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WIMP dark matter

e Dark matter

 The existence of dark matter is inferred from
various observations.

 The nature of dark matter is still unknown.

* |dentification of dark matter = BSM

e WIMP dark matter

 Dark matter relic abundance is realized as the thermal relic

Boltzmann equation for WIMP
dY,(z) (ov)s

= (@) - )
DM

& Freeze-out
- SM

ve(z) ©  Scattering vs. Hubble

x=m, /T




Direct detection experiments

* Direct detection experiments
LUX, PandaX-1l, XENON
= Severe constraints on the WIMP-nucleon cross section

DM SM
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Nuclear recoil by dark matter

1
102
WIMP mass [GeV/c?]

WIMP-nucleon os; [cm?]
= S
N 5
i |

10_4? :_I L 1 1 1 Lol 1 1 1 L1111
10! 102 10°
WIMP mass [GeV/c?]

XENON collaboration (2018)




@ Pseudo-Nambu-Goldstone Dark Matter

, Gross-Lebedev-Toma (2017),...
* SM + singlet scalar S | ( =2

2 2 \ b
V(H,8) =~ “LH[? = ISP + THH + US| + As| S|
m2 2 * 2 . .
— T(S + 8*7)  Soft breaking term = creating DM mass

[DI\/I: X = ﬁlm(S)]
X X m,%l sin 6 m,%Q cos 6

Rhixx — — N y  Khoxx = T "
S o]

Scattering amplitude

ql hy. ho iMN_SiHQCOSQ(m:’ZM_miz)
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Our motivation

 What is the origin for the2 soft breaking term?
Viort(H, 8) = =—=(5?+5"%)  y(1); - 7,

T
Other term? Renormalizability? Symmetry?
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* What is the UV physics of the pNGB dark matter model?

Our assumptions

 Renormalizable field theoretic description
* The symmetry of the UV physics maybe gauge symmetry

(discrete symmetry should be gauged)
q [Banks-Seiberg (2010)]
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@ Gauged U(1)5_; model

[YA-Toma-Tsumura (2020), Okada-Raut-Shafi (2020)]

* Gauged U(1)z_; model

Qr | uy dy L | eg
SUB3). | 3 | 3 | 3 1 |1
SU), | 2 | 1 | 1 | 2 [1

Uy | +1/6|—2/3]+1/3]—1/2] +1

Ul)p_y | +1/3 | =1/3 ] =1/3| —1 | +1

Our gauged U(1)z_; model

-

Ordinary U(1)z_; model

~N

g SM

.

Giving Majorana masses

= type-|l see-saw

+ RHV’s v + New gauge boson X, + Singlet scalar ®

~\

J

\_ + Singlet scalar S ¢ New !!
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pNGB dark matter from gauged U(1)z_; model

* Intuitive story of our gauged U(1)z_; model

2 2 2 \ \ \
V(H,S,®) =~ SLHP - E5|SP - 22 + THH + ZFs|t + 5o

He

V2

+AH5|H|2|S|2+AH¢|H|2|¢|2+AS@|S|2|¢|2—( @*S2+c.c.)

Energy scale
4 v4~1013 GeV: U(1)5_y isbroken by vy |d® + 2igp_ 1 X|?

X is eaten by X,, = X, becomes massive my ~ v,

~




pNGB dark matter from gauged U(1)z_; model

* Intuitive story of our gauged U(1)z_; model

2 Ao v> 2 Aspv2 A\ A\
w H® 2 S® H S
V(H,S, (@) =~ LI g Ty S gy DO gy T ey A5

- )\HS|H2|S|2[r (—’“”‘32% 52+ £ S*z)]

Energy scale
1 vy~10"3 GeV: U(1)p_y is broken by vy |d® + 2igp_1 X |2

X is eaten by X,, = X, becomes massive my ~ v,

Large VEV hierarchy ~ heavy particles decouple X, ¢

v~ TeV SM + singlet scalar S with S? term

~246 GeV = pNGB dark matter y + second Higgs h,
(+ heavy particles effect through the mixings)
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pNGB dark matter from gauged U(1)5_; model

'),?mplitude for DM + SM - DM +SM
: X |
mﬁl sin 6 _I_mﬁz cos @
§ Rxxhy =~ — 0. y  Rxxhy ~ v ;
; hjl) h2 _I_mleg AS‘I’US
: K ~
/\\ o Vs AdUg
SM SM
r , , \
. sin @ cos 0 m m
1M x (— 5 h12 + = h22 )—I—C’)(l/’vqb)
k U.S q - mhl q - mh2 )

The scattering amplitudes are suppressed in the same
way as pNGB model in order O(1/v).
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pNGB dark matter from gauged U(1)5_; model

'),?mplitude for DM + SM - DM +SM

X .

Pseudo-Nambu-Goldstone dark matter

from gauged U(1)z_; symmetry

The scattering amplitudes are suppressed in the same
way as pNGB model in order O(1/v).
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Long-lived Dark Matter

* Our DM y is not stabilized due to the new interactions and
scalar mixings.

e Constraints of our model from a conservative limit of the
DM life-time [Baring-Ghosh-Queiroz-Sinha (2015)

[TDM Z 1027 s & I'pu S..: 6.6 x 107°% GeV

* We have to check the decay cannels of this pNGB DM and
calculate the decay widths.
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Long-lived DM

Two-body decay

. h.
X — VvV - X — h; 4
VR /,/’
_X__X_C_b_ VN e
VR \‘\\\
vy,
Three-body decay X — hiy Z
X = hiff L

— 14



Long-lived DM

Two-body decay
— VU X — h; 4 hi

f h; . :

X = hiff - @ helicity conservation
g 3
VR . f I'2 body o< My
A 5
FB-body 0.4 mX

- 15



vs [GeV]
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v /v

Allowed region in the(m,, v/v;)plane

mp, = 300 GeV,
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v/vs

Allowed region in the(m,, v/v;)plane
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Summary

* We studied the pNGB dark matter scenario derived from
the gauged U(1)z_; model.

* This is the decaying dark matter then we showed the life-
time is long enough to be dark matter.

* We have found the parameter space consistent with the
relevant constraints.

* This model can be explored by the planned gamma-ray
observations.

e.g. CTA, LHASSO @
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Nature of interactions of (p)NGBs

Vg + S
° S =
Toy model /2

X/ Vs Non-linear rep.

2
T
£ 210,51 +|0,H|*> = Ags|H*|S|? — 2 (5% + 5*2)

4
1 2
T2 (1 N §> ((9ux)" = m*X%) = Amsvss| H?
X _P1 p X
S A —ip1) - (ipy) — M2
™ iM Dns (Zip 1)t { i;) )
. S
. 2
:l q- =1 t
5 ~A
Hst - m2

/\ [lim M =

0
t—0 21




Boltzmann equation

* Boltzmann equation for dark matter Yo(z) =ny/s, z=my/T

4 )
dY, (7) (o) S(mx) 2 2
— Y, — YA
k A 22 H(m,) ( X(I) X (z) ))
B 272 o B I
2T2
Yot =n{l/s, nl= 27;2 Ko(my /T)

o: Total dark matter annihilation cross section
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Gauged U(1)z_; model



Lagrangian

* Covariant derivative [D,u = DEM + igB_LXM]

* Kinetic term of new sectors Gauge kinetic mixing
| .

Lx =|D,S|*>+|D,®|? +vgriPvr — X X1 X, B

* Yukawa interactions among SM leptons, RHv’s and scalars

Ly = _(yu)ingVRiLj — (_M;)

- (I)I/CR,E:I/RJ' + h.c.

_ Giving Majorana masses
 Scalar potential

2 2 2
W M M AH As Ao
V(i 8,@) = — Hm P - B s2 - Ebje2 4 SLim|t + ZXis| + SEfef?

He

V2

+AHS|H|2|S|2+AH@|H|2|¢|2+AS@|S|2|¢|2—( @*52+c.c.)
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Scalar sector

e Parametrization

H_( 0 ) G_Uststins o vptting
(v+h)/V2 )’ N NG

* Type-l see-saw mechanism identifies the scale of VEV Vg

2
[% ~ 4.3 x 10" GeV(y—”)J > v, v
Yo

* Masses of the heaviest CP-even scalar ¢ and massive
vector boson Z),

Mg, Tz ~ Vg

25



Mass spectrum of scalar sectors

. tan 20 ~ QU’US()\HS)\@ — AHoAs®
* Mass eigenstates (0 — Aiha) — v2(A\2g — Asha)
SM-like Higgs boson

e CP-even scalars

AH®U
h 1 0 ﬁ cosf sinf 0O @
s ~ 0 1 %‘;ﬁ: —sinf cosf O ho
) _Agev  _ AseUs 1 0 0 1 hs

A@U¢ A@U¢

2 B 2
AaAS — 2AHSAHOAse + )“I’)\HS,UZ) < 125 GeV

2 2
My, RAgUT —

)‘5@_)‘%@
AsAp — A2 (Ao s — Aaarsa)?
2 SAD Sb 2 PANHS HPNASD 2 2 2
my .~ v; + v, o my. R ApU
ha Ao Ao (AsAa — AZy) hs ™ TET
* CP-odd scalars
pNGB (dark matter)

Ns \ 1 204 Vs @
ne ) (v2+403)12\ —vs 2vg

. 5 Eaten by X,
(02 + 402)
- 4’U¢5 26
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Gauge kinetic mixing
SU2); xU(1)y X U(1)g_; gauge group
* Kinetic term

1 1 1 sin €
* Mass term

| sin? Oy m2Z~ — sin Ay cos E)szz 0 B

Ly = 5( B, W,[?Xu )| —sinfw cos mef,? cos? E?Wm% 0 W3H

0 0 m5 XH

sin Oy = 291 =, COs O = 292 =,
VIi T 93 g1 t 93
2 9% T g% 2

2 2 _ 2 2
my 1 U myx = gp_r(vs + 4vy)
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Gauge kinetic mixing
SU2); xU(1)y X U(1)g_; gauge group

* Mixing

Ua

) 1 0 —tane —m% sinyy sin 2e
Vex=1 01 0 ;o tan20=— -

2 (ona2 2 2
m5 — mZ(cos® € — sin” fyy sin” ¢)
0 0 1/cose

cosby —sinfy 0O 1 0 0
sinfy  cosby 0O 0 cos(C —sin(
0 0 1 0 sin{ cos(

B, ) A,
W3 | =VexUea | 2,
X, Z,

* Mass eigenvalues

m:

T _ 4m mX > 172 _ 4m mX
2 m —
cos? € cos? €

M =m2 2 (1 +sin® Oy tan® €) + m5 / cos® €
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Interactions

e Scalar-dark matter-massive gauge boson

sin Us;
Lzn,y = ZQB—L S Zu(hi0"x — x0"h;),
; cose 14 v2 /403
cos ( Us;

ZL (h;0"x — xO0"h;)

Lzhix =) 9B-L
Z,;: COS€ 1+ 02 /403

* Massive gauge boson-fermion

gif/ = — 92—2T9‘,f sin ¢ cos Oy + g1(QF. — Ff)(sin ¢ sin By, — cos ¢ tane)

cos C

+ QB—LQE_L

%QTQ’C sin C cos OBy,

cose’

g’
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Long-lived dark matter

VL
Two body decay .
¥ > WY _X__><_C_b_
Ly S107°%7 GeV YR
v, hi
X - Z X mmmeoes (
9B_1 3 2 \\\\\
— 2 ) .
I'2 body ﬁmmzmx sin“ Oy sin” € p

{58“0_52 ol 7101% GeV\? /101 GeV\?/ sine \°
' 0.5 TeV my: Vg 1/v/2
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Long-lived dark matter

h;
Three body decay -
* X = hiff el
X —----- o f
Dy oy, g o LBoL ,
3bodylsine—0 16 153673 mL, 4
3) 4
101° GeV
5.3 x 10772 GeV|[ ——X 7
{53 ° ](0.5 TeV) ( Vg ) /
Q'B L m5 2
FB-body|Sln€_>1/\/— 6373 A (10g1 8\/§Q1QB—L—I—26QB_L)
Zf

5 15 2 15 2
T My 10°° GeV 10°° GeV
1 x 10 Geﬂ(w TeV) ( g ) ( Vg

« [1_2\/§me 13m22;]

5 g1vg 20 g%vé
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Numerical Analysis



Numerical Analysis

* Parameter sets
mp, = 300 or 1000 GeV, my, = 10'° GeV,
sinf = 0.1, Ago = Agp = 107°
my = 10 or 10'° GeV,

, 1
sine =0 or —

V2

B-L gauge coupling and quartic coupling are fixed by

2

2 ~ mQZ" N A mh3
IB—L ™ 4v?2 ¢ V2
¢ @
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vg |GeV]

Allowed region in the (m,,v,4) plane
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vs [GeV]
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Allowed region in the(m,, v/v;)plane
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v/vs
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