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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
: dYX ('T) <JU> S 2 eq 2
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Direct detection experiments

* Direct detection experiments
LUX, PandaX-Il, XENON
= Severe constraints on the WIMP-nucleon cross section
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Pseudo-Naumbu-Goldstone boson dark matter

e« PNGB dark matter model [Gross-Lebedev-Toma (2017),...]
SM + SM singlet scalar S
2 2
p It AH As
V(H,S) = HL|H2 = E5[s2 + L[ + TS| 4+ Ans|H?| S
2
- (824 57)

Soft breaking term = creating dark matter mass
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* What is the origin for the soft breaking term?

m2

‘/soft(H:rS): A (SQ_I_S*z)

Other term? Renormalizability? Symmetry?

* 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

No global symmetry
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Gauged U(1)z_; model

* Gauged U(1)z_; model

Qu | up | di L | e
SU3). | 3 3 3 1 |1
sU2), | 2 1 1 2 |1
U(l)y | +1/6]—-2/3]+1/3]—1/2] +1
UL p_yr || +1/3 | =1/3| =1/3| -1 | +1

Our gauged U(1)5_; model

Ordinary U(1)z_; model
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Giving Majorana masses

r + New gauge boson X, + Singlet scalar CI))

+ Singlet scalar § € New !!




Gauged U(1)z_; model

* Gauged U(1)z_; model

Qr uq d%, L en | H v | S | @
sUu3). | 3 3 3 1 [ 1] 1 [1]1]1
SU2). || 2 1 1 2 [ 1] 2 [1]1]1
Uy | +1/6]—2/3]+1/3] 12|41 +1/2] 0] 0] 0
UL p_yr || +1/3 | =1/3|=1/3| =1 |+1| 0 | +1 (ﬂ)@

* Lagrangian

e Kinetic term

RHvs couple to &

 Yukawa interactions

Ly = —(yu)z'ng

VRilj —

Lx =|D,S|” +|D,®|* +Vgilpvg —

(Yo )

1 , slne
ZX‘”’”XM _

X, B*

2

- (I)V}:ﬁVRj + h.c.

Giving Majorana masses
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Gauged U(1)z_; model

* Scalar potential

2 2 2 )\ )\ )\
V(H,S®) = - “L|H? - ZE|s)? - ERjef? + SHHL + S|t + el

+ Aus|HI?1S|? + Ago|H|*|®]? + Asa|S|?|®]* — (\";‘%@*52 + c.c.)
e Parametrization
0 Vs + 5+ 1 Vg + O+ 11g
H= ;S = , D=
( (v+h)/V2 ) V2 V2

* Type-l see-saw = the scale of Vg is determined

2
[% ~ 4.3 x 10M GeV(y—”)J > v, v
Yo

Masses of the heaviest scalar and new gauge boson ~ v
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Gauged U(1)z_; model

* Scalar potential

2 2 2 )\ )\ )\
V(H,S®) = - “L|H? - ZE|s)? - Erjef? + SHH[ + SES|t + e

2
+ Aus|HI?1S|? + Ago|H|*|®]? + Asa|S|?|®]— (\";‘%@*52 + c.c.

Symmetry breaking

* Symmetry of the scalar potential

U(l)s X U(l)(p >2 U(I)B_L
Le.P*S

If u. — 0, there are tow NGBs
 Symmetry breaking

M * NGB = eaten by the gauge boson

e pNGB - mass® « yi,
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Gauged U(1)z_; model (m)

-

200 ( AgsAe — AgaAsa

* Mass eigenstates tan20~ m L o)

* CP-even scalars SM-like Higgs boson
h 1 0 i‘(’;—?ﬁ’ cosf@ sinf 0 @
s | = 0 1 );\S@%‘;ﬁ: —sinf cosf O ho
) _Agav  _ AseUs 1 0 0 1 hs
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2 _ 2
AfoAs — 2 AmsAHeAse + )\@AHSUQ) ¢ 125 GeV
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2 . SN\D SP, 2 PNHS HPNSP 2 2 ~ \ 2
M, N vy + A@(AS)\@_)\%@) vT, o my,, DUy

e CP-odd scalars

pNGB (dark matter)

Ns B 1 2’U¢5 Vg @
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pNGB dark matter from gauged U(1)z_, model [

* Naive understanding
2 A ,U2 2 A ’U2 A A
% H® I S H S
V(H,5,(®)) = = JHH + — 2 [H* = XIS + ——2|s* + TFH [ + 7|8

+Ams|H|?|S|? — (—”02% S% 4+ —“‘32%5*2)

Energy scale
4 vy~10" GeV: U(1)p_y, is broken by v,

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

= pNGB dark matter (Check!!)
(+ heavy particles effects through the mixings)

@

v~246 GeV



pNGB dark matter from gauged U(1)z_, model [

 Amplitude for DM + SM - DM +SM (@
X X .
mj, sin6 mj, cosf
E Rxxhy ~ — v Kxhs &+ v
E hl’ h2 K ~ _I_mleg AS(I),US
/\ X T, Ap Vg
SM SM
4 .9 9 5 5 N
sin 6 cos m m
ZM X (— 5 iy 5 + 5 2 2 ) + 0(1/’2)(;3)
i Vg q° —my  q°—my, )

The scattering amplitudes are suppressed in the same
way as pNGB model in order O(1/vy).
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pNGB dark matter from gauged U(1)z_, model [

 Amplitude for DM + SM - DM +SM (@
X X .

Pseudo-Nambu-Goldstone dark matter

from gauged U(1)5_; symmetry

The scattering amplitudes are suppressed in the same
way as pNGB model in order O(1/vy).
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Long-lived dark matter

* Our dark matter y is not stabilized due to the new
interactions and scalar mixing.

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

[TDM Z, 1027 s <  I'pu 5 6.6 x 107°% GeV

* We have to check the decay cannels of this pNGB dark
matter
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Long-lived dark matter

Two body decay YL @
o 5
¢ — VV X
X SRV
Ty S107°97 GeV YR
VL h;
) hi YA X —-------- <
gz \_\\\
' body %ﬁm%mi sin? Oy sin? e P

{58“0_52 - 71015 GeV\? /101 GeV\? [ sine \~
' 0.5 TeV mg: Vg 1/4/2
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Long-lived dark matter

Three body decay JPtas
*x— hiff gl
X —==--- f
13 9n_; mi 7!
I‘3—body| ~

sine—=0 "7 16 153673 m?,

3] 15 4
~5.3 x 10 Gev](&5 TeV) ( > )
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91 My 2 2
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Numerical Results
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Numerical Analysis

* Parameter sets

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

, 1
sine =0 or —

V2

Gauge coupling and quartic coupling are fixed by

2

2 ~ mQZ’ N\ A th
IB-L ™~ 4v2’ P2
¢ ¢
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Allowed region in the (m,, v4) plane

mp, = 1000 GeV, my = 10'* GeV
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Allowed region in the(m,, v/vs)plane
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Allowed region in the(m,, v/vs)plane
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* 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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Dark matter

There is a lot of evidence of dark matter.

200 LI | 1

lllll I‘T—[ T I 1 I 1 T l T 1 LI

e Rotation curve of spiral galaxies _
CMB observations
Gravitational lensing

Large scale structure of
the universe

Bullet cluster

NGC 3198

100

([ J
V. (km/s)
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0 10 20 30 40 50

Dark matter existence is crucial. Radius (ko)
Alabada et al. ApJ (1985)

26.8%

BES Ay 68.3%




Dark matter

* Nature of dark matter
 Stable (at least longer than the age of the universe)
* Electrically neutral (may have very small charge)
* Occupy 27% of energy density of the universe
* Gravitationally interacting
* Non-relativistic (cold) [RE—G—_—_—:-. hesolraed xparion

Pattern Dark Ages Development of
375,000 yrs. Galaxies, Planets, etc.

Inflation

Fluctuations

1st Stars
about 400 million yrs.

Big Bang Expansion

13.77 billion years



Boltzmann equation

* Boltzmann equation for dark matter
Yy(x) =ny/s, x=m,y/T

r N\
W@ {ow) slmg) 1o z
— Y, — YA
dx z? H(m,) ( x() X () ))
B 272 o B 43 T2
2T2
Yot =n{l/s, nl= 27;2 Ko(my /T)

o: Total dark matter annihilation cross section



Another choice of Qg_;(S)

* If another choice is taken, the suppression of scattering
amplitude among dark matter and SM particles is non-
trivial.

e.g. 9
V(H,S,®) > —% (@*53 + S*’?’cI))

— dark matter — dark matter — CP-even scalars vertices

m,%l + mi m%z + mi
Fyxhy ™ - sint, Kyyh, ~ + - cos
S S
1y sin 6 cos 6 m? 1 1
A v 2 _m2  q2 —m?
s q hq q ho



Long-lived dark matter

Three body decay M
"X~ hiff L
Loy = —Zu " [9{/ + 9;’;’)’5] f Xommmmes /
Zl
g:’; ~ 0

dB—L
COS €

~

gxfx ~ —g1(QL, — Té,f) tan e + QE_L

. g5-LUZm cos? C( I

2
x—hiff = 7687T3m cos2 9v + g;{; ) |:1 _ 85’& + 857,3 - 57,4 - 1252 logf‘i
Zf

ﬁiEETn%i/wﬁi

p —— N
FB-body = > ) > o Fxﬁh”iff
U
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Reference values

e Dark matter relic [Aghanim et al. [Planck Collaboration] (2018)]

| Qpaih? = 0.120 + 0.001 |

* Dark matter lifetime [Baring-Ghosh-Queiroz-Sinha (2015)]

[TDM 2 1027 s < I'pu S_; 6.6 x 107°2 GBV]

e Constraints on the second Higgs
[Flakowski-Gross-Lebedev (2015)]

sinf < 0.3 for myp, 2 100 GeV

[Chen-Dawson-Lewis (2015)]

As < 87/3



Numerical Analysis

* Allowed reg
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Numerical Analysis

 Allowed regions in the (mX, v/vs) plane
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Gauge kinetic mixing

SU2); xU(1)y X U(1)g_; gauge group
* Kinetic term

1 1 1 sin €
Lag = —§trWMUW“” — ZBML,B”” — ZXMVX'W — BMVX‘”’”
* Mass term
1 sin? Oy mQZ — sin Oy cos mezz 0 BH
Ly = 5( B, WgX, )| —sinfw cosbwm?’ cos® Oyrm?, 0 W 3K
0 0 m3 XH
sin Oy = IL cos Oy = 92
V9i+ 95 Vi + 93
2 2
2 _ 91193 o 2 _ 2 2 2
mz="4 Y, Mx= 9B (v5 + 4vg)



Gauge kinetic mixing

SU2); xU(1)y X U(1)g_; gauge group
* Mixing

1 0 —tane an 2 —m2Z~ sinyy sin 2e
[/ — an2( =
Ver =10 1 0 ) m% — m%(cos? € — sin” Oy sin” ¢)

0 0 1/cose
cosBy —sinfy O 1 0 0
U= sinfy cosby 0 0 cos( —sin(
0 0 1 0 sin¢ cos(

B, ) Ay
W3 | =VexUs | Z,
X, 7z

* Mass eigenvalues

T 4m m3 > 72 4m m5
m — , m =
0082 0082

M =m’ 2 (1 +sin® Oy tan® €) + m5 / cos” €




Interactions

* Scalar-dark matter-massive gauge boson

sin Us;
Lzn,y = ZQB—L S Zy(hi0"x — x0"hy),
; cose 1402 /403
cos ( Us;

Z, (hid"x — x0"h;)

Lzihix =) 9B-L
; COS€ 1+ 2 /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’



