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Thermal WIMP dark matter

If the Interaction between DM and SM is large enough
Thermal creation & destruction of DMs are efficient
DM was in thermal equilibrium

Standard calculation for WIMP DM relic density
The Boltzmann equation

dny

—=+3Hn, = —(0ov) (n2 — ngq)

dt X

Relic density of WIMP DM:
0.1 pb/{ocv)~0.12 5o
Interaction rate become effective,
Its relic abundance decreases




DM direct detection

Try to observe recoll energy coming from DM
scattering process
@

Nuclear Recoil (NR) /
1~-100 keV X Nucleus

e @

Electronic Recoil (ER)
lonization




XENONI1T

XENONLIT utilizes a liquid xenon time projection ~7-*#% 291

chamber

The experiment detects scintillation (S1) and ionization (S2)
produced when particles interact in the liquid xenon volume

The energy region of interest
[1.4, 10.6] keV/,,

[4.9, 40.9] keV/,.,
2 ton — 1m drift

XENONAT features ov107em? ’
Low background (<100events/tonne/year/kel,,) k¢
Low energy threshold (~1kel,)
Large exposure (~1tonne*year)




XENONI1T excess
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Solar axions
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XENONIT excess from XDM

Inelastic down-scattering off an electron
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J. Bramante et al,

Inelastic exothermic DM scattering
XDM + €atomic — DM 4+ €¢ree With a kinetic mixing



Exothermic DM models

Exothermic DM models

The mass difference between DM & XDM s often
Introduced by hand in terms of dim-2 (3) operators

Local gauge symmetry is broken explicitly & softly

Introducing dark photon Z’ would be theoretically
Inconsistent

We explore local Z, scalar & fermion DM models
with dark Higgs mechanism

DM thermal relic density and the XENONLT
electron recoil excess could be simultaneously
accommodated if dark Higgs boson is light enough
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Exothermic DM models

To evade the direct detection bound from NR

sub-GeV DM

CMB bound excludes the thermal DM freeze-out
determined by s-wave annihilation
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Local Z, scalar DM model

S. Baek et al, PLB 2015
Dark sector has a gauged U(1)yx symmetry

1y o 1 S
L= Lo — X X" = SsineX,, B + D"¢'D,¢+ D' XD, X —mi XX +mZo'o

X (610)" = Ax (XTX)* = Aox XTX¢T¢ — Ao oHIH — \yx XIXH'H
—u (X" + H.c),
Qx 1 2

Spontaneously broken down to discrete Z,, X becomes the
DM candidate K. Babu et al, PRD 1998

X = L(XR +1X7) : Complex scalar - two real scalars

/2

LD gxZ" (Xr0, X1 — XIc?MXR)—eecWZLé'y“e—%é (XJQ;z - X?)



Thermal relic abundance

Local Z, scalar DM

Suppressthe x xT _y 7/ 7/ when mpy < my,
Make X X' — H,H, subdominant

Mass spectrum: mpy < mgz, &myz, + my < Zmpy

Main annihilation channel for the relic density



Local Z, fermion DM model

P. Ko et al, arXiv:2019.04311
Dark sector has a gauged U(1)yx symmetry

1. 1 Oy 1 2
L = —ZX"“’XW — 5 sin X, B" +X (i) —my) x + Do D"¢
1 _
- 12610 = Mlol' = — (y6"XOx + he.) = Auo'oHH

® breaks the dark U(1)y symmetry into a dark Z, symmetry
Dirac field is split into two Majorana fields

(t i) X ! ( vr)
X = /A XR tX1). = — R — VXTI
V2 X V2 X X
: X (16 £ M S
L= ) Z Xi (f(ﬂ — 'I}"L.g) Xi — 1%[2; + eswZ,) (X" X1 — XI7"XR)

1 _ —
— Eyhﬁb (XrXR — XIX!) ;



Thermal relic abundance

Fermion Z, DM

To evade the CMB constraint we suppress the s-wave
annihilation by mpy < mgz, & 2mpy < my, + my

Main annihilation channel for the relic density
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XDM decay mode

Due to kinetic mixing between Z' and B,
XDM decays mainly via the SM Z-mediating XR —7 X1VV

1 B _ 1 _
LD —§€3W9XZM(XR'}/HXI —X1Y"XR) — §gzZuvm”vL

Eaxsy, Gpo® € \2/ ax 5\
[~ EXSw Zr0 g 109G V( ) ( : ) |
522 ml 8 “Y\10-1/) \0.078/ \ 2keV

The lifetime of x iIs much longer than the age of the
Universe

Guarantee xy Is as good a DM as y;
Equal number density = ni = n;



Cosmological bound

Constraint from BBN
[(¢p — 0F) ~ (1.1><1016sec_1)oz%{ (mgb/lGeV)
D(Z' — 00) ~ 1.87x107 M GeV(e/107H%(m 41 /1GeV)?
The light mediator Z’ & dark Higgs decay before 1sec

S. Matsumoto et al, JHEP 2019

Constraint from N ¢r @ T¢yp
If light dark Higgs & Z’ masses are lighter than Tj,.~1MeV

The light dark Higgs & Z' mainly decays into e* or y

Light particles make the difference between T, & T, larger

than the one given by the standard cosmology by imparting
its entropy only to y = ANg¢r # 0

Avoid this problem: mg, m, > 1MeV



XENONI1T + Relic density

Local Z, scalar DM: mpy < myz, &myz, + my < 2mpy
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XENONI1T + Relic density

Local Z, fermion DM: my, < mpy < mz,& 2mpy< my, + my
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Conclusions

We showed that the electron recoil excess reported by
XENONIT Collaboration could be accounted for by
exothermic DM scattering on atomic electron in Xe,
with sub-GeV light DM

The exothermic scattering in inelastic Z,DM models
within standard freeze-out scenario can explain the
XENONLIT excess without modifying early Universe
cosmology.

The existence of dark Higgs is crucial for us to get
the desired DM phenomenology to explain the
XENONLIT excess with the correct thermal relic
density in case of both DM models.



Conclusions

We showed that the electron recoil excess reported by
XENONIT Collaboration could be accounted for by

exothermic DM scattering on atomic electron in Xe,
| - \/ linht DN\

The existence of dark Higgs is crucial for us to get
the desired DM phenomenology to explain the
XENONLIT excess with the correct thermal relic
density in case of both DM models.



XENONI1T

XENONLAT detectors are basically two-phase time"™?- 1% 2018

projection chambers

Drift time
indicates
depth

L S1

Particle ({8

— ionization electrons
NN UV scintillation photons (~175 nm)

A prompt S1 signal coming from a scintillation process

A delayed scintillation signal S2 coming from the ionized
and drifted electron



XENONIT excess  §

scattering cross section

2 a2 2 :
o lbﬂ_ﬁ (1":\-111 CEX CI‘:[‘IT]{?'E: dﬁ?_@ L G_E q—i_ 2 d I’F(E )
My, 1R 2mev J,

Integration limits

G+ ™~ MRV L \/m%tﬂg —2mp(Er —90), for Er >4,

qd+ = ZtTR-R“U -+ \/’m_?{f{ﬁ — QTRR(ER . (5) for ER i: 5.

Event rate

4
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WIMP DM with Z, symmetry

The required longevity of DM can be guaranteed by a
symmetry

If the symmetry is global,

\ , : |
}E ;;:n_. XF,,F*  for bosonic DM X
— Educa}r —

Ai-“ non [, . ) | ,
Mp ¥ (Dlr;) H I for fermionic DM

me :5 O(lO)keV
my S O(1)GeV

M. Ackermann et al, PRD 86, 2012

TDM i 1026_50806 = {

WIMP DM is unlikely to be stable

It looks natural and may need to consider a gauge
symmetry in dark sector, too



Local Z, fermion DM model

_ P. Ko et al, arXiv:2019.04311
Importance of dark Higgs

ki1 + ko — po L

Without dark Higgs, the sum of the first 2 Feynman

diagrams shows a bad high energy behavior like in the SM
without Higgs

Including the dark Higgs (the last Feynman diagram), this
bad behavior is cured, and the theory becomes healthy




Thermal relic abundance

Scalar Z, DM model

gy v?
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Thermal relic abundance

Fermion Z, DM model

|
< 7/
|

+O(v")

202 o2 2 o . , 0 ,
Yy [ms —ms 9722 Aar2m2 (Omd — Qm2m2 L 99l
I Yy \/ X & [ 27TA5v; dy*m: (9Im — 8mmy + 2my)

967, (4m?2 —mj)? (2m2 —mj)*



XENONI1T scattering bounds

PRL 123, 2019
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