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Messages

What is the origin of (pNGB) dark matter ?

Does the existence of DM (+ QG assumption?) imply the grand unification?
SO(10) pNGB model

* Pseudo-Nambu-Goldstone DM model + no global symmetry 0F—

Uy ~SU(2)r

[YA-Toma-Tsumura '20, 50}
—|— = gauged U (1) g_1, model Okada et al. ’20] wl
(®) ~ 10" GeV, m, ~ 0.5 TeV S
* SO(10) grand unified theory 20,
[Georgi '75, Fritzsch-Minkowski ’75] 10f
= -« Llarge kinetic mixing 10"
* Intermediate scale U(1}5—7 and unification scale 107
(M1~ () 210" GeV My ~10° Gev| o
1072 ¢
* Mass region of DM 0
[my < 0(100) GeV |

my [GeV]
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e Dark matter (DM)

B The existence of dark matter is inferred from various . ] ’
observations {[Albada et al. '85]
B The nature of dark matter is still unknown. Radius (kpe)

M |dentification of dark matter = big probe for BSM

[QDMh2 = 0.120 + 0.001]
[PLANCK collaboration arXiv:1807.06209]
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Direct detection experiments

e Direct detection experiments
LUX, PandaX-Il, XENON
= Severe constraints on the WIMP-nucleon cross section
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e Pseudo-Nambu-Goldstone boson (pNGB) DM
* SM + SM singlet scalar S w/ global U(1)¢ softly broken to Z, by 1m

oNGB DM

2

[Gross-Lebedev-Toma '17]

2 2 2
V(H,S) = — PP BP0 g 28 s g HP S - T (57 4 57)

 Breaking of U(1)s = Nambu-Goldstone boson arise
* This is an attractive WIMP candidate escaping the direct detection constraint naturally

* Scattering between pNGB DM and SM fermions

SM

SM

ImS

[ )
. sinf cos@(mj, —mj )
1MxSM—>xSM ~ 2 5 q > 0

Vs My 42 —0
\. J

Cf. soft pion theorem



PNGB DM from
gauged U(1)p_;



Origin of pNGB DM

m2

4

 What is the origin of pPNGB DM?
* Where does the soft breaking term come?
 What kind of symmetry exists behind?

Viott (S) = (5% + 8*2)

YA-T -T "2 k l.'2
e Our proposal: [ oma-Tsumura '20, Okada et al. "20]

[pNGB DM from gauged U(1)B—1, modeﬂis a UV completion of the simple pNGB DM model.

The symmetry of the UV physics (consistent w/ QG) maybe gauge symmetry

Bansk-Seiberg '10, Vafa ‘05
(discrete symmetry should be gauged) [ loerg ]

SU3)e || 3 3 3 1 111 1 1111 1| V(HS®)>- \%(@*52 +he) = —\’j‘%(@*) S? 4+ h.c)
SU(2); 2 1 1 2 1 2 1|11

Uy || +1/6 | =2/3 | +1/3 | =1/2 [ +1 | +1/2] 0 | 0 | 0 ~ m2
Ul)p_r || +1/3 | =1/3 | =1/3 | —1 | +1] 0 | +1|+1]+2
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Gauged U(1)z_; model

[YA-Toma-Tsumura '20]
* Lagrangian

1 i . o
£ = DS + D@ + iR Brr; — zXﬁ{‘ EXB} v TR Ly — "2 00 + he. + Lo — V(H, 5, ®)
Gauge kinetic mixing of U(1)y and U(1)5_;
. X \\ SM
* Intuitive story of our gauged U(1)z_; model ‘.
o
Energy scale _ ) N
L ’dq)—l—Q’égB_LX’ y —>
vy~10"° GeV: U(1)p_, is broken by v, 7 ¢
~ . . x < SM
X is eaten by X,, = X,, becomes massive my ~ v, /

Large VEV hierarchy ~ heavy particles decouple X, ¢ in 0 cos 0(m? 2 )
SN ¢ cost{m —m
iM o — h 25 g% + O(1/vy)
vsmilm%Q

v~Tev SM +singletscalar S with S% term

N :
246 CeV PNGB dark matter y + second Higgs h, 8



Gauged U(1)p_; model

* In return for the UV completion motivated by QG, this pNGB DM is not stabilized

* The new interactions and scalar mixing give the following decay processes

vy [GeV]

v _ hi e h;
f
v Z
) F]
* Allowed region for DM w/ TeV scale mass
1020 ‘ : : 10
1019 Vg > Mp ]
- sinf = 0.1 . . .
Jgis | e = 300 GeV 0 | l\} Constraint on the DM lifetime
my = 10" GeV Higes deca;
107 |
« 3|
106 © £ 10§ g 27
) B, >
10 | ;~i [ DM <, 10 S ]
oM ¢ 1072 ¢ =
o b _ Ziﬁéi})/f/‘— [Baring-Ghosh-Queiroz-Sinha "16]
10!2 ‘ Vi - 10-3 LT ‘:_360 (e : : sl
10 10 10% 10* 10 10° 10° 10° 9
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PpNGB DM inspired by
grand unification

[YA-Toma-Tsumura-Yamatsu '21



S0(10) pNGB DM model

What is the further UV completion of the gauged U(1)z_; pNGB DM model?

Charge quantization of U(1)y, anomaly cancellation in SM
= Grand unification theory (GUT)
The symmetry Ggnm X U(1)p_p can appear in the GUT symmetry breaking pattern

(®) ~ 10" GeV

My ~ 107717 GeV

(" o )
Motivation
Can the pNGB DM model be embedded to GUT?
Does the existence of DM (+ QG assumption?) imply the grand unification?
g Y,
In this work, we focus on the Pati-Salam gauge group (Gpg [Pati-Salam ’74]

GPS = SU(4)C X SU(Q)L X SU(Z)R D) GSM X U(l)B_L

[YA-Toma-Tsumura 20, Okada et al. '20]

[Gerogi-Glashow "74]
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50(10) pNGB DM model

e Particle contents of our model

Vg O3 P16 SPT
SO(10) 16 10 16 126
Y2.1) @5(1,1,2) 01,2,2) ¢(Z.1 2) @(EJ,S)
Gbps (4.2.1) (4,1,2) (1,2.2) | (4.1,2) | (10.1,3)
QL L U de | €R | Vh H S o
SU(3)c 3 1 3 3 1|1 1 1 1
SU2), || 2 2 1 1 |11 2 1 1
Uy |[+1/6 | =1/2 | =2/3[+1/3]+1] 0 || +1/2 0 0
Ul)p_y || +1/3] =1 [ —1/3] =1/3 | +1 [ +1 0 +1 +2
 Symmetry breaking pattern
¢ 0 Pa5g) A0 ® 0
SO(10) (22107 >[Gp5(3 Gon x U(1)p_p) —=8 70 o 210070 or7 (3 U(l)EM]
(@)#0 (H)#0
GSM X U(l)B_L ? GSM > SU(3)C X U(I)EM

[YA-Toma-Tsumura '20]
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50(10) pNGB DM model

e Gauge kinetic mixing ~ mixing angle (cf. Weinberg angle in the SM)

(P1z5) # 0
Gps = SU(4)c x SU(2)r, x SU(2)r » SUB)e xSU(2)L xU(1)y
U U ‘
U(l)p-L X U(1)r
Gauge fields U(1) B, 1 —tane) (B, . U(1)
U(l)BY (X ) (O 1/6086) (C”) U1 )BI_%L

U(1) generator (in GUT) Iy—\[fsa \[IB .

* The gauge kinetic mixing angle is determined as

2 1 1 sin € y
[g—arctan\/;] ED—ZBZV—ZXﬁ,/— 5 X, B
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50(10) pNGB DM model

e Gauge coupling unification

b= 30 T(Rv)+3 S0 T(Re) + 2 3 T(Rs)

e RGE d b vector Weyl Real
Ozi_l(,u) = ——  #of particles and their rep. determines the RG flow of gauge couplings.
dlog p 2T
SO(10) pNGB model
p < My Or— My < p < My
bsc 7 bac ~22/3
bor, | = | —19/6 ~ : 5 | =1 -19/6
b1y +41/10 'S i bapr +25/6
| r N
_(My7) =0.3872 :
gB—r(Mi) , My = 10651 GeV,
[MI _ 10091 GeV] s T Mo @El(MU) — 46.47
1000 107 10! 10" 10" \ J
Smaller than that in gauged U(1)g_; model 1 [GeV]

— DM tends to be short-lived.

Cf. proton decay

[Super-Kamiokande Collaboration "10]
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50(10) pNGB DM model

Gauged U(1)z_; model [ATT 20]
m, ~ 1 TeV  Three-body decay dominant

vy ~ My ~ 10" GeV

* Long-lived DM in SO(10) pNGB DM model
DM should be lighter than that in the previous work.

* The following four-body decay process is dominant to the DM decay

e DM lifetime constraint

[TDM 2 1027 S]

[Baring-Ghosh-Queiroz-Sinha "16] 15




Long-lived DM In 50(10) PNGB DM model

1014
Parameter space 1013
in (mX, v¢)-plane 1012
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=70 GV 6: mixing angle of SM-like Higgs and second Higgs

[HHH‘ T WIHIlTl IIHIIH

vy [GeV]

Parameter space
U in (mx, mhz)—plane

109 ;_- ’,a 5"“6

1010 L

103

’U¢=M[

- — i —u

1014 T T T T T
=130 GeV

~

1013

|\

1012

[HHH‘ T WIHIlTl T IHHII
I T T III|

©
o<
\
'
\
==
\
Lo

10 L

v [GeV]

1010

109 101 102

16




PNGB DM model inspired by grand unification

* Allowed region in (m,,v/v,) plane realizing the DM relic abundance

sinf = 0.05 sinf = 0.05
mp, = 70 GeV mp, = 130 GeV
1 1
].0 % ) % 10 E U 't : TI‘ I [\ I I 3
C ] - Unitarity N
100 pges decay N 00 LHiges decay A k
- & f )
10_1 E_ g _E 10_1 = & % =
=z e : S - ) e
= 10_2 ; Vg ; = 10—2 i §
- AL . i
1073 = = 1073 E E —
“sind = 0.05 : %
104 “mp| =70 GeV B | 10-4 < |
20 102 102
m,, [GeV] m,, [GeV]
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Summary

* We proposed an SO(10) pNGB DM model in the framework of GUTs

* The gauged U(1)z_; pNGB DM model can be embedded to SO(10) GUT

H C q)l(), S C ¢167 o C ¢126

* The grand unification condition requires the following relations

sine = —/2/5, vy ~ 10" GeV, m, < 0O(100) GeV

e We find that the thermal relic abundance can be consistent with all the constraints when
the DM mass is rather close to the resonances
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Gauged U(1)z_; model

* Scalar potential of gauged U(1)z_; model

2

[YA-Toma-Tsumura '20]

2 2 A A A
V(H,S,®) = - HLHP - EE|s)? - E2je? + SHH| + Z21SI* + SHOI + Aus HPISP + s HPI” + Ase|S|?| 2]

— (%@"‘5’2 + c.c.)

 Parametrization of the scalars

"= ((v + 2>/x/§> ’

S:vs—l—s—l—ins

o — Vp + @ + 11y

V2o 2

e Type | see-saw mechanism identifies the scale of VEV of ®

(

vy ~ 4.3 x 101 GeV(

.

yl/2

yCID

)

~\

2> U, Vs

20



Mass spectrum of scalar sectors

200,(ApsAe — AgoAse

* Mass eigenstates 20~ e Amhe) — (A3, — Asha)
e CP-even scalars . SM-like Higgs boson
h 1 0 ﬁ cosf sinf 0O @
s ~ 0 1 @ —sinf cosf O ho
PV
) _AHaY  _ AsapVs 1 0 0 1 hs
A@U¢ A@U¢

2 _ 2
AgoAs — 2AgsAgeAse + )\q:)\HS,Uz) < 125 GeV

2 2
my,, AU —

)‘S‘P_)‘%¢»
Ao — M2 Ap A — AgaA 2
mleg ~ 5 (I))\ S(D’Ug ( i I&S)\ H(D)\zs(p) ’U2, m,%g %)\(pfuqzb
e CP-odd scalars ® o (AsAe — Agq)

pNGB (dark matter)

Ns \ 1 204 Vs (X )
ne ) (vE4+4u3)t/2\ —us 204

Eaten by X,
M (v + 4@?5)
4’U¢

9
Ty
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Gauge kinetic mixing

* E,: gauge field of U(1) c SU(4)c, W,3: gauge filed of U(1) < SU(2)g
* Lagrangian
1 o 1 3.0, 1 vg 2 13\ 2
LD — Z(EMV) — Z(Wuy) + 5 Z -+ ’U¢ (ng—LE,u — gRVV'u )
1 o 1 o Lo o
= — Z(B,Qy) - Z(CLV) +3 O
1 , 1 ,  sine o1,
- Z(B;u/) — Z(Cﬂﬂ/) — TBWCM + 5 OC[J,

e Relations of gauge fields
B\ [ cose sine)\ (W[ B,\ (1 —tane)\ (B, WS\  [cose
C,) \—sine cose) \ E, )’ \C,) \0 1/cose)\C,)’ \ E,) \sine

e Covariant derivative
. . SU(2 . .
D, Digp-rLE,QB—1 + 19RW,1313 @ igp_.C,QB-r +191B,Qy
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Decay width

* Tow-body decay

_ mX 5
" Gdm o] szm
____><___ 2 11 4 2
_ 59 my Vs 107" GeV My,
=510 GeV(wo GeV) (1 TeV) ( Ve 2 \oTev

(3

<

* Four-body decay

f f
hi /< 7z
X 7 X 7
______ f/ T T T \\\ f/
A h; \\<
7 i
r L e 05 AW (- L) uro 2602+ 0h)?) + 2((bf>2+(bf’>2)]
4—b0dy""§2(4ﬂ_)5 » 14409B—L(QB—L) (Ucz) ml, mlzn mleg S Yr\Ov A Y \\Ov A
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Path of S0(10) - SU(3)¢ X U(1)em

SO(10)
J54,210
, 45,210 | | |
S[]( )C‘ X S[](Z) X S[](Z)R }S[f(g,)cf X SU’(Z)L % SU’(Z)R % [I(l)B—L
45,210
| 45.210 Our model
S[]( )( X S[] L X [JT [I(l)B—L SO(10) [YA-Toma-Tsumura-Yamatsu '21]
116 126 & ®14(2 9), P12 D) 210

Gr = Gps = SU(4)e x SU(2), x SU(2)g

11

(;SL,I:.S(/(- o X ‘:)[ )LX[ (1)

SU(3)e x SU(2), x U(L)y
Jl() & G10(3> H)
SU3)e x U(1)em
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