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Introduction
About pNGBs

What are pNGBs?

The main features are:
@ Arise when a symmetry is spontaneously + softly broken.
@ Produces Derivative Interaction i.e., velocity suppressed.

o Direct detection naturally suppressed (Cancellation Mechanism).

Riasat S. pNGB DM Zg



Higgs Portal for search!

c
2
=
9]
9]
2
o)
[a)
-
9]
o
=
S
<

Collider Search

Higgs Portal

SM SM

~

Direct Detection

@ A way to connect the unknown

@ Higgs bosons as mediators.
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Introduction
About pNGBs

The mixing of the higgs and scalar:
2 2
mi 0\ _ (20 A0  vsVA@s )T
( 0 m%) - O(vsv?\@g v2As/2 0 1)

where, the higgs basis and mass eigenbasis are related as:

hi\ o (h [ cos@ sin®
(h2> o O(s)’ 0= (—sin@ cos@) (2)

The mixing angle is:

2'051))\(1)5 (3)

tan20 = ——————
an v Ao — vZAg/2

1 (Brian Patt and Frank Wilczek. Higgs-Field Portal into Hidden Sectors. May 2006. arXiv:

hep-ph/0605188)
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Introduction

About pNGBs

Cancellation Mechanism

Interested part of Lagrangian®:

2 2
X m m. ms -
N . X L D—X2<1se h1+7266 hQ) —Z(hlce—hzse)*fff (4)
NS Vs Us Us
\( f
!
| b, he Tree-level direct detection amplitude is:
|
/\\ 2 2
m m
Agq x L 2 cos 5
f ! dd (t—mf t—m§> 0% )
Figure: DM-matt t (mi — m3)
nteraction = g 0% =0 ©
)

Reason: Momentum transfer is negligible i.e., t — 0

2 (Christian Gross, Oleg Lebedev, and Takashi Toma. “Cancellation Mechanism for Dark-Matter—Nucleon
Interaction”. In: Physical Review Letters 119.19 [Nov. 2017]. DOI: 10.1103/physrevlett.119.191801)
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Motivation Abe-Hamada-Tsumura Model

Ingredients

2 Standard Model (SM) singlet complex scalars: Sy and S,
Invariant under a gauged symmetry

U)y: S —e®rllg, g e®rviag, (7)
@ Impose a softly-broken global symmetry
U(1)a: Sy — €4, Sy — e 1048, (8)
@ Introduce a discrete Zs exchange symmetry

Sl A d SQ (9)
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Motivation Abe-Hamada-Tsumura Model

Scalar Potential

The scalar potential is3:

A
VAT (51, 8, @) = 13 (1512 +19) + 5 (181 +151*) + A5 (19111%)

— 123D + Ap|®[* + Ap s @ (|51\2 + |52\2) —m2, (stg + h.c.) (10)

Higgs portal U(1) 4 soft breaking

Vaccum expectation values (VEVs):

1 0 ,US
<(D>o = ﬁ( ) <51>0 = <52>0 = 9 (11)

3Tomohiro Abe, Yu Hamada, and Koji Tsumura. A Model of Pseudo-Nambu-Goldstone Dark Matter with
Two Complex Scalars. 2024.
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Motivation Abe-Hamada-Tsumura Model

Potential in Higgs basis

Introducing the quantum fluctuation:

() m 30) (8= 50) @) w504

Therefore, the potential in (10) becomes:

AHT 2 e 2 2 s U s 7 Ao s 02\’
v (1,22, D) = mplZal” +Apsq | 1217 + |22l e |OI" — — + — (D] — —

—_
—_
N———
—
[y
N
~

2 2 2
A 0,2\ . .
+ 45{ <|Z12 o) — 2) + (212 + >:2>:1)2}
}\g' 2 2 /082 2 * * 2
—I—Z |Z1]7 4+ 1Zo] Ty — (X1 + 55%4) (13)
It is clear that:
Zs O — O, I 2, Ty — -3, (14)
(CP)g: R RS S S TR SR 5 (15)
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Motivation Abe-Hamada-Tsumura Model

Mass Spectrum

Linear representation: £; = (vs + s + iz1)/v/2 and Zy = (s + iz)/v2
(CP,7Zs) charges for (h s{ a1 sh 22):

(h1,81)ax2 : (4 +)axa,  21: (= +), s5:(+—), z:(——)

@ Seperated even sector:
uZ o 202 A g VsVAD §
even — \ pavdeps  v2(As +A5)/2
e A Third Higgs: mfé =2m?, + v2(Ag — A§)/2
@ 1 would-be NGB: m2 =0
o 1 real pNGB: m3y = mi =2m,
@ Stabilized by Zo
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Description
The Model Pher

Ingredients

@ 3 SM singlet complex scalars: 51, S and S3

@ Symmetry configuration is same as earlier.

Ulv: S —e®vEs, G —e®vllg, g — efvivlg,

U(UA : Sl — 67:9‘1451, SQ — eiefz“SQ, 53 — 6i9?453
@ Introduce a discrete S(3) permutative exchange symmetry

Sl — SQ SQ A d Sg Sg — Sl (16)
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The Model

Scalar Potential

The scalar potential of our model:
A
V(51 2. 55, ©) = w3 (151 + 1P +186°) + 5 (1911* + 121" + 161"
A
+ A5 (1182 + P18 + 18RI ) — bl + St

+ Aol O (117 + 1S5 +155/°)

Higgs portal
2
_ i (51*52 + 585 + 818 + h.c.) (17)
U (1) 4 soft breaking
VEVs:
(@), = —(° 1)y = (Sadg = (Sa)y = 2= 18
Oiﬁvv <1>0*<20* 3>0*\/6 ( )
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The Model

Potential in Higgs basis

Therefore, the potential in (17) becomes:

1 1 1
1 /1 1 1 o e
Ry = — . Rz=—11 w w?]|, w = e?27/3 (20)
el RV
1 w w
You can actually generalize this as:
1 1 1 1
1 w  w? w™ !
1 . )
Rn ] w2 LU4 : , w = ezZTr/n (21)
Vn , .
1 ot w1 (n=1)
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The Model

Potential in Higgs Basis (contd.)

Therefore, the potential in (17) becomes:

v
V(1 5,55, @) = miy (15 +155%) + (|c1>| 2)

5
> —|E Xy + 23X+ 25X, }
Ak e

Zs O — O, I — 2, Yo — wiy, Y — w2y (23)
(CP)s: O — O, I, — I, Iy — X3, I3 — I3 (24)

A
n (f{ CLETART N

A/
;{ (|zl|2 Bl 4+ [Ty —

+ Acps{ (|):1|2 +Zo + 123 —

2SI, 4+ Iy + 55| }

It is clear that:
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The Model

Mass Spectrum

Linear representation: £, = (v, + s +i2)/V2
(CP,Zs) charges for (b s{ z Lo aw):

(b1, 31/)2><2 S Doxe, z2:(=1), Ze:i(+hw), aw:(— w)

@ Seperated even sector:

M2 . ’1}2 >\q> ’l}sU)\cpg
even = \ yavdps  v2(As + 275)/3

e A Third Higgs: mZ = miy + v2(As — A5)/3
@ 1 would-be NGB: m2 =0

@ 1 complex pNGB: may = m2 = mi,

@ Stabilized by Zs
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Description
The Model Pher

Lagrangian

The Lagrangian is given as:

L= LSM(W/O Higgs potential)
+ 1Dy S + Dy Sl + Dy S5l + D, @

1 sin €
VY Vi = VR Yy
| ——
gauge kinetic mixing
— V(51 S2, S5, D) (25)

o Field strength tensor
e Y": U(1)y hypercharge gauge field Y,
o V*: U(1)y dark gauge field V,

@ sin € is the mixing parameter of the gauge kinetic mixing between V,, and Y.
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The Model

Important interactions

the covariant derivatives:
Dqu = (au—igVVu)Sj DMQ) = (au—i* W“O-‘L_Z‘gl YLL)(D (26)

Interested Lagrangian:

<> <>
Lok (zwaua; + awauz;;) ZM (zf; T I - z;a,;?) —kslZol? By (27)

New cubic interactions

where, , , , , ,
ms —m m 2(mé —m
Ki X gv, Ky o —=——1, K3 X 2 +20mg o) cos 0 (28)
Vg Vg
which allows:
Awlw — Lo — aly 2’ Aww — Lo — Ziyho (29)
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Description
The Model Phe

Feynman Diagrams

Interesting channels in our model:

aw 7! aw ho
RN RN
aw | Gw I
\‘ (FF‘ Yzw \‘ J vzw
’ ® ’
A AR LA « * LRSS
aw aw®  Ow ay, aw Yot Gw pI
(a) semi-annihilation channel (b) semi-annihilation like channel
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Description
The Model Phenomenological Studies

Parameters of our model

Dependent parameters:

m3 ¢ + m3sg
Ap = >
2
Aos = (mi —m3)seco
RY
2.2 2 2 2
Ne = Mise T M5Ch 2(mg —m,
S = 2 2
/US US
2.2 2.2 2 2
AL = Mise T mycy My — My
s v2 v2

Available free parameters:

mi(=125GeV), v(=246GeV), wvs,, m2, Mpwm,
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Description
The Model Phenomenological Studies

Relic abundace

sinf = 0.1, sine = 10"%, m, =300 GeV, my = 3mpy
10— ——— — -

> Aadh —» WEH™ ‘
\ *
;@1 20— ai 2| ()= 11 mom) Aty — b
L I \ 4
N :
\ | \ d).- g . 1
II‘ i | .\ (/) 4 :lﬂnS =01, sine=10"" my = 300GeV, m,_ = L5mpy
0.100 || \ / R . E | A
& \ \ | Wto — T / (© ] 1\
S~~~ \ \ | B ) | N\
> | \ ayaw — ag =’ 1 £ om /
0.010- @ \ | e = \ mze = 200 GeV
\ ] oot | \l Mz = 3mpn
A \l —— mz =200GeV | | -
i o001 1 my = mpy
0.001 qd(‘at) N L’% (©) mz = 3mpm E oy [GV]
[ 3
L myz = 1.1mpym . .
0060 — ax &’ (Mg = 1 mom) Figure: Zo model reference
50 100 500 1000 5000  10*

mpym [GeV]

Figure: The cruves represent Qh2? ~ 0.12 + 0.001 by varying my, mass
at my = 37TLD|\/|
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The Model

Relic abundance comparision

Phenomenological Studies

sing = 0.1, sine = 1074 my = 300GeV, m,_ = 1.3 mpy
10 .

@ \
> 0100} | \ / 4
= \ / 200G
\ my = 200 GeV
4
il .
0.010 \l mz = 3Mmpm
\
!.; cmy = 1L.1mpy
0.001 | i 4
50 100 500 1000 5000 104

mpm [G(‘V]

(a) AHT (Z2)

sin@ = 0.1, sine=10"% my =300 GeV, ms = 1.5mpy

\ — myz =200 GeV

\
0.001+ mz = 3mpm ]
mz = 1.1mpym
50 100 500 1000 5000 10*
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(b) This model (Z3)

Figure: ms_, mys in (a) resembles myz, ms in (b)
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Summary

Conclusion

@ Comparison between the Zs and Zs model.

Model Gauge | Global (w/o soft-breaking) | # of pNGB | DM Stability
AHT Ul)y U(1) x U(1) 1 real Zo
This model | U(1)y U(l) x U(1)? 1 complex 73

@ Availability of semi-annihilation channels.

Future directions

@ Numerical calculation of Direct Detection cancellation.

e Signal search for semi-annihilation (Boosted DM)*

4 (Mayumi Aoki and Takashi Toma. “Simultaneous Detection of Boosted Dark Matter and Neutrinos from
the Semi-Annihilation at DUNE". In: Journal of Cosmology and Astroparticle Physics 2024.02 [2024], p. 033)
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