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physics#at the energy frontier
e We can I&)k bhck on tremendous successes
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* made pOSSIble by advances in technology and
Instrumentation
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physics at the energy frontier

* large accelerators and collider detectors

» would like to do everything
— measure position to microns
— measure timing to picoseconds
— measure energy deposit to eV
— highly pixelated trackers and calorimeters
— read it all out, all the time

+ all at low cost, minimal power, and no mass ...

* real detector designs driven by
— constraints of the accelerator environment
— physics needs
— technical capabilities
— cost
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physics at the energy frontier

- characterize the Higgs boson -
— branching fractions

— coupling constants, self-coupling
— search for extended Higgs sector

 study vector-boson scattering

» search for new physics
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— exotic phenomena
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Status: LHCP 2013

« severely constrained by existing limit.

* light stop squarks (natural SUSY)
e compressed spectra
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physics at the energy frontier

« as beam energy increases, we are still looking at
ewk scale phenomena involving W and Z bosons
and their decay products

* maintain acceptance to relatively soft particles

* maintain large angular acceptance to minimize
theoretical uncertainties and retain sensitivity to
distinguish between different models should we find
something new

* superior spatial and time resolution for pattern
recognition in high occupancy environment
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CPAD/Instrumentation Frontier

* to continue our success at the energy frontier we
need to make technical and scientific innovation a
priority as a field

* APS recognized this by
— creating the Coordinating Panel for Advanced

Detectors (CPAD) to study strategic issues in
Instrumentation

Including the “Instrumentation Frontier” as one of the
central thrusts of the 2013 Snowmass process

 |nstrumentation Frontier workshops:
— Argonne
— Boulder

712/2013
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https://indico.fnal.gov/conferenceTimeTable.py?confId=6050
https://indico.fnal.gov/conferenceTimeTable.py?confId=6280

Instrumentation Frontier Organization

Conveners: M. Demarteau (ANL), H. Nicholson (Mt. Holyoke), R. Lipton (Fermilab)

Technologies Energy Frontier Intensity Frontier Cosmic Frontier
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o } ndy White ( ) James White (Texas A&M)
Gil Gilchriese Marcus Hohfmann (FIT) Brendan Casey (FNAL)
Bob Wagner Vinnie Polychronakos (BNL) ¥
Karen Byrum (ANL)
Detector Systems Peter Gorham (Hawaii
Ed B a‘ucﬁer Roger Rusack (Minnesota) Bonnie Fleming (Yale) E;;. J ﬂ;;gn{ (LEE”‘J
Adam P FNAL Bob Svoboda (UG Dawi.
Dawvid Lissauer am Para (i ) ob Svoboda ( avis) Dan Akerib {Case Western)
Greg Tarfe (Michigan)
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: W1Tigg ong Su (SLAC) Gary Vamer (Hawaii) Giinther Haller (SLAC)
Ulrich Heintz Wesley Smith (Wisconsin) Yau Wah (Chicaga) Frank Krennrich (lowa State)
Ron Lipton Maurice Garcia-Sciveres (LBNL) g -

Novel/Emerging Technologies _
Jim Alexand Ted Liu (FNAL) Steve Ahlen (BU) Juan Estrada (FNAL)
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Software
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Norman Graf
Facilities Carsten Hast (SLAC) Jae Yu (UTA) Erik Ramberg (FNAL)
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Instrumentation Frontier Goals
* collected white papers (1 pagers)

* summary white papers covering
— energy, intensity, and cosmic frontiers
— each instrumentation topic

 pull it all together in an instrumentation white
paper
— i1dentify R&D themes that transcend the frontiers
— connect R&D to physics needs
— In which areas can the US play a lead role?

— how do we best exploit the facilities and resources we
have?
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guestions

« can you identify benchmark physics goals that push
the technology of current detectors?

— measurement of Higgs couplings
— VBF production of Higgs boson (large n acceptance)
— low mass stop searches (soft pT spectrum of decay products)

 what is the performance that you are assuming for
simulations?

 which aspects of detector performance are critical for
each of these?
— which parameters are most important to improve on?

« what improvements in the detector would be
transformational for the physics reach?
— hadron calorimeter with em-like energy resolution?

— ps timing of calorimeter signals?
_ 777

7/2/2013 Ulrich Heintz - EF Workshop, Seattle 10



guestions

« do you know how much the physics reach changes as certain
detector properties are varied? Can you be quantitative: how
much of an improvement is needed to make a difference?

— does a 10-20% improvement in resolution matter?
— do we need factors of 2 or 10?

« how important is fast time stamping of the signals from the
detector? For which detector parts would this be most
Important?

— calorimeter? tracker?
« how important is the forward region?
— how far in n do we need to cover?

. h_(l)_\’/)v Important is high b-tagging efficiency at low pT/at high
P

« what are the requirements for triggers? In particular: how
Important are tau triggers, missing ET triggers and missing

ET resolution? How important are inclusive lepton trigger
thresholds ?
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hadron collider facilities

14 TeV 1034 300/fb 2015-2021
HL-LHC 14 TeV 5x 103*  3000/fb 2023-2030
HE-LHC 26-33TeV 2 x103* 300/fb/lyear >2035
VHE-LHC 42-100 TeV >2035

European Strategy for Particle Physics Preparatory Group:
Physics Briefing Book, CERN-ESG-005
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environment at hadron colliders
| 2012

beam energy 4 TeV
luminosity 7.7 x 1033 /cm? /s
Integrated luminosity 24 /fb
number interactions/crossing ~ 20
bunch spacing 50 ns
radiation dose (R~5 cm) 3 x 10* Gy
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environment at hadron colliders
|02 | HLlc

beam energy 4 TeV 7 TeV
luminosity 7.7 x 1033 /cm?/s 5 x 103%/cm? /s
Integrated luminosity 24 /fb 3000/fb
number interactions/crossing ~ 20 < 140
bunch spacing 50 ns 25 ns
radiation dose (R~5 cm) 3 x 10* Gy 5 x 10° Gy
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environment at hadron colliders
|02 | HLlc

beam energy 4 TeV 7 TeV
luminosity 7.7 x 1033 /cm? /s G X 1034/cr@
Integrated luminosity 24 /fb

number interactions/crossing ~

bunch spacing 50 ns

radiation dose (R~5 cm) 3 x 10* Gy,

challenges: Interaction rate
pileup

radiation damage

7/2/2013 Ulrich Heintz - EF Workshop, Seattle
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challenges

* Interaction rate
— Increase rejection power of trigger system
— low power, high bandwidth links
* pileup
— pixelization
— precision timing
 radiation damage

— radiation hard detector technologies
— operate at low temperatures

7/2/2013 Ulrich Heintz - EF Workshop, Seattle
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lepton collider facilities

ILC 0.5 TeV 1.5 x 1034
CLIC 3 TeV 5.9 x 103*
TLEP 240 — 350 GeV

Higgs factory MuC my 1031 — 1032

energy frontier MuC 3—6TeV  103* —103°

ILD
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environment at e*e~ colliders
e

bunches/train 1312 312

length of bunch train 1 ms
bunch spacing 762 ns

interval between trains 199 ms 20 ms drive timing

collision rate 5 Hz requirements
for detector

detector performance
driven by physics goals

HHHH‘H bunch structure of e+e- collider HHHHH‘
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environment at u*u~ colliders

* bunch spacing: 500 ns (Higgs factory), 10 us (EF)
— lots of time to read out detector

« backgrounds are large
— 1.3 x 101%9m/s muon decays for 2 beams @ 0.75 TeV
— radiation dose 103 — 10* Gylyear

= X __ *‘.— == e P g.ll
SED B N TR | |

— detectors must be radiation hard I=I;':=_iin*:|:r_i_l_'g!'!-ir'5__

— soft and out of time

=——————
—_
=

3

.—-"7"
e

(N (=

(

wh et uF w' w0 o
Absorbed dose

=————

7/2/2013 Ulrich Heintz - EF Workshop, Seattle 19



H->WW/ZZ separation at ILC
challenges
+ separate hadronic W/Z decays o

— superior calorimeter resolution
— high pixelization

eol EEREE T

1 TR N R BT
60 80 100 120
m/GeV

 short bunch spacing (CLIC)
— precise timing

Muon collider background — no timing cut.
 high background levels (MuC)

— precise timing

1ati NGER
— radiation tolerance (Raja)

Muon collider background - 2ns timing cut
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enabling technologies

Pixelization

 Microelectronics feature size
reduction

* New interconnect technologies
« Low power data transmission

« Technologies for 3D electronics
Speed

« Faster sensor technologies

« Low power, fast electronics

* Lower capacitance detectors
(see pixelization, 3D silicon)

Resolution

« Smaller tracker elements (see
pixelization)

* Improved understanding of
hadron showers

« Imaging calorimetry (see
pixelization)

Mechanics and Power
« Carbon fiber supports

- Foamed thermally conductive
materials

« CO, cooling

« Power delivery using DC-DC
conversion or serial powering

Data transmission

* Low power optical interconnects

* Wireless transmission

« Low power signaling

« Waveform digitization

Costs

« Large area arrays utilizing new
technologies (LAPPD)

« Wafer scale integration (3D)

« High yield assembly techniques
(active edge sensors)

712/2013
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trigger for hadron colliders

 Instantaneous luminosity increases by

O(10)

 Increased pileup leads to non-linear
Increase in trigger rates

* Improve rejection power of trigger
— L1 track trigger
— use full granularity of detector in trigger ‘
— compact high-density optical connectors ===
and receivers S

— ATCA and uTCA crates with high-speed
star and mesh backplanes

— 3d technology for associative memory
ASICs

— exploit state of the art FPGAs and
processing units such as GPUs

7/2/2013 Ulrich Heintz - EF Workshop, Seattle
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C

L1 track trigger for LH

* region of interest trigger (ATLAS)
read out hits near L1 electron or L1 muon
— sharpens pT turnon curve

0.8)-
0.7F
0.6f
0.5F
0.4F
0.3

MU20 Efficiency

high transverse
momentum

b

'.f"“ 'liﬂ *i::’h‘ﬂ ﬁ“ Wrm** +*++#§

ATLAS Simulation 2

® Current L1Mu0n—f
¢ A(q!pT) 0.005
O A{quT) 0.001

1-4 mm
]

low transvers

momentum

» self-seeded trigger (CMS/ATLAYS)

requires on-detector data reduction

use closely spaced sensors to reject low RT
tracks

find all tracks in a cone around L1 electron
L1 muon

associate tracks with vertices

— Sensor

bump bond

— spacer

. bump bond

readout chip
w/ thru Si vias

track based isolation for L1 electron or L1 muon
vertical connection of sensor and readout chip

—— oxide bond

\
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ASICSs (application specific integrated circuits)
ELERIEOOD0 e

« ASICs

 R&D to develop

712/2013

1
are fundamental component of .::';S;
Instrumentation for all three frontiers e

allow high channel density,

improve analog performance (e.g. noise, =1
speed) =4
enable data reduction, i)
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mass st
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high-speed waveform sampling, pico-
second timing

low-noise high-dynamic-range
amplification and shaping

digitization and digital data processing
high-rate data transmission

low temperature operation

radiation tolerance
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next generation trackers

* momentum and impact parameter resolution in
high rate environment

— Improved two track separation

— highly pixelated, thin sensors
* time measurement

— thin sensors

* radiation hard
—_ operate at low temperature

e low mass

— power distribution for increased channel count and
fast data links

— multipurpose support structure
— more efficient cooling

7/2/2013 Ulrich Heintz - EF Workshop, Seattle
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pixel tracker challenges

* hybrid pixel detectors (state of
the art)

— highest rate capability (300
MHz/cm”2)

— radiation tolerance to 5x10715
neg/cm”2
— 130nm CMOS readout chip

e for HL-LHC

— triple rate/dose requirements

* need smaller feature size (65nm
CMOS)

* |C would contain 500M transistors

—> large design project
— Improve two track separation

« smaller pixels
* thinner sensor

Farticle Track

Pixel Readout
Integrated Circuit

Readout Buf fers
and Control Circuitry Tndium Bump

for Bonding
{Typical)

UC Davis Physics Department
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MAPS (monolithic active pixel sensors)

e sensor and readout circuitry implanted

In the same Si wafer

— single chip solution without bump bonding

— less mass than hybrid pixel detectors

— lower capacitance

— thin Si sensors (=50 um)

— high granularity
« could include more functions in pixel

cells -

— e.g. zero suppression at the pixel level l )'3':

« 3D integration

— allows combination of sensor and readout ;I8
chip with different feature o
sizes/technologies -

* sensor stitching O
— at thickness < 50 um sensor no longer |
dominates mass

— route signals and clocks through metals Al
lines on the chip e RO RO RO O R R RIS
monolithic pixel sensor, LBL

%o\ B (Standard N-well

Buried N-Type layer

® o
© ® %G) ® P-epitaxial layer

Electronic Instrumentation Lab, U Pavia

EEEEEEEES

- e 3= " 1
. = - L. .l

LEL S
W Pl

-
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3D pixel sensors

» planar sensors

— collect charge with implant
pixels on sensor surface

« 3D sensors

— collect charge with implant
columns in bulk

— smaller depletion depth

— faster charge collection
— lower leakage current

— lower depletion voltage
— lower power dissipation
— more radiation tolerant

7/2/2013 Ulrich Heintz - EF Workshop, Seattle
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4D ultra-fast silicon detectors

* combine precise spatial
resolution with ps time

resolution
- base_d on N high field
« thinned silicon (=5 um) to reduce “amplification”
charge collection time region

_ _ low field region
* increase charge collected using

charge multiplication in bulk

* develop readout system to match
Sensor rate, Segmentat.lon and time 1000 Eleiricfieldfor different Bias Voltag
measurement capabilities v

* R&D required

— wafer processing options
* n-bulk vs p-bulk,
 planar vs 3D sensors
 epitaxial vs float zone
» depth and lateral doping profile

Field [kVicm]

10
Position [um]
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diamond sensors

« chemical vapor deposition (CVD) diamond
— band gap 5.5 eV (silicon: 1.1 eV)
— displacement energy 42 eV/atom (silicon: 15 eV)
— only 60% as many charge carriers as silicon
— radiation tolerant
— low Z
— do not require extensive cooling
 currently two viable industrial suppliers

1000+ active area of diamond detector systems

ATLAS DBM
100+ O

atLAS g1 :
cor ™ . under construction
10 4 >

>

Active Area (sq. cm.)

Babar
[ ]

1 L | | | | L] | ] | | T L 1
2000 2002 2004 2006 2008 2010 2012 2014 2016 2018
Year
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support, cooling, power

* next generation trackers will

— have increased power density
* high channel count
* high speed data links
 radiation damage

— require
- efficient cooling
- low mass support and services carbon composite structure

« R&D directions

— hew materials

* low Z, stiff, thermally conductive,
radiation hard

e carbon foams/fibers, ceramics
— multifunction structures

— DC/DC converters
» reduced power dissipation

micro-machined cooling channel

7/2/2013 Ulrich Heintz - EF Workshop, Seattle 31



high resolution hadron calorimeter

o 30%
e need 2 < < \/_0 to separate W->qq and Z=>qq Fractlon Energy of PartchTe::, TEJetS
 resolution limited by fluctuations in hadronic E*l [
T Neutral Hadrons : Co -
showers # ety M”Hh |
- . FoY A URE R
e compensating calorimeters i __,rrJ .f__{_-f_m*u_u_#“rmw“,dm'm+'**_++_H_[_'___
— same response for EM and hadronic component | - o M
— neutrons liberated in hadronic interactions = slow RN e
« dual readout calorimeters oo
— measure EM/had ratio using Cerenkov light (EM)
and scintilation light (EM+had)
lution limit 2 < 22 " [ovceve Qs
—_— reso utlon Imlt E S \/E fr {lea.kage corr.)
— PDb/Cu + scintillating fibers sampling calorimeter —;Imn
— homogeneous crystal calorimeter 7 50
* needs dense and economical material _E 60|
O Q/S=0.5
o 401
20
Akchurin et aI NIM A 537 (2005) 537
20 -—HJ 60 80 100 120 140
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high resolution hadron calgrlm I_eL

 particle flow algorithm o St L
— reconstruct individual particles in shower e e
TR -y
— apply particle specific corrections e Al
« measure charged particles in tracker vt A
* measure photons in em calorimeter f"?ﬁ 1 Heural
’ ' . |

* measure neutral hadrons in hadron calorimeter
Typical topology of a simulated

— planned for e+e- collider detectors 250GeV jet in CLIC ILD
* Imaging calorimeters _ i
— particle flow requires detailed image of g -.-:-:un;amm;11333!"??!'“*’ il
shower ] |

HHIIH

— requires high granularity detectors
— micro-pattern gas detectors =

i iiﬁéliﬁlf;ﬁ;g:g.....

ti:.
Hit i
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micro-pattern gas detectors

applicable for calorimeters and trackefs:.«

potentially low cost, large area, high .

granularity, fast, radiation hard
plasma panel sensors (PPS)
— resemble plasma-TV display panels, r—
modified to detect gas ionization in the address lectrode

iIndividual cells

resistive plate chambers (RPC)
— Improve rate capabilities, granularity

flat panel microchannels
gas electron multipliers (GEMS)
micromegas
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solid state photo detectors

 Silicon Photomultipliers (SiPM)
— Geiger-mode APDs
— low power
— low voltage
— low noise (compared to APDS)
— compact
— excellent timing resolution
— Insensitive to magnetic fields

« R&D directions

— Sl Is sensitive to radiation
* need to cool devices to keep leakage current down
* GaAs or InGaAs
— Si has small attenuation length for UV light
* needed to detect Cerenkov light
» SIC (bandgap = 3.2 eV)

SiPM mounting card - CMS
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facilities and resources
- national labs T} I.ﬁ 2= Fermilab

S e Ar uow,
Argon ne Dl W LECHATORY
NATIONAL LABORATORY BnnnKHM"E"

NATIONAL LABORATORY

* universities
— Interdisciplinary opportunities
— nanofabrication facilities

* Industry

— piggy back on commercial developments

— take advantage of SBIR program to fund R&D
collaborations

7/2/2013 Ulrich Heintz - EF Workshop, Seattle
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conclusion
* In order to realize our physics goals, we need
to invest in technology R&D

 the challenges at energy frontier facilities will
be substantial

» there are many ideas for instrumentation that
can address these challenges

* we need your input to identify the R&D
avenues with the most promising physics
potential

7/2/2013 Ulrich Heintz - EF Workshop, Seattle
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White papers

 Level 1 Track Triggers at HL-LHC
— E. Grunendahl, M. Johnson, R. Lipton, T. Liu, A. Ryd, L. Spiegel
«  Tracker and Vertex Detector for a Muon Collider
— V. Di Benedetto, C. Gatto, R. Lipton, A. Mazzacane, N.V. Mokhov, A. Para, S.I.Striganov, N.K. Terentiev, H. Wenzel
»  Operation of Collider Experiments at High Luminosity
. Noble Liquid Calorimeters
«  Triggers for hadron colliders at the energy frontier
—  W. Smith
« A Differential Time-of-Flight Technique for Collider Detectors
. Hadronic dual-readout calorimetry for high energy colliders
— RD52 Collaboration
+ Atlas Upgrade Instrumentation
— G. Brooijmans, H. Evans, A. Seiden

+  Combination of Active Edge and 3D Electronics Technologies
— R. Lipton, C. Kenney, S. Parker, L. Spiegel, J. Thom

. Plasma Panel Detectors for lonizing Particles

— R.Ball, J. R. Beene, Y. Benhammou, E. H. Bentefour, J. W. Chapman, E. Etzion, C. Ferretti, P. S. Friedman, D. S. Levin, M.
Ben Moshe, Y. Silver, R. L. Varner, C. Weaverdyck, and B. Zhou

. 3D Sensor Architecture

. Development of Resistive Plate Chambers
—  Burak Bilki, Kurt Francis, José Repond, Lei Xia (ANL)

. Powering Future Particle Physics Detectors
— S. Dhawan (Yale), R. Sumner (CMCAMAC), R. Khanna (Texas Instruments)

. Imaging Calorimetry
. Future Crystal Electromagnetic Calorimetry
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White papers

«  Development of Cost-effective Crystals For Homogenous Hadron Calorimetry
»  Application Specific Integrated Circuits (ASICs) for HEP applications
*  The Next Generation of Crystal Detectors
— Ren-Yuan Zhu (CalTech)
*  Use of Flat Panel Microchannel Plates in Sampling Calorimeters with Timing
— Anatoly Ronzhin (Fermilab) and Henry Frisch (EFI, Univ. of Chicago)
. Micro-Pattern Gas Detectors for Charged-Particle Tracking & Muon Detection
— M. Hohlmann (Florida Inst. of Tech.), V. Polychronakos (BNL), A. White and J. Yu (UTA)
. Low Mass Support and cooling
—  William Cooper, Fermilab; Carl Haber, LBNL; David Lynn, Brookhaven National Lab
. Monolithic Pixel Sensors
— M. Battaglia
. High speed, massively parallel, ATCA based Data Acquisition Systems using modular components
*  The Next Generation of Photo-Detectors for Science in the Cosmic, Intensity and Energy Frontiers

— K. Arisaka, J.Buckley, K.Byrum, H.Frisch, N.Otte, E.Ramberg, O.Siegmund, M.Sancheza, G.Varner, J.Va'vra, R.G.Wagner,
M.Wetstein

. Future Developments in Gigasample-per-second Waveform Sampling Application Specific Integrated Circuits
—  Eric Oberla, Kurtis Nishimura

. Micro-Pattern Gas Detectors for Calorimetry
— J.Yu (UTA), M. Hohlmann (Florida Inst. of Tech.), V. Polychronakos (BNL) and A. White

. Emerging Optical Link Technologies for HEP

*  Opportunities for HEP Technology Evaluation in Smaller-Scale NP Experiments
— P. Nadel-Turonski (JLAB) and G. Varner (University of Hawaii)

+  Synergies Between Detector Development in Nuclear and Particle Physics
— C. Woody (BNL), T. Hemmick (Stony Brook University), P. Nadel-Turonski (JLAB)
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