BSM with cosmological neutrinos
Invisibles Workshop 2024

IN ISIBLES24

Jordi Salvado

lcaf%




Let’'s use the whole universe

HISTORY OF THE UNIVERSE A
i e \What do we look at:
B i DA CMB data is one of the most powerful
’ ‘ “ observations
4 The , fourier transform of the
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Imprint of the CMB acoustic
oscillations in the large scale structure

of the universe Late expansion
history test.

gg‘ h‘ e o g s N ;‘}’ v

BT D b e G Y

“The concept for the above figure originated In 2 1986 paper by Michael Turner. Particle Data Group, LBNL © 2015 Supported by DOE



Let’'s use the whole universe
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BSM with Cosmological Neutrinos

e [he Mass Affects different scales.

e Neutrino-Neutrino Interactions



N2l Mass Scale: Background Effect.

) ) Equation of State
Oscillations tell us
) w=1/3
neutrinos are
massive particles!
w=0

My

Fermi-Dirac

Today, the best

bound for the value —
i Expansion

of neutrino masses

comes from a

background effect.

Energy



CMB is very
sensitive to the

expansion history.
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Mass Scale: Background Effect.

CMB is very
sensitive to the . 17 poca?
expansion history. [P0 /|
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Very sensitive (EISW and Damping)




Mass Scale: Perturbations effect.

More on this “fluid” in M. Bauer Talk.

Small scale physics has an effect on the
evolution of the cosmological
perturbations.

iy
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Larger perturbations don’t get affected.




Mass Scale: Perturbations effect.

Small scale physics has an effect on the
evolution of the cosmological
perturbations.

~ I, 1
deVH

Perturbation at smaller scales get
suppressed.

This is called free streaming length, don't confuse
with mean free path, this second is related with
scattering interactions (has essentially the same

effect) Precision CMB constraints on eV-scale bosons coupled to neutrinos

sterd U.a U. Amsterdam, GRAPPA and ICC,




Where in the equations are this effects?

Ry — %ngf + Agu = 8Z4G T

V., T = ( By using this for the first order perturbations
H we generically get.

§ = —(1 Hw)(0—3¢) — 32 (2 ~(w)?d
6 = —%(1 — @— | 10‘2@25— k*oc + k%

w=1/3

when we change the volume (EOS) The
only one that appears at O(0).

Variable that relates how energy change

w=0




Where in the equations are this effects?

G
Ry — %Rgﬁw + Agu = 8:4 T

V. TH* = () By using this for the first order perturbations
H we generically get.

Variables associated to small scale physics, involved in damping and
propagation of the initial perturbations. Not Constants.



Where in the equations are this effects?

wotu-%ti|  po_lpo 4 ANg = STGHV
1Y 14 v T
By = £ (¥ - 20;) - £ Gnhy a 2 -4 n ct
¥, = 0V, —(L+1)T
¢ (2€+1) (o1 — (4 1) ¥ All can be computed from the Boltzmann eq.

vV, T" =0
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Neutrinos are far from being a perfect fluid, they do
have “viscosity” due to the efficient transfer of energy
damping the density fluctuations. They do not
interact!

Using a more sophisticated fluid approx.

Flows for the masses: A multi-fluid linear perturbation theory for massive neutrinos




Consistency of the mass

e Cosmology can in

e If no other (scale dependent) effect is present, both should be consistent
with the same value of the mass.

e It will be great to measure both effects separately, the consistency would
make the measurement of the mass much robust or the inconsistency
point towards new physics.

We can use two different
mass parameters
consistently in the formalism
More Later and perform the full

Mg = D&V, Mgty — L cosmological fit.

Mpkg = 1 eV, Mpey = 1eV

For some preliminary
500 000 IS0 2000 %500 results on this + nu-dm

interactions: Toni’s talk
Paper soon with: T. Bertolez-Martinez, |. Esteban, R. Hajjar, O. Mena. arXiV 2407 . XXXXX and poster.




BSM with Cosmological Neutrinos

e [he Mass

e Neutrino-Neutrino Interactions

One of many possible realization of a mismatch
between background and perturbations (scale
dependent physics).



Interactions by light mediators ;

Standard Model of Elementary Particles + Gravity

three generations of matter interactions / force carriers
(fermions) (bosons)
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There are many neutrinos in the universe

HISTORY OF THE UNIVERSE A _
Dork energy The fact that the universe expands tells us:
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Can we test neutrino properties (beyond the mass)?

Widely studied!

Heavy

Dy f(z,p,t) =|C|f(z, p,t)]




Can we test neutrino properties (beyond the mass)?
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Heavy
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There is room for
neutrinos, but high energy
physics may be better to
test this part.

C— Lint ~ 10_96V_1

A few orders of magnitude to be explored!
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Can we test properties beyond the mass?

Widely studied!

Heavy
D, f(z,p,t) =|C|f(z,p,t)]
We want to neglect , ) W . lect
: . Let’s explore the central region where both e want to negiec
cosmological fifth th tteri
force scenarios effects: cosmology large scales and S e it tilike
scatterings can be neglected. interactions.
1/Mpc ~ 10~ 2eV g <1077 & 7+ ~ O(10°) = Ly ~ 10°km

Lyt ~ 10 %eV 1

We want to stay in this range

L¢ E { ]_02 km’ 1019 km} to isolate and better illustrate

the relevance of this effects.




A simple setup

Long Range Interactions in Cosmology: Implications for Neutrinos

We Wl“ StUdy the “SlmpleSt” Case, a ||ght Scalar fleld Ivan Esteban (Ohio State U., CCAPP and Ohio State U. and Barcelona U.), Jordi Salvado (Barcelona U.)

The scalar field will extend in a
range given by its mass.

Non trivial effects are expected
when the interaction range is of
order of the interparticle distance.



W$How the Universe Evolves?
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What is the current data telling us?

20 credible regions

Bl Planck + BAO, LRIv e BAO data plays an important role.
e But the new long range weakly coupled

physics still relaxes drastically the
cosmological mass bound.

Complementarity with other experiments:

e Neutrino oscillations can tell something
about a part of the parameter space,

e A positive result by KATRIN is possible
and will point to new physics.

107 1 10-T 107 10° 10° 10" 60 7007
> m,[eV] i eV | H, [1{111.\' ! Mpe 1]




Let's speculate about the Future (Euclid)

s —
A »

We will reach a precision for the
large-scale structure that may
reveal the mass scale for
neutrinos!

Forecast: Possible

outcomes for EUCLID on
neutrino masses

We create
data The bound is What do we
consistent apparently learn?
with: excluding
oscillation physics




Apparent contradiction between cosmology and experiments

Y

20 credible regions

Complementarity with experiments:

e EUCLID may exclude the minimum
mass allowed by oscillation physics.

Hint for new
physics

10—+ 10 10° 10° 107
774 CAARE

(a) - mbue =0.024 eV




The future is even better? (“expected” result by Euclid)

20 credible regions

10-1 101 10 10° 107
%[(\1]

(b) Y_mirue = 0.08eV

Complementarity with experiments:

e EUCLID may explore part of an still
unexplored parameter space.

We may exclude
part of the

new-physics
parameter space.




Lensing Anomaly

The light from the CMB can
get a lensing effect due to
traveling in the large scale
structure of the universe.

This effect can be scaled
with a parameter

If all is consistent:

— X .
U(xm;n0 — X)
X x X

Non-standard neutrino cosmology dilutes the lensing anomaly

Ivan Esteban,? * Olga Mena,® T and Jordi Salvado®:?




Lensing Anomaly and long range interactions

go in the

The light scalar interactions
produce the right effect.

Alens =1.1801+0.065
—= >m,=3eV;gm,/M,=10 -
> m,=3eV; gm,/M =103
=== Y m,=1eV; gm,/M4;=i10

Lensing anomaly artificially
enhance the mass bound.

S.Petcov talk conservative bound let A_eff free. £

500 1000 1500 2000




Lensing Anomaly and long range interactions

TTTEEE-+lowl+lensing+BAO

High values of g/M help to
alleviate the tension.

90% credible regions
[nteracting neutrinos

ACDM

AxZr = X3 (Atens = 1) — xr (Atens # 1)
TTTEEE+lowl TTTEEE+lo
Plik (reference): ACDM
Plik (reference): Self-interac
CamSpec (altern: CDM

CamSpec (alternative): Self-interactions

1 70.0
eV > my [eV] Hy [km/s/Mpc]

9
M,



Conclusions

The discovery of neutrino oscillations is telling us that in the next
few years LSS measurement in cosmology are going to be highly
relevant in neutrino physics.

A robust measurement of a mass scale must be consistent along
the physics of the cosmic evolution at different scales. (Soon)
DESI bound of 0.072 eV is a background driven bound.

Cosmology, due to the large occupation number can test physics
that can not be tested with other experiments (especially for
neutrinos).

Working progress: nu-dm interactions with Toni Bertolez and Justo
Lopez-Sarrion. (Toni's poster, ask him)



Thanks!
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From Boltzmann to a Fluid

§ = —(1+w)(0—34) —32(c2 —w) 4
6= —9(1 3wl — <20+ k5 — Ko + k>
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2 P

o — . S
P = S T et [ h@e bl by = tw, kg
= ' ¢ dln
= 3 (rw) quq fo(q)\Ilz(k,q,'r) \1,1:31(\1,0_2\112)_3_(1 dan;O¢

001 — (£+1) %]

Neutrinos are far from being a perfect fluid, \j:je —
they do have “viscosity” due to the efficient
“effective” transfer of energy in the small

degrees of freedom. They do not interact!

(ze+1)



From Boltzmann to a Fluid

5:—(1+w)(9—3q5)—3-j-(c§—w)5
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1+ w 1+w
. Zp
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Neutrinos are far from being a perfect fluid, U, = (2£+1) 00, — (L +1)T,]

they do have “viscosity” due to the efficient
“effective” transfer of energy in the small More on
degrees of freedom. They do not interact!

Flows for the masses: A multi-fluid non-linear perturbation theory for massive neutrinos




A simple setup

We will study the “simplest” case, a light scalar field:

—— f(p):L !

(2m)3er/T 4+ 1

S — /\/ng“X (-%Dung“qb — %M?,qbz + iy Py — moprp — gcbd_"eb)

e Fermions have a effective mass given by the
Let's have a look a the equations of motion: value of the scalar field.

Dirac Equation: m(¢) = mo + g
iDyp — (mo+ gp)p =0

e The scalar field is suppressed by large

momentum (relativistic fermions)
Klein-Gordon Equation:

—D, D" ¢ + M3 ¢p= —gipa)
N——

D3H¢




Phenomenological Regimes

We will study the “simplest” case, a light scalar field:



How the Universe Evolves?
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Perturbations (instability)

f= fb(q)[l + \U(C—ia T, )?)]

dlog fy
v, — ¢ ,
1 ¢dlogq’

. m k dlog fy

Vo —2W,) — |ey) + gdp—a? | — :
k

- (251 elWes = (4 DVe] W22,

The new interaction is much stronger than gravity.

It's unstable for most of the parameter space.

Neutrinos will collapse
much faster that any cosmological scale O(100yrs) and

in structures much smaller than any cosmological scale
O(100km-pc)

On the stability of Dark Energy with Mass-Varying Neutrinos

Niayesh Afshordi, Matias Zaldarriaga (Harvard), Kazunori Kohri (Harvard/Osaka)

¢ = ¢0(7—) €3 5¢()_<’*7-)
For My > H,
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From a cosmological
perspective: we can
just switch to a
non-relativistic “dust”
made of neutrino
nuggets when the
instability happens.




How the Universe Evolves (instability)?

—
Expansion

gmo _ 102
Y 10
— gmoy _ 14
¥ = 10

PE—— . P 6
M, = 10

No interaction

e Essentially the same as before where we
perform the instantaneous transition when
the system becomes unstable.

Physics implemented in:

) github.com/jsalvado/class_public_lrs
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Impact in the CMB

ilk damping

—— ACDM, Y m, =0

> my, =3eV
gm _ 10

gmo _ 2
M, — 10

The new physics dramatically
change the equation of state, i.e.
the transition to non-relativistic.
This may strongly affect the CMB




Y Impact in the CMB

ilk damping
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The new physics dramatically
change the equation of state, i.e.
the transition to non-relativistic.
This may strongly affect the CMB




Full Power Spectrum by EUCLID
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