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Three-Neutrino Mixing Paradigm
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absolute scale is not determined by neutrino oscillation data
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Parameter best-fit
Am3, [107° eV 2] 7.37
Am? (1073 eV 2] 2.56 (2.54)
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Observables sensitive to my

The absolute mass scale can be measured through:
(numbers on the right are current upper limits)

- tritium beta decay

ms = {Z U, m?] ’ (2.05—-2.3 eV @ 95%CL)
- neutrinoless double beta decay

Mgz = )Z Uﬁ,-mi| (0.06 —0.16 eV @ 90%CL)
- cosmological observations

> m, =) m, (0.2 —0.7 eV @ 95%CL)
]



Observables sensitive to my

The absolute mass scale can be measured through:
(numbers on the right are current upper limits)
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- tritium beta decay TODAY
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mg = [ E U] m,-z] (2.05-2.3 eV @ 95%CL)
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- neutrinoless double beta decay

mgg = )Z Uﬁ,m,-| (0.06 —0.16 eV @ 90%CL)
- cosmological observations

> m, =) m, (02—-0.7 eV @ 95%CL)
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Observables sensitive to my

The absolute mass scale can be measured through:
(numbers on the right are current upper limits)

- tritium beta decay

1 /2
mpg = [Z ‘Uei‘zm?]

(2.05—23 eV @ 95%CL)

- neutrinoless double beta decay

_ 2
mgg = ’ E Ue,m,-|

(0.06—0.16 eV @ 90%CL)

-

\_

- cosmological observations

E m, — E m;
I

(0.2-0.7 eV @ 95%CL)
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Observables sensitive to my

The absolute mass scale can be measured through:
(numbers on the right are current upper limits)

- tritium beta decay

-

\_

J

ms = [Z U, m?] ’ (2.05—-2.3 eV @ 95%CL)
- neutrinoless double beta decay

mss = )Z Uﬁ,-m,-| (0.06—0.16 eV @ 90%CL)
- cosmological observations | AST LECTURE

> m, =) m, (02—-0.7 eV @ 95%CL)
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Direct mass
measurements



Beta decay: direct Ve mass

he most sensitive known method to measure the electron neutrino mass is by
l'll - -
bserving the electron spectrum in nuclear f-decay

N(A,Z) = N(AZ+1) +e + 7, (14.1)

here A and Z are, respectively, the mass and atomic numbers of the parent

As we have seen in sections 6.1 and 6.2.1, the electron neutrino, in general, does
t have a definite mass, but is a mixture of massive neutrinos. However, [ollowing

e tradition, in this section we treat the electron neutrino as a mass eigenstate.

:‘;.*'gvill discuss the effects of neutrino mixing in nuclear G-decay in section 14.1.1.
- The differential decay rate in allowed™ S-decays is given by

B GEmS T \
dE. *)r;:L cos” g |M|* F(Z, E¢) Ecpe Eupy s (14.2)

here f; is the Cabibbo angle, M is the nuclear matrix element, £, (E,) and p,
w) are the electron (neutrino) energy and momentum, and F(Z, E,} is the Fermi

TTWICIE " LLIC "AIATaOdoeiG © 1105080 TaAI © A ek R aseery T ees e s B &

the surrounding electrons). The two factors E;p; in eqn (14.‘%), with i = e,p,
come from the phase-space factor of the final state: d'p; = p;.dpi dcosqf dg; =
p. B; dE; dcos 6; dg;, where 8, and ¢; are the polar angular coordinates of p;.
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Fundamentals of Neutrino Physics and Astrophysics

by: Carlo Giunti and Chung W. Kim, Oxford UP 2007
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massless. On the other hand, if the electron neutrino has a mass m,,_, the maxima

Since the neutrino momentum is given by

b= \JEL-m3, = \[(@s—T) -,

: 75
the differential decay rate in eqn (14.2) can be written, for T' € Tinax, 88

2 a9 :
Ell-q[_: C .G2F' 12’:: (305“2 0C lM 12 F(Z; E(,) Ec Pe (Qﬁ o T) J(Qﬁ — T) —— m?,:
m

= \/\/hat we measure:

Kurie plot

drr/dT - 1/2
K(T) = 2 = (Q—T)\/(Q—T) — m2,
\ (COS;?;GF) IM|* F(E) pE [ ]
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Kurie plot

dr/dT > 1/2
K(T) = __d — [(@-T)\/(@-TP —m,
A GL: { ]

11 |m, <22eV (95% C.L.)

Mainz & Troitsk

[Weinheimer, hep-ex/0210050]

future: KATRIN

[www.katrin.kit.edu]

m,, >0

T Q—my, Q sensitivity: m,,_ ~ 0.2eV
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The mass Is extracted from a fit to the end-point |
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Pros and cons

end-point of the electron spectrum is that véry
We can estimate the relative number of event
AT below the end-point

few events occur near the e
$ occurring
as follows. Below the end-
{ Er' = Qﬁ + m,
Pe=E; —m?~ \/Qﬁ (Qp + 2m,).

Ignoring the neutrino mass and the Fermj function, we have

point we have

T>Qp =

dr
aT| T=q, * (@ +me) \/QH (@s +2m.) (Qs - T)*,
My, =()
and
- dr dTr .
Qﬁ-—AT ﬁ o (Qﬂ + Tnti) \/Q‘{j (Qﬁ + 2 Tnﬂ) (AT) i ]

The total number of cvents is proportional to

Qs qr Qi
dT{x/n. {T+m,) VT (T + 2m,) (Qp — T dT,

dT

0

- where we have neglected again the Fermi function a
We are interested in an order-of-magnitude estim
iéads to the approximation

Qo qr

dT

hus, the relative number of events oc
€ end-point is given by

thng.

0

[y

---------------------

n(AT) (AT)"’
T Qp '

Can obtain the
in nrdar t0a veen

nd the neutrino mass. Since
ate, we consider Q4 > m,, which

SRLCLTIALINIES LIRS

nd-point.

in an interval of energy

+ : This method relies purely on

49 3-body kinematics, without any
assumption on the nature of the
aa10)  V (e.g. Dirac/Majorana)
- : statistics, especially at the
141 end point
(14.12) |

0

my, >

(14.13)

|

Q—m,,

The smaller the Qg, the better
for the relative stat error just
below the end-point

Q
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Added compllcatlon MIX

Neutrino Mixing =— K(T)=|(Q—T ZIUek\ \/ Q—T) —m?

11/2

K(T)

_ 2N — 1 parameters
Q
\ l g (Z ’Uek|2 _ 1)
| | — k

1 analysis of data is
]  different from the
1 no-mixing case:

1 l 1 \I 1

Q-

ma

T Q —my

if experiment is not sensitive to masses (my < Q — T)

effective mass: |m3 = Z | Uek|* m?;

T =@ D Z‘Ue"'[ (omir)]

}rv(@ T)\/(Q—T)?

Kurie plot

dr/dT

K(T): { 2
| (C°S§;3GF) \M|? F(E) pE

- [@-nle-Tr-

1/2
m,%e]
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Mg

10 ¢

107"

1072

Predictions of 3v-Mixing Paradigm

m3 = |Ue1|* mi + |Uea|® m5 + |Ues|* m3

L O
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Q.
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- — 10| ]
3 — D | ]
L= - 30 | -
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» Quasi-Degenerate:

m; =m, Zk|Uek|2

» |nverted Hierarchy:

m% ~ (1 — si3)Amy ~ Amy

» Normal Hierarchy:

2 0 2 2 Am2 2 A 2
mj = SipCi3 Ams + sigAmy

~2%x107° +6x10°eV?

» If mg S 4 X 10 2%eV

|

Normal Spectrum

Remember:/Am; ~ 5 x 107%eV
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Beta decay of °H Q = May — My, — m, = 18.58 keV/

3 3 - °T,, =12.3 years (4*10%atoms for 1 Bq)
H—>"He+e +v,

reasonably short lifetime

/-- ~ ’H: chosen because:

\ :
" v low Q = enhanced =1 (g)"

p/ n Qﬁ
) . .
\e_; % v S|mplle atomic structure (small
uncertainties on \M|* F(Z, E.)
1.2 10 T T I
[ a) i Only a small fraction of events

1 . — M0 &V 1 in the last eV below the endpoint:
: —=—-m(v)=10 eV 5 %1013
Ej 0.8 —
— 2 6 4
B ; % Triutium is present as
E T g . |  bi-atomic molecules
Ca 0.4 : 8
O '

' [ : o P O | 1 3
Yo s 10 15 =29- 18.54 1855 1856  18.57 1858 TRITIUM

[
energy £ [keV] Energy / keV



m, - A Brief History in Tritium

1000 ¢ : ] ;
et |7 : " SuperK | iSNO' '
b o § oscillation; !oscillation
100 L | i result | iresult :
—~ i R TR :
2 e | .
= 10 ¢ . =
E | Neutrinos al -
7 : 4 T~ Troitsk 1
» discovered i A A <
N Mainz ™.
T ¢ ~.. 1 KATRIN
= : L 4. design
i e,
0.1 3 ?
0.01 l | l l l | 1 | ]
1950 1960 1970 1980 1990 2000 2010 2020 2025
Year

Adapted from J. Wilkerson, Neutrino 2012

Diana Parno - The KATRIN Experiment
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The KATRIN experiment

The source should be transparent to
the emitted electrons: gas or thin layers

8-

- ‘a"-.‘.
e ana
-
\ 7 -
l -
,f/ N
3He . " AT

.”. y - ”

’ -/

-

Tritium source

Electron
Counting
<le/s

= s
- = v,

Windowless Gaseous Molecular Tritium Source
High luminosity: 10** B-decay /s
High stability : 107 level
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The KATRIN experiment

. . , , Spectrometer
Selecting only the electrons in the endpoint region

—> Electrostatic filter

-, -

Allowing for a large acceptance
- Magnetic adiabatic collimation (MAC)

-—

MAC-E filter principle allows for
< 1 eV energy cut off

19



High-resolution 3 spectrometer A\‘(".

Karlsruhe Institute of Technology

Magnetic Adiabatic Collimation & Electrostatic Filter Sharp high-pass filter:
-» integrating electrostatic filter (Eyi, > eUp) A
-» “clean” (analytic) response function AFE _ I8t é
- AE <1eV at 18.6 keV E " Bmax §
analysing plane : AE enegy

Steps of filter potential
— integrated B spectrum

solenoid

detector

==
source
=
A

Bs | Bmin | Bmax
U Uo

DO YV

[Beamson et al. 1980; Kruit & Read 1983; Lobashev 1985; Picard et al. 1992] K. Valerius, Erice, 17 Sept. 2017
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6r-rim
- ( ) [sEN=—470 A [*N=470 A [sN=870A

I#*N=470A [*N=—470A

4+ | tank, U=—18.4 kv r.=4.2 cm
[ outgrwire el., U=—18.5 kV

ffiner wire=l., U=—18.6 kV

B=3.36 G

air coils

_4 I B=3.02 G

* [he larger the spectrometer; the
smaller (more “adiabatic™) the
gradient of the e- momentum

e ~constant along B lines

® spectrometer acts as an
integrating high-energy pass filter
by virtue of E field (threshold
effect)

21



C ~— 4 T
2 4500 %3 a
I ~ - r ol
~ Z2 -
g t T F
4000 : e
< [+ T : .
1% I 1,
g # 0 :'-_—_.-----a- v.----v...-.-s-._---..'.. ............
3 3500 |- . L
© N S 1k 5
4+ m,=0eV
3000 - 44 - b
: t 3 [<ANIg>=+15 §<Al\.l/_68 qs.
- ¢ 1 1 ! | ‘: I
2500 y 18560 18570 18580
o
t [eV]
i +
2000 4 P .
i be : endpoint energy
- m,,=0.5eV  ++ + '
1500 |
¥ 44
B +¢+ +
S - = 5057 SUPE S € P 5 =af¥e Ve
S TVITe o R e e A
1OOOT | | 1 1 I | | 1 | i | | 1 | l | | | I | | | 1
18570 18571 18572 18573 18574 18575

retarding potential U [eV]

* Integrated e- spectrum

Count rate (cps)

Norm. resid.

7™\ | Measurement
. —— Fitresult
Differential shape

K-32 line
Energy 17.8 keV
Natural width 2.7 eV %
Averaged over 40/148 pixels

#

* |H’f‘t‘||*||’f|iIJ':IJ”WI Jf'*”i{l*

’f

17820 17824 17828

Energy (eV)

17816

“Calibration™: example with a real
July 2017 pre-run with #Kr de-
excrtation lines

* Will measure N(e-) vs electric potential applied
* Measurement up to 30 eV below end-point (Q-value)

Differential rate (cps/eV)

22



First tritium injection: | 8" May, 7:48 am UTC

| 1.1 - :
g 10 - 80 - Statistical errors only in —— Fitresult
S i this early fit {  Measurement
:.5 0.9 - — x2/dof = 15.0/14
= S 60 -
§ 0.8 =
S s
&) @© I
— 0.7 =40~
a : ; ; . | c -
| 10:00 10:10 10:20 10:30 10:40 10:50 11:00 g I
Time © 20~
0r, ! ! ! !
* Commissioning In past months |,
e checks of temp and pressure, 3
Tritium concentration stability o
e whether number of electrons £
O
over threshold as expected Z L
, . 18400 18450 18500 18550 18600
e absolute residual: Retarding energy [eV]

e observed - expected (fit)

expect mv.eff data in early 2019
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Main sources of background:
* electrons produced by ionization Iin the residual gas: veto system in place
e electrons from interactions of cosmic rays: veto system In place
® Y-rays from natural radioactivity emanating from material surrounding the detector
and from the detector itself: this is still open (*'"Pb on spectrometer walls)

Backgrounds vary over a large range of energies, B-electrons concentrated.
Rely on accurate E determination to separate and reject bkgs

internal
radioactivity

u‘;:::"
(\ ‘ ) \::::::l::
.&‘ )
, % external radioactivity

24



KATRIN’s uncertainty budget (design sensitivity, 2004):

LT —

o(m ?)

Statistical

Final-state spectrum
T-lonsin T, gas
Unfolding energy loss
Column density fluct.
Background slope

HV fluctuations

Source (plasma) potential
Source B-field variation
Elast. scattering in T, gas

o(m2?),,..= 0.018 eV?

stat

o(m,?),,.= 0.017 eV2

* Ostat : 10 mcps reference
background level

» Balance of gsyst and total Ostat
after 3 years of data

« Re-evaluation of individual
systematics ongoing during
system characterisation

S

Old projections,
MOSt

out st

Y accu

| believed to be
rate
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¢ Full sensitivity (o, = 045) @fter 3 beam years (~5
calendar years)
X Tf S
Q 08 - 5
> 06 F\----"---------L---tho e @)
D 04 S ;
E 03 '''''''''''' UEDDDRIE - :
s 0 2 4 6 8 10 12% 0o 05 1 15 2 25 3

Full beam time (months) Full beam time (yrs)

G. Drexlin et al., Adv. High Energy Phys. 2013 (2013) 293986

Diana Parno —- The KATRIN Experiment

Excluding masses down to 0.24 eV possible after 3
years of full beam
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Electron capture in t*3Ho

Atomic de-excitation:
* X-ray emission
* Auger electrons

* Coster-Kronig transitions

€L ~ 7/,
' . . Y
2 calorimetric o~
€
7 1 T T T B
measurements ; — T . T
16310 electron capture
MZNQ ‘} [__ M1N2'3 X=ray spectrum __4
» : ﬁ
E -~
v, g

. M,0
& 1923 ]
. g i |=AE =19 eV
3 | .

]
Sou rce vV, Detector 1.4 16 1.8 . . 2.2
E (keV)
Volume 1188, number 4, 5, 6 PHYSICS LETTERS 9 December 1982

CALORIMETRIC MEASUREMENTS OF '3 HOLMIUM DECAY AS TOOLS
TO DETERMINE THE ELECTRON NEUTRINO MASS

A. DE RUJULA and M. LUSIGNOLI !
CERN, Geneva, Switzerland
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Atomic de-excitation:

* X-ray emission . Sy S8 Dy+ E
A — e-s\\\ 66 66 C
* Auger electrons W\

* Coster-Kronig transitions

Auger Process X-Ray Process Q*—’
,"’/(uger | -
Fermi Electron
level |
L),:l . __________

o ~ * 11

L. - T,, = 4570 years (2*10' atoms for 1 Bq)
* Q;c = (2.833+0.030° + 0.015%) keV

K 7 S. Eliseev et al., Phys. Rev. Lett. 115 (2015) 062501

Core Hole Core Hole

Qec function of m(V) = measurement of E(e) sensitive at end-point

One sees Auger electron and measures E(e) inclusively, with source = detector

* no risk of loss or of mis-modelling energy at source
E freed by de-exciting '©3Dy has ~lowest known “Q value™: 2.8 keV
problem: lifetime! need smart format of detector to maximize statistics

28



Counts/0.01eV

6.0x10°

5.0x10°
i - 3
® 4.0x10
[Q\|
2 3.0x10°
2
- Calorimetrically measured - § 3
163Ho spectrum G 2010
i i 1.0x10°
] ] ] ] | [ — OO||||||||||||||||||||||||||
00 05 10 15 20 25 3.0 2546 2548 255 2552 2554 2556
Energy / keV energy [keV]
dgc G5
CLC — Q- E)V(Q—EP—mE
C
I; 1
) (2
n:C: 532 B;
; (] ’L/B’L ZQW(EC—EZ)2+F22/4,

Fquivalent of beta-decay but with B-W peaks corresponding to

energy levels
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Main I1ssues

® Measuring the energy with micro-calorimeters with high
resolution

® [stimate doubles=overlaps and their bias on Q end-point

® Keep background under control

Erlel
3.21h
Hol60 | Hol61
256m | 248h | 1 %Er(n,v)*Er — *Ho + v,
Ec |ec B e 163Ho source mostly from neutron
ISR Dyl60 Dy161 irradiation of '63Er
144.4d . .
3/2- 0+ S12+ 0+ S/2- * decays quickly (T ~/5 min) and large
EC 234 189 U9 x-sec: effective process
TII)ISS Th159 Tl)l}(w’ll,l Th161 | Th1l62 ll'hl(),% e but mind radioactive impurities from
80 72.3 ¢ 60.88 d 7.60 m 05 m e
3- 3- 375 [ 3/24 other elements emitting below 5 keV!
EC.IF P
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Microcalorimetry

e Small, segmented devices needed for high E resolution (and to
avold two events overlapping in time in same reading element)

Transition-Edge Sensor (TES) H “’"’LM!ES’

= TES as a calorimeter
— Measures the energy of incident radiation

Photon =y,
Engrg; E, i Thermometer

TIA.U]

time [ms]

Typical pulse from a calorimeter

Schematics of a calorimeter adins
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Resistance at superconducting transition,TES
-
&

T = I=VR J/ ’

e Explort super-conducting property to
rapidly (but about linearly) change R
with T

electro-thermal
link G

thermometer
AT - AV

particle absorber
E— AT

10 ; . l .
: normal
| linear regime |

- AT - AR

2_
superconductor )o'
0 ] ] ]

0.120 0.122 0.124 0.126 0.128 0.130
Temperature (K)

* Use film of material undergoing
transition at roughly '3Ho Q (2-3 keV)
® [inear with Ec &T
* generates current read-out
* Flectro-thermic feedback

compensates increase of | from T
e forces TES to stay around linear regime
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Absorber: Bi-Au or Au + 6.5x10*3 1®3Ho per detector - 300 dec/sec
163Ho ion implanted in absorber using dedicated
facility at Genoa University

Transition Edge Sensor: MoCu or MoAu superconducting films

An example
200

. — Data
— Total Fit T, =60 mK o
1601 Lorentzian 1 + Lorentzian 2 \/\(} —30% Ak ~2.35 \'/4kTEmax
- — Exponential tail P _
» 120+  — Background e(Q =25keV
s | e operating at <|50 mK heat
S g0l Best resolution achieved capacity

i U * gives AE ~ 0.8 eV FWHM
0f  AE=(91:04)eV | \
: . \ o HOLMES claims AE = | eV
() pimp—x A A AN N Lok i 1 I \'\L‘-‘l‘:-;-a—-ea—-h
5300 5820 5840 5860 5880 5900 5920 5940

Energy [eV]
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http://lanl.arxiv.org/pdf/

P| ‘e—up 1412.5060v3

® [ES have a relaxation time of ~several ms

® [wo decays can happen close In time within the same TES element

and not be discriminated

= bias on the Ec measured by summing two processes

spectrum is given by the two event pile-up probability
fop = TRAEC, where T is the time resolution and Agc
is the EC activity in each detector. This kind of statis-

Statistics in the end point region 10 ' ' : .
N, >10% - A=1MB
- > —— Qg=2.833keV
Unresolved pile-up (f,, ~ a - 7) 4 8r fou=10° AEyum=2eV 7
f., <105 requirement &;
<1us = a”~10Bqg S 6} .
IXE =
>
=2 4r |
Precision characterization of the endpoint region =
AE-ymum < 3 eV b
FWHM o 2} .
t
£
Background level . 1 1 )
< 10~ events/eV/det/day 10" 102 101 1016

Statistics

Loredana Gastaldo

Kirchhoff Institute for Physics, Heidelberg University
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X
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2
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qc> 1.0 -
(%3] B .
©
O
@
I
(%)
-
E 0.1 | L | 1 | L | 1 | L | 1 |

2200 2300 2400 2500 2600 2700 2800
EC Q-value [eV]

Fig. 4 Monte Carlo estimate of HOLMES neutrino mass sta-
tistical sensitivity for N.,= 3 x 102 (lower curve) or 101"
(upper curve) and with f,,= 3 x 1074, AEpwaum= 1eV,

and no background.

Fffect of statistics

10
— b=0.0 c/d/eV/det
-— b=0.2 c/d/eV/det
— b=2.0 c/d/eV/det

m, statistical sensitivity 90% CL [eV]

| L | L | L | L | L | L |
2200 2300 2400 2500 2600 2700 2800

EC Q-value [eV]

Fig. 9 Monte Carlo estimates of the effect of various back-
ground levels on HOLMES baseline statistical sensitivity.

Fffect of bke

Overall this technique expected to currently attain
~0.2-0.4 eV neutrino mass sensitivity

= competitive with spectrometers
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Source production and purification:
130 MBq available for tests and experiments \/

Detector arrays characterization: /

very good single pixel performance
operating microwave SQUID multiplexing
next challenge = load TES arrays with 1®3Ho

Dedicated mass separator:
facility installed
tests of the ion source on-going I
commissioning on-going .

» full scale (starting 2019):
1000 channels,

ty= 3 years (3x10%3 events)
2> m(v,)<leV

60

Counts

20 el .
(V)3 w 6\\5""@‘\‘* \"‘lf M

. Res

-20°¢

40

5.88 5. 89 5. 9 5.91
Enerqy [keV]
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Alternative observable: the ECHo experiment

EC

Magnetization of paramagnetic material, MMC

M 4

iV o e L
| S

—

T

A.Fleischmann, C. Enss and G. M. Seidel,
Topics in Applied Physics 99 (2005) 63

ECHo-100k (2018 — 2021)

2.5

20

1.5

1.0

m(v,) sensitivity, 90% C.L. /eV

I 1 I I 1

——- AE_ FWHM=2¢eV

——- AE_FWHM=3eV _ A

——- AE_ FWHM=5¢V /,
——- AE FWHM=10eV ,////
i 7 4 )
——0———0———”‘//
__..—-——0"::///{
__.-———"‘z:/
- A ~ 100 kBg-
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Activity per pixel 10 Bqg
Number of detectors 12000
Readout: microwave SQUID multiplexing

Broadly same challenges and figures of merit to attain sensrtivity
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PROJECT 8

antenna array

‘ Zl/ ._ '1/

glectron

N !
L\ L\

-
/
[ =

Alternative to KATRIN/
spectroscopy

* Enclosed volume filled with

e Add a magnetic field 2
Decay electrons spiral around field lines

e Add antennas to detect the cyclotron radiation

Cyclotron Radiation Emission Spectroscopy (CRES)

* ( Non-destructive)measurement of electron energy

@ 1 Tesla w(18 keV) ~ 26 GHz
P(18 keV) = 1.2 fW

Q = May — May, — me = 18.58 keV

B. Monreal & J. Formaggio PRD 80 (2009) 051301
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Cyclotron Radiation Emission %
Spectroscopy
(CRES)

27.0,

Q= Msy — May, — me = 18.58 keV

The electron cyclotron frequency is related

' . 0.9459 T magnetic field
to the electron kinetic energy

o
S
-

The cyclotron frequency is encoded in
cyclotron radiation

Sy .
Kr conversion electrons

T endpoint

[
N
-
So—

Frequency is something we can measure
very precisely — eV resolution demonstrated,
sub-eV resolution expected

Cyclotron frequency / GHz
9 o
=N >
;Jl "

)
=N
— H
——
— — . — T Y

10 20 30 40 50
Electron Kinetic energy / keV

Cyclotron motion:

f_feg 1 B B ficld
" D 27 Me -+ Ekin /,"C.? -

f. = 27992.49110(6) MHz T~



Project 8 Goals

* Demonstrate that CRES can be used to measure the tritium
endpoint in a small prototype

(right now, “Phase I1”)

* Scale to a large-volume system that has sufficient statistics to
contribute to the global neutrino mass effort and serve as a
iIntermediate step for an atomic experiment

(near future, “Phase III”)

* Transition to an atomic tritium measurement and make the
most sensitive measurement of the neutrino mass possible

(future, “Phase IV”)
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Project 8 Electron Event with Energy 18 keV https://zenodo.org/record/|286954#.XEiHGvx7mi4
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Project 8 Projected Capabilities

with Atomic Tritium
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Atomic tritium
should allow us
sensitivity toa 40
meV mass scale
with 10-100 m?3-

years exposure
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Back up



The KATRIN experiment

Spectrometer

- » -

-
/’

Tritium source

101 e /s
Electron
l Counting
Diagnostics <le/s
" 4 -7

“ J. Angrik et al (KATRIN Collaboration) 2004 Wissenschaftliche Berichte FZ Karlsruhe 7090
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eV-scale sterile neutrinos

Preliminary

Best fit
from reactor
anomaly

— KATRIN (95%)
— SOX (95%)
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KATRIN as is probes the
favored parameter space for
light sterile neutrinos and is
complementary to oscillation
experiments

SOX at Borexino



first proposed (AFAIK...):

Phys.Rev. D73 (2006)
04502 |

(L(L+ 1)]2C% j27 [x107]

CMB lensing potential
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LARGE SCALE STRUCTURES
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95% constraints on total mass PlanckTT PlanckTTTEEE

+lowP <0.72 eV <0.49 eV
+lowP+lensing <0.68 eV <0.59 eV
+lowP+BAO <0.21 eV <0.17 eV
+lowP+ext <0.20 eV <0.15eV
+lowP+lensing+ext <0.23 eV <0.19 eV

Planck TTTEEE +
[lowP (2015) + BAO +osc

—
<
o

NH
|H

E 2 . . - .
mIBIB T ) Uelm’| 0.001 0.003 0.01 0.03 0.1
(_\ Mgg [eV]
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Cosmological constraints

(for more see e.g. seminar by Lattanzi at
Roma Ire, [0th Jan 201 7/)

- cosmological observations

> m, =) m, (02-0.7 eV @ 95%CL)
i




HISTORY OF THE UNIVERSE Dark Qeray 7
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The Cosmic Neutrino Background - Properties

At freeze out the neutrinos had a thermal velocity distribution.

Since then the neutrinos have continued to move along geodesics
with a velocity which has red-shifted as a result of the expansion of
the universe.

This geodesic movement is called free streaming.

These free-streaming neutrinos make up the
cosmic neutrino background.

« Below T ~ | MeV, neutrino free stream keeping an equilibrium
spectrum: I

~ /T |

f;/(p)

+ Today T, =19 Kand n, = | I3 part/cm? per species
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Constraints from the Neutrino Background

In standard cosmologies, the cosmological neutrino background
only interacts gravitationally after freeze-out and

all cosmological bounds on neutrino masses arise from
gravitational interactions of the cosmic neutrino background.

The gravitational interaction depends on the sum of the gravity
from all of the neutrinos, which is proportional to the sum of the
masses once the neutrinos have become nonrelativistic.

This is why cosmology constrains the sum of the masses.

= [ffects:

|) They contribute to the recent expansion of the universe identically
to dark matter.

[I) Since freeze out they free stream a distance called the
free-streaming length. This disrupts structure formation on scales
below the free-streaming length.

Jarah Evslin - TPCSF, IHEP, Chinese Academy of Sciences Neutrino Mass Limits from Cosmology
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Free streaming

Velocity dispersion large wrt size of potential well

gravitational
potential

initial time
Cold dark matter , ,

Neutrinos escape from potential well,

neutrino density perturbations get washed out

L \/
gravitational
potential ,

™ later time
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HOW HEAVY?

18] zm, = 0.06 eV 11 Net effect
Z A Im,=02¢eV is to
16} ‘ A £\ rm, =04eV
T | \ \ sm, = 0.6 eV decrease
o= 14f \ \ ¥m, = 0.8 eV i Iensing
o | u :
= 12 \ \ N >\ /
S| W/ \ |
O 10} | \
~-— \\
< 08| )
. 08f
o6l H, and Q, are varied to
| keep z., and 6, constant _
0800 000 1500 2000 2500
(
4 . . . . 2
Perturbations: free streaming, damping of small-scale perturbations
- proportional to the neutrino energy density
9 - the effect is larger for larger masses )

Model-dependent: interplay with Acpm, Ho

54



Ce+1) Cp2n [10° uK?

HOW HEAVY?
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We see these temperature fluctuations projected in a 2D spherical surface sky, and so it has become common

in the literature to expand the temperature field using spherical harmonics. The spherical
a complete orthonormal set on the unit sphere and are defined as

20 +1 (f —m)! .
}/’m Pm imao
l \/ dr (L+m)! * (cosB)e

where the indices ¢ = 0,...,00 and —¢ < m < ¢ and P/ are the Legendre polynomials.

harmonics form

ONnsS
(2)

? is called the

multipole and represents a given angular scale in the sky «, given approximately by a = 7/ (in degrees).
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Matter power spectrum with
massive Neutrinos (tiow redshifts)

Suppression of the matter power spectrum

wrt massless neutrino case
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FUTURE PROSPECTS FROM THE LAB

The absolute mass scale can be measured through:
(numbers on the right are forecast for future sensitivities)

- tritium beta decay

| /2
2
mg = [Z U m,-z] (200 meV @ 68%CL)

Katrin
- neutrinoless double beta decay ( )

mss = |Z Uﬁ,-m,-| (8 =20 meV @ 90%CL)

- cosmological observations (NEXQ, 5-year exposure)

Zm,, — Zm,. (16 —45 meV @ 68%CL)
! (CORE, CORE+LSS)

Massimiliano Lattanzi
Dipartimento di Fisica e Scienze della Terra, Universita di Ferrara,

57



Mass scale: experimental tools / 1 @\

three complementary tools available

- low temperature detectors play key role
(E. Fiorini and T. Niinikoski, Nucl. Instrum. and Meth. 224, p.83 (1984))

[
Neutrinoless

Cusmoluy) Double Beta
r “/ - I SS)-] ddd
ClB-rLIS5-F decay

77 Beta decay
end-point
observable mB=(zkak2 Uy |2)22

2eV

present sensitivity

future sensitivity )50 2Y/ 0.2 eV

model dependency ® ' no

A. Nucciotti, PSI, Villigen (CH), May 23", 2017 7




Summary & outlook ﬂ("-

Karlsruhe Institute of Technology

» B decay allows model-independent, direct access to neutrino mass scale

» KATRIN will exhaust degenerate mass regime: 200 meV (90% CL for 5 yrs of running);
reaching sub-eV sensitivity with first few weeks of data

» Interesting physics potential beyond m: eV and keV scale sterile v, RH currents, LIV, ...

——

Preparing KATRIN for neutrino-mass measurements: Analysis chain

adv. modelling & analysis framework
~ ongoing: data quality filters, blinding

" - A\ : ) Rh ’x
oy
‘\’\\,-\\

Tritium-bearing components
- now: final system integration

- overall beamline test with 83MKr A
achieved in July 2017

- next: inactive commissioning Spectrometer & detector section
with D2, then D2(T2) 2 successful commissioning phases already done

ongoing: background investigations

=» First tritium runs starting in 2018, inauguration ceremony: 11 June 2018

K. Valerius, Erice, 17 Sept. 2017



