUDIES TO MOTIVATE SMEARING STUDIES 
THAT PARAMETERIZE HOW MUCH THESE NUMBERS CHANGE WITH A DETECTOR
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SUMMARIZING



29OUTLOOK

• TAKING 2 APPROACHES TO UNDERSTANDING DETECTOR DESIGN 
FOR JET SUBSTRUCTURE IN THE SUPER-BOOSTED REGIME

LOW LEVEL GEANT STUDIES TO 
UNDERSTAND INTRINSIC GRANULARITY/
RESOLUTION LIMITATIONS 
FIRST PROMISING RESULTS WHICH 
INDICATE ONE CAN USE CELL SIZES 
SMALLER THAN INTERACTION LENGHT 

PARTICLE LEVEL STUDIES TO QUANTIFY  
PERFORMANCE LOSS FROM USING ONLY 

PARTIAL INFORMATION 
FOR SHAPE BASED DISCRIMINATION, NOT 
MUCH PERFORMANCE LOSS THOUGH FOR 
MASS DISCRIMINATION, EFFECTS CAN BE 

PROHIBITIVE

A LONG AND DIFFICULT QUESTION TO FULLY ANSWER, BUT GAINING A DEEPER 
INTUITION; COLLABORATORS ALWAYS WELCOME! 
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ADDITIONAL


