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Breakthrough beyond the state of
the art (in a nutshell)

DM

DM

φ

SM

SM

DM

DM

DM

X

NEW!: SCALAR DM
[F .D′Eramo,TS: arXiv :2502.19491]

S

S

S⋆

φ

S⋆

Z3 symmetry

Physical CS
∂µφ

2fφ
S† i
←→
∂µ S ?

ALP-SM couplings (g , γ, ψ)
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Derivative basis interaction

We start from the dimension 5 EFT (SM + S, φ) in the derivative
basis (φ→ φ+ const)

Vmix(S,H) negligible [G.Arcadi et al.: 2403.15860] . . .

L(∂)
Sφ = CS

∂µφ

2fφ
S† i
←→
∂µ S + O

(
1
f 2
φ

)
,

L(∂)
φ SM =

φ

8πfφ
CV αV Vµν Ṽµν +

∂µφ

2fφ

(
CH H† i

←→
Dµ H

)
+

+
∂µφ

2fφ

(
CψL ψL γ

µ ψL + ψR γ
µ ψR

)
+O

(
1
f 2
φ

)
.
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Changing basis

φ-dependent rotations remove derivative couplings
[Georgi, Kaplan, Randall: Phys. Lett. B, 169:73–78, 1986]

S → exp
[
i CS

φ

2fφ

]
S , H → exp

[
i CH

φ

2fφ

]
H , ψ → exp

[
i Cψ

φ

2fφ

]
ψ

and φ-SM interactions are redefined [M. Bauer et al.: 2012.12272]

L(N∂)
φ SM = φ

8πfφ
C′V αV VµνṼ µν + φ

2fφ
C′ψ ψL H ψR + O

(
1
f 2
φ

)
,

while LSφ. . . it’s gone ���H
HHLSφ !

But wait, where did the ALP-DM interaction go!?
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Dark Matter Potential

The stabilizing symmetry acting on the DM is crucial! Z3

V (∂)
S (S) = m2

SS†S + 1
3!(A S3 + A∗S† 3) + λS

4 (S†S)2
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Dark Matter Potential

The stabilizing symmetry acting on the DM is crucial! Z3

V (∂)
S (S) = m2

SS†S + 1
3!(A S3 + A∗S† 3) + λS

4 (S†S)2

V (N∂)
S (S) = V (∂)

S

(
ei CS

φ
2fφ S

)

A ≤ 3
√
λSmS

S →
exp
[

i C S

φ

2fφ

] S
[G. Belanger et al.: 1211.1014]
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V (N∂)
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(
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A ≤ 3
√
λSmS

S →
exp
[

i C S

φ

2fφ

] S
[G. Belanger et al.: 1211.1014]

V (N∂)
S (S) ⊃ 1

3!
(
λSφS3 + λ∗SφS† 3

)
φ

λSφ ≡ i 3
2
CSA
fφ

7



ALP-Portal
to Scalar DM

EFT

ΩDM

ALP
Cosmology

Signals

Outlook

8



Dark Matter Freeze-Out
Standard DM annihilations are absent . . .

S

S⋆

φ

SM

SM

vanishing on-Shell

S φ

S

φS⋆

S

φ

S

φ

S⋆

S

φ

φ

S⋆

[O(1/f 4
φ), see UV completion]

Only semi-annihilations are active at tree-level at O(1/f 2
φ )!

S

S

S⋆

φ

S⋆ S S⋆

S⋆

φS

S

φ

S⋆

S⋆

S

S

φ

S⋆

S
∂ basis N∂ basis
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Relic density I: N∂ Basis

mS ∈ [10, 104] GeV mφ ∈ [1, 10] GeV

102 103
10-14

10-13

10-12

10-11

10-10

10-9

10-8

10-7

10-6

x=mS/T

Y(
x)

λSφ = 0.1
mφ = 1 GeV
mφ = 10 GeV

mS = 10 TeV

mS = 1 TeV

mS = 100 GeV

mS = 10 GeV
Yeq

10 102 103 104
10-3

10-2

10-1

1

10

mS [GeV]

λ
Sφ

mφ=1 GeV
mφ=10 GeV

ΩS
< ΩDM

ΩS
> ΩDM

λ Sφ
ma

x (f φ/
CS

=10
0 G

eV,
λS
=1)

λ Sφ
ma

x (f φ/
CS

=1
TeV

, λS
=1)

λ Sφ
ma

x (f φ/
CS

=10
TeV

, λS
=1)

10



Relic density II: ∂ Basis

Unravel the three-dimensional parameters space (mS , A, fφ)

λSφ ≡ i 3
2
CSA
fφ

, A ≤ 3
√
λSmS
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= 1
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= 1
0 T
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=
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=
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General requirements

1 Short lifetime τφ ≪ 1 sec

- Escape BBN constraints [M. Kawasaki et al.: 1709.01211]
- Escape CMB constraints [C. Balázs et al.: 2205.13549]
- Ωφ = 0 after BBN

2 Thermal equilibrium at DM Freeze-Out
- TDS = Tγ

- Sizeable ALP-SM couplings
- Ci hierarchy?

- γα(T )
H(T )s(T )

∣∣∣∣
T=TFO

≳ 1
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ALP coupling to SM gauge bosons

1 10
102

103

104

105

106

107

108

109

1010

mφ [GeV]

f φ
/C

γ
[G
eV

]

ALP-photon coupling

TFO = 500 MeV

TFO = 1 GeV

TFO = 10 GeV
TFO = 50 GeV
TFO = 500 GeV

τφ < 1 s

No Cγ
CS

hierarchy needed

[D. Cadamuro, J. Redondo: 1110.2895]

1 10

105

106

107

108

109

1010

1011

1012

mφ [GeV]

f φ
/C

G
[G
eV

]

ALP-gluon coupling

TFO = 1 GeV

TFO = 10 GeVTFO = 50 GeV

TFO = 500 GeV

τφ < 1 s

No CG
CS

hierarchy needed

[F. D’Eramo, F. Hajkarim, S. Yun:
2108.05371]

[K. Bouzoud, J. Ghiglieri: 2404.06113]
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ALP coupling to fermions
[A. Czarnecki et al.: 1110.2171]
[M. Bauer et al.: 1708.00443]
[J. L. Feng et al.: 9709411]
[A. Crivellin et al.: 1402.1173]

Warning: QCD and threshold
effects in action
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]

ALP-electron coupling
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τφ < 1 s
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Need for small Ce
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hierarchy No need for Cb
CS

hierarchy
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What to Expect

Freeze-Out Indirect Direct Collider

Fermion (Z2)

χ

χ̄

φ

SM

SM

[M. Cirelli et al.: 2406.01705, T.R. Slatyer: 1710.05137]

χ χ̄

φ

SMSM
[E. Del Nobile et al.: 1307.5955]

SM

SM

φ

χ

χ̄

Scalar (Z3)

S

φ

S⋆

S

S

φ

S⋆

S

φ

SM

SM

followed by

boosted S S⋆

S⋆

φ

SMSM
[Berger et al.: 1912.05558]

φ

SM

SM

S

S

S

[Toma: 2109.05911]
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One-Step Cascade
Semi-Annihilation

S

φ

S⋆

S
φ SM

SM

In progress . . . [F.D’Eramo, S.Manconi, TS]

dNX
dxS

= 4
3ζ

∫ xmax
φ

xmin
φ

dNX
dxφ

dxφ√
x2
φ − ϵ2X

,

ζ = 4
3

p(GF )
φ

mS
xφ = EX

mS

Key features

• φ→ SM SM shapes the spectrum
• Softer and broadened spectra for ϵφ ≪ 1
• Channel closes for ϵX → 1
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Indirect Detection I: Box-Shaped
Gamma Ray Spectrum

Peculiar shape!

1 10 102

10-2

10-1

1

10

102

103

104

Eγ

E γ2 
dN

γ
/d
E γ

Direct Annihilation
One-Step-Annihilation
One-Step-Semi-Annihilation

mDM=100 GeV, mϕ=10 GeV
primary  γ

[M. Cirelli et al.: 1012.4515]
[G. Elor et al.: 1503.01773]
[J. Mardon et al.: 0901.2926]
[J.F.Fortin et al.: 0908.2258]
[C. Boehm et al.: 1401.6458]
[F.S.Queiroz et al.: 1901.10494]
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Indirect Detection III: γ-Ray
Spectra from Semi-Annihilation

10-2 10-1 1
0.0

0.5

1.0

1.5

2.0

2.5

3.0

x=Eγ/mS

x2

dN

γ
/d
x

S S  S★ φ  S★ γγ

SS⋆ → SMSM via other portal
ϵφ = 0.9
ϵφ = 0.5
ϵφ = 0.3
ϵφ = 0.1
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x2

dN

γ
/d
x

S S  S★ φ  S★ gg

10-3 10-2 10-1 1
0.0

0.1
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0.3

0.4

0.5

x=Eγ/mS

x2

dN

γ
/d
x(


10

)

S S  S★ φ  S★ e+ e-
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Conclusions

NEW! ALP-portal to scalar DM
[F.D’Eramo, TS: arXiv:2502.19491]

Governed by semi-annihilations

Z3S

φ

S⋆

S

Imprints of symmetries on
phenomenology

1 10 102

10-2

10-1

1

10

102

103

104

Eγ

E γ2 
dN

γ
/d
E γ

Direct Annihilation
One-Step-Annihilation
One-Step-Semi-Annihilation

mDM=100 GeV, mϕ=10 GeV
primary  γ
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Outlook

1. Consider inverse mass hierarchy (allow for φ→ SSS)

2. Freeze-In scenario

3. Include semi-annihilation in model independent ID spectra
In progress . . . [F.D’Eramo, S.Manconi, TS]

4. Investigate different stabilizing symmetry footprints
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Thank you!



SPARES



EFT: Derivative basis

L(∂)
φ SM = φ

8πfφ
∑
V
CVαV VµνṼ µν + ∂µφ

2fφ

(
Hµφ + Fµφ

)
+O

(
1
f 2
φ

)
,

V = G , W , B ,

Hµφ = H†
←→
Dµ H ,

Fµφ =
3∑

j=1

[
Cj

Q Q̄j
Lγ

µQj
L + Cj

u ūj
Rγ

µuj
R + Cj

d d̄ j
Rγ

µd j
R+

+ Cj
E Ē j

Lγ
µE j

L + Cj
e ēj

Rγ
µej

R

]

2



EFT: Non-Derivative basis

L(N∂)
φ SM = φ

2fφ
Pφ + φ

8πfφ
∑
V
C′VαV VµνṼ µν +O

(
1
f 2
φ

)
,

Pφ = −i
3∑

j=1

[
(Cj

u − C
j
Q − CH)y j

u Q̄j
LH̃uj

R+

(Cj
d − C

j
Q + CH)y j

d Q̄j
LHd j

R+

+ (Cj
e − C

j
E + CH)y j

e Ē j
LHej

R

]
+ h.c. .
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N∂- Wilson Coefficients

C′G = CG −
3∑

j=1

(
Cj

Q −
1
2C

j
u −

1
2C

j
d

)
,

C′W = CW −
3∑

j=1

(3
2 C

j
Q + 1

2C
j
E

)
,

C′B = CB −
3∑

j=1

(1
6C

j
Q + 1

2C
j
E −

4
3C

j
u −

1
3C

j
d − C

j
e

)
.
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Counting Wilson Coefficients

We count the number of independent C to be:

CV × 3 V = G ,W ,B +
CS +

{Cu, Cc , Ct} =
{
−C1

Q + C1
u

2 ,
−C2

Q + C2
u

2 ,
−C3

Q + C3
u

2

}
+

{Cd , Cs , Cb} =
{
−C1

Q + C1
d

2 ,
−C2

Q + C2
d

2 ,
−C3

Q + C3
d

2

}
+

{Ce , Cµ, Cτ} =
{
−C1

E + C1
e

2 ,
−C2

E + C2
e

2 ,
−C3

E + C3
e

2

}
=

13
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Boltzmann Equation for DM

dYS
d ln x = −

(
1− 1

3
d ln g∗s
d ln x

) s(x) ⟨σSS→S⋆φvMøl⟩
H(x)

[
Y 2

S − YS Y eq
S

]

⟨σSS→S⋆φvMøl⟩ =
∫∞

4m2
S

ds
√

s
(
s − 4m2

S
)
σSS→S⋆φ(s) K1 [

√
s/T ]

8m4
STK2[mS/T ]2

≃
λ2

Sφ
128πm2

S

√
9− 10

(mφ

mS

)2
+
(mφ

mS

)4
+O

( T
mS

)

6



Boltzmann Equation for ALPs

dYφ
d ln x = −

(
1− 1

3
d ln g∗s
d ln x

) ∑
α γα(x)

H(x)s(x)

(
1− Yφ

Y eq
φ

)

γB1B2→φ = neq
φ

K1[mφ/T ]
K2[mφ/T ]Γφ→B1B2 Inverse Decays

γB1B2→B3φ = neq
B1

neq
B2
⟨σB1B2→B3φvMøl⟩ Binary scatterings

= neq
B3

neq
φ ⟨σB3φ→B1B2vMøl⟩
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ALP coupled to SM gauge bosons:
scattering rates

γ
(γ)
scattering = α3

em
144π2

(
Cγ
fφ

)2

T 3 nQ(T )
[
log
(

T 2

m2
γ(T )

)
+ 0.8194

]

γ
(G)
scattering = 2ζ(3)DG

π3

(
CG αs
8πfφ

)2

T 6 FG(T )
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ALP coupled to SM gauge bosons:
lifetime

Γφ→γγ =
C2
γα

2
emm3

φ

256π3f 2
φ

τφ→γγ = Γ−1
φ→γγ ≈ 0.5 s

(
1
Cγ

)2 (0.01
αem

)2
(

1 GeV
mφ

)3 ( fφ
108 GeV

)2

Γφ→gg = 8×
C2

Gα
2
s m3

φ

256π3f 2
φ

τφ→gg = Γ−1
φ→gg ≈ 0.7 s

( 1
CG

)2 (0.3
αs

)2
(

1 GeV
mφ

)3 ( fφ
1010 GeV

)2
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ALP coupled to SM fermions

Thermalization receives three main contributions:

γ
(ψ)
Inv−D = neq

φ

K1[mφ/T ]
K2[mφ/T ]Γφ→ψ̄ψ Inverse Decays

γ
(ψ)
Pair = (neq

ψ )2⟨σψψ̄→VφvMøl⟩ Fermion Pair Annihilation

γ
(ψ)
Compton = 2× neq

ψ neq
V ⟨σψV→ψφvMøl⟩ Inverse Compton
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Scattering cross sections

Accounting for mφ effects:

σψψ̄→Vφ(s) =
C2
ψg2

V
Navg πf 2

φ

m2
ψ

s(s − 4m2
ψ)(s −m2

φ)
×

×

(s2 − 4m2
φm2

ψ + m4
φ) tanh−1

√1−
4m2

ψ

s

− s m2
φ

√
1−

4m2
ψ

s



σψV→ψφ(s) =
C2
ψg2

V
Navg πf 2

φ

√
λ(s,mψ,mφ) m2

ψ

s2(s −m2
ψ)3 ×

×
[
4s2λ(s,mψ,mφ) + m4

φ√
λ(s,mψ,mφ)

coth−1

 s + m2
ψ −m2

φ√
λ(s,mψ,mφ)

+

+ m2
φ

(
7s2 + 2 s m2

ψ −m4
ψ

)
−
(
s −m2

ψ

)2 (
3s −m2

ψ

) ]

11



ALP lifetime I: Electron

Γφ→e+e− = C
2
e mφm2

e
8πf 2

φ

√
1− 4m2

e
m2
φ

τφ→gg = Γ−1
φ→gg ≈ 0.7 s

( 1
CG

)2 (0.3
αG

)2
(

1 GeV
mφ

)3 ( fφ
1010 GeV

)2
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ALP lifetime II: Bottom

Γφ =



Γφ→bb̄ = 3× C
2
bmφm2

b
8πf 2

φ

√√√√1− 4m2
b

m2
φ

, mφ > 2mb
Γφ→ψ′ψ̄′ = Nψ′

c ×
C2
ψ′mφm2

ψ′

8πf 2
φ

√√√√1−
4m2

ψ′

m2
φ

Γφ→VV = DV
C2

Vα
2
V m3

φ

256π3f 2
φ

, mφ ≤ 2mb

Cψ′ ≃ −Cb Nb
c

Y 2
b

8π2 ln
(

fφ
mφ

)
, Cγ = 2 Cψ Nψ

c Q2
ψ

(
1− arcsin2(xψ)

x2
ψ

)
, CG = Cb

(
1− arcsin2(xψ)

x2
ψ

)

τφ =


Γ−1
φ→bb̄ ≈ 1.4 s

( 1
Cb

)2
(

10 GeV
mφ

)( fφ
5× 1012 GeV

)2
, mφ > 2mb

Γ−1
φ→gg ≈ 0.6 s

( 1
Cb

)2
(

2 GeV
mφ

)7 ( fφ
5× 108 GeV

)2
, mφ ≤ 2mb
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A Possible UV Completion I

The UV theory contains extra fields and a global Uφ symmetry

Field Φ S ΨL ΨR
Type Complex scalar Complex scalar Weyl Weyl

Uφ charge −3 1 ξΨ ξΨ − 3

LUV ⊃ −
(
yΨΦ†Ψ̄LΨR + h.c.

)
+
≪1
�

��λΦH Φ†Φ H†H +
≪1
���λΦS Φ†Φ S†S +

(
κ⋆ΦS3 + h.c.

)
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A Possible UV Completion II

After Φ taking a VEV Φ→
(

vΦ + ρ√
2

)
exp

[
i φvΦ

]
. . .

Lφ = 1
2(∂µφ)2− vΦ√

2

[
κ⋆ exp

[
i φvΦ

]
S3 + yΨ exp

[
−i φvΦ

]
Ψ̄LΨR + h.c.

]

and integrating out heavy modes . . .

LN∂
φ ⊃ φ

8πvΦ

[
αGGµνG̃µν + 2Y 2

ΨαBBµνB̃µν
]
+ vΦ√

2

[
κ⋆ exp

[
i φvΦ

]
S3 + h.c.

]

Z3 arises!
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Matching UV completion onto our
EFT

The UV theory matches onto our EFT as (CG = 1):

fφ = vΦ , CB = 2Y 2
Ψ , A = 3

√
2κ⋆vΦ

Higher order potential terms are naturally suppressed:

VS(S) ⊃ λ5
4!

1
vΦ

S4S† , λ5 = 6
√

2k⋆λΦS
λΦ

≪ 1

φ-dependent rotations S → e[iφ/(3fφ)]S recover ∂-basis Lagrangian
up to dim-6 interaction terms

δL(6)
INT = C

′ 2
S

4f 2
φ

|∂µφ|2S†S CS = C′S = 2
3
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Indirect detection spectra I

ALP particles are produced in SS → S⋆φ processes with

E (GF)
φ = 3

4mS

(
1 +

ϵ2φ
3

)
p(GF)
φ = mS

√
λ

(
1, 1

2 ,
ϵφ
2

)
ϵφ = mφ

mS

Subsequent visible φ→ XX decay products are isotropic and
monochromatic

dNX
dE ′X d cos θ′ = δ

(
E ′X −

mφ

2

) ∫
dEX d cos θ dNX

dEX d cos θ = 2
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Indirect detection spectra II

Kinematic variables in the GF are related to those in the ALP rest
frame

E (GF)
X = γL(E ′X + βL p′X cos θ′) .

Differential energy injection spectra in the GF are computed as

dNX
dEX

=
∫

d cos θ′dE ′X
dNX

dE ′X d cos θ′ δ
(
EX − E (GF)

X

)
.
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Indirect detection spectra III

Introduce dimensionless variables

ϵX ≡
2mX
mφ

, xφ ≡
2E ′X
mφ

, xS ≡
EX
mS

and apply this change of variable to the differential spectrum

dNX
dxS

= 2
∫

d cos θ′dxφ
dNX

dxφ d cos θ′×

× δ
(

2xS −
3
4

(
xφ
(

1 +
ϵ2φ
3

)
+ ζ

√
x2
φ − ϵ2X cos θ′

))
Master
Formula
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Indirect detection spectra IV

Upon isotropy assumption and performing the
∫ 1

−1
d cos θ integral

dNX
dxS

= 4
3ζ

∫ xmax
φ

xmin
φ

dxφ√
x2
φ − ϵ2X

dNX
dxφ

,

xmin
φ =

8xS
(
3 + ϵ2φ

)
− 3ζ

√
64x2

S − ϵ2X
[(

3 + ϵ2φ

)
− 9ζ2

]
(
3 + ϵ2φ

)
− 9ζ2

,

xmax
φ = Min

1,
8xS

(
3 + ϵ2φ

)
+ 3ζ

√
64x2

S − ϵ2X
[(

3 + ϵ2φ

)
− 9ζ2

]
(
3 + ϵ2φ

)
− 9ζ2

 .
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Indirect Detection spectra V:
Box-Shaped Gamma rays

dNγ

dEγ
= Nγ

pφ
Θ(Eγ − E−γ )Θ(E+

γ − Eγ) , E±γ = (1± βL)Eφ/2

[A. Ibarra, S. L. Gehler, and M. Pato: 1205.0007]

10-5 10-4 10-3 10-2 10-1 1 10 102 103 104
0.0

0.2

0.4

0.6

0.8

1.0

Eγ [GeV]

dN
γ
/d
E

γ

S S S★ φ  S★ γγ

10

50

200

mS = 10 TeV
mS = 1 TeV
mS = 100 GeV
mS = 10 GeV mφ = 10 GeV

mφ = 1 GeV ϵφ → 1
≈ Direct decay
Dirac delta-like signal

ϵφ ≪ 1

• Plateau
• Suppression ∝ mS
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