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* Unknown matter (Dark Matter) accounts for
26.8% of the total in the universe

Dark Matter

* An attractive candidate for a DM s ...

WIMP ( Weakly Interacting Massive Particle )

* thermally produced in the early universe
Dark Energy

- severely constrained by the direct detection

https://www.quora.com/What-is-the-percentage-of-dark-matter-in-the-universe
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Stronger DM-SM interaction helps DM to stay longer in thermal bath,
leading to QA% ~ 0.12 , but also increases DM-nucleon scattering.
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Stronger DM-SM interaction helps DM to stay longer in thermal bath, To realize viable WIMP model,

leading to QA% ~ 0.12 , but also increases DM-nucleon scattering. we must address this dilemma.
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Original pNGB DM model has several problems to be solved ...
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What type of WIMP model would solve this dilemma? Phys. Rev. Lett. 119 (2017) 19, 191801, [1708.02253]

pseudo Nambu-Goldstone Boson Dark Matter (pNGB-DM)

2 A 2
V(H,S) = Vam(H) + Mus|H|?|S|> - %|S|2 + 7S|S|4 — (%Sz—i— h.c.) Invariant under

S — S
Problems : @ p4S3 p4|S°S, ... are dropped by hands ¢/ g_ Vst Etix
V2
@ DW problem ¢/ Ly
Solutions - gauged U(1)p_ model
Y. Abe, T. Toma, and K. Tsumura, JHEP 05 (2020) 057, [2001.03954]
Y. Abe, T. Toma, K. Tsumura, and N. Yamatsu, Phys.Rev.D 104 (2021) 3, 035011 [2104.13523]
Qr | L [ ug [ dg [eq|ve] H [8]5,
SU@2), | 2 2 1 1 | 1| 1| 2
Uy | +1/6|-1/2] —2/3|+1/3]+1] 0 | +1/2
UL p_r || +1/3 | -1 | -1/3 ] -1/3[+1[+1] o0 |+1]+2
h;
vg_1 ~ 10°GeV V(H,51,52) 2 555512 + h.c. /,/’/
“ B » N -7 - 5 4
hierarchy problem I:> pNGB DM decays X ~ oo mx/mz,

. . . . VAR U(l)B—L gauge field
Higher U(1)p_1 breaking scale required to make DM long-lived



Brief Summary

e Problems for original pPNGB-DM model

C. Gross, O. Lebedev, and T, Toma
" o3 " 2 ) ) )
@  wiéSs, wg|SI’S, ... are dropped by hands Phys. Rev. Lett. 119 (2017) 19, 191801, [1708.02253]

@ DW Problem

® SOlUtiOﬂ . 8a UgEd U(l)B—L mOdeI Y. Abe, T. Toma, and K. Tsumura,
JHEP 05 (2020) 057, [2001.03954]
2 Y. Abe, T. Toma, K. Tsumura, and N. Yamatsu,
@ V(H,S1,8) > kS3S7+h.c. Phys.Rev.D 104 (2021) 3, 035011 [2104.13523]
the only allowed soft-breaking term h;

@ Z> symmetry is embedded in gauged U(1)p_1,

-

X --ooo i
U(1)s_1, breaking scale must be much high: vg_; ~ 10'°GeV \Z’\\<

f
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Goal UV completion of pPNGB-DM model with no large hierarchy
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Brief Summary

e Problems for original pPNGB-DM model

C. Gross, O. Lebedev, and T, Toma
" o3 " 2 ) ) )
@  wiéSs, wg|SI’S, ... are dropped by hands Phys. Rev. Lett. 119 (2017) 19, 191801, [1708.02253]

@ DW Problem

® SOlUtiOﬂ . 8a Uged U(l)B—L mOdeI Y. Abe, T. Toma, and K. Tsumura,
JHEP 05 (2020) 057, [2001.03954]

Y. Abe, T. Toma, K. Tsumura, and N. Yamatsu,

@ V(H» 51752) = "‘655512 + h.c. Phys.Rev.D 104 (2021) 3, 035011 [2104.13523]

the only allowed soft-breaking term hi
@ Z5 symmetry is embedded in gauged U(l)p_1
X -om-e o f
U(1)s_1, breaking scale must be much high: vg_; ~ 10'°GeV Z\’\<
f
Goal UV completion of pPNGB-DM model with no large hierarchy

We want to explain the origin of pPNGB mass,
and want a stable DM so that we don’t need to introduce large hierarchy
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Brief Summary

e Problems for original pPNGB-DM model

C. Gross, O. Lebedev, and T, Toma
" o3 " 2 ) ) )
@  wiéSs, wg|SI’S, ... are dropped by hands Phys. Rev. Lett. 119 (2017) 19, 191801, [1708.02253]

@ DW Problem

® SOlUtiOﬂ . 8a Uged U(l)B—L mOdeI Y. Abe, T. Toma, and K. Tsumura,
JHEP 05 (2020) 057, [2001.03954]

Y. Abe, T. Toma, K. Tsumura, and N. Yamatsu,

@ V(Hv 51752) = /‘655512 + h.c. Phys.Rev.D 104 (2021) 3, 035011 [2104.13523]

the only allowed soft-breaking term hi
@ Z> symmetry is embedded in gauged U(1)p_1,
X -om-e o f
U(1)s_1, breaking scale must be much high: vg_; ~ 10'°GeV \Z’\\<
f
Goal UV completion of pPNGB-DM model with no large hierarchy

Hint : SMscalar sector  Ggy = SU(2)r, x U(1)y

Vem(H) = —p3H'H + MN(H'H)? H = % <¢1+Z¢2>
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Brief Summary

e Problems for original pPNGB-DM model

C. Gross, O. Lebedev, and T, Toma

I o3 " 2
@ wéS® pE|S)*S, .. are dropped by hands Phys. Rev. Lett. 119 (2017) 19, 191801, [1708.02253]

@ DW Problem

e Solution: gauged U(1)p_r model Y. Abe, T. Toma, and K. Tsumura,
JHEP 05 (2020) 057, [2001.03954]
2 Y. Abe, T. Toma, K. Tsumura, and N. Yamatsu,
@ V(Ha Sy, 52) = "‘055 ST +h.c. Phys.Rev.D 104 (2021) 3, 035011 [2104.13523]
the only allowed soft-breaking term h;

@ Z5 symmetry is embedded in gauged U(l)p_1

-

X --ooo i
U(1)s_1, breaking scale must be much high: vg_; ~ 10'°GeV Z\’\<

f
Goal UV completion of pPNGB-DM model with no large hierarchy
Hint : SMscalar sector  Ggy = SU(2)r, x U(1)y
2 .
_ _Fu 2 2 2 2 1 [ drtige
Vam(H) = 5 ((¢1) + (¢2)° + (¢3)° + (¢4) ) H=-x <¢3+i¢4

+2((007 + (@2 + (83 + (60)?)

accidental global symmetry : Ggiopal = O(4) ~ SU(2), x SU(2)r



Brief Summary

e Problems for original pPNGB-DM model

C. Gross, O. Lebedev, and T, Toma
" o3 " 2 ) ) )
@  wiéSs, wg|SI’S, ... are dropped by hands Phys. Rev. Lett. 119 (2017) 19, 191801, [1708.02253]

@ DW Problem

e Solution: gauged U(1)p_r model Y. Abe, T. Toma, and K. Tsumura,
JHEP 05 (2020) 057, [2001.03954]
2 Y. Abe, T. Toma, K. Tsumura, and N. Yamatsu,
@ V(Ha Sy, 52) = "‘055 ST +h.c. Phys.Rev.D 104 (2021) 3, 035011 [2104.13523]
the only allowed soft-breaking term h;

@ Z5 symmetry is embedded in gauged U(l)p_1

-

X --ooo i
U(1)s_1, breaking scale must be much high: vg_; ~ 10'°GeV Z\’\<

f
Goal UV completion of pPNGB-DM model with no large hierarchy

Hint : SMscalarsector  Ggu = SU(2)r, x U(1)y
Vsm(H) = — %((%)2 + (¢2) + (¢3)* + (¢4)2) H= <¢1 “@)
2 (60 + 02+ 5 + (90)]

accidental global symmetry : Gglopal = O(4) ~ SU(2)p x SU((2)z — SU(2)y :custodial sym.
(H) £0



Our Model
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Goal

UV completion of pNGB-DM model with no large hierarchy
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Goal UV completion of pNGB-DM model with no large hierarchy

H. Otsuka, K. Tsumura, YU, N. Yamatsu, Phys. Rev. D 106 (2022) 11, 115033 [2210.08696]

We consider Ggu x SU(2)5"%° symmetry SU@)L [UQ)y | SU@)E™
and introduce ® €2, A €3 under SU2)%" | H 2 1/2 1
- P 1 0 2
£=(2,9) Al 1 0 3
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Goal UV completion of pNGB-DM model with no large hierarchy

H. Otsuka, K. Tsumura, YU, N. Yamatsu, Phys. Rev. D 106 (2022) 11, 115033 [2210.08696]

We consider Ggsy x SU(2)%5 "% symmetry SU@2), | UQ)y | SU(2)8 e
and introduce ® €2, A €3 under SU2)%" | H 2 1/2 1
. ® 1 0 2
V(H,@,A) L= (29) A 1 0 3
2 rrt 1 9 t 1 9 2
= —uyH'H — i,uq,Tr [E Z] — §,uATr [A ] Mass terms

+ Ag (HTH)2 - )?T(D (Tr [ETE])z + % (Tr [A2])2 4-point self-int.

+ Ao (H'H) Tr (B8] + 2ua (HTH) Tr [A7] + A‘%A'I‘r 25| T [A7]

4-point int.
— V2KTr [032TA2]
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V(H,®,A) has “ Dark custodial symmetry ”

H. Otsuka, K. Tsumura, YU, N. Yamatsu, Phys. Rev. D 106 (2022) 11, 115033 [2210.08696]

We consider Ggu x SU(2)5"%° symmetry SU@)L [UQ)y | SU@)E™

and introduce ® €2, A €3 under SU2)%" | H 2 1/2 1

. | 1 0 2

V(H,@,A) L= (29) A 1 0 3

2 7t 1 + 1 2
= —uyH'"H — i.uchr [E Z] — §,uATr [A ] Mass terms
2 A 2 A

+ Ag (HTH) - I(I) (Tr [ETED - TA (Tr [A2])2 4-point self-int.

+ Ao (H'H) Tr (B8] + 2ua (HTH) Tr [A7] + A‘%A'I\r 25| T [A7]

4-point int.
— V2KTr [032TA2]
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V(H,®,A) has “ Dark custodial symmetry ”

H. Otsuka, K. Tsumura, YU, N. Yamatsu, Phys. Rev. D 106 (2022) 11, 115033 [2210.08696]

We consider Ggy x SU(2)%"%° symmetry SUQ2) | U(L)y | SU(2)% e
and introduce ® €2, A €3 under SU(2)3" | H 2 1/2 1
3 | 1 0 2
V(H,®,A) r=(2,9) Al 1 0 3

1 1
= —pyHH — Jp3Tr [2*2] — SHATr [A7]

e (18) 4 5 (e [13]) 4 5 (e 7))

+ Ao (H'H) Tr (B8] + 2ua (HTH) Tr [A7] + A‘%ATr =1s| Tr [A7]

under

global “ Dark custodial symmetry ”

dark-i' (H_>H)

A — UzarkA UL

dark dark 1‘

2023/06/06 >, — UL ) UR



V(H,®,A) has “ Dark custodial symmetry ”

We consider Ggu x SU(2)5"%° symmetry SU@)L [UQ)y | SU@)E™
and introduce ® €2, A €3 under SU(2)3" | H 2 1/2 1
N o 1 0 2
V(H,CI),A) L= (29) A 1 0 3
; Accidentally breaks
— V2KTr [‘732 AE] global “ Dark custodial symmetry ”
dark dark-i' ( H = H)
A — UL A UL
dark dark'i'
2023/06/06 X — U L 2 UR

H. Otsuka, K. Tsumura, YU, N. Yamatsu, Phys. Rev. D 106 (2022) 11, 115033 [2210.08696]




V(H,®,A) has “ Dark custodial symmetry ”

H. Otsuka, K. Tsumura, YU, N. Yamatsu, Phys. Rev. D 106 (2022) 11, 115033 [2210.08696]

We consider Ggy x SU(2)%"%° symmetry SUQ2) | U(L)y | SU(2)% e
and introduce ® €2, A €3 under SU(2)3" | H 2 1/2 1
N ® 1 0 2
V(H,CI),A) L= (29) A 1 0 3

Accidentally breaks

III

Dark custodial symmetry ”

— \/§I<:Tr [ngTAE] globa

Even after (®)#0 & (A)#0 ,theexact U(1)global remains unbroken

2023/06/06 :> HF _ c.f) T. Abe andY. Hamada,
/ / ensures Stablllty Of pNGB DM PTEP 2023 (2023) no.3, 033B04, [2205.11919]



) - ; SU@) | Uy | SU@E™
V(H,®,A) = - phH'H - Sp3Tr [ETZ] — SHATr [A7) 7 2 | 12 N
0] 1 0 2
1 0 3

o (1) 4 5 (e [o18])" B (o) 18

+ e (H'H) Tr [S15] + Apa (HTH) Tx [A%] + ’\%ATr =ts| T [A7)

_ t (& H. Otsuka, K. Tsumura, YU, N. Yamatsu,
\/§K'Tr [032 A 2= ((1)7 o ) Phys. Rev. D 106 (2022) 11, 115033 [2210.08696]

Global symmetry breaking pattern ®e€2, Ac3 under SU(2)5H"

U

® Approximate symmetry
dark dark dark dark

SU (2 x SU(2 —> SU (2 —> U(1l

(2)L (2)r (@) £0 (2)v (A) 0 (v LTotaI NGBs ]

# of broken generators = (3+3)-1 = 5

e Exact symmetry
SU(Z)dzmrk o U(l)c;grk U(l)ci;rk D/ould-be NGBs]
(®) #0
# of broken generators = (3+1)-1 = 3
# of pNGB is2(=5-3) complex pNGB with U(l)d;rk charge

2023/06/06 Higgs as a Probe of New Physics 2023 (HPNP2023) 46



Experimental constraints

Benchmark scalar mass:  (mn,, mn,, mn,) = (125, 300, 500) GeV
mixing angle :  (sin ay, sin ay, sina;) = (0.06, 0.05, 0.1)

hy 1 0 0 cosay 0 sinay cosa, sina, 0 h
ho =| 0 cosa, sinag 0 1 0 —sina, cosa, 0 ®3
hs 0 —sina, cosay —sinay 0 cosay 0 0 1 3

H. Otsuka, K. Tsumura, YU, N. Yamatsu,
Phys. Rev. D 106 (2022) 11, 115033 [2210.08696]
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. . .. . . H. Otsuka, K. Tsumura, YU, N. Yamatsu,
Higgs invisible decay Direct detection Phys. Rev. D 106 (2022) 11, 115033 [2210.08696]
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Summary

* In the original abelian pNGB DM model, particular soft-breaking
terms are included, and their origins are not addressed.

* UV completed models are proposed, but all of them predict
decaying DM. In order to make DM long-lived, we must
introduce large hierarchy in symmetry breaking scales.

* We construct pNGB-DM model with non-abelian gauge
symmetry. Unbroken dark custodial symmetry ensure stability
of pPNGB DM. We don’t need to introduce large hierarchy.
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Goal UV completion of pNGB-DM model with no large hierarchy

But, this is not the end of the story ...

Three-point breaking term may spoil the cancellation

e Two-point breaking term T Abeand Y. Hamada, [2205.11919]

T (¢TT3¢) >  Origin of pNGBs’ mass

X X
-® 3
[ _(32§)X2
i, ha 205 X t= (pz —p1)2 — 0
A t—0
q q

® Three-point breakingterm  Our Model

Kk ®TAD g’g; >  Origin of pPNGBs’ mass & interactions . ......

X ~_ _- X X - ¢

~ _ ~ —

® 1
[ 7(32§)X2 | K SX
2 s _|_ hl, h2 | m t ' _|_ I{/ ‘

hl, hz |
' [

o T~

q q q q

~

We must make sure DM-nucleon scattering is suppressed enough o3



Soft breaking terms

e Soft-breaking = Quadratic

21 @12 M% 2, AS g4 /1‘/522
Vam(H) + Ags|H|*|S| —7|S| +7|S| — TS + h.c.

C. Gross, O. Lebedev, and T, Toma, Phys. Rev. Lett. 119 (2017) 19, 191801, [1708.02253]

e Soft-breaking = Quadratic + tadpole

2 A 2
Vem(H) + Ags|H|?|S|)? — “2—5|S|2 - 75|S|4 — (“TSSZ - h.c.) - (aS+ h.c.)

V. Barger, P. Langacker, M. McCaskey, M. Ramsey-Musolf and G. Shaughnessy, Phys. Rev. D 79 (2009), 015018, [0811.0393]
G. C. Cho, C. Idegawa and E. Senaha, Phys. Lett. B 823 (2021), 136787, [2105.11830]

X ~__ X
\j//
2 2
ha by X ST —— ~0 @t—=0
| t—m,zL t—m%2 o
q/\\q
V2a 1 1
t Vg —t—m% +t—m% ~ () @ Mhp, = M,
1 2

Based on Idegawa-san’s slide



