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Today’s goal

1. Explain why we are interested in pNGB DM

2. Provide brief background & motivation

3. Present our current status.




Introduction



The why of Dark Matter

Evidence: Nature:
e Cosmic microwave e Electrically neutral
background e Stable

e (alactic rotation curve

e Non-relativistic (cold).
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Candidates:
e Primordial Black Hole

e Weakly Interacting
Massive Particle (WIMP)

e Strongly Interacting
Massive Particle (SIMP)




WIMPs role in DM search

e DM is produced thermally in
chemical equilibrium.
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“Problem” with WIMPs!
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Why pNGBs?

DM DM

e Arises from spontaneous and

Indirect Detection
(annihilation)

I B Higgs
soft breaking of global . Higes Eann, ~ 20 2
symmetries. =
@)
: : : : SM SM
e Produces derivative interactions
I.e, velocity suppressed ——
(scattering)
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Direct Detection bound. E NTDM 2
recoil » " DM
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Background



Original Idea

C. Gross, O. Lebedev, T. Toma, PRL (2017) [arXiv:1708.02253]

e One SM Singlet complex scalar .

e Invariant under global U(1) sym. i.e, S — ¢'S.
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Original Idea

C. Gross, O. Lebedev, T. Toma, PRL (2017) [arXiv:1708.02253]

_ _ CP-odd
e After introducing VEVs: (DM candidate)
() : ( . ) S : (Ve +5+1 )/‘
= — = — (Vg +S5+1Y),
we have scalar mixing:
. CP-even
hi) [cos@ sind\|(h
hr|]  \—sin@ cosff\s| €« X A
\Y//
e Higgs bosons (/;, h,) acts as mediator. o




Original Idea, Not enough!

C. Gross, O. Lebedev, T. Toma, PRL (2017) [arXiv:1708.02253]

e Why?
— No signal!

— Domain Wall Problem! (SSB of discrete Z, symmetry)

e How was the DW problem fixed?

— Soft breaking of global sym. + SSB of gauge sym. = New species of
pNGB DM

[Abe et. al. 2020, 2023, 2024, ...]

e Still no viable signal from pNGB DM!



Motivation




Boosted Dark Matter (BDM)
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Our approach!



First attempt
Semi-annihilation driven pNGB BDM

Pseudo-Nambu-Goldstone-boson Dark Matter from Three Complex Scalars
RS, T. Toma, K. Tsumura, JHEP (2025) [arXiv:2504.198806]



The Model

RS, T. Toma, K. Tsumura, JHEP (2025) [arXiv:2504.19886]

e Three SM Singlet complex scalars S,-(j = 1,2,3).

o Gauge U(I)V sym. Invariant: SI — eieV(x)LS"]..
o Softly-broken global U(I)A sym.: S] —> ei‘gﬁ%.
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The Model

RS, T. Toma, K. Tsumura, JHEP (2025) [arXiv:2504.19886]
2
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Results RS, T. Toma, K. Tsumura, JHEP (2025) [arXiv:2504.19886]

Unique Channels D.S; = (0, —igy V) S;
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Results RS, T. Toma, K. Tsumura, JHEP (2025) [arXiv:2504.19886]

Not enough!

2

MDM BDM
. L VDM — 1 5 v
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Conclusion



Not yet!
But for this talk

e Natural DD suppression @ pNGB DM good!

e But, detection is very stubborn!

e First attempt

— Unique semi-annihilation driven pNGB BDM model.
— Not enough boost!

e Second attempt (W.I.P.)

— Multi—-component pNGB BDM model|
(Should produce good signal — Stay tuned!)




Backups



Dqu — (au — igv VH)S]‘

Lagrangian

D@ = (3, — i Wio® — 2V, )@

The Lagrangian of our model 2 2

L= ’C’SM(w/o Higgs potential)
+ \DuSﬂz + ‘DHSQF + ‘DMSQ,‘Q + ‘DH(D‘Q
Sin €
2

gauge kinetic

— V(51, 52, 53, ©)

1
— VWV, —

4 Ve Twv

nixing  Field s\trength tensors
N U(l)y —Y,



Minimization of potential

Parameterize the most general VEVs for the singlets

Vs Vs Vs
<Sl> — _19 <SZ> — _29 <S3> — _39
) V2 V2
To have SSB one of the VEV must be non-zero
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Higgs basis?

After introducing the VEVs

rUs vS
22 — R - — 1 1| + SQ = — 10| + 22
s V6 1 S- V2 0 s

1 1 1

1 _ .

where, Rzﬁ 1 w w? | with w:e’&%/?’
1 w? w

1
Y = —
1 /2

(vs + 81 (z) + zz(:c)),



Understand the charges

The potential in the Higgs basis

A
V(1 Ea, I, ©) = iy (IZaf + IEaf?) + 52 (10

)

(),
2 2
A X
: 65{(|21\2+\22|2+|23\2 R }
}\/
| 35{(|21\2+\22|2+|23\2 ; ) — |E3Ey + I35 + I35 }
2 2 2 V2 U
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It is clear that
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Mass spectrum

In the mass eigenstate the (CP,Z3) charges for(h s 2z Lo aw)

(A1, 5{)2><2 (+,1)axe, 2z:(—1), Zo:(+w), ayw:(— w)

Separated even sector

M2 _ '02 A(I) ,USUA(DS
even — \ vsVAws V2 (Ag + 2A5)/3

A third Higgs boson  m2 = mZ, + v2(Ag — A%)/3

1 Cx pNGB DM My = Ms = mis

a



Parameters

Dependent parameters

micg + m3sg
Ap = .
A (m%—mg)sece
DS =
VsV
2 2 2 9 2 2
\ misg +mycg  2(my —my)
S o2 ' o3
S S
2 2 2 9 2 2
7\'9 M8y + My Cy my — mg

Free parameters

m1(= 125 GeV), mo, sinf, mpy, My, v, Vs, My, Sine.



Signal at detectors

The signal can basically be calculated as
Nsignal ~ Ntarget X 1 X OpMmnN X (DDM

where,

o Nigrger : Number of target nuclei

e / : Total exposure time
e Op\y - Cross—section of DM—Nucleon scattering

o Op,, : Flux of incoming DM

Similar for atmospheric v background.



Bound on scalar mixing (sin 6)

Falkowski, Gross, Lebedev, JHEP 1505 (2015) [arxiv:1502.01361]
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COIlStl‘ aints RS, T. Toma, K. Tsumura, JHEP (2025) [arXiv:2504.19886]
Higgs invisible decay

Contribution from

1 K. 4m?
F(hl — a/wa/w) — 39 ::fl Jl mI%M @(ml — 2mDM)

where,

1
Kaah; = VAag oS 0 1 3 Us (As + 2)\g) sin 6.

and the bounds ,

0.107  (ATLAS) hy ----<
BRiyy < : 4

0.15  (CMS) \



COIlStl‘ aints RS, T. Toma, K. Tsumura, JHEP (2025) [arXiv:2504.19886]
Perturbative Unitarity

Bounds on all the parameters are as follows:

‘/\q> < &,
‘/\fg — 2Ag| < 8,
Mg | < 8,
Ao + 2Xs + 2As £ /2402 ¢ + (—3Aa + 25 + 2X5)?| < 16m.

As| < 8,

|/\<1>5 < 8.

gy < V4.



Domain wall problem

Domain Walls from SSB of a discrete symmetry, Z, in the original idea,

would distort the CMB

:!
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