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Outline

® |ntroduction
e Status of neutrino mass determination

e Neutrino mass from cosmology — the neutrino tension™
® How to relax the cosmological neutrino mass bound

® Seesaw model for neutrino mass, dark radiation, keV sterile neutrino DM
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Neutrino masses

v, [ 28 2 e Ve
_ _ _ v I e
Neutrino oscillations: mn
® |m; —mi| ~ (2.52+0.023) X 1077 eV? —
Vo
o m; —m?=(7.49%0.19) x 10> eV? — —
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absolute neutrino mass
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cosmology
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beta-decay spectrum
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Neutrino mass from cosmology

o f:m ) mo+ VAME, + mE + /Am3, + m3 (NO)
2 mo + v/ |Am,| + m2 + /|Ami,| — AmZ, +m2  (10)

e minimal values predicted from oscillation data for m, = 0:

>
2
=

100 A

v _ [ 986+085meV (10)
min = 58 54 (0.48meV  (NO)

e Upper bounds from current data:
o2m, < 0.12eV (95 % CL) Planck CMB+BAO 2018

o2m, < 0.064 eV (95 % CL) DESI 2025 + CMB
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Planck+BAO 2018

DESI 2025 + CMB
Planck+EUCLID/DESI

NuFit 4.1, 30 ranges
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Tension between cosmology and laboratory?

updated from Gariazzo, Mena, TS, 2302.14159

' | ' |
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How robust are cosmological bounds?

DESI DR2 2025 [2503.14738]

: - . ---- DESI DR1 BAO
® Hubble tension SN S DESIDR2 BAO
0.32 1 ' N ¥
® oy tension (mostly gone)
C:aO.?)O-
® Planck lensing anomaly -
® tension between CMB and BAO? .

08 100 102 104 106
Horq [100 km s™1]
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Powerful complementarity between BAO and CMB

Naredo-Tuero, Escudero, Fernandez,

DESI DR2 [2503.14744] 0.36 ] Marcano, Poulin, 2407.13831

1.02

1.01 - 0.34
> L
< ————
= 1.007 T ———1 0.32
5 I ——F 1 —% E
Z 0991 - G
z = 0.30
; 0.08 / —— CMB (D _myex = —0.11€V)
g - —— CMB (Y my, = 0.00eV) 0.28

< CMB (" m, = 0.06eV) '
A |
= 097 —— CMB (Y m, = 0.10eV) BN DESI
DESI DR2 BAO + CMB 0.26 DESI no z=0.7
0.5 1.0 15 2.0
Redshift z 9500 10000 10500

Hora(z") [km/s]
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® \Vhat if cosmology does not see finite neutrino mass and upper bounds
become tighter than the minimal value predicted by neutrino oscillation?

® Can we relax cosmological bounds such that neutrino mass can be in
reach for terrestrial experiments?

M. Escudero, T. Schwetz, J. Terol-Calvo
larX1v:2211.01729] JHEP 02 (2023) 142

A seesaw model for large neutrino masses in concordance with cosmology

C. Benso, T. Schwetz, D. Vatsvavan
larX1v:2410.23926] JCAP 04 (2025) 054
Large neutrino mass in cosmology and keV sterile neutrino dark matter from a dark sector
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Cosmology bounds can be relaxed in non-standard scenarios

® dynamical dark energy
Mena et al; Green, Meyers, 2407.07878; DESI 2025, 2503.14738: Z m, < 0.14eV

® neutrino decay into dark radiation
Chacko et al. 1909.05275; 2002.08401: Escudero et al., 2007.04994;

Barenboim et al.,2011.01502; Chacko et al. 2112.13862: Z m, < 0.42eV

® {ime dependent neutrino mass

Lorenz et al. 1811.01991: 2102.13618; Esteban, Salvado, 2101.05804: /
Sen, Smirnov, 2306.15718, 2407.02462 ’700,,7
'O/e?‘e/

® modified momentum distribution
Cuoco et al., astro-ph/0502465; Barenboim et al., 1901.04352;
Alvey, Sabti, Escudero, 2111.14870

® reduced neutrino density + dark radiation
Beacom, Bell, Dodelson, 04; Farzan, Hannestad, 1510.02201; Renk, Stocker et al., 2009.03286:

Escudero, TS, Terol-Calvo, 2211.01729; Das, Dev et al., 2506.08085
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Counting the number of neutrino flavours

N

e affects 6 -

Planck, 1807.06209

C

® formation of light elements (BBN), :
T ~MeV, t ~ 1 min
_ Aver et al. (2015)

Neg = 2.78 & 0.28 (68% CL) -

Net

Nog = 2.99 + 0.17 (68% CL)
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deuterium

| W Planck TT TE ,EE+lowE

® CMB decoupling, T ~ eV, t ~400 000 yr 0

.| Planck TT, TE EE4+lowE+BAO-+lensing




Relaxing the neutrino mass bound from cosmology

Cosmology is sensitive to: relax bound on m,, by reducing
neutrino number density

® ecnergy density in non-relativistic
neutrinos (late times) Z 0 hey (nUSM)
m, d2e

n
prontel xm, Yy m, < 14eVem™

1%

iIntroduce ,dark radiation” to

® energy density in relativistic keep Nrelat ~ 3
neutrinos (early times, BBN, CMB)

Nrlat = v 4+ NPR & 3
Nl = 2.99 + (.17 e

13 Th. Schwetz - BNL Theory Seminar, 17 July 2025




Farzan, Hannestad, 1510.02201;
e Introduce a set of N)( massless fermions Escudero, TS, Terol-Calvo, 2211.01729

® a mediator X coupled to neutrinos (vector med. preferred)

® convert active neutrinos into massless fermions
after BBN but before CMB decoupling ['bv < X) 2 H

[ Xy 2 H

1005 N
o | v
1 1=k A\ Massive v, > m, < 0.9eV | 5
1L @ o J
ol N N 13
5 O 8 ’&@ ) O
~ O £ @ 15
O 2 _ _
j0-2L€ S & N =10, g, = E
3 Q >, mx = TkeV Neutrinos must {3
[ C < ]
i freestream
10—3_,_... Loy 4 o4 4 . . |...m. . . . Ly s o 4 4 . . IR T T R .
10° 102 101 100 101 102 103
T, [keV]
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Adding keV sterile neutrino dark matter

® freeze-out In the dark sector

Benso, Schwetz,

Vatsyayan, 2410.23926

similar to A. Berlin, N. Blinov,

/ /
Wy < yy, L L 1706.07046. 1807.04282

Dark radiation yx

- - e
-
-
-

Neutrinos v

my =100 keV, my, = 18keV °,

Im, suppression: n.,lnfM

£ ",
=> 10 Nx=10.g:2.10-4
103 S e __ barkmattery
10~ > r
10° 10’ 107 10°
myxlT
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Equilibration of dark sector, neutrino mass suppression and /V

e DS gets equilibrated at 77 by

Zlef? Z/Hff/7 Z/Z/Hff f?f/:V7X7?7b'

® both, ]| « 2 and 2 < 2 prozesses are in equilibrium =
chem. potentials vanish, DS abundances fully characterized by temperature

pu(1,%) = Z pf(Teq) + Pz (Teq)
f=v,x,9

® adiabatic evolution till Zhn, < my, Mz

agqseq(Teq) — a?insﬁn (Ttin)

Th. Schwetz - BNL Theory Seminar, 17 July 2025




solid: vanishing chem. pot., dashed: with chem. pot.

C
o
% # of massless dof:
> 7 S 3/4 5 G = 4Ny +2
nl/ L Tda,rk L gl/ g g¢ 792/ ( gV ) / § X
— — _ _ - 2
ngM TI/SM gv T 9 9u+9+g¢+7ng I/E:I
""""""" %0 40 50

4/3 N 4
No.— o (1L Pdark  Gv T G [ Taark 3
oft = 7 4 P~ o ) TVSM R B Planck18 (68% CL)
Ol 10 20 30 40 50
from energy and entrOpy conservaton:. T I T T %_' '/'TS;M' i
o - Ildark/1y
. 1/3 1/4 I — Taark/T
1 qark _(gy+g+g¢—|—%gzl> ( gy > / E) Y
oM 9y + G g+ 3+ 9y + 292 2
o
- -
5 _
040 T "10 20 30 40 50
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3 ~ 3/4 Q

ny  (Taark " _ 9+ G+ 9s + 792 ( v ) / 3

TLEM T]/SM gy + § gv T+ g T gy - %ng |/E:]
0.0

solid: vanishing chem. pot., dashed: with chem. pot.

# of massless dof:
g=4N, + 2

™~ o~
—
5--—
. .
—— e — [ee—— —4
—————————_————
—— e —

10 20 30 40 50
eifonly 1 « 2 processes 7 « ff, Z & ff,
but not 2 <> 2 processes Z'Z’' « ff 3 S —_—
are in equilibrium, chem. potentials develop,
0l 20 30 40 50
need Tdark and 1% o
. — Taand T3V -
EU 0.8:— - Tdark/Ty
n 8 o |
— SII\/I — . — 2 06Ff
ny gl/ T g g I
;E) 0.4} ._
0'2(?;' ~10 20 30 40 '5-0
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A seesaw model for large neutrino mass and dark radiation

Escudero, TS, Terol-Calvo, 2211.01729
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A seesaw model for large neutrino mass and dark radiation

® 3 heavy right-handed neutrinos (seesaw)
e new abelian symmetry U(1)y local or global

e a scalar @ charged under U(1)y
e a set of NV, massless fermions charged under U(1)y

_ ~ ] _
Yukawa sector —L=NgrY, l; H' 5> Nr Mp Njp + NrYo xr ®+ hec

Scalar potential  — ,u%{HTH A\ Fy (HTH)Q—I— M?I)|(I)‘2 1 >\<I>|(I)‘4 + )\Hcp\q)\QHTH
Gauge interaction gint = gy Z/; )?},/4 ¥
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A seesaw model for large neutrino mass and dark radiation

® 3 heavy right-handed neutrinos (seesaw)
e new abelian symmetry U(1)y local or global

e a scalar @ charged under U(1)y my, = VEW Y, A= Vo v,
e a set of V, massless fermions charged under U(1)y V2 V2

_ ST _ ANLmp << Mp
—L=NpY, {; H —|—§NRMRN]%—|—NRY@XL(I)—|— h.c.

mheavy ~ MR

0 LD 0 ,
0 Al 0
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A seesaw model for large neutrino mass and dark radiation

® 3 heavy right-handed neutrinos (seesaw)
e new abelian symmetry U(1), — gauged

e a scalar @ charged under U(1)y
e a set of NV, massless fermions charged under U(1)y

W = g
- ~ 11— J— 7/ X
—L=NpY, {; H —|—§NRMRNR—|—NRY@XL(I)—|— h.c.
| o
my A7 = 8xUyy

Zint = gXZ/;)Fy”)( 8x =

Vo
vy 2
/ 7 = gXHV)(

couplings to neutrinos induced by mixing: Z' < vv/vy/yy

22 Th. Schwetz - BNL Theory Seminar, 17 July 2025




A seesaw model for large neutrino mass and dark radiation

® 3 heavy right-handed neutrinos (seesaw)
e new abelian symmetry U(1), — gauged

e a scalar @ charged under U(1)y
e a set of NV, massless fermions charged under U(1)y

indep. params for pheno:

m, , Mp, 6’%

Vo V(I) 5 mZ/

_ ~ ] _
—L:NRY,,KLHH§NRMRN§+NRY¢XL<I>+ h.c.

4

Zint = gXZ/;)Fy”)( 8x =

23 Th. Schwetz - BNL Theory Seminar, 17 July 2025
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Available parameter space

103
0, =~ 10

V(I) ~ 100 M@V

11% 4
Vo

Th. Schwetz - BNL Theory Seminar, 17 July 2025

Gauge

(0 = 1077)




Available parameter space

® thermalization of the dark sector:
= (I'(ww—2Z")) 2 HT =m,/3)

® avoid thermalization of the dark sector
before BBN:

(I'(ov - Z)) < H(T = 0.7 MeV)

allowed

® free-streaming of neutrinos & dark
radiation before/around recombination

('Y < H for 7 < 10°

Taule, Escudero, Garny, 2207.04062

25 Th. Schwetz - BNL Theory Seminar, 17 July 2025
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Neutrino mixing with massless states 0,,

® avoid thermalization of y prior neutrino
decoupling due to oscillations

® take into account effective potential
due to self-interactions

1

=

D!

@F

1

@ 1

O

— |

1

x|

C\]i

1

il

<
=

lQ

P |

PO |

o 1

o 1

0. I

1

1

1

1

1

1

N cOntours, m, = 0.2eV

Gauge Case

N. = 10, stenile stales

N, = 1, sterile state
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My |KeV |

Neutrino mixing with massless states 0,,

27

104 <0 < 10-! upper range potentially testable in oscillation experiments
vx T. Ota, 2411.16356
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Constraints on heavy RH neutrinos

M, < 109 =10 GeVv

o perturbativity of Yukawa Yg Np y; @

o loop-induced Higgs portal Ag, | @ |* HH remains

]

=

D!

@F

1

@ ]

O

1—1:

1

X

C\]i

1

\/I;

S
=

3

|

0. I

o 1

o I

1

1

]

1

1

small to avoid thermalization of ® prior BBN

Comment on leptogenesis:

e standard thermal LG works if N = HL dominates
over N = @y

e otherwise y would thermalize and conflict with NV, ve [keV]
= require 1py < Mp (allows still for 1y > 1ry)
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Signatures in a super nova

® SN cooling arguments for SN1987A exclude

> |

- keV , keV Fiorillo, Raffelt, ;;

3 X 10~ < A <107 Vitagliano, i
Mz my 2209.11773 3

weaker than BBN constraint A2 < 107/(keV/m,,)

® Future galactic SN at 10 kpc: neutrino signal in HyperK
from Z' — vv: sensitivity down to

o~ 10‘9(keV/mZ,) Akita, Im, Masud, 2206.06852

29 Th. Schwetz - BNL Theory Seminar, 17 July 2025
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® freeze-out In the dark sector
wy < xx, L2

Adding keV sterile neutrino dark matter

10()
_____ Dark radiation x
s '

10~ WeUrines v £ m, suppression: n,/n}"
b3 .
s 10-2 my =100 keV, my = 18keV .

o N, =10,g=2.10"
3 N\
<k y /S \N  Seaao._. Dark matter ¢
10—4 AL 0 AA l LA = “
10 10 10° 10
mxlT
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Fermion sector assumed hierarchy:

| , M> M >mp>k',A>mpH N, k
basis (x7, v, ¢¥7, N, N):

M'm2, < Mg

o 0 0 A A
/
0 0 0 mp mp seesaw masses
M,=10 0 0 K &
A/T mg’ /i/T M0 m, =~ mDM_lmlT) |

AL mlT) kI 0 M
My R ! M

dark freeze-out due

. . mixing with active neutrinos
0 gauge Interactions:

VA

G \xx
AP = AKX =

Ve K
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Fermion sector assumed hierarchy:

| , M> M >mp>«r,A>mph N, k
basis (x7, v, ¢¥7, N, N):

M'm2, < Mg

o 0 0 A A
/
0 0 0 mp mp seesaw masses
M,=10 0 0 K &
A/T mlT)/ /{/T M0 M, =~ mDM_lmg .

AL mlT) kI 0 M
My R ! M

M [GeV] M’ [GeV] mp [GeV] & [GeV] A [GeV] | vy [GeV] my [keV] my [keV] g=mg /vy 0O, Ny | nu/ndM AN
1011 107 4.47 0.043 0.004 0.5 18.5 100 2x107% 1072 10 | 0.216  0.109
1012 103 14.14 0.23 0.141 0.8 53 77 96 x 107 1072 10 | 0.216  0.109
1013 107 44.7 0.1 0.044 0.6 100 32 53 x 1072 1073 20 | 0.135  0.060
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DM abundance: freeze-out in the dark sector

WY <= XX

2
my, y {:Jﬁf (M7 > my)

3 (my < m¢) wy < 2’7

||||||||||||||||||||||||||||||||||||

mz [keV]
S

Z'e xx

. CMB bounds:
. Excluded from v freestreaming

10_1 .7 . R . L]
10 10* 10° 106 10’

v, [keV]
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DM-neutrino mixing strongly constrained by DM lifetime

require Tl// > 2OTUniV. e.g., Poulin, Serpico, Lesgourgues, 1606.02073

e m,, < my: dominating decay ¥ — Lyy (y — 3y highly suppressed)

15 keV\° /21 Ve \4
62, < 2 x 10716 =) (5exc)
Loczao (250 () (7

e 11, > my: dominating decay ¥ — v/’

AN 2 3
9 —30 (VA )2 10 40 keV
62, < 1.2 x 10 (10keV ( p ) ( "
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Cosmic structure formation

® DM free-streaming and dark acoustic oscillations suppress growth of
structure at scales M. ion = max(Aps, Aao) A. Berlin, N. Blinov, 1807.04282

(-
3
=

cutoff scale Apo [MpC]

=
o
N

B U
my [keV]
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Summary

e Relaxing cosmo bound on Z m,, requires exciting new physics

® Presented simple seesaw model:

o large number of massless sterile neutrinos (V, 2 10 — 30)

e dark U(1) symmetry with breaking scale between 10 MeV and 10 GeV
o weakly coupled Z' with mass 1 — 100 keV with 12/ ~ 107

* including keV sterile neutrino DM

® possible signatures:

{0
o deviation of N_; at CMB oV
. - . a(\\oj “’{\0“
e galactic SN observations a{\ a“e

e sterile neutrino searches at oscillation experiments
e cut-off scale in cosmic structure

36 Th. Schwetz - BNL Theory Seminar, 17 July 2025
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Backup
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CMB+BAO 2022 — terrestrial NO

Possible near-term scenarios — cosmo future NO  ——- terrestrial 10
Lo T a— -
|
0.8 1 i -
I
5 0.6 - : i
< : 2
o(m) = 0.02eV T 04- | 3
) o
e.g. from Planck + EUCLID or DESI 5 yr obs. 0.2 - -3
e.g., Archidiacono et al., 1808.05955 0 . ?)
' 1Al Q)
§.
® ~ 30 determination of finite neutrino mass consistent S
, <
with 60 meV (NO), 100 meV (1O) still consistent at ~ 20 CMB+BAO 2022 — terrestrial NO :
cosmo future O — == terrestrial 10 L
1.0 == I S
e ~ 30 tension between cosmo and lab could indicate > 0.8 i : %
. . . I .
either non-standard cosmology or neutrino properties 5 0.6 - | . =
or both Q. | 3
QL 0.4 - : _
|
0.0 e ————————
102 101 10°
>2m, [eV]
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,,t00 strong“ bound due to Planck lensing anomaly,
statistical fluctuation in DESI BAO data?

Naredo-Tuero, Escudero, Fernandez, Marcano, Poulin, 2407.13831

Planck + DESI-Y1

: Planck18-PR3 + DESL-Y1

i —HiLLiPoP23-PR4 + DESI-Y 1-no07
Emock Ym,=0eV

mock ) m,=0.06 eV

/—mock Y m,=0.10eV
RN
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Example 1: hint for dynamical dark energy?

cosm.const.: wy=—1,w, =0 \ DESI DR2 2025 [2503.14738]

40

DE equation of state: p = wp

$

w(z)=w0+wal_l_Z

2.80 — 4.20 indication for

deviation from cosmolog. const.

Th. Schwetz -

O__\_AI* _____________________________________________________
| B DESI+CMB-+Pantheon+
DESI+CMB+Union3
B DESI+CMB+DESY5
\ DESI+CMB
—1 - \
§ )
_9 -
N - . . . . .
—1.0 —0.8 —0.6 —0.4 —0.2 0.0
Wy
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Example 1: hint for dynamical dark energy?

41

> - my [eV]
ACDM+> m,
DESI BAO+CMB [Camspec] < 0.0642
DESI BAO+CMB [L-H] < 0.0774
DESI BAO+CMB [Plik] < 0.0691
ACDM
R DESI DR2 BAO + CMB (Baseline)
—— DESI DR2 BAO + CMB + Pantheon-+
1.0\ DESI DR2 BAO + CMB + Union3
—— DESI DR2 BAO + CMB + DESY5
y 5
S i
0.5 ;
0.0 .
0.00 0.10 0.15
> my,|eV]

0.20

wow,CDM
1.5 ; :
—— DESI DR2 BAO + CMB (Baseline)
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Preference for negative neutrino mass?

Ay*(im,=0) <3, Ay (NO) S 6 DESI DR2 [arXiv:2503.14743]
Naredo-Tuero, Escudero, Fernandez, Marcano, Poulin, 2407.13831
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