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Stars are good particle laboratories

* Energy Loss arguments allow us to prove BSM scenarios in stars:
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Stars are good particle laboratories

* Energy Loss arguments allow us to prove BSM scenarios in stars:
> Direct search of sun emission
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Stars are good particle laboratories

° Energy Loss arguments allow us to prove BSM scenarios in stars:
> Direct search of sun emission
> Tip of the Red Giant Branch brightness
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Stars are good particle laboratories

° Energy Loss arguments allow us to prove BSM scenarios in stars:

> Direct search of sun emission
> Tip of the Red Giant Branch brightness
> Core-Collapse Supernovae

NASA, ESA, P. Challis and R. Kirshner
(Harvard-Smithsonian Center for Astrophysics)
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Core-Collapse SN

. . Prpgsnitnr (~ 15 M)
e (Lifetime: 1 ~ 2:10"y)

€ +p—=n+V,

and
Photodisintegration
of Fe Nuclei
"White Dwarf"
° (Fe—Core)
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adapted from A. Burrows (1990)
Janka, https://indico.cern.ch/event/1037035/



Core-Collapse SN

Pragenltnr (~15 M@}
(L|fet|me 1~2+10" y)

f N

e +p—=n+V, Collapse of

and
Photodisintegration
of Fe Nuclei
"White Dwarf" 30000 — 60000 km/s
° (Fe—Core) (R ~ 10000 km)
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Core-Collapse SN

Pragenltnr (~15 M@}
(L|fet|me 1~2+10" y)

Sose > | K

adapted from A. Burrows (1990)
Janka, https://indico.cern.ch/event/1037035/

-q—
e +p—=n4+V, Collapse of
and Core (~1.5M,) \ / \ /
Photodisintegration
of Fe Nuclei
"White Dwart" 30000 - 60000 km/s
° (Fe—Core) (R ~ 10000 km)
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Core-Collapse SN

v emitted with E~10 Mev

Late Protoneutron Star
(R ~ 20 km)

Duration of v pulse, T~10 s
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Janka, https://indico.cern.ch/event/1037035/
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Core-Collapse SN: SN1987A

* Observed v’'s: Average energy ~10 MeV, duration of pulse ~10 s
Koshiba, M. Phys. Rept. 220, 229 (1992)
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Limit on new cooling
mechanisms

Late Protoneutron Star
(R ~ 20 km)
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Limit on new cooling
mechanisms

Raffelt, G.G. Phys. Rept. 198, 1 (1990)

Used in the litearture to constrain many models

Late Protoneutron Star
(R ~ 20 km)
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Limit on new cooling
mechanisms

Raffelt, G.G. Phys. Rept. 198, 1 (1990)

Used in the litearture to constrain many models

Late Protoneutron Star
(R ~ 20 km)

* Axion couplings

> Nucleons

N,—»——————N;

lwamoto PRL53 (1984) 1198, Giannotti&Nesti PRD72 (2005) 063005

No——t— Ny
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Limit on new cooling
mechanisms

Raffelt, G.G. Phys. Rept. 198, 1 (1990)

Used in the litearture to constrain many models

Late Protoneutron Star

(R ~ 20 km)

* Axion couplings
> Nucleons

> Muons

Bollig et al. PRL 125 (2020) 051104,Croon et al. JHEP 01 (2021) 107
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Limit on new cooling
mechanisms

Raffelt, G.G. Phys. Rept. 198, 1 (1990)

Used in the litearture to constrain many models

Late Protoneutron Star

* Axion couplings
(R ~ 20 km)
> Nucleons
> Muons
* Neutrino properties

Raffelt and Seckel Phys. Rev, Lett. 60 (1988) 1793.
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Strange cooling mechanism
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Strange cooling mechanism: Hyperons!
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Strange cooling mechanism: Hyperons!

* PNS reach T and p that enables A hyperon production.
M. Oertel et al. Rev. Mod. Phys. 89, 015007
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Strange cooling mechanism: Hyperons!

* PNS reach T and p that enables A hyperon production.
M. Oertel et al. Rev. Mod. Phys. 89, 015007

* A\ decay to a massless dark boson X°
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Strange cooling mechanism: Hyperons!

* PNS reach T and p that enables A hyperon production.
M. QOertel et al. Rev. Mod. Phys. 89, 015007

* A\ decay to a massless dark boson X°
* Spectrum of dark cooling rate

Ll u
d milw [
Ao ._dq @ _milw [T ap - )
: q dw 270 [g,
1= L i
RN . I': A — n XY rate in vacuum
TS f f : Fermi-Dirac distributions

Ey : Minimum energy to produce X° with w
w : Energy of X°in Arest frame
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Strange cooling mechanism: Hyperons!

* PNS reach T and p that enables A hyperon production.
M. QOertel et al. Rev. Mod. Phys. 89, 015007

* A\ decay to a massless dark boson X°
* Spectrum of dark cooling rate

L ]
d msTw [
A d . - d n Q f— A2_ dE fA(l - fn)
) q dw 270 Jg,
- - L -
o . [: A — nXYratein vacuum
N f : Fermi-Dirac distributions

Ey : Minimum energy to produce X° with w
w : Energy of X°in Arest frame

* Approximations:

> Nonrelativistic

> Ignore Pauli blocking

TMA — My K< My,
> Free Fermi gas approximation
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Strange cooling mechanism: Hyperons!

* PNS reach T and p that enables A hyperon production.
M. QOertel et al. Rev. Mod. Phys. 89, 015007

* A\ decay to a massless dark boson X°
* Spectrum of dark cooling rate

L ]
. . , -
d _ d dQ _mAFW
A - > n d — 9 5 — dEfA(l_fn)
_ d W W J g,
> = L =
o . [: A — nXYratein vacuum
N f : Fermi-Dirac distributions

Ey : Minimum energy to produce X° with w
w : Energy of X°in Arest frame

* Approximations:

> Nonrelativistic
_mA—mn
> |gnore Pauli blocking Q ~ npa(mp — my)l >~ n,(my —m,)le T
Martin Camalich et al. PRD 102 (2020) 1, 015023

TMA — My K< My,
> Free Fermi gas approximation
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Reabsorption and trapping

» X° could be absorbed by the inverse process.
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Reabsorption and trapping

» X° could be absorbed by the inverse process.

* From the detailed balance analysis we get the mean free path and the
optical depth.

.21“ o0 o0
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Reabsorption and trapping

» X° could be absorbed by the inverse process.

* From the detailed balance analysis we get the mean free path and the
optical depth.

.21“ o0 o0
Aj:mﬂzf dE(1 — ) fn — T(w;r):/ Ao (7))t

T
Ey

[

* This affects the total luminosity

< d
Ly = / a7 / dw Q(T)e—ﬂw“)
0 dw
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Reabsorption and trapping

» X° could be absorbed by the inverse process.

* From the detailed balance analysis we get the mean free path and the
optical depth.

.21" o0 o0
Aj:mﬂzf dE(1— fa)fa = T(w,r):f M, ()L

T
Ey

[

* This affects the total luminosity

o d
Lq = / d’r / 2o 2 o
0 dw

e In the strong coupling limit: A <<R

71'3

L = %98 R?chil
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Supernova simulations and EoS

 We use latest 1D SN1987A simulations
Bollig et al. PRL 125 (2020) 051104
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Supernova simulations and EoS

 We use latest 1D SN1987A simulations
Bollig et al. PRL 125 (2020) 051104

Equation  Progenitor NS bary. NS grav.
Model name  of state  mass (M) mass (M) mass (M)

SFHo-18.8  SFHo 18.8 1.351 1.241
SFHo-18.6  SFHo 18.6 1.553 1.406
SFHo-20.0  SFHo 20.0 1.947 1.712
L.S220-20.0 LS220 20.0 1.926 1.707

* Two EoS: Lattimer & Swesty and Steiner, Hempel & Fischer
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Supernova

simulations and EoS

 We use latest 1D SN1987A simulations
Bollig et al. PRL 125 (2020) 051104

Equation  Progenitor NS bary. NS grav.
Model name  of state  mass (M) mass (M) mass (M)

SFHo-18.8  SFHo 18.8 1.351 1.241
SFHo-18.6  SFHo 18.6 1.553 1.406
SFHo-20.0  SFHo 20.0 1.947 1.712
L.S220-20.0 LS220 20.0 1.926 1.707

* Two EoS: Lattimer & Swesty and Steiner, Hempel & Fischer

(Jod

10}

1013

Density (g/cm®)

— SFHo-18.8
10"2} — SFHo-18.6
— SFH0-20.0
— 18220-20.0

10"

60

50¢

Temperature (MeV)
N w
C.> o

— SFHo-18.8
— SFHo-18.6
| — SFH0-20.0
— LS220-20.0

5 10

15 20 5 10 15 20

Radius (km) Radius (km)

Jorge Terol Calvo - IAC & ULL

Supernova constraints on dark flavored sectors

31



Supernova simulations and EoS

 We use latest 1D SN1987A simulations
Bollig et al. PRL 125 (2020) 051104

Equation  Progenitor NS bary. NS grav.
Model name  of state  mass (M) mass (M) mass (M)

SFHo-18.8  SFHo 18.8 1.351 1.241
SFHo-18.6  SFHo 18.6 1.553 1.406
SFHo-20.0  SFHo 20.0 1.947 1.712
L.S220-20.0 LS220 20.0 1.926 1.707

* Two EoS: Lattimer & Swesty and Steiner, Hempel & Fischer
> But this EoS do not include hyperons
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Supernova simulations and EoS

* EoS with hyperons: LS220A and SFHoY
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Supernova simulations and EoS

* EoS with hyperons: LS220A and SFHoY

* Consistent with the SN simulations? YES
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Supernova simulations and EoS

* EoS with hyperons: LS220A and SFHoY

* Consistent with the SN simulations? YES
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Supernova simulations and EoS

* E0S with hyperons > retrerredice gnd SFHOY

* Consistent with the SN simulations? YES
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Supernova simulations and EoS

 We use latest 1D SN1987A simulations

Bollig et al. PRL 125 (2020) 051104

1

e
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Equation  Progenitor

Model name  of state  mass (M) mass (M) mass (M)

SFHo-18.8
SFHo-18.6
SFHo-20.0
L.S220-20.0

SFHo 18.8
SFHo 18.6
SFHo 20.0
L.S220 20.0

NS bary. NS gra’
1.351 1.241
1.553 1.406
1.947 1.712
1.926 1.707

Supernova constraints on dark flavored sectors
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Supernova simulations and EoS

 We use latest 1D SN1987A simulations
Bollig et al. PRL 125 (2020) 051104

5 Equation ~ Progenitor NS bary. NS gratyn #
/ Model name  of state  mass (M) mass (M) mass (M)
SFHo-18.8  SFHo 18.8 1.351 1.241
SFHo-18.6  SFHo 18.6 1.553 1.406
SFHo-20.0  SFHo 20.0 1.947 1.712
L.S220-20.0 1.S220 20.0 1.926 1.707

e Medium effects: SFHoY

E%:\/ﬁ +m*%?+v%
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Supernova simulations and EoS

 We use latest 1D SN1987A simulations
Bollig et al. PRL 125 (2020) 051104

i Equation  Progenitor NS bary. NS gra’
(/ Model name  of state  mass (M) mass (M) mass (M)
SFHo-18.8  SFHo 18.8 1.351 1.241
SFHo-18.6  SFHo 18.6 1.553 1.406
SFHo-20.0  SFHo 20.0 1.947 1.712
L.S220-20.0 L1S220 20.0 1.926 1.707

e Medium effects: SFHoY

E%:\/ﬁ +m%2+v%

t

Effective mass
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Supernova simulations and EoS

 We use latest 1D SN1987A simulations
Bollig et al. PRL 125 (2020) 051104

i Equation  Progenitor NS bary. NS gra’ '
(/ Model name  of state  mass (M) mass (M) mass (M) \)
SFHo-18.8  SFHo 18.8 1.351 1.241
SFHo-18.6  SFHo 18.6 1.553 1.406
SFHo-20.0  SFHo 20.0 1.947 1.712
L.S220-20.0 L1S220 20.0 1.926 1.707

e Medium effects: SFHoY

E%:\/ﬁ +m%2+v%

t 1

Effective mass  Self energy
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Supernova simulations and EoS

 We use latest 1D SN1987A simulations
Bollig et al. PRL 125 (2020) 051104

* With CompOSE database we include this EoS with hyperons in the
simulations
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Dark luminosity
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Dark luminosity
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Dark luminosity
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Flavoured dark sector

e Portals connect the SM with dark sectors

Standard Model of Elementary Particles and Gravity
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Flavoured dark sector

e Portals connect the SM with dark sectors

Standard Model of Elementary Particles and Gravity

hree generalons ofmaber

Inkerac lons / bree carmers
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Flavoured dark sector

e Portals connect the SM with dark sectors

Standard Model of Elementary Particles and Gravity
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Flavoured dark sector

e Portals connect the SM with dark sectors

Standard Model of Elementary Particles and Gravity
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Flavoured dark sector

 Portals are usually assumed to have universal couplings to SM
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Flavoured dark sector

* Portals can have a rich flavour structure.
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Flavoured dark sector

* Portals can have a rich flavour structure.
> Dark Flavour exists:
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Flavoured dark sector

* Portals can have a rich flavour structure.

> Dark Flavour exists:

e The axion
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Flavoured dark sector

* Portals can have a rich flavour structure.

> Dark Flavour exists:

e The axion

> The axiflavon - solution to flavour puzzle + QCD axion
Wilczek PRL 49 (1982) 1549, Calibbi et al. PRD 95 (2017) 095009
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Flavoured dark sector

* Portals can have a rich flavour structure.

> Dark Flavour exists:

* The axion
> The axiflavon - solution to flavour puzzle + QCD axion
Wilczek PRL 49 (1982) 1549, Calibbi et al. PRD 95 (2017) 095009
> QCD axion with non universal PQ charges

_Oua 1
2f. N
Di Luzio et al. Phys.Rept. 870 (2020) 1-117

L, =

[fL (UJ{TXfLUg) fo+ Ir (U}I;TXfRU}J;) fR}
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Flavoured dark sector

* Portals can have a rich flavour structure.

> Dark Flavour exists:

* The axion
> The axiflavon - solution to flavour puzzle + QCD axion

Wilczek PRL 49 (1982) 1549, Calibbi et al. PRD 95 (2017) 095009
> QCD axion with non universal PQ charges

oua 1
2fa N

Di Luzio et al. Phys.Rept. 870 (2020) 1-117

L, =

[fL (UJ{TXfLUg) fo+ Ir (U}I;TXfRU}J;) fR}

> Radiative SM corrections generate flavour violation
H. H

PRGN Martin Camalich et al. PRD 102 (2020) 1, 015023
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Flavoured dark sector

* Portals can have a rich flavour structure.

> Dark Flavour exists:

* The massless dark photon
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Flavoured dark sector

* Portals can have a rich flavour structure.

> Dark Flavour exists:

* The massless dark photon

> Not tree level couplings to SM fermions
Holdon, PLB 166 (1986) 196, del Aguila et al. NPB 456 (1995) 531
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Fabbrichesi et al., arXiv: 2005.01515
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Flavoured dark sector

* Portals can have a rich flavour structure.

> Dark Flavour exists:

* The massless dark photon

> Not tree level couplings to SM fermions
Holdon, PLB 166 (1986) 196, del Aguila et al. NPB 456 (1995) 531

/ . . .
Ap Ay, * Couples through higher dimension operators
/ %PMV(GLU'MVCMI’}MR + qLO-ILVCdeR + ZLO"“'CeHeR + H.C.).
© ce! © Dobrescu, PRL 94 (2005) 151802
SM DS

Fabbrichesi et al., arXiv: 2005.01515
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Flavoured dark sector

* Portals can have a rich flavour structure.

> Dark Flavour exists:

* The massless dark photon

> Not tree level couplings to SM fermions
Holdon, PLB 166 (1986) 196, del Aguila et al. NPB 456 (1995) 531

/ . . .
Ap Ay * Couples through higher dimension operators
/ #PMV(GLU'MVCMI’}MR + qLO-ILVCdeR + ZLO"“'CeHeR + H.C.).
c ce! ¢ Dobrescu, PRL 94 (2005) 151802
SM DS * Can arise in models with a natural origin for
Fabbrichesi et al., arXiv: 2005.01515 flavor. Fabbrichesi et al. PRL 119 (2017) 031801
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The QCD axion

oua

- . V,A _ V,A
® L,= ww”(c}§+c£75)wj with F_ ) = 2fa/csd

21,
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The QCD axion

oua

o [, —

- _ V,A _ V,A
2 %’Y”(CE;WLCS%)% with FSd = 2fa/csd

FY>71x10°GeV  F% > 52 x 107 GeV
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The QCD axion

Oua

o _
Fa= 55,

- : V,A __ V,A
Piy* (cg + Cé%)% with Fsd — 2fa/csd

F; [GeV]
1013 1012 101! 1010 10° 108 107 109 10°

F4%>52x%x10° GeV

‘ ‘ ‘ |Fe |Fy  Fyprosp) | F, ‘
10~° 1073 104 1073 102 1071 10° 10!
M, efr [€V]
Martin Camalich et al. PRD 102 (2020) 1, 015023
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The ALP
1

® Larp=Ly+ 5™

Jorge Terol Calvo - IAC & ULL
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The ALP

1
® Larp=Ly+ imiaQ

* Approx. the same bound as QCD axions except for m, >~ ma — m,,

1x 1010
5x10°F
— \
= \
G !
—_— 1
W . |
0% Vector i
. Axial |
5x10°} ]
i
0.00 0.05 0.10 0.15

m, [GeV]
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The Dark Photon

1

® Ly =gt (CV+iCr) v Fy,
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The Dark Photon

1

® Ly =gt (CV+iCr) v Fy,

AUV ZJ 1.2 x 1010 GeV

( Assuming (|C%[? + [C&|?) ~ 1)
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The Dark Photon

1

0 Ly= o (CV +iClns) usE,

Auy 2 1.2 x 10! GeV

ep
Co)

qq
C)

C‘éf) A — ny
A —ny' (SN)

103 10* 10° 10° 10’ 108 10° 1010
Auv/|C | (GeV)
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The Dark Photon

® Future experiments should reach higher sensitivities
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The Dark Photon

* Future experiments should reach higher sensitivities

Kaons Hyperons

Decay mode Max branching ratio Decay mode Max branching ratio
K" sa7’A 13x10" (7.8x10° ") A — nA’ 1.4x 107" (8.0x107")
Kt 5 7atyA" 32x107° (19x107 ') nt 5 pA’ 8.3x 1077 (4.9 x 1077
K, — 1oy A 59 % 107° (3.4x 107 ) =) 5 x0A’ 52x107° (3.0 x 1077)
K, »nn"A 56x107" (3.2x107') =0 5 AA’ 2.4 x107° (1.4 x1077)

K, —~A 6.8 x 1077 (4.0 x 10~%) = »>2 A 61x10° (3.6x1077)

K, — inv. 1x107" (65x107'%) Qx4 61x107° (3.6x10°)

E. Goudzovski et al. ArXiv: 2201.07805
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The Dark Photon

* Future experiments should reach higher sensitivities

Kaons Hyperons

Decay mode Max branching ratio Decay mode Max branching ratio
K" —saaA  13x10|(7.8x107 ) A —nA’ 1.4x10°| (8.0x 107")
Kt 5 atyA"  32x107°(19x 107" nt 5 pA’ 83x 107 "|(49x 107"
K, — 1oy A 5.9 x 107 (3.4 x 107 ) =) 5 x0A’ 5.2 % 107 (3.0 x 1077)
K, »nn”A 56x1077|(3.2x107") =0 5 AA’ 2.4x107° (1.4 x 1077)

K, —~A 6.8 x 107 (4.0 x 10~%) = 524 6.1x107% (3.6 x1077)

K, — inv. 1x10°" [(65x107°)] Q@ %A 61x10 7 (3.6x107°)

E. Goudzovski et al. ArXiv: 2201.07805
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Takeaway message

Astrophysics can be a great source of information on new
physics scenarios including flavour

Jorge Terol Calvo - IAC & ULL Supernova constraints on dark flavored sectors

71



Takeaway message

Astrophysics can be a great source of information on new
physics scenarios including flavour

Flavour

Phisics

Astrophysics
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