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Core-Cusp problem -
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[Spergel, Steinhardt, 2000; Tulin,Yu, 2017]

® Core-Cusp problem: CDM N-body simulation predicts
cuspy DM profile (NFW), rendering rotation velocities
larger at small scales (—cored DM profile favored).

cf. Too-big-to-fail, Diversities for the same halo mass.



Self-Interacting dark matter .
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Transport heat from outside makes DM profile cored.

'::> Self-Interacting cross section: Tself 0.1 — 10cm? /g

mpwM

cf. Baryons (SN feedback).

But, Bullet cluster bounds DM self-scattering. o/m <0.7cm?/g



Dark matter detection

e.g. XENONIT
S|: Scintillation
S2 (photons)
S2: lonization
(electrons)
S| WIMP:

S1/52>>(S1/S2)y

>

| ¢ (w)? _
Nucleus recoil E: Er = I — o 50keV Experiment (Nucleus) | Z | A
N N LUX (Xe) 54| 120
AR 06 do XENONIT (Xe) |54 | 131
Event rate: 7= = U ) ~levent/kg/day | PandaX-II (Xe) |54 136
dEr  mpum \dER SuperCDMS (Ge) |32 | 73
CDMSIite (Ge) | 32| 73
: XENON10 (Xe 54 | 131
nght dark matter such as SIDM DarkSide—SO((Ar)) 18 | 30

I::> Too small recoil energy below threshold.



Lisht DM detection

® DM-nucleon scattering => cryogenic semi-conductors.
e.g. CDMSlite: Ge, En=56eV T—— > mpy 2 1.6GeV

® DM-electron scattering (semi-conductor, superconductor)
mpmve > A ~ meV [Hochberg et al (2015)]

mpm <= Me : Er S 20eV Q\//I ey

€.8. Al: Er = 11.76V, Vrel ™~ Vp 10_2
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Meson threshold



XENONIT electron recoil

® Excess in electron recoil spectrum.
[XENONIT, 2006.09721]
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Er=1-7keV: 285 events observed, 3.30 deviation:
232 + 1 ted most significant at
i > expecte Er=2-3keV

cf. Other backgrounds: Unknown Tritium, Ar37



New physics for Xelt excess _

® Solar axion (or neutrino magnetic dipole moment)

Solar axions produced by ABC, Promakoff, etc, favored at 3.50

are absorbed by Xenon atomes.
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Elastic vs inelastic light DM

® FElastic scattering between light DM & electron.

11202

Ep ~ ~ mev® ~ 0.3eV —20eV : small recoil energy.

Me
My 2> Me, U~ 220km/s — 1077

® |nelastic scattering between dark matter & electron.
[K. Harigaya et al; HML;

J- Bramante et al; Essig et al]
\ / Down scattering with electron
for small mass splitting:

_ 2
AMm = My, — My, > M

. . “Exothermic (Exo) dark matter”
Xenon excess is consistent

with standard DM halo model. cf. P.Graham et al; R. Essig et al (2010)



Inside Xenon atoms

. -9-
® Electrons are not isolated, bound to Xenon atoms.

Electron velocity v, ~ Zega ~ 1077
. 1

Nuclear recoil AEy~ §“N”123M

lonization energy  Fioung < 1keV

Ern=AFE., — Eyoung [Essig etal,2015; HML, 2020]

Xenon Binding Energies [eV]

7;\l S P d

AE, = —AEpy— AEy O 5 25.7 12.4 E
1 - G N 4 213.8 163.5 75.6

/ X1 ),,2 X! 27—
= Am (1 - 5( )z. ) -+ q-v 5 M 3 1093.2 058.4 710.7
m X2 m X2 l_l.\ 2N
L 2 5152.19 4837.7 -
K 1 33317.4 - -

® Nuclear recoil energy:
[Bunge et al, 1993;Dror et al, 2020

2 . 2 202
q° ~ mAm > q,, ~ mov;

AEN = Y e (Am) < Am  for m, K m,, < my

2/.1x2 N Tn’k"g



Electron recoil energy

, , -10-
® Assume no nuclear recoil but electron velocity.
I o o | . . E —_— l ,2 E — 17 | ,,2
nitial energies: e = 5MeU, 0 = My,
pQ pQ
Energy conservation: ™.t g+ 0=+ Bot B
— Electron momentum (A P
. em — L m —+ + Lip — ——
in CM frame: g i ’ QMQ)
Total 3-m0mentum: p2 = 2m,, By + 2m . E, + 4 cos af\/m.e_'m.x.lEOEe
1 m 2
Electron recoil E: | AE, = 5 — pom | — E.
2m. \ My
HML, 2020 = e 2 B (Am+E+E)-— 2 2 _FE
[ ] 2J\f[§p T me( m+ Bo+ e) 277161’\."12]) ©
r . . _ 2
A COS 0\/2/_lQ(A7n+ Eo + E.) P

Momentum transfer:| ¢ =2m.AE, +m?v? — 2m,v, cos/m.AE,




Electron recoil energy

® |[nitial electron momentum can be ignored for
relatively heavy dark matter.

my, By 2 mE, — my, Z me(ve/v) ~ 10 MeV

Total 3-momentum: p? ~ 2m, E, due to DM energy.

Am y (220 5\ 2 A
Am <KL me K my,, | K= T {~ 2.2 x 104(22 km/&,) ( Am ) > 1

%me V2 v 3 keV
Recoil E: AE, ~ Am(l — %cos 6)), [HML’ 2020]
“Monochromatic’
Momentum , A 5 |
tranSfel": q9 = 2m€ E€ — 27726A771(1 — ﬁ COS 9)

Mass splitting determines both recoil E &
momentum transfer dominantly.




Moving electrons -

® Width of recoil energy depends on electron
velocity for light dark matter.

my, By SmE, —— m,, Sm(v./v) ~10MeV

Total 3-momentum: p? ~ 2m.E. due to electron energy.

~ Am 10~2¢\?/ Am
Am L me K Mxy = l'm V2 = 102( v ) <3kev> > 1
. e%Ye € * ’

oIm, 1 ) [HML, 2020}

Recoil E: AE, =~ Am(l— cos f :
| My, VR “Monochromatic™

Momentum
transfer:

‘ 2m, 1
q2 ~ 2m.AFE, ~ 2m.Am (1 _ e — COS 9)
My VE

Mass splitting still determines kinematics
dominantly




Energy/momentum transfer
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ExoDM event rate

® The general event rate per target mass is

_14_

Px1V ‘
dR = —X—do f,(v)dv v) = 2 o~/ with v =
¥t T J1 V) = q——€ 0 with vop = 220km/s

My, M7 ) fi(v) VAT 0 /

® The total cross section for inelastic scattering:
do 2M.0 / I+

agq d¢ K(Eg,q') P*(v). [HML, 2020]

dER qi%- o q3 Jq_
Atomic enhancement factor: 01001
- " 2 1 3.0 17 / %O.OO{
Kiw(Er) = [ a}d do’ K (En.q) g s
. q_
10~/
Phase space factor: N 1T T Ry
q/ keV
My me)? 1/2 mx2_m62 1/2 .
P2(y) = (1_( b ) (1_( b ) ~ 1+ 2Am [K. Kannike et al;
(1 g V)” 2(1 (g >2>1/ S 11102 K. Harigaya et al]




Atomic form factors
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o 103
§ o Er =1.5keV Solid: S.Choi, HML, Zhu, to appear.
E 0 A\ :jﬁ _ cf. Dashed: Bloch et al, 2006, 14521
2 Zh .
2 100 7 ‘ -3 Both results are consistent,
E; o i | in particular, near the peak.
g 1027 N \ A E
é L | Outer-shell electrons are
§3 10 “\I;::\ more easily ionized.
JRL T TR TR

qlkeV]

2

a*me(me + My, )? B
K(ER7Q) — 4ERm2 X Z ’fnl(peac_Z)‘Qa Pe = \/QmeER
X1 n.l




ExoDM event rate
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e Differential event rate per target mass:

i ~ QmeAm(l T %) 7 E_< Ep < E; with B, = Am(i +

v,

Peaked at ¢ ~ \/ZmeAm ~ 50keV, Fr ~ Am = 2.5keV.

dR  2me0.py,

dER My, MU

with Kin(Er) = /

® TJotal event rate per detector:

Rp = My / " dEr ~

Kint(ER) /

 wP2%(v
LQ (lg fi(v)dv 6(Er— E_)0(E, — ER_)’
Y Umin q+ o q—
q .-
as ¢ dd K(Eg,q')
. q_
[HML, 2020]
50 ( My ) (Kim(Am)> ( Py )
tonne — yrs 2.6 0.4 GeVem—3

Te /My, Am

1/2
8 (1.2 x 10— cm? /GCV> (2.5 keV)




ExoDM event rate

® [he eventis convoluted with detector resolution
and efficiency.
dRp — Rp e—(ER—A'm-)Q/(?U?') a(E)
dE R Ao
o: 20% — 6%, Er =2 — 30keV, o(E)=0.7—-009, Fr =2 —10keV

Er = 2.5keV oc=0.4keV, a2 0.8

_'|7_



XENONIT electron recoil

Am = 2.5keV

[HML, 2020]

Bottom to top: (5c/my,)/(10”%em? /GeV) ~ 1.0, 1.4, 1.8

Red line: Background model
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® DM-electron inelastic cross section: Y1

EFT for ExoDM

Effective interactions between EDM and
electron with massive Z’ mediator: [HML, 2020]

Lo = (gz: Zy X" (vy + a7’ )x1 + h-Cf-) + 977, e(v, + a.Y")e

+gZ’ Z;l, 17A/u (l’y + QV’)S)I/

_19_

X2
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ﬂ-mZ/

€

~ (ngZ’ )Q(UegZ’ )2(600M€V)4( 1 )2 o 10-43 o2
~\ 0.6 10—%e my Me

Light dark matter and mediator below GeV
scale are favored for XENONI T excess.

Astrophysics bounds on lifetime of heavier state.

DM relic abundances & terrestrial bounds.



Bounds on ExoDM
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® The axial vector coupling for electron can lead
the heavier state to decay into two photons:
X1 X2 a?(v? + a?)eg?, (Am)®
Mo = xay) = 2t )9 (Am)
7/ 25607 m,
e .
"}/ lefuse X-ra)’: TXl z 1024 sSeC
€ Qr{: 25keV\*"2/ my \°
Y |@e|gz li —i—a.i, <25x%x 107" ( .Ani ) (ICi\f>
® Accompanying neutrino coupling opens up
neutrino decay channels: E, ~keV
N,G?2(Am)> , . . . .
X1 X2 L(x1 — XoVP) = 3’6;3"2) (v +3a3) (v) +aj)
Z/
< Y To > tu t | G/ Ny (12 + a2) < 2.4 x 1076 GeV 2,

%
cf. Super-K: 7 2 10%sec, E, 2 0.1GeV



Dark matter relic density

_Z‘I_
® ExoDM can annihilate into a pair of electrons
or neutrinos, and a pair of Z’ gauge bosons.
X1 €,V 1,2 Z'
> < - X2,1
)22 Z, € y v >_<1,2 Z/
1 1
(70) = 50V asaseesw + 5TV xigas 27
- - R gé-,l‘i 212 2 N (a2 2 771’?(1
R e T [l" +ac+ No(v, + a”)] (m%, —4m2 )2 +T5,m7,’
4 2 2 mg/ 3/2
(TV) y1 %1 ,x2X2— 2/ Z { i—i [vi + ai + 2?})2(&3( (42;; — 3)} o TXQImi E (1 — mg ) , My, > Mz,
€q )2
% <OU>Z’Z’—>X1X1,X2>227 My <mgz.

“forbidden channels”

. 10.75 \ 2 sz (4.3 x 107° GeV 2 5
Qpyh? = 0.12 (_f) - ~2Q, h
oM (Q*(Tf)) 20 Ty frf r—2(ov) X1




Late chemical decoupling

_22_
® Heavier DM keeps annihilating into lighter DM.
X1 X2 X1 X2
7' A
X1 X2 X1 X2
4,02 ) - V2gzm:  [Am ,,
(OV)xixi—xoxe = ;g?rgi;;h 2: (vy + 6a3vy +9a3), R 8T '277242,)( My, (li+3ai)
Heavier component must be decoupled at 7, 2 Am.
Ny (V) vy 71 —xas = H,  at T, > Am
. _ —Am/T,
Otherwise, Boltzmann suppressed: "x. = € xs
2
Here, T, = T_7 Tiq ~ MeV. “Kinetic decoupling temp”
Txa
vy | gz My < 0.035 Qpm/2 1/ My, 1/2 My, /Am 3/8 Am/(2.5keV) 1/8
uye ~ Q,, 100 MeV 4 x 104 Tva/(10 MeV)



Dark matter self-scattering

® |nelastic self-scattering.

X1

X1

0X1X1—>X2X2 —

X2
Z/
X2
1 gzm?
16 m?%,

X1 (vi + Gaivi + 9a,;1<),

® FElastic self-scattering.

X1

X2

Z/

B 942/1)>2<(1J>2< + ai)

X

X

2
Mx

1

2

Ox1X2—X1X2 —

Velocity-dependent self-scattering!

7

(m

2
Z

, —4m3 (1 +wv

2/4))2 + FQZ/mQZ/
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XENONIT + relic -24-

® Electron couplings are constrained by visible/invisible
searches at BaBar, beam dump, meson decays, Belle-2.

(A 5 10 GeV

"Ue‘gZ/ 5 (10_4 — 10_3) €

® DM relic density & decoupling condition can be satisfied.

Vy=—a,=0.5, ve=10"°, m,=0.5GeV

1072

103

] Xenon1t
107 /

Ve 107°¢
107%¢ Relic density

10~"E Late decoupling
E de = 1MeV

10—8 L

vy=-ay=0.9, g»=0.3, m,=0.3GeV

BaBar ]

107" 1

gz

107"}

- Xenon1t _ _
- Relic density

10—2 p 1 I I I | |
10” 1

mz(GeV) e =0V, =a, =0



Pseudo-Dirac dark matter

® Dark matter = singlet Dirac fermion, vector-like

under Z’, which is broken by dark Higgs VEV vg.

1 / yny ap
L = —EFWF“ + |D, o> — V(e, H)

_25_

+it1 LY Dyt + ey D ybar,

—MyUV1Yg — Y1@ Y11 — Ya@ " Uathp + hoc.

“Dirac mass” “Majorana masses”

Mass eigenvalues:  m2,, =m? +2(y} + 13)v? + 2\/ (v — v3)%v) + (1 + y2)?v3m3,
4(y1 + Y2 )vgmy

2 _m2
771-)(,2 772.)(1

Mixing angle: sin 20 = —
. - o
Y1 =Y20 My, = my =20, 0= 7.

“Technically natural splitting”  Am = 4|y;|vg = 2.5keV

L-DMint: | Lom=g2Z, (X’ﬂ“PLX'z + X"Q’)"“PLM)-




Z’-portal for ExoDM

® /' mediates to the SM by gauge kinetic mixing,

1
—_— . ’l_l,l/
Lyin—mix = _5 5111€Bm,F
p
_ ms,
Lo = —€€ Z;L ee + - 4 = Y PLy ) + -
| 2cy,my,

e=¢fcosty K1 9
e ecmy,

—, a, =0, Uy = —@, =
9z

U e — — — —~
Ack, gzm2,

® Completely safe from diffuse X-ray bounds.

® ExoDM decays dominantly into neutrinos.

—4 2 5
_ HkeV .
Ty = L (Be) 22KV ) g g« 10% sec
’ ['(x1 = Xov?) EQyr Am

: Consistent with lifetime bound.
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Vector-like lepton portal

® Vector-like lepton E with nonzero Z’ charge.

_27_

Ly, = —ﬂ--fEEE — (yqu')EeR -+ h.C.)

m, 0

Mass matrix: M, = ( Ny >
ypvy Mg

Mass eigenvalues: m7j, , = . (mﬁ + M7+ ypvl F \/ (m2 + ypvi — Mi)? + 4y12;'véMé)
. . . . Q'yE”L.‘-A’IE
Mixing angles:  sin(260;) = -5 _Qbm.z ,
N1 f2
m?
sin(20) = — sin(20R).
mgmy,
r - 2Yypv ~ e
Me, YEVy <K Mg - Or ~ ."\"If[; ) 9L Mg OR'

mp ~ Me Mg 2 100GeV : Or < ‘l}f- <22 x 1077,

. 2 '
Z-DMint: | v, =a, = —05p, v, =a, = 0.




Portals & XENONIT

® /'’ portal is consistent with Xenon |t excess; VL
portal is highly constrained by X-ray bounds.

1072

107°F Late decoupling

vy=—a,=0.5, gz~=0.3 mX=O.SGeV

Relic density
E de = 1MeV
10—7 |
107" 1

m»(GeV)
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v,=—a,=0.5, g»=0.3, m,=0.3GeV

Electron mass

10~* £ Late decoupling || Relic density E
E de = 1MeV ]

mz(GeV)



Dark light fermions § Dark mesons §
= . H=SU(Ng)v flavor sym.:
GSU(Nf)LXSU(Nf)R Condensate (N Al
in dark QCD
— 3
(qq) = > #0
Ny = o
| . —=1" + —=7n" mt K+
M giag = diag(my, msy, ms) 1 et ER I
\/— K- KO —2n°
Meson masses: Ve
nl-;z*.-i = p(mi +ms), M2 — ml + my %(m’1 — M)
m?:i = pu(mj +m3), 0o =K m1 — My) %(m’1 + ms5 + 4my3)
m% = p(my + m3), 0 7 mix

SU(3)v dark flavor symmetry: m| = mi = mj

= 2umj : common masses for dark mesons

Stability of dark mesons



Z’-portal for dark mesons
_30_
Dark mesons SM

[ Uy froeeeeeeees  GRREEERL ( iy )

Z’-portal

® /’ with no dark chiral anomalies ensure stable mesons.
[HML, M. Seo, 2015]

N\ \/\ Z
1O e e R FT
< (& © (&N
NN\ Z -
x Tr(Q"*T*) = 0 7
1 0 0 c o
= (= 8 _01 01 Lanix = 5o Flu P

° ° of o ° ' ! 2 ’ 3 . " 3/2
e Kinetic equilibrium: |s|gz',%1-1><10_8(llgiv) (%) (30(37;“0\/)



Split masses for dark mesons
® Mass splitting due to flavor mixing [S.Choi, HML, B. Zhu, to appear]

/

° ° ’ ;
Mixings due to broken U(1) my € €
o o — M= e my 0
[:mix = —UY12 _Q‘) nd — Yizou s — h.c. 6’ 0 7711
'm%.i — m?‘., 772.12;, , = m2 (1 — izm)’
2 _ .
mz = 2umy . . 2Am . . . 2Am
= miz, = m: (1 - ) _, m%, = m%(l + Am), mi = m2 (1 + )
Am = pve + €7 /my V3m, M V3ms

. . 1 '
Meson mass Sp||tt|ng; Mpo— My = Am7 Mg+ —Mzo = /3 Am

® Mass corrections due to Z’

2 _ 2 B 2 2 Y '77220 == 'TTZ.g (1 — gam — 25
My, , =Mz — 0+ \/5 + mz(Am) 0 0 V3m. ’
5= ca2 2 1 _p? Mg = My,
=Cz e 5 €™ T m, mi. = mi — 26

, 1/2
. , : e (97 0.2 msz/100 MeV
Negligible Z’ corrections for mz 2 0.6u (3) (m ; f)( Am/akeV



Exothermic dark mesons

_32_
® Non-universal dark U(1): [Q", M] #0

‘CZ',?JT — QZgZ'Z;L (1\:’4—(9“[\!— — I{_aﬂ.[{-*- + 7T+(9'“’71’_ — 'ﬂ'—(‘_)uﬂ'-*-)
+49,,Z, Z"(K* K~ +7tn™).

Lz = igZ’ZL{(I’;’O+f(+)au(f{0+ff_)—(f"’o-l— {T)OM(K° + KY)
Flavor mixing VB NP IR — %)

+9%3. 2, 2" [2(1’('0 + K (Ko+ K7) +2(7°)° — (7 — %+)2]

e G B ~--- K*(#) Meson-changing Z’ interactions
Z/
e —» — e Exothermic DM-e scattering

[S.Choi, HML, B. Zhu, to appear]



Double peaks in electron Er

[S.Choi, HML, B. Zhu, to appear] -33-

0. 5. N 10. N 15. N 20. N 25. N 30.
ER[k€V]

M+ — Mz = Am = 2.3keV, Mz —Mzy = V3Am = 4.0keV.



Double peaks vs single peak

Two—Peak Fit One-Peak Fit - 3 4_
7?‘ 7j‘ 7
6 m,=500 MeV 6 m;=500 MeV .
=5 - =5 .
2 2
£ 4- & 4- i
< : < :
3 o 3 ]
2 o ‘ 0 A R 2 R
R T I T S SR
Logloo'e/mﬂ[cmz/GeV] Log 0 /| cm? /GeV]
[S.Choi, HML, B. Zhu, to appear]
Double-peak best-fit: One-peak best-fit:

[Am = 3.9keV, G./m; = 2 x 107* cm?/GeV], [Am = 2.9keV,5./mz = 1.3 x 107* cm®/GeV].

Xﬁﬁn = 1.48 X?nin = 2.43

Double-peak case fits better than one-peak case.



Dark mesons & XENONIT

® Strong bounds from late decoupling & Z’ mass
corrections => new light fermions, protection symmetry!?
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® Resonance and forbidden regions can be searched
for in intensity & beam dump experiments.

mz=130 MeV, Am=4 keV, m,/f,=0.2, g»=0.01

1072}
i Ba Bar—VisV
3 - BaBar-Inv
10° : = = — - |
10_4?

¢ E Skﬁ?

1075}
[ =
[ k3 (D)

1076} 2 5
; § ~
| &

10~ A

10" 102

mzy=mp (MeV)

mz=130 MeV, Am=4 keV, my/f,=0.2, e=107*

10°;

10_1?
6/

gz 107%

10_3§

o
mzy=mp (MeV)



Conclusions .

® The Xenon electron excess can be explained by
down-scattering of exothermic dark matter for
standard halo model.

® |ight dark matter and mediator favored by Xenon
excess can have large self-scattering cross section
to solve small-scale problem:s.

® Pseudo-Dirac dark fermion are natural candidates
for exothermic dark matter with Z’ portal and self-
interacting with velocity dependence.

® Dark mesons with approximate flavor symmetry lead
to testable signatures with two peaks in electron
recoil energy and fit better to Xenon excess.



