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The Dark Matter Mystery

. . Since Zwicky observed
s - the Coma cluster
evidence has hardened

a2 S AN - .‘ Structure formations
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® simulations
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Dark Matter already gravitationally “observed”, but ...
What is it ?

What are it’s properties ?
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Observational Evidence for Dark Matter

points to
Non-baryonic

Cold massive

Not strongly interacting

Stable (long lived)

WIMPs often arise naturally in extensions to the
Standard Model of Particle Physics: Supersymmetry, ...
Standard particles
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Searches for VVIMPs

Annihilation

/W Z,T°,b,...= e v,y,p,D
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® C(Colliders

® Indirect Searches

® Annihilation of Dark Matter in
Galactic Halo, ...

° Annihilation signals from WIMPs
captured in the Sun (or Earth)

Electron Recod
(gammas)

® Direct Searches

® WIMP scattering of nucleons
— Nuclear recoils

Production
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e [dentify overdense regions of dark
matter

=>self-annihilation can occur at

significant rates
® Pick prominent Dark Matter target
® Understand / predict backgrounds

® Exploit features in the signal to better
distinguish against backgrounds

107

MW Halo + Atm.

Atmospheric Neutrinos

Beacom, Bell, Mack (2006)
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Principle of an optical Neutrino Telescope
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° ANTARES is located at a depth
of 2475 m in the Mediterranean
Sea, 40 km offshore from Toulon

° Consists 885 [0”PMTs on 12
lines with 25 storeys each.

° Detector was competed in May

2008

Neutrino lelescopes / Detectors

ILo7

Cable to shore
Junction Box

Depth: 850 hg/cm?

17x17x11 m?

Tank size:
70x70x30 cm’

Baksan Underground Scintillator
Telescope with muon energy threshold
about | GeV using 3,150 liquid scintillation
counters

Operating since Dec 1978 ; More than 34
years of continuous operation

To Shore \
. - calibeation laser

IceCube at the Geographic South Pole

5160 10”PMTs in Digital optical modules
distributed over 86 strings instrumenting ~lkm?

Physics data taking since 200/ ; Completed in
December 2010, including DeepCore low-

& | = 4 :(Ei’:-\ﬁnfmy elx:lo;hﬁfc
®  Lake Baikal, Siberia, at a depth 1.l km SN g
aa el o e Clectronics . .
NT36 in 1993 \F2 oq ol motk Super-Kamiokande at Kamioka uses | K
T, po oL - OMs .
= o B e A 20” PMTs
sasm® G B =% o
®  NT200 (since Apr 1998) consists of Bt Ik 113
one central and seven peripheral strings | /2l ok =la 50kt pure water (22.5kt fiducial) water-
of 70m length A 2N\ % / 23 I8 k3 cherenkov detector
v' ! -': ﬁ{ n..:j 625 m
hd .:; .: :i 6.25m . .
%' - _:jt : Operating since 1996
‘-z"\f gﬁ?; ,. ) 1200
X S Rsm
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The lceCube Neutrino Ielescope

Gigaton Neutrino Detector at the
Geographic South Pole

5160 Digital optical modules
distributed over 86 strings

Completed in December 2010, start

of data taking with full detector May
2011

Data acquired during the
construction phase has been analyzed

Neutrinos are identified through
Cherenkov light emission from
secondary particles produced in the
neutrino interaction with the ice

Dark Matter Searches

® Galactic Center is 29°
above the horizon

® Sunisat+/-23°

IceCube Lab

50 m [

1450 m

2450 m
2820 m

Strings Dataset
[ 2005-2006
9 2006-2007
22 2007-2008
40 2008-2009
59 2009-2010

73+6 2010-2011

78 +8 2011 -....

IceTop
/ 81 Stations, each with

2 IceTop Cherenkov detector tanks
2 optical sensors per tank
324 optical sensors

IceCube Array

86 strings including 8 DeepCore strings
60 optical sensors on each string

5160 optical sensors

December, 2010: Project completed, 86 strings|

FThr ~ 100 GeV

DeepCore
8 strings-spacing optimized for lower energies
480 optical sensors

Ethr~ 10 GeV

by
|
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, 60°

Top \/lew
k of“Fan”

baffles

(nylon brushes)

a very precise understanding of the
ice surrounding the lceCube
detector

® Calibration Sources:

° |2 LED flashers on each
DOM

® |n-lce Calibration Laser

° Cosmic Rays . Dust logs in lceCube
E |
® One pair of Camera 7 s00f
dlgltal DOM:s o
receiver ) ;
absorption length ~ 210m %0}
scattering length ~20-40m ol
E Hole 21 100 [
D A Hole 66 : 1 o
® h Hole 50 of | g§>?/
g’ ‘ Hole 52 [ . disposable DL )
-100 -
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Meters [m]
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Track topology .

(e.g. induced by muon neutrino) {?

‘I,.‘ !

't‘/ "r."‘ 'f A3 A A
%J“ 3‘ .(ﬂ‘:‘_:;ﬁ ‘vi Y —’ '\' : %/ |
Good pomtlng, P ir";’f’/’ﬁ‘/ v, 2B #
0.2°-1° |
Lower bound on energy for vu CC-int |
through-going events

Cascade topology
(e.g: induced by electron
neutrino)

Good energy resolution, 15%
Some painting,
10° - 15°

Ve VT CC-int & vi NC-int
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p + A = T1* (K?*) + other hadrons ... TT" = U V= e*VeVyuVy

IceCubVe Depth:
.5-2.5 km
/_ f'; »

TR spheric
2 Jutrinos

| North Pole

Atmospheric muons ~ 10 '/year
Atmospheric neutrinos ~ 10°/year

V
Astrophysical neutrinos > I OO/year
extra terrestrial neutrino fluxes
ffn'lifff 2§€g,g%n;?ar |7 QAS Carsten Rott
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Dark Matter Self-annihilations
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Dark Matter Annlhllatlon
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Measure Flux Partlcle Physics
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Use IceCube external strings as a veto:
- 3 complete layers around DeepCore (~ 375m)
* Full sky sensitivity: access to southern hemisphere

sCatteng
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Galactic Center

logy(J(¥)) for NFW

up-going

down-going

lyr of data

i ‘\‘ v:;':;;’ 1039 S.en'sitiv_it); (bb) — . Sjen.siéiviéy (frﬂ.-)l - S'en-sitivvity () |
- 0 H Limit (55) == Limit ("7 ) > Limit (u2) E
?, § [();ne? : Two analyses, combined based on 10 o E
i : best sensitivity (dotted). —_ § >
S i w 59
250 m : Both analyses observed lm . P %
: underfluctuations g 107 F %"6 E
: U 0 2
i “High energy” analysis: 0.5 o /_;': g qg ,
_. “Low energy” analysis: 20 \bj 102 L I;,E, s
"""""""""""""""""""""""""""""""""""""""" 53
Separate Low energy and High energy optimizations:
GC is above the horizon 102}
— Fiducial volume in central strings
— refined muon veto from surrounding layers NFW
. . Ll 10l . 1
Use scrambled data for background estimation 10! 102 10° 10°
m, [GeV]
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Neutrlnos test Iepton ancmalles

et/(et+e)
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lceCube can probe models motivated by the observed lepton anomalies
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Dark Matter Decay - s Dark Matter
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Search for b rg{ est ene rgy neutrinos

¥
A

IceCube Coll. Phys.Rev.Lett. | | | (iOIB) 021103 / arXiv 1304.5356

Dataset / Results
(670days of IC79/1C86 data)

expected 0.08 events
observed 2 events (— 2.70)

® Ernie ~1.15PeV (~1.9 104
® Bert~ 1.05PeV (~1.7 104

Tue Aug 9 07:23:18 2011

® Energy is the visible energy
of the cascade, could
originate from NC event, V+

CGC,or ve CC

Tue Jan 3 03:34:01 2012

® Angular resolution on

cascade events at this energy
~10°

® Energy resolution is about
5% on the deposited energy

Ernie & Bert are not GZK, but ...

Kamioka APEC Seminar c‘
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.y Dark Matter

(a)

® Intriguing overlap in energy of

the two | PeV cascade events 3
of lceCube high energy event -
sample
FIG. 4. The two observed events from (a) August 2011 and
. (b) January 2012. Each sphere represents a DOM. Colors
C O u I d th |S be d a rl( m atte r ? represent the arrival times of the photons where red indicates
early and blue late times. The size of the spheres is a measure
for the recorded number of photo-electrons.

example: B. Feldstein, A. Kusenko, S. Matsumoto,
. : and T. Yanagida arXiv:1303.7320v1 / Phys.Rev. 12
Evidence: :pss (2013)1, 015004 g 10~ r — — .
- 2.4PeV Dark Matter Particle mass Line signal

- Flux can be related to the lifetime tpwm

v~ 1IN, x 10%° s
® Models

10—16.

-—
|

N

o

® Singlet fermion in an extra dimension

® Hidden Sector Gauge Boson

Flux (cm=2s~1 sr' GeV-1)

®  Gravitino Dark Matter with R-Parity 10-24 . . .
Violation 104 10° 106
Neutrino Energy (GeV)
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Science

f

54 events (15 track-like, 39 showers) observed

Expectation from conventional atm.

muons and neutrinos ~21.6

2 - | I — Backgroﬁnd Atmc')sbhelrlc Muon Fiux ¢
10 poseesssensesaisrciesisicsasecs o 3 Bkg. Atmospheric Neutrinos (n/K)
: ~) Background Uncertainties
== Atmospheric Neutrinos (30% CL Charm Limit)

(7)) : -~ Bkg.+Signal Best-Fit Astrophysical (best-fit slope E-2%) ¢
%‘ . § - « Bkg.+Signal Best-Fit Astrophysical (fixed slope E?)
() 101 N aen e e®e Data i
N~ IceCube Preliminary
g - T °
P -1 P
2 10° T N A S
2 ' e
e !
Q
T |

1072 B [ A N I

1
10° 10° 10*
Deposited EM-Equivalent Energy in Detector (TeV)
ICRC 2015 proceedings

IceCube Collaboration, Science 342, 1242856 (2013),
IceCube Collaboration, Phys. Rev. Lett 113, 101101 (2014)

High-energy neutrino search 4yrs

Mesons including charm quarks in the
atmosphere decay immediately to produce
neutrinos, known as prompt neutrinos which
are not observed yet.

ERS, or Enberg et al. Phys. Rev. D 78, 043005
(2008) is used as a baseline prompt model

Significance are based on the exact neutrino
flux model, not including the uncertainty of
the model.

Atmospheric Bkg : CR Muon ( 12.615.1),
Conv. Neutrino (9.0*80.,,),

Over 60 TeV < E <2000 TeV, the spectrum
best fit with E-2°8

E-2 spectrum predicts too may neutrinos
above ~2 PeV. So, a cutoff or steeper
spectrum needed.

~7 sigma rejection of
atmospheric-only hypothesis

Kamioka APEC Seminar 2 6
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+ shower event: ¢ TS =2log(L/LO) 109

no significant correlations -- spacial or temporal
p-value for cascade events “clustering” 8%
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Independent confirmation !

ANTARES I ICRC 2015

6
g 10 [ Ve . /3, ANTARES u.l. cascade 2014
o = Ve /3 ANTARES sensitivity cascade 2014
- o2 Vi atmospherlc (Bartol)
) - Ve u /3, ANTARES u.l. IC flux
T B Ve » /3, ANTARES sensitivity IC flux
- Ve . /3, ANTARES u.l. E*
) | Ve . /3, ANTARES sensitivity E™
O, Ve . /3, Icecube 2014
W limi
2 reliminar
s 107E preliingry
-------------------------- :‘niﬁs‘:lsnnnl AEAASAAAANNANAANANNANARNE
108 —
_Illllll | | IIIIII| | | IIII|I| |
5 5
10° 10 10 10’
Energy E [GeV]

Expected events:

® Background: 9.5 + 2.5 C%

. > Vg
® Astrophysical 5.0 = [.] Tg "‘p@
Results: %‘fv “

® (Consistent with background
® (Consistent with lceCube

lceCube up-going muon analysis
lceCube Data May 2010 - May 2012

‘Conventional : atmosphenc —
Promgt atmospheric m——
E™“ astrophysical =
Sum of predictions
Experimental data e

10*
Muon Energy Proxy (GeV)

IceCube Collaboration P'hys.ReV.LettE. 115 (2015)- 8, 081102

Highest energy events are inconsistent with a hypothesis of
solely terrestrial origin at 3.7¢

Best fit astrophysical flux consistent with High-Energy
Starting Events

Normalization for E%: 0.997%4 43 108 E2 GeV cm?2 5! sr-!
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Origin of the hlgh-energy neutrinos

’ | t
Extra Galactic Galactic
Gamma Ray Burst
10 ‘ ‘ ‘ ‘
- = Waxman & Bahcall 110°
. = IC40 limit
T == 1C40 Guettaetal.  ______ GENPCT T T Y L S
0 ___ 1c40+59 Comblned' ——— Al '
i limit ) 1y [
o __ lc40+59 Guetta,
! et al.
g
2
S 107} Galactic
N
- IceCube Collaboration - Nature Vol 484, 351 (20I2) TS-2/0g(L/L0) 109
i sSvm———— Galactlc Plane
Neutrino energy (GeV) o0 Galactic Plane with |b| <6,,,.
. ' ' eeqs 3yr
0.35 eoe 4yr
Active Galactic Nuclei / |
™ 0.25
[} ? .
Starburst Galaxies
Starburst|M82 148.97] 69.68 [0.07] 0.15 = '
Radio |NGC 1275 49.95 | 4151 | 0.0| - £ .
Galaxies |Cyg A 200.87 | 40.73 | 0.9| 0.03 o0 L0 . e
3C 123.0 69.27 | 20.67 | 0.0| - 0.05 . ,
M87 187.71| 12.39 | 0.0| - voo e s |
Cen A 201.37 | -43.02 |0.03| 0.49 ’ T
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Global fit

® Global fit of several IceCube analyses

10 7
. . . . o Conv. ospheric (v, +v
® Variety of selection criteria for both . stmospheric (Ve +55) |
. . = L == Prompt atmospheric (v, +v,. 90% C.L.)
shower-like and track-like events S 106l N BN Astrophysical (v, +v, +1.)
® Data are fit to three observables b IceCube Preliminary
® Energy, zenith angle, event topology =« 10°
>
. v
1:2:0 pion-decay O
0:1:0 muon-damped L1070
1:0:0 neutron-beam <
Ve i v, v, atsource o - -0
1. - — 20 10 - .
S lhe | B [ 10' 10° 10° 10
A E,, [(}(’V]
{16
114 =3 68% C.L IceCube Preliminary
112 @@ 90% C.L. V. 'V, UV, at source
1C 0:1:0 1:2:0 1:0:0
8 / / \‘; neutron-decay
6 ' dominated source
2 4 ' rejected at 3.60
2 L 1 [ | 1 | | | 1 [ | 1
S 0 01 02 03 04 05 06
IceCube Collaboration 2 0 v, fraction at Earth
Phys.Rev.Lett. 114 (2015) 17, 171102
A S 31 (S Carsten Rott



Heavy Dark

IceCube Collaboration, Phys. Rev. Lett 113, 101101 (2014)

Matter Decay

Bound on lifetime

102 ‘ 3 Background Atmospheric Muon Flux
. |5 i mser s
: — Atmtgsphe:cl:‘leut:no: (90% CL Charm Limit) ~ I 0285
g - Bkg.+Signal Best-Fit Astrophysical (best-fit slope I:J‘"“)
8 10l B - -k U | Rott, Kohri, Park PHYS. REV. D 923, 023529 (2015)
~ IceCube Preliminary 29 S I — T
#; ____ 10 : T T T
T e F Decay 3 — Vh
Q 0 -
g 10" N i *
g 10% F :
w4
10 z
P
: ] Q 27 [eeesssssne..
10° 10° 10 5 107 EN ;
Deposited EM-Equivalent Energy in Detector (TeV) _& ) '
10-12—r — — . —

. . 26 | i
< Line signal 107" E This analysis ;
%, IceCube PRD (2011) =~
O 7 Fermi—LAT ApJ (2012) =wsseeeees ,
- 1077 o2 PAMELA Data JCAP (2013) e
o T AR T | AT | L1 el TR T
T 10° 10* 10° 10° 10’
o . m,, [GeV]

510-
X
= Heavy DM bounds with neutrinos, see also
10-24 ) ) o Murase and Beacom JCAP 1210 (2012) 043
104 105 108 Esmaili, Ibarra, and Perez JCAP 1211 (2012) 034
Neutrino Energy (GeV) El Aisati, Gustafsson, Hambye 1506.02657
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http://arxiv.org/abs/1506.02657
http://arxiv.org/abs/1506.02657

Solar WIMP Searches

%y th’ﬂ
o

WIMP-Nug terin

P e,

L

“.
-
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velocity distribution

v 1nteractions

' v oscillations

Vi
Uann
Oscatt F
capture
Fann
Detector
Freese ‘86
Silk, Olive and Srednicki ‘85 Krauss, Srednicki & Wilczek ‘86

Gaisser, Steigman & Tilav ‘86 Gaisser, Steigman & Tilav ‘86



A

Solar WIMP Capture

Rott, Siegal-Gaskins, Beacom PHYSICAL REVIEW D 88, 055005 (2013)

o 10° - -
* WIMPs can get gravitationally ol 6= 107 ey’ ]
captured by theSun T e oc m, 2 o®=10" cm> -----

e Capture rate, I'c,depends on T y -
WIMP-nucleon scattering cross — 1p=f. S e _
section f) ol .g - -,.,.,;::::;;;", ,,,,,,,,

e Dark Matter accumulates and 3 ,,,,,,,,,,,
ol . . P N W

starts annihilating T o

e > Only neutrinos can make it 10°F |
out 10% T S

. b i - 1 10 100 1000

Equilibrium: The c.a|.3tu.re rate m, [GeV]

regulates the annihilation rate

(TA=T'c/2) The capture rates scales as:

o ~ _1 ~

* The neutrino flux only depends I'c~pymy“oa for my ~ma
on the WIMP-Nucleon I'c ~pymy,20ca for my >>ma
scattering cross section number density + kinematic suppression

MmaA - is the target mass
Kamioka APEC Seminar 35 g Carsten Rott
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lceCube Solar VWIMP Limits

PRL 110, 131302 (2013)

® |ceCube 79-strings configuration (partially completed O inter high energy
DeepCore) il A -
40
® 318 days (May 2010 - May 201 1) 20¢ :
C
o . 8t J
® Search for an excess of events from the direction of the Sun p o Minter low energy
®  use track events for better pointing - 0 o move O Moo eSO SIS SO0
3 . 2’. b4 r_—:
®  Separate summer and winter analysis 15 f ~
summer low energy
10
®  use outer detector to veto down-going muons for 0 IS AT e 0008 SO -
. st .
summer analysis
’ 0. ;)9 0. 992 0 994 0 996 0.§9
. . cos( \P)
Spm—dependen‘r scattering Spm mdependen’r sca’r’rermg
T -38
\ ' :| MSSMncLXENON I(2012)A'ILAS+CMS @012) l |:| MSSMnd.XENON (2012)ATLAS+CMS (2012)
35— [ | DAMA no channeling (2008) \ . [—__1 DAMA no channeling (2008)
' - - - COUPP (2012) 39~ | " — - CDMS (2010) —
£ ssess Simple (2011) ' l — - = = CDMS 2keV reanalyzed (2011)
h—— — - PICASSO (2012) d —— CoGENT (2010)
-36 L S~ ) SUPEH—K(ZO")(bﬁ -40— ) =«= XENON100 (2012) ]
—_ \ "\,_ —— SUPER-K (2011) (W'W) _- . —
oé .‘.‘ ‘\‘ - “t a1l 3V N T T ]
L2 37 —'\k A _ S
a . . a -
& et ) & -2~ —
S 38— R e T e e — = e
S ............ 5’-43_ k \\‘___-—-/// _/‘.’)’/‘\_
-39 — — -44— N " . .-—»"»\’mp s —]
* -+ |caCube 2012 (bB) . | I 2012(% ......... s | )
-40— 2012 (W'W) "' ~ ] s |caCube 2012 (W'W)*
¢ (v°t for m <m, = B0.4GeVic?) | ~—— o(t't‘forrr\'dr;,,=&).dGeVlc’) |
L I L 1 l"’ 1 I 1 1 1 \'\ I 1 1 1 L _46 1 1 1 L 1 1 1 1 I 1 1 1 1
1 2 3 4 1 2 3 S
Iog10(ml/Gch'2) log10(mz/Gchz)
Kamioka APEC Seminar

36

Seminar Jan 19, 2016



Improved Solar VWIMP Bounds

http://arxiv.org/pdf/ 1 601.00653.pdf

JeeCube Collaboration 2016
"'l L) Ll LA A A

IceCube Collaboration 2016

;\10-33,_ ———ry SR - —— —
- CITIL ) Supqz.]( e JeeCube \ o + —
s = o — SuperK WiW- = = leaCube W W~ 99 - WW
10 Super.K 7¥7- —— eaCube v 7~
- ——  PICO-2L (2015) — PICO-60 (2015)
107% '

107% ¢

1079 ¢

—
<
]
p—t — p—t p— p—t — p—t
S 9 9 9 9 9 9
o s s o [ w o
© &0 = =3 o kg (K]

3
g

[—
|

-~

o

10749 ¢

Dark matter-proton cross-section ogpy (em

10 10 10° 10¢
Dark matter mass m, (GeV)

Dark matter-proton cross-section ogp, (cm?)

™ T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
> r —  38slogl0(EQ )/GeV) <40 ]
= L - v
= o2l —— 365 logl0Ew)GeV) <38 ] Dark matter mass m,, (GeV)
o] L —_— 3.4 s logl0(E(u )/GeV) <3.6
© R 3.2 log10(E(u )/GeV) <3.4 -
Q0 3.0=log10(E( )/GeV) <3.2
o 015 L 2.8< log10(E( )/GeV) <3.0 | R .
o Y 26 log10(E( )/GeV) <2.8 | . I I d t h
—— 24slogl0E( )/GeV) <26 |
_ — e ncluding energy in the
- —  20slogl0(E( )/GeV) <2.2
0.1 - - 1.8 = log10(E(u )/GeV) <2.0 ] . .
i _ 1.6 < log10(E( )/GeV) <1.8 |
| — e | likelihood
0.05 |- .
0 W e ——
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Impact of velocity distribution

® Explore the change in capture rate using different velocity  Choi,Rott, ltow JCAP 1405 (2014) 049
distributions obtained from dark matter simulations

f(v) in Galactic frame at solar circle

S SMH ~1.5 .
= 045 Vogelsberger et al. () 1.4 === Lingetal.
Ling ot al. @ - == \/ogelsberger et al.
0.4 Mao et al. s 13
? — o et al.
0.35 8 1.2
0.3 2o 1.1
0.25 Q1
0.2 = 0.9
Q.
0.15 8 0.8
01 0.7
0.05 82
P INENEPEPE APEPTPEPE APEPEPEE AP - 2 3 4
100 200 300 400 500 600 700 1 10 10 10 10
vikm/s] WIMP mass(GeV)

® A comparison of captures rates for different WIMP velocity
distributions show that overall changes in the capture rate are
smaller than 20%
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Impact of astrophysical uncertainties

-35
direct-detection
-36
signal-regions
=37
E
= -38
IceCube a’
time (y):| |0.00 B
S
PINGU — 39
o
time (y):| |0.00 o
SuperK -40
time (y):| |0.00
. Baksan _41
time (y):| |0.00
ANTARES
time (y): | |0.00 -42

local Sun velocity (km s '):
local DM density (p,):

Dark-disk fraction (p.,/p,):

Halo models:

M. Danninger & C. Rott “Solar WIMPs Unraveled” -
Physics of the Dark Universe (Nov 2014)

interactive tool to study impact o

B Pingu-soft

Pingu-hard

Y
v XENON100 (2013)

\

=\ DAMA

astrophysical parameters
I

-

.
vt
'
'
.
v
.
W

lceCube-hard

2 3 4
log10( WIMP mass / GeV )
0.00
SMH | Ling et al. | Aquarius et al. |  Maoetal. Reset

220.00
0.30
0.00
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— Solar VWIMPs

— 1 [ 1 ] 1 1 1 1 ] 1 [ 1
o
E 35— - —
5 -35 "lceCube Preliminary* MSSM incl. LUX (2014) ATLAS + CMS (2012)
~ 29
g DAMA no channeling (2008) o
P-36— —
e —— PICO2L 2015
=
8 -37 _|
38— —
39— !
[ ——
—40— —
41" SUPER-K (2015) T b =
——— ANTARES(2013) e W'W
~iii— lceCube Limit .
~42 = |ceCube Sens L —
1 l 1 1 1 1 | 1 | i l |
1 4

log_ (m /GeVc?)

Neutrino
bounds
extremely
competitive
with Dark
Matter direct
detection
&

Can test models

beyond the
reach of LHC
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Ty N g .,

Low Energy Neut om the Sun

o

C. Rott, J. Siegal-Gaskins, J.F.Beacom Physical
Review D 88, 055005 (2013) (arXiv1208.0827)
C.Rott, S.In, J. Kumar, D.Yaylali JCAP11 (2015)039

Kamioka APEC Seminar
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Low-Energy Neutrinos from the Sun

Possible annihilation channels

________________________‘_H_ ...............................................................................................

g:'qq,gg,cc ss, bb tt, WW-, ZZ, THT; |.l U, VV ete,YY

_____________________________________________________________ “few neutrinos

": some “high energy” neutrlnos in decays
=> basis of present day searches

dominant decay into hadrons 1T+

Charged pions and kaons
decay at rest producing
mono-energetic neutrinos

Tt — LTV, Ey= 29.8MeV
K+ = Vu u"‘ Ev=235.5MeV 11-0 Lifetime too short to interact

“+ e 6+V617/_L TI~ © Interaction length short compared to losses

® Produces secondary particles in collision
with protons

® Dominant energy loss term is Tr® production

Kamioka APEC Seminar g
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Neutrlno signals - Example VV-Boson

Wt — e*Wo) U o) TV ~33%
—> ~67%

Let’s have a closer look at this:

e"Ve | high energy v + em shower
UV, | high energy v + muon

T V1 | high energy Vv + tau decay
qdq hadronic shower

d

h'r Neutrinos from pion

decay at rest
~ 20-50MeV

dutrinos fro
ay of annihilatio
final states |

MeV

Kamioka APEC Seminar 4 3
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Neutrino yield N,,

VVhat is the Neutrino yield ?

T — UuUrlh
T — UV, €
7~ — hadrons

10

Nv(>lGeV)(XX — T+T_)

100
m, [GeV]

Kamioka APEC Seminar
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Neutrino yield N,

What's the Neutrino yield ?

Eiot = 2x1GeV available
equally divided in Tt 1% TT°
3 X neutrinos per TT" decay
N = 2GeV / (135+140+140MeV)

Nmax = 14.6

Most optimistic case:
100% of annihilation energy
converted into pions

Nv(>lGeV)(XX — T+T_)

Kamioka APEC Seminar
Seminar Jan 19, 2016



VWhat's the Neutrino yield ?

-
Z
=
S .2 ,
> 10 :
o scaling from airshowers
05 "'l .
=
L .’
Z 1l

1 10 100 1000
m, [GeV]

Kamioka APEC Seminar
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~ Neutrino yield

Neutrino yield N,

Kamioka APEC ]
amioka Seminar 47 6 Carsten Rott
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iﬂnd kaon yield

Pythia GEANT4 ™=

Hadronization Shower development

‘ﬂ
"
<

® Simulation to determine pion and kaon yields per channel

® Define r-value as the fraction of center-of-mass energy that
goes into pions (TT7) or kaons(K™) decaying at rest.

Kamioka APEC Seminar
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Pion and Kaon yields

mt r-value - fraction of center-of-mass K* r-value - fraction of center-of-mass
energy which goes into mt* energy which goes into K*

1 2 R
g g 8
E £ o S8
- g, % 8 2L
1 O 1 I ] : 1 0—1 I S ......................................................... gt@%g .................................
< F 9: - L 5 s 528
- . - Q. NI =
£ 1 = ;
N : N I~ : : :
S~ B ~ L
B N X I LT
£ £ TN
C B Cx B he
5 =
= B g B O
© v Soli
> g
£ £
I N SN § s < T S R S
10 10 )

— xx—ss == yx—uudd [ — xx—ss == xx—>uudd
XX —>CC — xx —bb - XX —>CC — xx — bb
- XX%tt ammm XX%hh . : | - Xxett smmm XX%hh

BYA7A

l Lol I RN B R I Lol I T B RN

1 10 10° 10° 1 10 10° 10°
m, [GeV] . m, [GeV]
For low dark matter masses difference between flux from
stopped pion and kaon decay at rest can be used to disentangle

annihilation final states
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Sensitivity for decay at rest in the Sun

T Yk

g "Ny

L

Kamioka APEC Seminar
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F—‘HHF—‘F—‘HF—‘F—‘HHHHH
coococococooo 2SS

Neutrino Flux at Earth [cm_zs_lMeV_l]

So/

1

Low Energy Solar VWIMP signal

pep
3

B\

]
4

( t/‘ o
I i IOOS
1

10 100
Neutrino Energy E,, [MeV]
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log[dN/dE]

Expected low-energy Neutrino Signal

Neutrino Spectrum from pion decay at rest
(normalized to unity)

0.04

0.035 Vu The Sun and Earth is transparent to neutrinos
below 50MeV, but matter enhanced-mixing gives:

0.03

Py, — v,) ~1/6

0.025 29.8MeV H
0.02
0.015

0.01

i 52.8MeV
0.005 H

20 30 40 50 60 70 80 90
Neutrino Energy [MeV]
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_Inverse beta-decay

G. Raffelt INSS2012

1 0—39

v, + p—et +n

“large” cross
section, but little

A
[
(o]

o

\ H
l = o~ o

0ot (H0) [cm?®]

e
—42 € . . .
0 —Fue directionality
:Vpe 80 prrrprrrprriprrrpreiprreprrtprrep ey rey
10-43  MC for SK-UII1II -
70 p
10—44 | | | 3 ﬁeo - '
0 10 20 30 40 50 T |
E, [MeV] >
iuo
S
30 F .
R~
D2 | =
<10 - 7
o 1 1 ' P Y P | PR |

-1 08-06-04-02 0 02 04 06 08 1
cos g,
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_ Backgrounds

The background events mainly caused by the atmospheric neutrinos, solar neutrinos and

muon-induced spallation products.

_______ 4 VX
, Vx TTteeellll et
NC Elastic R
“atmospheric” \e>
V ........... T<50M6V --_::-_:-.--T--)
Decay electron ! e T
“atm. muon neutrinos” “invisible muon”’ €
Ve C C Ve ........ t —>e
“atm. electron neutrinos”
-y
—————— Vx
en Vx "=l NC__.---"~
M -~-¥ T > 200 MeV
“U/TT production from —> 1T
atm. neutrinos” B \) TTTe=~ee_ _Laa=eT >
Vp el = >
p o
“visible short muon track™
Kamioka APEC Seminar 54 6 Carsten ROtt
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Sensitivity Calculation Super-K

Positrons carry energy of E.=[E,—1.3MeV](1—-E,/m,)

To visualize the signal has been scaled to be “detectable”

— All backgrounds
10 | E( Simple selection criteria

) ------------ Background Components

Signal Rate 7, + p—et +n [

—  Signal Rate smeared

Number of Events in SuperK-1 / MeV

80
Limit at 90%C.L. (one-sided Gaussian) is n9o=15 Energy [MeV]

Kamioka APEC Seminar g
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WIMP Sensitivity Super-

Previous searches relied
on high energy neutrinos
directly from the decays of
annihilation products

Model the full hadronic
shower in the Sun

C. Rott, J. Siegal-Gaskins, J.F.Beacom Physical
Review D 88, 055005 (2013) (arXiv1208.0827)

THIS WORK
PICASSO (2012)
KIMS (2012)
SIMPLE (2012)

SUPER-K (2012) = = = =
ICECUBE (2012)

WW, 17t

C. Savage et al.
JCAP 0904 (2009) 010

DAMA

. EVAPORATION

WIMP sensitivity continues
to improve for low masses

Minimal dependence on
annihilation channels

New key detection
channel to compliment
other searches

100 Super-K data can already
be used to test DAMA/

Libra

Kamioka APEC Seminar
Seminar Jan 19, 2016
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® Decay electron events are the dominant
background

® |dentifying neutrons of the inverse beta decay
reaction can provide a way to discriminate
against this background

® Proposal:Add Gd to Super-K [Beacom and Vagins,

Phys. Rev. Lett., 93:171101,2004]

® Neutron capture on Gd emits a 8.0 MeV y
cascade after a characteristic time ~ 30s

® GdCl3 and Gdz(SO4)3, unlike metallic Gd, are
highly water soluble

® |00 tons (0.2% by mass in SK) would yield
>90% neutron captures on Gd

. Gadolinium

\76,+p—>e++11
n+Gd—""'Gd+y

Looking forward to the
addition of Gd in 201X

Kamioka APEC Seminar 5 7
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SECT I ON

Access Drift Plat_form

Liner

Outer Detector

Inner Detector

e Ly
- - A 4

| Dia. ¢43m |
Width 48n
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K Sensitivity 4yrs

C. Rott, J. Siegal-Gaskins, J.F.Beacom Physical
Review D 88, 055005 (2013) (arXiv1208.0827)

THIS WORK SUPER-K (2012) = = = =
PICASSO (2012) =————— ICECUBE (2012)
KIMS (2012) bb
SIMPLE (2012) = W'W~, Tt
Super-K 4yrs
_. : Hyper-K 4yrs
rmamemEE : : + Gadolinium
v :
best case

Kamioka APEC Seminar
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Neutrino cross section

Cross sections of v, interactions with 12¢ [CC]

e 298MeV

100 asascasancasassalf nancananelfiaans ae :.'vyvy'.v.vv.vv-!v' ................ B eceneeas .' ...... L ST e e e W ccaccaccacacanan

————— ] ¢ charged current quasi-elastic

. o o o o o o R S

__________ e 2355MeV

10 . | H ""'é' :_ | - | H H H [ S TS SO

b WPOPNIOR: £ 1 & s 0 0 S SR St A0 8 8 ° charged current quasi-elastic,

o e g S S SR e ° just at the edge of pion
— _— SRS SO WS NG 8 1 S— ;: production, deep inelastic
- 3 scattering, resonance, coherent

xsec/ E, [1 0% cm?/ GeV]
b |

Cross sections of v, interactions with 40pr [CC]

0.1

..........

0.01
0.01

xsec/ E, [1 0% cm?/ GeV]

thanks to Shao-Feng Ge for
Genie cross sections
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Sensitivity

Limits
-==: PICO-2L
- P|CASSO

DAMA/LIBRA

Sensitivities

= KamLAND(4 kTyr, K)

===« DUNE(34 kTyr, m)
= DUNE(34 kTyr, K)

Super-K(240 kTyr, K)
= Hyper-K(600 kTyr, K)

Kamioka APEC Seminar
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Future of lceCube

® Make it more
precise

® GeV threshold

PINGU - LOI:
arXiv:1401.2046

’E\ 100:._. ........................................... ....................... . ...................... . ................................
> * | » IceCube
5O T2 =55 s |+ DeepCore |
L4 % | e _PINGU
PSR S E AR P
0..._~ ................................ 'A# ..... I '3” ...... TSN 4}.« ......... ‘ .........
I E
: i <}s§¢ ¢ e @ <r§=:> 1 '
_50:._ ....... P SR ‘ ......... 4? ....... Qe ™ t{}' ...... apee Q,A ..... . .........
VLo e e et
E \‘§ ¥ o @ 4
_100::_. ...................................... ‘ ............. &3” ....... # A@ ................ ' .................................................
el
: IR R
'150j" ......................................... S N
H i i

PINGU Geometry with 40 strings

DecaCube (1/2/3)

1||1i||1|||||||
-100 -50 0 50

C
200
X (m)

DeepCore

IceCube

® Make |t blgge I S Spacing 1 (120m):
1500 IceCube (1 km?)
+ 98 strings (1,3 km?)
1000 | =23 km?
. Spacing 2 (240m):
. E o * IceCube (1 km?)
Gen2 - LO|. - + 99 strings (5,3 km?)
. -500 = 6,3 km?
arXiv:1510.05228
~1000 IceCube 86 Spacing 3 (360m):
spacing 120 m lceCube (1 kma)
-1500} spacing 240 m | 2
spacing 360 m +95 Stnng,ds (1 1’6 km3)
~2009556 — —2000 ~1000 0 1000 2000 3000 =12,6 km
(m}
SR 63 (S Carsten Rot


http://arxiv.org/abs/arXiv:1510.05228
http://arxiv.org/abs/arXiv:1510.05228
http://arxiv.org/abs/arXiv:1401.2046
http://arxiv.org/abs/arXiv:1401.2046

PINGU - Precision lceCube Next
~ Generation Upgrade

Note: PINGU geometry is still being optimized

© IceCube String

® PINGU upgrade plan

(m) |
® |nstrument a volume of about Y © DeepCore String

S5MT with ~40 strings each 50
containing 60-100 optical modules

o @ Infill String (PINGU)

® Rely on well established drilling
technology and photo sensors 0

® Create platform for calibration
program and test technologies for
future detectors -50/e

® Physics Goals:

® Precision measurements of - | OO
neutrino oscillations (mass
hierarchy, ...)
® TJest low mass dark matter models -150 50 0 50 100 150

x(m)
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PINGU Dark Matter Sensitivity

® Solar WIMP dark matter
® Sensitivity reaches to WIMP masses of ~5 GeV

® World-leading limits for SD WIMPs with one year of data

® Low mass WIMP region testable

® Test DAMA/LIBRA with indirect search also in the Sl-scattering

Spin-dependent scattering Spin-independent scattering

- Ll Ll Ll
e SuperK soft (2011) i 236 DAMAILIBRA(ZOOQ) —_ LUX (2013)
" — SuperK hard (2011 10 E—
- uperK hard (2011) . —  CoGeNT (2010) =-= |ceCube-79 soft (2013)
-37 e u-# IceCube-79 soft (2013) CoGeNT preferred WIMP models  #—a IceCube-79 hard (2013)
1077 : == |ceCube-79 hard (2013 E ——— aa 2
E  Blse shadell aress Indicate Yy ce ard (2 (s)ﬂ = --- XENON100 (2012) ---  PINGU 1lyr sensitivity (soft)
u i \ -~ PINGU 1 itivi 1 g
L sensitivitie$ possibly obtainable - T ey IY" senshfvfty (ho ;) 1 10-38 --- CDMS-11(2013) — PINGU 1lyr sensitivity (hard)
- with more powerful analysis techmques yr sensitivity (har X

Blue shdded areas indicate
— - ! RRTE e . n sensitivifies possibly obtainable
51078 D3 _ - ‘

CIHRTATY""7 T F T o o mofepoverlsnabss teies

with morte powerful analysis techniques.

ap,SD [ cm

v
E BT T

o, lem? ]

: : .- 3 1 1 L 11 1 1 1 1 1 L 11 1 1 1 1 1 L 11
m, [GeV] 10 10° 10° 103
PINGU LOI arXiv:1401.2046 '
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http://arxiv.org/abs/arXiv:1401.2046
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PINGU Dark Matter Sensitivity

WIMP Limit on SD Cross-Section

10-37 i
— 1C86 11 Year Hard Channel « -« PINGU 1 Year Soft Channel
N -- 1C86 11 Year Soft Channel — SuperK TauTaubar, 3903 days
E — 1C86 15 Year Hard Channel - - SuperK bbbar, 3903 days
P -- IC86 15 Year Soft Channel =— SuperK W+W-, 3903 days
c «—= PINGU 5 Year Hard Channel — SuperK 2025 TauTaubar *
(o) o8| « -« PINGU 5 Year Soft Channel -~ SuperK 2025 bbbar *
) »—= PINGU 1 Year Hard Channel @~ *— SuperK 2025 W+W- *
U N ’
q) ‘:\\ B ////
m . _ \\\\ ',4” ,/,/
2 T —bb
o) T 7
L . Sl e e O e
U 10-39' Tt se---aox e 7 . ~ ::\— :::/’/
p o, . ]
C -&
)
-g ‘\'____,_,_.-.
2 STH T, WW-
ol T o
Q ol O
) > K >
c /W cr- O
al O
v & &
* Scaled by lifetime
10~41 : ; :
10° 10° 10° 10°
Dark Matter Mass (GeV)
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Conclusions

® Striking WIMP signatures provide high
discovery potential for indirect
searches

® Models motivated by positron excess
and gamma-ray observations can and
have been tested by lceCube

® Neutrino Telescopes provide world
best limits on SD WIMP-Proton
scattering cross section

® Neutrinos extremely sensitive to test
low-mass WIMP scenarios at current
and future detectors

® New detection channel with low-
energy neutrinos offers additional
discovery potential

® [ifetimes of heavy decaying dark
matter can be constrained to 10%s
using neutrino signals
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UHE Cosmic-Ray correlations with HE neutrinos

87 events with E > 57 EeV

700 km2 surface array of 507
plastic scintillation detectors
+ 3 fluorescence detector stations

Dataset: May 2008 - May 2014

Collaboratlons

:ICRC2015 lceCube + Auger + TA
arxivl511.02109

3000 km? surface array with 1660
water-Cherenkov detectors
+ 4 fluorescence detector stations

OpDataset: Jan 2004 - March 2014

Distribution of UHECR deflections in Galactic

magnetic fields for rigidity E/Z>100EeV
05 T

' 3 JF2012 —
' ® PT2011 -
— 04 H rllrlﬂ. .
b= | 1' ‘1|5'
= oallll ] |52 -
T
3 02} ' 1 °
&
0.1
0

0 2 4 6 8 10 12
Deflection [°]

[PT2011] M. S. Pshirkov, P. G. Tinyakov, P. P. Kronberg, K. J.
Newton-McGee, Astrophys. J. 738 (2011) 192.

[JF2012] R. Jansson & G. R. Farrar, Astrophys. J. 757 (2012) 14.

Relative excess of pairs

x: lceCube tracks, +: IceCube cascades, o: Auger, A4:TA
3 T ‘ 1
Expected Range (30) P F Expected R e (30)
2.5 Expected Ran e (2 7 = 15 L { i
5 Expected Rangr ] & Expected Range
racks - © 1k scades -
15 Preliminary 2 Preliminary
1 g o5l i
0.5 Q| B e easan e soee
o LA o g o : e ases
et sareretritteetie g 2 Sl b Ll nd b E QO
05 [ IceCube Tracks 2 95 lceCube Cascades
-1 ' -1 : 1 1 1 1 1
0 5 10 15 20 25 30 0 5 10 15 20 25 30

Maximum separation angle [°]
Relative excess of pairs, [np()/ (nifO(a))] -1

Maximum separation angle [°]

® More statistics needed. All results
below 3.30
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Spectral index and flux

'IceCube Preliminary

|
HESE—4yr

o

>

©
© HESE—B r ;
3.0_(_1’9 fit \,wﬂl {H’lc)rs on. proi NFJU

. -
R ' - '
. ' . '
% - ' ' o '
' . ' ' '
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= e i e L
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e R T OO cccscscstmecccmccccngferccccffecccnmcccbdocccmccccmcccdeccome s o oo om—m
] ' ' ' ' ' '
. l' ' ' ' .
' ik ' g ' ' '
' \ ' \ ' '
' ' ' 4 ' '
! p \f
' '

1. [ |/| | |
?8 20 2.2 2.4 2.6 2.8 3.0 3.2

Yastro
Spectral index has steepened

Contour plot in
spectral index vs.

normalization at
|00TeV

HESE-4yrs best fit flux:
E2® =~2.2 x 108 GeV cm2 s-1 sr -1

(no new PeV events but relatively large number in TeV)
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B wime

Dark Matter could be captured in the Earth and
produce a vertically up-going excess neutrino flux

® |C86-I dataset: 2 statistically independent analyses

® | ow energy & High energy

see  LE analysis A W W o
Sivertsson & Edsio, 2012 101’:' e+« HEanalysis iy yv—=W™W
« AMANDA :\Ww—=W W ory

10%7, . . .
¢ e (Gauss (free space)

. , “Best” from LE 2004 oty :

10'. /\ e Uebamd | factor 10 improvement
— ; ( \1 Bound (with hole) over AMAN DA
J Tota
) . A Total (with hole) 10*
v 107 ,f\ s Total (with hole) red. SD

- / o v m———= Total (with hole) red. S|

=
L: 10_,./ \\ &y F. __
-c .. N ——
.- 4 m 1 -—‘-\
£ — 10 —~—_
o 107 . - e—
= S .
y s, 8 1077
W
- . \ L ATT] e M
E 10‘ 1 be
c— L m lil‘

10" b sujbur 8 | _

eurh 10°| [ceCube Preliminary
10" . :
10 100 1000 10° 10°! S S SR
10! 10° 10° 10°

WIMP mass, M (GeV)

m, (GeV)

® First result of Earth WIMP analysis expected at ICRC 2015 (next month)
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X4
X ‘ V 10.16 T T TTT] T T TTTT] T T TTTTT] T T TR
--------- H.Yuksel et al. —
10.17 ......... ;;h}ésu R:;%)TG, 123506 (2007) bb
® Search for a diffuse signal from Milky ST C— ﬁgﬂs’{ &?’;_;f%g,;;;grfjf};ix_,bs
2413
Way halo S ’ lceCube
4 107"? —— fl:’lg*W‘ ] Sxﬁ:er-K ]
® Assume annihilation into Vv, bb, 02 ——ww JOE e
7] — e T,
S 102 w+p- V-
® Use all samples e-like + mu-like FC + A T e WHW
PC (2806 days)*+UPMU (3109 d A S e Breliminary
( ays) ( ays) \YJ 1080 Super-K vV
® Use all neutrino flavors and onE vy
topologies FERMI LAT .~
102° natural scale ——
FC UP U PC 10.26 II | | IIIIIII | | ll‘;llll-‘ | | IIIIIII | | IlIIIII | | IlIIl
— . 10™ 1 10 10 10° 10*
2
,A M, [GeVic]
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[y, — [/, —
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What other improvements are possible ?

® VVhat determines tsignal rate !
® S~ ( rA/41TC|2) Pv—vv O-VN(EV) fchannel V Tlife
1/6 1BD HE  Super-K

1/16-112 O T Hyper.K
K" KamLAND
C RENO50
JUNO
Ar Dune
MICA

...and keep backgrounds low
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Normal mass hierarchy

neutrinos antineutrinos

I+ he e+ ot
Eg Er  ENgy Eng

injected: ve : 1 injected: .

g

relative fluxes measured on Earth

08}

log {(E£/MeV)

FIG. 3: Solar neutrino and antineutrino flavor probabilities at Earth versus energy, for a single injection flavor and fo
normal mass hierarchy. Here, we have taken 613 = 12°, § = 0. All other neutrino parameters are as in Fig. 2. The v, a
spectra and v, and v, spectra are interchanged if § = 7 is chosen. Vertical dotted lines mark the characteristic scales fc
lower-energy resonance given by Egs. (50) and (52) and the higher-energy resonance given by Egs. (53) and (54).

Neutrino Oscillations

R. Lehnert and T. J.Weiler, Phys. Rev. D 77, 125004 (2008) [arXiv:0708.1035 [hep-ph]].

Inverted mass hierarchy

neutrinos antineutrinos
- - - h—
ER Ey4 ER E'n4
1.0 — . . . . . . _— —
08t .0 t oot s
injected: v, : mjected: Ve

relative fluxes measured on Earth

log ( E/MeV)

FIG. 4: Neutrino and antineutrino flavor probabilities on Earth versus energy, for the inverted hierarchy. Here, we have taken
dm3y = —3.0 x 1073 eV2. All other neutrino parameters are as in Fig. 3 (including #1a = 12° and § = 0). The vy and vy
spectra and ¥, and v, spectra are interchanged if 4 = 7 is chosen.
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STRANGE MESONS
(S=+£1, C=B=0)

Kt = us, KO =ds, K = ds, K~ = us,

K+, K. K°%and K°

similarly for K*'s

1(JP) = 3(07)

Mass m = 493.677 + 0.016 MeV [l (S =2.8)
Mean life 7 = (1.2380 + 0.0021) x 1078 s (S = 1.9)
cr =3.712 m

Scale factor/ p

K+ DECAY MODES Fraction (I';/T") Confidence level (MeV/c)

Leptonic and semileptonic modes ' + —|— lo) (23 5.5MeV
et ve ( 1.581+0.008) x 10> 247 : K — I'L I/ 6 3 5 /O . .
utu, ( 6355 +0.11 )% S=12 236 ' l.l: ¢ IIHE) '
mOet v, ( 5.07 +£0.04 )% S=2.1 228 ' O + :
Called K. : mY e UV :
™utu, ( 3.353+0.034) % S=18 215 : e o :
+ ' '
0 oca"ed K“3' : O 8.4 A) :
mOmlet v, ( 22 +04 )x107° 206 . + '
rtr et v, ( 4.254+0.032) x 10~5 203 ! 7T l.li V '
Ty, ( 1.4 +09 )x107° 151 ' l’l' :
O r070ety, < 35 x1070 CL=00% 135 ' :
Hadronic modes E + O :
7t 70 ( 20.66 +0.08 ) % S=12 205 " [0 T .
ata0x0 ( 1.761+0.022) % S=1.1 133 . . .
rtata (559 £0.04 )% $=13 125 ! + O 0 28 O% (PIOnS) :
1 b 1
Leptonic and semileptonic modes with photons : 71- 7T 7T '

+ -3 '
pt v,y [ef] ( 62 +08 )x10 236 ' :
pt v,y (SDT) [cgl ( 133 +£0.22 )x 107> - ' 7.‘- + 7T+ 7-‘- — :
pt V#'y(SD"'INT) [cgl < 27 x 1072 CL=90% - ' '
ptv,y(SD™ + SDTINT)  [cgl < 26 x10~4  CL=90% - : '
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