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Precision Physics at the ILC

e*e : clean but
sometimes complex
events

often statistics limited

final states with heavy ey
bosons W, Z, H y Y mmscev

can’t ignore hadronic
decay modes (80% BR)

-> multi-jet events !
500 j
S

event.
INn general no kinematic o
fits




A Particle Flow Detector

PFA Goal: | fo 1 correspondence between measured
detfector objects and particle 4-vectors -> best jet (parton)
reconsfruction (energy and momentum of parton)

-> combines fracking and 3-D imaging calorimetry :

Particle Flow Calorimetry Traditional Calorimetry

Pregsure re&,u].llur
Thermometer

Tnsulation

Reaction solution a"""‘

Emphasis — parficle reconstruction
vs E measurement in a valume




Tracking :

= good tracking for charged particles (~60% of jet E)
-> o, (tracking) <<< o for photons or hadrons in CAL
-> S| Strip Tracker

Calorimetry :

= good EM Calorimetry for photon measurement (~25% of jet E)
-> o for photons < ;. for neutral hadrons
-> dense absorber for optimal longitudinal separation of
photon/hadron showers —> Si/W Sandwich ECAL

= good separation of neutral and charged showers in E/HCAL
-> CAL objects == particles
-> 1 particle : 1 object -> small CAL cells
-> SS or W RPC digital CAL, SS or W Scintillator Analog CAL

= adequate E resolution for neutrals in HCAL (~10% of jet E)
-> o < minimum mass difference, e.g. M, - M,
-> still largest contribution to jet E resolution . . .
-> as long as mistakes don’t dominate




Occupancy Event Display

/Véwith >1 parti contributing

SID Variant

Si Tracker

W/SI ECAL

SS/RPC HCAL

from all partio\é




Jet E Resolution — Confusion Term

Example PFA Construction — mips, photons, charged
hadrons, neutral hadrons

mips | photons | Ch. hadrons | Neu. hadrons

mips
B Gmip Gmipy Gmipch Gmipnh

photons o %)

Ymip Y Oych

Ch. hadrons
Gchmip Gc:hy Och

Neu. hadrons
Gnhmip Gnhy Onhch

-> Replace mips, charged hadron showers with tracks

-> mip vy, neutral hadron confusion small

2 — 2 2 2
SO’ O™ = Gy T Onh T Oconf
where 6., = Ochnn® + Oveh n2 (6 terms)




Where we are in PFA Development?

Recent Progress in development of tools for PFA
-> Cal calibration methods - standardized method
concentrating on photons, neutral hadrons
-> PFA Template

Complete PFA analyses - Z-Pole and Beyond
-> Have achieved resolutions approaching PFA
resolution goal of ~30%/~E
-> Have achieved results with non-dominant
confusion term
-> Detector variant comparisons have begun




Standardization of Calorimeter Calibration

EM calorimeter treated as 2 detectors: double the
absorber in last 10 layers

Endcaps treated separately from bairrel
For each detector, 6 subdetector sampling fractions

Sampling fractions calculated minimizing
delta(neutral energy sum)**2 at Zpole

Results put in detector files, allowing estimate of
cluster energy without identification

Photons Neutral Hadrons

- Response reasonably linear e For each detector, for each
subdetector, map out response

for isolated detector at 17
energy points and 3 angles, for
kOL, n, nbar

e (Calculate linear and constant
term for each of 6
subdetectors for each

detector, minimizing )
delta(photon energy sum)**2 Average responses assuming

2kOL+1n+1nbar
at the Zpole R. Cassell, SLAC




SSRPC:DeltaE/rootE single photons at Zpole SSRPC:DeltaE/rootE photon evt sum
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SSRPC: Event deltaEphoton at Zpole

750 1T
B Event/Gamma dEO
7007 gauss
650 T
600 T
550 1 Event/Gamma dEO
Entries : 7969
500+ Mean : -0.047124
Rms : 1.3951
450 T gauss
amplitude : 659.53+10.1
400+ mean : 2.3063E-3+0.010171
sigma : 0.89644+0.00928
350+ X2 : 2.8478
300 T
25071
20071
1501
100 T
50T
0 : . : } } : -




WScint

NHadron/dE over rootE1

900 TINHadron/dE over rootE1
800 -t Entries : 17881
Al Mean : 0.023573
7007 Rms : 0.56116
600 _"gauss
500 11 amplitude : 809.27+7.75
400l mean:0.048230+0.003655
sigma : -0.47753+0.00281
3007 X2 3.5822
200 T
100 T
0 { { —a} T T T T +
-5 -4 -3 -2 -1 0 1 2

WRPC
B NHadron/dE over rootE1
900
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700 LHMean : 0.064372
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9auss
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300[T52 .
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200 T
100 T
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SSScint

NHadron/dE over rootE1

1,000
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900 T Entries : 17864 | |
800 1 Mean : 0.031872
700 4 Rms: 0.53608 .l
600 f9auss
500 | amplitude : 921.58+8.73
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800 F
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200 T s
100 T
0 1 f




WScint
B Event/NHadron dE1 over rootE

400 TIEvent/NHadron dE1 over rootE
350+t Entries: 7969
Mean : -0.026216
300 Rms : 0.59590
|| NaN: 1063
25071 sumofweights : 6906.0

200 Tjgauss
150t amplitude : 294.841+4 .64
mean : 0.030428+0.005818
100 -t sigma : -0.47201+0.00469
2.1812

50T
0

5 4 3 2
WRPC
M Event/NHadron dE1 over rootE
350 TEvent/NHadron dE1 over rootE
300___Entries : 7970
Mean : -3.4199E-4
I Rms: 0.71419
250 NaN : 1064
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150 Tramplitude : 289.08+4.43
|| mean : 0.019334+7.8133E-3
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50
O—

SSScint

B Event/NHadron dE1 over rootE

400 717

350
300
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20077

150 77

100 T

50

Event/NHadron dE1 over rootE
|| Entries : 7964
Mean : -0.014658
1 Rms: 0.55140
NaN : 1062
[| SumOfweights : 6902.0
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1.8896

O—

-5 -4 -3 -2 -1 0 1 2
SSRPC
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350
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250+ Rms : 0.69793
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WScint SSScint

B Event/Neutral dE1 B Event/Neutral dE1
900 T -
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1| Mean: -0.32208 Mean : -0.25950
700 Al
Rms : 2.8707 600 T Rms : 2.5928
600 T
gauss 500 fgauss
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100+ RMS90 = 1.667 100+ RMS90 = 1.598
o+ — ) 0 | T
-40 -30 -20 -10 -30 -20




PFA at Z-pole: sidaug05 np

true PFA: event energy (cleanup2 + angular corr + cep) true PFA: event energy barrel 2 + cep

Entries : 5890
Mean : 88.226
{_ s 4 Rms: 6.6253

No cut Barrel event (cos(theta[Q]) < sqrt(2)/2)

Mean 87.4 GeV Mean 88.2 GeV

RMS  7.33 GeV RMS 6.63 GeV

RMS90 4.56 GeV RMS90 4.28 GeV
[49%/sqrt(E)] [46%0/sqrt(E)]
Detector model: SiDaug05_np (non-projective cells)

PFA: no change from Vancouver, except adding E/P check
parameters for clustering, etc. are not tuned yet...

30 layer ECAL, SS/RPC HCAL




PFA Results - 200 GeV E_,,

true PFA: event energy (cleanup2 + angular corr + cep)

i

IR [ &jm—m“)‘* g 4
o] T T t

e if _
T T T T T T T T T T
80 100 120 140 160 180 200 220 240 260 280

No cut

Mean 201.3 GeV

RMS 19.1 GeV

RMS90 11.6 GeV
[82%/sqrt(E)]

true PFA: event energy barrel 2 + cep

Q
100 110 1200 130 140 150 160 170 180 180 200 210 220 230 240

Barrel event (cos(theta[Q]) < sqrt(2)/2)

Mean 200.4 GeV

RMS 16.8 GeV

RMS90 10.9 GeV
[77%/sqrt(E)]

PFA need to be tuned/modified for higher energy
Much better performance should be possible




PFA Results BaCk to Z-pole: S|daug05 np

ergy (cleanup2 + angular corr + cep)

No cut Barrel event (cos(theta[Q]) < sqrt(2)/2)

87.0 GeV Mean 87.5 GeV

RMS 6.03 GeV RMSERRG.12 GeV
RMS90 3.81 GeV RMS90 3.54 GeV

[41%/sqrt(E)] [38%/sqrt(E)]

Mean




PFA Results — Detector, E_,, Comparisons

Comparing different detectors

Correcting for Not correcting

missing energy for missing energy for missing

Detector CM energy|Jet energy| rms90 m90 | rms90 | m90 @

GeV) | (GeV) | (GeV) | (GeV) | (GeV) | (GeV)
sidaug05 9] 455 | 442 | 91.65 | 453 |90.22 |46%/ME

Lots of missing energy at high Ecm |—

sidaug05 200 100 8.33 | 202.69 /944 200.73 | 59%/E

sidaug05 500 250 20.52 | 501.66 [\27.75/|491.89|92%E

sidaugOS Below 4GeV with scintillator at Z-pole!
) - 9] 455 86\ | 90.89 | 3.93 | 89.76 |40%NE
scinthcal

5

3.
acme0605 91.0 45.5 w 91.55 | 4.20 | 90.40 |41%AE

acme0605 200 100 8.21 |20639 | 9.36 |[204.40(57%AE

acme0605 500 250 24.06 | 510.19 | 30.34 |501.67|107%/

M. Charles, lowa




PFA Results — Taming the Confusion Term

Perfect PFA Results - SID B5S

-> 28%/E

\

12.61GeV 86.5GeV 59%

T

Perfect PFA Results
— gauss
—gauss_1
—sum

PFA Results - SID BS

Perfect PFA Results
Entrigs 2003
Mean 85.716
Rms : 46363

gauss
amplitude : 153 48
mean 86.485
sigma : 26141

gauss_1
amplitude : 48530
mean 85.098
sigma : 5.5666

sum
amplitude ©  153.48412.05
mean 86.485+0.13
sigma : 26141401841
amplitude_1 :48 530412 .30
mean_1: 8509840303
sigma_1: 55666103822
12 0.95865

T,

T
95

100 105 110 115

1 3.20 GeV 87.0 GeV 59%

-> 34%/\E

PFA Results
—gauss
—gauss_1
—sum

PFA Results
Entrigs 2003
Mean 86.146
Rms : 73679

gauss
amplitude : 121.44
mean 87.004
sigma : 3.2030

gauss_1
amplitude : 28434
mean 84735
sigma : 9.8506

sum
amplitude © 1214445 895
mean 87.004+0.13
sigma : 3.203040.1780
amplitude_1 :28 43443 868
mean_1: 84 73540.481
sigma_1: 9.8506+0.5240
12 081382

SiD Detector Model

Si Strip Tracker

W/SI ECAL, IR =125 cm

4mm X 4mm cells

SS/RPC Digital HCAL

1cm X 1cm cells

5T B field (CAL inside)

100 105 110 115

ANL/SLAC

Average confusion contribution = 1.9 GeV <
neutral hadron resolution contribution of 2.2
GeV




Detector Comparisons with PFAsS  vary B-field

Perfect PFA Results - SID B4 PFA Results - SID B4

[ 2.25 GeV 86.9 GeV 52% 13.26 GeV 87.2 GeV 56%

—gauss | —gauss
—gauss_1 — gauss_1

—sum T —sum

- | ->35%NE
\ Parfect PFA Resufis _ PFA Results

I Entrigs 2000 1 M Entries 2000
Mean 86.123 . Mean : 85607
Rms : 47800 T | Rms : 78362

-> 24%/\E

gauss T gauss
amplitude : 154 47 I amplitude 111.84
mean 86.924 T mean : 87175
sigma : 22487 1 sigma : 32633

gauss_1 1 il gauss_1
amplitude : 57.329 o amplitude 29.130
mean 85.256 + mean : 84.201
sigma : 55827 sigma : 10,034

sum sum
amplitude © 1544747 588 T 1] amplitude ©  111.8445 802
mean 86.924+0.11 mean : 87.1750.14
sigma: 224874009790 T 1| sigma:  3.2633%0.2221
amplitude_1 :57 32942 275 1 amplitude_1:29.130+4 464
mean_1 : 85.256+0.21 il mean_1: 8420140533
sigma_1 55827+0.111 T sigma_1: 10.03410.6034
e 10913 | . 22 13049

SiD SS/RPC - 5T field SiD SS/RPC -4 T field
Perfect PFA ¢ = 2.6 GeV

PFA ¢ = 3.3 GeV
Average confusion = 2.4 GeV




Detector Optimized for PFA?

PFA Results - SID BS

PFA Results

Vary ECAL IR

1 3.20 GeV 87.0 GeV 59%

-> 34%/\E

: SiD Model

PFA Results
—gauss
—gauss_1
—sum

PFA Results
Entrigs 2003
Mean 86.146
Rms : 73679

gauss
amplitude : 121.44
mean 87.004
sigma : 3.2030

gauss_1
amplitude : 28434
mean 84735
sigma : 9.8506

sum
amplitude © 1214445 895
mean 87.004+0.13
sigma : 3.203040.1780
amplitude_1 :28 43443 868
mean_1: 84 73540.481
sigma_1: 9.8506+0.5240
12 081382

100 105 110 115

-> 33%/\E

ECDC Model

13.03 GeV 87.3 GeV 53%

J

|

PFA Results
—gauss
—gauss_1
—sum

PFA Results
Entries :
Mean
Rms

2785
86544
81212

auss
amplitude :
mean
sigma :

188.33
87.298
30262

auss_1
amplitude :
mean
sigma :

4g222
85729
10280

lsum
amplitude :
mean
sigma :

amplitude_1 : 48.222+4 290

mean_1 :
sigma_1

bl

188.337.961
87.298+0.11
3.0262+0.1391

85.729+0.318
10.28040 3741
14767

SID -> CDC 150

ECAL IR increased from 125 cm to 150 cm
6 layers of Si Strip tracking
HCAL reduced by 22 cm (SS/RPC -> W/Scintillator)

Magnet IR only 1 inch bigger!




Summary of some things we have learned
so far. . .

Calibration will rely on both test beam and simulation
-> Neutrals in test beam?
-> Low energy particles

Track/Shower matching helped by E/p
-> ANL/SLAC, Xia, Charles, Pandora

Need to tune PFA for E_,,, detector model, physics?

Neutral shower = charged shower — mips
-> common clustering alg?
-> fragment association algorithms
-> Test beam implications

Use of multiple clustering algorithms
-> photon ID example

Different algorithms for each particle type — modular PFA
-> PFA Template




Comparison of Charged/Neutral Hadron Hits

300T
280T
260T
240T
20T
200
180T
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140T
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100 T
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40T

neutron-sf - proton-sf neutron-sflin - proton-sflin KOL-sf - K+-sf - K--sf KOL-sflin - K+-sflin - K--sflin
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proton:#hits vs Egen 9.6+ A K-:#hits vs Egen
2607 104 o
94710 o o '
H . o o 20T R 102 5
927 o 20T 100 .
¢} o
+ ° a0t ' ) m
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= ] O proton:#hits per GeV vs Egen 1401 92T e
84 120 90T e
82T 100T ] 88T
] A
° 80T 80T 8.6“G
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Mips before showering — charged hadrons lose ~25 MeV per
layer in SSRPC isolated detector. (Normal incidence)

Try to correct by weighting N hits (N = # of layers traversed
before interacting) by .25




Charged(Mip correction)/Neutral Hadron Hits

280T
260T
240T
20T
200
180T
160 T
140T
1207
100 T
80T
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40T
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84T
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300T
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100 T
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% KOL:#hits vs Egen
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10T

1061
¢ 104T
10.2T
10.0T
98T
96T
94T
92T
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88T
86T
84T
82T

KOL-sflin - K+-sflin - K--sflin

A KOL:#hits per GeV vs Egen
4 K+:#hits per GeV vs Egen

¥ K-:#hits per GeV vs Egen

¥ e
Ko
*

>

R. Cassell, SLAC

f f 8.0+

T T T T T
10 15 20 25 30

In PFA, find mips first attached to extrapolated tracks, then can
cluster remaining hits with same calibration (#hits/GeV) for
charged and neutral hadrons*

* remember, this is simulation!



Photon ID - Efficiency, Purity for Cluster Algs

R. Cassell, SLAC

Event - Fraction EM energy ided EM per event Event - Purity of ided EM energy per event
1o+ — PhotonAnalysis1000.aida - MSTEcalClusters
— PhotonAnalysis1000.aida - NN111EcalClusters
105T . . ; -
00t | PhotonAnalysis1000.aida - MSTEcalClusters PhotonAnaIyS|s1F)00.a|df:-1 - NN442EcalClusters
— PhotonAnalysis1000.aida - NN111EcalClusters DTPhotonAnalysis200 aida - DTEcalClusters 1T
95T | — PhotonAnalysis1000.aida - NN442EcalClusters 1
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85T - - Entries : 999
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1 Rms : 0.18657
70 . . PhotonAnalysis1000.aida - NN111EcalClusters [
65+ PhotannaIyS|s1000.a|da - NN111EcalClusters Entries : 1000 H
Entries : 999 Mean : 0.86161 ]
60T Mean : 0.77747 Rms 0,093939 | 4
55+ Rms : 0.067183 i i g
- - PhotonAnalysis1000.aida - NN442EcalClusters T Jl
50+ PhotonAnalysis1000.aida - NN442EcalClusters B Entries : 999 i
Entries : 999 i Mean : 0.83905 i
45T | Mean: 0.78012 1 - Rms - 0.093403 al
40T Rms : 0.14599 OutOfRange : 1 | _
36T  |PTPhotonAnalysis200.aida - DTEcalClusters DTPhotonAnalysis200.aida - DTEcalClusters
30+ Entnes. : 200 Entries : 200
Mean : 0.85027 Mean : 0.84559
25T Rms : 0.10336 Rms 0.087036
20T
15T
10 1
.
TT] T ,
0 | T R S S P
0.0 0.1 0.2 0.3 0.4 0.5 10 ) 035 040 045 050 055 060 065 070 075 080 08 09 095 1.00

fraction EM energy correctly identified fraction Identified EM energy actually EM energy



Use DT for Energy, NN(1,1,1) for ID

Identified EM efficiency Identified EM purity
40 1T — DTEcalClusters 25T ~ DTEcalClusters
381 — DTEcalClusters2 24 T __ DTEcalClusters2
23T
A4 DTE ICI t
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-6 1+ Rms : 0.053650 16 +
o4+ 15 I
221 | T 1
13T I
20 T
1271 1 |
18T H* 11 [
| i
14T I °T 7 7
8- U
12T il 1
all T M 7
10 T 6T ]
81 ! 5T I |
6T I sl |
3 1
4T Il I 21 1
T Mﬁ % 1 i ﬁ ﬁ ﬁ T




PFA Template - Imminent Release

DigiSim (NIU digitization program - threshold, timing cuts, noise, etc)
Event Filter -> select regions, other cuts
Perfect PFA Calculation -> “perfect” detector objects

Collection A to HitMap A conversion (package Ulowa)

HitMap B to Collection B conversion (package Ulowa)
HitMap C to Collection C conversion

HitMap D to Collection D conversion

Post-processor (input: HitMap E, output: ?)




PFA Module Comparisons

Comparison PFA Photons Comparlson PFA Neutral Hadrons

Perfect PFA Photon ESurr Perfect PFA Neutral ESurr

® PFA Photon ESum ® PFA Neutral ESum

Perfect PFA Photon ESum Perfect PFA Neutral ESum
Entries 23186 Entries 2318
Mean 22607 Mean 10902
Rms : 12108 Rms : 10.864

PFA Photon ESum PFA Neutral ESum
Entries 2318 Entries 2318
Mean 22557 Mean 11405
Rms : 12586 Rms 10471

Photon E Sum Neutral Hadron E Sum

LIS ]
-, )
”}I 3
; ‘ L UL P S
50 55 B0 65 7

0 75

E (GeV)

Neutral Hadron Response

Photon Response
220 Perfect PFA Photon — MC Photon 1zo0T Perfect PFA Neutrals — MG Neutral E neuEpc
210+ —_ gauss / —_ O 20 — gauss
=1 g/mean = 0.05 . o/mean = 0. ]
A N Perfect PFA Neutrals — MG Neutral E neuEpos
190+ 0 0 Entries 1939
1801 -> 24 /O/VE [Perfect PFA Photon — MG Photon £ Ul -> 67 (0] E [ Mean SCE= e
] Entries : 2316 Ams 32897
| Mean : —0.62340 90T bauss
1eoT r Ams : 3.1604 . I amplitude 79.750+2 609
150+ T uss 1 M t h | —0.057963£0.053035
rdl « ’ gamphtude 141.51 80 alches singie 1 22144200501
mean : —0.037242 . . 1.8580
= G4 “feature” (fixed) T
Bms 1 particie Tits o
120 bauss_1 —
110 amplitude 16816 60t .
it S 0 n. n mix
1007 sigma : 36776 L '
] 50T
90 [sum
801 amplitude 141.61+5.172
1 mean —0.03724240.036497 401
7o sigma 1.1177£0.04464
60 amplitude_1 : 16.816£2.670 1
- mean_1 : —1.2803+0.1909 30
sigma_1 3.6776+0.2539
40 P 1.1449 SO
30
20 / . .
i Cal calibration T
B
- 4 _z 10 12 14

v’ Perfect PFA validation



summary

At ZPole :

Have developed huge collection of tools necessary for

both PFA development and detector optimization :
eFlexible, fast full simulation packages
<Full reconstruction capabilities
eStandard Calorimeter calibration procedures
eStandardized algorithm comparison tools
eModular, standardized PFA Template

Next Steps :

Move from energy sums to dijet mass — PFA jet reconstruction
Move to physics events at 500 GeV CM
eUse PFAs for detector optimization at 500 GeV




e  -> ttbar -> 6 jets @500 GeV CM




