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RL-LHC an amazing opportunity

LHC HL-LHC
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HI-LHC challenges

Talk on ATLAS Upgrade by

. . Y. Okumura onJune ¢th
The HL-LHC will have about x3 instantaneous and x10 e _\\\ TLAS

integrated luminosity, requiring detector upgrades to P"eup u&q " @l A
e deal with enhanced pileup interaction and radiation |
damage levels

e improve the experiment for better discovery potential
and measurement precision

EXPERIMENT

\

One such collision every 25 ns at HL-LHC

CMS Experiment at the LHC, CERN
Datarecorded: 2016-Oct-14 09:33:30,044032 GMT
z Run / Event 74.S; 283171 /985092595 /195

~130 vertices

.
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—— \\\\ = N Y N
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Strategy
4D frack and vertex
reconstruction with
! r_ [ . [ i -, S N
A Talk on CMS Upgrade by per-particle precise timing AN
INEN T. Fernandez on June ¢ 4{;3"*53.}
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LLI-Ic challenges '

Physics programme limited by the detectors dielectrons: TOF + RICH

« Use of fiming is a key strategy to %L aomg T
overcome challenges 3 10°E 010%Porb 5 - 502Tey pr>80 MeV ALICE 3
o ope o el ., >0.08 GeVie, |n | <1.1
i |mprovemen1- Of PartICIe IDentIfIcqilon _5810 fa.youtﬂ,nobresttrahlung ;
capabilities is crucial for physics reach Bl i TR =0e - TOFRICH eIy
:5 10% Total hadronic cocktail 3—
T T = R eeeeeee Including CNM for charm with EPS09
10 Light-flavour
25ns ——— ¢C— e'e (PYTHIA fitted to pp) x N,
-0 6.25 ns 1 bb — e*e” (PYTHIA fitted to pp) x N, é
< 10[—3.125 ns ‘ |
g - 900 ps
G _ 500 ps
£ - 300 ps
g - 100 ps
% | S0ps 107, 05 1 15 2 25
E 20 ps Me, (GEV/c?)
(=} ™ °
2 4 This talk: A
/'(/ R&D strategies for PID detectors
1" : . ..
% 95 100 with focus on fiming ' s
A Kaon ID Efficiency / % %! y
.y S > ALICE 3 and LHCb ) e
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The ALICE 3 upgrade

ALICE main goal: access the dynamics of the T —
strongly interacting matter produced in High luminosity forions  HL-LHC

heavy-ion collisions Run 3 Run 4
2022 - 2025 2029 - 2032

ALICE 2.1

upgrade

e Fundamental questions will remain open after

ECAL
RICH

Absorber
Magnet

Muon chambers
FCT

LHC Run 4, demanding for a next heavy-ion
generation experiment

| » Letter of Intent submitted in March 2022 ALICE

TOF CERN-LHCC-2022-009

* Scoping document submission this year / %! ‘!f?,
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The ALICE 3 upgrade

ALICE main goal: access the dynamics of the Ve
strongly interacting matter produced in

heavy-ion collisions 1. Plenary talk by F. Reidt on
- 2.Talk on Heavy lon physics

HL-LHC Higher luminosities for ions \

Absorber
Magnet

by F.Jonas on June 7th

RICH
ALICE 2 - ALICE 3 upgrade )

k upgrade

Muon chambers
FCT

e Fundamental questions will remain open after
LHC Run 4, demanding for a next heavy-ion
generation experiment

e Letter of Intent submitted in March 2022 ALICE

TOF CERN-LHCC-2022-009
Tracker

!
Vertex detector =' Ay

v
. A
--—-—-‘-n
18se
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ALICE main goal: access the dynamics of the
strongly interacting matter produced in
heavy-ion collisions

Early stages

HQ thermalization

Absorber ECAL diffusion
tiGLy EARNI b Magnet RICH Hadronization
FCT
Detector
requirements

TOF
Tracker

Vertex detector

The ALICE 3 detector

Dilepton and photon production and
flow

Heavy flavours correlations and flow

Multi-charm baryons, quarkonia

Pointing resolution:=10 um at 200 MeV/c
Large pseudorapodity coverage: |n | <4
Extensive Particle IDentfification

Tracking relative p;resolution ~1-2%

Forward Conversion Tracker (FCT):
photons with 1 <p; <50 MeV at n >4

ALICE 3 charged PID system
e Time-Of-Flight
* Ring-Imaging Cherenkov

e EM Calorimeter
e Muon ldentifier Detector
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Te ALICE 3 detector

Observable

Early stages Dilepton and photon production and
flow

ALICE main goal: access the dynamics of the
strongly interacting matter produced in
heavy-ion collisions

HQ thermalization Heavy flavours correlations and flow

diffusion
Hadronization Multi-charm baryons, quarkonia
Pointing resolution:=10 um at 200 MeV/c
Large pseudorapodity coverage: |n | <4
De,iedor Extensive Particle IDentification
requirements

Tracking relative p;resolution ~1-2%

Forward Conversion Tracker (FCT):
photons with 1 <p; <50 MeV at n >4

ALICE 3 charged PID system

e Time-Of-Flight
* Ring-Imaging Cherenkov } THIS TALK

I~
A %! 2’4,
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9 ==
1859 ,"
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ALICE 3 TOF implementation

« iTOF & oTOF (barrel)+ 2 forward disks ,f_t_?fi?"':y‘m i X n 7 o

 InnerTOFatR=0.19m, |z| <0.62m T L=

e QuterTOFatR=0.85m, |z| <3.50m , ,

« Forward TOF atz +£3.70m, |[R|<1.0m g e
AN
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e/m separation up to = 500 MeV/c

/K separation up to =2 GeV/c

K/p separation up to =4 GeV/c
separation power « L/oor, — o1oF = 20 pS

ALICE 3 TOF PID

G 4 3 2 X 1 a -1 ) -2 -3 -A’ -4 £
ALICE 3 layout e, ,F"h : . £,

. AA.»»___\-’emion 1 =1 \ 5 ::Z ‘:’:—05 .// /'F 10 a
2 ) : ' 2
&E' =20 il dA ' : ] nm2a |

e ~-»___.__.\>— - ~— , N\ | , ECAL i - . _,,,—v""__"x-__
—;‘*;"—Ji\- : \ \ \ R’k" / / / 1 i _-___-‘_.a-?ﬁ" 1
L i Iy = V_____---q-:m—
m—c g EEE=Ee E s l e
4 3 -4 -5 -8
’G Ll l Ll Ll L L) I L] T L) L I Ll Ll 1 L) I Ll L
= 2
% 10 B — 2.0 T p/K 3o separation
g TOF (inner)
o £ ToF (outen)
10E @ TOF (forward)
1 E
R %% 4
'
i E
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aluminum

Epitaxial layer — p

= substrate — p** K=
AC- pads
dlelectrlc
_ - _
(b)
JTE
Epitaxial layer — p-
= substrate — p** ~

» Timing resolution of ~ 30 ps
demonstrated with 50 pm up
to (1-2)10"° 1-MeV-neg/cm?

» thinner LGADs produced by
different manifacturers

ALICE 3 TOF R&D

SiPM

quenching
top metal registor

p -epi-layer

)}

C p**-Substrate

b))
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aluminum

Epitaxial layer — p

= substrate — p** ;=
AC- pads
dlelectrlc
_ - _
(b)
JTE
Epitaxial layer — p-
= substrate — p** =

ALICE 3 TOF R&D

SiPM

quenching

top metal registor
oxide g g
l npl

p -epi-layer

)}

C p**-Substrate

b))
(

simulations show that with
25 pm thickness an
intrinsic time resolution of
20 ps is feasible
— first results from test
beam

characterisation of SPADs/SiPMs
— first results from test beam
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R&D for the addition of a
gain layer
— extensive activities of
sensor simulation and design
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ALICE 3 TOF R&D: LGADs

Garfield++ simulation k

__ 50
2 ~+-50um
3] --25um
40 »
--25um,
Single LGAD
30 i ———— — — —
Single LGAD
20 * * * 9
///./ " Double LGAD 1
10
0
0 10 20 30 40 50 60
CFD(signal %)
. =2 Improved performance for thinner LGADs o -
/‘ & :""
INEN o ()
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ALICE 3 TOF R&D: LGADS

Garfield++ simulation k DIGITL
=0 | OSCILLOSCOPE
a ~-Shuh READOUT

o LeCroy WaveRunner
° a0 | ~*-Sun 9404M-MS (4 GHz)
-25um, Sampling rate: 20 GS/s
Single LGAD ‘
30 L o — 0\_’
. i
Single LGAD CAEN p_owe?
A7 1 t t t Bisupply__
/// Double LGAD | :
10
| ‘§ = L
0 vt 3 F
0 10 20 30 40 50 60 ? CERNPS |

CFD(signal %)

- = Improved performance for thinner LGADs

C $. Bufalino -On-detector particle identification at the HI-LHC



TESTED LGADs & ELECTRONICS

First very thin LGAD prototypes
produced by FBK

25 pym and 35 pm -thick
FBK single channel

Area = 1x1 mm?2

Standard sensors produced by HPK |

50 um -thick HPK

single channel

(W42 & W36 with different
doping concentrations)

Area = 1.3x1.3 mm?

- .

DIGITAL
OSCILLOSCOPE

READOUT
LeCroy WaveRunner
9404M-MS (4 GHz)

]

? CERN PS |

Sampling rate: 20 GS/s P supply

B!
‘Z1 00 power

Four aligned LGAD-boards | /
x.

\
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Single and double LGADs

Single back

25 um

o)
O

N
(@)

Time Resolution (ps)
w N
(@)] (@]

e Double 25 um
e Single 25 um Back
» Single 25 um Front

N
&)

35 um
e Double 35 pm
e Single 35 pm Back
» Single 35 pm Front

double Single front

Different G between single
LGADs of the couple

W
(&)

Different G between single
LGADs of the couple

Time Resolution (ps)
N
(@)

30 30 < >
25 Seo 25 ~~~~~ SSea
20 { .
- 15
10 20 30 40 50 60 ' 70 10 20 30 10
Gain .
Gain
Single LGADs: comparable time resolution for a similar gain
Better time resolution for a double-LGAD in respect to single ones . &
i RN
~0) (~15% for 25 um & 24% for 35 um) A AY
INEN 17 o
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ARCADIA pad sensor

HV,. >0

nwell

High Resistivity Si
HVBackside < 0

pwell

ARCADIA pad sensor with gain

| Gain layer |
n-epi nwell
\
deep
pwell
High Resistivity Si

ALICE 3 TOF R&D: CMOS- LGAD

el o ONe extra mask to implant the gain layer
» CMOS electronics in the pixel area
» Trade-off between electronics in pixel and timing
* AC coupling between sensor and electronics

Process: modified LFoundry CMOS 110nm with 3 different active thicknesses
50um, 100um and 200 um
Process add-on: gain layer implantation with moderate gain

4 g{ ‘:%
5 {%&f:

use 8¢
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ALICE 3 TOF R&D: CMOS- LGAD

ARCADIA pad sensor ARCADIA pad sensor with gain Garfield++ simulation k
HV,. >0

a2.5 1 50um active thickness
40.0
n-epi nwell pwell
\ 37.5
deep
pwell —e— sensor thickness = 50 um, gain=15, noise = 150 ENC
g =10 —a&— sensor thickness = 50 um, gain=15, noise = 0 ENC
5 —a— sensor thickness = 25 um, gain=27, noise = 150 ENC
25 —e— sensor thickness = 25 um, gain=18, noise = 150 ENC
High Resistivity Si High Resistivity Si
30.0 1

25um active thickness

25.0 1 :

10 20 30 40 50 60
CFD(%)

HVBackside < 0

« Forimproved timing resolution, the active thickness o ,
can be easily changed with customized substrates Infrinsic fiming resolution
« No need to change masks for the first run just— “fast Opistortion INA OLandau noise

track” option
i Transfer function: integrated amplifier

| /ggj designed by micro-electronics expert . .3 “’-:',’
INgH ER e
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First prototype with integrated electronics and

gain layer produced by ¢
LFoundry in 110 nm commercial CMOS Process In bea(léncr:rI\EeRﬂs:;emen

MadPix LGAD
(DUT) (Trigger reference)

' A2 Iayout at 3OV |

Area 0.02263 +0.00008

Active thickness: 48 ym

GSigma 0.1115 £0.0016

Normalized Entries
O
O
w
(@)

llllllllllIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

e Presence of deep-p-wells hosting the front-end 20.025 P
. ' ¥ A2 layout at 45V

electronics 0.028 | | — P

* Backside HV allows full depletion -25 V 1o -40 V oot5- | % o et 3463/ 156

. . ! Width 0.1411+0.0012

i TOpSIde HV manages the gdin 30Vio 50V 0.01 f MP 1.254 0.001

' N Area 0.02245 + 0.00007

| 0.005F # GSigma  0.2069 +0.0028
e vt AN . '
- 00 0.5 1 1.5 2 25 3 35 4 u*i;gu%
Charge [fC] 20 "-;'”""‘:'

INEN
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First prototype with integrated electronics and
gain layer produced by

LFoundry in 110 nm commercial CMOS Process 00.045——
= - )
= E 004 |}
L — i }
20.035  { '%
= 003t 1 | MadPix LGAD
£ FE [ Tri f
S S (DUT) (Trigger reference)
20.025 1 4 [Sowne  virozuwie
= i Y A2 layout at 45V
0.02 = , Entries 123526
- ! t 2/ ndf 346.3/156
0‘0155_ f' " Width 0.1411+0.0012
Active thickness: 48 ym 0.01 | e
e Presence of deep-p-wells hosting the front-end 0,0053_.,.:' GSigma 02069 00028
. 3 35 4

o LI
o
()
—_
N
ol
N
N
()

electronics
e Backside HV allows full depletion -25V to -40 V

e Topside HVY manages the gain 30 V to 50 V

Charge [fC]
Measured gain lower than expected

New monolithic devices with higher gain ‘
! . ol
K to be tested this year A AY
INEN 1 Ko ot
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T
ALICE 3 RICH implementation

& 5 4 3 2 -1 -2 -3 -4 -4 £
ALICE 3 layout e =05 10
Version 1 N / i
~ K uc. y 7 s

Extend charged PID beyond TOF limits \ m}u 7 e

- T[/K Up TO =~ ]O GeV/C f— -\_\-\-\ \\ \ ::Z:; / / ’// = " _____4-—2‘:"1

-K/p up to= 16 GeV/ '.L‘Zi;’; = W=
PP C el B T e

-2 -3 -4 -5 -5

’6\ L DL L L L L 16
S 102L p/K 3o separation - N
8 F B=20T (=] TOF (innen) E 14 Aerogel, n=1.03-en
-~ [ %gimgm) =] 5 mr d =Pk
Q'_ - 7] RICH (barrel) 1 12 g=1. a ——K/p
10E =] RICH (forward) 3 z-
: &' 1 (barrel)+ 2 disks
it 4{§°¢ e Barrel RICHat R=0.90m, |z| <3.50 m
3 : . * Forward RICH at
ol 1%, 3.75<|z|<4.15m, |R| <1.15m
5 SO S Y™ . S s i = e Silicon Photomultipliers (SiPMs)
10-2F 5 0
0:2';1 0 1 2 3 45 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
fi - particle momentum [GeV/c] i}i s,’
=AY
o ATy
'NﬁN 22 ““:ss .:"
-
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T
—_— ALICE 3 RICH R&D

Extend charged PID beyond TOF limits R&D challenges
-e/mup to=2 GeV/c e Projective bRICH to improve coverage at large
-m/K up to =10 GeV/c | n | while saving on overall photosensitive area
-K/pup to=16 GeV/c e Merged oTOF+bRICH system using a common
SIPM layer coupled to a thin radiator window
D L B e S B B R B 16 §
§ CEB=20T S or i | Aerogel, n =1.03 B
== || T2
; ] %m \, 1 (barrel)+ 2 disks
ik {188 | * Barrel RICH at R=0.90m, [z| <3.50 m
3 36 | e Forward RICH at
ok | 3.75<|z|<4.15m, |R| <1.15m
3 A .0 s, s = « Silicon Photomultipliers (SiPMs)

01 2 3 45 6 7 8 9 1011 12 13 14 15 16 17 18 19 20

particle momentum [GeV/c] s &) ~
A n a g_".‘?,
INEN 23 E= oS
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Reflection

Cluster f

T

MIP timing using bRICH SiPMs

Principle of operation
* Infroduction of Cherenkov radiator coupled

Charged track

RICH [ ]

radiator

TOF
window

Expansion
gap

A\\Y

B - to SIPM layer
ragistor @ US€ SIPM clusters due to radiator photons for
MIP timing
Gas
1| SiPM
layer
>

Charged
particle

Cherenkov
photons

/A
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MIP timing using bRICH SiPM

Principle of operation
. * Infroduction of Cherenkov radiator coupled
B SiPMs to SIPM layer
radisor @ US€ SIPM clusters due to radiator photons for
MIP timing

Reflection Cluster f

Charged track Gas

Radiator choice

Use high refractive index material to minimize
Cherenkov thresholds and to enhance both
photon yield and spread

TOF []] SiPM
window layer

RICH [ | Expansion
radiator gap

A\\Y

1 mm SiO, (n=1.47) + 0.45 mm epoxy resin (n=1.55), 1x1 mm? SiPMs

Charged B/ MIP at O u I MIP at 50

particle incidence B | incidence
Cherenkov i
photons 5
Assuming PDE of S13360-**50CS SiPMs at recommended overvoltage N
P [ | il A..»A"
INEN o5 M.
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t

Beam tes
MIP timing using bRICH SlPMs

Available FBK NUV-HD-RH SiPM with different protection layers:

e Silicone Resin T mm (SR1) (n=1.5) 8ci

e Silicone Resin 1.5 mm (SR15) , beam
« Epoxy Resin 1 mm (ER1) (n=1.53) By B -

e Without resin (WR) - g | LGADW (| [ HLGAD

e Customized FE with 40 dB amplification SiPM SiPM  (t,)

" "( \\
INEN e el
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Peam te

MIP timing using bRICH SiPMs

Available FBK NUV-HD-RH SiPM with different protection layers:
e Silicone Resin 1 mm (SR1) (n=1.5)
e Silicone Resin 1.5 mm (SR15)

e Epoxy Resin 1 mm (ER1) (n=1.53)

* With

out resin (WR)

e Customized FE with 40 dB amplification

a

E

r

<

function of the numlber of fired SPADs,

N

xploiting Cherenkov radiafion in the
protection layer
the time resolution improves as a

eaching 20 ps for six or more SPADs/

INEN

Time resolution (ps)

100

904
80+
70+
601
501
40+
301
201
10+

0

n fired SPADs
Eur. Phys. J. Plus 138, 788 (2023)
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Test beam in Oct 2023 at CERN PS
Aerogel radiator by Aerogel Factory LTD (Japan)
8x8 SIPM matrices from HPK and FBK, various pixel sizes

Different radiator windows coupled to SiPM to test
TOF+RICH integrated concept

$. Bufalino -On-detector particle identification at the HI-LHC
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SiPM with radiator window

Cherenkov angle of pions and protons

LI B S B N L LN L N B B B B B

ge] E 5
© 900 =
‘é F  Beam:+8GeV/c Entries 16153 o
800 —e— Data ) -

o E Data bkg Pion Norm 874.7 £12.1 3
Z 700 ——Fit Pion Mean 241200
%] - Pion Sigma  4.061+0.038
2 600 -
..E - Prot Norm 585.1+10.4
@ 500 Prot Mean 210.8+0.1 —
— = 3
o 400 E Prot Sigma  3.765+0.046
8 - Bkg Norm 0.1042+£0.0033
£ 300f— =
S E _ 3
Z 200F Preliminary 3
100~ ALICE 3 study 3
oF =

160 180 200 220 240 260 280 300 320 340
Single hit angle [mrad]

= 300 B L LA e o B
= - PRELIMINARY 1
Test beam in Oct 2023 at CERN PS : L. :
Aerogel radiator by Aerogel Factory LTD (Japan) S - ]
8x8 SIPM matrices from HPK and FBK, various pixel sizes E 150
Different radiator windows coupled to SiPM fo test oof -, ]
TOF+RICH integrated concept i e .
| SOEA*M*"“‘.:@..éépS_ PR
/‘) e I R 'f"’so' N ‘@%
INF Number of photoelectrons _9 "'T.',;",'g"
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The ultimate flavour physics experiment at the HL-LHC ERYSIoN  aae

LHCb Upgrade Il LHCb
UPGRADE I

ECAL
5m ;nnadg&e;gnet TORCH  neutron 3 M4 M
stations shielding m2 -
RICH1 mighty RICH2 v Technical Design Report
upstrea ‘{:f(;ke; \\
........ tracker \ D,’ \\ LHCC-2018-027 LHCC-2021-012

~+ Installation of a new time of flight detector (TORCH)
Lo » No more hadron calorimeter

-« Addition of timing information to cope with increased
Y detector occupancy

* Physics programme relies on good PID: need to add

7 timing to the Cherenkov photons (RICH Upgrade)

vertex 71
IocatorJ

i R R
29 A=A
INEN 30\
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Ll-lcbhase [l Upgrades:
PID detectors

The ultimate flavour physics experiment at the HL-LHC

TORCH

= |arge area time of flight detector to provide PID in
the GeV/c momentum range

= Exploit prompt production of Cherenkov light in

ECAL . : . . .
5m andmagnet  TORCH neutron a M5 a quartz radiator plate to provide a fast timing signal.
stations shielding M2 ] )
RICHL mignty TO12 = Aim for aresolution of 10-15 ps per track

tracker
\r i3

= ol

upstrear
........ tracker ¢

\/ RICH Detectors
\ = Current detectors would have 100%

.............. ; occupancy
B = Three-fold plan:

=  Adjust optics

= Finer segmentation

= Shift sensitivity towards green

= Possible time resolution of ~ 100 ps .
N

ar o W
0 |
1859
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LHCb Phase Il Upgrades:

PID detectors

The ultimate flavour physics experiment at the HL-LHC

t ECAL
magne
andgmagnet TORCH  neutron

g shleldlngMzM B
stations RICH? < g

5m

See talk on LHCb Upgrade
by E Niel on June éth

R A A I N

TORCH

= |arge area time of flight detector to provide PID in
the GeV/c momentum range

= Exploit prompt production of Cherenkov light in

a quartz radiator plate to provide a fast timing signal.
= Aim for a resolution of 10-15 ps per track

RICH Detectors

= Current detectors would have 100%
occupancy
= Three-fold plan:
=  Adjust optics
= Finer segmentation
= Shift sensitivity towards green
= Possible time resolution of ~ 100 ps
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Time distribution of photon hits Current PID performance will be maintained if o; < 100 ps
within 25 ns shows clear Cherenkov Assumes precise knowledge of PV time for reconstruction
peak signal — Info provided by the VELO
8 Plot from simulation T T T T
10 E I T T 3 | 200 ps N
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Need photodetectors with smaller
pixel size ~ Tmm?2

Need time resolution better than 100 ps

truns | Sensor | WEWCCR BUEARo-QUILIIRIRbey  Backend
2023 beam tests| _Sensor m picoTDC ?,féi;:;\',iﬂk Back-end
hoFuns | Spnser e gy cntalink Selepe i)
HLHE AunS | e, | — [ Rt = Sockone

The test beam campaign focuses on the
development and testing of prototype readout
chains with fast- timing information.
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Exploits prompt production of Cherenkov
light in quartz bars

Cherenkov photons fravel to detector
plane via total internal reflection

MCP used as photodetector

Provide PID below 15 GeV/c

6, = 0.45rad

2.5m

The LHCb TORCH

Test beam at CERN PS

half-scale (660 x1250 x10 mm3) TORCH
demonstrator module
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The LHCb TORCH

Test beam at CERN PS

half-scale (660 x1250 x10 mm3) TORCH
demonstrator module

Timing resolution is approaching
70 ps/photon for beam entry position
close to the MCP-PMT (red line)
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Summary

= High luminosity running presents many challenges for experiments
= Exciting physics cases under study and PID detectors are cucial

= Use of timing also for PID is a key strategy to overcome challenges

= ALICE 3
= robuts R&D for TOF measurement with 20 ps resolution
= pbreakthrough concept of TOF measurements using bRICH

= LHCb
= RICH and TORCH: R&Ds are ongoing for detector designs and next-generation
technologies
= the picosecond time information will add a new dimension to the experiment
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