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INTRODUCTION



THE TIMING FRONTIER FOR NEwW PHYSICS

Priority Research Direction (PRD)

PRD 1: Enhance calorimetry energy resolution for precision

, both in the tracker and

calorimeter, isa major technical frontier for electroweak mass and missing-energy measurements
roducing new phvsics at a future collider PRD 2: Advance calorimetry with spatial and timing resolu-
p 8 phy : tion and radiation hardness to master high-rate environments

PRD 3: Develop ultrafast media to improve background rejec-
. L. tion in calorimeters and improve particle identification
Precision timing technology must also be able to

TR 1.3.1: Jet resolution: 4% particle
TR 1.3: flow jet energy resolution

: ) - ' TR 1.3.2: High granularity: EM cells of
Future COlllder Condltlons [1’ 2] Calorimetry 0.5 x 0.5 (:1112, hadronic cells of 1 x 1 cm?

for ete™

withstand extreme conditions!

TR 1.3.3: EM resolution : o5/E = 10%/VE @ 1%
° Plle_up (PU)~ ~ 1000 TR 1.3.4: Per shower timing resolution of 10 ps
TR 1.4: Generally same as eTe— (TR 1.3) except
s g . TR 1.4.1: Radiation tolerant to 4 (5000) MGy and
« Radiation: > 10'® n.q/cm? Calorimetry 3 1006 (5 % 1019 nefems (5000) MGy anc
for . : i

in endcap (forward) electromagnetic calorimeter

100 TeV pp TR 1.4.2: Per shower timing resolution of 5 ps

o Psuedorapidity: |n| < 6

PRDs and Technical Requirements (TR) from the 2020 HEP BRN.

o Angular Resolution: 10 mrad separation
between jets
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HNICAL REQUIREMENTS FOR NEW PHYSICS

FCC-hh CDR Vol3

. L 4
Picosecond Timing 10" Emiean Zro00(140) srocromm:
FCC(CMS) z

pT=1 GeV/c, no timing

p.=1GeV/c, 3t=25ps

p,=1GeVIc, 8t=5ps
pT:SGeV/c, no timing /

o Timing is an extremely powerful tool for

—
o
w

resolving pileup.

o
X
Q 2 o
« A 100 TeV pp requires for effective 3 10 . ZT;;O;ZV::T’GZ"\;',?”O iming|
PU ~ 1 fOI' 1 Gev at GZ) 10 i ° CMS ph2: p =1GeV/c, 5t=25ps /
. for PU ~ 1 for 1 GeV at é
L 1 E

e

—
Q

107277

The effective pile-up reduction for various timing resolutions
and momenta for the FCC-hh.
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NEw PHYSICS MOVES FORWARD

» As CoM energy increases, many new physics signals .
shift into the forward region z 061 ey
i 04F 100 TeV
« Need to separate showers separate by < O(1°) and ﬁ_
reject backgrounds at the same time [3]. SS 02
8]
o Pushes calorimeter designs to very ~ 00 L L + :

high-granularity [4]. s

Example psuedorapidity distributions for Higgs vector

Angular Resolution
boson fusion at the FCC-hh d to the LHC [5].
100 TeV pp requires (A7, A¢) of for ECal, oronfustomathe compared (o the LHC (3

for HCal

o Pushes calorimeter designs to high-granularity,
5 x 5 mm? for ECal, 1 — 3 cm? for HCal =>
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As part of the , we have developed and beam-tested a new
5D calorimeter technology utilizing emission to
provide:

1. Picosecond timing of high-energy showers.
2. Calorimetry.

3. Sub-millimeter and millimeter spatial resolution.

while simultaneously being commercial-oft-the-shelf (COTS), relatively low-cost, and extremely
rad-hard.
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OVERVIEW

Introduction

Askaryan Effect
T-530: Askaryan Calorimeter Experiment
5D Askaryan Calorimeters for Future Colliders

References
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ASKARYAN EFFECT



ASKARYAN EMISSION

o In dense media, EM showers develop a 10-20%

compact negative charge excess on the shower
front (e~ preferentially upscattered into shower,
e™ annihilated). Typically mm-thick.

small wavelengths
Mdesnuwvely
+ Atwavelengths larger than the size of the charge
excess, the Cherenkov from individual particles "
cannot be resolved and is observed as a large wavelengths

add constructively (
w/ Q ~ Nexcess€ ~ 0.2Nghowere

o For typical media, this coherence extends up to
>10 GHz - the emission from all the particles in
the shower is adding constructively.

o This is
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EXPERIMENTAL VALIDATION OF THE ASKARYAN EFFECT

First theorized by G. Ask 1962 Top ViEw ‘ABSORBER

i i i BURIED DIPOLES ABSORBER

irst theorize Y. . Askaryan in s / ROPAES /

and first detected in 2001 by Gorham & -+

Saltzberg [6], Askaryan radiation since 0.6m {%

been directly measured in ice [7], salt [8], —
air [9], and alumina [10] up to
E ~ 3 x 10" eV with both e~ and 7y using
SLAC’s ESA (T460, T464, T486, T530). A

l

\POLYF’RO.
FACE

MEASUREMENT HORN (MOVABLE)

| 36m
SIDE VIEW BACKGROUND HORN%
o SILICA SAND (3.6 tons)
0.6m v
—_—_— {=
| D@ E.M. SHOWER

"~ MICROWAVE ABS. —
ELECTRON BEAMPIPE

< TODUMP ~15m
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ASKARYAN CALORIMETRY

shower depth (radiation lengths)
10 20

L B B A1) B A1) B R = N T T T T T
. i 1 % — Ty
Askaryan emission 102 ¢ T Yeaot 1%
- F 1 , ,~ 1 s
is directly 5 10F 1 3 I : 155
; S E S H < |-t
proportional to 5 L 1 Tewl s
shower energyie. a ¢ E G * {2
- 0 E E 2 [ o 2 4 A %
6 E E ?")’ L time (ns) 58
3 0.01 4 B 3
. E El g L 5
Validated across >8 o 2 i<
. 2 90 4 0 I £
orders of magnitude 3 I —
. . > [ b 5 or o
o 104 - c cle v b b v b e Ly
m energy Wlth no ‘\é E % 6] 100 200 300 400
ObSCrVed saturation g 10-5 ;f ﬁ; distance along shower axis (cm)
< E 3
- i © E ] .
extreme dynamic 106 b 1 The field tracks the shower evolution
E /D 3
range. 10 Loy | | | ] and produces an extremely
ELLu L L L ool H
10's 10 107 10'®  10%® broadband (impulsive)
electromagnetic cascade energy (eV) signal [11,12].
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USE IN UHE NEUTRINO EXPERIMENTS

Askaryan emission is the
primary method for detecting
UHE neutrinos

(E, > 10" eV) via
radio-emission from
neutrino-induced showers in
the Antarctic ice with

ARA [13], ARIANNA [14],
and ANITA [15].

This allows these neutrino
experiments to instrument up

to
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SE IN UHE NEUTRINO EXPERIMENTS

Askaryan emission is the
primary method for detecting
UHE neutrinos

(E, > 10" eV) via
radio-emission from
neutrino-induced showers in
the Antarctic ice with

ARA [13], ARIANNA [14],
and ANITA [15].

\S
JIM Detection of ultrahigh-energy neutrinos in ARA

V  Amundsen-scott
ARA station o South Pole Staion

fmisom) o

O Interaction Vertex

This allows these neutrino e

experiments to instrument up

to

ACE - Snowmass "21 IF06, October 2020 R. Prechelt (prechelt@hawaii.edu) 10/53



USE IN UHE NEUTRINO EXPERIMENTS

autonomous station

Ross ice shelf (Antarctica)

-

radio-emission from

Askaryan emission is the il -

) ) u neutrino target l ¢
primary method for detecting me
UHE neutrinos L\ é .
(E, > 10" eV) via :

neutrino-induced showers in
the Antarctic ice with

ARA [13], ARIANNA [14],
and ANITA [15].

ARA station

This allows these neutrino e

experiments to instrument up

to
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T-530: ASKARYAN CALORIMETER
EXPERIMENT



ASKARYAN CHERENKOV ELEMENTS

o We use standard WR51 (12.6mm x 6.3mm) copper waveguides .
loaded with alumina bars (AL, O3). 1 H

o Askaryan (microwave Cherenkov) from a shower moving through the
waveguide is coupled into the TE;o mode (5-8 GHz) and propagates
to each end. '

o We amplify the ns-scale pulse with COTS low-noise amplifiers
(LNAs) and sample with high-bandwidth digitizers.

energy via the coupled Askaryan emission and provides a precise time
of arrival!

. Three ACEv3 elements in their test frame along with three .

o The measured waveform is a direct measurement of the shower ' H '
g
COTS LNAs. \\
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ALUMINA

Alumina is a material for this application:
o Extremely dielectric (tan § < 3 x 107° for commercial products).
 High microwave ;1 ~ 3.15 => low threshold for Cherenkov production.
o Extremely - has been tested up to ~ 10* nq/cm? and >107 Gy/s (for potential use in

fusion reactors [16] - no permanent change in dielectric properties after irradiation under
FCC-hh forward calorimeter conditions.

 Annual production > 120M tonnes with a diverse array of commercial uses - supply will not be
an issue and keeps

o Very (e ~0.02) so not a significant contributor to thermal noise.

Only (available) material better than alumina is sapphire (which has cost and production
complications).
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TAMM THEORY FOR BOUNDED DIELECTRICS

Tamm Theory, 100 é x 12.16 GeV/e shower

o Frank-Tamm theory for finite-track optical —— ACE Signal photons per puise
Cherenkov radiation can be used to analytically ol e ::g:z: proonsper e | |
calculate the emitted power but must be modified — Thermal Noise photons, T, ,~18K
for dielectrics bounded by conductors [10]. —— Thermal Nolse photons, Tys=3K

o ... but ACE elements are true I ACBSNH”’;
=» geometric E&M (i.e. photon counting) not g ——
completely valid => requires é

o \
o'k ACE3: SNR = 0.8 1

o Despite that, Tamm signal strength estimates
(Figure) agree well with experimental data - .
however, Tamm theory cannot reconstruct the 100 . . . . .

5 55 6 6.5 7 7.5 8

time-domain behaviour of the waveforms. .
requency, GHz

The photon spectrum of three consecutive ACE elements
sampling an electron-induced shower compared to the
thermal photon spectrum according to Tamm theory.
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CusTOM GEANT4 ELECTROMAGNETIC INTERFACE

total charge in ACE
. - requires a combined simulation

of the shower development (individual tracks) with time-domain
relativistic E&M solvers such as finite-difference time-domain
(FDTD) methods.

o We have built a Geant4-FDTD bridge to accurately simulate the
response of ACE elements using commercial FDTD solvers.

FDTD simulation, ACE1, 100 e- x 12.16 GeV/e- electron shower

20 1

microvolts into 50 2 load
o

201 4

L
0 2 4 6 8 10 12 14 16 18 20

time,
ACE - Snowmass "21 IF06, October 2020 ime. ns R. Prechelt (prechelt@hawaii.edu)
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Cherenkov angle: ~70°
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EXPERIMENTAL VALIDATION

To validate this concept, we have performed three extensive beam-tests at SLAC’s ESTB A as part of
the T-530 experiment:

o ACEv1 (2015) [10]
« First generation waveguide designed (COTS) w/ LN, cooling.
o ~20 K noise-figure (NF) cryo-LNAs and standard RF oscilloscopes.
o First measurement of Askaryan effect in bounded dielectrics w/ detailed studies using a commercial
calorimeter.
o ACEv2 (2016)
« Second generation waveguide design to explore smaller form factors.
o ACEv3 (2018)
o New third-generation waveguide design w/ timing studies in LHe.
e ~4 KNF cryo-LNAs.
« Experimental focus on lowering energy threshold.
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THERMAL NOISE -> ENERGY THRESHOLD

o In radio & microwave, -> all EM modes are “pre-loaded” with

thermal photons.

o Due to the low emissivity of alumina, the primary contributor to the system temperature is the

o The best COTS LNAs (today) achieve ~30 K of noise at room temperature, ~10 K in LN,/LAr,
and ~2 Kin LHe.

To explore the full range of performance offered by the ACE concept, we performed our beam tests

at room temperature, in LN,, and in LHe.
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ACEv3 (2018) Beam Test

Waveguides
shorted

to oscilloscopes

~4 RL (1.5cm)
Tungsten

I -
<10°~12GeVe-

i
ﬂ
J

-y Gy

W,

3x LNAs

LHe Dewar

3 ACE Elements in Frame



CE3 ELEMENTS OUTSIDE DEWAR

)
=

F,
ln
1
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ACE WAVEFORMS

0.2
To reduce digitizer count, 0 Q W Y‘\ I“Lnf"“ﬂ . 1
. S 0 A et bl oot
ACE elements in T-530 were Z o “ ‘ A "1“"’ ! i i
shorted at one end - 02 | [=daitonal ispersion |
. . 0 5 LY 16 |due to propagation 5
waveform is sum of primary 02 and reflection H
and reflected Askaryan 2 ]
. 5 0 ‘I M’“ i “J“ 1‘1"|"|“\’l‘ﬂfl’ﬂ;‘-\ww\4{(rr-\v‘mi\‘ll‘h'/-wd\«w»vm~\\u<wmur
signals. > ol I ' |
ACE elements could operate % 5 i [ 20 25
0.2 T
in this configuration to o |
reduce cost and system % 0 4’ N‘WM “‘N‘""‘J"rﬂm T e
complexity but with a higher -0} ]
. . . Primary signal
risk of overlapping signals. propagates directly 10 15 26 25
to output time, ns
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ENERGY THRESHOLD (“LEAST-COUNT ENERGY”)

The primary energy threshold is strongly determined by the (and
B 2, 0.3 required for Cherenkov production).

We define the least-count energy, Ew,, as the shower energy required for a above
thermal noise.

For a single ACE waveguide, the measured least-count energy in T-530 was 200-400 GeV
depending upon the cooling of the LNA.

However, the least-count energy scales with the number of elements, 1/1/Nge; for N=6, (a
reasonable number of elements for a single shower), this gives

will directly translate into a lower least-count energy.

While this threshold makes Askaryan elements unsuitable for current energy scales, a future 100

TeV pp collider (like FCC-hh), will produce many showers with energies above ~ 100 GeV.
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ENERGY RESOLUTION

The energy resolution of ACE elements is

also strongly limited by thermal noise - in
T-530, resolution was dominated by the 1/E
electronics term.

For a single prototype ACE waveguide in the
T-530 configuration, we observed

200 GeV 1
9E o3 (22 2EV ) )
E E Niet

with a constant term consistent with 0 in all
our beam-tests up to >6 TeV (limited by
commercial calorimeter).

Stochastic term negligible in T-530 w/ ~4
RL of tungsten for pre-shower.

ACE - Snowmass "21 IF06, October 2020

Single ACE element estimated energy resolution

0.1

30

25

$ data

Fit: aE% + b + c/E,
. a=001+0025
b =0 (fixed at bound)

b, (=

near T530 threshold

events per bin
7

AE/E =212 GeV/ 1420 GeV
— 15% energy resolution

Shower energy, TeV

1118

[
0 1000 2000 3000 4000

ACE chl Energy, GeV

R. Prechelt (prechelt@hawaii.edu)

5000 6000

22/53



EXTRACTING TIMING INFORMATION

N =417 beam electrons, Shower energy= 5074 GeV, Dual-peak cross-correlation
20

o This is o s 1w
T &
- ACE elements record the full g° & 0
. . . > 5 -10
time-domain electric field as the shower o
-20
transits the waveguide. 20 00 10 0 5 0 5 10 15
time, ns lag, ns
20
o ACE measures the 10
o 5 L 10
) ) 5o
(i.e. an LTI system). s . S
o Cross-correlating separate ACE e 20
-20 -10 0 10 -10 -5 0 5 10 15
elements, or individual elements with time, ns lag, ns
. . . 20
the waveguide impulse response, gives 10
> 5 _ 10
an > 8
g ° Lo
for the shower centroid. S s S 1
-10 20
-20 -10 0 10 -10 -5 0 5 10 15
time, ns lag, ns
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EXTRACTING TIMING INFORMATION

o Using a template, cross-correlation
can extract accurate timing
information even at
The (4 GHz) and
(6 GHz)
both contribute to the timing
precision available from these
elements.

The extraction of the
arrival time of a near-threshold
shower in each of the three ACE
elements in ACEv3 (2018) using a
CCF template.

ACE - Snowmass "21 IF06, October 2020

run276 event3 230ct2018

[=——ACEch1]

WWMWMM

50 45 -4 -3
ume ns

volts

001
ACE ch 2

0.005
2
5 0
E

-0.005 -

-40 30 25

time, ns

ACEch3!

-50 -45 -40 -35 30 -25
time, ns

R. Prechelt (prechelt@hawaii.edu)
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CCF/o
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ch 2 xcor]

lag, ns
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TIMING RESOLUTION

ACE channel-to-channel cross-correlation relative timing delays

o ACEvl tests (2015) achieved 150 ‘ ‘ :

time resolution per waveguide using our A

Gaussian fit;

. The width of the
channel-to-channel delay distribution

100 T T T

from these measurements is the

convolution of the intrinsic timing

. . 50 q
resolution of each waveguide =>

includes a factor ~ /2 on per-element

events per picosecond
N
=

resolution. o2 20 10

=)

vl

« The figure also includes /I

=> our first 50 1
tests are approaching limits of
high-bandwidth RF digitizers! 30 20 10 0 10 20 20

delay, picoseconds
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TiMING IMPROVES AS SHOWER ENERGY INCREASES

Epe <E<15E, 15E, <E<2E,

o Timing resolution
0=385 =28
. g .
no evidence of timing resolution g 30 30
saturation in experimental data up £ 20 20
[
to energies well above FCC-hh. 3 10 10
. A single ACEv3 waveguide 0 0
. . -10 0 10 -10 0 10
in T-530 achieved
2E!hrSESaElhr EZ3E""
« Best digitizer technology (today) £
achieves 20-50 fs of sampling jitter 8
- current fundamental limit on 2
(]
timing resolution for ACE 3
elements.
-10 0 10 -10 0 10
event time, ps event time, ps
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SPATIAL RESOLUTION

. . . - :gg :2 Transverse beam scan D_sdsconyolvsd response function
o The relative timing of the waveforms 04 50mm ' \ \ : | !
i aEXaH]
at each end measures the location of 2 02 bodo | o
. ° (A ol
the shower centroid along the long g, of X
axis => position measurement much g L
© 0.2 distance from WG axis,mm

« For a nominal 1 m long ACE “ “ - - d - -
waveguide,

. This improves to

transverse position, mm

« With multiple elements, the

transverse waveguide response gives

-40 -39 -38 -37 -36 -35
time, ns

a measurement smaller than the
A transverse scan of an ACE element across the beam showing the expected TE;o

WaVegUIde width response function.
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DyNAMIC RANGE & LINEARITY => MULTIPLE SHOWER RESOLUTION

Dynamic Range

o ACE elements are
- no separate readout
period/dead time.

o The dynamic range of ACE elements is
limited only by the RF electronics (primarily,
the LNAs IP3 & P1dB).

. with current COTS electronics
=> will cover

ACE - Snowmass "21 IF06, October 2020

R. Prechelt (prechelt@hawaii.edu)

Reconstructing Multiple Showers

o With high-dynamic range & high-linearity,
ACE elements can reconstruct
(as long as they transit
the waveguide in different locations) => they
act as calorimeter with much

28/53



T-530 SUMMARY

With our off-the-shelf prototype elements, we have experimentally demonstrated as part of T-530:

1. 1-3 ps timing for showers with E 2> 200 — 400 GeV per waveguide.
2. ~20% energy resolution for E ~ 200 — 400 GeV per waveguide.
3. Ay ~ 100 — 300 pm, Ax ~ 3 — 5 mm at E ~ 200 — 400 GeV per waveguide.

... all of which improve strongly with E, Nge, and Tgy!
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LARGE PARAMETER SPACE AVAILABLE TO EXPLORE

There is still phase space to explore that could further improve ACE detector elements,
including:
o Square waveguides support two orthogonal polarizations (more signals to cross-correlate) and
lower intrinsic ohmic losses => automatic factor of in threshold and energy, time, and

position resolution.

o Alternative waveguide sizes can probe different parts of the Askaryan spectrum and could be
optimized for specific detector implementations.

« Improved LNAs - LNAs with 50% lower noise temperature have already become commercially
available since our 2018 beam test => direct improvement to ACE performance.

o Alternative digitizer designs and configurations to reduce RF system cost.
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5D ASKARYAN CALORIMETERS FOR
FUTURE COLLIDERS



AN ACE TIMING/CALORIMETER LAYER

14.3mm WR51 waveguide

1
o A baseline Askaryan timing layer is i
i

nominally 3-6 waveguides deep with offsets c e I I !
between each layer. -
8.2mm 6.1x12.3mm 15
« Total thickness is ~50 mm = 1.4 X, (few % of

FCC-hh baseline ECal depth)

49.2mm
. . 1.4X
o Assuming the baseline performance of - (1A%

T-530, a single Askaryan layer would

OE Ethr
— ~ 10

o1 ~ 1.8 ps (Eglr) Ax ~ 100—300 um, Ay ~ 1-3mm, Az ~ § mm

provide:

Above threshold,
Ey ~ 100 — 200 GeV
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WHAT MIGHT THIS LOOK LIKE FOR A FUTURE COLLIDER?

o Due to their high threshold, ACE elements are not practical for the HL-LHC and will never be
a standalone calorimeter technology for a future collider.

« However, ata (i.e. HE-LHC, FCC-hh) or even contemporary
heavy-ion colliders, many showers will be above threshold (O(100GeV)).

o Several Askaryan layers could therefore be embedded
(LAr, dual-readout, etc.) at several depths to provide exceptional timing and spatial
measurement(s) as well as an additional energy measurement to be used in

and pile-up reduction.

Fast Simulations =>

We have produced preliminary fast simulations for both and designs
that incorporate a small number of Askaryan calorimeter layers using FCC-hh data from
HepSim [17], and our combined Geant4-FDTD simulation tools.
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CALORIMETER CONCEPT

Askaryan detectors (shown in red)
directly track the number of
particles in a shower and are
therefore most sensitive when near
Xmax in an ECal or HCal.

At , several layers could be
placed inside an HCal (or an ECal)

to significantly improve efficiency

and performance without
significantly altering shower
development.

ACE - Snowmass "21 IF06, October 2020
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\/

~20,000 channels

Askaryan (ACE)
Barrel Calorimeter
Concept




Askaryan (ACE)
Forward Calorimeter
Concept

~7000 channels
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1 TEV PHOTONS IN ECAL

1 TeV photons, through 10 Xo' 3 ACE elements, SNR>3, 81% detection efficiency

50 \ \ \ \ \ \ [ 400
40— -
e 288 8w - 350
. o 2 Yo N oo oo 3-element o, (ps)
[) S T S-S
o 30— @ G 2 2 =
g N2 BB -
g = L 300
& 20 - o=
:
@ 10 250 _
@ =
o) 9]
g 0 200 @
a 5
() >
E-10 @
= 150
g
£-20-
©
] 100
= -30— b
[=R —
50
-40 - 4
-50 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400 450 500

photon shower excess charge in ACE, n,

ACE - Snowmass "21 IF06, October 2020 R. Prechelt (prechelt@hawaii.edu) 36/53



V PHOTONS IN A BARREL ECAL

We assume a single standalone N=3 (N=6) Askaryan layer at 10 X, inside a barrel ECal:

Timing Measurement

. with 81% detection
efficiency for events. For
the best events,

o For this configuration, these timing
constraints provide a position
measurement along the long waveguide

axis to

Angular Measurement

o At 2m in the barrel region, polar angular
resolution, A ~ 0.0043° => An ~ 7 x 10~°.

if the vertex is otherwise known.

o The ~ 3 mm transverse position resolution
corresponds to A¢ ~ 0.1°.

o If the vertex is not known, a standalone Askaryan
layer can provide strong on
the vertex location.
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5 TEV P1onNs IN HCAL

5 TeV pions, through 1 ,\nu
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5 TEV P1onNs IN HCAL

Timing resolution for N=3 Askaryan layer after 100 mm of tungsten (1 Apuq ~ 40 Xo).

Timing Measurement Efficiency in the Forward Region
o Detection as many pion o At
interactions do not produce prompt and will be much
electromagnetic showers that transit through more common than in the barrel.
the layer. o Simulation results for a single Askaryan layer
o For those events that are detected, timing - multiple layers at various depths within a
resolution for almost all events. For hadronic calorimeter will have higher
the best showers, resolution -> efficiency.
o At , an Askaryan layer adds

to the calorimeter.
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CALORIMETRY IN THE FORWARD REGION

Askrayan Timing Layers as 5D 06 06 n=2
Detectors
404 404
At high-7), where a particle with & & 3
< 02 < 02
a given pT has increasingly larger
m
true energy, ACE laYers will be % 500 1000 200 400 600 0 100 200 300
maximally sensitive and be true Py (G¥le) Py (Ge¥lel Py (Gevle)
. o n=4 o6 n=5
5D calorimeters; by n = 4, a
single Askaryan layer will 404 404
. . T &
provide ps and sub-ps timing as Sz ) S o2l 2
well as sub-mm tracking -~ -~
0 : : : 0 . -
H 0 10 20 30 40 5 10 15
constraints for any b, (GaVid) b, (GoVIY) b, (GaVid)

electromagnetically showering

The pT resolution for a single ACEv1 element estimated from scaled test beam data for
multiple values of the psuedorapidity, 77 - more recent designs have already improved on

particle pT 2 10 GeV/c.

this performance.
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PiLEUP REDUCTION

We performed a preliminary simulation of FCC-hh pileup reduction using a single Askaryan
layer in the barrel region - we assume each vertex produces an event that traverses an ACE
element.

With the resolution achieved by T-530, the - massively
reducing pileup.

This requires that the be known to and a
zero-timing reference for the interaction point be provided.

2 FCC-hh event vertex distribution "’“‘;- 0%5 8 FCC toy MC pileup study 8
15 600 7 £

)

mean arrival rate:
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o

-50

°
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IS

projected lateral offset, mm
o
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0
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BEAM TiMING PROBE (PRELIM.)

Picosecond detectors require an extremely precise timing reference - typically

o Using the technology and simulations developed for ACE, we have started to develop a beam
timing monitor capable of timing using magnetic wakefield sensors.

P Beam timing monitor signal, FCC 8cm bunch, 1e11 protons

SMA connector
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CosT & ECONOMY OF SCALE (MIGHT REMOVE)

o The waveguides & alumina are standard sizes and available off-the-shelf and low-cost and
extremely durable - even custom sizes are cheap to produce at scale.

 RF instrumentation and measurement benefits from a with a long
technical heritage & global (still increasing) usage.

» Waveguides and alumina will not be a cost driver in the construction of Askaryan timing layers.

RF Digitizers Are Still Expensive

o The high-bandwidth RF digitizers that ACE needs to be maximally performant are still
but are available

o Prices are coming down drastically due to economy of scale with roll-out of 5G and mmWave.
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FUTURE WORK

Many tasks are on the roadmap for 2020-2023 to explore the ACE concept in more detail:

« Full system-level design of Askaryan timing layers for different FCC baseline detectors with
detailed CAD engineering models.

o Full Geant4 & Delphes simulations with FCC baseline detectors using FCCSW for detailed
simulation of performance including PFA and reconstruction.

o R&D into custom high-bandwidth RF digitizers and newly available commercial solutions to
further refine our requirements.

o Sub-picosecond beam timing detector development with detailed electromagnetics simulation
and hardware design.

o Another beam test in 2022-2023 to validate the performance of our next-generation
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FEEDBACK WELCOME!

. In particular,

o How ACE could integrate and enhance performance of existing ECal/HCal designs? We are
open to collaboration with calorimeter groups to study the performance of these combined
calorimeters.

« Does sub-picosecond timing, and extreme 7-resolution, on some fraction of ECal/HCal events
significantly enhance particular searches for new physics?

o ...and anything else!

Feel free to email us (prechelt@hawaii.edu and gorhamaphys.hawaii.edu) or ping
me on the Snowmass Slack, arprechelt.
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