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Sabbatical Trends ?

This is (only) my second sabbatical; first was U. Michigan in 2005.

Both were marked by:

Seasons With the Most Snow

= wonderful hospitality, alrteilin )l
= very stimulating research environment, and 120101 561 —

2 1947-48 440 I———
3 1872-73 411 I
4 1955-86 40.5 I
4 1504-05 40.5 I
6 2003-04 371 IS

= Dbeing able to get a lot done !

SNOWFALL . i 1 —
YEAR LOCATION Average Actual 10 188384 2.5 mm—

Soaurce: Mational Weather Servica,
201311 data through Jan. 7

2005 Ann Arbor, MI 107 cm 187 cm

2010  New York, NY 68 cm 142 cm (to date!)




Outline

The (Non-Thermal) TeV Universe:

= Observed sources & relevant astrophysics

Two Key Scientific Questions:

= Astrophysical particle acceleration - origin of cosmic rays
= Physics beyond the standard model = dark matter

VERITAS y-ray Telescope:

= Design & performance
= Latest results on these two questions

Future Experiments:

= GAPS Balloon Instrument to study dark matter
= (Cherenkov Telescope Array)



New Windows, New Messengers

GAPS
MesSeNngers  CR's ----—f--—fmmmmmmommmo e >
Neutrinos = T =
Radio IR O UV X-rays y-rays ---------- e e >
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g(E/e
Gamma-Ray Active Galactic “Dark” TeV PeV v’s >1019 eV

Bursts (GRBS)  Nuclei (AGN)  Accelerators Particles



The TeV y-ray Sky - 1999

4 sources




The TeV y-ray Sky - 2010

13 sources




The TeV y-ray Sky - 2011

~120 sources

Source Types

6 Plerion PWN

6 XRB PSR '

6 HEL IBL FRI FSRQ LEL -90

@ shel - Explosion in number of sources and variety of source classes.
@ starburst « High-quality information: imaging, spectra, light curves.

. DARK

Most discoveries made by Atmospheric Cherenkov Telescopes

6 MQS Cat. Var. UNID
Other BIN WR



"“Who Ordered Them ?”



A Wide Variety of Sources ...

HMXBs “Dark accelerators”
Supernova Remnants  Pulsars/PWN (microquasars)

HESS J1616=508

Shocks NS dynamo  Accretion-powered jets, 27?7
Fermi mechanism Winds llidi i 7
Colliding winds, or GALACTIC
Active Galactic Nuclei Gamma-Ray Bursts Starburst Galaxies

107 10°% 10°
Fluence, 50-300 keV (ergs cm™)

Massive star collapse Star forming activity
Relativistic shocks HE Cosmic rays

EXTRA-GALACTIC

Supermassive BH
Jets



Key Physics Issues

SNR
myi
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Origin of Cosmic Rays

Flux (m* sr s Gev)™

%
¥

Fluxes of Cosmic Rays

.':.'4‘-.
2,

“4  —— {1 particle per m*—second)

o
Knee

o (1 particle per m*—year)

T

Ankle -
{1 particle per km —year)

—

T IR TAT R TR AR TTT MR T AR TITT SN RTTTT R RTTI MR T SR TIiT MR MW ETT T MWt

107 10" 10" 10" 10" 10" 10" 10"® 10" 10" 10" 10%° 10™
Energy (eV)

Diffuse, all particle spectrum

90 year old mystery !

= Enormous E range
= Mostly charged particles
= E density ~ 1 eV/cm?

Neutral messengers:

Jio

are required to directly
observe cosmic accelerators.



Supernova Remnants (SNR’s)

SNR E102

Collapse of massive star;
detonation of white dwarf.

Outer layers ejected with
v ~3x 103 km/s.

Shell expands and shock front
forms as it sweeps up material
from ISM.

Acceleration of particles via
“canonical” Fermi process.

In ~ 104 yrs, blast wave
deccelerates and dissipates.

Can supply and replenish
CR’s if ¢ ~ 5%.



Electrons or Protons ?

_ Tycho’s SNR
TeV y-rays are: VERITAS Discovery

- Not deflected by interstellar magnetic fields. in 2010 (Barnard mtg.)

= Tracers of parent particle populations — those
particles accelerated by shocks.

But both electrons and protons produce j-rays.

Galactic Latitude (deg)

Accelerated electrons Accelerated protons
— TeV y-rays — TeV y-rays
I T I
Up-scattering of soft photons Target interaction, T° decay ~
/ p v :
A e 'ITO|:/’ g
Z%h_ _ 2
w
! . _ _
Inverse Compton Target material % -1 hadronic
Scattering o
oL
oy —12 R
!
There is now evidence for SNR acceleration of il B - 230 ac 1
CRs, but the case is not yet ironclad. PRI /A

-10 -5 0 5] 10 15
Log Energy (eV)




Cold Dark Matter

There is overwhelming astrophysical evidence for dark matter, from e.g.:
« rotation curves of spiral galaxies,
« velocity distributions in galaxy clusters,
« colliding clusters & gravitational lensing
e cosmological measurements ...

Cosmology, in particular, points towards DM being:
* non-baryonic

_ .~ =) Cold dark matter (CDM)
* non-relativistic

Numerous CDM candidates exist:
« Primordial BH’s — possible, but production mech. not know.
* Axions — motivated by particle physics; searches underway.
- Weakly interacting massive particles (WIMPs).

“WIMP miracle”. present relic density is consistent with expected for a weakly
interacting particle & new particle physics is required at the weak scale (EWSB).



DM Detection: Complementary Approaches

Produce DM particle

in accelerators
[ B - &L

TS T S
() Nucleus -’

LHC at CERN Xenon1T Detector

Astrophysical 8 Annihilation (c,)

Indirect . L

Detection i v’s, V'S,
anti-matter

Sextens arf galaxy




Indirect Detection

Telescopes ——

Y VERITAS,
A HESS, Fermi ...
e
Sphmigtioh. . L V IceCube
(e.g. GC) 7 _
7 e Cosmic Ray Expts
il ) decreasing
............ - _ background
........................ > € ATIC, Fermi ...
o
................ -+
_________________ > € Pamela, AMS
W-/Z/hlq ||

| | = [HEAn Eame a,
i DT

s | [CHPS



DM Detection via y-rays

Target regions with:
= Favorable DM distributions.
= Large mass/light ratio.

Simulated y-ray signal
Taylor & Babul (2005)




DM Detection via y-rays

“Universal” Spectrum
Target regions with: %
= Favorable DM distributions.

= Large mass/light ratio.

1.4 ﬁ'eV Higgsino
(Bergstrom)

10 F Tt

Galactic Halo

Galactic
Center

Galactic
Satellites

0 =

HESS, Whipple, & Cangaroo detected

Extragalactic
Sources

a strong source at Gal. Center

- Is it dark matter ?



DM Detection via anti-Deuterons

DM production ofg
X

Unlike anti-protons,
anti-deuteron secondaries are 2

severely suppressed. X % P 3
)

. _ X "ghW.. " n
Prlmary Component (DM) Dark Matter Hadronization Coalescence
e 2 P d

Anti-deuteron flux at the earth
(w/propagation and solar modulation)

Secondary Component:

E. Donate, N. Fornenge, P. Salati {1999)
T | e e

104

L] | L L L | L]

pA > dX [via p(pn)n] I from Dark Matter

where A = p, He . 3
T 10°
Anti-deuterons provide extremely clean = o

signature, but low fluxes result in a &

daunting experimental challenge !
“ D from Cosmic Rays

0.1 os 10 s 10
T, [GeV/n]



VERITAS
v-ray Telescope



Very Energy Radiation Imaging
Telescope Array System (VERITAS)



Major VHE Telescopes

Multi-messenger Astronomy

HESS .
CANGAROO Il
IceCube, v’s

CANGAROO

lceCube
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U.S. Canada Ireland

Adler Planetarium UCLA McGill Univ. Cork Inst. Tech.

Argonne Nat. Lab UCSC Galway-Mayo Inst.

Barnard College U. of Chicago U.K. N.U.l. Galway

DePauw Univ. U. of Delaware leads Liniv Univ. College Dublin

Grinnell College U. of lowa )

lowa St. Univ. U, of Minnesota - & cciriote d Members + 35 Associate Members
Purdue Univ. U. of Utah DESY/Potsdam Theorists, MWL partners,
SAO Washington U.

Penn State U. IceCube, Fermi, Swift, etc.



From my talk back in 2005 ...

Telescope1

I W il W’ i 11 W

Whipple Base Camp
Mt. Hopkins, AZ

Rene A. Ong Columbia University 18 April 2005



12m reflector, 1.0 optics i 500 pixel Camera



Four-Telescope Event

file print optiohs

tas event analysis and display,

Qe:d' start auto runlgotn event; | 16588 i“.ﬂ.lltelesc:npes =l Qumpl Q,uitl

chage Itrig;er' hit

| hita | timing | ped | ped ver| nains | gvars | tor

| tzeras | chan. |

Ruri: 34577 Event 16588 Tvpe 1 [0) GP S 2007 86 11:41: 17,3083
ot channel £00

GED:C_x=-0.30, _yel 41, dist. 51, lengthi=0. 2506, width=0.07 45,2222 &5, size=74.55
Run: 34577 Event 16555 Type 1 (0) GF 5 2007 §6: 11 :41: 17.50529

Mg channel 500
Mum Samples 24
Mum Trigger 15
Mm hes 20
bum Dead 10

GED: _x=-0.22, ¢_te=-0.22, disk0, 31, lengtte0. 2227, widhi=0.08 55,#=35.67, size=1295.40

Run: 34577 Event: 16588 Tupe: 1 (00 GP S 2007 86 11: 41: 1730330

443 Mo channel son E
Mum Samples 24 2,% Mun Samples 24 “"'.:
Mum WHager 15 o b Hun THgger 17 24 B
Mum Tubes 15 £ Mun Tubes 19 0 £
Mum Dezd 37 Mun Dead 23

GED: £_x=0.19,0_ve0. 39, distz0.44, length=0. 2162, wicth=0.1104,0:56.18, size=t54.55
Run: 34577 Event. 16555 Twpe: 1 (01 GRS 2007 56 11:41: 1750330

e chianinel 500
Mun Samples 24
Nun Trigger 3
M Tihies 19
Mun Dead 20

GED: £_w=0.33 ¢_p=0.16, dist=0. 35, lengh=0.2 527, witth=0.0770.=6 51, size=67 5.7 3

readlirg file /. foatad2007 132734577 cvbf

now at evert 16555

ino | FADE | calibration | tgrad | analysis | options  shower

RUN/Event: 34577/16588 2

Nurm,of Imeades: 4 /4 /4 /3
Zenithi3.178.1/8.1/ 8.1/ -

Agirflulhy 28,5/ £9.5/ 2957 28.5¢
-%off 0.<8f 0.48/0.48/ 0.48/
‘off. -0.08f-0.08/ -0.08/-0.08/
Thz: 023/ 0.23/0.23/ D23
1T 11 A 1114 1
Vi =780 78078 -F

Core position on ground.




Observation Strategy

= ToO’s, GRBs
= Higher risk sources

= Science WG’s & TAC

il & Cygnus Sky
BLAZARS  Dark Matter  Survey (2007-9) ~ SNRs/PWN

= 850 hours/year Dark Time + 20% Moonlight (= 1000 hours total).

= > 95% Data taken with all four telescopes operational.



VERITAS Results
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Cygnus Arm Sky Survey

Fermi GeV Map ..

J1614-2230
CTA1

J0007+7303 J174-‘1—1134\

J1741-2054
o o Geminga
1813-1248__ J1732-31 J1418-6058 ',

Gami ni”
J2238+59 és'“ = (6] -
.
20024 127 10582848 41 o7e08 ’ }/ \ T J0633+0632
“Eaf
=l Voo Crab
o 18262 el 5 O
257432 ovl-2332 J0613-0200
O o

J0218+4232

CTB 80/B1951

CTB 87 \ G63.7+1. G54.140.3/J1930

il 50 100 150 200 250 300 350

Cygnus: rich region of SNR'’s, PWN, binaries, GeV sources



VERITAS Sky Survey: Strategy

%

L]

%]

Galactic Latitude (deg
.

g 78 76 7

+ ¥ ﬁ D
; & N

—1350

EXPOSURE MAP

8’

Made possible by good VERITAS off-axis sensitivity
= Survey covered region 67° <|<82°,-1"<b <4’

= QOver 2 year period: ~112 hours in base survey, ~100 hours follow-up.

= ~6 hrs equivalent exposure at every location (before follow-up).

Most sensitive N. Hemisphere survey ever done at TeV energies.

Effective exposure time [min]



Galactic Latitude [Deg]

Sky Survey: Region 1

.
o

VERITAS
Een

2
= 1)
Significance [c]

%
o N A

1 t':i

R

82 81 80 79 78 77 76
Galactic Longitude [Deg]

= VER J2019+407
= New TeV source

= TeV J2032+4130

= known source, perhaps
associated with pulsar.

Declination {(J2000) [Deg

Right Ascension (J2000) [Deg]

VER J2019+407 may indicate:

Interaction of SNR shell with
HI shell - evidence for
acceleration of protons.
(Leptonic model possible too).



Region 2: “Cisne”

= Targeted observations followed survey data.

= Motivation and analysis done by Ester Aliu (Barnard postdoc).

= Results to be released soon.



Targeted Discovery: SNR 1C443

Excess Map (smoothed)

Ezs.z VER TAS s /i
P

2 23

4]

£

02238

(]

N
N
o

22.4

“CO maser

21'895 94.8 94.6 94.4 94.2 94 93.8 93.6

Right Ascension (deg)
V.A. Acciari et al., ApJ 698, L133 (2009)

= Overlap with CO indicating
molecular cloud along line of
sight.

= Maser emission suggests SNR
shock interacting with cloud.

= TeV emission could be from CR-
induced pion-production.



Future Deep Observations of IC 443

Upgraded VERITAS Detector

Simulated — 100 hours, assuming
Existing data (20 hours) the emission maps CO

94.6 94.4 94.2 94 93.8

94.6 94.4 94.2 94 93.8
Right Ascension (Deg) Right Ascension (Deg)



Dark Matter

Results & Future Prospects



VERITAS Dark Matter Program

Because of large uncertainties (WIMP mass, o, astrophysical flux), VERITAS
observing strategy targets a variety of potential sources.

Advantages Disadvantages

Galact: Conter - Close by - Many astrophysical backgrounds
- Huge amount of DM - Big uncertainty in the DM distribution
: - DM dominated - May be beyond reach of current
— Dwanf spheroidal _ instrument sensitivity
galaxies - Clear of astrophysical

backgrounds - Can be tidally disrupted: uncertainty in
the DM distribution.

- Not DM dominated
Globular clusters - Very close

- Astrophysical backgrounds

- Interplay of baryons with DM not well known

o
Clusters of galaxies - Huge amount of DM - Very far

- Astrophysical backgrounds

There have been no detections to date.



VERITAS DM Searches

Galactic Center
(brand new!)

—— Fermil1-300GeV]

Declination . [deg]

%

L%,
%
%

HESSJ1745.303 / 3

10"45™ 10"40™

Right Jf!\.scensiionJ

10"50™

2000

Strong detection by VERITAS, but
interpretation is still unclear.

Dwarf Spheroidal
Galaxies
© V.A. Acciari et al., ApJ 720, 1174 (2010)
§ 10% ,
S 2. —Ursa Minor ! \
£ "= —Draco \\ —
= 102 -— Willman |
- 4B 7T Willman | ,,,%%
o 10775 (Boost = 100)

[or)
1

% 10
\Y/

1024

10&?
1 0-28

10>

1 0-30

Limits, based on moderate observations,
do not yet rule out any models.



The GAPS Experiment

B3N A ) g

Gi;) (COLUMBIA [ JNIVERSITY

IMN THE CITY OF NEW YORK

Berkeley

University of California

UCLA

(+ LLNL, Univ. of Latvia) i N

May 2010

-

Colléboatin metin, UCB

T. Aramaki, N. Bando, S. Boggs, W. Craig, P. von Doetinchem, H. Fuke,
F.H. Gahbauer, C. Hailey (PI), J. Koglin, N. Madden, |. Mognet, K. Mori,
R.A. Ong, A. Takada, T. Yoshida, T. Zhang, J.A. Zweerink



GAPS Detection Technique

= Conventional method of magnetic mass spectrometer is not optimal for GAPS.
(Very large magnets with thin detector materials are needed for a deep survey).

TOF Atomic Transitions
— Auger e* "~
_— e :.—n I
Refilling e ST
\\ -L n=nx~15
......................... v
Si(Li) — ‘zi\’
- _ Y
e ¢ A
- 30keV  67keV - f:\:\/‘,\’y
_ — Ladder
1. Once D is slowed down and stopped in the target, Y Deexcitations
2. an excited exotic atom is formed, e An=1. Al=1
3. which de-excites with emitting X-rays, =1 n=ti, A=
4. and annihilates with producing a pion shower. 71:+\ T E, Z(Zz)zM*RH[iz_izj
B ng n
= Detection principle was verified and n "'/ \ >t
high X-ray yield was shown in accelerator T m Nuclear

tests (KEK antiproton beam, '04 - ’05). Annihilation



GAPS Concept

GAPS consists of two detectors
(acceptance ~2.7 m?sr):

Si(Li) Detector (target and tracker):

o Si(Li) tracker:13 layers of Si(Li) wafers

. relatively low Z material

« good X-ray resolution

« circular modules segmented into 8 strips

> 3D particle tracking

« 270 per layer (total: ~3500)

. timing: ~50 ns

« dual channel electronics
5-200 keV:  X-rays (resolution:~2 keV)
0.1-200 MeV: charged particle

Lidiffused contact p*-contact
(HV side)

Time of flight and anticoincidence shield:
. plastic scintillator with PMTs surrounds tracker
. track charged particles, dE/dX

. Vvelocity measurement

. anticoincidence for charged particles

LD Balloon flight in 2015 ?




Prototype Experiment

Prototype GAPS (pGAPS) goals:

= demonstrate stable, low noise
operation of components at float
altitude and ambient pressure.

= demonstrate the Si(Li) cooling
approach and verify thermal
model.

= measure incoherent background
level in a flight-like configuration.

N . pe
: ’:
w},‘{_ . Taiki Aerospace
) : Research Field

N 42° 30" 00”
E 143° 26" 30”

Sanriku
Balloon Center

A Tokyo

2011 scheduled flight
. from Taiki, Japan




Si(Li) Tracker

Semikon

structured p*-contact @ = 102 mm

@ =94 mm

m|dd|e TOF :— --= , G / ~2.5 mm thick
7 "" 1‘ ‘;' 0 ! ; 'r:. SR " (4mmGR)

= 6 commercial Semikon detectors.

= homemade detectors
(test for the bGAPS fabrication).

= Energy resolution < 3 keV @ 60keV.

= operation at ambient pressure.
(8mbar).

= cooling system delivers: -35°C.




Time of Flight System

3 planes of TOF
1 plane = 3x3 crossed paddles
= 18 paddles and 36 PMTs

3mm scintillator (EJ-200, BC-408)
Hamamatsu R-7600 PMT (UBA)
timing resolution: < 400 ps
charge resolution: < 0.30 e
angular resolution: 8°



GAPS anti-D Sensitivity

Current limit
- Cosmic anti-D have never been h / :

detected. Could be produced by
new physics.

GAPS
DB = w 7P (m =40 GeV)
. . . . AMS-02 s Secondary/tertiary
* Primary anti-D production: B~ ~ e primordial black holes

- LSP (w'w-,m =100 GeV)

LSP (bb, m = 100 GeV)

LKP (m =500 GeV)

Supersymmetry (LSP)
Kaluza-Klein UED (LKP)
Warped ED (LZP)
Primordial BH's !

Dflux(m-s sr!GeVh
= =

*  Sub-GeV region is background
free — the detection of even a single,
clean event would be important.

[—
1

=

(=]

102

GAPS will extend sensitivity reach 0.1 1

10 100

by 2-3 orders of magnitude. Kinetic energy per nucleon (GeV n!)



Summary

« VHE y-rays probe astrophysics of TeV particle acceleration in the
cosmos, as well as probing for new physics beyond the standard
model.

* Among the key scientific questions being attacked are the origin
of cosmic rays and the nature of dark matter.

« VERITAS is fully operational and producing numerous exciting
results; the on-going upgrade will further improve sensitivity. A
future experiment, CTA, would achieve an order of magnitude
further improvement.

 GAPS is a proposed balloon expt to search for signatures of dark
matter in the cosmic rays. Prototype experiment is well underway.

“The real voyage of discovery consists, not in seeking new
landscapes, but in having new eyes.”
Marcel Proust (1871-1922)



VERITAS & GAPS @ Columbia

VERITAS :
Reshmi Mukherjee
Brian Humensky

GAPS :
Chuck Hailey
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Ester Aliu Jason Koglin Emlyn Hughes
Manel Errando Tsuguo Aramaki John Parsons
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