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The QCD-axion

Axions are among the best motivated, most sought-after particles beyond the SM :
* Elegant solution to the strong CP problem:

2 B a
0Lqcp = 03332(}(} 6] <1070 o) (0 — — with (a)=0
@ O is promoted to a f a
dynamical field

L. Vittorio (Sapienza U. of Rome & INFN)



The QCD-axion
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* Elegant solution to the strong CP problem:

2 5 a
0Lqcp = 93332GG 6] <1070 o) (0 — — with (a)=0
n O is promoted to a f a
dynamical field

* Generically expected to be light:
(the axion is the pNGB

1012 GeV associated to the spontaneous
fa breaking of a global U(1),,

symmetry)

Peccei, Quinn, PRL 1977
Weinberg, PRL 1978

mqe = 5.691(51) pueV

Gorghetto, Villadoro, JHEP ‘19 [1812.01008]
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Peccei, Quinn, PRL 1977
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Gorghetto, Villadoro, JHEP ‘19 [1812.01008]

e Excellent DM candidate

J. Preskill, M. B. Wise and F. Wilczek, PRL 1983
L. F. Abbott and P. Sikivie, PLB 1983
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The QCD-axion

The axion interacts with SM particles. Some of the corresponding terms in the Lagrangian read:

Di Luzio, Giannotti, Nardi, Visinielli, Phys.Rept. 870 (2020) 1 [2003.01100] Jary = o Cay
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The QCD-axion

The axion interacts with SM particles. Some of the corresponding terms in the Lagrangian read:
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The QCD-axion

The axion interacts with SM particles. Some of the corresponding terms in the Lagrangian read:
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The QCD-axion

For what concerns the coupling of the axions with light generations of quarks, the relevant
Lagrangian terms read

0,a _
Laxion—quark — %q (kR7% + kl—/yl/:b) q
a
q=(ud,s)T
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The QCD-axion

For what concerns the coupling of the axions with light generations of quarks, the relevant
Lagrangian terms read
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The QCD-axion

For what concerns the coupling of the axions with light generations of quarks, the relevant
Lagrangian terms read

9 ki1 O 0
Laxion—quark — %Cj @—Y% +@Y/[f) q kL,R = 0 @22 k23
q = (u, d, S)T Axion-quark couplings O k23 k33 L R

At low-energy, within a rigorous EFT description,
based on Chiral Perturbation Theory (ChPT)
Georgi, Kaplan, Randall, PLB 1986

0,a
Laxion—hadron — ; (X[g(kR)Jg’b( ;B)+Xf(kL)JtL’b( ,B))
a
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The QCD-axion
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the fundamental k-couplings



The QCD-axion

For what concerns the coupling of the axions with light generations of quarks, the relevant
Lagrangian terms read

9 ki1 O 0
Laxion—quark — %q @—Y% +@Yf) q kL,R = 0 @22 k23
q = (u, d, S)T Axion-quark couplings O k23 k33 L R

At low-energy, within a rigorous EFT description,
based on Chiral Perturbation Theory (ChPT)
Georgi, Kaplan, Randall, PLB 1986

0,3
L axion—hadron = = (X/g(kR)Jg’b( ;B)+Xf(kL)JtL’b( ,B))

fa In short: ChPT
1 1 t 1 augmented
axion-hadron couplings baryon-octet with an axion!
parametrized in terms of field

the fundamental k-couplings



Axion-quark couplings

In short: the axion-hadron dynamics can be parametrized in terms of the fundamental k-
couplings (i.e. axion-quark couplings). In general, we have ten parameters to deal with:

(kV,A)11,22,33,23,32 -[ kv A = kr £ kL }
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Real by hermiticity
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(kV,A)11,22,33,23,32 -[ kv A = kr £ kL }

Real by hermiticity One complex number
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Axion-quark couplings

In short: the axion-hadron dynamics can be parametrized in terms of the fundamental k-
couplings (i.e. axion-quark couplings). In general, we have ten parameters to deal with:

(kV,A)11,22,33,23,32 -[ kv A = kr £ kL }

Real by hermiticity One complex number

(kv)ii are unobservable aside from weak-interaction contributions, which are suppressed :

w 4G .
L((JU)B = = TZFVUSVud 98 (LpL¥*)32 + h.c.
with (L*)7? = e'7a (% =95) ((jIEU))Zj) n (jIEB))Zj)) _ Bauer et al., PRL ‘21 [2102.13112]
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Axion-quark couplings

In short: the axion-hadron dynamics can be parametrized in terms of the fundamental k-
couplings (i.e. axion-quark couplings). In general, we have ten parameters to deal with:

(kV,A)11,22,33,23,32 -[ kv A = kr £ kL }

Real by hermiticity One complex number

(kv)ii are unobservable aside from weak-interaction contributions, which are suppressed :
_4Gr
V2

with (L*)7* = et (P —9;) <(‘7(U))Z’j) 4 (j(B))u ) _ Bauer et al,, PRL ‘21 [2102.15112]

L L /(ij)
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Seven parameters left !!



Probes of axion-quark couplings

The axion couples to matter derivatively. Thus, QCD axion’s couplings are generally tiny!
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Probes of axion-quark couplings

The axion couples to matter derivatively. Thus, QCD axion’s couplings are generally tiny!

Astrophysics offers very interesting environments in which we can test such couplings,
namely dense and hot enough compact objects, which may radiate axions (in a BSM picture)
and, thereby, cool down faster (than expected from established mechanisms) !
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Probes of axion-quark couplings

The axion couples to matter derivatively. Thus, QCD axion’s couplings are generally tiny!

Astrophysics offers very interesting environments in which we can test such couplings,
namely dense and hot enough compact objects, which may radiate axions (in a BSM picture)
and, thereby, cool down faster (than expected from established mechanisms) !

In order to obtain interesting contraints on QCD axion’s couplings with light generations of
qguarks, we are going to analyze two different probes in what follows:

* Exotic sources of cooling of core-collapse SuperNovae (SNe)

|

v

Constraints from axion emission Constraints from axion absorption @ Cherenkov exps.

L. Vittorio (Sapienza U. of Rome & INFN)



Probes of axion-quark couplings

The axion couples to matter derivatively. Thus, QCD axion’s couplings are generally tiny!

Astrophysics offers very interesting environments in which we can test such couplings,
namely dense and hot enough compact objects, which may radiate axions (in a BSM picture)
and, thereby, cool down faster (than expected from established mechanisms) !

In order to obtain interesting contraints on QCD axion’s couplings with light generations of
qguarks, we are going to analyze two different probes in what follows:

* Exotic sources of cooling of core-collapse SuperNovae (SNe)

|

v

Constraints from axion emission Constraints from axion absorption @ Cherenkov exps.

* Three-body Kaon decays into final states w/ an axion » Kg — mma, Kg — upa

L. Vittorio (Sapienza U. of Rome & INFN)
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1. Axion bounds
from Supernovae



Core-collapse supernovae

Quite massive stars (more massive than at least 8M ) develops an iron core, thanks to silicon burning processes.

Sketch of the “onion-like” layers of
a quite massive star
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Core-collapse supernovae

Quite massive stars (more massive than at least 8M ) develops an iron core, thanks to silicon burning processes.

The medium starts to become instable dgjﬁe to two reactions: J—
« Photodissociation of iron v+ "Fe—13a + 4n
* Electron capture e tp—n+uy,

Sketch of the “onion-like” layers of
a quite massive star
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Core-collapse supernovae

Quite massive stars (more massive than at least 8M ) develops an iron core, thanks to silicon burning processes.

The medium starts to become instable due to two reactions:

 Photodissociation of iron v+ °Fe — 13a + 4n
* Electron capture e +p—n+v,
‘ Onset of the core collapse ! A K

A
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Core-collapse supernovae

Quite massive stars (more massive than at least 8M ) develops an iron core, thanks to silicon burning processes.

The medium starts to become instable ng()e to two reactions:
* Photodissociation of iron v+ "Fe—13a + 4n
* Electron capture e +p—n+v,

‘ Onset of the core collapse !

A ¥

The core becomes hotter and denser: in particular, when the
density is ~ 10! g cm™ neutrinos become trapped in the core
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Core-collapse supernovae

Quite massive stars (more massive than at least 8M ) develops an iron core, thanks to silicon burning processes.

The medium starts to become instable due to two reactions:

 Photodissociation of iron v+ °Fe — 13a + 4n
* Electron capture e +p—n+v,
‘ Onset of the core collapse ! A ,

The core becomes hotter and denser: in particular, when the
density is ~ 10! g cm™ neutrinos become trapped in the core

However, at a certain point the density reaches the critical value
~ 10!* g cm™3: nuclear matter becomes incompressible
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Core-collapse supernovae

Quite massive stars (more massive than at least 8M ) develops an iron core, thanks to silicon burning processes.

The medium starts to become instable dgj()e to two reactions:
« Photodissociation of iron v+ "Fe—13a + 4n

* Electron capture e +p—n+v,

‘ Onset of the core collapse !

The core becomes hotter and denser: in particular, when the (__ __)
density is ~ 10! g cm™ neutrinos become trapped in the core
However, at a certain point the density reaches the critical value 1 k

~ 10!* g cm™3: nuclear matter becomes incompressible

‘ Bounce of infalling matter and
formation of a shock-wave
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Core-collapse supernovae

This shock wave moves outward, depositing energy and thus dissociating the nuclei of the medium as it passes!

This effects induces a sudden decrease of the coherent
neutrino cross-sections and, thus, to a break-out of the
neutrino luminosity.

"

<——.—>
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Core-collapse supernovae

This shock wave moves outward, depositing energy and thus dissociating the nuclei of the medium as it passes!

This effects induces a sudden decrease of the coherent

neutrino cross-sections and, thus, to a break-out of the \
neutrino luminosity.

7

The shock reaches the edge of the iron core after ~1s: a
Proto Neutron Star (PNS) has formed, and about half of its
binding energy, E, ~ 10°3 erg, has already been emitted.

In the following ~10s, most of the remaining binding energy
is radiated from the neutrino sphere: PNS neutrino cooling /
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Core-collapse supernovae

This shock wave moves outward, depositing energy and thus dissociating the nuclei of the medium as it passes!

This effects induces a sudden decrease of the coherent

neutrino cross-sections and, thus, to a break-out of the \
neutrino luminosity.

7

The shock reaches the edge of the iron core after ~1s: a
Proto Neutron Star (PNS) has formed, and about half of its
binding energy, E, ~ 10°3 erg, has already been emitted.

In the following ~10s, most of the remaining binding energy
is radiated from the neutrino sphere: PNS neutrino cooling /

N

This picture is confirmed by the analysis of the data
from the neutrino observations of SN1987A @ IMB, K-1l, SNO
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... and what about exotic sources of cooling ?

Following the argument in Raffelt, Phys.Rept. 198 (1990) 1-113

Let us assume that some BSM particle may be present within the SN: in particular, this
BSM particle should be light enough to be thermally produced in the SN core and more
weakly interacting than neutrinos.

L. Vittorio (Sapienza U. of Rome & INFN)



... and what about exotic sources of cooling ?

Following the argument in Raffelt, Phys.Rept. 198 (1990) 1-113

Let us assume that some BSM particle may be present within the SN: in particular, this
BSM particle should be light enough to be thermally produced in the SN core and more
weakly interacting than neutrinos.

Two possible regimes: « ”strong” interaction of the BSM particle: trapped regime
* “weak” interaction of the BSM particle: free-streaming regime
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... and what about exotic sources of cooling ?

Following the argument in Raffelt, Phys.Rept. 198 (1990) 1-113

Let us assume that some BSM particle may be present within the SN: in particular, this
BSM particle should be light enough to be thermally produced in the SN core and more
weakly interacting than neutrinos.

Two possible regimes: « ”strong” interaction of the BSM particle: trapped regime
* “weak” interaction of the BSM particle: free-streaming regime

Novel forms of energy loss will mostly R I
compete with neutrino cooling after the first E 0.8 F‘ -
burst, and will mostly shorten the “cooling S 06E =
tail” of the signal. Therefore, the main E 0.4 E—Free —~
observable to constrain particle parameters 2 0.2 EStreani -
- oo ool vd v vl s rod ©

is the duration of the neutrino signal! 0.
10712 1071 1078  107®

Yukawa Coupling g4
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... and what about exotic sources of cooling ?

Following the argument in Raffelt, Phys.Rept. 198 (1990) 1-113

Let us assume that some BSM particle may be present within the SN: in particular, this
BSM particle should be light enough to be thermally produced in the SN core and more
weakly interacting than neutrinos.

Two possible regimes: « ”strong” interaction of the BSM particle: trapped regime
* “weak” interaction of the BSM particle: free-streaming regime

: Trapping regime is excluded:
In case of strong couplings the ALP flux would have
: produced a signal in Kamiokande II.

: But: no excess in the background of K-l around SN

1987A event!
Lella et al, PRD 24 [2306.01048]
Carenza et al., PRC ‘24 [2306.17055]

Pulse Duration
LJJ_llllJl!llllllil

10712 10710 18 19

Yukawa Coupling g4
L. Vittorio (Sapienza U. of Rome & INFN) Raffelt, Phys.Rept. 198 (1990) 1-113



Emission of axions from SNe

The neutrino burst associated to SN1987A strongly constrains exotic sources of cooling:
by defining the emissivity Q; as the power radiated in the particle i per unit volume we have

Q 3 < Ql/ Raffelt, Phys.Rept. 198 (1990) 1-113
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Emission of axions from SNe

The neutrino burst associated to SN1987A strongly constrains exotic sources of cooling:
by defining the emissivity Q; as the power radiated in the particle i per unit volume we have

Q 3 < Ql/ Raffelt, Phys.Rept. 198 (1990) 1-113

For what concerns Q,, it is difficult to go beyond a crude estimate :

where p ~ pcore ~ 3 — 8 X 1014 g/cm3 M ~ M@.
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Emission of axions from SNe

Q, is calculable as :

/ { elem. of
Qa —
phase space

L. Vittorio (Sapienza U. of Rome & INFN)
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Emission of axions from SNe

Q, is calculable as :

/ { elem. of
Qa —
phase space

This computation can be carried out within assumptions :
e Distribution functions not obvious away from ideal-gas assumption
* Inclusion of in-medium effects: use of effective quantities as in mean-field approach

mj—>m

L. Vittorio (Sapienza U. of Rome & INFN)
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Emission of axions from SNe

Q, is calculable as :

Qs = / { elem. of ]anx axion — producing

phase space

2
ext. states’
x| . .
distr. function

matrix elem. of

process

This computation can be carried out within assumptions :
e Distribution functions not obvious away from ideal-gas assumption

* Inclusion of in-medium effects:

*

mj—>mj

E—

L. Vittorio (Sapienza U. of Rome & INFN)

use of effective quantities as in mean-field approach

’ Ej_)E;a :U']_>/'l’;k

The comparion between the neutrino
emissivity and the axion emissivity leads to
bounds on axion coupling with matter
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Thermodynamics

For what concerns modelling of the SN volume affected by axion emission : assuming weak equilibrium for the
interactions that involve the strange quark, and neglecting the presence of muons, the state of matter is characterised
by three thermodynamic parameters :

Temperature T Baryon number density ng Electron fraction Y, = (n.- — n.+)/np.

L. Vittorio (Sapienza U. of Rome & INFN)
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Thermodynamics

For what concerns modelling of the SN volume affected by axion emission : assuming weak equilibrium for the
interactions that involve the strange quark, and neglecting the presence of muons, the state of matter is characterised

by three thermodynamic parameters :
Temperature T Baryon number density ng Electron fraction Y, = (n.- — n.+)/np.

These parameters are, in general, local within the SN volume: here we assume homogeneous thermodynamic parameters
within the SN axion-sphere. Then

T = {30,40} MéV; ng = {1,1.5} ngat, Neat = 1.6 x 1038 cm 2
and

YQB E ZieB anz/nB =03. — YQB +YQM +Ye = 0.
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Thermodynamics

For what concerns modelling of the SN volume affected by axion emission : assuming weak equilibrium for the
interactions that involve the strange quark, and neglecting the presence of muons, the state of matter is characterised
by three thermodynamic parameters :

Temperature T Baryon number density ng Electron fraction Y, = (n.- — n.+)/np.

These parameters are, in general, local within the SN volume: here we assume homogeneous thermodynamic parameters
within the SN axion-sphere. Then

T = {30,40} MéV; ng = {1,1.5} ngat, Neat = 1.6 x 1038 cm 2
and

YQB E ZieB anz/nB =03. — YQB +YQM +Ye = 0.

On top of the above thermodynamic-parameter choices, we also consider two equation-of-state (EoS) models
consistently containing the full baryonic octet:

- DD2Y [Marquez et al. PRC ‘17 (1706.02913) ] - SFHOY [Fortin et al. PASA ‘18 (1711.09427)]
This choice is guided by the following arguments among the others:

i) these models specifically predict different amounts of strangeness inside hot and dense matter;

i) they are compatible with astro- and nuclear-physics constraints and they are publicly available;

11



Relevant processes for axion production

Most established bounds obtained from nucleon axion-strahlung :

See the discussion in Caputo, Raffelt,
.2 V 1 .Z V ) — .Z V 31 V AU Pos cosMICWISPers (2024) 041 [2401.13728]

L. Vittorio (Sapienza U. of Rome & INFN)
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Relevant processes for axion production

Most established bounds obtained from nucleon axion-strahlung :

.pflfVé ——>dhﬁ3fV4CL

Recent literature suggests that Compton-like 7TN1 — NQCL may dominate axion emission:

See the discussion in Caputo, Raffelt,

PoS COSMICWISPers (2024) 041 [2401.13728]

Lella et al. PRD ‘23 [2211.13760]

12
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Relevant processes for axion production

Most established bounds obtained from nucleon axion-strahlung :
See the discussion in Caputo, Raffelt
N 1 N ) — N 3 N 4 (I  ros COSMICWISPers (2024) 041 [2401.13728]

Recent literature suggests that Compton-like 7TN1 — Nga may dominate axion emission:

20 Carenza et al. PRL ‘21 [2010.023943] 3.0 Lella et al. PRD ‘23 [3311.13760]
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!
I \
L — 7T p-na

A futher layer of complexnty is the possible|
role of beyond-first-generation matter | -

Cavan Piton, Guadagnoli, Oertel, Seong, LV, PRL ‘24 [23401.10979]
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What we do in short

Cavan Piton, Guadagnoli, Oertel, Seong, LV, PRL ‘@4 [2401.10979]

We consider the full meson and baryon octets. Two classes of channels then arise :

» Decay processes: B; — Bta
 «Compton-like» transitions: B;M — Bra

L. Vittorio (Sapienza U. of Rome & INFN)
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What we do in short

Cavan Piton, Guadagnoli, Oertel, Seong, LV, PRL ‘@4 [2401.10979]

We consider the full meson and baryon octets. Two classes of channels then arise :

» Decay processes: B; — Bta
 «Compton-like» transitions: B;M — Bra

We plug them in the expression defining Q,,:

{.afaMa }
1 a d3pm

Qo = / Ba 2m)'e*(p) MPF P 0=Fp) 1] grsag,

m
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What we do in short

Cavan Piton, Guadagnoli, Oertel, Seong, LV, PRL ‘@4 [2401.10979]

We consider the full meson and baryon octets. Two classes of channels then arise :

» Decay processes: B; — Bta
 «Compton-like» transitions: B;M — Bra
We plug them in the expression defining Q,,:
0 {i’faM’a'} d3p
Qa — /Ea (271')454(29) (M| F; Far (1 —]:f) H (2%)32%

Two key observations :

1. Q,is by construction positive definite

2. Even if the fractions of B,, B; and M are «small», the large number of processes
yields a relevant constraint

L. Vittorio (Sapienza U. of Rome & INFN)
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Results of axion emission with strange matter

Cavan Piton, Guadagnoli, Oertel, Seong, LV, PRL ‘@4 [2401.10979]

Noting that:
* Q,is less stringent than K* - m*a to constrain | (ky),5]|

* Q,does not constraint the phases (of (ky)3)

-

We are left with four parameters: (ka)11 2533 and | (ka),s|

L. Vittorio (Sapienza U. of Rome & INFN)
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Results of axion emission with strange matter

Cavan Piton, Guadagnoli, Oertel, Seong, LV, PRL ‘@4 [2401.10979]

Noting that:
* Qs less stringent than K* - m*a to constrain |(ky)os| o, EoS: DD2Y
* Q,does not constraint the phases (of (ky a)3) : : T = 40MeV

L Ng = Nggy
¥ I S Yo, =03

We are left with four parameters: (ka)11 2533 and | (ka),s|

I
oMY 2990 YEeo 00 01
K| k2| L5§ Loy

B = B,— B;a = BM—>Ba [J=al
L. Vittorio (Sapienza U. of Rome & INFN) / L f
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Results of axion emission with strange matter

Cavan Piton, Guadagnoli, Oertel, Seong, LV, PRL ‘@4 [2401.10979]

Noting that:

* Q,is less stringent than K* & m*a to constrain |(ky),s]
* Q,does not constraint the phases (of (ky)3)

-

We are left with four parameters: (ka)11 2533 and | (ka),s|

MAIN FINDINGS :

(a) Strong correlations among fl.-univ. couplings
(more pronounced for higher T)

(b) Novel contraint on [(k,),;/, of O(101-107?)
(depending on EoS, T value ...)

L. Vittorio (Sapienza U. of Rome & INFN)
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Results of axion emission with strange matter

Cavan Piton, Guadagnoli, Oertel, Seong, LV, PRL ‘@4 [2401.10979]

Noting that:

* Q,is less stringent than K* - m*a to constrain | (ky),5]|
* Q,does not constraint the phases (of (ky)3)

-

We are left with four parameters: (ka)11 2533 and | (ka),s|

- EoS: DD2Y

' nB = nsat

L
MAIN FINDINGS : | . “‘.\
=3 ] |

(a) Strong correlations among fl.-univ. couplings = _.Jeauus
(more pronounced for higher T) _ \

(b) Novel contraint on [(k,),;/, of|O(101-10?) = | | | \
(depending on EoS, T value ...) ‘ O EP (2908 Vb es 00 01

LS54 k2| L5 L

Stronger than flavour bounds! But ...
L. Vittorio (Sapienza U. of Rome & INFN)
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Other constrains
on FV couplings:
Axion bounds
from 3-body K decays



What about rare decays at colliders ?

Clear advantage : no intrinsic sources of uncertainty in the bounds on axion’s couplings we will obtain!

Martin Camalich et al., PRD ‘20 [2002.04623]
(interesting updates in 2503.17323) F; [GeV] « F.\.[’A — 2f a
108 102 10 10  10° 108 10’ 10° 105 |° (kv.A)ij

L. Vittorio (Sapienza U. of Rome & INFN) 15




What about rare decays at colliders ?

Clear advantage : no intrinsic sources of uncertainty in the bounds on axion’s couplings we will obtain!

A lot of interesting papers in literature analyzes K - ma transitions : very strong bounds on ’kv‘gg

Martin Camalich et al., PRD ‘20 [2002.04623]
(interesting updates in 2503.17323) F; [GeV] « F.V’A — 2f a
1013 1012 1011 1010 10° 108 107 106 10° L (kV,A)ij

,,,,,,,,,

See also Bauer et al., PRL ‘21 [2102.13112]
JHEP ‘22 [2110.10698]
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What about rare decays at colliders ?

Clear advantage : no intrinsic sources of uncertainty in the bounds on axion’s couplings we will obtain!

A lot of interesting papers in literature analyzes K - ma transitions : very strong bounds on ’kv‘gg

Martin Camalich et al., PRD ‘20 [2002.04623]
(interesting updates in 2503.17323) F; [GeV] « F.V’A — 2f a
1013 1012 1011 1010 10° 108 107 106 105 L (kV,A)ij

Shaded areas =

future projections
See also Bauer et al., PRL ‘21 [2102.13112]

Strongest bound with available NA62 data : |(F}/)o3| > 1.1 X 1012 GeVv JHEP ‘22 [2110.10698]
Guadagnoli et al, arXiv:2503.05865
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What about rare decays at colliders ?

Clear advantage : no intrinsic sources of uncertainty in the bounds on axion’s couplings we will obtain!

A lot of interesting papers in literature analyzes K - ma transitions : very strong bounds on ’kv‘gg

Martin Camalich et al., PRD ‘20 [2002.04623]
(interesting updates in 2503.17323) F; [GeV] « F.V’A — 2f a
1013 1012 1011 1010 10° 108 ' 107 106 105 L (kV,A)ij

SN1987A A — na

Shaded areas = -

future projections

12 See also Bauer et al., PRL ‘21 [2102.13112]
Strongest bound with available NA62 data : |(Fy )o3| > 1.1 X 10°° GeV JHEP ‘22 [2110.10698]

Guadagnoli et al, arXiv:2503.05865

IMPORTANT: K - ma transitions can only contrain the vector (ky),; coupling
due to parity conservation
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What about rare decays at colliders ?

Clear advantage : no intrinsic sources of uncertainty in the bounds on axion’s couplings we will obtain!

A lot of interesting papers in literature analyzes K - ma transitions : very strong bounds on ’kv‘zg

Martin Camalich et al., PRD ‘20 [2002.04623]
(interesting updates in 2503.17323) F; [GeV] « F.V’A — 2 f a
1013 1012 1011 1010 10° 108 107 106 105 L (k‘V)A ) ij

SN1987A

A = na
Shaded areas = RS

future projections

12 See also Bauer et al., PRL ‘21 [2102.13112]
Strongest bound with available NA62 data : |(Fy )o3| > 1.1 X 10°° GeV JHEP ‘22 [2110.10698]

Guadagnoli et al, arXiv:2503.05865

IMPORTANT: K - ma transitions can only contrain the vector (ky),; coupling
due to parity conservation

... can we still obtain a bound on the axial-
vector (k,),; coupling from K decays ?

L. Vittorio (Sapienza U. of Rome & INFN) 15




Three-body kaon decays into final states w/ an axion

Yes: K = mra (and also K = uua) transitions constrain only (k,),; by parity conservation

Cavan Piton, Iohner, Guadagnoli, Martinez-Santos, LV, arXiv:2411.04170

Relevant for NA62

L. Vittorio (Sapienza U. of Rome & INFN)
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Three-body kaon decays into final states w/ an axion

Yes: K = mra (and also K = uua) transitions constrain only (k,),; by parity conservation

Cavan Piton, Iohner, Guadagnoli, Martinez-Santos, LV, arXiv:2411.04170

ut
7T+ /7T+ | BDANANNANANAN it _
Pyis N Y K
@0 R K= /n~" Kt/xt
Kt--=-=-=--- XA a Kgo==meana- A —— a P KS-———--i‘—o’—/ ------- a
Relevant for NA62 (Both) relevant for LHCb

In an actual exp. search, the signal is a reconstructed hh momentum (p,;) + @ missing momentum (P).

By momentum conservation i 5
(pvis + P) = mg

‘ Pending an actual search, we identify the dominant
backgrounds to infer the signals’ sensitivities

L. Vittorio (Sapienza U. of Rome & INFN)
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Three-body kaon decays into final states w/ an axion

Cavan Piton, Iohner, Guadagnoli, Martinez-Santos, LV, JHEP ‘25 (2411.04170)

We use the sensitivity S, to estimate of the actual BR-limit achievable through a dedicated search, where

Sef = 1/(0.05 X Boig)? + 0,

L. Vittorio (Sapienza U. of Rome & INFN)
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Three-body kaon decays into final states w/ an axion

Cavan Piton, Iohner, Guadagnoli, Martinez-Santos, LV, JHEP ‘25 (2411.04170)
We use the sensitivity S, to estimate of the actual BR-limit achievable through a dedicated search, where

Sef = 1/(0.05 X Buig)? + 08y,

Since the QCD-axion can be considered (for the purposes of this discussion) as massless, one can identify
the photon-like backgrounds and, then, plug them into the above formula.
Focusing e.g. on K* = mr*rt%a: the backgrounds are

B(Kt — ntn%y) = (6.0+£0.4) x 107, B(Kt — putn%) = (3.35240.034) x 10~

L. Vittorio (Sapienza U. of Rome & INFN) 17



Three-body kaon decays into final states w/ an axion

Cavan Piton, Iohner, Guadagnoli, Martinez-Santos, LV, JHEP ‘25 (2411.04170)
We use the sensitivity S, to estimate of the actual BR-limit achievable through a dedicated search, where

Seft = 1/(0.05 X Byikg)? + oy,

Since the QCD-axion can be considered (for the purposes of this discussion) as massless, one can identify
the photon-like backgrounds and, then, plug them into the above formula.
Focusing e.g. on K* = mr*rt%a: the backgrounds are

B(Kt — ntn%y) = (6.0+£0.4) x 107, B(K+t — ptnly) —=—8352 4+ 0.034) x 10~2

—

the p-to-mt mis-ID probability at NA62
isassmallas 1.3 x 1078
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Three-body kaon decays into final states w/ an axion

Cavan Piton, Iohner, Guadagnoli, Martinez-Santos, LV, JHEP ‘25 (2411.04170)
We use the sensitivity S, to estimate of the actual BR-limit achievable through a dedicated search, where

Sei = 1/(0.05 X Boig)? + 0,

Since the QCD-axion can be considered (for the purposes of this discussion) as massless, one can identify
the photon-like backgrounds and, then, plug them into the above formula.
Focusing e.g. on K* = mr*rt%a: the backgrounds are

B(Kt — ntn%y) = (6.0+£0.4) x 107, B(K+t — ptnly) —=—8352 4+ 0.034) x 10~2

—

the p-to-mt mis-ID probability at NA62
isassmallas 1.3 x 1078

Set = 5.0 X 1077 W | Bun(K* = 7+1%) oy 0 S Ser(KT — mtas)
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Three-body kaon decays into final states w/ an axion

Cavan Piton, Iohner, Guadagnoli, Martinez-Santos, LV, JHEP ‘25 (2411.04170)
We use the sensitivity S, to estimate of the actual BR-limit achievable through a dedicated search, where

Sei = 1/(0.05 X Boig)? + 0,

Since the QCD-axion can be considered (for the purposes of this discussion) as massless, one can identify
the photon-like backgrounds and, then, plug them into the above formula.
Focusing e.g. on K* = mr*rt%a: the backgrounds are

B(Kt — ntn%y) = (6.0+£0.4) x 107, B(K+t — ptnly) —=—8352 4+ 0.034) x 10~2

—

the p-to-mt mis-ID probability at NA62
isassmallas 1.3 x 1078

Seff ~ 5.0 X 10_7 » Bin(KT — n77%) acomion | S Se (KT — ntn0)

L. Vittorio (Sapienza U. of Rome & INFN) (kA)23 is here! 17



Three-body kaon decays into final states w/ an axion

Cavan Piton, Iohner, Guadagnoli, Martinez-Santos, LV, JHEP ‘25 (2411.04170)

One can derive the theoretical BR from the expression (obtained in Chiral Perturbation Theory + axion):

T > mirla) g, @ (l(kA>23|>2 Wr = Mg +mie +2mg — s — 2t
dsdt T fa Nr = 1228873 F5 (m2 — m%)?

L. Vittorio (Sapienza U. of Rome & INFN)
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Cavan Piton, Iohner, Guadagnoli, Martinez-Santos, LV, JHEP ‘25 (2411.04170)

One can derive the theoretical BR from the expression (obtained in Chiral Perturbation Theory + axion):

T > mirla) g, @ (l(kA>23|)2 W = mg +mie +2mg — s — 2t
dsdt R U e = 1228813 F2(m2 — m%)?

Exploiting the fact that S.g ~ 5.0 x 10™7 one can obtain bounds on (Ky)s:
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Three-body kaon decays into final states w/ an axion

Cavan Piton, Iohner, Guadagnoli, Martinez-Santos, LV, JHEP ‘25 (2411.04170)

One can derive the theoretical BR from the expression (obtained in Chiral Perturbation Theory + axion):

T > mirla) g, @ (l(kA>23|)2 W = mg +mie +2mg — s — 2t
dsdt RS fa Nr = 1228873 F5 (m2 — m%)?

Exploiting the fact that S.g ~ 5.0 x 10™7 one can obtain bounds on (Ky)s:
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Three-body kaon decays into final states w/ an axion

Cavan Piton, Iohner, Guadagnoli, Martinez-Santos, LV, JHEP ‘25 (2411.04170)
One can derive the theoretical BR from the expression (obtained in Chiral Perturbation Theory + axion):

d’T' (Kt — nt7%)

dsdt

Exploiting the fact that S.g ~ 5.0 x 10™7 one can obtain bounds on (Ky)s:

= 3mg
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Three-body kaon decays into final states w/ an axion

Cavan Piton, Iohner, Guadagnoli, Martinez-Santos, LV, JHEP ‘25 (2411.04170)
One can derive the theoretical BR from the expression (obtained in Chiral Perturbation Theory + axion):

T > mirla) g, @ (|<k,4>23|)2 W = mg +mie +2mg — s — 2t
dsdt R U e = 1228813 F2(m2 — m%)?

Exploiting the fact that S.g ~ 5.0 x 10™7 one can obtain bounds on (Ky)s:

O — Lines of constant f,; (TeV)
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Three-body kaon decays into final states w/ an axion

Cavan Piton, Iohner, Guadagnoli, Martinez-Santos, LV, JHEP ‘25 (2411.04170)

Novel proposal: let us exploit the differential decay widths (ddw) as well :
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0.02 . , , 0.0
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s (GeV?)
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Three-body kaon decays into final states w/ an axion

Cavan Piton, Iohner, Guadagnoli, Martinez-Santos, LV, JHEP ‘25 (2411.04170)

Novel proposal: let us exploit the differential decay widths (ddw) as well :

0.12- el
> Prospects for future studies:
0.10- . ? since there are some regions in
0 . = | which the theoretical ddw is
\(3 % enhanced w.r.t. others,
© 0.061 i | | dedicated measurements in
T these regions would give
. 05% stronger bounds on (k,),;
N Te 0.15 0.20 .
s (GeV?)
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Other constrains
on FU couplings (w/out s):
Axion bounds
from Cherenkov exps.



Water Cherenkov experiments: neutrino vs. axion fluxes

* A primary role in the physics potential of Water
Cherenkov experiments (e.g. HyperKamiokande,
see 1805.04163) is played by neutrino Cherenkov light

astrophysics. One of the main goals of these exps. # .
is, indeed, the detection of neutrino fluxes from \ W

astrophysical sources, such as supernovae ‘ ieere
Neutrino 00000 e o
. - — YYYTYY B

Charged ::::::::::

particle
in water
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Water Cherenkov experiments:

* A primary role in the physics potential of Water
Cherenkov experiments (e.g. HyperKamiokande,
see 1805.04163) is played by neutrino
astrophysics. One of the main goals of these exps.
is, indeed, the detection of neutrino fluxes from
astrophysical sources, such as supernovae

e ...and what about axion fluxes (emitted by the
same astrophysical source) ?

L. Vittorio (Sapienza U. of Rome & INFN)

neutrino vs. axion fluxes

Cherenkov light

ey
N A idrirma ' ..‘.‘."‘
B A A" L TR IN L~ .““.D.‘Q

. qo » YT Y L B
adddl) X
Charged ST TR
particle {
in water
Photosensors

20



Water Cherenkov experiments:

* A primary role in the physics potential of Water

Cherenkov experiments (e.g. HyperKamiokande,
see 1805.04163) is played by neutrino
astrophysics. One of the main goals of these exps.
is, indeed, the detection of neutrino fluxes from
astrophysical sources, such as supernovae

... and what about axion fluxes (emitted by the
same astrophysical source) ?

Let us investigate this issue in details, by
exploiting the most general axion-nucleon
interactions introduced before (the inclusion of
hyperons in this game may be interesting for
future work)

L. Vittorio (Sapienza U. of Rome & INFN)
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Water Cherenkov experiments: neutrino vs. axion fluxes

* A primary role in the physics potential of Water
Cherenkov experiments (e.g. HyperKamiokande,
See 1805.04163) |S played by nEUtrinO E --------------------------- : ------------- : -------- : ------------- .
astrophysics. One of the main goals of these exps. : Several studies on this subject: :
is, indeed, the detection of neutrino fluxes from : - Lucente et al, PRD ‘23 [2303.15813]

) : - Engel et al, PRL 65 (1990) 960-963
astrophysical sources, such as supernovae . Carenza et al, PRC ‘24 [2306.17055]

- Li and Zhang, PRD ‘22 [2208.02696] .
e ...and what about axion fluxes (emitted by the : - Chakraborty et al, PRD ‘24 [2403.12169] :
same astrophysical source) ? - Arias-Aragon et al, PRD ‘25 [2411. 19327]
- Alonso-Gonzalez et al, PRD ‘25
: [2412 09595, 2412.19890]

* Let us investigate this issue in details, by Sl :
exploiting the most general axion-nucleon
interactions introduced before (the inclusion of
hyperons in this game may be interesting for
future work)

L. Vittorio (Sapienza U. of Rome & INFN) 20



Water Cherenkov experiments: neutrino vs. axion fluxes

Let us consider axions emitted by nearby SNe. We will assume that such axions interact with free nucleons in water, i.e.
we restrict to the two hydrogen atoms in each water molecule (the axions reaching the detectors have typical energy

approximately equal or greater than 100 MeV).

The (signal) processes of interest will be :

L. Vittorio (Sapienza U. of Rome & INFN)
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Let us consider axions emitted by nearby SNe. We will assume that such axions interact with free nucleons in water, i.e.
we restrict to the two hydrogen atoms in each water molecule (the axions reaching the detectors have typical energy

approximately equal or greater than 100 MeV).

The (signal) processes of interest will be :
ap — p Y
aN — N7V
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Water Cherenkov experiments: neutrino vs. axion fluxes

Let us consider axions emitted by nearby SNe. We will assume that such axions interact with free nucleons in water, i.e.
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we restrict to the two hydrogen atoms in each water molecule (the axions reaching the detectors have typical energy

approximately equal or greater than 100 MeV).

The (signal) processes of interest will be : Backgrounds:
These are «partons» —
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initiating em cascades,
N NO eventually detected as vn — p e
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Expected to be
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Sketch of the computation

Cavan Piton, Guadagnoli, Iohner, Fernandez-Mendez, LV, JHEP ‘25 (2503.17490)
Let us write in complete generality all these transitions as :
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Associated cross-section:
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Then, the number spectrum of the particles X will be :
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Sketch of the computation

Cavan Piton, Guadagnoli, Iohner, Fernandez-Mendez, LV, JHEP ‘25 (2503.17490)
Let us write in complete generality all these transitions as :

Associated cross-section:

o = axion or neutrino o/ N — N (,) X = O,x = Oyx (Ey, E,)

X = Cherenkov parton (e?, y, i9)

Then, the number spectrum of the particles X will be :

number of the targets in the detector

AN (Ex) N, /+oo 800x (Ex, Eo) dNy (Ey)

dEx B 47Td2

Fq
Ma a OFEx dE,,

(squared) distance of the emitter

SYNTHESIS: the Cherenkov parton (X) # spectrum has to be

~_computed starting from the incoming particle (o) # spectrum
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Sketch of the computation

Cavan Piton, Guadagnoli, Iohner, Fernandez-Mendez, LV, JHEP ‘25 (2503.17490)
Let us write in complete generality all these transitions as :

Associated cross-section:

o = axion or neutrino o/ N — N (,) X = O,x = Oyx (Ey, E,)

X = Cherenkov parton (e?, y, i9)

Then, the number spectrum of the particles X will be :

number of the targets in the detector

N (Ex) _ Ny /+O<> 1 00ax (Ex, Ea) dNo (Eo)
dEx And? Jme OFx dE,
(squared) distance of the emitter @
. ] {i,f,M} 3
dN, dn, dng 4l 2 B dQ2, E, d°pm,
B =g ap = e IMPER-F e TT G

SYNTHESIS: the Cherenkov parton (X) # spectrum has to be

~_computed starting from the incoming particle (o) # spectrum
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Disclaimers (before showing the results ©)

* Only the processes B;M - B;a with B, ; = nucleons and M = pions have been considered in

i, f,M
dQE, ﬁ Y Bp,,
2(2m)% L4 (2m)32E,

dng

dE,

— /(2#)464(]3) M F Far (1= Fy)

(Including the contribution from the high-energy tail of N;N, >N;N,a will only strengthen our conclusions)
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i, f,M
dQE, ﬁ Y Bp,,
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dng

dE,

— /(2#)454(19) IM? Fi Fag (1— Fy)

(Including the contribution from the high-energy tail of N;N, >N;N,a will only strengthen our conclusions)

* SN EoS and thermodynamics: w.r.t. what discussed in the case of axion emission with strange
matter, we have implemented a change in the EoS. In fact, since we want to look @

o = axion or neutrino /
X = Cherenkov parton (e, y, %) 87 N _> N ( ) X
we have considered the two equation-of-state EoS models:

* DD2 Hempel et al., NPA (23010) [0911.40%73]
* SFHo Steiner et al., Astrop. J. (2013) [120%7.2184]

L. Vittorio (Sapienza U. of Rome & INFN)



Disclaimers (before showing the results ©)

* Only the processes B;M - B;a with B, ; = nucleons and M = pions have been considered in

i, f,M
dQE, ﬁ Y Bp,,
2(2m)% L4 (2m)32E,

dng

dE,

— /(2#)454(19) IM? Fi Fag (1— Fy)

(Including the contribution from the high-energy tail of N;N, >N;N,a will only strengthen our conclusions)

* SN EoS and thermodynamics: w.r.t. what discussed in the case of axion emission with strange
matter, we have implemented a change in the EoS. In fact, since we want to look @

o = axion or neutrino /
X = Cherenkov parton (e, y, %) 87 N _> N ( ) X
we have considered the two equation-of-state EoS models:

* DD2 Hempel et al., NPA (23010) [0911.40%73]
* SFHo Steiner et al., Astrop. J. (2013) [120%7.2184]

L. Vittorio (Sapienza U. of Rome & INFN)



Disclaimers (before showing the results ©)

* Only the processes B;M - B;a with B, ; = nucleons and M = pions have been considered in

i, f,M
dQE, ﬁ Y Bp,,
2(2m)% L4 (2m)32E,

dng

dE,

— /(2#)454(19) IM? Fi Fag (1— Fy)

(Including the contribution from the high-energy tail of N;N, >N;N,a will only strengthen our conclusions)

* SN EoS and thermodynamics: w.r.t. what discussed in the case of axion emission with strange
matter, we have implemented a change in the EoS. In fact, since we want to look @

o = axion or neutrino /
X = Cherenkov parton (e, y, %) 87 N _> N ( ) X
we have considered the two equation-of-state EoS models:

* DD2 Hempel et al., NPA (23010) [0911.40%73]
* SFHo Steiner et al., Astrop. J. (2013) [120%7.2184]

Everything unchanged, instead, for what concerns the treatment of thermodynamics param.

L. Vittorio (Sapienza U. of Rome & INFN)



Disclaimers (before showing the results ©)

* Three benchmark scenarios for the axion-nucleon couplings :
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LoNN =

1. KSVZ [Kim, PRL 43 (1979) 103; Shifman, Vainshtein, Zakharov, NPB 166 (1980) 493]:
Cunn|ksvz = 0.012(28) , Capp|KSVZ = —0.452(28)
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Loy = 552 3 Cony NN
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1. KSVZ [Kim, PRL 43 (1979) 103; Shifman, Vainshtein, Zakharov, NPB 166 (1980) 493]:
Cunn|ksvz = 0.012(28) , Capp|KSVZ = —0.452(28)

2. DFSZ [Dine, Fischler, Srednicki, PLB 104 (1981) 199; Zhitnitski, SJNP 31 (1980) 260]:

Cunn|DFsz = —0.123(30) + 0.406(15) sin?(5)
CoupplDFsz = —0.169(30) — 0.430(15) sin?()

3. «Agnostic» : C,y, Solely required to comply with existing data :

L. Vittorio (Sapienza U. of Rome & INFN)
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* Three benchmark scenarios for the axion-nucleon couplings :

1. KSVZ [Kim, PRL 43 (1979) 103; Shifman, Vainshtein, Zakharov, NPB 166 (1980) 493]:
Cunn|ksvz = 0.012(28) , Capp|KSVZ = —0.452(28)

2. DFSZ [Dine, Fischler, Srednicki, PLB 104 (1981) 199; Zhitnitski, SJNP 31 (1980) 260]:

Cann|DFSZ — _0_123(30) + 0.406(15) sin2(5) tang is the'ratio between the vacuum
— expectation values of the up- and —

Capp|DFSZ — _O°169(30) - 0-430(15) sin2(5) down-sector Higgs doublets

—

3. «Agnostic» : C,y, Solely required to comply with existing data :

- Neutron Star cooling: - SN cooling:
Buschmann et al, My 9 592 G. Raffelt,
PRI 22 [2111.09892] CaNN —5— 7 S 107 Lo S Ly ~ 3 x10°7erg/s puys. Rept. 198 (:90)
a
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* The Cherenkov-light spectra induced by neutrino vs. axion absorption peak at well
separated energies
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* The Cherenkov-light spectra induced by neutrino vs. axion absorption peak at well
separated energies

* This feature is particularly evident for the process a p = p rt°
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Couplings dependence of expected number of event

dE o
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e EXPEC (a)
<N(R)> = A\:0(Coapp, Cann) / dE.. 0 (Capp: Cann) { Re[m,, +infinity)}
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Couplings dependence of expected number of event

..................... (R) ........... Capp, Cann) o
<N7r0 = A\ (Capp, Cann dE 0 T { Re[m,, +|nf|n|ty)}
SR : 70
The probability of observing any given number -0 of events obeys a Poisson distribution with Ao
‘ the observed number of events can thus be estimated as A0 /A0
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Couplings dependence of expected number of event

e RS )
<N(R)> = A0 (Ca,ppa Ca,nn / dF . 0 (Capp7 Cann { Re[mg, +infinity)}

0
T
.............................................. dET('O
The probability of observing any given number N0 of events obeys a Poisson distribution with Ao
- the observed number of events can thus be estimated as A0 /A0

EXAMPLE: # of event from a SN candidate at 0.2 kpc (e.g. Betelgeuse)
DD2: T=30 MeV ; ng=nNsz; Yp=0.3

Cavan Piton, Guadagnoli, Iohner, Fernandez-Mendez, LV, JHEP ‘25 (3503.17490) DFSZ
max{Ano — m, O} Ano Ano + v /\r(O 10°
. + KSVz
103 NS & SN bounds
102
----------------- Detectability
101 criterion
-2 (Ao0>2 )fora
i Galactic center

SN (@ 8.2 kpc)
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Conclusions

Multiple probes of the couplings of the QCD axion with the SM (light) generations
of quarks can be exploited to obtain bounds and have been discussed in this talk :
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1. Axion emission from SuperNovae: they probe not only interactions with ordinary matter
(i.e. protons and neutrons), but also beyond 1%t-generation ones.
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‘ Improved understanding of the sources is, at
present, crucial to go beyond O(1) answers !

2. Rare kaon decays at colliders: no intrinsic sources of uncertainties in this case. Our sensitivity
study showsa that dedicated searches @ LHCb and other exps. will be crucial for future studies

- Improved analyses of the differential decay

widths (Dalitz plots) can be also implemented!
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Conclusions

Multiple probes of the couplings of the QCD axion with the SM (light) generations
of quarks can be exploited to obtain bounds and have been discussed in this talk :

1.

Axion emission from SuperNovae: they probe not only interactions with ordinary matter
(i.e. protons and neutrons), but also beyond 1%t-generation ones.

‘ Improved understanding of the sources is, at
present, crucial to go beyond O(1) answers !

Rare kaon decays at colliders: no intrinsic sources of uncertainties in this case. Our sensitivity
study showsa that dedicated searches @ LHCb and other exps. will be crucial for future studies

- Improved analyses of the differential decay

widths (Dalitz plots) can be also implemented!

Axion absorption @ Cherenkov exps. : t° production seems more promising than y one
(higher peak, and at higher E).

‘ Theoretical and experimental improvements are
essential to reveal potential o.0.m. enhancement
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GRAZIE PER LA VOSTRA
ATTENZIONE !



BACK-UP SLIDES



Axion effective Lagrangian

1 2, G g; %~ 1 9 N K m _
L, = 5(Bua) + 7 3m2 GG + Zga,yaFF + 2f, qc, Y v5q— qnMyqr + h.c..
KSVZ models: DFSZ models:
C, = AC, = 0(1072), Cy = 2cos” B+ AC,,
Cqy= AC; = O(1072), Ca = 2sin® B+ ACq
Kim, PRL 1979 Dine, Fischler, and Srednicki, PLB 981
Shifman, Vainshtein, and Zakharov, NPB 1980 Zhitnitsky, SONP 1980

{ta,nﬁ € [0.25,170] }



KSVZ (following 2003.01100)

SM field content +
* Avector-like fermion Q ~ (3,1,0) * A SM-singlet complex scalar ® ~ (1,1, 0)

The Lagrangian is
Lxsvz = 0,®|° + QiPO — (yoOrOr® +h.c.) — V(®)

U(1)pq symmetry: () 6ia(I), QL — eia/2 QL , QR — e_ia/z QR

2\ 2
V((I)) (l(I)| — E) » U(1)pq is spontaneously broken: \/—('Ua, +Qa) ia/vq

Thus, the term responsible for generating the aGG operator is

Lxsvz D —moQrQre'®vs +he., | mg = you./V2.




KSVZ (following 2003.01100)

Lksvz DO —mgQr Qre'vs + h.c.,

By performing a field-dependent axial transformation

Qr — €2 Qp and Qp — € "Zva Qp

Q becomes independent of a !! We can integrate it out. Moreover, since this transfomration is anomalous under QCD :

~

2
§Lxsvz = 2=~ GG

3272 v,

No coupling to photons, no coupling to fermions!



DFSZ (following 2003.01100)

The field content of the DFSZ model includes:

 Two Higgs doublets * A SM-singlet complex scalar ® ~ (1,1,0)
H, ~ (1727 _%) and Hg ~ (1727+%)

Potential V:

V(HU7 Hd7 (b) — Vmoduli(|Hu| ’ |Hd| 9 |(D| ’ |Hqu|) + )\}IuI{dq)]L2 + h.c.

Responsible for the symm. breaking :
U(l)HU X U(l)Hd X U(l)q) — U(l)y X U(l)pQ

By eploiting the assumption of universality of the PQ charges :

Lirsy 1= —YuqrurH, — YpqrdrHy — YglrerHy + h.c..

All the scalar fields pick up a VEV :

Vo sou (1 Vg ;9d O) Ve ;o
H, D —e'vw : H; D —e v : ® D —e e
V2 <0) V2 (1 V2



DFSZ (following 2003.01100)

To define the axion, we introduce the current

<~ <~ <~
JPQ = —Xp®i0,® — Xy, H}i0,H, — X, HYiOyHa+ ... D Ji%a= Y  Xwidua

1=P,u,d
so that

1
a= — E X;v;a; , vg = E Xizvz-z
Vg & i
(]

In this way
JEQ |a = ’Uaaua and <O|JEQ |a |a) = i’l)apu (Goldstone theorem)
For what concerns the PQ charges:

Xo=1, Xy, =2cos’B, Xy, =2sin’p {v“/vzsmﬁ}

vg/v = cosf
\ 4

v2 = v3 + v (sin 28)? » Vg =~ Vo



DFSZ (following 2003.01100)

In this case, the axion couples with everything:

* Gluons and photons:
Qo a (FE ~
0L 1= —S—GG FF
pESZ—1 = 8 fa (N) fa
0

* SM fermions: P |

s — pd _ 7 — (| = 2 pd_ 7

S (widu) “ D (3 COs ) 5 awy Y5
_ 0,a - 1 0,.a

§(didd) = Xp, = dy"ysd = | = sin? B dyHysd
(di@d) Hd?’va 75 (3SH1 5) 2f, Y5,

0 1 0
d(eide) = Xy, 2’;: evhyse = (§ sin? B) 2;:é7“75e,

To generate flavour-violating (FV) couplings: relaxation of PQ universality ! Let us assume that quarks with the same EM
charge but of different generations couple to different Higgs doublets, to which we assign the same but different PQ charges

L1V = —(Yu)u ipuirHy — (Y22 GorusrHo — (Yu)12 GupuorHy + ... .



AXIon emission

After the formation of the iron core (no longer production of energy by nuclear burning) :

e wh e

Photodissociation of iron + electron capture » almost free-fall collapse
As the core becomes hotter and denser, neutrinos become trapped
infall is halted only when the medium reaches nuclear densities » «bounce»

Dissociation of the nuclei of the medium due to the passage of the shock wave
When it reaches the neutrino-sphere, sudden decrease of the neutrino cross-sections and break-out of neutrino lumin.

107>
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0.2 s 4 ms 1 s 10 s Raffelt, Phys.Rept. 198 (1990) 1-113

Fig. 10.1. Schematic view of the neutrino luminosity expected from a type Il supernova (adapted from Cooperstein in ref. [159]). There are several
breaks of scale in the horizontal axis, separating the following periods: first ~0.2's, infall from core density, ~10'° gcm ™, to maximum scrunch,
~10" gem ™, next ~0.004s, from bounce to shock breakout at the neutrino sphere; further ~1's until shock reaches edge of iron core; in the
following ~10s, most of the remaining binding energy is radiated from the neutrino sphere.



AXIon emission

Table 10.1
Neutrino burst from SN 1987A in the IMB detector [166]. The event
time is relative to the first event which occurred on 23 February 1987,
7:35:41.374 (UT), with an uncertainty of =0.05s. The angle is the
polar angle with respect to the direction away from the SN. The
energy is the measured energy of the electron or positron. If the
events were due to v+p—n+e’ on free protons, E, was typically
~2 MeV larger than the measured e~ energy

Time Angle Energy
Event (s] [deg] [MeV]
1 0.00 80 + 10 387
2 0.41 44 + 15 37+7
3 0.65 56 =20 28%6
4 1.14 65 + 20 39+7
5 1.56 3315 369
6 2.68 5210 366
7 5.01 42 +20 19+5
8 5.58 104 +20 22+5

Table 10.2
Neutrino burst from SN 1987A in the Kamiokande-II detector [168].
The event time is relative to the first event which occurred on 23
February 1987, 7:35:35 (UT), with an uncertainty of +1:00 min. The
angle is the polar angle with respect to the direction away from the
SN. The energy is the measured energy of the electron or positron

Time Angle Energy
Event [s] [deg] [MeV]
1 0.00 18 * 18 20.0*2.9
2 0.11 40 =27 13.5+£3.2
3 0.30 108 =32 7520
4 0.32 70 = 30 92+27
5 0.51 135+23 128+2.9
6 0.69 68 + 77 6.3x1.7
7 1.54 32+16 35.4+8.0
8 1.73 30x18 21.0x42
9 1.92 3822 19.8+3.2
10 9.22 122 £ 30 8.6x2.7
11 10.43 49+ 26 13.0x2.6
12 12.44 91 =39 89+19

Successful exponential cooling model to fit the data !



AXIon emission
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Fig. 10.4. Schematic dependence of the “exotic” luminosity, L., on the coupling strength of the new particles, g, which could be, for example, the

Yukawa coupling of axions to nucleons or a “right-handed Fermi constant”. In the range g, < g, <g. .., the novel energy loss would exceed the
neutrino luminosity, L . (Taken from Raffelt and Seckel [92].)

Raffelt, Phys.Rept. 198 (1990) 1-113



AXIon emission

The total amount of energy emitted in neutrinos is relatively insensitive to the X coupling strength !

80 —r ' ,

»
(@]

The emission of X-particles, however, will typically be dominated by
the inner core where the densities are highest. This part of the core,

however, is at first at relatively low temperatures.

Temperature (MeV)
N
o
0

ny
(=]
N OO

0 05 10 15
Mass (M)
Thus, the emission of X-particles will start slowly as energy c 1.0F
. . . . . o -
diffuses into the inner core, and thus will be important mostly 5 0.8
during the exponential cooling phase after the first neutrino ‘;" 0.6 :
burst —— it would shorten the «cooling tail» = _E
© 0.4 [
w - Free
2 0.2 FStreami
0

10712 19-10 g8 196
Yukawa Coupling gj,



AXIon emission

Hence, the X-particle luminosity is expected not to exceed the neutrino luminosity. Since

L ~3x10erg/s

then
19 -1 -1
e. <10 " ergg s

(where €,=Q, / p)



Thermodynamics

The meson octet is treated as an ideal Bose gas with chemical potentials obtained from the EoS model.

As written, the emissivity treats all particles involved as ideal gases. However, in-medium effects in hot and dense
matter are expected to have a strong impact. Such effects may be captured at the mean-field level by shifting effective
potentials, masses and energies of all particles entering the EoS with their “effective” counterparts:

* * * . .

mj —m; , E; = ES, p;—p; =p; —Uj,

The r.h.ss are calculated within each of our considered thermodynamic conditions. In particular:

1. the effective chemical potential contains the mean-field in- teraction potential U;, which also enters the
energy- conservation equation and is determined self-consistently;

2. this treatment of mean-field effects also allows to correctly recover the particles’ number densities by
integrat- ing their distribution functions over phase space.

Formally the system can be treated as a free gas, with additional self-consistent equations determining the effective
guantities and potential terms for energy and pressure (the distribution function still has the form of a free gas)



EoS: DD2Y, , = 0. = B = B H = an

ng = 1.5 ng,

T = 40MeV
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diagram 1

M a

diagram 2
1’7\ [ a

FIG. 1: The diagrams contributing to B; M — B¢ a,
with B, ¢ initial- or final-state octet baryons, M octet
mesons, and a the axion.



Georgi, Kaplan, Randall, PLB 1986

Starting point :

£2 = 3(94a)(3,a)

+ (0*a/f) (x¢¢TiB“¢ + %; wi'y“waL)

— @INIEE/3202)GG + C, gy (&3 /3272)WW

+ Cayy(g%/:;zﬂ'z)ﬁ] X



Georgi, Kaplan, Randall, PLB 1986

At 1 GeV:
£=3(3,a)(d"a)

— qR exp(iaQ, /M exp(iaQ A/f)qL + h.c.

+ (a,,a/f)§7“ [(Xy +Qy) + (X4 +0Q4)75]q

- (a/f)[(ezl321r2)CawF’§] + leptonic terms.

To be matched with

£=3f2 t(DFED, =1 + 3f2u tr(MzT) + hee., |
DHE = 34T +ieA#[Q, Z]

matrix T = exp(2ill,T,/f, ), where the I1, are the
pseudoscalar meson fields, the T, are the Gell-Mann
matrices and f, =93 MeV. The Z field transforms as
T - LZRT under SU(3); X SU(3)g.




Georgi, Kaplan, Randall, PLB 1986

the vector and axial vector currents are

¥, =isf? u[T,(ZDrEt + ZTDED)]

o =i3f2 u[T(EZDHZt ~ ZtDHT)) |

\

20,lf) 1 {74, T, Ky +QV)]

+jh [T (X, +Q0)1}
+ 32 uli(alf) tr({M, QA )Z) (12)
—3a/N? t({{M,Q,},02,}2) +O[(a/f)3] +h.cl].



Free streaming

d’p lp |E2 E
w= | E,~22T,= [ dE, 2% 2 cEa/TD 1
@ / (2m)3 / on? (1)
Moreover, we know that
dng
Qa = /dEaEa dE (2)

Thus,
Eo/T 2 _—E./T
T, = on? e dng _ 21 e dN, (3)
E.lp.| dE, VAt E,|p,| dE,

The mean free path is defined as I, = 1/T',, which leads to

3V\'/3  2x2 e=Be/T gN, 4\ /3
lo>R=(°"— < (2 4
> (4vr) < VAt Balpa] 4B, * (3V) @
o /T AN, _ (4 Byar
Ealpa| dEa 3V 271'2 -

1.2 x 10%° MeV ™3 (5)

—E./T

Eqlpa|
the axionic emission spectrum starts at approximately E, ~ 50 MeV and T € {30;40} MeV, we have

—E,/T
e
Eulpd] < 10~% MeV 2. Therefore, to remain in the free-streaming regime, it is sufficient that
a|Pa

The function

is decreasing with energy and increasing with temperature. Since the support of

dN,
dE,

< 1.2 x10%° MeV~* (6)



Analogous formulation for mesons — Bauer et al PRL ‘21

At 1 GeV:
m2
Lgg=Locp + - (a a)(8"a) — —22 g2
(87 a a ~
—S—G“ GHvse F,, Fw
+ CGG 47(' f + C’Y'Y 471. f (1)

o*a
+ — 7 (QLkQ'Y;LQL‘FQqu’YMQR'*‘ )

Chiral rotation of the quarks :

alah > oxp [—z' (8, + Kqls) cG %] o(=)

6 and k are hermitian matrices, which describe exactly the same physics !



Analogous formulation for mesons — Bauer et al PRL ‘21

To perform computations :

2 2
L= 3 T [D's (D,X)'] + fBoTr['rhq(a)ZT +h.c.]
1 m?2 0 a a ~

Z HM Y2 TR MY
—|—2(9 adua 5 @ +C’W47rf v :

Where

. , a
nvg(a) = exp (—Zznq cac }) my

iD,Y =i0,X +eA,[Q,X] + % (’%QE -2 Eq)

Covariant derivative a la Gasser- Leutwyler [NPB ‘85]



b U B
Tein = (Top)"™ +(Trn)"

purely mesonic

baryonic-plus-n mesons part

F2
(T = +i5- T

[%b(D“U)TU], (T =

F2
— =9 Ty

> [%bU(D“U)T]

B B,K; Ire | |
(T = (Tpm W+ (Tom N+ (Tor” W+ (Tes

Apb
(B:Kl) szl D m b f
(Jrr ) 4Tr(37 [A :F—2FO,B]) ,
[ Apb Apb H
(B,K2)ub=_1Tr B~ )\b_f__ b_f ' g
(jL ) 8 ( 8 _ 2FO wl A —ZFO u', - .
i Apb b .
(B.K2)yub _ L = ulse P i, S
(Tr") STT(BW’ N+ o (M ag ) e Bl )
Apb b
(B,D)ub: BTI‘ B'u )\b_f b_f ;
(T )" =+3 < s o tu\ N g ) v B
Apb b
B.D)uo _ D (5on R ol
(Tr ") 3 ( Y5 q A +—2FO +u' [ A +—2FO u, B




We adhere to the notation in Ref. [61], in particular we define the mesonic field U = exp(i¢p/Fp), with covariant
derivative D,U = 0,U — jOua (ERU — UI%L) —ieA, [Q,U] and Q = diag(Qu,Q4,Qs). We normalize the 3-flavour

fa
pion-field matrix ¢ = ¢*A® (where \* are the Gell-Mann matrices), so that e.g. the (1,1) entry is mo + 709/v/3,
and Fy ~ 93 MeV. We assume the chiral-symmetry transformation to be U — RUL'. Also, we use u = v/U, and
the shortcut notation fXY¢ = fa¢Xoy® with f the SU(3) structure constants, and a,b,c SU(3) indices in the

adjoint representation. Again, we normalize the hyperon field B = B*\® as in [61], such that e.g. the (1,1) entry is
$0/v/2 4+ A/+/6 and we take D = 0.81 and F = 0.44 [62].



Class Processes
N7 — Na nt® snatf, net 5 pa, pr~ > na, pr® > patt,
N7 —=Aa nm® > Aa,pn~ = Aa,
Nt —=Xa nt” =2 YX a,nt® X0, nrt 5 Xtatt prm 5204, pa® - Bt a,
NK —+Na nK° 5 na,nK° 5 na,nKt - pa,pK~ = na,pK° — pa, pK° = pa,
NK — Aa nK% 5 Aa,pK~ — Aa,
NK—Xa nK- Y a,nK°—> X%, pK~ - X%, pK° - Xt a,
NK —Za nK- 52 atf nKY 5501t pKk— 5 =0a 11,
Nn— Na nn—)na’”,pn—)patf,
Nn—Aa nn— Aa,
Nn—Xa nn—X%a, pn— Xta,
TABLE II: B; M — By a processes, with B; = N.
Am = Na A0 5 na, At = pa,
Amr— Aa A0 5> Aatt,
Amr—=Xa Ar 53 a, A0 5 X0a ¥t Ant 5 Bta,
Am > Ea Ar~ 5 E a,An® 5 =0a
AK —Na AK® 5 na, AKt — pa,
AK - Aa AK° 5 Aa, AK° - Aa,
AK - Xa AK— 5% a, AK? 5304, AKO 5 30q, AKt — 2t a,
AK - Za AK~- 52 a,AK? - Z0q,
An— Na An—na,
An—>Aa An—Aatt,
An—Xa An—X0qgtt
An—>Ea Anp—Z0a

TABLE III: B; M — By a processes, with B; = A.



Class

Processes

Ymr—> Na
Ym—Aa

Yr—Xa

YTt —>Ea
YK—>Na
YK —>Aa
YK —>Xa

YK —Ea
¥n—>Na
Xn—Aa
Yn—Xa

Y¥n—>Ea

ZEr— Aa
=T —Xa
== EZa
=ZK > Na
ZEK —Aa
ZEK > XYa
=ZEK - Ea
=ZEn—Aa
En—2Xa

En—>Ea

Tat 5nae, 2070 5 na, 07t 5 pa, Tt 5 natt, Tt a0 5 pa,

S=at 3 Ae, 2070 3 Aatl Xta— o Aa,

=70 5 B-altl, B-gt 5 30q, 304~ 5 B@a, 2040 » ¥0ai i, 30qgt 5 Ttg, Bta— - X0,
Sta0 5 3taetf,

=m0 55 q, Xt 5 F0a¥t ¥0gr— 5 5q, 2070 5 F0qg, =t~ - H0q,

>~ Kt —na, 2°K% = na, 20 K+ = pa, T+ K° > pa,

Bk 0 D a0 KO = Ala STREGS S A G

T"K° 5 ¥7a, 27K? 5 ¥7a, Kt 5 X0, 30K~ —» Z7a, 20K - 50g, 50°K? 5 ¥04,
POk 5.3 g, 5k K5 5300, B K0 5 Nha, D FKY 3 5 e,

Y-K0 3 E5¢q, 30K~ 55¢q,30K0 5 50q, 2+t K~ -5 F0aq,

209 3 na, Xty - pa,

0p—> Aatt,

T p=2Zall, B0 X0att, Bty taeti,

Y np—oE2"a,x209 >0,

TABLE IV: B; M — By a processes, with B; = X.

(1]

7t > Aa,E%7° > Aa,
w33 a, =t 5 X0q,E07 —)E_aiT, 0740 5304, 2074t 5 =t a,

Onr— 5E"a,8070 5 E0q 1,

[1]

—

—m0 5 E"att, 2 at 550, =
“Kt 5natt,E0K0O 5 natt 20K+ 5 patt,

—Kt 5 Aa,E°K% 5 Aaq,

E-KO 5%~ q,E- Kt 5%0q,E0K0 3304 50 K+ — $+aq,

E-K05E a, 2 K55 al,E Kt 55%, 59K~ -Zqa,Z0K0 504, Z0 K0 — =0q,

[11 [

[1]

(11

0n—>Aa,

(1]

=3 a,5099n > 0aq,

[1]

_n—)E_aIf,Eon—)aniT,

TABLE V: B; M — By a processes, with B; = E.



TABLE VI: Particle fractions in SN matter for the different thermodynamic conditions considered, as specified in

the first two columns, and Yy, = 0.3. Only particle fractions > 10~° are listed.

nB

T }/:3 Yn Yp YA YE_ YEO YE+ YE_ YEO Yﬂ.— Y,TO Yﬂ.-i-
(MeV)
< 30 0.298 0.696 0.300 0.004 2x107* 5x107° 1x107° 3x107° 1x10"° 0.002 2x107%* 2x10°
> S
8 [l
S 40 0295 0.680 0.302 0.014 0.002 6x107* 2x107* 5x107* 2x10~* 0.006 0.001 2x10*
< 30 0.298 0.697 0.300 0.003 1x107* 4x107° 1x107° 2x107° 0002 2:%x10°% 210"
b e
[e]
il
“ 8 40 0294 068 0301 0.011 0001 5x107* 2x10™* 3x10™* 1x10~* 0.006 0.001 2x10~*
3’ 30 0.299 0.690 0.301 0.009 5x107* 8x10™° 1x10~° 1x107* 3x10~° 0.001 1x10~* 1x10~°
&85
a |
m 40 0296 0.667 0.304 0.023 0.003 8x10~* 2x107* 0.001 3x10~* 0.004 8x10~* 1x107*
L
»é 30 0.299 0.697 0.300 0.003 8x10~° 2x10~° 210" 0.001 1x10~* 1x10~°
Chal
£ 9
u | —4 = —4 g —4 —4 —4
40 0.295 0.686 0.301 0.011 9x10 3x10 1 x10 4%10 1x10 0.005 8x10 1x10




Three kaon decays into final states w/ an axion

_ 2 2
d’T'(Kg — mt7~a) w2 (Re(ka)a2s 0 (Im(ka)as
=3mg— + Mg :
dsdt N fa, 37771' fa
2
d’T(KT — 7t 70) wi (|(ka)as|
= 3MmKg— 9
dsdt M fa
d’T'(Kg — £t¢"a) 02 |1 2w, (Re(ka)az?
= Omg .
dsdt e Jfa
in units of 1073 TeV !
me <K My Mg = My
Channel | Re[(’;:)zs]l | Im[(’;:)zs]l I(kAzzal | Re[(;;a)zall | Im[(}ﬁ:)zsll I(k?323|
Ks—putua 48 — — 5.7 — —
Kg—ntna 3.0 1.0 — 3.7 0.57 —
KT = ntnl% — — 0.018 — — 2.6




New Physics - axions

But axions have flavor violating couplings even if the UV
theory is flavor diagonal : EW loops

oua

£ CFF”tb’)’ 75¢ A CBB7

- 0By B* + cww —2-aWA WA + coq —2aGo, GH

8 fa 87 fa 8 f

Vi VSC A SNy .,
Caa(ie) = Ch(Agy) + Y i ViaVe Ok (mﬁ —fF<mF)) — D22 vy (),

167 256m

F=t,c

M. Bauer, presentation @ BFA 2025 Workshop



New Physics - axions

But axions have flavor violating couplings even if the UV
theory is flavor diagonal : QCD

N,
= -8 [8 N3 m%(_ﬂﬁa + (4 C;i- + 6§acfu+dd—2ss) m(21

2
A 2 1% 2 MK _7 ~V

+ C2uu—|-dd+ss Mk _r—a+ Cdd—ss mK—Hr—a] - TCds )

a

_ N,
_Z\/§A(KO — 71-Oa’) = ﬁ [(8 N3£a + Cg:id+ss) m%{—ﬂ‘ + (Cg}m—dd—ss - 2§aCfu+dd—2ss)m2

2
A 2 MK_q
- 2Cuu—ddma 2
7"'_

2
1% 2 MK _7 ~V

+ Cdd—ssmK+7r—a] - 9 Cdsa
a fa

For K. decays the CP conserving part is suppressed

1+ eK'+(1-¢K°
2(1+ lef?)
M. Bauer, presentation @ BFA 2025 Workshop

Ky,
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2503.05865

Poisson distribution

Poissonian constraint term for the number
for the total number

of bkg events
of events = S —
. . . . Region 2
Multinomial piece for a shape analysis of = s e
| L
the invisible inv. mass (the two =
components are distributed as a function S |
S
of the invisible invariant mass squared) ‘T‘ |
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5 LMtot Ntot [
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0 50 100
m, [MeV/c?]




Cann = Con D+Codn F+C3n S

a a a

o) _ 2, 2-2 n 2(ka)11 — (ka)22 — (ka)ss

ann 39661, 3 ’
Z
Comn = —2¢aa7— = (ka)oa + (ka)ss N o A A
D=—-Ay/2+ A5 —As/2 =—-0.813(43
(D) _ 2 1— 2z (k’A)ll — 2(1@4)22 + (kA)gg u/ d S/ ( )
Cap =~ 30667, 3 , F=—-A,/2+A,/2=-0.441(26) ,

Cann = 0.012(28) — 0.406(34) (k)11 + 0.848(26)

(k)22 — 0.035(17) (ka)s3 ,
Coapp = —0.452(28) + 0.848(34) (ka)11 — 0.406(24) (ka)22 — 0.035(17) (kA)33§



2 Qe'(lcj"n Cz;rmg(
We KS“;:WO’\\Q_ [eCo ]D”A—YG’“MQMCL X Slaw‘ c[..ej',QC"'HO(& a'[" HK

> PYTHIA § Stwglsfiom of T decaye
+

J[_\M o< ]DLQ‘I/:C_. - MCS

Reconstructed as #°

Selection T =30 MeV T = 40 MeV

FEreco > 150 MeV 0.974 0.985
Ereco > 150 MeV, 2-ring 70-like 0.664 0.577
Ereco > 150 MeV, 1-ring 70-like 0.148 0.204
FEieco > 150 MeV, 1-ring e-like 0.090 0.141
FEieco > 150 MeV, 1-ring u-like 0.009 0.013
FEieco > 150 MeV, 2-ring other 0.064 0.050

o*“v\y D-MJUQJ. F(\p__f‘l'&%j |‘Vt &“ Ca"‘z&orﬁej

D. Guadagnoli’s presentation @ workshop "The meV Mass Axion Frontier: Challenges and Opportunities"



@ Defectin-ce slbvu&e cotrected sTeA“(\n.

DD2: T=30 MeV ; ng=nNsst ; Yp=0.3 DD2: T=40 MeV ; ng=nNsst ; Yp=0.3
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D. Guadagnoli’s presentation @ workshop "The meV Mass Axion Frontier: Challenges and Opportunities"
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DD2 SFHo
T [MeV] ng |Capp |Cann| | Capp |Cann|
30 Nsat 2.1 2.0 1.8 1.7
30 1.5 ngat 2.0 1.9 1.5 1.5
40 Nsat 0.80 0.76 0.67 0.64
40 1.5 ngat 0.76 0.74 0.59 0.56

Table 2: Constraints on the absolute values of the axion couplings to nucleons |Copp|, |Cann|
for f, = 107 GeV for different EOS and for different thermodynamic conditions
inside the SN core.

In turn, NS cooling data [32] imply the constraints are |Copp| < 1.16 and |Copn| < 1.22 for
f. = 10° GeV.



Number of absorption events scales ad 1/d?: the larger d, the larger the number of SN candidates / time!

DD2: T=30MeV ; ng=nNsat; Yp=0.3
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DD2: T=40MeV ; ng=nNsat; Yp=0.3

Number of core-collapse SNe expected per century
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