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Supernova axion search with helioscope
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Axions
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Introduction

But, they have not been found directly.

QCD Axion

Axion-like particles (ALPs)

Axions are well-motivated candidates for the BSM.

S. Weinberg, Phys. Rev. Lett. 40 (1978) 223; 

F. Wilczek, Phys. Rev. Lett. 40 (1978) 279. 

P. Svrcek and E. Witten, JHEP 06 (2006) 051; 

A. Arvanitaki, S. Dimopoulos and S. Dubovsky, Phys. Rev. D 81 (2010) 123530.

solution to the strong CP problem

predicted in the string theories



Constraints on axion models
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Effective lagrangian at low energy

ℒ = ℒSM +
1
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(∂μa)2 +
1
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m2
aa2 +

1
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gaγγaFμν F̃ μν + ∑
N=p,n

gaNN

2mN
Nγμγ5N∂μa

     axion mass 

   axion-photon coupling 

  axion-nucleon coupling

ma

gaγγ

gaNN

　for　gaγγ ≲ 6.6 × 10−11 GeV−1 ma ≲ 0.02 eV

g̃aNN ≲ 6.4 × 10−10 g̃2
aNN ≡ g2

ann + 0.61g2
app + 0.53ganngapp

Constraints

CAST collaboration, Nature Phys. 13 (2017) 584.

from CAST experiment

from SN 1987A

P. Carenza, T. Fischer et al., JCAP 10 (2019) 016.



Supernova
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Supernova Nearby SN candidates

• Red- or blue-supergiant 

• M ≳ 10 M⊙

https://www-sk.icrr.u-tokyo.ac.jp/sk/sk/supernova.html

dSN ≲ 400 pc



ECAL region

Axion

Inner tracker region

Photon

Magnetic field

Electromagnetic shower
Detected!

Collider detectors
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Introduction

https://atlas.cern/resources/schematics

Axion

Strong magnetic field  
parallel to the beam axis
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• Introduction 

• Supernova axions 

• Axion search with collider detectors 

• Summary



Supernova axions
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Axion production process
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Supernova axions

Two kinds of production process occur for ΔtSN ∼ 10 sec

• 　bremsstrahlungN1 + N2 → N1 + N2 + a

• π− + p → n + a π−

p n

a

  nucleonNi (i = 1, 2)

P. Carenza, T. Fischer et al., JCAP 10 (2019) 016.

P. Carenza, B. Fore et al., Phys. Rev. Lett. 126 (2021) 071102.

N1

N2

N1

N2

a



N + N → N + N + a

π− + p → n + a

ωpeak ∼ 70 MeV

ωpeak ∼ 240 MeV

Spectrum
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Supernova axions

• The peak energy of -process axions is roughly three times larger than 
-process ones. 

• The spectrum is proportional to .

π−p
NN

g̃2
aNN g̃2

aNN ≡ g2
ann + 0.61g2

app + 0.53ganngapp

g̃aNN = 5 × 10−10, κSN = 3



Pre-SN neutrino alert
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Supernova axions

C. Kato, K. Ishidoshiro and T. Yoshida,  

Ann. Rev. Nucl. Part. Sci. 70 (2020) 121.

Stop the beam, and switch to SN axion search

ΔtSN ≃ 10 sec
SN axion detection

pre-SN neutrino detection 
e.g.) JUNO, SK, KamLAND

𝒪(1) hr

Identify the nearby SN progenitor with the 
help of pre-SN neutrinos

Time



Axion search with collider detectors
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Collider detectors
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Axion search with collider detectors

Inner tracker region

List of detectors

Magnetic field B

2R

Z

θ

Axion

L

Photon



Collider detectors
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Axion search with collider detectors

Inner tracker region

List of detectors

Conversion rate

P ≃
1
4

(gaγγBL)2Magnetic field B

2R

Z

θ

Axion

L

Photon



Signal and background
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Axion search with collider detectors

• SN neutrinos interact with materials in ECAL absorber.

　(ILD)νe + W → e− + X*



NBG ∼ 105

Signal and background
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Axion search with collider detectors

• SN neutrinos interact with materials in ECAL absorber.

　(ILD)νe + W → e− + X*

ILD setup,  (Spica),  

, , 

, .

dSN = 77 pc

κSN = 3 gaγγ = 6.6 × 10−11 GeV−1

g̃aNN = 6.4 × 10−10 ΔtSN = 10 sec

Background

Total signal

Nsignal ≃ 80
smeared 
non-smeared



→    , NBG ≃ 1 Nsignal ≃ 25    ←NBG ∼ 105

Ecut = 145 MeV

Signal and background
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Axion search with collider detectors

• We impose an energy cut-off to remove most of background events.

Mainly -processπ−p

ILD setup,  (Spica),  

, , 

, .

dSN = 77 pc

κSN = 3 gaγγ = 6.6 × 10−11 GeV−1

g̃aNN = 6.4 × 10−10 ΔtSN = 10 sec

smeared 
non-smeared



Accessible parameter region
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Axion search with collider detectors

• If a SN occurs within  pc, we may search unknown region. 
• The accessible region can be also searched by IAXO, which is a future solar 

axion experiment.

𝒪(100)

ILD setup

  77 pc 

  222 pc

α Vir
α Ori



Summary
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• We have discussed a possibility of SN axion search with collider detectors. 

• Practically, we switch to axion search with the help of pre-SN neutrino alert. 

• If a nearby SN occurs, we may search non-excluded parameter region.

Supernova Collider detector+

→ New direction to axion search!



Backup
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Production and detection
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Backup

Cross section of a collider detector

Strong magnetic field ∼ 𝒪(1) T

Detect!

Electromagnetic 
calorimeter

Inner tracker

Axion

Photon

Supernova

Electromagnetic 
shower



QCD axion
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Backup

gaγγ =
1
fa

Caγγ Caγγ ≃
α
2π ( E

N
− 1.92)

 C(KSVZ)
app ≃ − 0.47

C(KSVZ)
ann ≃ − 0.02

 C(DFSZ)
app ≃ − 0.617 + 0.435 sin2 β

C(DFSZ)
ann ≃ 0.254 − 0.414 sin2 β

ma ≃ 5.70 meV × ( fa
109 GeV )

−1

G. Grilli Di Cortona, E. Hardy, J. Pardo Vega and G. Villadoro, JHEP 01 (2016) 034.

gaNN =
mN

fa
CaNN (N = p, n)

Axion-photon coupling

Axion-nucleon coupling

Axion mass

spires-search://a%20grilli%20di%20cortona,%20giovanni


Constraint on axion-photon coupling
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Backup

  for  gaγγ ≲ 0.66 × 10−10 GeV−1 ma ≲ 0.02 eV

The most stringent bound

CAST collaboration, Nature Phys. 13 (2017) 584.



Constraint on axion-nucleon coupling
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Backup

La ≲ Lν ≃ 2 × 1052 erg/sec

P. Carenza, T. Fischer et al., JCAP 10 (2019) 016.

→

g̃aNN ≲ 6.4 × 10−10→

Using  L(NN)
a = 2.42 × 1070 erg/sec × g̃2

aNN

(Assuming )L(NN)
a = L(π−p)

aLa = L(NN)
a + L(π−p)

a



Pre-SN neutrino alert
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Backup

1. Pre-SN neutrinos are emitted  hour before axion emission. 

2. Pre-SN neutrinos are detected by neutrino detectors, e.g.) JUNO, SK, KamLAND. 

3. SN candidates within  pc may be identified  hour before axions come. 

4. Stop the beam, and switch to SN axion search.

𝒪(1)

𝒪(100) 𝒪(1)

10 s0 s Post-bounce time

SN explosion

hours ∼ days

SN neutrino 

SN axionpre-SN neutrino

−(days ∼ hours)

C. Kato, K. Ishidoshiro and T. Yoshida, Ann. Rev. Nucl. Part. Sci. 70 (2020) 121.



Alarm time for SN
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Backup

C. Kato, K. Ishidoshiro and T. Yoshida,  

Ann. Rev. Nucl. Part. Sci. 70 (2020) 121.

At the latest 𝒪(1) hr



Our SN model
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Backup

We use the following SN model by obtaining the spectrum of the -process axion.NN

• Proton fraction per baryons Yp = 0.3

• Density ρ = 1.3 × 1014 g/cm3

• Temperature T = 35 MeV

• KSVZ axion model

• Uniform SN



× 3

Time dependence of the luminosity
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Backup

P. Carenza, T. Fischer et al., JCAP 10 (2019) 016.

We define the time average luminosity, using a parameter, .κSN

L(NN)
a = κSNL(NN)

a (tpb = 1 s) = 2.42 × 1070 erg/sec × g̃2
aNNκSN κSN ∼ 𝒪(1)



Spectrum of -process axionπ−p
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Backup

P. Carenza, B. Fore et al., Phys. Rev. Lett. 126 (2021) 071102.



 processNN  processπ−p

P. Carenza, B. Fore et al., Phys. Rev. Lett. 126 (2021) 071102.

Luminosity
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• The luminosity of -process axion is a few times larger.π−p



Conversion rate
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P =
1
4

(gaγγBTL)2( sin(qL /2)
qL /2 )

2

q ≡
m2

a

2ω

Conversion rate

 : Axion mass 

 : Axion energy

ma

ω

Axion Photon

Magnetic field BT

L

Time evolution equation

 :Photon　  : AxionA∥ a

 G. Raffelt and L. Stodolsky, Phys. Rev. D 37 (1988) 1237.



Radiation length (LHC)
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ATLAS CMS

•  → It is difficult to regard a photon as a free particle.∼ 1X0

C. Gemme,  

“The ATLAS Tracker Detector for HL-LHC”, 

ATL-ITK-PROC-2020-008. 

CMS Tracker collaboration,  

“The Upgrade of the CMS Tracker at HL-LHC”,  

JPS Conf. Proc. 34 (2021) 010006.

 : radiation lengthX0



Radiation length (ILC)
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ILD SiD  ( )∼ 1 % X0/layer

H. Abramowicz et al., 1306.6329.

•  → Photon is almost regarded as a free particle.∼ 0.1X0

 : radiation lengthX0



The number of signal events
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SN

Detector

Nγ = (The number of emitted axions per unit time)

(Emission duration)

(Conversion rate)

(Ratio of cross sectional area)

×

×

×

= 
2RZ

4πd2
SN



Neutrino background events
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αe = 2.92

Eνe
= 10.01 MeV

Lνe
= 4.8 × 1051 erg/sec

Tamborra, B. Muller, L. Hudepohl, H.-T. Janka and 

G. Raffelt, Phys. Rev. D 86 (2012) 125031.

NBG = ΔtSNNtarget ∫ dEν fνe
(Eν)σ(Eν)

→ NBG ∼ 105 , ΔtSN ≃ 10 sec dSN ∼ 100 pc

H. Abramowicz et al., 1306.6329.

fνe
(Eν) =

Lνe

4πd2
SNE2

νe

(αe + 1)αe+1

Γ(αe + 1) ( Eν

Eνe
)

αe

e−(αe+1)Eν/EνeFlux

   for   σ(Eν) ∼ 10−39 − 10−41 cm2 Eν ∼ 10 MeV

(For  case)νe + Pb → e− + Bi*

Scattering cross section

   for   ILD (tungsten)Ntarget ∼ 4 × 1029The number of targets

at t = 1991 ms



The energy cut-off and signal events
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Magnetic field
θ

Axion

• The number of signal events with  is roughly 
one-third of the one without the energy cut-off.

Ecut = 150 MeV

Without energy cut-off 
With Ecut = 150 MeV



Energy resolution
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H. Abramowicz et al., 1306.6329.

• Practically, the energy resolution is finite. 
• We regard quantities smeared by the Gaussian function as observables.

CMS collaboration, JINST 8 (2013) P09009.

   for   CMS (PbWO4)a = 3 %

f (obs)(E) = ∫ dE′ 
1

2πδE
exp (−

(E′ − E)2

2δE2 ) f (ori)(E′ )

δE
E

=
a

EGeV

EGeV ≡
E

1 GeV

   for   SiD (W)a = 17 %

   for   ILD (W)a = 15 %



Energy resolution and signal events
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δE
E

=
a

EGeV

ILD setup


