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SUMMARY

® Massive neubtrine cosmolo i a ubshell
9

° Neulrino numbers: why do we care, how much |
con we trust |

*  Complementarity with Labora&arv searches
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0f course we care, because...

o Neubtrines are the omtvj SM parﬂai.es
of unknowin mass

® Neubrino mass sebs the seesaw scale
(mass generation model, we presume...)

e Neubrino mass can aclk as a ‘Wmuilsawnce’ Fw\ram&m
°  Measuring the neutrino mass could be a step

forward uhveiling other neubrine praper&es
(hierarchy, nature, o)




What we khow, from the oubside

How do they behave?

Neubrinos oscillate

Flavour eigenstate Mass eigenstate
—1H;t
‘Va >= Ua,ie Yl >
V,_ Mixing makbrix
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Probability to observe
a flavour different
from that emitted
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What we khow, from the outbside
How do Ek@.fj behave?

Neubrinos oscillate, so &k@.j are massive
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Some basic facts
° Standard cosmological model predicts the
existence of a background of relic neutrinos (CB)

o 'y >H (Tr1MeV) —=> Thermal equdibrmm wikh
primordial plasma (T=T)

© T <1 MeV —> neubrino free stream keeping an

equilibrium spectrum (T, #T, T ox1/a): |
"o ' © ' eutrinos 3 fV (P) — eP/T _I_ I
N Lesgourguesﬁ:‘?&s&or 2013
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Neubkrine Phemamematogv
Neubrinos were relativistic in the em'i.j Universe

Py =g / pfip)d’p x g, T,

so they conkributed to bhe radiation demsi&v

7 A 4/3
Prad = Py T Pv = 1+§(ﬁ) Nett | py

with po x ¢.T% T, /T, = (4/11)%/3

Neff — IOrad _ IO"Y — 3046 Mangano+,_2008

SVt deSalasgPastor,Ro16
Neff could account for any ‘extra’ radiation
component



Neukrine Fah@.mo mematogv
Neukrinos are non-relakivistic Eoc{av
Pv = MyN, = M,g, / f(P)d3P X mvguTi

e H«@j conbribute to the mwakker contenkt

Pv Z my ~ 3H?
Ql/ — e, v Pc = S~
z,,: 0 93.14h2eV S

o Background: matter-radiation equality shifted,
cosmological distances modified
* Perturbations: early ISW at intermediate scales, power
suppression ot small scales, structure growth modified,
scale~dependent bias induced




Jigsaw puzzle
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Joink conskrainks on neubtrino
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Dalasel, Sdey
M., (95% C.1..)
hase = Planck 1'T'+low P < ().716 eV
base+P (k) < 0.299 eV
basePK = base+P(k)+BACO < 0.246 eV
bascPK | TOp055 < 0.205 eV
basePK+5Z < 0.239 eV
basePK+HO073p02 < 0.164 eV
basePK | HO70p6 < 0.219 eV
base PK +HOT73p02+70p055 < 0.110 eV
basePK+HO073p02+70p055+85Z || < 0.136 eV
Dataset Jdeg
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< 0.114 eV

Martina Gerbine

Vaghozzir (incl. MG), 2017




Joink conskrainks on neubtrino
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Joink conskrainks on neubtrino
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Joink conskrainks on neubtrino
WOSS
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Joink conskrainks on neubtrino
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Joink conskrainks on neubtrino
WOSS
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Joink conskrainks on neubtrino
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Joink conskrainks on neubtrino
WOSS
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Joink conskrainks on neubtrino
WOSS
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Joink conskrainks on neubtrino
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On the v&iud&v of 3&(@3 Approx

aguozzu+ (z,wt:i. MG, 201“7

e
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Solid: NORMAL
4 Dashed: INVERTE

0.10 015 020 0.30 0.50 0.001 0.01
M,[eV] | Might [€V]

FoM: how much the mass difference is relevant wrt the 3deq
approx as a function of the total mass (or the Lightest mass)

Ma&kema&cauj poor apprc»x&ma&am
Physically: is cosmology sensitive to difference
A eubkrino mass spe&%ru,m?

Martina Gerbino T INPA seminar, 3Mar2017



Quantifying the sensitivity

Baj@.snam hierarchical &Maivsns can hetp
P = 73(9 h) h=NH,IH

Advantages:
o neubrinos modelled with exack wass s?m‘:&rum
NORMAL HIERARCHY INVERTED HIERARCHY

m = TNy;
vl light My 3 = Miight

my,2 = \/m% + Am%Q my 1 = \/mg + Am%3
My 3 = \/m% + Am?, My o = \/m% + Am?,
° informakion from oscillakions kaken inko accounk
® talkkes inko accounkt uncerkainkies relaked ko bhe hie_r&rtkj
Pg = /77(6’, h) dh
® qum&a&es sensitivity to the hierarchy

= p(hiyne = NH | d BhVP—NH)df’
PNH = P( yp | j / typ Grerbino+, 2016

Martina Crerbine T INPA seminar, 3Mar2017



With current daka
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.......... Mmin S Ml/ S 0.199 eV
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3.2
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Grerbino+, 2016




With forecasted daka

! il COrE,M,‘:idI:O.O6eV !

COrE+BAO,M™ = 0.06 eV |
COrE,M™ = 0.1eV
COrE+BA=,M"¢ = 0.1eV

.......... M;Ilin S MV S OlOQeV
.......... MV _ 01121—8828 oV

0.0
010 015 020 025
M, [eV]
P(h=NH):P(h=1H)
---------- 9:1 Supw&aat!!!
---------- 1:1 Nothing to declare...
Grerbino+, 2016




With forecasted data

i corE,ijdlzo.oaev !

I
1.0 I — . COrE4+BAO,M™ = 0.06 eV |
— COrE,M™ = 0.1eV
A—e l . A _ . COrE+BA=M"! = 0.1eV.

"""""" 9:1 Supercoot!!!
----------- 1:1 Nothing to declare...

Grerbino+, 2016

&LQ]‘LQ T T



Look around 30%!

COSMOLOGY M,
OSCILLATIONS Am;,

‘:@‘

i ALK DOUBLE BETA DECAY

ot S ';,/ S - [Double beta decay]

oime M 1 ensral

'
O (o

3He Q BETA DECAY
2

mgg = |2;U%m;

Z_EjUQ 2 Bb | IV 7 J‘




Look around 30@4!

5 1.0 entire spectrum S/ region close to endpoint
W
£ o £2/08 KATRIN collaboration
(U . = -
> o B
8 LR m(ve) =0 eV
2 06 /
© / 04 | p
0.4 / p only 2 x 10°13 of
/ 02 B decays in last 1 eV
. Interval
i - m(ve)=1eV o
' 0
i PR 1 . . | ] L 1
o L l l | — 3 -2 -1 0

2 6 10 14 18
Electron-energy E [keV]

—
-

3HQQ BETA DECAY
Pro: robust, model iv\c&epev\d@.y\%

LOMS’ broades% conskrainks
T INPA seminar, 3Mar2017

2 _ v 72,2
mi = LU m;




Look around 30%!

[Double beta decay]

mgpg < 0.2eV

Neutrinoless y
& double beta decay — _#

Double beta decay
which emits anti-neutrinos

DOUBLE BETA DECAY

[Double beta decay]

Pro: f signal observed,
neutrinos are Majorana!
Cons: model depemiem&, teoraaen s
disruptive interference mas = |, U2
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0.1

0.1

- Sensitivity of next generation
NLDBD experiments

0.03
M pp I eV l

mg; [eV]
o
=

0.01

00011 = - - :
0.1 0.2 03 04 05

2m_ leV]

0.03 | | 0.1
M, [eV]

Cosmology and lab are complementary
and start to be equally sensitive

Grerbino+, 2016
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Shake it up (in the future)!

0.1

0.03
0.03

mg; [eV]
mg; [eV]

0.01
0.01

03
003

| . . | . ' - -
o 4
< 0.03 0.1 0.03 0.1

e M, [eV]
If Mu=0.1¢eV, sigmal{mbb)~10meV could quarantee

on2b measurement
on2b could i turi helps unravel the hierarchy (wip,
extending the results in Gerbino+2018 in the hierarchical

b&j@.ﬁi&h COM&QX&) Grerbino+, 2016

0
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Worlke i pragress

'-I"_'QO i 90E —
.?2. NOQMAL H i?g : — ?o(:::c:ming ]
> 15 ', “‘ — Next generation | |
g Y ‘:, : t ——  Next generation ||
S 10} f \
2
5 5| }p
3 |
g 0 - S x Sems:«&vn&v to
000 C.06 0.12 018 024 0.30 0.00 0.02 0.04 006 0.08 0.10
M, (V) mssleV one of the

Mo jorana phases!!’

N
(&)

INVERTED

T
3 H>_120
2 > 100
pL ‘n
s | 5 2.0 ,
o , © ’
>0} 3. 60 > .
3 7| 3 2| <
g 0Lb—ri— a0 NP 210
000 006 0.12 018 024 0.30 000 002 004 006 008 ' iz
M,,[BV] m33[eV] 5o,
: Q
S 05
a | —
Extending Grerbino+2018: combining resulks above 00 —————— s
' ' 0 x/2 T 32 o
in the context of Bayesian hierarchical analysis Qo




Neubrino masses as nuisance

1.6= | | T =1
Planck TT+lowP
+BAO
1.2} 7 0.975}
=z
; 0.8 | s 0.960}
0.4} - 0.945)..
0.0 . ‘| 5|6 6|O 6|4 6|8

0.945 0.960 0.975 H,

Uz

ACDM +r |ACDM +r + M, @-9 LLS Eb le sk&f&s

NH {/0.9666 L 0.0062 0.9640:3-_3822 f;i?f o
approx || 0.9664 + 0.0063 |  0.964273-007 &% WT’E Eke 8 P{' L&&LMS

Planck T'T'+lowP

NH [[0.9656 2 0.0062 | 0.9G41 30.0064 — . .
BRI o pprox | 0.9654% Tronsa0.9640 FoweG g, Fractional skn&s
LBAO NH 00€r6+0004" ).967T + (00,
approx || 0.9675 + 0.0045 | (. 9679 + 0.0046 MT% &0 &he WD SS
Gerbino+, 2016
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Neubrino masses as nuisance

0.060 Stage-IV forecast Stage-IV forecast Stage-IV forecast
. | | | | | | | | | | | |
—  S4+7prior,ACDM +r —  S4+7prior,ACDM +r —  S4+7prior, ACDM +r
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« 0.052F

0.048}

- Natural Inflation (Cosin
@ N, =46

0.044 @2 - * —
0.942 0.948 0.954 0.960  0.942 0.948 0.954 0.960  0.942 0.948 0.954 0.960

e) ral Inflation (Quartic Hilltop)

S S S

COrE S4

ACDM +r 0.9601 £ 0.0014(0.9599 = 0.0019
ACDM + 7+ M, |0.9593 £ 0.0016|0.9595 £ 0.0020

The exact splitting is relevant as far as it sets
the minimum mass value
when marqinalising over Miau  cerbinor, 20
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CONCLUSIONS

- L..oso»mgv Frovud@.s robu,s% and tight Lam&s on |
M, with Mhu<o.2ey @95% knghb} reliable

value

o We skark ko care about how precisely we model |
neubrine masses and how sensitive we are ko Ehe

l

l choice of the neubtrino hierarchy

¢ Voluable information can be qathered from Lab
o We care because we wank ko kinow more abouk
- neubrinos AND because we wank ko nail dowin the
sems&i\/i&v to the olbher Parame%érs




