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2015 Physics Nobel Prize

FOR THE DISCOVERY OF NEUTRINO OSCILLATIONS,
WHICH SHOWS THAT NEUTRINOS HAVE MASS

1998: Oscillations of atmospheric 2002: Oscillations of solar neutrinos
neutrinos observed by the observed by the SNO experiment
Super-Kamiokande experiment

Takaaki Kajita
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Thomas Schwetz

i-3 sector: 0iz and Am?;3;

atmospheric neutrinos:

Sub-GeV e-like Sub-GeV prlike 300 TUlt-ring ke
400F P <400 MeVic 400F P <400 MeVic
300 -, 300 F 200 F
Ann i ca b=
200 | 200 acgrttmp e
100
100 100 v
o Ll Leceiteien o Lol
Sub-GeV e-like 600 Sub-GeV prlike PC stop
400E P 400 MeVic P > 400 MeV/c o +
300 F 400
@ ,...A-w _‘_sﬂ“—w
3 20 200 B~ 20
@ 100
Y ST Lt N T
2 Mult-GeV o-ike Muli-GeV ke F— PG througn
E 200F 200 300
z
150 150 F 200 F
100 100
100
50 50 fF b
o Levieteien o Leceiteiin o T
200 T e 405 0 051 105 0 05
150
100F SK-I: 1489 days
s SK-II: 804 days
Levieteen
050 051
cosO

(i=1,2)

Neutrino Oscillations

. w" '

o g4

D

Zenith angfe dependence

(Multi-GeV)
‘}P‘SDE"S Dwm/gaiag
e e DAt 7
@ Lé 80 {a) FC e-lik ‘/ a WZ(S"WLFE)
N7 = =2.8 /4.4
e Ay foit
% 40 e e =R —gg3tons
= +HC stat [Pown —ouZ
o P ’Xl(shnpa)
) e = =30/ g uof
Bl s
g0 . S —U—t-:054 +0.06
E b=l 256 |Doam 7 —0.0%
3 =
LB ] (62e
. = 9 os®
K Up/Down syst. error for w-like
= ) lux calealation - €17
Freaiction [ 114
Pt (1 o Sk 18 ) 1B

Data

| Non

[ Energy calib, for | 072

o )
v Backgmund <2/)' 7

C. Giunti — Concluding Remarks — Determination of the absolute electron (anti)-neutrino mass — 8 April 2016 — 3/99



Thomas Schwetz Neutrino Oscillations

1-2 sector: 6012 and Am?2; A

&

MSW conversion in the Sun

2002: SNO: CC to NC ratio o [yt T T
matter
of solar neutrino flux orl B
0.6 [ - 1/2.5in°20 b=
CCvet+d—p+p+t+e s
NC: vy +d—>p+n+uy L j
ol SNO CC/Ng
03 7sin29 | : ]
> evidence for ve — vy, vy [ ]
conversion 03t e s
o E, [MeV]
> MSW effect inside the sun
adiabatic conversion through
Pe _ $ce

resonance Pee =

_¢e+¢u+¢7_¢NC

» fixes ordering of the 1-2 mass
states

T. Schwetz 10
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Thomas Schwetz

1-2 sector: 012 and Am?3;

Neutrino Oscillations

Evidence for spectral distortion: KamLAND 2004

T. Schwetz

Survival Probability

14F « Data-BG-Geo¥, »« CHOOZ data
- Expectation based on osci. parameters

12 determined by KamLAND
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Werner Rodejohann Neutrino Mass Theory

see also Marco Drewes talk

Textboox Example: type | seesaw
introduce N ~ (1,0), automatically has two possible couplings:
e couples to g,,fi) ~ (1,0), becomes g, v Ngp = mp Vg Np

e in addition: Majorana mass term for Ng: %AIRTENR

__ 0 m v§
£ =1L, Ng) ! g
mp ]\/[R NR

= %TMV Ve + h.c.

+ h.c.

diagonalization gives diag(m,,, M) with (in limit Mg > mp)

m, =m2% /Mg and M = My

MASSIVE MAJORANA NEUTRINOS!
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Werner Rodejohann

Neutrino Mass Theory
(

\
Paths to Neutrino Mass

. . quantum number
approach ingredient s my scale
of messenger
SV
RH v Ng ~ (1,0) hNR®L ho h=0(0"12)
(Dirac mass) . .
“effective” new scale _ JR—— ol A 1014 cay
(dim 5 operator) 4+ LNV
“direct” Hi triplet I
irec R A~ (3, —2) WLCAL + pddA hog A=l m3
(type Il seesaw) + LNV I
“indirect 1" RH v N N hU)Q 1
Npg ~ (1,0) hNR®L + NgMRN§ (30 A=1m
(type | seesaw) + LNV 2 & RYRTR Mp R
“indirect 2" fermion triplet: — — )2
tneirec N = ~ (3,0) RY L® + TrS My S (;LI‘” A=Llumg
(type 11l seesaw) + LNV 13 e

plus seesaw variants (linear, double, inverse,...)
plus radiative mechanisms

plus extra dimensions

plusplusplus

J
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Werner Rodejohann Neutrino Mass Theory

(" )

Common to essentially all mechanisms

“3 Majorana neutrino paradigm”

at low energies:
1
L= 3 vT'm, v with m, = U diag(my, ma, m3) Ut

with PMNS matrix

—5
c12 €13 $12 €13 size”’
— 3 ) 3 . 0 )
U= —s12¢ca3 —c12523513€"°  €12Ca3 — S12 S23 S13 € sazcig |1
i i
S12 823 — C12 €23 S13 €’ —C12 823 — 812 C23 513 €"°  C23C13
with P = diag(e'®, '8, 1) (+» Majorana, lepton number violation)

= 3 angles, 3 phases, 3 masses

N\ J

15
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Thomas Schwetz Neutrino Oscillations

3-flavour oscillations

( )
NORMAL INVERTED

v; I v, I ; . .
v, — 6 oscillation parameters:
3 mixing angles,

v

2
[mass] >

v | complex phase,
, 2 mass-squared differences
v,
v, v I
G J
Experiment Dominant | Important
Solar Experiments 012 Am%l, 013
Reactor LBL (KamLAND) o) g&mm 012, 013
Reactor MBL (Daya-Bay, Reno, D &ﬂ) 013 |[Am3,|
Atmospheric Experiments 023 |Am§e|, 013,
Accelerator LBL v, Disahf) nos T2K) |Am2,|, 623
Accelerator LBL v, App?Minos, T2K) 1) 013, Oo3, sign(Am%Z)

Table 1. Experiments contributing to the present determination of the oscillation parameters.
T Schwetz 4
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Thomas Schwetz Neutrino Oscillations

3-flavour global fit to oscillation data

NuFIT 1.3 (2014) NuFIT 1.3 (2014)
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T. Schwetz ° " O " O 7

cee also: Capozzi, Lisi, Marrone, Montanino, Palazzo, arXiv:1601.07777
’ Forero, Tortola, Valle, PRD 90 (2014) 093006, arXiv:1405.7540
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Thomas Schwetz Neutrino Oscillations

Neutrino mass ordering

| NuFIT 1.3 (2014) |

15 _I TT I TTT I T I I_ _I I T I TTT I T I_
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Amg, [107eV] Am,,
almost complete degeneracy in present data
T. Schwetz 20
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Neutrinoless Double-Beta Decay

d AN u
N(AZ) 5 NAZ+2) +e +e Y -

Uek*; E
(T2/2) "t = Gou [Moy|? [mgs|?
myp ——x Vi

|mpal = | _ Uz mi e
k ; W
‘ u

AL=2
Effective Majorana Neutrino Mass

mgg = |Uet > my + |Uea|* €2 my + [Ues|? €5 my
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3v - Normal Ordering 3v - Inverted Ordering
— 10 — 10
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— 30 — 30
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z z
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Neutrino Masses

T LA | T T T T T T L | T L T T T
t|Normal Ordering H . 7 t|Inverted Ordering H . 7
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Lightest mass: m; [eV] Lightest mass: mz [eV]
2 _ 2 2 .2 2 2 _ 2 2 .2 2
my = my + Amy; = mi + Amg m; = m3 — Amz; = m3 + Amy
2 _ 2 2 .2 2 2 _ 2 2 L a2 2
m3 = mi + Amz; = mi + Amy my, = my + Amy; >~ m3 + Amy

Quasi-Degenerate for my ~ mp ~ m3 ~ m, > \/Ams ~5 x 1072 eV
95% Cosmological Limit: Planck TT + lowP + BAO [axiv:1502.01589]
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Steen Hannestad Massive Neutrinos in Cosmology

MASSIVE NEUTRINOS I.N THE ERA OF
PRECISION COSMOLOGY

STEEN HANNESTAD, AARHUS UNIVERSITY
ECT*, 4 APRIL 2016
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> neutrinos in equilibrium in early Universe through weak interactions:

(=)

_ _ (=) (=) (=)
v Sete vres ve VNS vN

Ven S pe™ Uep = ne™ ns pe ve

» weak interactions freeze out = active (ve, v, v~) neutrino decoupling

Fweak = Nov ~ GET°~T2/Mp ~ \/GyT* ~ \/Gnp ~ H

Ty-dec ~ 1 MeV ty-dec ~ 1s

1
> relic neutrinos: T, = (15)° T, =~ 1.945K = k T, ~ 1.676 x 10~ *eV

(T-y=2.725+:0.001 K)

» number density: nf = %ng TP = ny 5 ~01827 T3 ~112cm~3

2

: _— Moo Me 1 2 Dk
» density contribution: Q) = —kk = ~ 5 =|Q,h
a2 Pc h 94 1 eV T 04.1eV
<pc:87rGN ) [Gershtein, Zeldovich, JETP Lett. 4 (1966) 120; Cowsik, McClelland, PRL 29 (1972) 669]
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Steen Hannestad Massive Neutrinos in Cosmology

NEUTRINO MASS AND ENERGY DENSITY
FROM COSMOLOGY

NEUTRINOS AFFECT STRUCTURE FORMATION
BECAUSE THEY ARE A SOURCE OF DARK MATTER
(n ~ 100 cm™)

V4

T 030y 11

x 2Mm rom TV:T(4

HOWEVER, eV NEUTRINOS ARE DIFFERENT FROM CDM
BECAUSE THEY FREE STREAM

dgs ~1Gpemy

SCALES SMALLER THAN dr5 DAMPED AWAY, LEADS TO
SUPPRESSION OF POWER ON SMALL SCALES
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Steen Hannestad Massive Neutrinos in Cosmology

THE NEUTRINO MASS FROM COSMOLOGY PLOT
More data A

+Ly-alpha e\ 0.2-0.3 eV

+SNl-a 0.5-0.6 eV
+WL

CMB only

Minimal

ACDM Larger model

space
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Sergey Eliseev ECHo-SHIPTRAP

Determination of neutrino mass
with a sub-eV uncertainty

KATRIN - Project
Project 8

- Project

HOLMES - Project ECin***Ho

NuMECS - Project [QRez 2466.7(1.5) eV J

MARE- Project B--decay of '7Re

[~-decay of Tritium

45
=
=<
=l e
w
ZL.
v
7
8=
Z o
2
(= 7
%3
S

Measurements of Q-Values are required
with a relative uncertainty (6Q/m) < 1011
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Christian Weinheimer KATRIN
H —— The Karlsruhe Tritium Neutrino Experiment

KATRIN - overview
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Christian

Karlsruhe Insttuto of Technology

Tritium source Transport section

Pre spectrometer Spectrometer
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/ \
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B decay ——@— '\ 3 ° [ ] / @
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/
y 10" e /s )
' | 0es  f
., 3"3 v

Detector

B CERPA ...

2 F % new Sensitivity on m(v,):

nm ‘ 2eV — 200 meV

Technische Universitat Manchen

Determination of the absol

electron (anti) neutrino mass, ECT*, April 2016

8
C. Giunti — Concluding Remarks — Determination of the absolute electron (anti)-neutrino mass — 8 April 2016 — 20/99



Christian Weinheimer KATRIN

E Direct determination of m(v )

—— " m— S TERLISCHE

— from { decay

B:dN/JE =K F(E,Z) p Ey (EsE,) Z|U,P2 V(E-E,)? - m(v)?
Sy
phase space: p. E E p,

e v

with “electron neutrino mass”™: m(v,)?:= [U_[* m(v,)?

(mOdIerd by electronic final states, recoil corrections, radiative corrections)

. 10
N ! iy V68984 my(v) < 2 @V (Mainz, Troitsk)
- ’ 8 neutrino
E ’ =% IJE‘\ m’
Zost N\ ; mass

» ]
206 [ \ /3 -m,=0eV
E \ foz f — " Recent review:
§C i \ “I oL E.p,— NS 41012 G. Drexlin, V. Hannen, S. Mertens,

ez p ; my=1ev T ™ - C. Weinheimer, Adv. High Energy

o / © . _— Phys., 2013 (2013) 293986
a S 1C 15 - -3 =25 =2 =15 =1 =035 [s] 0.5
energy E [kevl E-E, [eV]

VW ner e a rino
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Christian Weinheimer KATRIN

_i_ WESTFALISCHE Summary: B-speCtrum
wee " incl. electronic final states + v mixing

Including electronic excited final states of excitation energy V; with probability 1/

Wj : l(q,o‘q’f.]) ‘2
Using & = Eq @ E endpoint region

&N A
@ap ~ A TEZ+p(Bam) E <Ei""<”°”
Final states of T, f-décay: 5 ""f
8 o0s rotational and vibrational
(A. Saenz et al. Phys. Rev. Lett. 84 (2000) 242, % excitations
N. Doss et al., Phys. Rev. C73 (2006) 025502) g 005
— % 004 /mmodmocmw,mxcu
= electronic final states & ooa ] ouna s
are very important 002
001
Including neutrino mixing !

dQJV 0 10 20 30 40 50
ZdE = A-F(E,Z+1)-p- (E+m) molecular excitation energy [eV ]

ZW, g (Z me(cJ m()) )

= the different m(v,)

= "Electron neutrino mass’

() Z Ual? - 2 (5) are not |mport_ar_|t
at present precision
Christian Weinheimer Determination of the absolute electron (anti) neutrino mass, ECT*, April 2016 7
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Volume 96B, number 1,2

PHYSICS LETTERS

20 October 1980

NEW TESTS FOR AND BOUNDS ON NEUTRINO MASSES AND LEPTON MIXING

R.E. SHROCK

Institute for Theoretical Physics, State University of New York at Stony Brook,

Stony Brook, NY 11794, USA

Received 5 May 1980

‘We propose a new class of correlated tests for neutrino masses and lepton mixing. Two particular tests based on (, K)o,
decay and nuclear g decay are discussed and applied to present data to derive bounds on these quantities.

= (Ee)max- An analysis of the decay 3H - 3He + e~
+ b, yielded the best upper limit quoted as “m(v,)”
< 35¢eV (90% CL) [10]. The precise meaning is that
m(y;) <35 eV for all LDC modes i occurring in this

B decay. In fact, however, previous discussions do not
seem to have recognized that, as a corollary of our be-
ginning observation, the early falloff near (), in
a Kurie plot is not the only signature of massive neu-
trinos. Rather, a Kurie plot would in general consist
of k' components due to the separate decays (Z1,47)
>(Z, %1, A1)+e + (v . Of these, a subset i € {ip }

every 8 decay can be used. The characteristic signature
of the ith HSC mode is a kink in the Kurie plot at its
endpoint energy

EDY e = ME+ mE — M, + m@12}(2My),

where Ml, , are the initial and final nuclear masses, to-
gether with the small incremental addition which it con
tributes for E, < (E{) yax- From the position of the
ith kink one can determine m (v;). Next, one can deter-
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Neutrino Mixing =— K(T) = |(Q — T)Z |Uek\2\/(Q - T)2 - m
k

Q —my T Q —my

Eventually it may be possible to

» determine the individual masses my, m», ms;

» determine the mixings |Ue1|?, |Uez|?, |Ues|?;
3
> check the unitarity relation Z \Uek|2 =1
k=1

1/2
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Energy resolution AE 2 1eV > my, my,m3 = Q — T > my, mp, m3

3
=(Q—T) ) |UakP\/(Q~T)* = m}

k=1
2 ’ mi
= (Q- T |Uel?y/1~
T ey
? 1 mi
~(Q-T)*> U 2{1— }
( )k:1‘ k’ 2(Q -,—)2
1 m3
_ TV 1= B

~ (Q-T)(@-T)-m}

3
EFFECTIVE MASS: | m3 = Z |Uek|?m?
k=1
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What happens if AE ~ m; ~ my ~ m3 (quasi-degenerate)?

2 _ 2 2 2 _ 2 2
mj, = mi + mi — mi = mj + Amj,

3
K= (Q=T)S [Ual\/(Q = T)? = m? + A2,

k=1

(Q—T) —m?>Am?, = first order mass effect:

3
(Q-T)> |Ual?\(Q—T)? = m?
k=1

———

~ (@-T)/(@-T) —

3 3
m% = Z |Uek|>m? ~ Z |Ue|? m? = m?
k=1 k=1

1

the effective mass is valid down to an energy resolution AE ~ 0.1eV
where the masses are quasi-degenerate

K2

12
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Effective Neutrino Mass

m} = |Uea? m + |Ueol? m3 + |Uea|? 3

10 - e e e
L 95% Mainz and Tronsk Limit ]
1 & . E
[ 95% KATRIN Sensmvity 1
SN il [ iy
R )
10~ = |
£ 10 o 3
ISR .§ ]
o) i
10
L ' ]
'3
107 g g 4
L NO Q ]
L o 4
L :9_) —_— 10| 4
r [ — 20|
F = — 301
10—3 ol PR ‘Au:nl ol L
107 107 107 1 10
mI’|'||I'\ [ev]

» Quasi-Degenerate:
2 2 \3 2_ .2
mg = m, > k=1 |Uek|*=m

Inverted Hierarchy:

m% ~ (1 —s%)Am2 ~ Am3

» Normal Hierarchy:
mg ~ spcisAmg + spAmy
~2x107%+6x 10 %eV?

> mg S4x107%eV
4

Normal Spectrum
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Joseph Formaggio Project 8

Project ¥ : “Never
measure
anything but
Coherent radiation emitted frequency.
can be collected and used
to measure the energy of
the elecktron in non- I.1. Rabi A. L. Schawlow

dESETuCELVEL'j. ® Use cyctokrow

frequency to extract wo eB
electron energy. w ’Y) = —

v~ K+m,

® Non-destructive
measurement of P \J
electron enerqy. ‘\. ?

B field —

Frequency Approach

ill N f{ll(\‘f’

+ e + Ve

B. Monreal and JAF, Phys. Rev D80:051301
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Joseph Formaggio Project 8

Electron Energy

Uhique
Advantages

count ra

Beta spectrum

@ Source = Detector o

(Mo need to separate the
L L L

) s 0 )

electrons from the brikium) Cyclotron Frequency

kinetic energy (keV)

\ ( ) wo eB
uency Measurement wy)=—=—5—"—
/ ¥ K+ me

(can pin electron energies to
well-kinown frequency
standards)

1/ \
d
i ’
® Full SpecErum Sampt'mg e 4
(full differential spectrum ) i ya
measured at once, large E :
leverage for stability and = .
statistics) S VTR W W
L e
Beta (frequency) spectrum “
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Joseph Formaggio

.and
Challenges

© Power Emitted
Less than 1 fW of power
radiated (de’aehds on antenna
geomah‘j) is challenging.

& Confinement Period
One needs time to make
sufficiently accurate
measurement (> 10 us).
Employ magnetic bottle for
Ero\PF‘u«g.

® Full Spackru.m
The full spectrum is available.
For&uho&ebj, Llinearity of
frequencv space keLPs selmmke
regions of interest.

Project 8

1

Electrons ) wo eB
bl

W
e
r

Relativistic cyclotron
frequency

5 o A2
1 2% B
4meg 3¢ 1-— (32

Piot ('iH .B) =

(Free) Radiative
Power Emitted

Simulation of electron motion in magnetic bottle

g - ey
- - b A

- .
[
HEIW vivman s owsin

Simulation of beta (frequency) spectrum “
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Joseph Formaggio Project 8

Project ¥’ “Event Zero”

E Electron scatters of gas, losing
= energy and changing pitch angle
; .-
T -

-~

o)

Energy loss increases frequency

HERA R YS &7 R R L N

(o d
Onset frequency yields initial
kinetic energy

L) s Hd 3 2 o

Tore s
Phys. Rev. Lett. 114 (2015) 16, 162501

Exhibits all predicted characteristics:

— Onset frequancv

- vaergj Loss due to CchoEro»\ radiation — Quantum __ju.mps due to inelastic scattering
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Joseph Formaggio Project 8

A Phased Approack

Given the novelty of the project, we are pursuing a phased approach
toward neutrine mass measurements:

Timeline  Scientific Source  R&ED Milestone
Goal

Phase 1 20l0-2014 Proof of ¥3mKyp  Sihgle electron detection
pr'w\ciyl.e;
Kr spectrum

Phase 1I 2015-2017 T-He mass T2 Trikium speckrum;
difference calibration and error
studies

Phase III 2016-2020 2 eV scale T,

High rate sensitivity
Phase 1V 201%+ 0,04 eV scale T

We have comPLeEed Phase I, we are preparing for Phase II
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Christian Enss ECHo

Electron Capture: 163Ho
-

A. De Rujula, M. Lusignoli,
Phys. Lett. B 118 (1982) 429 1%Ho — '83Dy* + v

L oDy + Ec
Photons

pte
o,
uger-Electrons
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Alvaro De Rujula 163Ho EC Theory

“Effective” calorimetric theory,
L / ADR & Lusignoli (1982)

........... Q = M[det.,before]

- M[det.,after]
(Z ~1)H (Chem. pure detector)
J Q - El/ _|_ Ec

No matter what H was

% ; 1%
/ L and how it de-excited !
»Qé;

— H . aw aw
A (Z—-1) 1 B — _dEV |Eu=Q—Ec
il x (@ B)V@- B § e ) L
dE. pu 241 T2/4
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Amand Faessler 163Ho EC Theory

For Electron Capture (in Holmium 163):

3p1)2

4p1/2
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Amand Faessler 163Ho EC Theory

al’ r, 1
oz < (QEI(Q — Ec)® —m? Xpp o By 52 T s

Br = | <Dy*¢|a¢| G>| 2| WHR) |2/ | wse1/(R) ]2

CAB'>= [ (D) Pel ) Qpl) = o . B)
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Amand Faessler 163Ho EC Theory

log-3-holes
log-2-holes
log-1-holes

451/2,4p1/2 0.75 keV
451/2,4p3/2 0.72 keV
351/2, 4d3/2 2.20 keV

Lo bbb

4s1/2,451/2 0.84 keV

T

3s1/2,4s51/2

s1/2,4d3/2 0.57 keV 2.47 keV
s1/2,4d5/2 0.57 keV 3s51/2,4p1/2 2.38 ke
351/2,4p3/2 2.35 keV

1+2+3 hole spectrum

—_
z
=
=
=
<
=
=
5
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=
£
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(0]
=
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n

o 05 1 1.5 2 25
Energy [keV]
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Amand Faessler 163Ho EC Theory

ECHo Exp binned by 2 eV
log-3-holes
log-2-holes
log-1-holes

il

0 |
Ll

1.5 2
Energy [keV]

o)
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=
o0
Q
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o Bl bl
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Christian Enss ECHo

Spectral Shape: Higher Order Processes

R.G.H. Robertson, Phys. Rev. C 91, 035504 (2015)
A.Faessler, et al., J. Phys. 642, 015108 (2015)
A. Faessler, et al., Phys. Rev. C 91, 045505 (2015)
A. Faessler, et al.,Phys. Rev. € 91,064302 (2015)

two-hole processes A.De Rujula, et al, arXiv:1601.04990v1 [hep-ph]
1000 b
NI
shake-up 800 - 163Ho |
shake-of f >
o
< 600 | =]
g
£
3 400 f E
o
Mi
Mil

1.0 1.5 20
Energy E [keV]
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Alvaro De Rujula 163Ho EC Theory

twp, v GCRHO Maurizio

] ’ ,, Lusignoli
s TOTAL o + ADR
(o} ©0) (a la 1967
s Intemann
E & Pollock)

{,}

A 2<|)o 3(‘)0 4!)0 snIJo e(l)o 70; O ( 2 ) Massage

Visible energy, eV

{C, U} 1 e captured; 1 e up to unoccupied level

{C,O} 1 e captured; 1 e off to the continuum
Electron ShakeOff previously FORGOTTEN!!

C. Giunti — Concluding Remarks — Determination of the absolute electron (anti)-neutrino mass — 8 April 2016 — 40/99



Alvaro De Rujula 163Ho EC Theory

106 TOTAL Q=2833 eV

Single hole
~ M1

/

> M1H {c,u} + {c,0}

100 — to —
+>; M2H {c,u} + {c,o0} Notice
SH Enhan-
cement
11600 1 860 2060 2260 2460

Dominant double E.(eV
holes ~ endpoint

E,py = (Q— E)V(Q — E.)? —m3
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Alvaro De Rujula

—— Singles
—— Pileup

One H spectra

107
1000 2000 3000 4000 5000
E.(eV)
108 |

—— Pileup

0.01
1074
1078

One + Two H Spectra

1000 2000 3000 4000 5000

Events

Events

163Ho EC Theory

30

25} *

20

One H spectra

——— Singles

—— Pileup

Q

Y
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Ec(eV)

1200,

1000} \;

800
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One + Two H Spectra

——— Singles
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Q
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o =T
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~ 6 IMPROVEMENT
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» Different theoretical opinions about the size of the shake-off effect.
» We all hope that it is as large as calculated by Alvaro and Maurizio.

» Plausible statement by Alvaro (as | remember): theoretical calculations
are important for the development of the experiments, but will not be
crucial for the mass measurements.

» This is because the spectrum near the end point can be fitted by the
sum of a smooth function and a Breit-Wigner tail.
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Angelo Nucciotti HOLMES

Statistical sensitivity: shake-off processes @%

MC simulation with the optimistic spectrum in arXiv:1601.04990
Q = 2833 eV, N_,= 3x10%, f = 3.0x10"%, AE = 1.0 eV

10"'E T T T T T T T T T T T ——=

a
m) + fpprp(Er)
m~Ec

)

counts/bin

222

~ [+<] ©

oy

= />
=

_ =
[~ E==]
”

Ty Ty

S

0.02] b

t residuals
o
o 2

-0.01[
-0.02]- |
2000 2200

f

| 1 i
2600 2800 3000 3200 3400
energy [eV]

statistical sensitivity Z(m ) = 0.64 + 0.03 eV
A. Nucciotti, ECT*, Trento (ltaly), April 4"-8", 2016 10

I
2400

improvement by a factor ~ 40%/4 ~ 2.5
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Christian Enss ECHo

Overview ECHo
e , -
A. Fdssler, Tue 9:30 am

Theory

Data
Handling
S. Kempf, Thu 9:30 am
M. Wegner, Poster

S. Eliseev, Mo 12 am
Detectors

Q- Value C. Hassel, Thu9 am

- C. Dillmann, Tue 12 am
P. Filianin , Poster

U. Koster, Tue 11:30 pm
L. Gamer, Poster
Source

H. Dorrer, Poster
Cryogenics
K. Wendt, Tue 3 pm
Background T. Kieck, Poster

S. Scholl, Thu 5:30 pm
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Sergey Eliseev ECHo-SHIPTRAP

part of spectrum
sensitive tom,,

statistics

energy of atomic de-excitation

o

4Q (‘§Q ~1leV)) —— QPenning trap

Qmicroo:alorimetry

oms
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Sergey Eliseev ECHo-SHIPTRAP

SHIPTRAP

Y

~Recommended value”

c
S
=
o
@
@
Y
o}
>
o
@
c
@
>
@
O
@
(m]

LLLLLLEALN LAALLLLEL] LEARLLLLL) LLLLLLLLL) RLLLL)

capture in 1%3Ho/ eV

U U T U W TNV T T U T W U W WO W T W N W 0 A

1980 1990 2000 2010
year

MAX PLANCK INSTITUTE
FOR NUCLEAR PHYSICS

Q,,,= 2833(30,,,,)(15, ) eV

sys

S. Eliseev et al. Phys. Rev. Lett. 115 (2015) 062501
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Sergey Eliseev ECHo-SHIPTRAP

statistical sensitivity to neutrino mass

12 T T

— N=10"
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— N=10"
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Q-value of the EC in 1$3Ho
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Christian Enss ECHo

Expected Sensitivity for AEpy;y=3eV and f,,=10-
o £ _

10 : ; T T
> —— Qgc=2.833keV
Sk - ECHo-1k
(g l 2 x 50 pixel x 10 Bq
§ 6 E 4 months 10%° events
2
=
s 4t g v
g sub 10 eV resolution
17}
D er 1
£

‘,\ T ECHO-IM

0% 107 10" 100 50 x 2000 pixel x 10 Bq
total number of events 24 months 6 x 103 events
v

sub 1 eV resolution
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Christian Enss ECHo

Latest Results: First Spectrum

1 pixel about 2 days

00 . y 1 - -
X

o | e
3 3
o o
E 400 | 1
8 ¢

200 H© (7]

- Nl l
6 - i LA '
oL 0s 0 15 Py N : o 1.3
E/ bV Lt ny
activity per pixel A~ 0.2 Bq no evidence of radioactive contamination

in the source
energy resolution Agym ~5 eV
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Angelo Nucciotti

Electron capture end-point experiment / 1

HOLMES

K

electron capture from shell > M1

A. De Rijula and M. Lusignoli, Phys. Lett. B 118 (1982) 429

® calorimetric measurement of Dy atomic de-excitations (mostly non-radiative)

® Q = 2.8 keV (recent measurement with Penning trap)
» rate at end-point and v mass sensitivity depend on Q —

e T, = 4570 years - few active nuclei are needed (2><1011 63Ho nuclei « 1Bq)

d)\’EC Gﬁ 1
(Q E )V(Q—E, —-m? x n,C; [3 B —_—
dE. N ! Z (E E) +T2/4
107 6x10° T T T T
" 5x10° =0e
10 L my=2 e/
z,mm EANOG_— my=5cegVY -1
° S, .l 4
@ 10’ %M’ | oile-up Q =2.555 keV |
5 -
8 10° 3 2x10°F

o

— Q=2.30 keV I
107 0=2.80 keV x10% Y
=2 f =10%
106 1 L 1 n 1 0 | pp 1 L | L 1 L
0 0.5 1 1.5 25 2546 2.548 255 2552 2554 2556
energy [keV] energy [keV]
A. Nucciotti, ECT*, Trento (Italy), April 4™-8™, 2016 5
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Angelo Nucciotti

Statistical sensitivity: Montecarlo

HOLMES

simulations &

= 10%, 10 Q = 2.8 keV
e AE = 1 eV
1ps

m_ statistical sensitivity 90% CL [eV]

v

PO PSP ISPV T S
10 10® 10" 10" 10" 107 10§, 10"

total statistics N,
4
«y1/N,,

T
Ei
F—

M. Galeazzi et al., arXiv:1202.4763v2
A. Nucciotti, Eur. Phys. J. C (2014) 74:3161

for Z(m)) = 0.1 eV

A = 1Bq
N, .t,= 2X10° detxy

det™M

l_ A =1000Bq

N,.t, = 10® detxy

A. Nucciotti, ECT*, Trento (ltaly), April 4"-8", 2016 7
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Angelo Nucciotti HOLMES

Electron capture end-point experiment / 3 OF
e shake-up/shake-off - double hole excitations

» n-hole excitations possible but less probable

» authors do not fully agree on energies and probabilities /}
* even more complex pile-up spectrum A.De Rijula, arXiv:1305.4857

. . R.G.H.Robertson, arXiv:1411.2906
» it may be worth keeping f  smaller than 10  AFaessler et al., PRC 91 (2015) 45505

UL T
only shake-up!

counts [a.u.]

Q= 2800 ev, o R
_ " 0 1000 2000

fp=10 energy [eV]
A. Nucciotti, ECT*, Trento (Italy), April 4"-8", 2016 8

I TR
3000 4000
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Angelo Nucciotti HOLMES

HOLMES (erc-Advanced Grant n. 340321) H @L MES
)

goal
« neutrino mass measurement: m, statistical sensitivity as low as 0.4 eV

e prove technique potential and scalability:
» assess EC spectral shape

) = T T T T T 1
» assess systematic errors 2 16 channels ;

o 190F t,=1month b 3
baseline 2 f ]
¢ TES with implanted **Ho RO 1000 channels ]

» 6.5%10% nuclei per pixel £ L t,=3 years
= mid-term a
- 300 dec/sec a 10 prototype
AE=~ ~ o 1-0F 2016 E
» AE=1eV and T,=1us B g o A= 300Bq -
¢ 1000 channel array 8 r f =3x10° ]
» 6.5X10%6163Ho nuclei k] I full scale APE =1eV 1
- =18ug % r HOLMES T,=1ps
» 3x103 events in 3 years g o4 2017

2200 2300 2400 2500 2600 2700 2800

EC Qvalue [eV]
= Project Started on February 1<t 2014

B. Alpert et al., Eur. Phys. J. C, (2015) 75:112
http://artico.mib.infn.it/holmes A. Nucciotti, ECT*, Trento (ltaly), April 4™-8™, 2016 12
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Mark Croce NuMECS
Project goals

Develop experimental methods to enable calorimetric ECS for
neutrino mass measurement

* Make %3Ho with high isotopic and chemical purity
* Develop optimized sensors

* Develop methods to incorporate EC-decaying isotopes into
sensors

* Demonstrate high-resolution ECS at single-pixel scale

Different methods by independent groups = good science!

k€rc tos Atanos Natignat it 2016
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Mark Croce NuMECS
* Contribute data to aid theoretical understanding of EC spectra
Preliminary comparison to theory:

N1 What features do we observe?

1000
E What effects matter?

100 N2

Counts per 5 eV bin

T
2.0

N | MMM[IS

0.0 0.5 1.0

T
2.5

Energy (keV.)
Red line: 35 eV FWHM Gaussian convolved with

calculation from Faessler et al., Phys. Rev. C. 2015
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A. De Rujula and M. Lusignoli arXiv:1510.05462

’. ...........................
1e! 'N1 ????????Ny???????
=2 pr=IIII3
- .
M2

- l]f:l - —— -
- § I
} WH M1N4/5 7
L EEEE

.IIFI§§§£

T N0

FIG. 2. Blue: the calorimetric spectrum measured by Nu-
MECS [8]. Red: the theoretical prediction of Faessler et al.
[13]. Green: the same description as in Fig. (1b).
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Cecilia Lunardini Relic Neutrino Detection

Neutrino beta capture

- Capture on beta-decaying

nuclei .
(179)+N—>]\7’+e?t rmy |} _tmy
- zero threshold . ; CvB
I

ﬁ el
- excess electrons g E“}l
- ~2m, beyond beta decay R
endpoint i E

. Electron Kinetic Energy
S. Weinberg, Phys.Rev. 128 (1962) 1457-1473

Lusignoli: need to cite Irvine and Humphreys (1983)

C. Giunti — Concluding Remarks — Determination of the absolute electron (anti)-neutrino mass — 8 April 2016 — 58/99



Cecilia Lunardini Relic Neutrino Detection

Neutrino history: Dirac
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Cecilia Lunardini Relic Neutrino Detection

Neutrino history: Majorana
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Cecilia Lunardini Relic Neutrino Detection

Macroscopic difference Dirac/Majoranal!

Cews = 60 [n(Vhg) + n(Wn,, )| N

D n(VhL) ="ng
FCVB = gonoNmyi ~4.1yr™' | n(vnr) =0

M _
I'éup = 200n0NTvi ~ 8.1y~ | nvaz) = no
n(Vrr) = no

(rates for 100 g of 3H)

see also Lisanti, Safdi and Tully, PRD90 (2014) no.7, 073006
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Cecilia Lunardini Relic Neutrino Detection

Even for optimistic A, v, and v, can not be resolved
Inverted hierarchy more promising

800 A=001eV el
g (dashed)
]
\
1
600 \
VoovitvlH

>
()
vI_L
>
— 400t
°
w
o
=
=
°
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Cecilia Lunardini Relic Neutrino Detection

Detectable at beta capture experiment!

« Clustering compensates small mixing:

_V ‘ ‘ fl AN

0.45 e4 clus eff

Ig/[ (3><1“ 2) ( 50 )( 3 ) fclus—ns/n _51
VB 0

- Background-free!

+my

—m, | +m,

A<<m4—m1

Sterile v

Electron Spectrum (dr' /dE, )
T

(P2y ) wurodpus Kesap—g

Electron Kinetic Energy ( K, )
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Zhi-zhong Xing

Relic Neutrino Detection

200 T
1 normal
Illustration ~ nommel oo av
aar 5 150 | A=0.015eV |
¢ Target mass: 100 g tritium atoms ¢
¢ Input 0(13) : 8.8 degrees 3
+ Number of events per year: ~ 8 21001 ]
- - [
(Li, Xing, Luo 2011). 3,
2 s0f .
The gravitational clustering effect * 0.24 events
may help enhance the signal rates o ‘ ,
(Ringwald, Wong 2004). 0.1 0.0 0.1 0.2
Te ~ Qg (eV)
200 T T 200 T - T
inverted approximate
_ ordering ms=0.00 eV _ degeneracy‘ ms=0.10 eV
% 150 | A=0015eV |{ F 150} \ A=0.066eV | 4
2 g :
3 3 :
2100 - F 100 ' .
5 1 7.8 events 5
2 2 '
2 5l | 25l ' 8.1 events|
o o |
0 1 L ' 1
-0.1 0.0 01 0.2 -0.1 0.0 0.1 0.2
Te = Qg (eV) Te —Qp (eV)
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Maurizio Lusignoli Relic Neutrino Detection

Discovery potential of
experiments

The number of signal events is given by

)\,,(,,) log 2

S = NaoNmor t

AB(EC) T1/2
Assume we want to record a total number of S=10
signal events. We need:

e for an experiment with NCB, 135 gy of 3H

® for an experiment with ANEC, depending on the

Q-value, 232 (307, 1274) kg y of 16311, b M Vignad (2011

New
A.De Rujula, M.L. (2016)

® with present estimate of shake-off, 30.6 kg y

If the relic neutrino density is (n,)
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Chris Tully PTOLEMY

* R&D program to reduce molecular
smearing at the tritium source

* New geometries for TES calorimeters for
0.05-0.15 eV energy resolution at the

tritium endpoint

* Design of a high mass tritium source EM
geometry using a Crossed-Field MAC-E
filter and time-dependent triggering with
Project 8 technologies

s E ol i < -

.Y - 2 - =
- - 1 ok « 3 > - i
‘_ &L:yyx\lf S @D X P c w:?i-};;_
e e - . « - e
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Chris Tully PTOLEMY

R Investlgate the influence of different diamond platforms to support graphene

“* Tune the electronic properties of CVD graphene in terms of Fang Zhao
* Different functional terminating groups on diamond samples

" Graphene hydrogenation process ( Change the hybridization of carbon
atom from sp? to sp?, thus removing the conducting 1 band and opening
a band gap)

b1 HPiasma Why interesting?
MonolaverGraphene C-H sp3 bond expected
to be less than 3eV
He? recoils into the
continuum (minimal
molecular broadening)

CRADA with SRNL for first tritiated-graphene sample signed by DOE -yl
and will be delivered to F’PPL in March for anaIyS|s .

-

W«'&s B LA - - -
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Chris Tully PTOLEMY

- #

Cryogenic
Calorimeter
(0~0.15eV)

Low Field

Tritium Storage Cell Region

(Surface Deposition)
A Long High Uniformity
Solenoid (~2T
/ High Field Solenoid ~50-1506V (=2T)
=

below /
Endpoint JE +30kV
E,-18.4keV

Filter removes -
(Project 8)

A low RF Tracking
© .. R (38-46 GHz)

e from Tritium Tracker measures e-

<

Startherge. ..

Accelerating MAC-E filter
Potential  (De-accelerating
Potential)

Calorimeter

-=->< > identifies € Time-of-Fiight
Accelerating (De-accelerating
Potential Potential)

C. Giunti — Concluding Remarks — Determination of the absolute electron (anti)-neutrino mass — 8 April 2016 — 68/99



Chris Tully PTOLEMY

R&D program may lead to advancement in the preC|S|on
on the neutrino mass

— First results expected in 2016

Spectrum analysis can contribute to search for sterile
neutrino “thresholds” down to low mixing angles

— Initial systematics analysis included in white paper (Mertens et

al.)
Graphene-only source has unique sensitivity to MeV-
scale dark matter
— New paper in preparation
Relic neutrino direct detection

— Goal by 2017 : design for a 100g tritium capacity with as compact
a source and filter geometry as possible from simulation
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Heavy Sterile Neutrinos
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Marco Drewes Heavy Sterile Neutrino Theory

Introduction Seesaw Mechanism Constraints Leptogenesis Dark Matter Outlook

2

3 Majorana neutrinos ‘ o

£ c

s -+

E ]

258 9 Seesaw Mechanism (type 1) s

v 28 o o

£188| 9 h)

0 35 0 low scale seesaw GUT seesaw =2
g - <
iy ]

0 ev keV MeV GeV TeVv GUT &
| | | | Lo M
+_ I | I I I I
- 2
€
S Dark Leptogenesis ]
o8 Matter 3
ret =} from heavy from hea(\;y )
] neutrino oscillations  neutrino decay _—
[-1:3 0
disfavoured by e
BBN + CMB + osc. data
(if origin of neutrino mass) neutrinoless double beta decay ‘ T
l LFV lepton decays ‘ ; "g-
<m
lepton universality in meson decays E {=D
0w =
DUNE, |LHC| FCC-ee, g

SHiP CEPC
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Maximilian Totzauer Sterile Neutrino Dark Matter

Production mechanisms for sterile v Dark Matter: A Kaleidoscope of models on the market

LWhere we are and where we're heading to — Synopsis & Outlook

Synopsis of current and future bounds

T~ .

[KATRIN

~~“~\T<tUniverse A
S~ (most optimistic)
0.001F T>tUniverse\‘~~\ i
E
=]
£
o 107°F 2
=3 =]
N: (lj
@ 1079, g 4
'cg Bulbul¥ R
12 © 1001:5’ .
1077 - = .3[10 _
—-15 | I I L
10 0.5 1 5 10 50 100
M, [keV]

courtesy of A. Merle
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Susanne Mertens keVscale Sterile Neutrinos

Experimental searches for v.-DM

Grect e { Indirect detection
: XMM-Newton
* neutrino conversion Chandra
Suzaku
é - - " Astro-H
Micro-X
£ eRosita
& L
* neutrino capture 7 Production
O———- " KATRIN
_.) Troitsk
D) ECHo
> NuMecs
e - Holmes
Ptolemy

\;{(_.-z: z) A(A4,Z+ 1/

23
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Susanne Mertens keVscale Sterile Neutrinos

KATRIN Signature

<1 ppm
-~ - 0,lxm** pp
s . < g
o ET TN e no mixing <} 0,050 —— MC data
3 ¥ x : L " . g
% 20p7 L5 N Foooee Theoretical prediction
E — my=10keV, sin“®@=0.2 ) @ 0%
L T |€ ;
150 . i P %WWM
N > | 5-0.05
L gl E
10 S |w F { ﬂ}
L TR 0 [{ H
[ [ F {
F e F {
5S¢ | -0.15F
[ <} E
[ = E
ol | 1 1 1 ° J0.2C Il L L 1 L
0 2 4 6 8 10 12 14 16 18 “0 4 10 12 14 16 18
E (keV) E (keV)

*  We need large statistics
* And extremely low systematic uncertainties

Susanne Mertens 3 e j ﬁ

C. Giunti — Concluding Remarks — Determination of the absolute electron (anti)-neutrino mass — 8 April 2016 — 74/99



Susanne Mertens keVscale Sterile Neutrinos

Pre-Measurement

v

Reduce count rate
* LessT,
*  Small Bsoyrce

Adiabatic transport
+ La rge Baircoil

Optimized elec_tro-
magnetic design
seems to make
: sterile neutrino
................................................................................ R archei
KATRIN possible

Backscattering
+ Small Bdetector

Susanne Mertens
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Susanne Mertens

keVscale Sterile Neutrinos
Targeted sensitivity

= :
3 Pre-KATRIN [
& 10 7 days integral, ; v
o 105 reduced T, )
I Future satellites "'.,
- Phase space T Y
X-ray - p 5
DM overproduction - Y
by Laboratory Post-KATRIN Y
3 3 years differential,
- full T,, only statistics
ol wvvd v vvond svvnd sl Nl 3nd 3ol s o
1010210 10™ 10° 10® 107 10° 10° 10* 107 102

sin?(0)
Susanne Mertens
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Light Sterile Neutrinos

C. Giunti — Concluding Remarks — Determination of the absolute electron (anti)-neutrino mass — 8 April 2016 — 77/99



Thierry Lasserre

Sterile Neutrinos at the eV Scale

The Reactor Anomaly (RAA)

s SR 3 0 i s i
=14 2 - ’ rae, Lt M "
P,'_-_.' n ul“:n 1 . ‘,'u e lq,c- | wy ‘_.,I-('.rr Mo | % o
| | )
o T T : T A LU T LLLE LI L] T
z - ALt Solar Neutrino
I¢] + | no oscillation B
g mes=zo =gt L e i) Anomaly -
8 - j_' | 3Vt (1968-2001)
o oo 4y Ol I‘ —-__{. s - v-oscillation
2 1 K .
g - E . W
g oa :
o v
o
—'E a— Atmospheric
g —T ' Neutrino
G e Terra Incognita Reactor Anomaly
8 to be explored Antineutrino (1986-1998)
O > 15 projects....  Anomaly (2011-) - v-oscillation
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o
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Reactor — Detector Distance (m)
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Thierry Lasserre Sterile Neutrinos at the eV Scale

a The Gallium Anomaly (GA) s

S1Cr (27.7 days)

= Test of solar neutrino radiochemical
detectors GALLEX and SAGE 427 keV'v 90.0%)

432 keV v (0.9%)

*71Ga + v,— "'Ge + e —

47 keV v (81.6%)
52 keV v (8.5%)

320 keV y

= 4 calibration runs with 20-60 PBq
Electron Capture v, emitters
= Gallex, <L>=1.9 m
= 51Cr, 750 keV
= Sage, <L>=0.6 m
= 51Cr & 37Ar (810 keV)

= Deficit observed

= 30 anomaly

Th. Lasserre — Trento — 07/04/2016
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Thierry Lasserre Sterile Neutrinos at the eV Scale

Three Active Neutrinos i

-~

Only 3 light n's coupling to Z boson
A

' )
. . . 3 f ELENT
Vr :
Vl‘ 2
14 € v
4! Va V3 .
m? m3 m3 \’Q
\/ \/ B \\\\‘;
2 2 i
Amgor,  Amiry . N

3v-mixing Wos A wow

Earegy, Gal’

Th. Lasserre — Trento — 07/04/2016
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Thierry Lasserre Sterile Neutrinos at the eV Scale

a Adding Sterile Neutrinos o

2+

No SM interactions.
Mixing with active V's

A
' )
@credit: C. Giunti
B B ] ]/Sl V52
vr
Yp
Ve
v Vo Vs vy Vs
m? m3 m3 m? m? log m?
C. Guinti A7’n/SOL ATn’AA’:[‘N[ A,rn/SBL
3v-mixing
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Thierry Lasserre Sterile Neutrinos at the eV Scale

(V)e disappearance (3+1) s
)
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e4

P .=1-sin 26 sm 2Am & sin 20
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— 10" —— X
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Q‘ {wflu(’, =
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10 Data consistent with v, E
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Thierry Lasserre Sterile Neutrinos at the eV Scale

a Searches for eV Sterile-v .

- {Sage, Baksan.,
Neutringa- @"S“ S 4
mitrolgracl . K
Minos+
SBN
NuStorm
Deadaleus

Neutrino Beam

Th. Lasserre - Trento — 07/04/2016
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Thierry Lasserre Sterile Neutrinos at the eV Scale

¢

A selection of Ongoing Efforts o

STEREO: Gd-LS MNeulnno-f: Gd-LS NLOS GaLS NuLal Lr
detector at 10m dctoctar StE Em defector of 30 kaced pasic
from ILL , France em 8\-3, Sacia tam =wrek Kama acivilany Abas

-
39

SOUANC WRULLH: zegmeniee CWNARS. Argverted Aaxis PHUSPZC | Segmemied
sompashe sxmlchor cuses o wantl =g sl =100 e KNPE 'L lquid ssinclalar al
53¢ lican BR2, Sabjinm F ey T 2m lam 4FIR, DS

@Credit: K. Heeger
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Thierry Lasserre Sterile Neutrinos at the eV Scale

CeSOX @ BOREXINO

= v, detection: v, + p > e* + n

Antineutrino Emitter: 144Ce-144Pr <&

(ITEP N°90 1994, PRL 107, 201801, 2011)

= large IBD cross section - 5 PBq

= (e*,n) coincidence - mitigate backgrounds

= 144Cg.144pPy

= Abundant fission product (5%)

u 144
Ce: long-lived & low-Qg R- < 2996 keV
time to produce, transport use 97.9 %

= 144Pr: short-lived & high-Qg
V_-emitter above IBD threshold

144Ny

Th. Lasserre - Trento — 07/04/2016
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Thierry Lasserre Sterile Neutrinos at the eV Scale

CeSOX @ BOREXINO

e Expected Signal: 30/d (3.7 PBq) .

d°N;,

— —t ACe
AWAEd Yoy~ 0C e

018D (E) Sce(E)
x P(L,E)

1
4mL?

with oscillation
3 eV?, sin?(20)=0.3

Non-oscillated #4Pr
anti-v_-spectrum
-

Th. Lasserre - Trento — 07/04/2016
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Thierry Lasserre Sterile Neutrinos at the eV Scale

@ Light Sterile Neutrino in KATRIN

."

Integral Tritium B-decay spectrum near endpoint E,=18.575 keV
25
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Thierry Lasserre

Sterile Neutrinos at the eV Scale

KATRIN + Stéréo + CeSOX .

The RAA+GAA parameter space is probed at 98% C.L.

T LS L | T T T T

— KATRIN 3 y, 80% CL &

CeSOX'1.5y,90% CL
=== KATRIN + Stéréo + CeSOX, 90% CL

Stéréo 300 d, 90% CL : TS

RAA, 95% CL
I RAA'Q?%CL\ [ | |

-2 -1 0

10 10 10

.2
sin (2enew)
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Thomas Schwetz Neutrino Oscillations

Hints from appearance experiments (LSND)

10! T MB app
{ reactors +Ga

necessarily predict signal —
o . %
In Vu dlsappearance B °:r 100 Null r;sulls.
bUt not seen g combined

107!

99% CL
1072 10-!

U ul?

Kopp, Machado, Maltoni, Schwetz, 1303.301 |
T. Schwetz 41
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Thomas Schwetz Neutrino Oscillations

Strong tension in global data

® consistency of appearance and disappearance data with p-value 10"

10! —~— : :
N%,99%,99.73% CL, 2 dof

expect somewhat
increased tension due

Kopp, Machado, Maltoni, to recent data from
Schwetz, 1303.301 | MINOS. SK-atm
’ ’

ICARUS, OPERA
N, “, (potentially also
; IceCube)
10393 103 102 10-

.2
sin® 26,

C. Giunti et al find somewhat better fit: p-value 103 /3085288
T. Schwetz 42

C. Giunti — Concluding Remarks — Determination of the absolute electron (anti)-neutrino mass — 8 April 2016 — 90/99



Thomas Schwetz Neutrino Oscillations

eV-scale sterile neutrinos

® situation is ambiguous
see also talk by C. Giunti

® need to clarify experimentally
talk by T. Lasserre

T. Schwetz 43
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Thierry Lasserre Sterile Neutrinos at the eV Scale

[T e

The Fermilab SBN program o

Voo )

ICARLS I crnBanh - SHNI Jrndunn

Fewer v, ! Faveery, ? v, v
Mora w,? Marr v,? “Hv, TIEY,
“1m
120m
| sBN £ & Formilab
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Werner Rodejohann Neutrinoless Double-Beta Decay

Messing up 3 Majorana neutrino paradigm?
light sterile neutrinos, with \/Am2 sin? fs; ~ |mc f’ﬁ

Barry, W.R., Zhang; Giunti et al.; Girardi, Meroni, Petcov

Normal Inverted

10°

0.1 0.001 0.01
My, (V)

mgg = \Ue1|2 my + |U82|2 eloat mo + |Ue3\2 elost ms + |Ue4|2 el mg
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Steen Hannestad Massive Neutrinos in Cosmology

GOING BEYOND THE MASS

p
A=—= va,inv,i
Pc

1/3
Normally T, = (ﬁ) T, , but could be different. Normally the relativistic

energy density in neutrinos is quantified through the relation

4
Py,rel _7<TV>
Neps =22 pro=3z\7) P
N TR

Negf is @ measure of any type of "dark radiation”

C. Giunti — Concluding Remarks — Determination of the absolute electron (anti)-neutrino mass — 8 April 2016 — 95/99



Steen Hannestad Massive Neutrinos in Cosmology

THE CONCLUSION SEEMS TO BE THAT THERE IS NO EVIDENCE
FORANY PHYSICS BEYOND THE STANDARD MODEL

BUT BE AWARE THAT IN EXTENDED MODELS THIS CAN BE
VERY DIFFERENT!

M
Nesﬂ: - 3046 [Mangano, Miele, Pastor, Pinto, Pisanti, Serpico, NPB 729 (2005) 221]
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Steen Hannestad Massive Neutrinos in Cosmology

Bottom line: Sterile neutrinos in the
mass range preferred by SBL data
can be accomodated by cosmology,
but ONLY if they are not fully
thermalised

How can this be achieved?

A large neutrino lepton asymmetry
(see e.g. STH, Tamborra, Tram 1204.5861, Saviano et al. arXiv:1302.1200)

New, non-standard interactions in the sterile sector

(e.g. STH, Hansen, Tram, 1310.5926, Dasgupta & Kopp 1310.6337, Bringmann,
Hasenkamp & Kersten 1312.4947, Archidiacono, STH, Hansen, Tram 1404.5915
Chu, Dasgupta & Kopp 1505.02795)
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Conclusions
Alvaro De Rujula 163Ho EC Theory

Parameters of our universe chosen

— v Physics & o

a4
ullo], oty U.

E(CRs), h(atms); p(atms), 7(w), T(Wi)

Ro, po, Rg, pg 3 Reactors & * &

EC measunements of ¢-uneutrine “mass” 77
licnocalonimetens, ete !/

1 Hope for m(v.) experiments

Holmium From Latin "Holmia": Stockholm.
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