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INTRODUCTION

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 CHEKANQV)

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

BACK STORY

TRADITIONAL CALORIMETERS HAVE BEEN BUILT USING THE BASIC CONCEPT:
TRANSVERSE CALORIMETER CELL SIZE SHOULD BE ~Xo (Ao)

RECENT EXAMPLE: FROM HEP/PH:1506.02656 (BRESSLER,FLACKE,KATS,LEE,PEREZ)

dhad

REFERENCE ANGULAR SCALE FOR HADRONIC SHOWERS
Diap ~ A (NUCLEAR INTERACTION LENGTH)
“HADRONIC MOLIERE RADIUS”

A=10,11,15,17 CM FOR TUNGSTEN, URANIUM, COPPER, IRON
E.G., FOR A W RHcaL = 1M, THIS MEANS THE ANGULAR SCALE IS O, ~ 0.1
CONCLUSION: GIVE UP, USE TRACKS + Y TO BUILD OBSERVABLES



BACK STORY

TRADITIONAL CALORIMETERS HAVE BEEN BUILT USING THE CONCEPT:
TRANSVERSE CALORIMETER CELL SIZE SHOULD BE ~Xo (Ao)

RECENT EXAMPLE: FROM HEP/PH:1506.02656 (BRESSLER,FLACKE,KATS,LEE,PEREZ)
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REFERENCE ANGULAR SCALE FOR HADRONIC SHOWERS
Diap ~ A (NUCLEAR INTERACTION LENGTH)
“HADRONIC MOLIERE RADIUS”

A=10,11,15,17 CM FOR TUNGSTEN, URANIUM, COPPER, IRON
E.G., FOR A W RHcaL = 1M, THIS MEANS THE ANGULAR SCALE IS O, ~ 0.1
CONCLUSION: GIVE UP, USE TRACKS + Y TO BUILD OBSERVABLES

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



STUDY PARAMETERS

WORK WITHIN THE BASIC NEEDS OF A 100 TEV COLLIDER

GOOD CONTAINMENT UP TO 20 TEV JeTs FE0 UP 70 12 A FOR ECAL + HCAL

AFFECTS JET ENERGY RESOLUTION & LEAKAGE BIASES
GOOD LONGITUDINAL SEGMENTATION TARGET CONSTANT TERM OF 5%
AFFECTS JET ENERGY RESOLUTION
GOOD TRANSVERSE SEGMENTATION
FOR JET SUBSTRUCTURE, FOCUS OF THIS STUDY



SOFTWARE 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)

SLIC Track
(Geant4, version 10.1) reconstruction \

rote = S0 Pandora PFA
[ Argonne Compact geometry : +
description (XML) Analysis (Jas4pp)
and LCDD Geometry

http://atlaswww.hep.anl.gov/hepsim/

REQUIRES REAL INFRASTRUCTURE TO GENERATE HIGH ENERGY EVENTS IN FUTURE DETECTORS



SOFTWARE 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)

SLIC

(Geantd4, version 10.1) .

ProMC — SLCIO

S

DEVELOPMENTS INHERENTLY

Track
reconstruction

REQUIRED TO EXPLOIT NEW
DETECTOR DESIGN

‘ .' EF~E_1‘._____._,-~ Arggrlqe

........ Compact geometry
description (XML)
and LCDD Geometry

http://atlaswww.hep.anl.gov/hepsim/

Pandora PFA

Analysis (Jas4pp)

REQUIRES REAL INFRASTRUCTURE TO GENERATE HIGH ENERGY EVENTS IN FUTURE DETECTORS



DETECTOR BASELINE
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DETECTOR PARAMETERS

BASELINE DETECTOR FEATURES

5T MAGNETIC FIELD
PIXEL 20uM, OUTER 50uM PITCH

CALORIMETER (HGCAL-LIKE)
ECAL

72D\

HCAL

42m

|4_——-P“

32 LAYERS SI-W SAMPLING

~35 Xo (~1A), 2CM X 2CM CELLS

HCAL
64 LAYERS FE-SCINTILLATOR SAMPLING

~11.3\,5CM X 5CM CELLS; AH X Ao ~ 0.022 x 0.022
FINELY LONGITUDINALLY SEGMENTED (<< 1A PER LAYER)




EXAMPLE EVENT

EXAMPLE: Z’(40 TEV) TO WW

ey moy TS T

i o *ﬂ-i'w:;:v \\\

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




EXAMPLE EVENT

EXAMPLE: 1 TEV SINGLE PION

7300 CALORIMETER HITS, 440 SITRACKER HITS
1 RECONSTRUCTED PFA (Pi+) =998 GEV
1 RECONSTRUCTED CALOCLUSTER AT 1058 GEV
MANY BACK-SPLASH INTERACTIONS
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SINGLE PION PERFORMANCE 12

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, 409 SAMPLING TERM
CROSS-OVER POINT OF TRACKER AND CALORIMETER RESOLUTION, ~ 2 TEV



TOWARDS AN INTRINSIC ANGULAR SCALE

GOING DIRECTLY TO JET PERFORMANCE =

CONVOLVES MANY DIFFERENT ISSUES.
ANGULAR SCALES, PARTICLE FLOW INTERNALS

Z’ (10 TEV) TO WW EVENTS S0

200}

100

0

0

=1X N = 0, SLOWLY VARY K9 SEPARATION IN ¢

NTRINSIC SCALE

500

400}

ﬁ%&g e |__.4E

20 40 60 80 100 120 140 160 180 200

soft drop mass (§ = 0)

WITH SINGLE PARTICLE VALIDATION, STUDY DOUBLE K°_SAMPLES

NTEGRATE SHOWER PROFILE IN @ OVER MANY EVENTS TO DETERMINE AN

COMPARE 20cM X 20cM vs 5¢cM x 5¢M HCAL CELLS

STUDY ONLY CALORIMETER HITS, NOT CLUSTERS (WHICH

HAS PF ALGO DEPENDENCY)
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DOUBLE K9 -20cM x 20cMm - 100 GEV ECAL

HCAL
INTEGRATED OVER 50 EVENTS 0=0004
2 K%, AR = 0.0,100 GEV EACH 1200/ IX2CM -
< L B B L LA BRI IR ] 1000? -
o - DR=0.0, E -99.0 - -
5 o500/ 9enDR =0.0, Eres : N
mf . E
2000 — : E
1900F < 5SSO 5T 6 0504 b5
B i phi
1000 —
: : o = 0.032
500 - ® 900k T
- : 800F- -
ol v vty I R B 700f =
-06 -04 -0.2 0 0.2 04 0.6 8 E
AD 500F E
400 =
BE CAREFUL WITH THE CONCLUSIONS: 3001 -
DIFFERENT COMPONENTS TO THE SHOWER, AND o E
DIFFERENT SHOWER POPULATIONS (E.G. SHOWERS Qe ol

STARTING IN THE ECAL ~50% OF THE TIME) P



DOUBLE K% - 5¢cM X 5cM - 100 GEV

INTEGRATED OVER 50 EVENTS
2 K°%, AR =0.0,100 GEV EACH

ADgey = 0.0, A2 = 0.0, 5A = P.0
2500 GENT T
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AD

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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DOUBLE K9 -20cM X 20cM - 1000 GEV ECAL

HCAL

INTEGRATED OVER 50 EVENTS ¢ =0.0040
[0} ERnRNRRERS RRRAN RERRN LA RS AR RN LR RS R =
12000 _|
2 K°, AR=0.0,1000 GEV EACH : g
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- . 4000 =
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100001 B o =0.029
5000 ] ®1oooo—‘ ““““““““““““““““““““ -
O:""""" |...|...|.: 8000— —
-06 -04 -0.2 0 0.2 0.4 0.6

AD 6000 N
BE CAREFUL WITH THE CONCLUSIONS: 00 E
DIFFERENT COMPONENTS TO THE SHOWER, AND 2000 -
DIFFERENT SHOWER POPULATIONS (E.G. SHOWERS Qe Ll Ofé**dfé**6f4g_5
phi

STARTING IN THE ECAL ~50% OF THE TIME)
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DOUBLE K9 -5¢cM X 5¢cM - 1000 GEV

>
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INTEGRATED OVER 50 EVENTS
2 K°%, AR =0.0,1000 GEV EACH
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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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PULL THE K°_ APART

E(GeV)

300

200

100

03

PULL APART THE K°_ TO SEE THE INTRINSIC ANGULAR SCALE

20x20

4001

. gen AR =0.035 —

T

02 01 0 01 02 03
AD

~~

N

LL

600F
~ gen AR =0.035
500

100

400F
300F

200

SO FAR LOOKING AT THINGS ON AVERAGE, BUT NEED TO UNDERSTAND
HOW TO PULL THINGS APART ON AN EVENT-BY-EVENT BASIS
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NAIVE CLUSTERING
IN THE ABSENCE OF A SOPHISTICATED CLUSTERING ALGORITHM
(UNDERSTANDING PANDORA PFA) MAKE NAIVE FIRST STAB...

N Ellll """" E

8 14— Adgg, =0.053, A/2 =0.028, 5A [ 0.000862 —

~— - A=0.0, 6A =0.000862 n

> g mRES -
S 0.9F = 0] .
% TE FITTING DOUBLE GAUSSIANS: = n :
c 0.7F GAUS(A+B3) + GAUS(A-B), — °F E
-c% 0.6 TRY TO DETERMINE WHEN THE FIT 3 r E
3 0 55_ FINDS TWO SEPARATED OBJECTS 1 2r E
= s o~ i
% 04;_ _; -03 -0.2 -0.1 0 0.1 0.2 A(CI)).
0.3 STARTS TO DEPART PAST THE = S T TS
— - @ 35: A®ggy = 0.053, A/2 = 0.02], 5A = 0.000502 ]

0.2 INTERACTION LENGTH BARRIER D oE A ne s E
01 (FOR FE/PLASTIC,R = 2M,~0.1) = - .
-1 . 25— ]
O:_IlllllII|IIII|IIII|IIII|IIII|IIII|IIII_ 205_ _E

0) .05 0.1 0.15 0.2 025 0.3 0.35 0.4 B -
generated A R 150 =

BIG CAVEATS ON NAIVETY, BUT DEFINITELY MORE 5_ _

POWERFUL CLUSTERING METHODS CAN BE EXPLORED Y50z o4 o o1 o0z

>
oo
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NECESSARY ANGULAR RESOLUTION

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

WITHIN 1X1CM CELL... pr =5 TEV BOOSTED W
prd P R LU B L BRI IR EURREL IR
450 =
i THE DISTANCE BETWEEN A NEUTRAL =
400 HADRON AND THE CLOSEST CHARGED =
354 HADRON AT GEN LEVEL =
300 =
250 =
200;_ WITHIN 5X5CM CELL... =
150 =
100 =
50 =
:I I‘I—-J—.I—-J—ll'l 1 I_|—|— ||||||| | 11 L1 | IIIIIIII I_I ] 1 I:
- .1

T0O

—6'01—0'62 0.03 004 005 0.06 0.07 008 OR”?I
(A I:{)mll‘l-C



DISCUSSION 21

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.



DO WE WANT/NEED SUCH A CALORIMETER?
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PERFORMANCE LOSS FROM PARTIAL INFORMATION 23

EVEN IF WE COULD BUILD A CALORIMETER TO RESOLVE HADRONIC SHOWERS
AT THE AR < ~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



STUDY INPUTS 24

O e T SAMPLES FOR COMPARISON
Zi —atves - 0,G,W,Z,T JETS (PT = 1,5 TEV)
04 -
03" WW - JET CONSTITUENT INPUTS:
0.22— — TRACKS
Ve %JL I TRACKS + Y
072040750 0 100 120 g0 ieD ALL PARTICLES
oo : E SUBSTRUCTURE INPUTS
0.03- E (A LA BOOST13 REPORT):
028 QQ - 5 DIFFERENT GROOMED MASSES
0015 E N-SUBJETTINESS (T1/2/3 RATIOS, B=1,2)
02251_ : ECF (C12 AND D12, B=1,2)
) .. . Z LOG(Z), MULTIPLICITY

N-subjettiness 2/1, =1



ROC DISCRIMINATION

OQUANTIFYING THE INFORMATION LOSS...
EXAMPLE TRAININGS:

> 1 - - 1 =
o E > E
C C
Q@ D
O O
S e — Z vs q allpar, 5 ) — q vs g allpar,
g - —— Zvs qtragam, g 10 —— qvs g tragam, E
% — Z vs q tracks, g) — q vs g tracks,
m m10°E =
107° —=
10° =
1 Qvs6
_ 4| ]
ZVvsQ - 10 §
10°E = -
- | | | | | | | | | | | | | | | | | | - J | | | | | | | | | | | | | | | I | | |
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

Signal efficiency Signal efficiency

“MASS DRIVEN SEPARATION” “SHAPE DRIVEN SEPARATION”



QUANTIFYING PERFORMANCE LOSS

Ratios, pt1
8

qq

2z

Background Rejection at 50% Signal Efficiency
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QUANTIFYING PERFORMANCE LOSS 27

Background Rejection at 50% Signal Efficiency

Ratios, pt1

50

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

> /2
Q

N

2 30

ZZ 463.2
20

10
WW 135.2




SUMMARIZING

28



OUTLOOK

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

LOW LEVEL GEANT STUDIES TO PARTICLE LEVEL STUDIES TO QUANTIFY
UNDERSTAND INTRINSIC GRANULARITY/ PERFORMANCE LOSS FROM USING ONLY
RESOLUTION LIMITATIONS PARTIAL INFORMATION
FIRST PROMISING RESULTS WHICH FOR SHAPE BASED DISCRIMINATION, NOT
INDICATE ONE CAN USE CELL SIZES MUCH PERFORMANCE LOSS THOUGH FOR
SMALLER THAN INTERACTION LENGHT 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
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