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ALP motivations

Axions: Nambu-Goldstone bosons from the breaking of a color anomalous
global chiral U(1) symmetry which is spontaneously broken in the vacuum.
[Peccei & Quinn, PRL 38 (1977) 1440], [Weinberg, PRL 40 (1978) 223], [Wilczek, PRL 40 (1978) 279]

solution to the strong CP problem

dark matter candidate

ma and fa are related → ma = 5.7
(
1012GeV/fa

)
µeV

Axion-like particles (ALPs): Pseudo Nambu-Goldstone bosons of
spontaneously broken global symmetries.

Lepton symmetry: Majoron [Chikashige et. al, PLB 98 (1981) 2651981]

Family symmetry: Familon [Wilczek, PRL 49 (1982) 1549]

Flavor symmetry: Flavon

ma and fa are not related → mass does not arise from QCD effects
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Current status of ALP-related experimental searches

helioscopes (CAST) & haloscopes (Abracadabra, ADMX, CASPEr...)
interferometry (ADBC, DANCE) & polarization exps (PVLAS)
beam dump & fixed target experiments (FASER, LDMX, NA62, NA64..)
colliders & dark matter DD experiments (XENON, LUX, CDMS..)
astrophysical observations (Stellar energy-losses)

10−
12

10−
11

10−
10

10−
9

10−
8

10−
7

10−
6

10−
5

10−
4

10−
3

10−
2

10−
1

100
101

102
103

104
105

106
107

ma [eV]

10−19

10−18

10−17

10−16

10−15

10−14

10−13

10−12

10−11

10−10

10−9

10−8

10−7

10−6

|g
aγ
|[

G
eV
−

1 ]

KSVZ

DFSZ
II

X-rays
EBL

Ionisation
fraction

BBN
+N

eff

Horizontal branch

Solar ν

A
D

M
X

R
B

F+U
F H
A

Y
STA

C

SHAFT

C
A

PP

O
R

G
A

N
Q

U
A

X

B
A

SE

A
D

M
X

SLIC

CAST

ALPS-I PVLAS

OSQAR

CROWS

Fermi-SNe
DSNALP

Hydra

M87

HESS

Mrk 421

FermiStar

clu
ste

rs

Chandra
SN1987A

SN
1987A

M
U

SE

V
IM

O
S

Neutron stars

B
lack

hole
spins

ABRA
10 cm

10−9 10−8 10−7 10−6 10−5 10−4 10−3 10−2 10−1 100 101 102 103 104 105

ma [eV]
10−15

10−14

10−13

10−12

10−11

10−10

|g
ae
|

D
FS

Z
m

od
el

s

K
SV

Z

H
ad

ro
ni

c m
od

el
s

LUX (Solar axions)

PandaX

XENON1T
(DM)

XENON1T
(Solar axion

basin)

SuperC
D

M
S

EDELWEISS

Red giants (ωCen)

Solar ν

plots from: C. O’Hare (https://github.com/cajohare/AxionLimits) 10.5281/zenodo.3932430

and references therein

Our goal: Explore ALPs in view of reactor neutrino experiments via
nuclear and electron recoil measurements [Dent et al. PRL. 124 (2020) 21, 211804]
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ALP production @ nuclear reactors
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Nuclear reactors utilized as a high intensity photon flux

Photon flux

dΦγ′

dEγ′
=

5.8× 1017

MeV · sec

(
P

MW

)
e−1.1 Eγ′/MeV

P: reactor power in MW

[Bechteler et al., Technical Report, Inst. fuer Kernphysik (1984)]
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[https://physics.nist.gov/PhysRefData/Xcom/html/xcom1.html]
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Nuclear reactors utilized as a high intensity photon flux

Photon flux from nuclear transitions
TEXONO Collab., Phys. Rev. D 75 (2007) 052004
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(mainly) M1 transition from the excited state to the ground state of 7Li
M4 transitions from the excited to the ground state of 91Y, 97Nb, 135Xe and 137Ba
thermal neutron capture on proton in the cooling water, p + n→ d + γ. The deuteron
ground state has magnetic dipole and electric quadrupole moments, the emitted γ is
therefore mainly M1

a fraction of these photons can be converted into ALPs 7 / 24



ALP production mechanisms

Phenomenological parametrization via dim-5 effective operators

L = −1

4
gaγγ aFµν F̃

µν − igaeea ēγ5e − ian̄γ5

(
g

(0)
ann + τ3g

(1)
ann

)
n

Continuous ALP flux

dΦP
a

dEa
= Psurv

∫ Eγ′,max

Eγ′,min

1

σTot

dσprod
ALP

dEa
(Eγ′ ,Ea)

dΦγ′

dEγ′
dEγ′ , with σTot = σSM + σprod

ALP

[Dent et al. PRL. 124 (2020) 21, 211804]

Survival probability, assuring that the ALP flux reaches the detector: Psurv = e−LEa/|~pa|τ

L: distance between the reactor and detector
τ : ALP lifetime in the fixed target frame
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ALP production mechanisms

Phenomenological parametrization via dim-5 effective operators

L = −1

4
gaγγ aFµν F̃

µν − igaeea ēγ5e − ian̄γ5

(
g

(0)
ann + τ3g

(1)
ann

)
n

Monochromatic ALP flux for the i−th transition

(
dΦMT

a

dEa

)
i

= φia δ(Eγ′ − Ea) = Rf Φi
γ

(
Γa

Γγ

)
i

Psurv δ(Eγ′ − Ea) (i = p(n, γ)d, MJ) ,

fission rate: Rf

photon flux per fission: Φi
γ

branching ratio of ALP to photon e mission in the nuclear transitions:
(

Γa
Γγ

)
i
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ALP production cross sections

gaγγ coupling

Primakoff scattering: γ + N → a + N [Aloni et al. PRL 123 (2019) 7, 071801]

dσprod
Prim

dt
= 2αZ2F 2(t) g2

aγγ

M4
N

t2(M2
N − s)2(t − 4M2

N)2

{
m2

at(M2
N + s)−m4

aM
2
N

−t
[
(M2

N − s)2 + st
]}

Primakoff scattering: Eγ ' Ea photon energy is coherently converted into ALP energy

gaee coupling
Compton-like scattering: γ + e− → a + e− [Brodsky et al. PRL 56 (1986) 1763]

dσprod
Compt

dEa
=

Zπg2
aeeαx

4π(s −m2
e)(1− x)Eγ′

[
x − 2m2

as

(s −m2
e)2

+
2m2

a

(s −m2
e)2

(
m2

e

1− x
+

m2
a

x

)]
,

where x = 1− Ea
Eγ′

+
m2

a
2Eγ′me

.
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ALP production from MJ transitions

gann coupling

neutron capture isovector M1 transitions (pn→ dγ) depend only on kinematics

(
Γa

Γγ

)
pn

=
1

2πα

( |~pa|
|~pγ |

)3
(
g

(1)
ann

µ1

)2

,

[Barroso, Mukhopadhyay, PRC C24 (1981) 2382]

MJ transitions are nuclear structure dependent

(
Γa

Γγ

)
MJ

=
1

πα

(
1

1 + δ2

)(
J

J + 1

)( |~pa|
|~pγ |

)2J+1
(

g
(0)
annκ+ g

(1)
ann

(µ0 − 1/2)κ+ (µ1 + η)

)2

.

Isovector magnetic moment: µ1 = µp − µn = 4.71 µN
Isosinglet magnetic moment: µ0 = µp + µn = 0.88 µN
δ, η, κ are nuclear structure dependent
[TEXONO collab., PRD 75 (2007) 052004]

[Avignone III et al., PRD 35 (1987) 2752]
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Typical ALP fluxes from a nuclear reactor

[Aristizabal, De Romeri, Flores, DKP, JHEP 03 (2021) 294]

Typical reactor
P = 4 GW

L = 10 m
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ALP detection
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ALP detection cross sections

gaγγ coupling

inverse Primakoff scattering: a + N → γ + N
same as the production cross section but a factor 2 larger due to spin

gaee coupling
inverse Compton-like scattering: a + e− → γ + e− [Avignone et al. PRD 37 (1988) 618-630]

dσdet
Compt

dEγ
=

Zg2
aeeαEγ

4m2
e |~pa|

∣∣∣∣2(Ea + me − |~pa|cosθ)2

|~pa|y

∣∣∣∣
×
(

1 +
4m2

eE
2
γ

y2
− 4meEγ

y
− 4m2

a |~pa|2meEγ(1− cos2θ)

y3

)
, y = 2meEa + m2

a

axio-electric cross section: a + e− + Z → e− + Z [Derevianko et al. PRD 82 (2010) 065006]

σdet
axioel =

g2
aee

β

3E2
a

16παm2
e

(
1− β2/3

3

)
σPE , β = |~pa|/Ea
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ALP decays

gaγγ coupling

ALP diphoton decay:

Γa→2γ ≡ Γ(a→ γγ) =
g2
aγγm

3
a

64π

gaee coupling

ALP decay to electron pair:

Γa→e+e− =
g2
aeema

8π

√
1− 4

m2
e

m2
a
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Number of events

scattering processes

dN scatt
X

dEa
= mdet

NT∆t

4πL2

∫
dΦa

dEa

dσdet
X

dEγ
dEγ , X= {Prim., Compt.}

dNaxioel

dEa
= mdet

NT∆t

4πL2

dΦa

dEa
σdet

axioel(Eγ ,Ea)

decay processes

dN decay
X

dEa
=
A∆t

4πL2

dΦa

dEa
PX

decay, X= {Prim., Compt.}

Pdecay: probability that the decay occurs within the detector

PX
decay = 1− e−LdetEa/|~pa|τX

A = L2
det denotes the detector transverse area.

[Dent et al. PRL. 124 (2020) 21, 211804]
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Number of events

varying the ALP mass
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[Aristizabal, De Romeri, Flores, DKP, JHEP 03 (2021) 294]

varying the detector specifications
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Sensitivities
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Probing the gaγγ coupling

Assumed detector specifications: current vs. future

[Aristizabal, De Romeri, Flores, DKP, JHEP 03 (2021) 294] 19 / 24



Probing the gaee coupling

Assumed detector specifications: current vs. future

Testing: environmental effects in Red Giants, unexplored regions
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Probing the gaγγ and gann couplings

Assumed detector specifications: current vs. future

[Aristizabal, De Romeri, Flores, DKP, JHEP 03 (2021) 294]
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Combined analyses

SN 1987A
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[Aristizabal, De Romeri, Flores, DKP, JHEP 03 (2021) 294]

complementary laboratory probes especially in the regions currently tested only by astrophysics
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Summary

Summary ALP production and detection mechanisms considered

Reactor experiments can be used as ALP factories:
extend the physics reach of reactor neutrino programmes
probe ALPs with ma ≤ 10 MeV utilizing their intense photon flux
complementary information on ALPs in the low-energy frontier
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Thank you for your attention !
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