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Results

* successful use of crystals with fibers
* tests of several crystals

e simulations detailed and OK with data

Possible futures

e crystal results will improve: a cubic-foot module will be tested
e fiber designs will improve: a cubic-meter module will be tested
e both SiD and ILD adopt dual-readout calorimeters
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CERN beam test of BGO array with DREAM module behind,
surrounded by large scintillators to catch neutrons. A beam of
pions, electrons and muons enters from the lower left.
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Abstract

Beam tests of a hybrid dual-readout calorimeter are described. The electromagnetic sec-
tion of this instrument consists of 100 BGO crystals and the hadronic section is made of
copper in which two types of optical fibers are embedded. The electromagnetic fraction of
hadronic showers developing in this calorimeter system is determined event by event from
the relative amounts of Cerenkov light and scintillation light produced in the shower devel-
opment. The benefits and limitations of this detector system for the detection of showers
induced by single hadrons and by multiparticle jets are investigated. Effects of side leakage
on the detector performance are also studied.
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Dual-readout in the BGO+DREAM configuration for 200 GeV pi+. Measuring
C allows a simple rotation of this figure, which achieves “compensation”.
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This BGO+DREAM configuration caused us months of grief: to be frank, I do not understand why it
works so well when we use (S+Spgo) and (C+Cpgo). 1 suspect we have more to learn (and more to gain).
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BGO-+tiber calorimeter:
DREAM data and 4th simulation

Note the rare occurrence here of the
data being “cleaner” than the
simulation: no tails, no background.
This 1s because the DREAM module
is simple (e.g., uniform fiber density)
and we had good control of the beam
quality, whereas the simulation 1s
fiber-for-fiber exact with slight non-
uniform fiber densities at the
boundaries of the modules.

Run 1724 200 GeV pi+

SS’ vs CC’_py

5000

DREAM data

Entries 38382
Mean 204.3
RMS 11.46
¥2 / ndf 514.7 /67

Constant 5296 + 35.2

4000 :— Mean 204.8 = 0.0
B # Sigma  8.557 + 0.036
3000— Q
2000
1000
0_ | | | | | | | | | | | | | | | | | | | | | | |
0 50 100 150 200 250 300
+ hh
" at 200 GeV Entries 13330
: : : : : : : : : Mean 196.3
[ : ; : : : : : : RMS 10.05
— 4th . |x*/ndf  839.9/405
300 HEE S o T o L Constant 289.1x3.4
. : o : : 5 : Mean 197.5 = 0.0
:g = g g g | Sigma__ 5.17 = 0.04
=-Simulation | . e
200:_. ...................................................................................................................................................
150:_. ...................................................................................................................................................
11 T N
] N R s
0|:| [ |J L |.1..i@ h L1 | Ll | i | T T | T
100 120 140 160 180 200 220 240 260 280

Reconstructed Energy (GeV)

Friday, April 17, 2009



4th dual-readout simulation performance up to 1 TeV
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Neutron detection
in 4th simulation

[ find good agreement,
considering wide differences
between 4th and the small
DREAM module
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Crystals as dual-readout media

The DREAM collaboration has tested several crystals as
dual-readout media, and all can be made to work (good
reference: Silvia Franchino talk at TIPP09):

PbWOys 1s hard (“too fast, too blue, and too luminous”
PbWO4:Pr 1s OK, but too slow

PbWO4:Mo 1s OK, but too much attenuation

e BGO 1s easy, and 1t 1s 1n 4th design (although we want
a less expensive replacement, e€.g., BSO)

e We are thinking of many more crystals (better doped
PbWO4, doped PbF, etc.)
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We can now do dual-readout in a single crystal ==> EM precision
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Dual-readout of BGO crystals

Friday, April 17, 2009



Friday, April 17, 2009



BGO crystals are easy by two different techniques:
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DREAM with homogeneous materials?

-->> |ncrease the number of Cherenkov photoelectrons

-->> |mprove performances on em showers.

3 ways for Separation of Scintillation & Cherenkov light :

* 1) Time structure of the signal

Signals read by fast electronic
and separated offline
event by event

* 2) Spectral difference

Crystal equipped with 2 different optical filters,
high-pass frequencies for Cherenkov,

* 3) Directionality of Cherenkov component
(not reliable for 4rt calorimeter, used just to prove the existence of C light on the crystal)

Cherenkov Scintillation
Time response Prompt Exponential decay
Light Spectrum oc 1/A2 Peak
Directionality Cone: cos 6.=1/fn Isotropic

low pass for scintillation

Crystal rotated wrt the beam and signals acquired in both ends
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Why to dope PbWO, crystals?

T

--> S decay time 300 ns (very different from prompt C signal)

Crystal LightYield | Decay Peak Cutoff Refr. | Density
% Nal(Tl) | Time (ns) | wavel.(nm) | wavel.(nm) | Index | (g/cm?)
BGO 20 { 300 1;480 32 2.15  |7.13
BGO compared to PbWO,: [pyo 0.3 (10 {420 35 230 [8.28

Disadvantages: Much brighter --> Cherenkov is a rare process --> C/S factor 100 smaller
Advantages: --> S spectrum peak at 480 nm --> allows the use of filters

New Doped Crystals: to combine the advantages of BGO
with the much higher C fraction of PbWO,

1) Move the scintillation wave length peak
In order to separate C and S through emission spectrum

2) Increase the decay time
in order to separate C and S through the time structure

We have tested PbWO, crystals doped with*

(*)

Molybdenum (1%, 5%)

Praseodymium (0.5%, 1%, 1.5%

Thanks to our crystal experts from Milano-Bicocca University (Italy) ,
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Institute of Physics Prague (Czech Rep), Institute for Nuclear Problems Minsk Belarus
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Doping with Molybdenum (1%, 5%)

Radioluminescence
measurements

---> shift of scintillation

emission spectra to higher A

--> lengthen scintillation
decay time (50ns)
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Doping with Praseodymium (0.5%, 1%, 1.5%)

Radioluminescence

00 X - Emission Spectrum
measurements '
\\\4/%) \ Undoped

0.5 %

---> shift of scintillation

emission spectra to higher
(many different red-peaks)

--> shift the absorption
spectrum
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19/32

Time windows for C, S

The C and S signals are calculated from the integral of time spectra over proper windows:
Gatel for Cherenkov prompt spectrum and Gate2 for Scintillation slow component

ATe31 -etaed NJNI outyoueid BTATTIS

g o}--nm]— T oF
g 20 f_ g -10§
” a0 7 -20%
so0f- GATE 1 a
80/ 7ns from start wf
3 Molybdenum 1% GATE 2
3 70 —-225ns
n o | 70
0 LI o T .
T o 2 o v
éhmi— é 5; o 5
- GATE 1 b a
<o~ 7ns from start : GATE 2 g
e e /70— 112 ns w
- onl— N
so[ Praseodymium 0.5% §
0 ~80 100

time (ns)

Friday, April 17, 2009



Conclusions from Test beam 2008

Investigated properties of PoWO, crystals doped with small amounts of Mo, Pr

to improve the suitability of Dual Readout Calorimetry with crystals.

4 aspects are important: Dual Readout requests

Separability of C and S components
Time characteristics of 5

C Self-absorption

' Light Yield

Pr0.5%

ﬂﬂkl?'

OK D [OK
O 110
110 O
110 <O

1) Separability of C and S components: both Mo, Pr-doped are a large improvement thanks

to the shift of emission and hence the use of filters

2) Time Structure of scintillation light: big difference between 2 dopings.

Mo doped have an ideal decay time (26, 59 ns); Pr-doped have too long component (lus)

3) Self-absorption of C light: too hight for Mo, OK for Pr doped

4) Light Yield of C light: small for Mo (8 p.e./GeV as DREAM fib-cal); ok for Pr (44 p.e/ GeV)

- Tested crystals represent an improvement wrt undoped PbWO;
*To use them in a real experiment further improvement is needed:

28/32
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New Ideas for 2009

30/32

1) Lowering the concentration of Mo doping should lower also the absorption -
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Possible futures

. Very little funding has gone into dual-readout calorimetry,

but that 1s OK since it 1s simple to do; now is the time for a
large module now that the fundamentals are understood.

. The main parameters of several crystals are now known,

although some “tweeking” is needed.

. New crystals will be developed, this 1s clear, although not

predictable in details.

. A suitably inexpensive dual-readout crystal may be

developed, in which case a cubic-meter crystal calorimeter
may be built, although it will not be a good idea.
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