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Upgrades and Future Experiments (VM.

di Fisica Nucleare

High
High Energy Frontier LHC/HL-LHC Plan etﬁninosity

LHC
LS1 EYETS 14 TeV 14 TeV
13-14 TeV energy
injector upgrade S5to7x
splice consolidation cryogenics Point 4 . ina
7Tev 8TV button collmators T dispersion et HLLHC instalation Luminos
R2E project s:g:mtsi::‘n regions |—y
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 .“l“
radiation
damage
75% ) o 2 x nominal | luminosity J‘
nominat I ] nomin al luminosi ty || experiment upgrade |F—" 1
luminosi ty | experiment beam pipes '/—_—' phrase 1 experiment upgrade phase 2
30 b’ 150 fb™ luminosity

Ecm, Ly, L, Region us
TeV km cm2s1 \ NOVA, T2,
CEPC 025 54 5-10*IP China WPDOKS - | Hyperk
FCC-ee 0.25 100  510°*/IP CERN :
ILC 0.5 36 210%  Japan 45 e
: NA62
np-Collider 6 ~20  2:10%*  US? TREK-E36
SPPC ~50 54 510*  China COMET
34 Meen | MuZe | pom
FCC-pp/VLHC 100 100 510 CERN/US o2 | O

High Intensity Frontier
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. . . INFN
High resolution Calorimetry o s

Required to have best possible di-jet mass
M, resolution for narrow resonance observation
¥ At very least one need to distinguish W/Z

For future colliders, jet energy
resolution will be a determinant factor
of understanding high energy physics.

" — e hadronic decays
> 120 T T T
e.d. &S :
. - = !
+ Ja Ja €100 T
e” < ‘ f
—) 80f :
e > . . - E°
J2 J3  8of 5
! 1 s O OO

. N M I
60 80 100 120
m,/GeV

Perfect 3 % LEP-like ,

T T Japof T 3 TR : Jet Eres. W/Z sep [ - . g |

| ook i 40 : perfect 310 WI/Z sep: 30 |
200 1 sof 1 30 2% 290

_ { oof 1, 3% 260 307% |
100 1 4of ] 4% 230

| /U\ BN 17 | 5% 200 ||

% 60 80 100 120 14 %0 a0 80 100 120 140 40 60 80 100 120 140 10% 110 i ,
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High Rate Calorimetry U

di Fisica Nucleare

C  Pythia8 QCD dijets (2—2) ATLAS Simulation Preliminary - - ATLAS Simulation Preliminary
- anti-k, EM+JES, R=0.4

120} Pythia8 Z'— tt (m,, =2TeV), (s=14 TeV A

iz Jet and Ermiss

e < 0.6— . E
o (e . - O<mhl<0.3  25ns bunch crossing . L . le-u
t.. o reSO I Utl O n E \s=14TeV - == (u)=0, 0;:::(“ =30) E : ZiT (t:.;:il'(l) spacing, ogolsep(u=(u>)
ot o . H S e (u)=40, o’::s':"(u=40) . 5 (u)=60

—— (=80, 07 (1=80)

, E™** Resolution [GeV]
o
o
1
|

;-b

lllllllll

Resolution=og,,../R€sponse

é —°—(u)=140.opn:;°(u=140) > 60:—
02" —=— (W)=200, o7 C ¥(=200) 3 [
: : w 40p oELI=sH(ZE
: : 20 .
- - L i . | . i L 1 I L I
0302050 100 200 300 1000 0 2000 4000 6000
p‘T’“th [GeV] z E; [GeV]
<p> = 20-40 evts/crossing Runl
<p> = 50 evts/crossing Runll 40x 106 bunch crossing/s ~ 100 evt/s
<p> = 60 evts/crossing Runlll 20 collisions/bunch crossing . 8
<p> = 140 evts/crossing HL-LHC 140 PU evt/bunch crossing time scale ~ 100 ps

Charged Lepton Flavor Violation: hint for new physics u- + (A,Z) = e- + (A2)
rare events ™ high rate the coherent, neutrinoless conversion of a
muon to an electron in the field of a nucleus

Negligible in the SM(10 ->2)

S

0 ez it

g EEES

.\ — ? for the sensitivity goal ~ 6x10'” stopped muons
3 year run (6x10’sec) = [0'° stopped muon/sec

\ :
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Rad-Hard Calorimetry

/

)
FN

~ |Istituto Nazionale
di Fisica Nucleare

Irradiation changes the performance of detectors
and electronics
*Total lonizing Dose (TID)
*Mainly due to photons, electrons and positrons
*Measured in Gray (Gy), | Gy = | J/kg = 100 rad
* Non lonizing Energy Loss (NIEL) / equivalent
fluence (Peq)
* Expressed in | MeV neutron equivalent fluence
(n/cm?)
*Thermal neutron fluence

CMS Radiation
Barrel (max)

Absorbed dose (rad) 3.50E+05

0

CMS FLUKA geometry v.3.7.0.0

LHC (10 em™s™, 500 fb™)
Endcap (max)

2.10E+07

100

Dose, 3000 fb™

i

200 300
Z [cm]

400 500

600

HL-LHC (5x10™ em™s ™, 3000 fb ™)

Barrel (max)

2.10E+06

1.26E+08

Endcap (max)

Dose rate (rad/h) 25

1512

126

7560

Fast neutrons fluence (E>100KeV, cm™) 3.00E+13

8.00E+14

1.80E+14

4.80E+15

Fast neutrons flux (E>100KeV, cm™s™) 6.00E+05

1.60E+07

3.00E+06

8.00E+07

4.00E+11

Charged hadrons fluence (cm™)

5.00E+13

2.40E+12

3.00E+14

8.00E+03

Charged hadrons flux (cm™s™)

HL-LHC: a factor 10 wrt Runlll LHC

1.00E+06

4.00E+04

5.00E+06
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New Trends in CGlOrime'l'ry (e

How to cope with physics and performance requirements?

high resolution
help in the jet measurement (Dual Readout Approach)
< reduce dominant source of fluctuation = improve
¢ resolution

high granularity
help in the jet measurement (Particle Flow Approach)
reduce cell size = increase number the channels

fast timing
help in reducing pile-up effects (High Energy Frontier)
help in distinguish events (High Intensity Frontier)
faster detectors
faster electronics

\ new materials & technology
R&D offers new materials and technologies

that can be used to reach the goal

G. Gaudio and P. Meridiani — IFD2015 - Dec. 16-18th, 2015 6
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Principle of the Dual Readout method ("'M.....

di Fisica Nucleare

Study and eliminate/reduce dominant source of fluctuation

Hadronic showers consist of two components
e The calorimeter response to these two components is typically very different
e Hadronic showers are characterized by very large fluctuations due

e the energy sharing between these two components

e the fluctuation in the amount of invisible energy

electrons positrons, photons, TT°

{ ABSORBER < P
: | Lm
E component
" )
é n A
----- | Non-em
Kl & . componeiil
A n e nuUclear fragment.
| . -l ‘
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Principle of the Dual Readout method

)
INFN

1

" Istituto Nazionale
di Fisica Nucleare

Measure the electromagnetic fraction event by S=E fom TR (1= fem)|
event to equalize the response off-line 0-F f . L (1= fur)]
“ em /h)Q em -
4+ Scintillation light to measure all charged |
particles eg.If e/h=13(S),47(Q)
4+ Cherenkov light to measure only relativistic | Q _ femt+021(1—fom)
particles, namely only e+ and e- (em S fem+0.77 (1 — fem)
component of the hadronic shower). |
——— _§-X0
L = S—a
.= X
Electron energy scale well reproduced by DR!!
—_— . _ 1=(h/e)s |
_ with X = W ~03
~ - o electrons!! | 1750
] .
g o8 | ) * Compensation achieved without
sl construction constraints
S 08
© - .
gur ® * Calibration of an hadron
2wl a) Y- calorimeter just with electrons
a1l —. T STy * High resolution EM and HAD
Pion energy (GeV) calori metry
P ——— s e
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Dual Readout method in sampling calorimeter éN/FN

In sampling calorimeter with two different types of fibers, NEW DREAM

Cherenkov and Scintillation are separated by construction .6

* Each module divided in 4 towers

* Each tower read out by 2 PMTs,
one for Cherenkov and one for

scintillation
Energy (GeV)
20 100 o0
15 ' =717 T o7 T =
Hadronic Resolution - “RD _ 3°:‘
i A DREAM 5 o
(Pb Module) S 3 SPACAL S soof-
N’ - E :_
S 10 - E ok
o) 53% o i S
- — _I_ 1 .7% 2 § 1505—
- _ N _ 2 sof-
> B b s ity e h
: . . bn Sk o » = % %0 80 70 80 ) 100 710
TO InCIUde corrections on: B . Ic/ﬁn Sm Calorimeter signal (em GeV)
- light attenuation 5 i —
& o = " Sinel It \\: The response curve for a mixture of hadrons with energies
- lateral Ieakage (~ 6/’) | B b) : corresponding to the W and Z masses (GEANT4 simulation)
0

G. Gaudio and P. Meridiani — IFD2015 - 020 015 0.10 0.05 0 9
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Dual Readout method in homogeneous calorimeter

Requirements for using crystals in dual readout based
calorimeter:

Good Cerenkov vs Scintillation separation
Response uniformity

High light yield (to reduce contribution of p.e. fluctuation
to the resolution)

Separation can be achieved by:
* optical filters: exploit different spectral region of CandS
* time integration: exploit different time structure of CandS$

vvvvvvvvv

T
Gate 1

e

-60 —
R0 |

100 F

PMT signal (mV)
L

-12()-— — UV/ilter (UGII)
—-=== Yellow filter (GG495) 1

|

-\

-]
T

~~~~~~~ Cerenkov
Scintillation
—eeee SCintillation (gatel)

Signal amplitude (mV)

-140

mips @ C angle

H, 160 TR R M DR A ik S R A S B ] -8() 1 1 I L L 1 !
0 50 100 150 200 0 20 40 60 80 100 120

Time (ns) Time (ns)
T —- ~—cesesmml | — —

In order to have the best possible
separation a crystal must have a
scintillation emission:

* in a wavelength region far from
the Cherenkov one

* with a decay time of order of
hundreds of nanoseconds

* not too bright to get a good C/S
ratio (<50% BGO emission)

S TTET—— eSS

CALOCUBE implemented dual readout
*Csl(Tl) cube wrapped in black tape

G. Gaudio and P. Meridiani — IFD2015 - Dec. 16-18th, 2015
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. . . . INFN
Particle Flow & “"High granularity paradigm” (7 o

Particle Flow combines tracking & calorimeter for optimal jet reconstruction

. \ Jet composition:
. 3&1% Sy charged hadrons ~70%—tracker o(pt)/pt~ 1%
k‘g{ a8 5.0 ¥y | photons ~20%—ECAL o(E)/E <20%/+/E PF approach also beneficial
"\“‘z\gg "; N & neutral hadrons ~10%—HCAL o(E)/E <60%/~/E for PU mitigation (tracks
> & * ?-‘7".. v ";’%} . . . . . .
i P | High granularity to reduce confusion term can be easily associated with
n , between close-by showers production vertices)
Extreme longitudinal and transverse
segmentation to help shower recognition | cus roiminary 2012 _
ECAL: small Ry high A/Xo ratio j@ 25:—:ﬂzﬁiiilﬁii.aﬁm‘zﬂb" oy 3
gl -+ No-PU PFE, data N%{»T:
. . imi = L % No- + Simulation §° ¢
PF in action already at LHC, '2”30'_’;:"“'?"“’ I; P M -
CMS (non optimised for PF) | 2 oy & | 7 PFErsimuiaton :
O 0.35f L s f‘
e B=38T € 03 > %ﬁ :
> -
o track a(pt)/pt~ 1% 5 0 i
c . MOWO
e photons O(E)/E ~3%/sqrt(E)| ¥ ousf > "
e neutral hadrons R 5[5’ -
- o 0.05 Ol.‘:*l.llA..ll‘..lllllllll.llllxllllé;:
U(E)/E |20/)/Sql’t(E) 0 S  1}%e%eeesennnnnngsssssaatsatgeslie:
c%0 5 10 15 20 25 30 35
number of vertices

G. Gaudio and P. Meridiani — IFD2015 - Dec. 16-18th, 2015 11



)

. . . . INFN
High granularity calorimeter design (s

R&D pursued within CALICE

collaboration, a |5 year long R&D PFA Calorimeter I
R&D moving from Ist generation othtSitCS Y Y

. roto e
prototypes demonstrating the PF o b beam ECAL I | HCAL I

concept, to 2nd generation prototypes
addressing technical issues to
demonstrate |ILC/CLIC application

(mechanics, power, integration...)

Several designs options investigated with ) | A 1.
different granularity for ECAL &HCAL: siicon | [Scintitater > | MaPs > (Ao ]| Micro [
analog, semi-digital, digital | | SN ' LSE&J

Pixel, mm? 10x10 45x10 0.05x0.05 30x30 10x10 10x10 10x10
— 5x5 — 45x5

Micromegas:

1m® Sc AHCAL + SiW ECAL
4 layers x 1m?

|
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. . . INFN
High granularity calorimeter: technologies( .

d| Fisica Nucleare

Si/W ECAL O(B)E ~ |6%/+/E/GeV
...... T A2 /ndf 3069732
e silicon easily segmentable, intrinsically linear (current 85_ ;g;;gg;ggﬁ o C toreoo
pixel size 5x5 mm?) T A
e require high dynamic range, low noise electronics from g | .
36 ]
|-1000 MIPs h
o . 5 - g —
e power consumption: power pulsing reduce f .
consumption by 1/100 (only for ILC) T : -
e R&D currently targeted on integration for a full scale P E
detector design 2 ® a2 o os om e
1/ \| Epeam (GeV)
O(E)/E ~ 50%/J E/GeV :
022 . | SDHCAL with gas:
AHCAL: Sc W/ 4 02 | romoser = Uemeets .
: ¥F ~wenesesr | | RPC, Micromegas or GEM
SiPM E - Global SC:w* | : o
o1ep «-locaisc:x | | cheaper alternative to scintillator
Scintillator (30x30 mm?2)+[ % % TrbecalSE 4 | advantages for 2 bits readout (|,
SiPM readout: 8k channels| °* % SOftwa":, 1 | several, many MIPS) over | bit
0.1~ compensation - . .
analog readout allows ; g { | Micromegas and GEM have potential
. 0.08[- AN, ] . .
software compensation voel- L S 1 | to improve RPC dynamic range &
techniques I e =< | proportionality
0 10 20 30 40 50 60 70 80 90
[GeV]

beam
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- INFN
Shower development studies (o s

di Fisica Nucleare

High granularity prototypes allowed to study in great detail space and
time shower evolution

Interaction length Shower transverse radius
—_ - ——— —_ — . : e ———
£ aso JINST 10 P04014 (3015) g E
E [ e Dpata -m-FTFP_BERT -« QGSP_BERT _ E 120 -eData -m-FTFP_BERT  -& QGSP_BERT =
< s00f- & T 10 @ -
: : 100 E
250 . %0f- =
: : 80 E
200— + — - 4 E
[ e 22" = 282 mm T o \;-";‘:;-...__ =
- @ 601 =3 -
150 Geantd 9.6p01 CALICE Fe-AHCAL = “Geantd 9.6p01 CALICE Fe-AHCAL E
o 20 40 60 80 0, ' T
Beam momentum [GeV] JINST 10 P04014 (2015) Beam momentum [GeV]
1 Time of shower hits
2] E T ‘Geanidsa T — " 3
; - an §.4p03 60 GeV hadrons - tungsten -
o B E : N
Yo ] I | S S e« Data ... _
Z Bk e QBBC E ) C o )
| —— QGSP_BERTHP - Agreement with G4 within 5-10% (studied Fe
102 ——-QGSP-BERT-cv =
| : : and WV absorbers)
103? ““““““ “““““““““““““ CA“CET"'B? WV absorber requires inclusion of neutron
ol S U B B processes to reach agreement with data
| S N R
50 100 _ 150 200
JINST 9 (2014) P07022 Time of First Hit [ns]
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CMS: HGCAL for HL-LHC L e

di Fisica Nucleare

(== 7., mme— | CMS Phase Il upgrade: High Granular

Te \
—ReXy  eefeefEEaess| [\

oL I

Fcmekasiscei] 15— SN CALorimeter for the forward region

R

A BT 8 CHCECEESRE R0,y ANz N\ S
| -::==.. " " \ )”-' r:; ( I .5 < | n | < 3)

o=

:I;‘Fi}\ll- T —
il

¥

T ICICICHCECECECE 3!/ m3! ::,l
] )

g 8B3ak BH EQEE0 B0 B0V B0V EC

B T T s s s T s e " !

W Nl

7 R a2 PR

High granularity (transverse & longitudinal)

for PF in very dense environment: <PU> at
AP apapasaeaedEHe =- ‘ : HL_LHC I40_2OO

=ESi=ERl=RSi=2ii=23[=23]=28(=:3] ¥ 4 oot of: :

S EBgpoegesgesgesgesg

Y.

| — New challenges wrt CALICE:

* Radiation hardness: fluence up to 10'¢n
Absorber W/Cu  Brass Brass cm2 for EE (Si has to be cooled @ -30°C)
Thickness B6X/15 g5 5\ * LI Trigger + Data transfer: ~200 Tb/s to be
# |Qng samp"ngs 28 12 (reac]cfut 2) Shlpped Off-deteCtOI’
Active Materlal Si S Sc * Engineering & integration: cooling
o (~125kW via evaporative CO»), power
Pixel size 10x10 mmz  10x10 mm? .. . g
distribution, mechanics...
# channels 4.3M 1.8M
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Fast timing: Pile-up mitigation @ HL-LHC (" .....

Calorimeter performance (Jets/MET) deteriorates @ 140-200PU
@140 PU ~70 GeV prtdue to PU in a 0.5 jet cone

CMS preliminary, L=1.6fb" (s =8 TeV
- Il <0.5 o
30[~ « Average Offset (DATA) -

- o Average Offset (MC) o8
25/« Jet Area (DATA) o 8577
> Jet Area (MC) ogg“

|4 TeV pp—ttbar @ 140 PU

pT pile-up (GeV)

vertex density ~ 1.2 vtx/mm
vertex time spread ~160ps

0 5 10 15 20 25 30 35

N f pri i
e Neutrals PU overlap cannot be corrected even umber of primary vertices

with PF approach

CMS Phase Il Simulation

No time cut (no PU)
Time cut (no PU)

No time cut (140 PU)
Time cut (140 PU)

H=yy

e Time of flight information to associate
calorimeter energy deposits to primary vertex
(assuming knowledge of vertex time): O(30ps)

Illllllllllllllllllll

e Time resolution would reduce PU overlap to
Runl levels (PU neutrals rejection ~5)

L L

AN BN RN ST "
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Photon-SumEt (GeV)
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Fast timing: CMS N

di Fisica Nucleare

CMS: developing the idea of “hermetic timing” for Y (possibly up to low pT)
and charged tracks between 0<|n|<3

Opportunistic use of calorimeter upgrades:

e ECAL EB (0<|n|<1.5): PbWOQO4+APD upgrade
electronics aims at ~30ps above >30-40 GeV Y (no low
energy Y PU rejection)

e HGC EE (1.5<|n|<3): electronics should allow ~50ps [:Jl>
for energy hits >10 MIPs (>50 hits above threshold for
¥>50 GeV, <50ps also for low pt Y).

Possibility for a MIP fast timing layer

high energy Yy fast timing: di-

photon H—YY vertex location

L glMlSl lslilmlLllllaFilolr! IPlrlellierlirl]lalr‘lvl T I LI

Vertex Resolution [cm]
o o
(=2 o —
1 ] 1 ] ] I 1 1 1
| |

o
E=y
LI L
|

o
N
1 T 1

Also studying a dedicated timing detector in the ) , _
tracker volume. 2 options: T o e e
e Fast timing layer in tracker (MIP): Low-Gain Time Resolution Ine]
avalanche detectors, hyper fast APD, MPGD
e Pre-shower in front of EB (MIP+Yy): small crystal
(e.g. LYSO)+SiPM, I-MCP

(=}
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Fast timing: ATLAS (- s
di Fisica Nucleare
ol ATLAS: high granular fast timing detectors in the
g?}';?'sltat region between barrel & endcap cryostat
o PPFI % baseline 4 layers @ 2.5<|n|<4.3, possibly a 3-4 Xo
- Endcap pre-shower using W absorber
f J Cryostat
L] omn
\ - :‘t S P Table 3: Possible performance of several detector technologies to be deployed for a timing detector after a dedicated
BRRELOPE =1000 and successful R&D program is completed.
B A4 WE Area Resolution/MIP Noise  Efficiency/MIP  Max. Dose
e =T ’;g — [mm?]  Time [ps] Space [um] [e” rms] [Mrad]
e g : e Hybrid pixel 20%20 100 10 100 1 1000
- i ...  HVCMOS pixel 20x20 100 10 30-100 1 1000?
3;’5 (saa revrg ATy Low-Gain Avalanche Detector 10 10-50 - 1 100?
- NLAEECOME. > s Poly-diamond strips 5%5 100 10 500 1 1000?
R=600 | :._;;::: Photocathode MCP 50x50 10 100 photon statistics 0.3?
PR Fiber bundle 1000x50 50 100 photon statistics ~ 10-100?
e Ionization MCP 200200 30 100 100 0.7 100?
Az =7
max
...... —w 3.C
B _____25347-5" _____ AT “Z'= |
I BEAMPI .
e Similar technologies & requirements to what is

PIXEL PP1 |

R=30 - being considered for CMS:
possibility for R&D synergies, also on specific
aspects i.e. clock distribution

e

!l
!
- £

|

|

|

|

!

|

|

|

| 1F
RN
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Other fast timing applications: Muze ("' X....

di Fisica Nucleare

RELATIVE INTENSITY

Mu2e search for coherent stopped H Vless conversion H"N—e'N E(e’)=104.97 MeV
BaF; calorimeter: 1650 xtals (30x30x200mm?)

(o)
M m ﬂ,, (u o(E)/E @ 100 MeV < 5%
\\‘ \i\\‘\ \‘ \\W\‘ 25 0-182— A(T) = T(track)-T(cluster)
\\ 016 E_ electrons
o(t)<500ps to reduce °*- -
012
straw tracker baCI(ground and hEIP 0.1:—
track pattern C::> o0s
proton absorber - muor]f
recognition eE
0.04 [—
BaF, emission spectrum 1010 s°! oozl .
| 91_5le -10 AA—L-LI‘ 0‘ Jvév 1‘1OL‘JL15
1.0 15% 85% | RMD mm (). ns
°5 I~ 900ps 630ns Ray tracing simulation .o s m
06 — \ @ @ LYSO cc;mmon shower
"""" ¥ B8 LYSO fluctuate shower
ERRESAN @ @ BaF2 common shower
04 — SRR > L . . - |@-@ BaF2 fluctuate shower
@ @ Csl common shower
02 — g @@ Csl fluctuate shower
) | Y 1000f .- M
200 300 400

Developed solar blind APD to suppress
BaF; slow component (>280nm)

QE(@220nm)=60%
QE(@300nm)=0.1% | | 1 |

-
o
(=]

Time precision (ps)

-
(=)
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R&D: Rad-

hard optical calorimeters wr«

Istituto Nazionale
di Fisica Nucleare

R&D for optical calorimeters
who can cope with O(300 kGy)
& O(10'*15) hadrons cm™

hadron damage for PbWOyq,

LYSO, CeF;
1 02 E I 1 L ||||
> - m SICLYSO:Ce
£ .V St.Gobain LYSO:Ce
VQ - A CeF,

= o BTCP PbWO,
="10F o sicrowo, E

1c E
- A

107 /7 E

- 300 days after irradiation

1012 1013 1014 1015
-2
@, (cm™)
L ——

Shashlik design to minimise the optical path in the
scintillator. Also rad-hard WLS fibres & photodetectors

WI/LYSO shashlik cell
W @5mm) designed for CMS EE:

/_rsousmml | 4y | 4x | 14 mm?
Quartz capillaries with
WVLS liquid

/ R&D for InGaAs SiPM
e o o o(E)/E ~ 10%/+/E/GeV

4x WLS fibers

to photodetector W / C (S F 3 as an

alternative:

CeF3 excellent hadron
damage radiation
hardness

Can use SiO;:Ce as
radiation hard VLS

wavelengthshifter

heavy inorganic scintillator

passive absorber

G. Gaudio and P. Meridiani — IFD2015 - Dec. 16-18th, 2015
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Ceramics: a rad-hard material for calorimeters

INFN

C

Development of scintillating
ceramics (LUAG:Ce, YAG:Ce)
could provide a cost-effective

solution for calorimeters:
e.g LUAG:Ce

LY ~ 20 ky/MeV

p = 6.76 g/lcm3

Xo=1.45 cm

irradiation up to 50 Mrad

B S o
ExceIIent - LUAG:Ce Ceramics SIC-S1 25x25x0.4 mm®
I"adlatlon | Gamma-ray Irradiation

801 —

hardness _

S |

8 eof

c .

(T

= -

g 40} EWLT: |
S {% _BeforeIR51.8% |
= i —IR4.4x10° rad:51.7%.

", IR 8.8x10° rad:51.8% .
" IR 1.3x10° rad:51.8%._
5 IR 5.1x10" rad:51.7% .

Also available as crystal fibres

Relatively fast, possible—
ways to improve '
response time

(Ce co-dopants, Pr)

Normalized Intensity [a.u

\ > 80 fibers produced:
* ~ 60 LuAG:Ce _
e ~ 30 LUAG undpé

5 ,/" " 4
” ’

o

polished

LUAG:Ce:Eu -t,=61ns
LUAG:Ce:Mg -t,=61ns
LUAG:Pr  -t,=22ns

Tt s s e e !....!:“"
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Summary & conclusions

e High energy & high intensity frontiers driving R&D directions for calorimetry:

¢ >|0 years old ideas are reaching maturity and start to be integrated into full
scale detectors: dual readout & high granularity

e Particle flow approach beneficial for jet resolution but also to cope with high
pile-up
o Extremely fast detectors: a new concept of integrated “5D calorimetry” (space,

energy, time) is surfacing. Beneficial for the new challenging rates (10'° events/
sec), benefit from R&D for rad hard & fast O(10ps) sensors

e Radiation hard optical calorimeters. Still some work to be done, need radiation
hard O(10'¢ n/cm2) photodectors. New interesting scintillators (ceramics)
appearing on the market
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Particle ID in sampling dual readout calorimeter

Methods to distinguish e/ in longitudinally unsegmented calorimeter

Lateral shower profile
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Dual Readout method in homogeneous calorimetek....

Motivations:

* high density scintillating crystal widely used in particle physics experiment: ensure excellent
energy resolution for electromagnetic showers

e calorimeters with a crystal EM
compartment usually have a poor
had. resolution due to

* fluctuation of the starting point
of the hadronic shower in the
EM section

e different response to the em and
non-em component of the
shower in the two calorimeters

Dual readout applied to an hybrid
system:

Measuring fem on an event-by-event
basis allows to correct for such
fluctuations and allows to eliminate
the main reasons for poor hadronic
resolution

Properties

Cerenkov

Scintillation

Angular
distribution

Light emitted at a
characteristic angle by
the shower particles
that generate it

cosO = 1/(nf)

Light emission is isotropic:
excited molecules have no
memory of the direction of
the particle that excited them

Time structure

Instantaneous, short
signal duration

Light emission is
characterized by one or
several time constants. Long
tails are not unusual (slow
component)

Optical spectra

dN¢o
d\x

Strongly dependent on the
crystal type, usually
concentrated in a (narrow)
wavelength range

Polarization

polarized

not polarized
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Results from DREAM Crystal TB U
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BGO Matrix results
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Resolution obtained from distribution of integrated charge

* Cerenkov energy resolution shows a constant term of about 1.5%

3%)

* good linearity (within

* Cerenkov light yield about 6 p.e./GeV
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BGO vs BSO for dual readout use
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LUAG and Ce:LUAG
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Figure of Merit for Timing
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FoM is calculated as the LY in 15t ns obtained by using light

output and decay time data measured for 1.5 X, crystal samples.

Crystal Relative LY L lhs sellnl 20t LY in 0.1ns
Scintillators (%) Ar (%) T (ns) Az (%) & (ns) (p.g./MeV, (p.g./MeV, (p.e./MeV, (photons/MeV)
XP2254B) XP2254B) XP2254B)
BaF, 40.1 91 650 9 0.9 1149 71.0 11.0 136.6
LSO:C3,Ce 94 100 30 2400 78.7 8.0 110.9
LSO/LYSO:Ce 85 100 40 2180 53.8 5.4 75.3
Cek; 7.3 100 30 208 6.8 0.7 8.6
BGO 21 100 300 350 1.2 0.1 2.5
PWO 0.377 80 30 20 10 9.2 0.42 0.04 0.4 |
LaBrs:Ce 130 100 20 3810 185.8 19.0 2299
LaCl;:Ce 55 24 570 76 24 1570 49.36 5.03 62.5
Nal:Tl 100 100 245 2604 10.6 1.1 14.5
Csl 4.7 77 30 23 6 131 7.9 0.8 10.6
Csl:Tl 165 100 1220 2093 1.7 0.2 4.8
Csl:Na 88 100 690 2274 3.3 0.3 4.5
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