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What | will cover

Knowns and unknowns in neutrino physics
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Wild and tame neutrinos
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Radloactlve

The
atmosphere
(cosmic rays)

Artificial
radioactive
sources
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reactors




Unknowns in neutrino physics: can address with
non-accelerator v’s too!

parameter best fit = 1o 3o range
Am3; [10~°eV? 7.56+0.19 7.05-8.14
|Am3;| [10~%eV?] (NO) 2.55+0.04 2.43-2.67
|Am3, | [107%eV?] (I0) 2.49+0.04 2.37-2.61
sin®0,2/107" 3217018 2.73-3.79
6:2/° 34577, 31.5-38.0
sin® 23 /10~" (NO) 4307935 @ 3.84-6.35
023/° 41.0£1.1 38.3-52.8
sin? 023 /107! (10) 5.96701% ° 3.88-6.38
B23/° 50.5£1.0 38.5-53.0
sin®6,3/107% (NO) 2.1557 0 07 1.89-2.39
613/° 8.447013 7.9-8.9
sin® 6,3/10% (10) 2.1407 5 052 1.89-2.39
f13/° 8.41° ;12 7.9-8.9
§/= (NO) 1.407055 0.00-2.00
5/° 2527135 0-360

§/= (10) 1.44702% 0.00-0.17 & 0.79-2.00
5/° 259 “i1 0-31 & 142-360

sign of Am?

unknown
(ordering
of masses)

IS 0,4
non-negligibly
greater

or smaller
than 45 deg?

—N\, mostly
—1” unknown

P. F. de Salas', D. V. Forero ** C. A. Ternes’, M. Tértola *,' and J. W. F. Valle **
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Atmospheric neutrinos

The neutrinos are free, and have
a range of baselines & energies

cosmic ray (p)

P(vs — v,) = sin® 20 sin® <

Clear v,
dlsappearance

Data/Prediction (null osc.

10 2
L/E (km/GeV)

Well described by

23 oscillation parameters:
|Am2,,| ~ 2 x 10 eV?,

~ maX|maI mixing

1.27Am2L

Yoo Ve 0Y.CL.
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There is more to be had from atmospheric v’'s...

Abe et al., PRD 97, 072001 (2018)

Matter
resonance
In the Earth
gives
information
on MO

and CP 6



Earth “oscillograms”
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Super-K atmospheric neutrino samples

Different topologies represent different v parent energies

e
1400F .
g1200_ ----FC Sub-GeV (ve#¥) _:
[0 L -
() 1000}~ FC Multi-GeV (v +v,) h
o i ]
8 - :
g " ;
€ 600_—5E =
9 [ : :
W 400r: E
200f- -
0: sasnd .5..1 Tiaaed s 3 a0and :

107 1 10 100 1 10* 10°

Neutrino Energy (GeV)

Fully Contained (FC)

T 'vv.vr"r L '"1 ™ "vv[ T 'YVYT" ™ v'vv'rl ™7y ! 250L ™7 "—v] T "-1 ™ "771 ™ ‘l'V"“ LR RS | ml ™ v’
2500':‘ ------- FC Sub-GeV (v,+¥,) " i s Up- Stop

! 1 I U Th h A
! FC Mult-GeV (v,+v,) 1 200 L Pyt Throsgn
2000} ] i . FlUp-u Showering-
i : - PC Stop 1 [ 5. ¥ "“9:
1500 - F5 pe Through 1 ™o ;
1000} 4 100¢ E
500} : . 50':' -
olsbccnd entenimnl s s 1t stz ot FAIELAS N S R

[ 10 10° 10° 10* 10° 107 1 10 100 10° 10* 10°

Neutrino Energy (GeV) Neutrino Energy (GeV)

Partially Contained (PC)

Upward-going Muons (Up-p)



Up - Down / Up + Down

Neutrinos and antineutrinos can be
statistically separated in SK

Likelihoods based on
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SK atmospheric data samples
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SK atmospheric neutrino fit

Abe et al., PRD 97, 072001 (2018)
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\/ Ax* Wrong Hierarchy Rejection

\| A Wrong Hierarchy Rejection

Mass ordering
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Long-string detectors in water and ice

Bash it with statistics
iIn huge volume!
.. but reconstruction
harder in sparse PMT arrays

IceCube Lab

lceCube/DeepCore/
lceCube-Gen2/PINGU ANTARES/KM3Net/ORCA



Muon neutrino disappearance from
long-string experiments
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Zenith angle

corresponds with
different distance
and density profile !

0;

Going after mass ordering

Akhmedov, Razzaque, and Smirnov 1205.7071

Relative difference in event numbers between normal and inverted hierarchy (N,;-Ny,,)/Ny,
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Projected sensitivities to mass ordering

lceCube-Gen2/PINGU

—— _NO median sensitivity
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Atmospheric neutrinos in DUNE
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Experiments going after MO with atmnus

Experiment | Type Location | Reconstruction | Mass Notes
(kt)
Super-K Water Japan Good 22.5 Good reconstruction,
Cherenkov low stats
.| Hyper-K Water Japan Good 317 Good reconstruction
Cherenkov and stats
IceCube Long String | South Difficult Mton Systematics under
., | DeepCore Water Ch. Pole study, huge stats
PINGU Long String | South Improved Mton Systematics under
Water Ch. Pole study, huge stats
KM3NET/ Long String | Europe Improved Mton Systematics under
ORCA Water Ch. study, huge stats
ICAL@INO | Iron India Good 50 Magnetized=>» lepton
Calorimeter sign selection
LArTPC USA Excellent 40 Excellent

reconstruction




atmospheric
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Solar and reactor neutrinos

Multiple measurements over ~5 decades v, disappearance,
P confirmed directly as

by SNO....

et al. 2011 ...and

wino spectra (+10) 3 Wavelength
measured
precisely
Water w/ reactor 1/,
by KamLAND

Survival Probability

0.2 |~ — 3-v best-fit oscillation —— Data - BG - Geo ¥,
[ e 2-v best-fit oscillation

) . olob b
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A “movie” over 8 years of
solar (12) parameter space

plots made by H. Lim from
H. Murayama’s PDG web page
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day/night asymmetry observed;

From Super-K: first direct observation of matter effects

26 : . : : : , : S—
1 electron
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1 — in Earth at

— | hight

2.70 effect

Flux (x10%cm?/s)

Red: prediction w/flux constrained
Dashed blue: prediction for solar+KL
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First real-time measurement of the solar pp flux
by Borexino... a heroic victory over background

Stainloss Stool Sphore:
2212 PMTs

scintillator:

y2/d.o.f. = 172.3/147
— pp v: 144 + 13 (free) — 210Pg: 583 + 2 (free)
— 7"Bev:46.2 + 2.1 (constrained) —— 14C: 39.8 + 0.9 (constrained)
— pep v: 2.8 (fixed) — Pile-up: 321 + 7 (constrained)
—— CNOv: 5.36 (fixed) —— 210B;: 27 + 8 (free)
— 214pp: 0.06 (fixed) — 85Kr: 1 £ 9 (free)
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10 é_ Synthetic 85K
= pile-up
1
10_1 E_ ~ \\;3 7 \ r
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Nature 512 (2014) 385



What’s next for solar neutrinos?

We now have the basic picture, but
there are are still gaps & discrepancies...

Low e:nergy region
still poorly measured

... Still room for
new physics?

O

ab|— Msw-LMA® B
| A4 MSW-LMA 7 Be, pep
3FH—— NSI®* B
| m  NSI7 Be, pep

SNO polynomial fit
© Borexino’ Be, pep
© All solar pp

G. Orebi Gann

107! 10° 10}

E, (MeV)

...and still some solar physics puzzles = neutrino info can help

Future detectors: SNO+, Hyper-K, JUNO, DUNE
(Theia...)
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Knowns and unknowns in neutrino physics
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Absolute Mass The mass Non-
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Kinematic experiments for absolute neutrino mass

No. of .
counts mn,, — 0
) \ maximum
electron
energy
Electron
energy

Look for distortion of f-decay

spectrum near endpoint




Kinematic neutrino mass approaches

Tritium spectrometer:

Thermal calorimetry

KATRIN °H—-’He+e + 7. €.g., MANU, MIBETA, MARE
18.6 keV endpoint
l P _ — 1 187Re _>187 OS—|—€_ + De
i AR Wy v § L .
PRI SR S = 2.5 keV endpoint
Sensitivity to ~0.2 eV nEIE/ O SEEl2 Ll
Holmium Cyclotron radiation
e.d., ECHo, HOLMES,NuMECs tritium spectrometer:
metallic Project 8
o Ho—'G Dy +v, magnetic |
calorimeters P
5Dy —'6s Dy + Ec s —

electron capture decay,
v mass affects deexcitation spectrum

R&D in progress R&D

First single electrons seen
R&D
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Knowns and unknowns in neutrino physics
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accelerator
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Majorana vs Dirac? The mass P
Neutrinoless ppdk nature




Are neutrinos Majorana or Dirac?
Best (only) experimental strategy: look for

neutrinoless double beta decay Observable:
in isotopes for peak in the
which it is energetically 2vBp o two-electron
possible and which don't (SM2nd : spectrum
sing'e_Pdecay order . Cgrresponding to
: weak ' :
process * v-less final state

Ovpp

Vm X

|
nw?fp e

ud ud

Only possible

for Majorana v
(...or exotic physics)

; S. Elliott

T V-1 — GO‘U . MOV 2 . m 2 ;
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Sum Energy for the Two Electrons (MeV)



The NLDBD T-Shirt Plot
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*and standard 3-flavor picture



The NLDBD T-Shirt Plot
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The NLDBD T-Shirt Plot
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Nuclear matrix elements (Tj) ™" = GO+ MY |?|- (mgg )?

Neutrinoless double beta decay half-lives, assuming <M_«>
at bottom of IH region, for different matrix element calculations

Jonathan Engel and Javier Menéndez 2017 Rep. Prog. Phys. 80 046301
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Calculations vary by ~order of magnitude =» more theory underway!
(and a measurement may need confirmation w/more than one isotope)
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A controversial claim:

Heidelberg-Moscow
experiment

Klapdor-Kleingrothaus et al.

NIM A522, 371 (2004)
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Ge crystal, 70 kg-years

Claim <m_> = 440 meV
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Over the last ~decade the NLDBD experimental goal
has been to attain sensitivity better than this claim...
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New goal, however, is to get below the
inverted hierarchy region
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Comments:

if you measure a NLDBD signal, in either

IH or NH region, and direct mass limit is sufficiently low
(not likely in near future!) then
in principle you determine the hierarchy....
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... but much more likely is that the the hierarchy is determined
first by long-baseline (or other) experiments ...
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...If it's inverted, and neutrinos are Majorana,
then we’ll see NLDBD!
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.. or, if you know independently the hierarchy to
be inverted, and you measure a limit below |H region,
then you know (assuming Nature is not diabolical)
that neutrinos are not Majorana!
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If the hierarchy is known independently to be normal,

then life could be hard, unless absolute mass scale large
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And Nature could be diabolical, with parameters
conspiring to make <mg;> ~ zero...

l: 1 ITIIIIII | 1 ITITIT] [ ] IITUITII 1] TIIII1II 1 T 1T Tz

- QD
0.] = -
JR— - )
> 2
[ |

—
A 001 -
a .
5 :
V i
0.001 -
NH -
1 llllllll L 1 1L L 111 PO — ) ,‘ L Llllllll ) b 1L L illl
le-05 0.0001 0.001 0.0] 0.1 ]
m, leV]



And Nature could be diabolical, with parameters
conspiring to make <mg;> ~ zero...
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Experimental sensitivity

Arbitrary Units

In2 € Nepyrce * T
UL(B(T) - AE)

¢. detection efficiency
N.,uree: NUMber of isotope nuclei
T. observation time
UL(B(T) AE): upper limit for expectation
of B background events in ROI of width AE

Ty, >

= want lots of signal
— Ovpp (B.R. = 107)
and no background

b4 06 o8
(Summed [} Enmgy).‘OM

in Region of Interest



Go after the numerator:

In2|e"Ngyyree * T
UL(B(T) - AE)

¢. detection efficiency
N.,uree: NUMber of isotope nuclei
T. observation time
UL(B(T) AE): upper limit for expectation
of B background events in ROI of width AE

Ty, >

Want lots of candidate isotope!
At lifetime of 10227 yr  (<mg;>~ 50 meV in IH region)
need ~ 104 moles (~ 1 tonne) for 1 count/yr

=» want high natural abundance



Go after the denominator:

Arbitrary Units

In2 € Ngyyree " T

Ty, >

¢. detection efficiency

UL(

B(T) - AE)

N : number of isotope nuclei

source-

T: observation time

UL(B(T) AE): upper limit for expectation
of B background events in ROI of width AE

— 2vPp
— Ovpp (B.R. = 107)

4 oo ) §
mmed |} Energy) ()‘“

 Want small AE to avoid the
2vpp “friendly fire” and exclude
other background

« Generally want high Q value to
keep away from background

« Beat down all other background
... ultra-cleanliness, underground
location needed



General NLDBD experiment strategies

T1/2 > -
UL(B(T) - AE)

The “Brute Force” | The “Peak-Squeezer” The “Final-State
Approach Approach Judgement”
Approach

X u'x';:)

500 1000 1500 2000 2500 30(
Enerav (keV)

focus on the numerator _ try to make the
with a huge amount focus on the denominator|  background zero by
of material by squeezing down AE tracking or
(often sacrificing (various technologies) tagging
resolution)

...some experiments take hybrid approaches...




General NLDBD experiment strategies

Ty/2 >

In2 € Nopyrce ' T
UL(B(T) - AE)

The “Brute Force”
Approach

The “Peak-Squeezer”
Approach

500 1000 1500 2000 2500 30(
Enerav (keV)

The “Final-State
Judgement”
Approach

250

-300

| a2 B i f
e ode ool

KamLAND-Zen

+more future ideas...




General NLDBD experiment strategies

In2 € Nopyrce ' T

T2 > UL(B(T) - AE)
The “Brute Force” | The “Peak-Squeezer” The “Final-State
Approach Approach Judgement”
Approach

500 1000 1500 2000 2500 30(
Enerav (keV)

—

=) MAJORANA GERDA

TS | (130Te) =
76
KamLAND-Zen 838523"“0’ {50 (o) EXO/NEXO
136X @ i n
( ) (130Te) .'l‘,‘_l;k C(lé'zlglg) (136Xe)

+more future ideas...



General NLDBD experiment strategies

In2 € Nopyrce ' T

Ty/2 >

UL(B(T) - AE)
The “Brute Force” | The “Peak-Squeezer” The “Final-State
Approach Approach Judgement”
Approach

500 1000 1500 2000 2500 30(
Enerav (keV)

™ N\ O D
|| | ?'TJ‘ : ';' - - el
f ] = . |
LY [ —— . NEXT
iR e o= Mé\sJORANA GERDA (136Xe)
KamLAND-Zen CUORICINO/ (Ge) EXOINEXO QE&%{IEMO
(FXe) (L1’30Te) ”M C(lé’zglg) (136Xne) (various/®Se)

+more future ideas...



Peak-Squeezers: Germanium
Germanium diode detectors

7 enriched in °Ge; very good energy resolution
MAJORANA

DEMONSTRATOR GERDA

e ey

5 0

A
-
ABAS
s 51
-4-';'
i P
—
A
"Jn'

Ml U ) ) P
AR o B o

- Sanford Lab in South Dakota - Gran Sasso, ltaly
- 26 kg "°Ge - 31 kg "°Ge
- segmented detector strategy - detectors submerged in LAr

Collaborations merging for LEGEND




New results from Majorana Demonstrator
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2.5 keV FWHM resolution
9.95 kg-yr exposure
In lowest bg dataset:

4.0'3¢ counts/(FWHM tyr)

Combining datasets:

T,>1.9%x10% yr
@90% C.L

mg,< 240-520 meV



counts / 25 keV

New results from GERDA

1
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Combining datasets:
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EXO

Liquid xenon

TPC

L e e - o

no tracking, but single (Ov) -vs-multisite (bg) selection
use scintillation & ionization

WIPP in New Mexico

EXO-200: 80.6% enriched 36Xe, Q=2.479 MeV



New results from EXO-200

4 Data — Best Fit

Counts/bin

Resid.

. O(her Bkgds
10* § o U Xe2 37
e .. v B xe 1 e 0w
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No statistically
significant excess

in the ROI

Energy [keV]

Sensitivity of 3.7x10%° yr
T,,0BB>1.8x10%5 yr
amgg> < 147 — 398 meV

arXiv: 1707.08707

(90% CL)



T, “Ge (yr)

Current limits, 7°Ge vs. 13%Xe:

GERDA Sensitivity 43

KK&K 68% CL

matrix
element
calculations

EXO-200 Sensitivity

KamLAND-Zen Sensitivigy

(Phase Il only)

N

GERDA Limit

KamLAND-Zen
Limit (Phase |+l

—>

EXO-200 Limit

EXO-200 Projected
Sensitivity (Phase 1+11)

24 ¥/
101024 1025

Tl g l.'itixe (yr)

A. Der Mesrobian-Kabakian, Moriond

—

o
N
o))

KK is basically
ruled out now

KKT,, for 136Xe
IS smaller than
Xe limits

for basically all
matrix element
assumptions



New Results from CUORE

Cryogenic bolometer w/ TeO,

Residual (o)
tI\) ol—- O W
I
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D
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Counts / (2.5 keV)
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CUORE Preliminary
Exposure: 86.3 kg-yr

" | i A

i " 1 i
2480

Dataset 1

Dataset 2
M. Vignati - CUORE

" 1 M "
2500 2520
Reconstructed Energy (keV)

Background
(counts / keV / kg /y)

1 _49_0.17-&-0.18 102

A 1 i
2540

. ‘2560‘

Efficiency
(%)

75.7 £3.0

1.35.0.181020 - 102

83.0£2.6

Fit components:
* Flat background
* 60Co sum peak

* Peak at Qgg

Half-life limit 90% CL.:
e TOVv>13x10%5yr

Efficiency:
* Analysis cuts

* BB single crystal
containment (88%)



New Results from CUORE

E 130Te: 10°F F7 -
Xposure e. : ¥ | Mo .
_ L A - . 1 ’[ i

e 1 975 kg yr CuonC'no i g’urg:‘il:‘:"l&oar-l;’)CUORE-O + CUORE limit (Te) 1 Ge |

x

9.8 kg yr CUORE-0 102? CUORE sensitivity (Te) 3 |xe—5
e 24.0 kg yr CUORE Inverted hierarchy : |
= 1 N

£ 101 == E

N £ :

Combined 90% limit: Normal hierarchy I |
+ TV >1.5x 105 yr ‘ E3 E
+ mgp < 140-400 meV T :

Other isotopes
10—1 I | 1 L 1 1111 I | I 1 I 11111 I
107 1 10 10°

Experimental half lives:

130Te: 1.5 x 1025 yr from this analysis

76Ge: 5.3 x 102 yr from Nature 544, 47-52 (2017)
138Xe: 1.1 x 102¢ yr from Phys. Rev. Lett. 117, 082503 (2016)

M. Vignati - CUORE

100Mo: 1.1 x 102¢ yr from Phys. Rev. D 89, 111101 (2014)
CUORE sensitivity: 9.0 x 1025 yr



Summary of recent best results

sensitivity limit

experiment isotope M; NME Tlo/”2 mgag Tf/”2 mgg

kg] [10* yr]  [eV] |[10% yr]  [eV]
GERDA Ge 31286.1| 58 0.14-0.30 80 0.12-0.26
MAJORANA [13]  ™Ge 26 2.8-6.1 | 2.1 0.23-0.51| 1.9 0.24-0.53
KamLAND-Zen  [24] '°°Xe 343 1.6-4.8 | 5.6 0.07-0.22| 10.7 0.05-0.16
EXO [25,26] '°Xe 161 1.6-4.8 | 1.9 0.13-0.37| 1.1  0.17-0.49
CUORE [27,28] '°°Te 206 1.4-6.4| 0.7 0.16-0.73| 1.5 0.11-0.50

arXiv:1803.11100
¥ (%urglriigir:;r;;:uonls-oqucuons limit (Te) J& J USt Sta rti ng

CUORE sensitivity (Te)

Inverted hierarchy

Normal hierarchy

to graze the
IH region



[eV]

Overall Long-Term Prospects for NLDBD
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In the long term will need more than one isotope...
theory needed too!
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Overall Long-Term Prospects for NLDBD
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theory needed too!



Overall Summary

Huge progress in understanding of neutrinos over the
last 20 years, but still many outstanding questions

«lll AT&T 3G 9:57 PM

To Do

vV Thetal3

Mass hierarchy

Theta23 octant

CP delta

Absolute mass

Majorana or Dirac?

NEW PHYSICS?

What is the pattern of masses and mixings? Does the 3-flavor paradigm hold? Are
there sterile neutrinos or other exotic new physics? How did the matter-antimatter
asymmetry come to be? Why are neutrinos so light? ...

Still exciting years ahead!
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New idea: ] O
. 13)5Y
use cyclotron radiation (Voveaiands. PR
to measure spectrum 80:051301, 2009) s
qB W ][neasured i = ;
W = = requency maps to %{%U %Cﬁ_
ym electron energy GUNUOUT
w. = 1.758820150(44) x 10*! rad/s/T - ad
Avoid the limiting _ .
systematics of the " fectroms | - |iow-energy electons
MAC-E filter technique 5 o T
for tritium decays S0 H H
... R&D underway $ ik
- % BT | 2
ESR Coil Trap Coil Test Port 35_ “ “ l
; I‘
Waveguide Gas Lines Reflector é;s L 2 51-8. s 1216 26.21 . -2 61-4I - 2 6|.6I . |26|.81 . .217. N 127.2

25.5-GHz waveguide cell
H. Robertson

100,000 tritium decays in 30us



Candidate nuclei with Q>2 MeV

Candidate Q  Abund.
(MeV) (%)
48Ca—48Ti 4271 |0.187
76Ge—76Se 2.040 | 7.8
825 82K 2999 |'9:2
96Zr—%Mo 3.350 | 2.8
100Mo—10Ry | 3.034 | 9.6
110Ppd—>110Cd 2.013 |11.8
116Cd—s116Sn 2.802 |7.5
124gn—124Te |2.228 |5.64
130Te—130Xe |2.533 |345
136 Xe—136Ba | 2.479 (8.9
150N)|d—159Sm | 3.367 | 5.6
7 S
want large

Q value!

G. Gratta

want high natural
abundance!




Neutrinoless Double Beta Decay Experiments:
many isotopes and technologies

Experiment Isotope | Mass Technique Status Location
AMoRE |164, (165 10Mo | 50 kg CaMoQ; scint. bolometer crystals Devel. Yangyang
CANDLES 166 BCa | 0.35 kg CaF, scint. crystals Prototype Kamioka
CARVEL (167, Ca 1 ton CaF; scint. crystals Devel. Solotvina
COBRA |168] 16Cd | 183 kg en*(Cd CZT semicond. det. Prototype Gran Sasso
CUORE-0 [151] H0Te | 11 kg TeO; bolometers Constr. (2013) | Gran Sasso
CUORE [151] 130Te | 206 kg TeO; bolometers Constr. (2014) | Gran Sasso
DCBA 169 "ONe | 20kg “""Nd foils and tracking Devel. Kamioka
EXO0-200 |152, (153 154] 136Xe | 200 kg Lig. “*"Xe TPC/scint. Op. (2011) wIPP
nEXO [155] 136Xe 5t Lig. **"Xe TPC/scint. Proposal SNOLAB
GERDA (150,170 ®Ge | ~35 kg “n"Ge semicond. det. Op. (2011) Gran Sasso
GSO 171 190Gd 2t Gd;Si0;:Ce crys. scint. in lig. scint. Devel.
KamLAND-Zen [156] 158| 196Xe | 400 kg enrXe dissolved in lig. scint. Op. (2011) Kamioka
LZ [161 136Xe | 600 kg Two-phase "**Xe TPC/scint Proposal SURF
LUCIFER [172, 173, 82Ge 18 kg ZnSe scint. bolometer crystals Devel. Gran Sasso
MAJORANA (147|148 149] | ™Ge 30 kg “"T(Ge semicond. det. Constr. (2013) SURF
MOON 174] 190Mo 1t “n"Mo foils/scint. Devel.
SuperNEMO-Dem (162 #2Ge 7 kg “nrSe foils/tracking Constr. (2014) Fréjus
SuperNEMO [162] 82Ge 100 kg “"’Se foils/tracking Proposal (2019) Fréjus
NEXT (159, 160] 136Xe | 100 kg gas TPC Devel. (2014) Canfranc
SNO+ (39,175 [176] 10Te | 800 kg Te-loaded lig. scint. Constr. (2013) | SNOLAB

From arXiv: 1310.4340




Absolute neutrino mass (not accessible via oscillations!)

Sensitivity to ~0.2 eV
Data in 2017
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Look for distortion R % &
of f-decay
spectrum Other ideas in R&D: thermal calorimetry,

near endpoint holmium, cyclotron radiation

Fits to cosmological data:
CMB, large scale structure,
high Z supernovae,

weak lensing,
(model-dependent)
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