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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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Constraints from direct detection

e Direct detection experiments
LUX, PandaX-Il, XENON
= Severe constraints on the WIMP nucleon cross section
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Nuclear recoil by dark matter
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[XENON collaboration ’18]
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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
VH,8) = — PP B8 s S 28 s g HPS) - (57 + 572)

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

* Scattering between pNGB DM and SM fermions
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Cf. soft pion theorem



What is origin of pNGB DM?

 What is the UV completion of the simple pNGB DM model? 2

 Where does the soft breaking term come?

* Our proposal: pNGB DM from gauged U (1) g_r model

Vot (S) = —%(52 +572)

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

The symmetry of the UV physics (consistent w/ QG) maybe gauge symmetry
(discrete symmetry should be gauged)

DM
Qr uh d%y L er | H v | S | @
SU(3)¢ 3 3 3 1 1 1 1] 1]1
SU(2)L 2 1 1 2 1 2 1]11]1
Uy || +1/6 | =2/3 | +1/3 | =1/2 | +1 | +1/2] 0 L 0 | O
Ul || +1/3| —-1/3| —=1/3| =1 | +1] 0 +1 ] +1 ] +2

[Bansk-Seiberg 10, Vafa '05]

V(H,S,®) > — \%(@*52 +he) = — 5%(((1)*) $? + h.c.)
2

~ T

(®) ~ 10" GeV

e Simple pNGB DM is realized as the low energy effective field theory



Gauged U(1)g_; model
- [YA-Toma-Tsumura ’20]

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

(®) ~ 10" GeV

= Grand unified theory (GUT) My ~ 107717 GeV

The symmetry Ggnm X U(1)p_p can appear in the GUT symmetry breaking pattern

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

[Gerogi-Glashow "74]
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Motivation
Can the pNGB DM model be embedded to GUT?
Does the existence of DM (+ QG assumption?) imply the grand unification?

~

J

In this work, we focus on the Pati-Salam gauge group (Gpg

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

[Pati-Salam '74]



S0(10) pNGB DM model

[YA-Toma-Tsumura-Yamatsu '21]

e Particle contents Vi P | P | Pmg
d symmetry breaking pattern R = e
an y (421 1/1(11,2) O(1.2,2) (fi(z,l,z) @_(E,l 3)
G Genr X U(1) m_ Gs (4.2.1) (4.1,2) (1.2.2) | (4.1,2) | (10,1
pPs 2 Gsm ( )B L Qr L ug | dy | g | v H S d
(P136)70 e SUB)e || 3 1 3 3 |11 1 1 1
7 SM SU2), || 2 2 1 1 |11 2 1 1
® 0 Uy |[+1/6 | —1/2| —2/3 [ +1/3[+1] 0 | +1/2 0 0
(P10)7# ? SU(?))C X U(l)EM Ulp_yp || +1/3 | =1 | =1/3| =1/3| +1 | +1 0 +1 +2

 Grand unification determines some free parameters in gauged U(1)z_; model

1 ' - o
ZXEW[— %XWBW} VR — S um; + he. + Lov | V(H, 5, )]

L= |D,S|* H|D,®|*’|+ ivri Pvr; —

v Gauge kinetic mixing
v Gauge couplings
v (®): U(1)z_; breaking scale



S0(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 » SUBB)e xSU2)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 )B?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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Gauge coupling unification

dloguai (lu) — _%
WM SOWWGBmM <,
- Uy L SU@r :
50f | |
bsc —7 ; l l bac —22/3
bor | = | —19/6 | . : i bor, | = | -3
by +41/10/) 's ”: : ; bor +13/3
20} i i : [MU = 2.06 x 10'6 GeVJ
[MI —1.26 x 10! GeVJ 103- SU(3)e ﬂ:,:MI ,(L:':MU ]
[ T T Y 1
1000 107 10" 10'3 10" [ ay = 45.92 ]
Smaller than that in gauged U(1)5_; model i [GeV] Cf. proton decay

— DM tends to be short-lived. [Super-Kamiokande Collaboration ’10]

11



Long-lived DM in SO(10) pNGB DM model

* Long-lived DM in SO(10) pNGB DM model M =1.26 x 10" GeV

DM should be lighter than that in the previous work.
(®) ~ 10" GeV
* Four-body decays and three-body decay of pNGB DM
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e DM lifetime constraint
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Long-lived DM in SO(10) pNGB DM model
* The typical DM mass 0(101_2) GeV (h) ~ ( cos 6 SiH@) (fn)

S —sinf cosf ho

8: mixing angle of CP-even scalars
* Parameter space in (mx, v¢)—plane
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Long-lived DM in SO(10) pNGB DM model

. (mx, mhz)—plane
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Parameter space of SO(10) pNGB DM model

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

[YA-Toma-Tsumura '20]
* Lagrangian

1 i N A
£ = 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 hi,ho
Enzr:gy scale 4D + 2igp_ L X|? e
(@) = v4,~10"3 GeV: U(1)p_,, is broken by vy, 2 ¢
X is eaten by X, = X, becomes massive my ~ v Ay il

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

p~Tev SM +singlet scalar S with S term

= ' = gj
246 CeV PNGB dark matter y + second Higgs h, = simple pNGB DM modell8



Mass spectrum of scalar fields in gauged U(1)z_; model

2005 (AHSAD — AHOASD)

* Mass eigenstates Mixing angle tan26~ oy 3 ) 028y — Aghe)
e CP-even scalars \
HapU .
h L 0 Javs cos sing 0\ [~ h,: SM-like Higgs boson
s | ~ 0 1 )\%ﬁ; —sinf cosf 0 ho
) _Agev  _ Asavs 1 0 0 1 hs
)\q;'l)(p )\q;’Uqﬁ
m2 ~ Agv? — Niuads — 22 s AmgAse + Aoy v? =125 GeV
i AsAa — A2g ’
AsAp — N2 MaAms — AHoss )2
2 SAP SP 2 PAHS HPASD 2 2 2
~ ~ A\
Mehe Mo 7 de(hshe — Ng) 0 the T 0%

e CP-odd scalars

(778) _ 1 (2’0975 Vg ) (X) x: pNGB
T (’Ug + 4’“?5)1/2 —Us 2U¢ X ¥ is NGB eaten by the new gauge boson

v? + 402
— pe( . o) If u. —» 0, the pNGB becomes massless
Vo

9
ey
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Gauge kinetic mixing

* Gauge groups SUR2) xU()y xU(l)p_1
. . 1 0 —tane —m?2 sin Oy sin 2e
* Mixing  Vak=(0 1 0 |, tan2(=— —= ————
0 0 1/cose my — m?(cos? € — sin” Oy sin” €)
cosOyw —sinfy O 1 0 0
Ug = |sinfy cosby 0 0 cos( —sin(
0 0 1 0 sin( cos(
* Mass eigenstate B, A,
W3 = VokUeg | Z,
X}u Z’

* Mass eigenvalues
o _2 4m mX B _2 4m mX
"z cos?e |’ cos? e

M —m (14 sin? Oy tan? €) + m% / cos” e




Path of SO(10) - SU(3) X U(1) o,

J{(: J{(: > SU(3) o T( T(f T(
45.210
J | 45.210 Our model

SO(10) [YA-Toma-Tsumura-Yamatsu '21]

Gsy = SU(3)e x SU(2)p x U(1)y
110. G193 H

SU(3)e x U(1)em 21
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S0(10) pNGB DM model

e Particle contents of our model [YA-Toma-Tsumura-Yamatsu '21]
Vg RN AT NPT
SO(10) 16 10 16 126
(4,21 Vd.1,2) ¢a22) | PEiz | Pdois)
Gps (4,2.1) (4,1,2) (1,2,2) | (4,1.2) | (10,1, 3)
QL L ufR dn | €% | V& H S o
SU(3)¢ 3 1 3 3 1|1 1 1 1
SU(2), 2 2 1 1 1|1 2 1 1
Uy |[+1/6|—-1/2]—=2/3]+1/3[+1] 0 +1/2 0 0
Ul)p_yp || +1/3] =1 | =1/3] =1/3| 41| +1 0 +1 +2

 Symmetry breaking pattern

®210)7#0 ®55) A0 ®10)#0
SO(10) 221007 [Gps(a Gon x U(1)p_p) 270 oy, 21007 >SU(3)C><U(1)EM]

(®)40 (H)#0

> GsMm

> SU(3)C X U(I)EM
[YA-Toma-Tsumura '20]

GSM X U(l)B_L



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



Beta function coefficient

e Beta function coefficient for vector, Weyl fermion, real, complex scalar fields

bi——— Z TRV —I— ZT(RF + = ZT(RRS Z TRCS)

vector Weyl Real Complex

* Vector fields => gauge fields T(Ry) = Cs(G)

* C,(G): Quadratic Casimir invariant of the adjoint representation of G

* T(R;) is a Dynkin index of the irreducible representation R;

sl,, irrep. d(R) C5(R) T(R) A(R) C.(R) C/R/PR
(0000 - - - 0000) 1 0 0 0 0 R
(1000 - - - 0000) n 37; % +1 1 C/PR,—2
(0000 - - - 0001) n - 5 -1 n—1 C/PRp=2
(n—1) (n *1)( —2) n—2 A P> ~
(0100 - - 0000) - n=2 n—4 2 C/Rn
(n—1) +1)( n—2 ‘
(0000 - - 0010) x -2 —n+4 n—2 CfRuy
(2000- - - 0000) (nt1) (n— ”‘ +2) nid n+4 2 C/Rnz2
(0000 - - 0002) (ntl) n ”‘ *2) ni2 ~n—4 m—=2 C/Ruza
(1000 - - - 0001) n?—1 5 n 0 0 R
n(n—1)(n—2) (n— )( i —4) (n—3)(n—2) (n i)( —6) .
(0010 - - 0000) %. X 3  C/PRas
(0000 - - - 0100) nEr —i()i:n—?: ;: 3)5) —4) ( —'3?1(r -2) 3) —6) n—3 C/PRn—g
n(n—1)(n+ — n2—3 o ‘ .
k=l I R
< 2 . n=:
(3000 . 0()00) n(r +1§(n+2) )( 1 3 (n+4) (n+2)4(n+.}) (n +3)2( n+6) 3 C/PR”:Q
(0200---0000) R ; — - 4 C/Rn=s ’
(0000 - - 0020) n'(n+ll‘))(n—l) n(n ;10) 71(114-‘_)6)(71'6'2) _ n(n— ) ) oy C/Rnes [Ya m ats u 15]
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Pati-Salam or Left-Right

 Summary of the intermediate and unification scales and unified coupling

Group G; | Scalars at p = M; b; lﬂ(}%m(M/lj{?;V]) o:[_jl
(1,2,2)10 bac —=
Gps (Zg 1.2)16 b5, = —3 11.10£0.08 16.31 £0.15 | 45.9240.50
(E: 1,3)136 b2r +l_33
(1,2,2)10
(4: 2, 1)16 bac: —4
Gps X D (Zg 1,2)16 b5, = +l—33 13.71 £0.03 15.2240.04 | 40.8240.13
s |\ A
02 1)126
/ .
(1,2.2,0)10 g;?(’ :;
GLr (1,1,2.1)16 21 = 3 857+ 0.06 16.64+0.13 | 46.13 4+ 0.41
9 bar -y
(1:1:3:2)126 bB I _‘_2
— 1
(1,2,2.0)10 Y -
(1111211)16 b?(j 13
GrLr X D (1,2,1,1)16 2L = 5 10.11 £0.04 15.57£0.09 | 43.38 & 0.30
N b2r %
(1,1,3,2)736 b 415
(1,3,1, —2)158 b=l R

Complex 10 rep.




