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And in the last 5 minutes:

Status of neutrinos in cosmology

| alone bear full responsibility for this part...



HISTORY OF THE UNIVERSE AN

Dark energy
accelerated
expansion

Primordial Cosmic Microwave 5"'UCfU.re
11¢ nucleo- Background radiation formation
Accelerators |LHC synthesis is visible

iverse
of visible unixe

Od
@

Vs

(73
<)
=]
=
m
o
>
=
=
3
=}
m
o)
6
=3
O

Cosmic neutrino
t = Time (seconds, years) background
E = Energy (GeV) t ~ 1S, T ~ 1 MeV

Key
quark . =
neutrino ion star

gluon
\Wieivd - bosons

electron e atom w galaxy

meson

la)
black
(551) baryon m’ photon Qhoc;:

muon

tau

Particle Data Group, LBNL © 2014 Supported by DOE




Interaction rate: Tyeax~GET>

Formation of the CvB...

Expansion rate: H~M512T2

The CvB is formed when neutrinos decouple from the cosmic plasma.

Neutrinos
“free-stream”
to infinity.
Above T ~ 1 MeV, even the Weak Interaction Below T ~ 1 MeV, expansion dilutes
occurs efficiently enough to allow neutrinos to plasma and reduces interaction rate:
scatter off ete™ and other neutrinos, and attain the universe becomes transparent to

thermodynamic equilibrium. neutrinos.



Standard-model predictions of the CvB...
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CvB in the solar neighbourhood...

Gravitational clustering enhances CvB density around cosmic structures.

* Atrg ~ 10 kpc from the Galactic Centre, expect 0(0.1 — 1) overdensity for
allowed neutrino masses.

CvB overdensity
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“Direct” detection of the CvB...

“Direct” in the sense of scattering-based experiment in a laboratory.

* Has not happened yet, though many ideas have been proposed.

* Best terrestrial bound on the local CvB overdensity §,, comes from KATRIN based

on neutrino capture by a f-decaying nucleus. weinberg 1962
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CvB with NMR experiments (this talk)...

... falls in the direct detection category.

2al o My)

Hyper-  (Signal
polarized
Nuclear

* Exploiting recent efforts in using quantum
sensing for fundamental physics.

experiments for axion/axion-like particle
detection, e.g., CASPEr.

J
* Particularly existing and/or planned spin Spins \5%” ’

D. Budker



Basics of nuclear magnetic resonance...

* Ensemble of spin-1/2 in an external e
B field; energy splitting AE = yB,. Ji
* A net magnetisation develops 0000
(thermal or other means). B = By2 . Vagnetometer:
* Apply transverse RF with frequency Pickup coil +SQUID

wy matching AE.
* Pulsed NMR (e.g., MRI): apply RF over

some time to coherently tilt /\/\/ y
magnetisation vector to desired angle

— vector precesses at frequency wy.

B; cos(wgt) X

* Magnetometer detects precessing
magnetisation.

v

Frequency spectrum
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Relic neutrino-spin interaction...

X+ Xt Xt

Since the CvB is everywhere, interaction of the spin ensemble with relic
neutrinos can cause spin flips, e.g., v + X" sv+xt

* In our non-relativistic system, this inelastic scattering for a single spin is described
by a Hamiltonian:

Precession Interaction

\ / Gr  _ .
W2 = g2 4 g2 =) TZQA%'(’YI Fiv*) (1 — 7w
= wodz + 2z J; @ ' \ Axial-vector coupling of the
unpaired nucleon in the nucleus

Spin lowering and raising operators

Fermi’s constant

* Single-spin interaction rates: _
That’s one net flip

De-excitation (i.e., flip down) rate: 7y— ~ 1.1 X 10~*® Hz every 5 x 1019 years

L . L _ ~ —51
De-excitation minus excitation rate: Ynet = Y— — Y+ ~ 6 x 10 Hz

Assuming 12Xe, w, ~ 1078eV, Y m,, = 0.15 eV normal ordering
10
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Xt

for one mole of spins...



Collective neutrino-spin interactions... 1/5

But CvB is very cold and has a typical momentum p, ~3T¢,g~27 cm™ 1,

* Collective spin flips over a macroscopic ensemble of N spins may be possible.

. . . . Arvanitaki, Dimopoulos & Galanis 2025
* Total excitation and de-excitation rate of the

ensemble Rateat which the net magnetisation of the ensemble
increases or decreases by one unit of w,.

[~V Fi(Bin = Pour) oM OO

expression only!
y ®
Single-spin rate Form factor

/ N . . 2
Fe(p' —p) = [(fpin| Y JEe PPV Tali i)
foni o
spin \

N

a = spin label

* Fy (Pin — Pout) @and hence I’y may scale as N* under the right conditions.

— Naively, thousands of events per year for one mole of spins.
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Collective neutrino-spin interaction... 2/5

Two conditions must be satisfied for coherent enhancement:

1. Small momentum transfer q = |p;, —
Pout| relative to the inverse spatial
| . 7 -n=3 |
separation between spins.

sp1n| Z Ja —1(p —P)Za ’18p1n>

sp1n

2. Non-orthogonal initial and final states.

Example 1: The initial state is the|ground state. |ispin) = | 41,42, vy -+ 5 dN)

|E>“

G
F ( - 15) N Orthogonal initial and final state;
No coherent enhancement even

¥ v FG(_)’ 15) =0 if g is small.

@ vG)
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Collective neutrino-spin interaction... 3/5

Two conditions must be satisfied for coherent enhancement:

1. Small momentum transfer q = |p;, —
Dout| relative to the inverse spatial (i ) =
separation between spins. (" —p) Z

2

N
(fSPiﬂ | Z J:?—fe_i(ﬁl_m o ’iSPin>
[e4

fspin

2. Non-orthogonal initial and final states.

=y =D +])/V2

Example 2: The initial state is the|product state. |ispin) = | =1, =2, "+, =, ", —=N)
z
|E>A
P N 1 —i(p'—p) (Fa—2Zp) Non-orthogonal
Fy(p —17)=5+ZZ€ .
. Bra initial and final
Spherical N N2 9 5 states; Coherent
'Y sampleof = 5 T =, 553 171 (|[P" — PIR)| enhancement if
P) 2 . 2 4 ‘p _151 R
) \ radius R qR K 1.
v v|G)
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Collective neutrino-spin interaction...

4/5

In the coherent regime, the total excitation and de-excitation rates of the

ensemble are:

Number of spins Spin sample size

Py~

Single-spin rate

CvB momentum /

* For a standard CvB, this evaluates to:
4
R
1 cm

Assuming 12Xe, w, ~ 1078eV, ¥ m,, = 0.15 eV normal ordering

MM ~12x107° Hz (

Tyt [Hz] =M + M

101
102
1074
Cill 10~
_ 10-8
1073 10710
10—12
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Collective neutrino-spin interaction... 5/5

What should we see in an ensemble of precessing spins?

Neutrino only

 Starting from a coherent state 1F™
(the product state in this : (Jx)
example), collective neutrino- ;
spin interaction drives the

ensemble to the ground state B . T . B
in atime: |
/ , Uy) oL |
. 1
CvB™ o
" Nrnet A

* If we were in an ideal world, this is B UZ) 05f
what one should look for to detect

the CvB. .... Except we’re not... 00 02 04 06 08



Local interactions...

In reality, there are other effects that can also flip spins and do other
damages to obscure the CvB signal.

1
Relaxation due to local (Jx)
absorption + emission from, 0
e.g., energy exchange of spins
with lattice. -1

« |, relaxes to thermal \
expectation in a time T;. / Y, <]y>

Dephasing due to, e.g., spin-
spin relaxation,

inhomogeneous B field, etc. () 10!

* Spins go Ouj[ of phase with Coherent effects : 103
each otherinatime T, < Tj. »

) can only be seen -

* Drives J, and J,, to zero. att < T, 10°°

Dephasing+relaxation

0.0 0.2 04 0.6 0.8 1.0
T T T T T T -
o -
0.0 0.2 0.4 0.6 0.8 1.0
T T T T T T
0.0 0.2 04 0.6 0.8 1.0

Jydomie ¢f

Jydomie b



Open quantum system framework...

We use a OQS framework to track the evolution of the spin ensemble
under the combined effects of neutrino-spin and local interactions.

 Start with the total density matrix of system

+ bath p = ps @ pg, whose evolution is

governed by the von-Neumann equation:
dp .

E:—I[H,P] H = Hs + Hp + Hiyt

* Tracing out the bath (and making some
assumptions) yields an EoM for pg:

. dps . .1
lindblad > = —i[HLy, ps]+ > Do, lps(t)] Bath, B

master k

equation Do[ﬂs(t)] = OpSOT — %{OTO,PS}

17



Lindblad master equation...

Interaction rate of

Interaction between the kth channel

Syste_m density system and bath
Assumptions: At g ]
. dps _
* Interactions are (small w) weak. d —if 1nt:p5'] + Z’YkDOk lps(t)]
» Markovian dynamics k/'
e Secular approximation. D _ T
olps(t)] = OpsO' — S{0O0, ps}

* Can account for both collective neutrino and local interactions simultaneously;
just specify the superoperator Do, and rate y,,.

Collective de-excitation and excitation Local emission, absorption, and dephasing
D_=J psTy — 5{T+T-, ps} D2 =3 (Jps I — {J2T*, ps})
Dy =JipsI- — 5{T-T+,ps} Dlec =3 (JSpsI® — 2{J*JS, ps})

= > adl Dy =Y (JepsIg — 3{(J5)% ps})

18



Solving the Lindblad master equation... 1/2

A brute force solution for N = 1023 spins is impossible...

* We use a moments method whereby

we construct EoMs directly for the

observables of interest and close the
hierarchy using a closure condition.

* Works for arbitrarily large N.

* Method is also good for computing

unequal-time correlations.

5= X[~ 90 % ()]

N
‘—72>+E b

+Zi7§?“ ¥
S = - -S|+ @ F W -1 -]

— e lm -5

k]

2

ST = Y[ - 302 7 ()
+

F 2ATNI) + 2<JZ><32>}
loc N
- Z'Y [ —INT2) — 9 ]
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Solving the Lindblad master equation...

2/2

An illustrative example solution starting in the product state.

e Parameters in this example:

Neutrino interactions

Y+ 0.99

Y- /
P /2

Local interactions r

Y5 loc
Jioc = 0995 Vo = Ny-

vtj
>
»

r|G)

N =1000

Local rates adjusted

Tl—l — )/.1|.0C + yloc

Tyt = (VP + vl + v /2

to match T; = 10T,

100 p——ree

Neutrinos only ]

Neutrinos + dephasing
Relaxation + dephasing
Neutrinos + relaxation + dephasing
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Forecast constraints on CvB overdensity.. 1/3

We consider an NMR experiment using liquid 12°Xe, as envisaged in future
stages of CASPEr, following their experimental specifications. waiteretal. 2025

« T,~1000s

* Instrumental noise; sampling frequency

* We assume the system
is initially in the product
state.

* Not in CASPEr’s future
plans (they startin the
ground state) but can be

achieved by a /2 pulse
from the ground state.

r|G)
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Forecast constraints on CvB overdensity.. 2/3

We consider an NMR experiment using liquid 12°Xe, as envisaged in future
stages of CASPEr, following their experimental specifications. waiteretal. 2025

* Our observable is the magnetisation in
the z-direction (/).

* y2-analysis on mock data, where the
fiducial model has no CvB signal.
Nghots = 1000

Yy o
X2(6V) = Nshots Z d; [C_l]i ) dj

J

2]

Theory minus dz = (jz(t“ 6V))|P) - <jz(t1))|P)

mock data

Covariance __ (th 2
. Ci; = Cyj + 05quindij
P *_
Spin projection noise + Instrumental noise

Unequal-time correlations

TR

TTTTT T U UL |

[y

(e}
—
'S

| CASPEr (future)
R =1 cm, SQUID-limited

CvB overdensity, d,

==+ SPN-limited, T; /T, = 1
==+ SPN-limited, T; /T, = 10
SPN-limited, T; /T, = 100

1010 )

103

A | gl
102 101

Lightest neutrino mass 111 (eV)

(normal ordering)
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Forecast constraints on CvB overdensity.. 3/3

We consider an NMR experiment using liquid 12°Xe, as envisaged in future
stages of CASPEr, following their experimental specifications. waiteretal. 2025

* A hyperpolarised initial condition
(pre-r/2 pulse) is criticall

p = 1 corresponds to a pure ground state;
ingeneral 0 < |p| < 1.

6, A5 < 5.3 x 10" (

0.5
p

;

e Cf thermal polarisation:

p= tanh(

~ 1072 (

hyB

2kpT

B
10T

)(

4K
T

_ B
= 2%kpT

)

10155--“'| ey | T T T T
> §
oY 104k CASPEr (future) o
>\\ f R =1 cm, SQUID-limited 3
- [ ®,
.(71) 5
C 108 =
o)
"E KATRIN
Q i’ s
1012,_ 5 > N \\ i +
> P & IR i o
o R\ o \\\\\ 1 2
e SN T
m E=er” - * 00}\\\ ®
> 10U e ” el
O : ——. SPN-limited, T;/T; = 1 P~. 1 8
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Take-home message so far...

CvB detection with NMR is not going to happen any time soon...

* Even setting competitive limits (e.g., better than what KATRIN can do) on the CvB
overdensity represents a significant experimental challenge.

* Reducing instrumental noise, achieving O (1) polarisation, etc.

24



Now we switch gears...

Status of neutrinos in
cosmology...



How else can we learn about the CvB?

Although we cannot detect the CvB in the lab yet, we can still exploit how it
affects events that take place after its formation to constrain its properties.

Light element abundances CMB anisotropies Large-scale matter distribution

LE FIGARO-fr

Where the Expansion rate
CvB shows  Expansion rate Free-streaming Perturbation growth

up: Perturbation growth

26



What neutrino physics can we probe?

Neutrino properties that can be constrained by or inferred from precision
cosmological observations include:

'\

Absolute neutrino mass, ), m,,

Effective number of neutrinos, N, > “Standard” tests

* Deviations from SM prediction of Nggr = 3
* e.g., test for the existence of light sterile states, dark radiation, etc, __/

'\

Neutrino decay/lifetime, 7,
More exotic, but of

growing interest

Non-standard neutrino interactions

* Self, neutrino-dark matter, neutrino-dark energy
. .. _/

27



Cosmological neutrino mass bounds...

The combination of DESI+Planck appears to constrain the neutrino mass
sum to an extremely tight ), m, < 0.053 eV (95%) in a ACDM+Zm,, fit.

Elbers et al [DESI]. 2025

12

0.20

. .
. Bqupd is below the — /{, ;
Mminiumum neutrino mass 10{ —— Planck PR4 + SDSS Lya Taylor //-./ /
sum Z mv — 006 eV from i i Planck PR4 + SDSS Lya Lyssa // /
; L 81 Planck PR4 + DESI DR1 BAO 7y
neutrino oscillations. . —-= Planck PR4 + DESI DRI BAO + SDSS Lya Taylor Y./
o _ 6] —:-- Planck PR4 + DESI DR1 BAO + SDSS Lya Lyssa /
* In fact, likelihood peaks in ; 2 /
. : < 4 :
an unphysical region. i A
* Seen in both Bayesian and 24, i
frequentist analyses. ; !
. . "':t"\."'"*”""";l-
* “Negative neutrino mass” R i
-2
Loverde & Weiner 2024; : , : : : ; :
Craig, Green, Meyers & Rajendran 2024; -020 -0.15 —0.10 —0.05 000 005 010 0.5
Naredo-Tuero et al. 2024; Elbers et al. 2025 >_my [eV] Chebat et al. 2025
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Negative neutrino mass...

... is purely a phenomelogical description of the behaviours of the
cosmological observables

I

-

—0.041

* Statistical significance: (2.3 — 2.7)o

|
=}
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>
f

£
g 0.08 A -
* Excess power in CMB lensing relative to 2 06 “Negative” mass
ACDM prediction; can be mimicked if we o £ oot/ — S w
flip the suppressed power due to positive ;}j 002y - Em iy
m,, to an enhancement due to a L e T Som ot
“negative mass”. 25 -om] Positive mass
o
p
(]

250 500 750 1000 1250 1500 1750 200C

* True origin seems to lie in a mismatch in t Craig et al, 2024
the preferred (), between DESI & Planck: Background expansion rate '
Elbers et al. 2025 2\4 B 9 _
_Q,%ESI < QSnMB LoVerde & Weiner 2024 h°(2;m,,) = h*(2;0) + sgn(m,, ) x
Lynch & Knox 2025 2. - 2,
* Statistical significance: 2.30 B standara”™ (1°(23 zﬁ'n” = l) = h(z0))

Additional piece from
negative neutrino mass 29



Negative neutrino mass... 2/2

Low statistical significance, but if you really want to play the game, there
are non-standard physics scenarios that can reproduce these effects.

° Dynamical dark energy Elbers et al. 2025; Ahlen et al. [DESI] 2025
e Decaying dark matter Lynch & Knox 2025

* Decaying neutrinos Abellan 2026

e Suppressed growth rate Giare et al. 2025

* Modified recombination Lynch, Knox & Chluba 2024

* Or, more mundanely, unresolved systematics, or maybe the patch of universe we
measure is a 20 outlier?
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Summary...

The cosmic neutrino background is a prediction of the standard hot big
bang that is as fundamental as the CMB.

* Direct CvB detection in the laboratory remains out of reach.

* But we can still infer its properties by looking for its imprints on cosmological
observables.

* At face value, cosmological neutrino mass bounds are now getting very close to the
minimum neutrino mass sum ), m,, = 0.06 eV established from neutrino oscillations.

* Minor discrepancies between high-z and low-z obesrvations may be the root of some
extraordinarily tight bounds on ), m, reported in the literature.
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