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Outline %

» Introduction to the CMS HCAL 2002 test beam
experiment (TBO2)

- OSCAR2-GEANT4 simulation of TBO2

* Pion energy resolution and linearity measurements from
TBO2 data

* GEANT4 physics validation: impact of MC/data
discrepancies on calibration

FNAL PAC Workshop, Feb 4 2004 V. Daniel Elvira



CMS

HB Calorimeter (central)

Sampling calorimeter: brass (passive) & scintillator (active)
Coverage: In|<1.3
Depth: 5.8 Ay (at n=0) segmentation: @xn=
nresolution: ~ 120 %/E 0.087x0.087

= 17 layers longitudinally,
©x N =4x 16 towers
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CMS

B
Small scale experiment to demonstrate that HCAL works:
49 ECal crystals, 144 HB channels, 16 HO channels.

HO Panels ECal 7x7 Crystal Over

\ A Matrix (movable) 100 Mill;
= | lion
Events!

K 225 GeV
e 20,30,50,100 GeV

TC:. 20, 30, 50, 100,
300 GeV

Read out with a

J Aluminum Slab 2 HCal HB Modules | 29.6 ns period
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GEANT4 Simulation o

(Hcal TBO2 has been released as an OSCAR?2 example)

Oscar: CMS simulation framework
GEANT4: is the OO C++ version of the detector simulation tool kit
GEANTS3
LHEP: GEANT4 physics list constructed from parameterizations of
data from experiments.
QGSP: GEANT4 physics list constructed from theoretical models.

The Hcal TBOZ2 simulation consists of:

* Beam Line System (trigger tiles & wire chambers)

» ECAL box (Crystal Matrix sub-system)

- HCAL Barrel

- HO

* Allow translation & rotation of both BL & ECAL box
* Root analysis package
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| Side view of the Beam Line System

Trigger Tiles

Wire chambers

10 GeV
electron

0

Angle view of the Beam Line System
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Crystal array

Plexiglass Aluminum box
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Angle view
of the full

TBO?2
detector

100 GeV
pion

Side view of the

ECAL & HB
sections of the
TBO2 detector

100 GeV pion
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[i Performance Studies CMS

Based on a beam of TT events onto crystal 25 (central) and the
(n,9)=(9,4) tower of the HB. Pion beams: 20, 30, 50, 100, 300 GeV.
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‘A ROOT based analysis package is included in the TBOZ

OSCAR simulation:

CMS

Eile Wiew Options Help
£3 hcaltestbeamﬂz.rncj | ] |§_
| &l Faolders | Contents of "/ROOT Filesshoaltestbeam0Z root"
DF'I"I't Lk Scint. energy in Layer 10 Lk Scint. energy in Layer 101
D"afs-"ﬂﬁm-'3“-"”33”3-‘3"’“3*"3”31'3 | A Scirt. eneroy in Layer 11;1 |Jg Scint. energy in Layer 12;1
o [:l LS |k Scint. energy in Layer 131 Lk Scint. energy in Layer 141
DHDDT Files Lk Scint. energy in Layer 151 Lk Scint. energy in Layer 161
il e Lk Scint. energy in Layer 171 Lk Scint. energy in Layer 151
Lk Scint. energy in Layer 191 Lk Scint. energy in Layer 11
Lk Scint. energy in Layer 21 Lk Scint. energy in Layer 3;1
|k Scint. energy in Layer 41 Lk Scint. energy in Layer 51
|k Scint. energy in Laver B;1 Lk Scint. energy in Layer 7)1
|k Scint. energy in Laver 51 Lk Scint. energy in Layer 9;1
rt_th;1 Pt thTimes;
KN I i
|22 Obiects, 1 selected. | All Hit Time slicas s

Stat. histos (energy per layer), event ntuple with scintillator
energy info including energy in 5x5 scint. super-tower, etc.
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CMS

Readout & Calibration

-In the TBO2 experiment there was no
longitudinal segmentation (one pulse per
tower)

- The signal was integrated over four 30 ns
time slices (the whole signal).
Did not simulate the pulse shape

1 l l >
"30ns ' 30ns ' Time (ns)

- i Calibration: Add up the scintillator energy in a nx@=5x5 super-tower
(like in the TB experiment). Calibration factor is E;,;/Es,s taken from 50 GeV
mon tfower (n,9)=(9,4) in an HB only configuration.

50 GeV pions deposit 425 MeV in a 5x5 HCAL
scintillator supertower about the (9,4) central: 0.85%

Calibration factor is: 117.7
- TResponse: with respect to 50 GeV for 20-300 GeV Tt (linerarity)

- T Resolution: determine energy resolution as the width of the calibrated
super-tower energy distribution.
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Noise Simulation

CMS

Elect. Noise, pulse

E ECal

tower

— > EECaI

+ 115 MeV * Rand

tower

<«— matching fo measured

electron resolution

EHB > EFB_ +0.1% EHB

scint

MeV * Rand

scint

EHB, —>EHB .+ 524 MeV * Rand

tower

<«— Long. Non-uniformity (?)

«— Elect. Noise (4 time slices,

50000

40000

30000

20000

10000

was 2 before)

distribution

mean : 0.875
ADC =262 MeV

[lrm—.—arhrrnn. |

Noise in HB

HB Pedestal sigma (1 Time Slice)

0.5 1 1.5 2 2.5
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F 30 GeV
I Piens
- QGSP-2.7

CMS

| 300 GeV
Pions
QGSP-2.7

EEEEE

i 38

ot B

- 50 GeV AMS - 6038
! Pions Chi2/ ndf=128/
Prob = 5951e-16
QGSP-2.7 nstant= &70EE.
an = 4425401
Sigma - 740800

100 GeV

- Pions
I QGSP-2.7

e NNy L
How do I define resolution?

RAME = 2711

Tz | QGSP-2.7

...........
150 200 280 200 380

Caorrected Energr (Ge‘n"}l

Low energy 1t long high energy tail,as

40 B0 a0

oo 120 140 160
Caormected Enengy (GeV)

expected for a non-compensating
calorimeter (non-Gaussian behavior)
e/h (ECAL) = 1.6

e/h (HCAL) = 1.39

Initially, fit a Gaussian function to the distributions
because that's what was done in the data.
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(n.9)=(9.4)

50 20 GeV
Pions
soof- LHEP-3.6

30 GeV
' Pions
LHEP-36

CMS

H300 ES5
Ment = 5000
smr- Mean = 2805
300 GeV AME = 2738
Pions Chi2/ nd= 2643125
acof- LHEP-3.6 b3
Constant= 290 18522
an =281 103733
Sigma = 257 +0.2591
00|~ -
L]
200
100l
olelarms A TR . S
150 200 250 300 350 400 450

Corrected Energy (GeV)

Low energy 1t long high energy tail,as

Corrected Energy (GeV)

100 120 _ 140 16D
Carmectad Ensngy (GeV)

expected from a non-compensating
calorimeter (non-Gaussian behavior)
e/h (ECAL) = 1.6

e/h (HCAL) = 1.39

Plan to compare both Gaussian and RMS extracted
resolutions in data and simulation - have only o for now
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TB02 Data Analysis: Linearity & o,/E ‘Z‘S

e I
Measur'e (TBO2) energy resolution and linearity for 20, 30, 50,
100, 300 GeV pions. Sources of systematic uncertainties:

* Backgrounds (muons, electrons) - large effect at low energy
cuts in (Epca.Eeca ) Space: nominal, high, low.
» HCal calibration from 50 GeV MIP in ECAL - small

- ECAL/HCAL energy "mix":
- Background in 50 GeV distribution
- A<p>= 6/sqr1(10,000) = 0/100

/L /\ /\ Evor= fre™ Ene* feca™ Eecal

ECal Tot
. Chouce of HCal calibration point - It's not an uncertainty but
part of the calorimeter tuning
resolution depends on the calibration "point" due o HCal non-linearities
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Cut: Ep>6.5 GeV &&
(Eyg > -0.83*E,,+ 5.17)

HzoheM

N

: “E S
:‘é or Nominal 0g/E  |meize
o
*t Remove |1 and e background
st (...also some good m)
'"'I';_ I%?oﬁg\fﬂom) Ei%'::d:gfm-“m
“IReasonabl
w-Gaussian og/E=
s 24.6%

40 =1
Correcied Energy (GeV)

FNAL PAC Workshop, Febrﬁ%%fw4~18.2 GeV
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Bkgnd subtraction (20 GeV)

CMS

No cuts: double Gaussian gives
upper limit)

HCal Energy (GaV)

HzoheH

Ment = 38803
40: Meanx= 4.07
= . Meany= 9.05
35— RMS x = 574
31]5— ngho-E/E HMB:=:.;1:
25 Remove ,
20—
i5E- few e- (..and
10—
£ _keeps all )
ué— 0
s
-IDE | | 1 il ' 1 | | |
-10 5 0 5 10 15 20 30 35 40
ECal Energy (GeV)
H20E5x5H
- Nent = 38803
1400 — Mean = 13.12
- I%?oﬁgkl;Hi gh) RMS = 7.756
IEII_— Chi2/ ndf =186.1/76
- Prob =1.234e-12
1000 — pd  =969.1+12.79
C pl  =2.386+0.03303
800 — p2  =2.375+0.02384
C p3 = 1342+9.348
600 |— pd  =1663 +0.03809
- p3 :5.175:!:[!2311
100 — ..
: Upper limit
- o
C . |OC/E|_.3.1-1|/Q. L Ll
-10 0o = 10 20 30 40 50

Cormrecled Enargy (GeV)
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Bkgnd subtraction (100/300 GeV)

CMS

Resp (100 GeV) =
0.9604+/-0.0003

Cut: Ep>6.5 GeV &&
(Epe > -1.7E,,,+ 12.7)

Resp (300 GeV) =
0.9823+/-0.0003

HiooheN
Nent = 35881
= - Meanx= 2107
3 160 Meany= 72.2
= = RMS x = 23.13
B 140 RMS y = 23.29
E 120 —
& w0
E
m_
_
40—
20
0—
200 L L Ll [ L1
20 0 20 40 60 80 100 120 140 160
ECal Energy (GeV)
H100ESx 5
1600 MNent = 35831
- Mean = 8525
I'“]:l__ 1DD GEV FMS = 14.47
- Pions (Nom) Chi2/ ndf= 1225 /51
1200 - Prob = 1.071e08
C = Py ]
= Mean =0R04 +00FI98 >)
1000 [—
800 [

o¢/E (100 GeV) =
12.9%¢/-0.04%

40 60 — Blﬂ — I1l:ll:lI I II2|ﬂI Cm’:&:D'IH_EI.'I_HIg:_:ﬂ(_]G;V]
mean ~96.04 GeV4—J
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HCal Energy (GeV)

HaooheN
Nert = 37163
- Meanx= B4.2
400 = Meany= =278
= RMEx = &3.1
350 RMS y = 81.34
300
250 |
200 |-
150 |
100 |-
s
o~
| L [ M | L | L 1 | | 1
0 50 100 150 200 250 300 350 400
ECal Energy (GaV)
H300E5x5N
Ment = 37163
- Mean = 2034
1400 — 300 GeV RMS = 30.48
Pions (Nom) Chi2/ ndf = 45.82 /31
1200 — Prob = 0.03808
» onst@ant =
muu:— an =_294_? +0.198
800
600|— -
g og/E (300 BeV)=
400 — o
- 55+/0%
ZII_—
ﬂ_—'.——'.—’"l"’".—wu._“.ﬁ. IR TS ‘|1_L|._'\.-—.—-_._
200 250 300

400
Corrected Energy (GBV)

mean ~294.7 GeV
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CMS

Pion Energy Resolution

.OSCAR245 (LHEP-3.6, Q6SP-2.7) Syst.
S Data / f—
Eﬂm 35 :_ o OSCAR245-GEANT452 (TB02)

o QGSP-2.7 .

ol . OSCARP45GEANT452 (TBO2) E 0/E(%) stat bkgnd calib

- LHEP-3.6 20. 26.22 0.15 5.00 0.1
25 . 1502 Data 30. 21.76 0.12 3.00 0.2
- (2)2_115_32_'_552 50. 17.40 0.10 0.60 0.2

“r EE” E 7T 100. 12.95 0.07 0.40 0.3

300. 855 0.05 0.00 0.3

15[~

10—

5_ Includes Electronic Noise Syst. Errors 100% correlated
: in Energy, uncorrelated
_I | | 11 1 1 | 1 1 1 1 | 1 11 1 | I | I I 1 " "

oL T T T with each other (added in

Pion Beam Energy (GeV) quad ratu r‘e)

Good agreement in resolution
(LHEP a little higher than data)
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CMS

Pion Energy Linearity

~oam
¥
) A

OSCAR245 (LHEP-3.6, QGSP-2.7)

105 SYST
%‘ LHEP normalized up by 1.05 Data 4 A R
% 1— QGSP normalized up by 1.03
z s ? E 0. /E  stat bkgnd calib
0.95[ o 20. 0.8640 0.0015 0.0800 0.008
E 30. 0.8790 0.0010 0.0320 0.008
ool Includes Electronic Noise 50. 0.9240 0.0010 0.0050 0.008
' 100. 0.9604 0.0007 0.0003 0.008
- | OSCAR245.GEANT452 300. 0.9823 0.0004 0.0003 0.008
0.85 4 ¢ LHEP-3.6
| OSCARASGEANTESZ | Syst. Errors 100% correlated
QGSP-2.7 )
0.8/ in Energy, uncorrelated
| . TBO2Data with each other (added in
u?’s I | I | | I [ | | | | 11 1 1 | 1 1 1 | I | quadr‘aTur‘e)
g 50 100 150 200 250 300
Pion Beam Energy (GeV)
(LHEP/QGSP grows a

d agreement in lineari :
Good agreement in linearity little faster/slower
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CMS

Summary on Simulations

- Simulation now runs under OSCARZ2, it is part of the official release.

* Data analysis includes systematic uncertainties to allow validation.

Validation studies (resolutions, linearity) using LHEP-3.6 & QGSP-2.7
(TBO2-OSCAR245) are completed.

GEAN4 showers shorter than
«—  GEANT3 and TB data ?
Longitudinal and transverse profiles will be generated for comparison
with the upcoming HCAL TB 2004 experiment (measure longitudinal
profiles and pions with E>2 GeV ).

Still need to take a look at o versus RMS resolutions and tune a x2

test analysis package (for when we have low energy pions and smaller
systematic uncertainties).
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CMS

Simulation and Calibration (I)

From the DO experience, what work should we do NOW on CMS detector
simulations to achieve a high level of accuracy in the Jet Energy Scale
(JES)? 1% for what sample, at what energy & n ?

To first order, JES is derived from collider data at DO:

EMes _ () O: offset (u.e., noise, multiple interactions)
Pt‘tﬂ =) R, . calorimeter response to jets
(5] .
: R Scone Seone: OUt-of-cone showering

Simulations, however, were used directly or indirectly in the derivation
of many pieces of the JES correction.

Examples: high energy response, energy leakage,
showering correction.
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CMS

4 Simulation and Calibration (IT)

- High energy response
Average simulated

107" 1 10 167

E (GeV

?,'_-3\ S () @ 1 | (B} P 5095 . .
Sos| e Ses| o o trerme ME models ppm’r ‘rq constrain
g °° socl ) fit at high E;
% 0.7 m % 0.7 ™
& 0.6 ﬂ 0.9
© o I e S 1
5 09 T.B 505 . ]
© &
— 04 3 — 04 -
Q 10 1 10 1w 9 10
© E (Gev) ©
o CC
@ 1 | (e L g 1 5 ® ¢ (Data)
‘“g:’,’ 0.9 e = > 08 ;)
s z: / 8 Zj Particle level jets convoluted with
€ e /% single particle response (TQ
> 5| TB .. McC ors I measurements + extrapolation)
_{j . —E . .
@ ©
ED 0.4 E 0.4 = o 100 200 300 400
o 3

|
. (G

Look at the different R, energy
No DO TB measurement for e and 1tbelow dependence from differJ'en’r models!

2 GeV. Extrapolations: flat-flat, flat- (in the 20-200 GeV region)
decreasing, decreasing-decreasing g
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CMS

Simulation and Calibration (III) |

» Energy leakage effect on response

0.2 r

k3 Leakage in NuTeV =~ "=
5 [., calorimeter Lo :
S e Response at high E; (>100 GeV) extracted
Soo | ot v s0ce from EC response (y-jets) normalized to CC
Sow [ e . ocw measured response (assuming same shape).
* G O Residual mis-calibration uncertainty due to
[l B . e different leakage in the CC (7.2 A\;) and the
L 1 A 9 I

- RS EC (11 )\;) derived from simulation.

. . I
0.0 B 6.5 .? 75 ] C;I‘grime?er De%?h"(?\m:)o a) b)
* Shower‘|n9 particle level y <~—'\
Latest Run I showering correctign extracted purely from MC: .
net energy loss through the cone ds a particl showers in FH [
calorimeter levd | charged

the calorimeter. oa g edions

Difference between the data & GEANT3 je ’rr'ans hower /
shape propagated directly to the X 2%
FNAL PAC Workshop, Feb 4 2004 event V. Daniel Elvira

underlying



. CMS
Conclusion

» Details in the calibration methods are difficult to predict —»
serious optimization can only occur during first stages of collider run.
(We must develop methods with M.C. early on)

» We will have many more handles than DO or CDF to use data for
calibration but......

- Tt is a certainty that simulations will be needed in interesting M, E+,
N ranges where there are no resonances or other physics handles.

- We will need calibrations both to the parton (Higgs) and particle
levels (QCD).

A detector simulation that mimics the data to a high
level of accuracy is critical for achieving the calibration
goals (shower shapes, low E linearity & resolution)

Start from physics ml) calibration methods W simulation quality
(JES accuracy needed) (achievable accuracy) (improve accuracy)
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