Enabling Searches for Long-lived Particles
and The Path Towards Precision Timing
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New Physics at LHC: long-lived particles

Searches for new states up to now:

< majority of experimental work >
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The Case for Long-lived Particles

Small decay width (1) gives rise to sizable lifetimes

2 2n
g m
[~ 2 (—) m
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Three general mechanisms:

1. Feeble coupling to SM
2. Scale suppression

3. Light new particle (m) — phase space suppression
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The Case for Long-lived Particles

Small decay width (1) gives rise to sizable lifetimes

— 0 — m
Sm \NM

Three general mechanisms:
1. Feeble coupling to SM . b

e.g: Higgs portal to hidden sectors

Accessing dark matter/sectors
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The Case for Long-lived Particles

Small decay width (1) gives rise to sizable lifetimes

. 92 m, \ 2N
8w (M

Three general mechanisms:

2. Scale suppression

e.g: Gauge mediated SUSY Fo——- I _F
Decay to gravitino (G) suppressed /

by SUSY-breaking scale ( F') P
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The Case for Long-lived Particles

Small decay width (1) gives rise to sizable lifetimes

g 7/ 1m, N\ 2N

e T

Three general mechanisms:

e.g: SUSY

Small mass splitting between
NLSP and LSP
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Long-lived Particles in SM
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The mtdecay
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e.g. = = U=V, (CTo ~ 7.8m)

small coupling
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heavy mediator spectra

= lifetime due to all three mechanisms
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Long-lived Particles in SM

| Detector-Prompt = , = Detector-Stable
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SM great example of fundamental laws giving rise to LLP
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LHC and LLPs

arxiv:1911.00481 — CODEX-b
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= LHC coverage
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e How to unlock CMS’ full LLP discovery reach?

e How far can we extend the mass and lifetime?
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CMS Plays a Crucial Role on LLPs

arxiv:1911.00481 — CODEX-b
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e CMS is doing well for ct < 1m and mLLp > 50 GeV
 Enabled by precision tracker: displaced jets
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CMS Plays a Crucial Role on LLPs

arxiv:1911.00481 — CODEX-b

N
= LHC coverage
& (ATLAS, CMS, LHCb)

S

3
=
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«near ~m far—

 (Goal: close coverage gaps and extend CMS reach
e Strategy: Enable a large ct and light LLP searches
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CMS Plays a Crucial Role on LLPs

arxiv:1911.00481 — CODEX-b

N
= LHC coverage
¢ (ATLAS, CMS, LHCb)
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<near ~ m far—

e Started LPC-LLP group in 2018 to push the frontier to
cover light LLP and large lifetime
e Has become a vibrant effort from 10 institutes
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Compact Muon Solenoid

COMPACT Design + Small m—=u mis-ID (10-3)
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e |[ots of STEEL —bkg suppression — Ideal for LLP searchesQ
e 4-layers of highly segmented active element — LLP signal Q
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Compact Muon Solenoid

COMPACT Design + Small m—=u mis-ID (10-3)
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LLP Muon System Analysis

 Despite the lack of a dedicated trigger, CMS has
opportunity to provide better sensitivity for 1 displaced
vertex search. CMS has more steel to reject background

CMS TDR: LHCC-2006-001 Fig 1.4
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e |Large shielding against bkgs:
12-27 nuclear interaction lengths
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LLP Muon System Analysis

 Despite the lack of a dedicated trigger, CMS has
opportunity to provide better sensitivity for 1 displaced
vertex search. CMS has more steel to reject background

CMS TDR: LHCC-2006-001 Fig 1.4
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e Opportunity to extend discovery reach
at large lifetimes (> ~few meters)
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Search for LLPs in Muon System

LLP decays in MS — shower
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Search for LLPs in Muon System

LLP decays in MS — shower >—--cs
Muon System acts as sampling calorimeter *
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Gas Detector

Cathode Strips

Wires

cathode
. wires

cathode

: induced charge

cathode with strips
4 avalanche wires

—— Pl2NE€ cathode
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LLP Signature in Muon System

First time this signature is explored at the LHC

 |LPs that decay in the muons system leave a sighature of:

INn the muon chambers

* Muon system acts as a sampling calorimeter (new)

CMS Simulation Supplementary
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LLP Efficiency in Muon System

Muon system acts as a sampling calorimeter

_ CMS Simulation
LLP decay position is plotted = ool E
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High cluster reconstruction — up to 80-90%
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LLP Efficiency in Muon System

Muon system acts as a sampling calorimeter
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» Strong dependence on decay position (£)
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Muon System Enables Broad LLP Reach

e Strong reach when LLPs are light — critical to have
sensitivity to all decay modes

e Strong reach for elusive LLPs decay to SM taus. Enables
sensitivity unexplored BSM : e.g LL SUSY staus, heavy
neutral lepton (HNL)
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Muon System Enables Broad LLP Reach

e Strong reach when LLPs are light — even below di-muon
threshold, target unexplored ee/yy decays

e Strong reach for elusive LLPs decay to SM taus. Enables
sensitivity unexplored BSM : e.g LL SUSY staus, heavy
neutral lepton (HNL)

JHEP11 (2019) 162
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Muon System Enables Broad LLP Reach

e Strong reach when LLPs are light — even below di-muon
threshold, target unexplored ee/yy decays

e Strong reach for elusive LLPs decay to SM taus. Enables
sensitivity unexplored BSM : e.g LL SUSY staus, heavy
neutral lepton (HNL)
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Muon System Enables Broad LLP Reach

e Strong reach when LLPs are light — even below di-muon
threshold, target unexplored ee/yy decays

e Strong reach for elusive LLPs decay to SM taus. Enables
sensitivity unexplored BSM : e.g LL SUSY staus, heavy
neutral lepton (HNL)
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CMS Data Analysis Re-imagined

Current CMS data analysis chain
IS
broken when LLPs are present

out of time

trigger particle pile up
— reconstruction subtraction

primary vertex
quality

missing energy physics object

event cleanin monitorin
S g data formats
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LLP Signature in Muon System

First time this signature is explored at the LHC

 |LPs that decay in the muons system leave a sighature of:
. iIn the muon chambers
* Muon system acts as a sampling calorimeter (new)

CMS Simulation Supplementary CMS Simulation Supplementary

Large cluster of hits
28



LLP Muon System Analysis

e Start with ggH production mode — largest cross section
* Trigger on MET (lack of dedicated trigger) — recoil of Higgs against ISR
* For large ct one of the LLPs will decay outside the calorimeter

Undetected

* ~1% signal events kept after MET cut
e ~4500 events in acceptance

—y
o
N

— Inclusive
— ISR-Jet > 200 GeV

e
o
w

Require at least 1 LLP
to decay in CSC

e
o
[N

e
o

oﬁ""“l LR L

100 200 300 400 500 600 700 800

09 Gen Higgs Pt [GeV]
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CMS Data Analysis Re-imagined

out of time

trigger particle pile up
~———— reconstruction subtraction

primary vertex
quality

missing energy physics object

event cleaning monitoring data formats

Data analysis chain fixed

* New trigger for LLP in MS; new dedicated LLP triggers (@2022/Run3)

* Re-designed muon system reconstruction to allow LLP-shower signature
- Designed new data formats to overcome limited content for LLP searches
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LLP with Muon Systems

BIRI(|'||_I’ISIS)|=I 1|°/|0| 137107 (13 TeV)

S 1ot oms —my=7Gev s Large signal to bkg separation
i = Supplementary  __ m_ = 40 Gev
102k '_3?:.732;3??:“%2;;8’—; * Signal: clusters with high hit-multiplicity
| |Signal Region ™ { e signal-clusters with up to 1k-hits
104 ct=1m .
: BRH—SS)=1% Je Bkg: quickly falling distribution
1= _I___H—:—__E_ * Nearly no bkg in signal region (SR)
[ = T ] -
107" E
10°="%00 400 600 800 1000
I\lhits
SR E;(%eit;e %Bkg: Expect sensitivity to BR(H—SS) < 1%
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LLP with MS: other key selection

Many bkg cluster from OOT interactions

Signal cluster are in-time

10

MS Supplementary
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Signal: angle between pTmiss and
cluster position is aligned
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_ CMS

Supplementary

Signal

|

Region
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- OOT data (time <-12.5 ns) _|
—e— in-time Data (Nhits < 130)

—o-
—e-
| IIIIIII|

S —dd
ct=1m

0

0.5

BR(H —> SS) = 1%

I

7553
Aqb(pT , Cluster)

1.5

Combined 20x bkg rejection power
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Background Estimation

ABCD Plane

X CA1

N, = cy X Bkgg + pu X SigA
O0.75 fr========mmmmeqemmmmm e e >x Co NBszgB‘l‘//lXSlgB
Ny= ¢y X Bkgg + u X SigC
Np = cy X ¢y X Bkgg + p X SigD

* Ad(cluster, MET) and Nrechits are independent
» Validate the method in two separate validation regions
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LLP with Muon Systems

Unblinded Results

138 fb' (13 TeV)
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LLP with Muon Systems

Best sensitivity at BR(H—SS) ~ 10-3 1!

137 b (13 TeV)
I T TTTTY

—
o
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I

95% CL Limit on BR

CMS Preliminary
= T T T |

l |

10 é-LLP = 15 GeV 2020000

— Exo-zo-o15(CMS-MS)§
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10° 102 10" 1 10 107

10°

ct [m]

* ENABLED CMS LLP sensitivity

to larger ct

e Access to light LLPs (< 15 GeV)
* Sensitivity to all masses
e Calorimeter: sensitive to LLP

energy

New ct Reach and 100x better sensitivity
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CMS

LLP with Muon Systems

Best sensitivity at BR(H—SS) ~ 10-3 1!

138 fb™ (13 TeV)

I lllllll| I IIIIIII| I IIIIIII|

T T TTTTT

(L IIIIII LLLLLLLL

: IR

. WL
.
\
.

Illllllll e TIAFTE o1 T 1
* "

L1 11119

1 1 IIIlll|

[ Illlll|

.
. . .'
. *
. IK4
. RV %4
. (% (e —
. @ .o »
s ’Q" 0. "
e Q--" L2 e %

] Illlll|

—mg=3GeV [ ]+ 10 expected |

mg=7 GeV [_]=* 1o expected:
— mg =15 GeV [] = 10 expected
— mg =40 GeV [_] = 10 expected
—mg =55 GeV [_]+ 10 expected’

Coonnl o el vl vl vl

---- Median expected

— Observed

ENABLED CMS LLP sensitivity

to larger ct

Access to light LLPs (< 7 GeV)
* Sensitivity to all masses

e Calorimeter: sensitive to LLP

energy

world-best results

forct>25m




LLP with Muon Systems

Best sensitivity at BR(H—SS) ~ 10-3 1!

138 b (13 TeV)
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ENABLED CMS LLP sensitivity

to larger ct
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Access to light LLPs (< 7 GeV)

* Sensitivity to all masses
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Muon Detector Shower Physics Program

Heavy Neutral Leptons
Phys. Rev. D 110, 012004

CMS 138 fb~! (13 TeV)
N Opserved WM +1 std. deviation |
- - Expected +2 std dewa’uon
L I e B B T g
Muon HNL =%

Dirac

10 15 20 25 30 35 4.0
my [GeV]

. CMS Prellmlnary

Vector Like Leptons
CMS-PAS-EXO-23-015

138 fb (13TeV)

§ 95/ CLupperhmlts b §
- Observed | CSC+DT Comblnatlon =

[ e Median expected

E- I 68% expected
95% expected
Theoret cal pred iction

: = 2 GeV-
mng— 700 GeV 3 I

Dark showers
Phys. Rev. D 110, 032007

= T TARTTTT

138 fb™ (13 TeV)
IlIIIIll T IIIIIIl__

- —e— myp=2GeV  yector portal

E—A—mLLP_1OGeV &, E)—(1 1)
i m, =15 GeV

- —+— my =20 GeV

IIII| | I|IIIII| | I|IIII||

1072 107" 1 10 10°
ct [m]

MDS has enabled new LLP sensitivity
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.012004
https://cds.cern.ch/record/2905042
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.032007
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Precision Timing — The Next Frontier
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The MIP Timing Detector

| ENDCAPS
o | Surface ~15m?
7’ Number of channels ~ 4000k
Radiation level ~2x107° neq/cm’

Sensors: Low gain avalanche diodes

e Thin layer between tracker and calorimeters
e MIP sensitivity with time resolution of 30-50 ps
e Hermetic coverage for|n|<2.9

A Large Scale Precision Detector
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Time resolution [ps]

The MIP Timing Detector

LYSO:Ce 3x4x57 mm® - FBK NUV-HD-TE 5x5 mm?
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-------------------------------------------------------------------------------------------------------------------------------------------------
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ENDCAPS

Surface ~15m?

Number of channels ~ 4000k
Radiation level ~2x107° n, cm?
Sensors: Low gain avalanche diodes

A Large Scale Precision Detector

41



Precision Timing Enables L1 Triggers

p f 1

¢ == oL f :
- -z - f o 10*

Higgs s =
D C<f 10°
102
Greater than 10x increase
In signal acceptance!

107"

CMS L1 TDR (2020)

CMS Phase-2 Simulation 14 TeV, 3000 b, 200 PU

- — Jet,>0.5ns
- — Jet,>0.75ns
- — Jet,>1.0ns
- — Jet,>1.5ns
ECAL Timing Upgrade

H —>ss;s —bb

m; =50 Gev;ct=1m
_lll/lllllllllllllllllll
0 0.1 0.2 0.3 0.4 0.5 0.6

Signal efficiency

15% efficiency for @ 10 kHz L1 rate
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Precision Timing Enables L1 Triggers

CMS L1 TDR (2020)

p f — 10° pMS Phase-2 Simulation 14 TeV, 3000 fb™', 200 PU
S CA _ T  —Jet;>05ns
P _z=7 J g [ —Jet>075ns
__CE===~ DE10§_—Jett>1.0ns
Higgs s - < ! . — Jet,>1.5ns
3 _
D f 10 ;

. . - 10°5
Combined with MTD will : ECAL Timing Upgrade
significantly boost LLPs : H - ss;s —bb
with ~1m cr L / o eI
10_101 | I0.1l - l0.12l - l0!3l - I0!4l - I0.15l - IO.I6l |

Signal efficiency

15% efficiency for @ 10 kHz L1 rate
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Next Generation Colliders Need Timing

g w beam, Vs =10 TeV
_-05 1 O E | | | I | | | | | | | | | | l | | | I | | | E
— —
Z J Muon Collider

107 Simulation —

| | | | | | 2| [ 1 | I | | 1 | |
20 40 60 80 100
t [ns]

of

Muon collider case: ~10 ps to suppress BIB
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Tracker

e 4D-Tracking: position+timing (X, Yy, z, t) in same sensor
e Momentum, 4D-vertexing, pileup and BIB rejection

e Specifications: ~10 ps and ~10 um resolution: advance
R&D for sensors and ASICs

—r
QA

E| PU,omina=1000, 0247eh=75mm:
N pT=1GeV/c, no timing
103 _ p,=1GeV/c, 3t=25ps
= p,=1 GeV/e, dt=5ps

- pT=SGeV/c, no timing

pT=10GeV/c, no timing ;
| CMS Ph2: PU=140, pr=1GeV/c, no timing | :

CMS Ph2: PU=140, p =1GeV/c, 6t=25ps |
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- e *‘.'.«' N =
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| ] .
7

Effective pile-up
2

o

Ve A5 g OS] A AU R W2 )\\& = = - folineredees
R,BW’:;'ET“-Z ;Tev 2 vv v ; ¢ —»‘_\F [ e ) \Z '\\\ ‘ 7\ = ", N 1 0_2 e , . \ , I
14 jetSwith E;520 — 1~ ™5 NN TR :
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4D Tracking and DV

e 4D-Tracking: position+timing in same sensor

 Key capabilities: 4D-vertexing

* Pixels at large radii: enhanced DV capabillity

e Smaller inner radius: sensitivity to lower ct

New capability: Large radii DV

New capability: reduce hit combinatorics

++ + + 4

+ + AN

<
A

+ + Timing> :E:' . + Tracks obtained

combining only time-
compatible points
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4D Tracking and DV

e 4D-Tracking: position+timing in same sensor

 Key capabilities: 4D-vertexing

e Pixels at large radii: challenge for ASIC design

e Smaller inner radius: challenge rad hard sensor/ASIC

New capability: Large radii DV
:;1

Cristian H. Pena — Fermilab

New capability: reduce hit combinatorics

+ +
+
+ +
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Calorimeters
 5D-calorimeter: measure (X, v, z, t, E)
e Key capabilities: LLP vertex reconstruction and TOF
* High transverse and longitudinal segmentation

 Excellent timing resolution

HCAL
Clusters

Cristian H. Pena — Fermilab



Particle Flow Detector

e Current experiments allow prompt particle flow
reconstruction

HCAL
Clusters

Cristian H. Pena — Fermilab



LLParticle Flow Detector

e 5D-calorimeter enables LLPF reconstruction

HCAL

Cristian H. Pena — Fermilab



Calorimeter TOF

* Enables delayed photon and jet searches for LLPs

HCAL
CMS Preliminary 137 o™ (13 TeV)
2104§'l"I"'I"'I"'I"'I'
0 , - [] Beam halo background
o 10 E’ [ Core and satellite backgrounds
B o [ ] Cosmic background
= 10° —4— Observation
0 = N O GMSB m, = 2400 GeV, ¢t = 1m
w10 N GMSB m,_ =2400 GeV, ¢, = 10m
E - | ssssess GMSB m, =2400 GeV, cty =30 m

Ability to separate signal from backgrounds
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Calorimeter TOF

e Full LLP event reconstruction

HCAL

5D calorimeter enables BLLr measurement

Cristian H. Pena — Fermilab



Calorimeter TOF

e Full LLP event reconstruction

HCAL
CMS Phase-2 Simulation 14 TeV
8 _I | I I ' I I | I I l I I | I_
= 03¢ T2+t =2+G Z—>IT ]
S C M(H) = 1000 GeV, M(x°) = 700 GeV, M(G) =1 GeV |
o [ _]
S 0.25) -
N - J‘
© -
£ 02— a
= -
2 B —ct=100mm
0.15— i —ct = 30mm ;
B —ct=10mm i
0.1 ]
B —ct =3mm i
0.05— —

200 500 600 700 800 900 1000 1100
M) [GeV.

Ability to reconstruct LLP mass resonance
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Calorimeter Technologies

 Several 5D-calorimeters in construction or proposed:
e CALICE R&D, CMS HGCAL, ALICE FoCal
* PF concept enhanced towards LLPF

* New front-end processing capabilities (e.g ECON) required for

ECON as concentrator ASIC| 5 [y T T
- B g [ ata .
i E 30! Indi=3.4, k=434.2 GeV, :=66.5 VGeV ]
¢ | MC :
25 | ¥'Indi=0.4, x=344.5 GeV, :=72.3 \GeV
. ',‘ MC with DWC resolution i
20~ Y\ e yindf=0.4, k=345.1 GeV,E=72.4 VGeV -
15[
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Timing resolution

* Particles passing through medium generate signals which are
then measured to time-stamp the arrival

— Depending on detector type (tracker, calorimeter) the dominant
effects that impact resolution slightly vary

* The goal is to design sensors that deliver the best timing
information, while optimized for a specific application




Signal attributes

* Signal of MIP passing through a silicon detector depends on
the thickness of the depletion zone and dE/dx

* The noise Iin a silicon detector system depends on various
parameters: geometry of the detector, the biasing scheme,
the readout electronics, etc.

/\ Zk SiO, Allk
N\

V>0



Time resolution components

* Optimize detector timing resolution

— Increase Signal/Noise to minimize jitter
— Fast rise time to reduce impact of electronic noise: thinner sensor

* Non uniform charge deposition:
— Landau fluctuations: cause fluctuations in signal shape and amplitude

— Effect is reduced in thinner sensors

oy N _ t
TAV TS TSN
t i,

‘. ("n
yf) R
| x dt
jitter |

Tt Rise time dependance on Si thickness Landau fluctuations

8/7/24



Timing resolution

* Putting together various components

2__ 2 2 2 2 2
Ot = O'Landau'm-timewalk+O:iitter+O-TDC+O-clock

* |deal detector components
— Fast signals with large S/N (Gjier = tise/(S/N))
— Thin sensors to minimize 0| ,nqay
— Stable and uniform signals across sensor area

— Optimized electronics to reduce time-walk and clock jitter
— Electronics with low power consumption

* Radiation damage complicates things, so all these need to be also
resilient to high fluences in hadron colliders



Endcap Timing Layer AN F>

p bulk

A

p+ gain layer

JTE
pt++

LGAD Wafer E field Traditional Silicon detector Ultra fast Silicon detector E field

* Breakthrough development of last decade
— High field in gain region ~ 300 kV/cm, causes avalanche
— High gain = high signal - faster rise - smaller 7jitter”
* Sensors demonstrate
— Efficiency is 100 % inside pixels
— Signal size uniform across area

CMS Phase-2 Preliminary ~ FNAL 120 GeV proton5 laeam
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AC-coupled LGADs

* Ongoing R&D to eliminate dead area
— Simultaneously improve position resolution via charge sharing

Active R&D at different manufacturers
— 100% fill factor, and fast timing information at a per-pixel level
— Signal is still generated by drift of multiplied holes into the substrate and

AC-coupled through dielectric
Diagram credit: CNM

N° Contact Metal

wrl gog

R : Metal
Passivation }lletal 1.3 mm Passivation N Colntact / \ l l
_¢M - - ﬁ — — M— ) ' - i —r | S
/ f @ A f [
=) . x
i + V T < I T \\ ) Oxide [ JTE o
N
GuardRing pstop JTE P-type Multiplication Layer | 3 CStop Guard pstop o 5
. Ring p-type Multiplication Layer
High p p-type FZ wafer
p-type FZ
S
Low p _g low p p-type CZ wafer
p-typeCZ [ 3
AC-LGAD meta!

DC-LGAD 1



Long AC-LGAD strip sensors performance

* Position reconstruction with ratio of amplitudes
— Sensor provides 100% efficiency across surface

* Signal sharing: measure position based on ratio in neighbors
— Achieve 15-20 um resolution in 10 mm strips with 500 um pitch

Excellent time resolution

— Achieve 30-35 ps for 10 mm strips

Efficiency

°c o ©
& o oo
TT T[T T T[T T T T

o
N

FNAL 120 GeV proton beam
_II|IIII|IIIIIIII

Strip sensors

O S N
1T

Varying metal width
Two-strip : BNL 50 um (SB1)
Two-strip : BNL 100 um (SB2) ]
Two-strip : HPK 50 um (SHS3) -
Two-strip : HPK 100 um (SH7) —
One or more strips : all sensors .

Track x position [mm]

Position resolution [um]

®
o

FNAL 120 GeV proton beam SH4, 180V
N | |

o0
o

Time resolution [ps]

AR S A R R I
70; Combined position resolution _§70
60 ;._ Time resolution _f 60
505— —350
403— —340
30; T e e e _330
o A A A
105— —310
E....I....I....I....I....l..--:
-1.5 -1 -0.5 0 0.5 1 1.5

Track x position [mm]



Timing with Constant Fraction Discrimination (FCFD)

* Anovel ASIC based on CFD for LGAD fast timing readout
— Most timing ASICs need time-walk correction: each pixel timing needs to be

corrected offline
— CFD: No need for time-walk correction - directly get time-measurement
* Two generations produced, targeting DC- and AC-LGAD
* Excellent performance : ~30 ps time resolution and no time-walk
demonstrated in beam-tests

! [ I L | L I L I LI I I_
451~ | Performance in beams with 7
_ LGAD sensor
S 40} -
E |
l_
351 -
| | I | I | ]

150 160 170 180 190 200
Bias voltage [V]

FCFD v1 ASIC with AC-LGAD strip sensor

~30 ps time resolution — no time walk



3D-Integrated sensors

 Development of low-power, highly granular detectors in (X, 1)
— Required to achieve breakthroughs across HEP, NP, BES, and FES
— Adoption of 3D-integration has been cost-prohibitive in academia

* Supported by DOE “Accelerated Innovation in Emerging Technologies”
— Joint development effort of SLAC, FNAL and LLNL
— Tower Semi to develop process for 12” wafer production, with 28 nm TSMC
— Design goal is to achieve position resolution ~5 um, timing ~ 5-10 ps

Pads for wire-bonding (for
connection to logic wafer  peep trench

— power and signals) / isolation sensor biasing

Backside HV contact for

I Sensor Wafer 6-10pum (after
e e e et ST I thinning)
: -3 mlcron
5 | <T84 b I
7 T ‘”_“;Qé - : 100-200pm

(after thinning)

> - e _—
L e— -
B t

-Mv‘uuh

HOIC Waler

Section of the Sony Exmor camera chip showing
the hybrid bond interface



Quantum Sensors (SNSPD)

Single photon (heat) triggers detector out of superconductor state

Resistance quickly (ps) jumps to few k() — detector current into readout

Highest performance single-photon detector, from UV to mid-infrared

Operating temperature : 1-4 Kelvin

Bias-Te\ (4) /
IBlas
J&.
=t %

more on quantum sensors in A. Chou’s presentation
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SDE

Quantum Communication Enabler: SNSPDs

1.0
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Chiles et al, PRL (2022)
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SNSPD Has Achieved:

> 90% system efficiency v
-Low dark count rate 1e-5Hz v
- Record time resolution ~3ps v/

Korzh et al, Nature Photonics (2020)

/ 1,550 nm, 4.3 ps




New R&D program to develop
sub-eV space-time (4D) particle detection

Superconducting Nanowire
Single Photon Detector

e Vision:

e sub-eV threshold

 sub-micron spatial resolution

 picosecond time resolution




New R&D program to develop
sub-eV space-time (4D) particle detection

Superconducting Nanowire
Single Bheton Detector

Particle

e Vision:

e sub-eV threshold

 sub-micron spatial resolution

 picosecond time resolution




First test beam campaign at Fermilab

SMSPD in cryostat

Beam Trigger Pilot SNSPD characterization
“ “ “ I ” ”“ “ “ : — system at FTBF developed in
. | MCP-PMT Summer 2024 as a proof of
Strip and Pixel Telescope concept
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Very successful and interesting initial results



Characterization of SNSPD Response to Particles

Accepted by JINST: arXiv:2410.00251

* Characterized an existing large-area (2x2 mm2) multi-pixel (8-
pixel) SNSPD response to proton, electron, and pion

Efficiency wrt particle hit position Time resolution

FNAL-SMSPD 120 GeV p* beam
FNAL-SMSPD 120 GeV p* beam - ] r T T 1 . r T T 1 Tt
4 1.0 6000 ~
] - i30=115iOD1UB] .
3 To. 5000 | .
£ 3 108§ : a ]
= 1068 ,, 4000}~ .
2 7% s | ! ;
S 2 c 2 3000f o =
> 0.45 L N . N
X O B 1 \ ]
3 < 20001 i E
ﬁ1 025 - f ]
1000} Pl =

0_4 3 ) -1 0 0.0 0 [ | | | | | | | | ' | | | | |

-10 0 10
tsmspp - tmep - pmT [NS]

Track x position [mm]

World-first SNSPD efficiency measurement for
charged particles


https://arxiv.org/abs/2410.00251

Outlook

® Advancing LLP frontier now(Run2 and Run3) and HL-LHC

® Instrumentation (detector/sensor), trigger, and edge processing
(front-end) paradigms are crucial elements for the
implementation and improved new physics program with LLPs

® \ertically integrated effort: theory, triggers, analysis, data
management, algorithms, and impactful publications

® Rich R&D program ongoing to realize the precision timing
frontier for next generation experiments: 4D tracking and 5D
Calorimeters

® Next generation detectors will be key to unlock the discovery
potential of any machine we build.

Thank you!



