Calorimetry challenges and possible
detector technology evolution

~ Lanni
on behalf of the full calorimeter WG.
(see a partial list of contributors In the calorimeter session of: httpsi//
indico.cern.ch/event/358 | 98/ctherviewlview=standard)

® Requirements on calorimeters @ FCC-hh
® Challenges of calorimeter technologies and 4
possible evolution
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® Barrel: O<|n|<I1.5

® bxtended Barrel: 1.5<|n|<2./
® Fndcap: 2.7<|n|<4(6)

® (Forward: 4<|n|<6)
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VWhat technology?! A single one! Likely each o
region will need to be optimised separately. my
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HCAL deep enough to
prevent punch-through

' 98% containment of | TeV hadrons require
~12A @ +/s=100TeV (10N @ LHC)




Requirements: Acceptance
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=3P Calorimeter extension up to N~6

| In| < 2.5 Inl <4 Inl <5
" 100 TeV 0.56 0.88 0.97
14 TeV 0.74 0.99 0.99
100 TeV 0.74 0.95 0.99
Yy 14 TeV 0.90 1 1
Inclusive Higgs pr > 100 GeV Hl?ﬁ! pr > 150 GeV
2.5 4 2.5 a4 2.5 B
ggF 0.56 0.88 0.64 0.93 0.70 0.95
WH 0.45 0.77 0.53 0.84 0.54 0.87
ZH 0.48 0.81 0.563 0.85 0.58 0.88
ttH 0.56 0.90 0.59 0.92 0.63 0.95
VBF 0.55 0.87 0.61 0.93 0.67 0.95
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Requirements: Granularrty

® At v/s=100TeV super-boosted regime: pr>5 TeV -ow top Pr

® Cone size: R ~ |/boost

e Highly collimated final states N High top py

® Minimal distance to resolve two partons: AR~2m/ -~ A \
P b |

® Example for top:

*pr =200 GeV =R =72

epr = | TeV = R = 0.4

«p =10TeV = R = 0.05

e Sub-structure identification will become difficult
as the jet cone tend to be very narrow when

particles enter the calorimeter (comparable to » H ’gh gran ulari ty

the Moliere radius) is a key factor
® Object overlap will be challenging.
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lleup mitigation
® Plleup condrtions can be as much

as 900 @ 25 ns (180 @ 5 ns) min-
bias events/crossing.

® Calorimeters with excellent timing

resolution (10-20ps) may be
required to mitigate pileup effects

“Maximum” in Calorimeters

Radiation Tolerance cca
® ~)0ab-| integrated luminosit N
& Y Dose (Gy/year)

Fluence (KHz/cm?)

® |n the barrel larger distance of the

calorimeters compensates partly (x2
HL-LHC)

® -ndcap predictions can not be
calculated without a solid understanding
of the beam line shielding etc.

More reliable
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Challenges and possible evolutions of

Photon based calorimeters

Crystals: P. Lecoq, https://indico.cern.ch/event/358198/session/2/contribution/ |/ |/material/slides/ | .pdf

Organic Scintillators: A. Henriques, https://indico.cern.ch/event/358 | 98/session/2/contribution/ | /3/material/
slides/ | .pdf

Dual Readout: N. Ackurin, https://indico.cern.ch/event/358 | 98/session/2/contribution/ | /2/material/slides/O.pdf
Photodetectors: T. Tabarelli, https://indico.cern.ch/event/358 | 98/session/2/contribution/ | /4/material/slides/O.pdf
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Crystal Nal(TI) Csl(TI) Csl BaF, BGO LYSO(Ce) PWO

Density (g/cm3) 3.67 4.51 4.51 4.89 7.13 7.40 8.3

r S-t a S Melting Point (°C) 651 621 621 1280 1050 2050 1123
Radiation Length (cm) 2.59 1.86 1.86 2.03 1.12 1.14 0.89

Moliére Radius (cm) 413 3.57 3.57 3.10 2.23 2.07 2.00

1@ |’“>/S'|:3| develo pme nts over last 25 years Interaction Length (cm) ~ 42.9 39.3 39.3 307 2238 20.9 20.7
focus'ng Oﬂ unders.tandlng ma.terlal proper.tles Refractive Index 2 1.85 1.79 1.95 1.50 2.15 1.82 2.20
, , . . Hygroscopicity Yes Slight Slight No No No No
(llght >/I€|C|, gOOd energy reSO|Utlon! decay tlme; Luminescence P (nm) (at 410 550 310 300 480 402 425
. . peak) 220 420

radiation tolerance): _

Decay Time b (ns) 245 1220 26 650 300 40 30

0.9 10

» PWO, Pb halide fami |>/, LSO, LYSO, LGSO, Light Yield b< (%) 100 165 3.7 36 21 85 0.3
4.1 0.1

LUAP! LUYAP v d(LY)/dT b (% °C) 0.2 0.4 1.4 -1.9 0.9 0.2 2.5

» LYSO Is an excellent option, except for
costl!!

Pbl,at cryogenic temperatures

scintillation from PbIZ", Journal of Luminescence, Vol. 134 (2013) 26-34

Stephen E. Derenzo et al. "Experimental and theoretical studies of donor-acceplor

® New Pb halide crystals: - o
» Pbl, at cryogenic temperatures (Derenzo oW oEon g

201 3) S 2] /Q& N

* Light yield Y » 13r;>-t) 35.000 ph/MeV : «f \\é

» PbFCI:K several emission bands. Some with s

short decay times
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® Focus on Timing performance for many
applications (HERE MI, Homeland security)
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» New production technologies: Micro-pulling-
down, transparent ceramics, thin films,
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Crystal- air interface with
PhC grating:

Crystals o

Improve Light transport and

extraction efficiency: ! at the intetace 659 ExtratIed Mode

Cumulated time distribution

® Nanostructured interfaces ¥ b ettt oo
allowing to couple light T R et e
propagation modes Inside and g’ T
outside the crystal even for g 3
ostensibly full internal reflection g //

® Chiral nanophotonic waveguides S A i

150
arrival time [ps]

to control the flow of light

Fig. 4. Integrated photon yield over time for the “as designed™ and “as pro-
duced” PhC compared with an untreated LSO crvstal,

» Allows scattering of light by a
nanoparticle at the surface of
the nanofiber to be redirected
in the direction of the fiber
toward the photodetector
(>50% even at light emitted at
large angle)



Organic Scintillators

® Organic scintillator calorimetry well established detector technology for hadronic
calorimeters @ LHC and for their upgrades.

» Scintillating tiles and fibers coupled to photodetectors on the outer periphery.

» Cost effective solution

» Promising for central HCAL in a FCC-hh ex?er|ment where radiation levels are
expected to be moderate (50kRad/yr @ 10 )

ATLAS Tile hadr'on calomme‘rer‘ (In]<1.7)

. f;e\:f;::s v;:m: (’;722:‘37 cm) Barrel (HB): |n|<1.3, 36 wedges (18 HB+, 18 HB-) P- De Barharo
« ~620k fibres : 40k Tiles 14 layers of brass + steel front/back plates = ~ 6 A in Barrel (90°), 10 Aw/ Outer
* 10k channels 16 scintillator layers; 16 1) and 4 ¢ divisions per wedge
« 7.7X at|n|=0; (9.7 Awiththeem LArcalo) Endcaps (HE): 1.3<|n|<3.0, 36 petals per endcap
* Transversal granularity AnxA¢=0.1x0.1 17 layers of brass = ~10 A
* Longitudinal segmentation: 3 layers 17 scintillator layers; 12 ) and 1 or 2 ¢ divisions per wedge
* e/h=133 20r 3 (high ) longitudinal segments o, )
*Pion resolution (test beam): S0 e s s "j‘-' Py e
*0./E~52%/(X]E (] 5.7 % (7.9.A) # channels total= 7344 R SR h——
O'E/E“'4S%/®E ¥]2%(9.22) DA\ R
T ], et (with e.m. LAR) at ATLAS/LHC: Pion resolution (2007 test beam): . W .
' J o e s l B s * Jet 0, /E~50-60%/[X]E [¥] 3% o./E~113%/sart(E) + 3 % Endcap, Barrel) ), \\\Wﬁ )
.r‘(-,‘i. { l | * Containment ~ 98% TeV hadrons, jets ' : HB nl<1.2 g“g
= - .t “+ Tilecal MoU_Core Cost (1998): HE 1.3l g2

- 17 MCHF (46% mechanics ; 11% optics ; 43% electronics).
- Readout elect. determine cost: ~730 CHF/channel
- 3.6% cost of the ATLAS detector

70m

T
¢
-l
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Wavelength Shifting Fiber

b
/ Scinullator Steel

® High segmentation achievable
Dy optimised organization of
tiles and by the number of

fibres coupled to a single
bhoto-detector.

» Minimal changes needed In
optics/mechanics to exploit 4
full granularity @ FCC-hh élg

Q,

-.zu b -"'.'. .l.’.-..' .".'.'.:-.'..-:- “."\-
Source i

Tubes

R

S

DR: 11 tiles and 8 fibres in R -> 8-11 layers with 1/1<DR<0.5 | Fibres start at teel
DF: 20 cm tiles-> Df=0.1 (with dual fibre readout) dlﬁgrent Rand go
radially out => ’

In total ~ 620k fibres and 40k tiles ; but ~80-300 Tile-fibres couplings in 1IPMT =

Dh: 3mm tiles every 9-18mm in Z->0.0007<Dh<0.008 I

L . c : = . Nofcracks
10 k channels ; DhxDf=0.1x0.1 ; 3 longitudinal layers in LHC £ Tile . R segmentation
Cost/performance compromise in electronics costs (~730CHF/channel in 1.5;'98') (no grooves) - PMTS out Radius :
Minimal changes needed in optics/mechanics to exploit full granularity at FCC- Tile
Fibres
| e < - >

Z, h



Photodetectors

® General requirements:
» Rad hardness
» B-field immunity
» [Ime response
» Dynamic range

ntegration/channel multiplicity

» Matching to light emission of scintill

radiators

e Existing Technologies under developme

» SiPM
» PMT-MCP

e New technologies:

» GalnP-PM

F

G.Collazuol - MEDAMI 2014

SiPM development very fast

Many institutes (R&D) and companies involved
- competition... but prices still far (~ x20)
from asympt. production cost O(10€/cm?)

* CPTA, Moscow, Russia
+ MePhi/Pulsar Enterprise, Moscow, Russia

« Zecotek, Vancouver, Canada

« Hamamatsu HPK, Hamamatsu, Japan

* FBK-AdvansSiD, Trento, Italy

* ST Microelectronics, Catania, Italy

« Amplification Technologies Orlando, USA
* SenslL, Cork, Ireland

« MPI-HLL, Munich, Germany
« RMD, Boston, USA

« Philips, Aachen, Germany o b
» Excelitas tech. (formerly Perkin-Elmer) IKC i
* KETEK, Munich, Germany Uit SR

« National Nano Fab Center, Korea

* Novel Device Laboratory (NDL), Bejing, China

Amplification
Technologies
(DAPD)

-
%

g‘;

AL
~1 1

SNET

.
%\

-

» Tipsy (MEMS based transmission dynode

stack on Si pixel CMOS anode)



Photodetectors: SIPM

qu:m:h
Al electrode

Typical SiPM size: 5x5 mm?
Typical cell size: 50 pmx 50 pm

» Arrays of GM-APDs with binary output
Analog output = 2 of binary signals

» Technology mature, but still in progress

»

»

»
»

= ND. Incident photons

Adopted in experimentis
(e.g. HCAL at CMS at colliders)

Many flavours G, Jirtion

adiation hardness studies

» Advantages
» Immunity to B-field

» High PDE (~30-50% including fill-factors)
» Timing can be excellent (<50 ps)

» Limiting factors

» Dynamic range
» Dark rate
» Radiation soft

F—

COSt St| I I h |g h » Surface damage: ionization 3 proton iradiation
» Bulk damage: hadron interactions 3. :
» Increase of dark count rate (+ to fluence) ot
» Increase of after-pulse rate -
= loss of photon counting capabillity E ' o vadiatles
. LED va. Flux (R =3 kOhm, no bias correction, non-annealed) “ / I Malu:rm.m.;’t.)O/

1 " 14
Hadron dam.w( irradiated dose (Gy)
dommant

Neutron damage at
different cell densities

4
-
R
-

w

LED ampitude (normakzed %o 0 dose )
O O O O —
'.; s » - -

[P ‘e, » Hardness OK in HCAL an
9 SNPPC. 1 el 2900 coln " e *‘(:Al DO"GI (back)
«NPPC. Y el W00 celn -
S« NPFFC 1 el 400 cels s » R&D (CMS Upgl'ada):
Y Musienko at SIPM Workshop CERN 2011 | small-cell GalnP-PM
1E11 - -1 | @nd cooled SiPM
Netron fux [mem’] » Need resllience to 10™4/cm

All improve at smaller pixel size
Active R&D towards 5 uym X5 ym

(Dynamic range >10°/ cm?)

I. Tabarelli, https://indico.cern.ch/event/358 | 98/session/2/contribution/ | /4/material/slides/O.pdf
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Photodetectors:

Micro-channel plates (MCP) PMTs

MCP-PMTs

» Photomultiplier with very compact
e amplification stage
[ 3 I P g
- =31 » Micro-channel plates ~ 1 mm thick

' l "*!"—q
| -
—~ : » Well known technology, diverse usage
= : L » Time resolution <10 ps - TOF systems

S—— IS | » High granularity = Image intensifiers
Typical size: a few 1 cm? » Cost for large areas still prohibitive!
Pore size: 10-50 ym

» Recent R&D development at Argonne / U.Chicago:

» LAPPD collaboration - R&D towards mass

(and affordable) production of large area MCPs "<

1. Glass microcapillary array providing pores
2 Resistive coating by Atomic Layer Deposition (AL
3. High-emissivity coating ALD

[ LAPPD Docs: http//psec.uchicago.edu/ |

® Alternative use of MCPs

» Coupled to a Cerenkov

L —
=K
—
=
—

-
=
'./‘
j—
/

' ‘l(l‘ w.nn. Anode

10 x 10 cm? A%

radiator

MIP

» As a secondary emission device

1

W

|

I

® | imitations:
» Operations in Magnetic field (teic,ted up to 2T)

» Need lifetimes above 100 C/cm  [achieved >
5C/cm in MCPs with ALD (Atomic Layer

Deposition) coating - which reduces out-
gassin<

ALD costed MO MY Lfe Tout s Uk osted Cantod
— e |
— ey T

L ]
v .
» »

""'ﬁ——‘r'r

5C/em?

Tot Cotmed Avisle Charge o )

» 20-30 ps in shower detection at beam tests
[A.Ronzhin et al. NIM A 759 (2014) 65]

» Confirms time resolution on MIPs
obtained by several groups with PMT-MCPs
[A.Ronzhin et al.]

1.2, F.Cavallari et al., j- g s
2 I Efficien cy to MIPs : 2 [ Time resolution ~ 40 ps
& 1L * wradiator 8 : § wi-at shower (e- beam)
O 1 ' i -
é’ - . w/oradlatos i n !' ‘g?s ’ !
I w 08 '.- § H F
| Z i |
0.6~ t b
| : * L‘J/ 155
3 ‘f :.
| 0'4; t J 10f /
T ] £
| -V‘ Prefiminary § b :
1%00 2500 3000 3 738 14 7.48 75 7.8

Bias voltage (V)



Dual Readout

® Radiation hardness tests on quartz fiber during R&D
phase of the CMS FCAL

® Hard-polymer-clad/high OH-fused-silica core fibres .@ 9 —

(QP) shows significant radiation hardness and can | = = ) ( e

deployed in forward and end-cap calorimeters e (Il |1 GRad | il "y

g os \ e | 15 toep 7o

e PRL 71(1993) 1019,NIM A490(2002) 444,NIM 5 | *H ] g s} ¢

A585(2008) 20 2“1 ............. ..‘.‘fff-i‘. b L . .

e DREAM and ADRIANO ol B B
| : .'l 1 E :
Scintillation/Cherenkov Light in a Single Scintillation/Cherenkov Light in a Single
Radiation-hard Fiber Radiation-hard Fiber - Il

Clear Silca Glass |

‘ The Cherenkov (Si02) and scintillation (SiO2:Ce3+) light coexist in
| a single fiber and the balance between the two types of light

can be “tuned” by geometry

Several R&D projects are underway
investigating cerium-doped
fused-silica fibers (5i02:Ce3+) and
a number of prototype fibers have

. ITYYIYITT‘[VI"‘[YYI
been produced 3%  Gagnat al Meg
It may be possible to use a single fiber ~ Prase!foer 5250; :L"""m;:'
(e.g. Si02:Ce3+) to extract both \Cerium-doped Corel ' Tt 1 0% 3 oo
Cherenkov and scintillation light ,, 200[-
at the same time reducing the 440 nm -
number of readout channels bya 33y nm  Emission 150F-
factor of 2 in dual-readout EXritation '
. o . 23 5 100}~
Preliminary results on radiation ; A i
. L ] | ‘ ™
hardness are encouraging w s0f-
% | X of
Wawnleryh row] EETHIUETE SNENE FTRNE FTTRE FRRTS FNUNY PRUN

| 1 1
20 40 60 B0 100 120 140 1,?0 180
" me ns



Challenges and possible evolutions of

(Gas Micro Pattern Calorimeters

A Sharma, https://indico.cern.ch/event/358 | 98/session/2/contribution/ | /O/material/slides/ | .pdf
] Repond, https://indico.fnal.gov/getFile.py/access!contribld=24&sessionld=3&resld=0&materialld=slides&confld=/864



https://indico.cern.ch/event/358198/session/2/contribution/1/0/material/slides/1.pdf
https://indico.fnal.gov/getFile.py/access?contribId=24&sessionId=3&resId=0&materialId=slides&confId=7864

® MPGDs may offer a cost-effective means

to provide a finely segmented active (E@e

medium for imaging calorimeters |

® Extensive R&D for Imaging Hadronic ¢ ¢

Calorimeters in the CALICE collaboration  p——— | = ] —

* Both analog and digital calorimetry

* RPC, MicroMegas and GEMs as
possible active media

® Further R&D required for possible use of MPGDs  |RPCs | MicoMegas  |GEMs
MPGD-based calorimeters in high
intensity pp colliders

MIP detection efficiency >90% >90% >90%
Potential limitations and challenges ate capabilty 01 ke 10 kb e
¢ Rate Capabl | l-tles Robustness Yes To be demonstrated Not so much (foils)

Yes (THGEMs)

® | inearity of response and saturation at high energies
® Calibration (in particular for digital readout)

® [rigger schemes

® [ime resolution achievable

® Aging



Archana Sharma CMS FCC workshop Feb 3™ 2015

Calorimeters will be highly segmented:
(10°-107) channels ~1x1 cm? pads)

1x1 m”2 = 6 boards 1n 1 vessel

Total thickness once chamber closed

~ 1 cm
Published in NIMA. 729 (2013) 90

S$Spiete (2 mm) » ‘ PC8
+ popper foil {5 pm) 5 mm Intamal + bulk

3 mm
fft gap

/

SS plate (2 mm) Machined mask (2 mm)

Large Area Prototypes
DHCAL: Micromegas

M. Chefdeville et al CALICE
T. Gerialis and M. Titov for CMS




2015

eb 3"

rchana Shama CVIS FCC workshop

Measured performance (1/2)

Standalone test of 4 prototypes (SPS H4, Nov. 2012)
High efficiency (>95%). low hit multiplicity (<1.1), good signal

uniformity (~5%)

Shower response constant from 1-30 kHz pion beam,
spark probability ~ 10— / shower
Published in NIMA, 763 (2014) 221

Iron block — shower set-up with 4 layers

vertical 808 ( pad numbsear|

1 shower event in first layer 50 k shower events
=T | | | 1 I I
a0 =
80—+ -
70— - - -
!::0:— 1 - T ., -
soF- 3 .’ L la %" ;l ) e
o « &% -
40— A e —
- = j- :..l. -
30 LR -, -
- - : -
N__ . _ - -
- '
10~ - I
II‘I 1 1 1 L) 1 1 I (HESShdEEN SEEEEEEEN
00 10 20 30 40 S0 60 7O &0 9%
hanzontal axis (pad number) 10 20 30 40 =0 &0

From Max Chefdeville

| e W e St




Measured performance (2/2)

Test inside the RPC-SDHCAL (46 RPC+ 4 Micromegas, SPS H2. Nov. 2012)
“Common readout system — tag shower start layer z0
— N_hits in Micromegas for different z0
“Build longitudinal pion shower profile
/Get response by integration of the profile (test Geant4 models...)

% LT T[T T T[T T [ TT T T[T T T[T T[T T[T T T[T [TTT13
= — _
SDHCAL @ SPS 850~ — 150 GeV | -
.“-é’ i 120 GeV | -
= — _
2 40l 100 Gev | ]
= 80 GeV =
30 60 GeV |
i 40 GeV i
20GeV | -
20 —
p :

10/ —
0|||||||||||||1|11[|||||||||| WAea, L e SR

0 5 10 15 20 25 30 35 40 45 50

layer number




Response

® -xample DHCAL

with Fe absorber on
plon beam

® C|lose to linear

response up to 60
GeV

e Power law fit to
Measure saturation
at high energies

® -nergy resolution
stochastic term
~64%/+/E (adequate
e PEA)

o(EVE

0.5 ?Indf  25025/7
H a 0.66+ 0.00
] C 0.04+ 0.00
e
- \ uncalibrated data
0.3}
i CALICE Preliminary
0.2l Fe-DHCAL
o+ T - ol
Obl lll ""l lllll"llllllllllll
0 10 20 30 40 50 60 70
Enerav (GeV)
1000
E | x2/ndf 18467.54/ 11
900 | a 16.02+ 0.02
800:_ | m O%i 000 | .‘.-"

I
o
=)

uncalibrated data

— _#"  CALICE Preliminary

Fe-DHCAL

MEEEEEEEEE RN RN 111 1 [ | |

10 20 30 40 50 60 70
Energy (GeV)




Challenges and possible evolutions of

Silicon-based High Granularity Calorimeters

M. Mannelli, https://indico.cern.ch/event/358 | 98/session/2/contribution/ | /6/material/slides/0.pptx
J. Incandela, https://indico.fnal.gov/getFile.py/access?’contribld=23&sessionld=3&resld=0&materialld=slides&confld=/864



https://indico.cern.ch/event/358198/session/2/contribution/1/6/material/slides/0.pptx
https://indico.fnal.gov/getFile.py/access?contribId=23&sessionId=3&resId=0&materialId=slides&confId=7864

® Si-HGC extends Tracking into Calorimeter
* Provides good cluster energy resolution
* Very detailed topological information
* Excellent space resolving power for nearby clus

® |deally suited for PF reconstruction in ‘high-densii
energy deposit environment

* Baseline choice for ILC/CLIC
* Option for HL-LHC upgrade of CMS EC-ECAL

® Possible applications for EM calorimeters in the cer
region of a FCC-hh experiment

Potential Limitations and/or Challenges

® Size and costs
® Cell size mm2-cm?2 and no. of readout channels
® Radiation tolerance of sensors and electronics
* Thin sensors vs. noise & MIP sensitivity
® Dynamic Range vs. technology
* MIP to 100-200pC range
» Complexity, dead-time & pileup sensitivity
® Power and cooling

® Analog vs. Digital readout (UHGC)

Relative energy resolution
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SI-HGC parameters for FCC-hh

* Electromagnetic 26 ~28X°(~ 11)

— 30 sampling layers
* Silicon surface (very rough estimate!)
— For Large CMS-like Solenoid ~ 3'000m?

— For Very Large Double Solenoid ~ ~ 10°000m?
— Cell size 0.25 ~ 1cm?

— Gap between absorber layers ~ 4mm

 Front Hadronic ~ 4 |

— 12 ~ 20 samples sampling layers, cell size ~ 1cm?

 Silicon Surface & Number of Channels (very rough estimate!)
— For Large CMS-like Solenoid 3’000 ~ 6'000m?
— For Very Large Double Solenoid  7°000 ~ 14'000m?



[ C-like structure for FCC-HGC

Reminder of the CALICE ECAL concept

CALICE ECAL module (barrel)

Alveolar
_structure

= Half of the tungsten plates is incorporated into
a self-supporting alveolar composite structure (carbon)

Fastening
= 3 system
/ (rails)

Composite part with
metallic inserts
(15 mm thick)

Thickness 1mm

Composite part
(15 mm thick)

6.8 mm

: ycalled detector SLAB (or “drawer”),
| atrirtire  Slide inside each cell.

Kapton” film: 100 pm



[ C-like structure for FCC-HGC

Adaptation to CMS Endcaps

Big Differences include

* Power consumption, cooling, & Data rates

» Radiation and -30°C operating temperature
— Thermal enclosure & services feed-troughs

* Profit from synergy with Tracker R&D

— Sensors, cold operation & CO, cooling, Power & Read-Out



Power and cooling estimates for the CMS-

-GC upgrade
Power consumption, cooling & data rates

Shielding

N

Power ranges from ~ 100W/m?2 in Barrel
(300um thick sensors and 1cm? cell size)

Up to ~ 250W/m?2 in End-Cap
(100um thick sensors and 0.5cm? cell size)

Operate Silicon at -30C° (-35C? if possible)

Printed 31 Sensors Stainless Steel
Circuit Board Cooling pipe

Exploit low cell occupancy and
steeply falling energy spectrum, with
simple data compression algorithm

CMS: from 1~2Gbps/Module up to
~8Gbps/Module in End-Cap;

Dominated by L1 Trigger data
Expect ~ *2 at FCC




SI-HGC radiation resistance

CMS Preliminary n-type, @600 V. O 210 um, un?rr., p-typep = = -
n-type, @800V < 131 um, unirr., p-typep = = -

o

@

p-type, @600 V 291 um, unirr., n-typep =

p-type, @800 V 218 um, unirr., n-typep =
284 um, unirr., p-typep = = - 145 um, unirr., n-typep =
25 | | | | | | |
Signal normalized to 73e/um from CCE
270 7 on pad sensors, -20C, 1063 nm, -
2 o annealing 10min@60°C
— 8
R N (©) B -
= a
7 S e 4 . 4'000e
o
5 | ® ¢ -
300mm 200mm 120 <——> 3'000e
0 ] ] I 1 D S —
04 0.6 1.5 2.5 6.25 10 16

Fluence [10!° neutron/cm?]
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* Developed HGC FE ASIC design which meets our

performance requirements PS Large energy deposits may

— Uses ToT to provide low noise (2°000e-) and cover full , ,
dynamic range results in ToT spanning several
* Full SPICE simulation of analogue performance bU N Ch & I”OSSi N g

* ADC and TDC based on existing designs
— Potential for ~50ps timing for each cell in core of

showers with E. > 2~ 3 GeV

* More on this later
— Potential issues related to this design being investigated

* Have also simpler back up design

e Dead-time

* Integration of pileup (noise
source) potentially spoiling

— Lower gain to avoid issues associated with saturation :
* Higher noise (11°000e-) => not sensitive to single MIP, requires th € en ergy reSO| ution
dedicated channels for MIP calibration sl
® MAPS and digital readout for

pixelized detector w. low-
occupancy pixels could be an

interesting alternative



Challenges and possible evolutions of

Noble Liguid Calorimeters



Well established techniques for large systems:
3 3
® High density medium (LAr: |.4g/cm | LKr: 2.4 g/cm )
® Purely electronic calibration provides cell energy-scale reconstruction

e Uniformity of response ensured by mechanical precision and electronics calibration
resulting in a low constant term of the energy resolution

® Stability of response: O( | 0_3)

® [ntrinsically radiation hard

® [ntrinsic no detector limitations for high magnetic fields

® Fase for configuration that can be optimised for different applications

® Segmentation mainly through configuration of the electrodes collecting the ionisation
charges and stacking geometries of electrodes w. or wo. absorbers

Potential limitations and challenges

® [nactive material upfront (e.g. cryostat structures), however possible internal compensation In
absorber construction (e.g. massless gap option studied for the GEM/SSC LKr detector)

® Cryogenics

® Purity

® | ong drift time (450ns in ATLAS EM). Sensitivity to pileup?
® Costs (LKr [LXe)



Resolution

ECAL Energy Resolution:
ATLAS H | NA43 GEM/S5C

3 , LKr+Pb prototype (NIM A344
LAr+Pb (2.4+2.5mm): ~30k Quasi-homogeneous LKr: |.3|< 1994) on testbeam: Constant term
towers of 2x2 cm (lcm drift of

channels LKI”) not measured in testbeam. 0./%

LAr+Pb (2.0+1.5mm)
accordion: [|n|<3.2]: ~ 175k

channels estimated in GEM TPITDR
o 10% g. 67% 8OMeV
el @O 7% g: 11.2% _150MeV A (7 3 2% 9OMeV
E JE ESJE O g 200 I \/_ T ©04% F~ f E
HCAL Jet Energy Resolution Pointing Resolution

(e.g. ATLAS): (e.g. ATLAS): o = St o

Hadronic End-cap (HEC): Cu Forward Calorimeter (FCal):

absorbers, electrostatic narrow gap tubes in Cu (FCAL o ; T o .
transformers [1.5<|n|<3.2]: 5.6k module) /W (FCALZ,3 modules) S ”,: o il
channels absorbing structure [3.1<|N[<49] | &l ¢ ?#’ o 7
3.5k channels £ | ,J;? Ul € Ef
o 50% o 100% %jﬂ aull e s
. = ®10% Sapagte??
2023 045 . 068 091 1.14 Yo U»fibnt'.‘ﬁé& 091 1.14

0, =40 x Emrad(@n = 0)



1742.00

Granularrty S

L]/
Sampling fraction/frequency, transverse and 3
longrtudinal granularity tuned to the
application. |
® o ATLAS LAr EM barrel calorimeter ,"”’I

(http://cds.cern.ch/record/883909/files/
phep-2005-034.pdfiversion=1) T e g

» Pointing Accordion geometry -
Fournier RD3 (1990ca.)

778.50

lllllllllllllll‘ i

» Transverse segmentation (N)
determined by strip-line design In
kapton electrodes

slainiess sleel —_
ge

» Granularity in ¢ by ganging , ~—— 1.
electrodes through PC boards Lo { -
installed in front (inner R) and in the N '

back (outer R)

» 3(4) layers of longitudinal
segmentation Is achievable by
developed techniques (ATLAS). ’
More will require substantial R&D - -
on large area multi-layer kapton
structures



http://cds.cern.ch/record/883909/files/phep-2005-034.pdf?version=1
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Fig. 12. Time resolution (ps) as a function of the energy deposited in the middle
Layer cell. Events with beam energy at 10, 20, 50, 100, 150, 180 and 245GeV beam
energy have been used. The resolution of the trigger, as well as that of the TTC
system, has been subtracted. The solid line is the result of a fit in the high gain and

svspelisens o yion

@ )0! | collisions (https://twiki.cern.ch/twiki/bin/view/AtlasPublic/
LArCaloPublicResults2010)

Using electrons from W — er candidate events recorded in ATLAS during the 2011 pp data taking period, various
corrections (as a function of the data taking period, front-end board, channel within the front-end board, cell
energy and primary vertex position) were studied and applied to calibrate the LAr EM Barrel Calorimeter time
measurement and gauge its timing resolution. A timing resolution of 22 300 ps is achieved for a large energy
deposit in a cell of the EM Barrel.

The plot shows the single cell timing resolution energy dependence, for cells reconstructed in HiGH gain, in the
Middle layer of the LAr EM Barrel Calorimeter (|| < 1.4). A fit with the expected energy dependence,

comprising a so-called “noise term” and a “constant term”, added in quadrature, is shown superim

By comparing the corrected time of the two electrons in Z — ee events from the same period, this resolution is
understood to include a correlated contribution of 22 200 ps, expected to be dominated by the spread of the proton
bunches along the LHC beamline, and an uncorrelated contribution of 2z 200 ps. The latter component includes
the intrinsic timing resolution of the LAr EM Barrel Calorimeter and its readout, as well as residual nonuniformities
and imperfections in the calibration procedure.

Even If not as performing as some other technologies, timing resolution should be
sufficient to associate efficiently objects to bunch crossing ID even in 5ns beam
spacing scenarios



https://twiki.cern.ch/twiki/bin/view/AtlasPublic/LArCaloPublicResults2010

cvolution and long R&D studies

® Higher longitudinal and transversal granularity in accordion or more traditional
geometries

® Composite materials for “massless’” structures to minimise dead material In
front (e.g. Inner cold tube structure in a potential noble liquid barrel
calorimeter).

® Front-end electronics in cryogenics: reduction of noise (if needed at low
energies) can be achieved with the analog front-end operating at LAr
temperatures (1.e. installed directly on detector). Long term reliability issues of
cryogenic electronics have been addressed and solved by both NA48 and the

ATLAS LAr HEC calorimeter (for ~ |0k channels)

® [ntegration of readout (and functional blocks) for a cost effective potential
solution In an application that require likely a much larger number counts of
channels wrt. LHC.

® | imits of operations at very high rates in particular for the forward region

® Potential performance benefit of other (than LAr) liquid nobles (depending
also on the experimental layout and material budget in front)



Summary/Conclusions

® Several technologies In consideration

® Fach requires a robust program of R&D to satisty all
requirements iImposed by an experiment at the FCC

® (Guidel

ines and technology choice will be driven by

physics, by environmental constraints/experimental

layout

® Benefr

and Integration aspects

s from what will be learnt for the HL-LHC

upgrac

® Optim

€S

ization of the detector performance will likely

lead to different technologies for the 4 regions
considered



