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Evidences for DM

Galaxy Rotation Curve >
Velocity Dispersion of Galaxies Yoreey
Galaxy Clusters and Gravitational Lensing ’
cillations [ e

Distance (light years)

Sky surveys and baryon acoustiC
Cosmic Microwave Background (CMB

Type la supernovae distance measurements
Lyman-Alpha Forest
Structure Formation
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Nature of DM

® Stable (longer lifetime than the age of our universe)
® Electrically neutral

® 27% of energy density of our universe
® Non-relativistic (cold)

Some Dark Matter Candidate Particles

®10"10™10” 10° 107 10 10° 10° 10” 10’
mass (GeV)
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DENQVE A 26.8%

DEE A 08.3%

Many Candidates for DM

Primordial Black Hole

WIMP [ Weakly Interacting Massive Particle ]
SIMP

Axion, Axion cluster

Soliton (EW-skyrmion, Q-ball, B-ball, ...)

Super Massive Relic (WIMPzilla, ...)
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WIMP Dark Matter

® DM Produced Thermally in Chemical Equilibrium
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® Freeze out abundance

A Freeze out s
DM SM
Qo Ch?l.’ni(.;al Increase (02—2rel)
Equilibrium -
[ > H D\ v
DM SM 272 ‘\
\J v ‘.""
—_—> 1 \\ N
hilati H : Hubble parametgr
annihilation :

T+ Decrease —

2
a5_o : 0.1pb
092 _39Ure]l) = Q ~
< ~ > M[2)M DM <02—>2vrel>
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DM search

® Collider Search of DM

SM particles collide and produce DMs (cf. LHC Energy 14TeV)

® DM Direct Detection

DMs hit SM particles

DM DM

SM SM

—_>
scattering
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while Freeze out cross section must be kept !!

2025/4/17-22 GUTPC

K. Tsumura (Kyushu)

10°

WIMP Mass [GeV/c?]

10



PNGB DM

® SSB & soft breaking of Global Symmetry
® Derivative Interaction

Freeze out Direct Detection
DM SM DM DM
DM : : SM SM : : SM
—> time —> time
annihilation scattering

5 1 5 A Mpy M N

Eann ~ 2Mpnm ¢ FErecoit ~ =Mpmupym |+ 5

2 Mgy + My

velocity suppression

Natural suppression for DD
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DM-DM-Higgs int. in NL rep.

Soft U(1)s breaking

Vg 1+ O

V2
® DM-DM-Higgs interaction in NL rep.

eiWDM/US

® Non-linear rep. S =

1 o 2
L= ‘|‘§ (1 + o ) (Oumpn O TTpm — mhmTom) + O(1?)
S _________________________________________

from Kinetic term from potential

DM \'/ DM
e
SM NN SM
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No interaction if DM satisfies EOM (On-shell condition)



Cons of Original model

C. Gross, O. Lebedev, T. Toma, Phys.Rev.Lett. 119 (2017) 19, 191801, Cancellation Mechanism for Dark-Matter—Nucleon Interaction

® pNGB Mass is introduced by hand!!

In general, there are more U(1) breaking terms

++;83/+m %S‘FW‘F)\WQ—FHC

Mass  Forbidden by Z, Hard breaking of U(1)

= Z> symmetric model with softly broken U(1) symmetry

o DOmaln Wa” prObIem (Z, sym. should not be broken spontaneously)
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Pseudo-Nambu-Goldstone dark matter from gauged U(1);, symmetry
Y. Abe, T. Toma, K. Tsumura JHEP 05 (2020) 057 arXiv:2001.03954 [hep-ph]
Pseudo-Goldstone dark matter in a gauged B-L extended standard model

A Model
N. Okada, D. Raut, Q. Shafi PRD 103, 055024 (2021) arXiv:2001.05910 [hep-ph]
® Gauged U(1)g

(motivated by neutrino mass a la seesaw mechanism)

QL L u% d% 6% I/;{ H Sl SQ

SU(3). 3 1 3 3 1 [ 1 1 1 [ 1
SU2)w 2 2 1 1 1 | 1 2 1 | 1
Uly || +1/6 | 12 —2/3]+1/3|+1] 0 [[+1/2] 0 | ©

Ul g || +1/3 ] =1 | =1/3 | =1/3 [ +1 | +1 || 0 | +1] 42

® Key idea of the model building
Vaym = V1(S751) + Va(55.52)

U(1); xU(1)2 — None one is absorbed by Zg, & the other is exact massless NGB
U K
U(1)p_r, — None with k > one is absorbed by Zg, & the other is massive pNGB
1
L * Q2 2 2 2
‘/éoft—breaking Y SQ Sl + H.c. — 5 mMmpwm TbMm (mDM X ’Ii)
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Long-Lived DM

® pNGB DM decays to SM particles

. Virtual ZB—L*
via super-heavy Zg |

|

® DM lifetime =~ ——— > 10%7 sec
ZB-L Stability (Longevity) constraint

> Mg, > 10" GeV for Mpy < 1TeV
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PNGB DM from SO(10) GUT
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Does pNGB DM imply GUT?

® High Energy Scale is needed for DM Longevity
My, . > 10" GeV for Mpy < 1TeV

1020 — e ——y
1019 vy > Mp Excluded
f sinf = Qhmmma, 7
1018 [ mh%ég()() GeV .0. \\\((L;
W! = 1014 Gev " 64 %
1017 | s & ]
= . ]
S 10 [® 20 ]
= H SN o ———————————————————
= 1015 L “’ ..
wl e Excluded
10™ ¢ ., .®
....... 1
108 & =
1 > 4 3 —
. Excluded 925~ VT z "
]_0 | |
10! 102 103 10*
mpy [GeV]
1000 107 10" 1015 1010
1 [GeV]

® GUT naturally predict Ultra High Energy Scale
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PNGB DM in SO(10) GUT

Pseudo-Nambu-Goldstone Dark Matter Model Inspired by Grand Unification
® MOdeI Y. Abe, T. Toma, K. Tsumura, N. Yamatsu
Phys. Rev. D104, 035011 (2021) hep-ph/2104.13523

Vie P10 P16 SPTH
SO(10) 16 10 16 126
¢(4,2,1) @3(1,1,2) ¢(1,2,2) Qi(Z,l,z) &E 1,3)
Gps (4,2,1) (4,1,2) (1,2,2) | (4,1,2) | (10,1,3)
QL L ug d% eq | VR H S d
SU(3). 3 1 3 3 1 |1 1 1 1
SU((2)pL 2 2 1 1 1 1 2 1 1
U(l)y +1/6 | —1/2 | =2/3 | +1/3 | +1 0 +1/2 0 0
Ul)p_r || +1/3 —1 —1/3 | =1/3 | +1 | +1 0 +1 +2

] Gps = SU(4)e x SU(2)L x SU(2)g D Gsm x U(1)p—1
v Symmetry breaking
SO(lO) — GPS — GSM — SU(B)C X U(l)EM
a 1 .

<q)210> ~ Mgut <(I)m> ~ My <(I)10> ~ Mgw EW sym. breaking

Proton stability ppm longevity
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Predictions of SO(10) pNGB DM

® Unification of Interaction Strength

Standard Model SO(10) pNGB model

In SO(10) pNGB DM model,

= predictions : M; = 1.3 x 10" GeV, My = 2.1 x 10' GeV, g = 0.38 at M;
DM longevity Proton stability DM abundance

2025/4/17-22 GUTPC K. Tsumura (Kyushu) 16



Decay of SO(10) pNGB DM

® Low Intermediate scale M,
- 3 body decay must be forbidden by kinematic:

DM

3
MDM < Z Mﬁnal,n

n=1 Kinetic mixing is predicted by SO(10)
® 4 body decays 1o VRN

-1, = 70 GeV A

J J 103 |- -

h"i _ Z’ E E

= 12 | _

DM . DMN< ; 1012

i \\\ i % 1 - Vg :MI 5
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Decay of SO(10) pNGB DM

® Low Intermediate scale M,

- 3 body decay must be forbidden by kinematic:

3
MDM < Z Mﬁnal,n

n=1

® 4 body decays

=

MDM 5 70 GeV

10°

mp, (GeV]
2

10!
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Relic Abundance & Constraints

® Narrow DM mass window

Mp2=70GeV

101 ¢

10 |

102 |

1078 |

1074 L

100 inggs deca;) q/

30-35GeV
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Other sym breaking patterns

® Ggoyr 2> G > Ggy

Gir = SU(3)C X SU(Q)L X SU(Q)R X U(l)B_L O Gsm X U(l)B_L

Gps = SU(4)C X SU(Z)L X SU(Q)R O G X U(I)B_L

log,o (M /1[GeV])

Group Gr | Scalars at p = My b; Vi i ag’
I U
(1,2,2)10 bac -3
Gps (4,1,2)16 v, | = -3 11.10 £0.08 16.31+£0.15 | 45.92 + 0.50
210> (10,1, 3)15¢ bar + 2
(1,2,2)10
(4,2,1)16 bac —4
Gps X D (4,1,2)16 o | = 8 13.71 £0.03 15.224+0.04 | 40.82 +0.13
- ETs) 13 —
=Z> (10,1, 3)13g bar +3 Rapid proton decay
<54> (10, 3, 1)@
/
(1,2,2,0)10 e !
GLr (1,1,2,1)16 | = o 8.57+0.06 16.6440.13 | 46.13 +0.41
2R -
<45> (1,1,3,2)136 bs_1 +2723 Rapid DM decay
(1,2,2,0)10 ) -
(1,1,2, 1)1s e e
Gir xD | (1,2,1,1)16 2ol = C8 10.11+0.04  15.57£0.09 | 43.38 +0.30
(1,1,3,2)138 - i5 Rapid DM d
<210> (1, 3, ]_, —2)m bB_L +7 ! sea
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If DM is stable, M, can be lower.
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SU(2)p Model
® Can UV-complete pNGB DM be stable?

® Straightforward extension of U(1)g,; model

S1 S

Qr | L | o5 | @& [ea o] H | = %
SUB). || 3 1 3 3 |11 1 [1]1
SU2w || 2 2 1 1 | 1|1 2 |11
UML)y || +1/6 | —1/2 | —2/3 | +1/3 | +1| 0 || +1/2|[ 0 | 0
SU)p || 1 1 1 1 | 1] 1] 1 | 2] 3

SU(2)p gauge symmetry
H — H
22 — UD 22
Yy — UpXsU),

Trivial rep. (SM Higgs does not transform)

Fundamental rep.

Adjoint rep.




Dark custodial symmetry

® Without “k term” (no coupling btw 2, &2 3)

2
1
V(8. Bg) = =22 (£132) — SpTr (23)

A 2 ] 1
+ 22 (T (202) )+ T (33)° + S e Tr (215 Tr (23)

Yo — Ups Yo Ugal
23 — U323U3Jr

SU(2)o. x SU(2)2r X SU(2)3 global symmetries {

Enhanced global syrnmetry =2 unbroken global SU(2),, after SSB

gauged with “k term” kS;5? = kTr(o3Zi85%,)

SU(2). x U(1)g = unbroken global U(1), [DMis stable ]
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PNGB DM from SU(7) GUT
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Symmetry breaking patterns
® Embedding Ggy x SU(2)p into GUT

(G521 = SU(5)GG X SU(Q)D X U(l)X
SU<7) — 4 G341 = SU(S)C X SU(4)LD X U(l)a
Meor | Glyy = SU(5)ep x SU(2)1 x U(1)a

lllllllll
-~

L subgroups of SU(5)cp
=SUB)e x SU2), x U(1)y x SU(2)p x U(1)x,




Extra matter

30}

20F

60f
50F

40t

10}

vy
SU(T) 48
P(24,1)(0) Yas©o | Yano | Ye2m YE2)(=1
Gy (24,10 L3O [AHO) [ 620 [ 527
| lg[ W B[] dp [ ap | W | B | X [Lp | X | I |
SUB)c 8] 1 1] 3 3 1 1 3 1 3 1
SU(2L 1 1 1 1 1 3 1 2 2 2 2
ULy 0] 0o [o0]=-1/3]+1/3 0 0 —5/6 | +1/2 | +5/6 | —1/2
SU2)p|l1] 3 1] 2 2 1 1 1 2 1 2
Ubx [[0]l 0 0] +7 | -7 0 0 —7 0 +7
SU(7)=>SU(5)cpxSU(2).xU(1)a-[ TM), [[O] 0 [0 o0 0 0 0 N N R
i""""'U(l)X000+5—50 0o | +2 | -3 ] —2 | +3
! Uty : 3 flavor: of SU(5)cp adjoint matter @ M,
| 1 | 1
: i : | > Successful GCU
| i | & v mass generation
L SURL Loume & p stability
L — § | (M; =2x102GeV
| SU@)p i | . 16 (3
o I suE) i - M =4 x 10 eV
Mo e ey ] oy =180
1000 107 101 101 10"
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DM (in)stablility

® U(1)y violation caused by Yukawa int
Similarly to the SM

® U(1), can be restored by appropriate Z, parity

Eliminate unwanted Yukawa

2025/4/17-22 GUTPC

K. Tsumura (Kyushu)

A/—‘
SU(T) 48
a, W, B, Gauge
odd
by Doy P35 ( Dyg )
SU(7) 7 21 35 48 ]
P610)+2) | Paoi)+4) | Paoz) -1 ¢(1,1)(:))\-‘¢64,1)(0) H Ig gS
Gy || (5,1)(+2) | (10,1)(+4) | (10,2)(—1) | (1,1)(0) | (24,1)(0)
odd
0 0g (v
SU(7) 21 7 \ \ 48 /
Y(5.2)(=3) Yaonw Yane) | YEnee | Ya2e) Y(24,1)(0) Yaso P00 | Yeam YE.2)(=1)
G (5,2)(=3) (10,1)(4) (1,1)(-10) | (5, 1)(-2) | (1,2)(5) | (24,1)(0) (1,3)(0) | (1,1)(0) | (5,2)(7) (5,2)(=7)
Fermion
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Summary

® pNGB DM naturally avoid DM direct detection constraint

® pNGB DM is derived from UV complete theories
® U(1)g, [ long lived pNGB DM ]
=» |large scale ( GUT scale?)

® These models are embedded in GUT theories

® U(1)g, = SO(10)
= low mass DM

2025/4/17-22 GUTPC

SO(10) pNGB model

60F
50
405—
305—

20F
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SSB and Explicit breaking

® Yukawa interactions

yu+y -~ =~ Yu — Yd = =~
= Q. (H H) (up dg) + 5 Qr (H H) (up —dg)
u+ -~ u -~
= 2O Qe+ QLT Qr

SU(2),. x SU(2)r invariant Explicit SU(2)r violation
@LZ Qr @LE T QR
= QUL (ULZUR) (UrQr) = (Q,U}) (UL BUL) ™ (UrQr)
U(1)gs [ of SU(2)g ] is kept unbroken

SSB: (%) = % <(1) ?) since VEV and 73 commute
= SU(2)y =2 U(1)ys (Exact symmetry)

This is the fate of SU(2)y breaking in SM
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