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have been working on timing
R&D in the past 3 years w/
Anatoly Ronzhin, Erik Ramberg
Adi Bornheim, Artur Apresyan
Si Xie, Javier Duarte, Cristian
Pena, 9 undergrads, + UofC
colleagues — profit from
Caltech HEP Calorimetry
experts (Newman, Hitlin, Zhu)

Test Beams at FNAL and
CERN priceless!




CALORIMETER TINING MEMOIR (CIRCA'1998)
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"Muybridge race horse animated” by Photos made by Eadweard MuybridgeAnimation by User Waugsberg - The sequence is set to motion using these frames, originally taken
from Eadweard Muybridge's Human and Animal Locomotion series, (plate 626, thoroughbred bay mare "Annie G." galloping) published 1887 by the University of Pennsylvania.
Licensed under Public Domain via Commons - https://commons.wikimedia.org/wiki/File:Muybridge race horse animated.gif#/media/File:Muybridge race horse animated.gif
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— High luminosity =& more PU, shorter bunch spacing, complex 4D
luminous regions
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— Higher energy — larger phase space for more complex topologies (jet
multiplicity, boosted objects), require larger dynamic range of detectors
& granularity & push PFA to limit (substructure, ML tech etc).

— Precision timing allows to extend calorimetric measurements into the
high density environment

- Associate energy to the proper vertex by 4D reconstruction.

- Exploit 4D information in clustering



Scale & complexﬂy of colllsmns
Scale & complexity of detectors
Scale & complexity of DAQ

Scale & complexity of trigger

—4= High int. bunches
@ Low int. bunches
150 ns

Complexity of reconstruction .‘ 750s

+-50 ns

Stored Energy (MJ)

Complexity of algorithms —

0,01
15-Mar-10 28-Jul-11 09-Dec-12 23-Apr-14 05-Sep-15

Complexity of data distribution & transfers

1 ns interval

Complexity and tractabilty of detector simulation

— towards holistic, hybrid integrated Y >
SYSte ne — B Tins 0.14ns - 0.02ns =

— emerging innovation (e.g. Askaryan/Gorham @slam)
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Data Complexity: The Challenge of Pileup
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~3.5 X 10" pp
Collisions

1M Higgs Bosons
created in Run 1
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Run2 and Beyond will brin

= Higher energy and intensity
= Greater science opportunity

= Greater data volume &
complexity

= A new Realm of Challenges
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Average Pileup
Run 1 21
Run 2 42
Run3 33

HL LHC 140-200
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+ super high energy challenges with boosted objects and ;
persistent jet-like event topologies
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— PU effects

- Total Sum Et (no PU)
Sum Et after Time cut (PU)

- quantify this in terms of effective PU %
— PID/PFA

— CALO-Timing: simultaneous x,y,z,t,E 5D
reconstruction 100 200 300 400 500 600

¥ E5“A [GeV]

CMS Simulation Preliminar

— time resolution vs energy resolution vs
granularity vs eta (to be optimized)

H—yy events

both photons with
1.5<|n(y)|<3.

o
o

©
o2

“— Front End card (FE)

Vertex Resolution [cm]

Trigger Sums

pulse shape matching [%]

differential peak pulse height [volts]

normalized pulse height

0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.0
Time Resolution [ns]

100 150 ) . . 0.75 1 125 15 ApD/va
time [ns] R=A(T)/A(T+25 ns)

VFE architecture for single channel
025 m IBM CMOS -150  -100 -
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Sensor C diu

om
M. Artuso, M. Battaglia, G. Bolla, D. Bortoletto, B. Cabrera, J.E. Carlstrom, C.L. Chang, W. Cooper, C. Da Via, M.
Demarteau, J. Fast, H. Frisch, M. Garcia-Sciveres, S. Golwala, C. Haber, J. Hall, E. Hoppe, K.D. Irwin, H. Kagan, C.

Kenney, A.T. Lee, D. Lynn, J. Orrell, M. Pyle, R. Rusack, H. Sadrozinski, M.C. Sanchez, A. Seiden, W. Trischuk, J.
Vavra, M. Wetstein, R-Y. Zhu

(Submitted on 18 Oct 2013 (v1), last revised 25 Oct 2013 (this version, vZ2))
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Sensors play a key role in detecting both charged particles and photons for all three frontiers in Particle Physics. The signals
from an individual sensor that can be used include ionization deposited, phonons created, or light emitted from excitations of
the material. The individual sensors are then typically arrayed for detection of individual particles or groups of particles.
Mounting of new, ever higher performance experiments, often depend on advances in sensors in a range of performance
characteristics. These performance metrics can include position resolution for passing particles, time resolution on particles
impacting the sensor, and overall rate capabilities. In addition the feasible detector area and cost frequently provides a limit to
what can be built and therefore is often another area where improvements are important. Finally, radiation tolerance is
becoming a requirement in a broad array of devices. We present a status report on a broad category of sensors, including

:
challenges for the future and work in progress to solve those challenges Track Reconstruction Using an “Isochron Transf

Results of a toy Monte Carlo with perfect resolution

Color scale shows the likelihood that light on the Cherenkov ring came from a particular point
in space. Concentration of red and yellow pixels cluster around likely tracks

Comments: 66 pages, Prepared for the Snowmass 2013 Community Summer Study

Subjects: Instrumentation and Detectors (physics.ins-det); High Energy Physics - Experiment (hep-ex)
Report number: Fermilab--?FN--?0971--?PPD, ANL--?HEP--?TR--?13--751
Cite as: arXiv:1310.5158 [physics.ins-det]

(or arXiv:1310.5158v2 [physics.ins-det] for this version)

Single track

— 1 will focus on fast timing applications for HCs mostly (the report
includes TOF systems for intensity and cosmic frontier detectors)
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50 oo 7000
Two tracks displaced from a
common vertex




OME RELATED TALKSHEBRE ... . . . .

— Tracking and Vertex Detectors session:

* Non-silicon fast timing : Anatoly Ronzhin (Fermilab)

+ Silicon Fast Timing :
— Photodetectors :

* New Large Area MCP's, Andrey Elagin (University of Chicago)

- A Large Area APD for the Readout of the Fast Scintillation Component of
Barium Fluoride, David Hitlin (Caltech)

— Calorimetry :

- Secondary Emission calorimetry, Si Xie (Caltech)
- CALICE Calorimeter Jose Repond(ANL)

- HGC Calorimeter Roger Rusack (Minnesota)
https://indico.hep.anl.gov/indico/conferenceOtherViews.pylview=standard&confld=625
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TOF PID - Pb-Pby{s,,, = 2.76 TeV, min.bias 858117

T R — MEG2 (Scintillator, SiPM, ~35 ps from

all TOF channels Sigma 86.03+0.14

S JSEEsEET R 8 tiles— multiple measurements (talk
ALICE l Y S | by S. Ritt)

PERFORMANCE
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— Alice TOF (MRPC, ~86 ps) textbook
example

, — NA62 GTK (Si, ~260 ps)

RMS 0.4471

sl — Totem Roman pots Quartz Cherenkov,

eoremema ) o0 0100 s0025 SiPM, ~30 ps (2015 TB)/ Diamond,
~100 ps
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Time difference GTK1 Pixel 23 - GTK2 pixel neighbor [TK1_Pixel23 GTK2 4

2493

Mean -0.09025

RMS 259.5

Underflow 0

Overflow 0

Integral 2493

B . Skewness -0.2658
GTK1 Pixel 23 2 Indf 35.95/38
9 Pivel 9 Prob 0.5645
GTK2 Pixel 23 Constant 199+ 5.2
Mean 1.119+ 4.998

Sigma 246.5+4.2

o ~245 ps
ofv2 ~175 ps

4000
[ps]

— N.B. TB result always better than in-situ
(integrated prototype systems needed)
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& Calorimeters inherently create huge raw primary signals since they
convert entire particle energy.

1),
7

& Calorimeters detect charged and neutral particles.
& EM showers exhibit a very coherent and reproducible 4D evolution

&Perform multiple measurements, gaining in precision with sqrt(n).

&lIntegrate raw signal from larger detector volume.

& HAD showers inherently are less coherent and unfold in a significantly
larger volume. May exploit EM components of HAD showers (Synergies
with imaging calorimeter).
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& Calorimeters typically equipped with a very precise, large dynamic
range readout.

Enhancing this to be capable of ps precision timing is a relatively
Inor operation.

Additional readout bandwidth and power budget can be more easily
accommodated than inside the tracking volume.

& BONUS: Simultaneous measurement of energy, position and time — 5D
measurement.

— challenge : achieve MEG2-like performance with CMS2 (i.e. go to detector
area of several 10s of meters, traverse granularity of O(cm), super high rates,
radiation >10 Mrads, with bunch spacing <25 ns)
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500 GeV Y

by Ben Barlett (Caltech2017)

Shower simulation

t=11.920ns

Layer 1/30

n
O
o
o

Energy-unweighted hits

0.15

0.10

0.05

Energy (MIPs)

0.00

-0.05

-0.10

log Energy (log MIPs) (total for n events)

-0.15

-0.20
-0.20 -0.15 -0.10 -0.05 0.00 0.05 0.10 0.15 0.2 25005000 750010000

1 Energy-unweighted hits
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Technology (Experiment) Depth  Energy resolution

Nal(Tl) (Crystal Ball) 20X,  2.7%/E!/*

BisGe3Oqo (BGO) (L3) 22X,  2%/VE @ 0.7%

Csl (KTeV) 27Xo  2%/VE @ 0.45%

CsI(T1) (BaBar) 16-18X( 2.3%/E'/* @ 1.4%

CsI(T1) (BELLE) 16Xg  1.7% for E, > 3.5 GeV
PbWO,4 (PWO) (CMS) 25X, 3%/VE & 0.5% @ 0.2/E
Lead glass (OPAL) 20.5X9 5%/VE

Liquid Kr (NA48) 27Xy  3.2%/VE® 0.42% ® 0.09/E

Scintillator/depleted U 20-30Xy 18%/VE
(ZEUS)
Scintillator/Pb (CDF) 18X  13.5%/VE

Scintillator fiber/Pb 15X 5.7%/VE & 0.6%
spaghetti (KLOE)

Liquid Ar/Pb (NA31) 7T5%/VE®05%®0.1/FE
Liquid Ar/Pb (SLD) 8%/VE

Liquid Ar/Pb (H1) 12%/VE ® 1%

Liquid Ar/depl. U (D@) 16%/VE © 0.3% © 0.3/E

Liquid Ar/Pb accordion 10%/VE ®0.4% ®0.3/E
(ATLAS)

add granularity, time resolution,
(vs eta coverage).
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puldwes

Add Imaging and other modern PF devices of
hybrid detectors /other “magic” materials (see

MENN @)
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CALO-TIME RESOLUTION CMS EC L
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c o 0668+ e 0003 ns

num. electron pairs /0.05 ns

S
=
N

N
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N=35.1+£0.2ns
C=0.020+0.004 ns

v* I ndf =173 /169

I N I L1 1 | L 1 111 e 111 1

1 - | - 1 | 0 L 1 1 | 10
time of flight corrected: (teuectronftelectronz) [ns] TB 20 NSeC 107

Time Reconstruction and Performance of the CMS
Electromagnetic Calorimeter

— Clock distribution most severe limitation— as high precision timing was not a design feature;
can easily be improved.

— Poor exploitation of raw signal (scintillation light) : less than 10% of rear face covered with
sensor. CMS APD state of the art >10 years ago, advances in photo detection.

— Slow pulse shaping time : 40 ns, partly due to the small raw signal
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o timing resolution as a function of the scintillator decay time, 7, the light

yield LY (phe/MeV), the energy deposit, £ (MeV) and the threshold, T'H (in
MeV):

o, =7 In[1/2LY(TH — E 4+ /(TH — E)2 4 4E/LY] (1)

CMS ECAL barrel calorimeter PWO crystals read out by APDs produce
~5 phe/MeV. A 10 GeV energy deposit in a crystal will generate 50,000 phe. If

the threshold is set at 100 MeV the corresponding time resolution will be o;=
200 ps.

P.Lecoq, “New approaches to improve timing resolution in scintillators”, Proc.

SCINT201I 1,
Giessen, German y, Sept. 201 |, IEEE Trans. Nucl. Sci.




CALO-TIME JET VERTEXING

2\ T Difference between Time-based Vertex and Track-based Vertex
~++ Time-Based Vertex
» Extrapolate z vertex position of a particle as a function of time. HGS =
» We refer to this diagram as the Time Vertex Diagram  (tVertex). 6000 =
» Do so for two or more particles and determine the z position where -
the lines of the tVertices cross. 5000 [—
‘ — Time-based vertex is z position for which particles have same TOF. 2508 —
| tVertex =
3000 —
£ | s = L =
X LK £ o —_ -
. s | 2000 —
X ;fx i : g .g;:i f_,__/’/}‘L_\\_\"‘\_‘_\ 1000 :_
! | &)\ 3 o o o E
| ; _m./» o S T T T N T PR T TN TR (SN NN TR TR T SN TR TN TN T N SR T PRI S SR S T T
7 ®5 & B8 & a5 4 as a3 4 %0 _150 .100 .so 0 50 1m 15’ 20

Vertex Time (n

03.10.2012

(tVertex-zVertex) mm

— Jets consist of a number of particles (predominantly pions, ~1/3 of them n®) and jet reconstruction
extends over a large area (dR = 0.5 2500 crystals)
— Precision of time-based vertexing improves by using many independent time measurements.

— Some local systematic effects on the time measurement expected to cancel out in extended objects,
l.e. Jets.
— One can choose granularity to make optimal number of time measurements per physics object
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& 46.6 MeV deposited in 43.5 mm LYSO. Very high light yield, very radiation
hard, signal rise time very fast, few 10 ps, ~32000 phe per mm, needs photo
detector which may have gain or not

& 32000 e-h pairs per 300pum, signal rise time typically ~1 ns (theoretical limit
before charge collection efficiency ~10%

& MCP : bare detector may yield few phe or one secondary electron emissions,
gain large (eg. 10°)

& Charge and photon collection can vary greatly depending of detector layout

25
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Follows some FNAL/
Caltech results from

2. TIPP2014, 02.06.2014, "Timing performance of the CMS clectromagne:ic calorimeter and prospects for the future”, Adi Bornheim : https://indico.cern.ch/event/192695/session/4/contribution/201 , I B S t h e aSt 2 e a rs
https://indico.cern.ch/event/192695/session/4/contribution/20 1/material/slides f, Proceedings : pos.sissa.it/archive/conferences/213/021/TIPP2014_021.pdf P y
3. TIPP2014, 05.06.2014, "Calorimeters for precision :iming measurements in high energy physics", Artur Apresyan :

https://indico.cern.ch/event/192695/session/7/contribution/236/material/slides/0. pdf e | Seve ral N I M PaPe I"S) at
wscancodrci somence socz 401229 - ' | | FNAL and CERN.

5. [IEEE2014, Seatle, Cristian Pena

[ J
6. FRONTIER DETECTORS FOR FRONTIER PHYSICS - 13th Pisa Meetmg on Advanced Detectors, 29.05.2015, "Precision Tnmmg Calorimetry for High Encrgy Physn\,s Adi Bornheim, I h e re I s m u C h WO rl(
nttos://a loetFile.py/access?contnbld=194&session sld=08& es&econ =8397. »‘"t'-l"‘,“—‘—‘,"'."""' . n.it'video/multimedia/2015-05-2 3 '?'AI S/ivideo(097.

iU \_J[|L’

UOUVJ

7. SCINT2015, San Francisco, "Precision Timing Calorimeter for High Energy

going on (@Princeton,

8. IEEE2015, San Diego, "Studies Towards a Precision Timing

Calorimeter for High Energy Physics Collider Experiments”, Cristian Pena, I N F N < E R N + +
9 ),

Papers on fast timing :

1. "On timing properties of LYSO-based calorimeters”, NIM-A, Volume 794, 11 September 2015, Pages 7-14 ,

3. "Study of the timing performance of micro-channel plate photomultiplier for use as an active layer in a shower maximum detector”, NIM-A, doi:10.10

4. "Direct tests of micro channel plates as the active element of a new shower maximum detector”, NIM-A, doi:10
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Fast timing with Microchannel Plates

Core Resolution DRS4 boa rdS
5 GSPS, 700 MHz

. L. _ .. .. _ TOF time resolution for protons
» Starting point in exploring precision timing in calorimeters between two MCPs (Photonis vs

» Secondary emitter material as active element in a sandwich type Photek) found to be ~17 ps.

calorimeter MCPs in SEC mode better than 40 ps.
> First proposed: “On possibility to make a new type of calorimeter: Includes 5 ps from readout (DRS4).

radiation resistant and fast’, A. I. Ronzhin et. al, preprint IFVE 90-99, .
1990. R 50T ED MCPs serve as our reference timing.

Number of Events

Window

2 mm

Cathode 4 -0.5 -0. 03 0.2

A. Ronzhin et. al. NIM A, Vol 749 p 65-73 1o e e

el
Anode pads 52mm

= wcrin | ] MmN Photoni
Lead absorBer ko i 0 R

Connector

» Secondary particles from EM shower are detected by MCP
> Signal is proportional to the number of secondaries - energy of parent
> Most of secondary particles are low energy - MCP very efficient
» MCP are intrinsically very fast - calorimeter with very fast timing

25 um pore size, 60x60mm? sensitive 10 pm pore size, 41mm aperture, PC-MCP
area, rise time~300 ps, SPTR~120 ps, distance ~5mm, rise time~60 ps, SPTR~40 ps
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https://agenda.infn.it/conferenceDisplay.py?confId=8397

See poster presentation :

Fermilab: Sergey Los, Erik Ramberg, Erik Ramberg, CalTech: Artur

Apresyan, Si Xie, Maria Spiropulu, U. Of Chicago: Heejong Kim
And forthcoming NIM paper (submitted) from the same authors.

tude [V]

Measurements of shower profile with MCPs as active
layer.

Time resolution as a function of the shower depth :
~13 ps with Photek, <40 ps with Photonis.

Time resolution among different transverse regions
inside a shower : ~30 ps with Photonis

To appear in NIM.

Mean Ampl

i s

Photek AanB |

i

Time Resolution [ps]

Photonis |’ ,'

s N1

= Lead Absorber

= Tungsten Absorber

10 12 14
Absorber Thickness [X ]

=— Lead Absorber
—+— Tungsten Absorber .<}.

#iii""

8 10 12
Absorber Thickness [XO]

12

Si Xie’s talk later totally
for recent progress
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Experimental setup LYSO timing

ot o ﬁ. it

x2mm? trigger ="

e ——

Reference
MCP-PM
Detector

2x2 mm?
Scintillator
Trigger

Reference
Photodetector
Measure t0

] |

absorber
- 1.7x1.7x1.7cm?®
*———— VSO Crystal

Scintillator

Scintillation Signal
Photodetector

Measure t ;
Jetector

> Study the effect of scintillation (of LYSO) on time resolution

» Minimize the effect of optical transit by using a relatively small
LYSO crystal (1.7cm x 1.7cm x 1.7cm cube)

2x2 mm?
Scintillator Reference
Trigger Photodetector
= Measure t|

absorber 1 751751, 7em’
7x1.7x1.7cm

-D +—— |vs0 Crystal

Scintillator

Scintillation Signal
Photodetector

Measure t1

measure t,-t,

Number of Events

Number of Events

~
o

(9]
o
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o
o
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o

4 GeV electrons
0;=70.4%209ps

=IrJV.5 7T/7 c.J Mo

16 GeV electrons
0, =40.6 £1.5 ps

o
o

o]
o

Number of Events

Number of Events

8 GeV electrons

o, =57.412.0ps

32 GeV electrons

0;=32.5% 2.1 ps
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Increased Light Path Complexity ) Beam Test Setup Shashlik Cell
-

14 mnl,‘
o

R&D for HL-LHC on LYSO/W Shashlik =

/ _L¥so

calorimeter.
Radiation hard in HL-LHC environment up to [ Tyvek paper
3 ab",energy resolution of 10%/sqrt(E)®1%. "

™ ibers

Resolution performance demonstrated in test )

beam on a 4x4 matrix.
1x Monitoring ‘

Use single Shashlik cell to test timing
performance with very complex light path. i,
4 x DSB1
WLS Fibers

s o

_'_ - f:;’ = e
7 &

i }
00t 06 08 0. 09 og ¥ 08 0z o

tungsten
% Shashlik Cell

¥
Ay

| Photek 240
S——— MCP Detector
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Shashlik Timing Performance

—e— LYSO Cube

Time Resolution [ps]

I

| —e— Shashlik cell w/DSB1 Fibers|

10°
Amplitude [mV]

Performance of solid LYSO
cube and LYSO/W scales

with the rise time
difference due to the WLS.

Few 10 ps resolution
achievable with LYSO
based calorimeter,
reaching ~32 ps at 32 GeV
equivalent signal.

NIM A, Vol 794 (2015) p 7-14

29.05.2015 Adi Bornheim, Elba 2015, Precision Timing Calorimeter

Current Systematic Limits

Extended measurement up to 150 GeV suggest that the systematic
limit is small.

Fit yields constant term compatible with the reference time
resolution of around 15 ps.

29.05.2015 Adi Bornheim, Elba 2015, Precision Timing Calorimeter

Order few 10 ps resolution for EM showers can be achieved with crystals independent of the level of
complexity of the light propagation. Similar conclusions for HGC with Si sensors and MCPs
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— Test PbWO ultimate timing with double readout.
_ Test Shashlik cell timing with multiple SiPMs. SN

L Diode +Diode,
30/— 2

— Test HGCAL Si sensors. gy

— Cross benchmark the above.

0.1 0.15 0.2
At Si vs MCP [ns]

— Scale to multichannel systems and optimize fine grain detectlon VS
technical constraints.

— Optimize jet reconstruction algorithm to use the timing information
and derive set of requirements for the spatial granularity and timing
resolution for an optimized jet calorimeter for high lumi and higher
energy HC (18 TeV, 30 TeV, ...)
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— Optimize h ig h resolution TOF calorimetry by T il | Vil 26, N 30 (2014) 1430070 (31 pages)
m n n n = = 1602 . N . (© World Scientific Publishing Company
improving the light extraction efficiency (e.g. - DO 10.1112/S0217731 X 150070
compress photons in the fastest propagation |
200 i Gain p2/reference : 1:25 n
modes by means of photonic crystals and _; i Ny A
plasmOn |C resonances as in 4D TICAL = RC prOje i 20 o Ag' Ofd tto ()
(2013-2018, Lecoq et al).

Intensity (a.u.)

Synthesis of Strongly Fluorescent
Graphene Quantum Dots by Cage-

— Optimize read-out electronics (next generation o K Chn, Zeende Sofr
m m m m Egn Petr Simek, OndFe' ankovsk',
fastest SiPMs/TDCs/discriminators/amplifiers etc) e ||<|I'n;9V%]i,JSneianay
Stépanka Hrcjsll Ii((i:l I:ol\I/:vl?u(v:kové, and
Martin Pumera
— Use graphene quantum dots as WLS ACS Nano.2015.9 (3).pp 2548~
DOI: 10.1021/nn505639q

— Augment classical scintillators with quantum dots

Thermal neutrons detection by

S T R, T
m m m e e g & o, o8 5 W\ g ing SLiF
A ¥ el i e f entrapplng [
€.J. Nnano-Crystiaiine scintiators G O 5 R Nl rano-crystals in siloxane
D "Bi‘g ol 3 ' /. —

scintillators

— Ose modern (I0T-like) network tech to extract the
data

’ ) n 3’ :- ANSRI Workshop, Dublin, 12-14th January,
——— = 2015

— Other apps (homeland, medical, etc)
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- Fast tlmlng In 411 hadron collider detectors of the future is rather inevitable.

— Building end-to-end fully integrated prototype systems slices is important
to have validation and verification and confidence in performance

— The new era of materials (hanophotonics, plasmonics, quantum dots,
hybrid sensitive volumes and readout technologies) is here for HEP

— The new era of computation, algorithms including networking
technologies is here and part of the solution to the daunting amounts of
data and complexity of the current and future hadron colliders detectors

— Investing in calo-TOF R&D is likely to produce major breakthroughs (in
HEP and other fields)
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At the edge of SM valid up to Mp)acx
Stability

SUSY extensions

Composite Higgs

126 GeV is suspiciously light for a composite Higgs boson
and it is suspiciously heavy for minimal SUSY

you need to work SUSY extensions with enlarged Higgs sectors)




| THECOMING DISCOVERIES ===

® No evidence for supersymmetry so far at the LHC

® Without supersymmetry, we don’t understand how the
Higgs boson can exist without violating basic
mechanisms of quantum physics

® The apparent instability of the Higgs vacuum adds to
the mystery

® More data from many sources (particle, astro, cosmo)

and will guide us
Either the new run of the LHC should discover

superpartners or some such, or radical new ideas are
needed l
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| HIGGS CONNECTIONS TO "THE BEYOND” |

* |s there a Higgs portal to dark matter

* Electroweak baryogenesis

* VWhat principle creates and stabilizes the electroweak scale

* How does the Higgs talk to neutrinos

* What are the dynamical origins of fermion masses, mixings
and CP violation

* Extra credit: is the Higgs related to inflation or dark energy

Needs a multi-decade global experimental effort on
many fronts, with new ideas and new technologies
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/OPPORTUNITY
People who say it cannot be done should not
interrupt those who are doing Iit.

GB Shaw

Opportunity Is missed by most people because it
IS dressed In overalls and looks like work.
Thomas A. Edison


http://www.brainyquote.com/quotes/authors/t/thomas_a_edison.html

