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Core-Cusp problem -
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Veir ~ /T, Pdm ~ T “Cuspy”

0
Ucir ~¥ Ty,  Pdm ~ T “Cored”

[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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[Weinberg et al, 2013] [Tulin,Yu, 2017]

Self-interactions transport heat from outside to the core.

» Flattening the inner DM profile. cf. Baryons (SN feedback).

Ogelf

. . 2
Self-Interacting cross section: ~ 0.1 = 10cm”/g

mpwm

» sub-GeV dark matter favored without a light mediator.



Velouty dependent SIDM

500 1000 5000

(v) (km/s)
ISI * Rsc& = re m/M = 0.1 G s 1 ( fdm : ) ( _rel ) ( 0'/7-71 )
Collision rate: R = ovieipam/m ' \01 My /pe®/ \50 km/s/ \1 em?/g

® PBullet cluster shows no DM self-interactions. o¢/m <0.7cm?/g
® DM self-interaction may be velocity-dependent.

THINGS dwarf galaxies (red), LSB galaxies (blue), and clusters (green).

SIDM N-body simulations, with o/m = 1 cm? /g, (gray) [M Kaplinghat et aI, 201 5]



Dark matter detectlon

e.g. XENONIT

S|: Scintillation
(photons)

S2: lonization
(electrons)

‘ y WIMP:
T S1/S2>>(S1/S2)y

q 9

1>

¢ (ww)?

Nucleus recoil E: Er = — 5 50keV Experiment (Nucleus) | Z | A

ZmN MmN

LUX (Xe) 54 | 129

dR 06 do XENONIT (Xe) 54 | 131
Event rate: m—/—=— = V ) ~levent/ks/da PandaX-11 (Xe) 54 | 136
VeNtrate Er — mpm \dEg &Y I SupercDMS (Ge) 321 73

CDMSlite (Ge) 32| 73

XENONIO (Xe) |54 | 131

Light dark matter such as SIDM DarkSide-50 (Ar) | 18 | 30

» Too small recoil energy below threshold.



Lisht DM detection

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

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

mMmpwMm Z me: ER 5 20eV \\_\//I Ep ~ 10 eV

€.8. Al: Er = 11.76V, Vrel ™~ Vp 10_2
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XENONIT electron recoil

® Excess in electron recoil spectrum.
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cf. Other backgrounds: Unknown Tritium, Ar37
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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.

(b) Solar axion
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Elastic vs inelastic light DM

® FElastic scattering between light DM & electron.

11202

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

Me
My 2> Me, v~ 220km/s — 1077

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

X1 X2 J. Bramante et al; Essig et al]

Down scattering with electron
for small mass splitting:

_ 2
Am — mxl - mXQ >> mev

e _t, e well- Fr ~ Am ~ 2.5keV

“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 AEx~ §“N”123M

lonization energy  EFioung < 1keV

Ern=AFE., — Eyounqg [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! &2 7 —
= 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° ~ m.Am > qp,, ~ miv;

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

Q#XQ N Tn’k"g



Exact

® Assume no nuclear recoil but electron velocity.

Initial energies:

Energy conservation:

 ——

Total 3-momentum:

Electron recoil E:

[HML, 2020]

Electron momentum
in CM frame:

Momentum transfer:

recoil energy

_'IO_

_ 1 2 2
E. = sm,v;

_ 1 ,
5 Ey = smy,v
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g = 2m,AE, + 77131..'62_ — 2m,v, cos \/ m.AFE,



Electrons near at rest

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

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

m~J

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

o _Am ] 4(220km/s Am
Am <L me K< my,, | K= %mez? 2.2 x 10 ( » ) (31{0\/) > 1
: 2
Recoil E: AFE, = Am(l — —pos()), [HML’ 2020]
\/Z ¢ e 99
Monochromatic
Momentum

9
transfer: q" = 2m.AE, = Qm'eAm(l — —= COS 0).

==  Mass splitting determines both recoil E &
momentum transfer dominantly.
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Momentum transfer 13

0.7490 |
: My, = 1GeV
0.7485

0.7480 ]

0.7475F

Aq(keV)

0.7470F
0.7465

0.7460

074556 . . . o |

Momentum transfer is proportional to mass difference
with narrow width, being almost independent of DM mass.

2
q2 ~ QmeAm<1 — —= COs 0).

NG



Moving electrons o

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

m,, By Sm.E, —> my, Sm.(ve/v) ~ 10MeV

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

- Am 9 10~2¢\ %/ Am
Am L me K Mx1 " %mevg =10 ( Ue ) <3keV> > :
: 2m, 1 [HML, 2020]
Recoil E: AE, =~ Am<1 — > :
| N VR “Monochromatic”
Momentum om.
) q ~ 2m.AFE, ~2m.Am| 1 — — cosf
transfer: my, \/T,

" Mass splitting still determines kinematics
dominantly




ExoDM event rate

® The general event rate per target mass is

_15_

Px1V ‘
dR = "X do f,(v)dv v) = 2 o~/ with v =
¥t T J1 V) = q——€ 0 with vg = 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: 01000
- " 2 1 3.0 17 / %O.OO{
Kiw(Er) = [ a}d do’ K (En.q) g s
. q_
10~/
Phase space factor: P I7 T
q/ keV
Mxo me)? 1/2 mx2_m€2 1/2 .
P2(y) = (1_( b ) (1_( b ) ~ 1+ 2Am [K. Kannike et al;
(1 g >2)1/ 2(1 (g >2>1/ C 11102 K. Harigaya et al]




Atomic form factors

ER = 1.5keV
100~
“ A ~ 5p
E o/ N
0.01 =
10—4 T S R B B
5 10 50 100 500 1000
qlkeV]
OéQme(me -+ mX1)2 2
K(ER,Q) — Z ’fnl(peac_I)‘ )

4ERmi1

n,l
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[Solid: Bloch et al, 2006.14521;

Dashed: S.Choi, HML, Zhu,
to appear.]

Both results are consistent,
in particular, near the peak.

Outer-shell electrons are
more easily ionized.

Pe = \/QmeER



ExoDM event rate

e Differential event rate per target mass:

_‘|7_

qi ~ 2772-eA77l-(1 T %) 7 E_< Ep < E, with E, = Am(i + %)

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

— Ko (Er) / 2P0 ) dv 0(ER— EB(E, — B
— in : (3 U  — _ = :
dER My, M S o Q1 —q° ! B TR,

dR  2me0.py,

q-
with Kin(FEr) = / a(‘); ¢ dq K(ERr,q')

oq_

® TJotal event rate per detector: [HML, 2020]

e 00 dR MT Kint(Am) Px1
Rp = Mr -/ET d_ER dBr =~ 5O<tonne — yrs) < 2 ) <0.4 Gchm_3>

y Te /My, Am \'?
1.6 x 1043 cm?/GeV J \ 2.5keV




ExoDM event rate

® [he event is convoluted with detector resolution

and efficiency.

dEp
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Rp _ Er—Am)?/(202
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2o
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0.4 .
02BN Selection "
-== Detection
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oc=0.4keV, a = 0.8
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XENON | T electron recoil

Am — 2 5keV

100 | =
80} T T | G 1L T

Events/t-yr-keV
i
-1
| °
|
—
—
!_._ll

L.
ol |7k L i‘f lI’
a0} I :
20 -
‘ [HML, 2020]
O I I I I | I 1 1 I Il 1 I n I 1 I I " I I I I n 1 I 1 I I I
0 5 10 15 20 25 30
Er(keV)

Bottom to top: (c_fe/mxl)/(10_43(3m2 /GeV) ~ 1.0, 1.4, 1.8

Red line: Background model
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EFT for ExoDM

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

‘Ceff — (gZ’ Z;L {27’#(1\ + G.XA/"S).X'I -+ h.C‘..) + gz Z;L é('ve + ae,},,S)e

I — . 5
‘|‘QZ’Zu vy (vy + @y’ )

® DM-electron inelastic cross section: Y1

_20_

X2

2,24 2 /
— vaegZ’:ul Z
O =~ 1

ﬂ-mZ/

€

~ (UXQZf )Q(UegZ’ )2(600M6V)4( 1 )2  10-43 o2
~\ 0.6 10—4e my Me

s  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

® The axial vector coupling for electron can lead
the heavier state to decay into two photons:

a(vy + ay)e'gz, (Am)S
256077 m?,

_21_

X1

I'(x1 = x277Y) =

Diffuse X-ray: - > 102 gec

25keV\"2/ my \2
v2 +a2 <25 x 107
Ux T O : ( Am ) (1GeV>

|a'e|gZ’

® Accompanying neutrino coupling opens up
neutrino decay channels: E, ~ keV

_ N,G?2(Am)> , . . . .
X1 X2 L(x1 = xov7) = gpogrg ) (v2 +3a2) (v + a;)
Z/
Y Ter > tu: | G/ Ny (2 + a2) < 2.4 x 1075 GeV—2
1%

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



Dark matter relic density

_22_
® ExoDM can annihilate into a pair of electrons
or neutrinos, and a pair of Z’ gauge bosons.
X1 €,V 1,2 7'
>J\W\A/\/< - X2,1
2 Z/ e, Vv X1,2 VaVaVaVaVaVaV; Z/
1 1
<0'U> = 5(01"‘>X1>22—>€é,w7 + §<0'l”>X1)22—>Z’Z'
N géli 22 AT (2 2 771;2(1
(T xazaeerr = T [Le +ac+ No(v, + a”)] (m%, —4m2 )2 +T%,m2,’
4 2 2 2 3/2
(TV) x1 %1 ,x2X2— 2/ Z { i—i [vi + ai + 2?})2(&3( (42;; — 3)] o Télmil)Q (1 — Zi) , My, > Mz,
€q\2
% <OU>Z’Z’—>X1>21,X2>227 My <mgz.

“forbidden channels”

. 10.75 \ V2 /2 4.3 x 1072 GeV 2 9
Qa2 = 0.12 (_f> ~920. h
* DM (g*(Tf)) 20 ( ) X1

Ty f: r—2(ov)




Late ExoDM decoupling

_23_
® Heavier DM keeps annihilating into lighter DM.
X1 X2 X1 X2
Z' Z'
X1 : X2 X1 ‘ X2
2 g2,m? m \/§ ) J‘-’7722"1 Am | -‘
(OV)xix1=x0x2 = ;é?rgzmélh iXI ('l.ri—i—(}a.itriﬁ-gai), (OV)axixaxe = ST '27724; \/ 772..:7: (li+3(li)

Heavier component must be decoupled at 7 2 Am.

Ny (V) vy 51 —xas = H,  at Ty, > Am

—Am/T,

Otherwise, Boltzmann suppressed: "x. = € xs
2

Here, T, = 11:_7 Tiq ~ MeV. “Kinetic decoupling temp”
kd

1\ /5x1073GeV 2\ (my, /Am\*"? [ Am/2.5keV />
* T, = Am
29){1 4 x 104 de/l MeV

<O'U>Q



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 g%/vi(vi + ai)

X

X

2
Mx

1

2

Ox1X2—X1X2 —

Velocity-dependent self-scattering!

7

(m

2
Z

, —4m3 (1 +w

2/4))2 + FQZ/mQZ/

_24_
X1 X2
X1 X2
1 g%,m2
Ox1X1—=X2X2 — ST m%/Xl (U;l( + 30’;1()

10€

vy=-a,=0.5, g»=1, m,=0.1GeV

1
107"

Q1075

cm</q)
> o
T T T TTTI T VT T TT7im zm T T T T T 777

ool cvewnl vl vl vl v ol v vl 3ol 1l

m(GeV)



XENONIT + relic -25-

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

YA 5 10 GeV * ‘?}e‘gzl 5 (10_4 — 10_3) €

® DM relic density & decoupling condition can be satisfied.

vy=—a,=0.5, gr=1, m,=0.3GeV Vy=—8,=0.5, v,=10"°, m,=0.2GeV

107 ' T | ]
10_35_ / _E )
10*E  BaBar / 4

V — 9z

100 = 1071 E
- Late decoupling i

Vg 107°

Relic density

Late decoupling

107"k Relic density <
—8 | 1 1 1 1 1 1 11 1 1 1 | 10_2
‘IO1O_1 1 101 1

mZ'(GeV) a/e — UV — a/]/ — O mZ'(GeV)



Pseudo-Dirac dark matter

® Dark matter = singlet Dirac fermion, vector-like

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

L = —IF F'"™ 4 |D,of —V(é,H)

4

_26_

+ith1 LY Dpthrr + iy Dythar,
—MyUV1 Y — Y1 Y11 — Ya@ o)y + hoc.

“Dirac mass” “Majorana masses”

Mass eigenvalues:  m3,, = mj +2(y; + v3)v; + 2\/ (¥ — ¥3)%v) + (1 + y2)?v3m3,
4(y1 + y2)vgmy

2 _m2
TIlX 5 772.X "

Mixing angle: sin 20 = —
: 7
YL=yzt my, = my 2w, 0= 1

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

* Z’_DM int: ‘CDI\"I — gZ'Z;l, (/\__lunLX'Z + X?r)uPL/\].) .




Z’-portal for ExoDM

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

1
— - ny
‘Ckin—mix — _§ blll{Bul,F

2

ms,
— ' zAH Z' =l
* Loy = —€Z, (e’) e+ 52 gz PLI/) + ...
‘wihz

e=E&cosby <1

- can 2
€& eEm 7!

.Ue p— _?’ a‘€‘ o O’ ’Ul/ o _a'l/ o
Z!

Ack, gzm2’

® Completely safe from diffuse X-ray bounds.

® ExoDM decays dominantly into neutrinos.

1 10~%e\ % /2.5keV "> |
Txy1 = — = c © 8.9 x 10** sec
| ['(x1 = xov?) EQy Am

: Consistent with lifetime bound.

_27_



Dark light fermions - § Dark mesons §
G_SU(Nf)LXSU(N f)R Condensate H - SU(Nf)V flavorsy s
in dark QCD
_ 3
(qq) = > #0
N =
d . : / / / K+
M giag = diag(my, my, ms) o1 K?°
V2 2.0
Meson masses: VG
mgi = p(mi +ms), 2 — ml + ms %(m’1 — M)
m%,i = pu(mj +ms), 0 7 (mi —mj) 3(mf + mb + 4mf)
m?’{»o — l'l(mg.) + Tng)ﬂ %0’ ?70 mix

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

*

mZ = 2um} : common masses for dark mesons

Stability of dark mesons



Z’-portal for dark mesons

_29_

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

AVAVAVEY 4
1O e e R T
< . (KT i (K™)
AN Z .
x Tr(Q"*T*) = 0 7
1 0 0 c o
= () = g _01 01 Loix = ~5 oo o Flu T

° ° of o ° ! 2 . 3 ‘ 3/2
e Kinetic equilibrium: ¢z > 1.1 % 10_8(1782\/) (%) (30?3[8\7)




_30_
® Mass splitting due to flavor mixing [S.Choi, HML, B. Zhu, to appear]

Split masses for dark mesons

my € €

Mixings due to broken U(1)’

. o — M = e mqy O
Lix=—"Ypotud —y;3dus — h.c. ¢ 0 my
. Am
2* 'm%—:t = m.i, m%, y = m,QT ( 1— e ),
m: = 2um, . 2Am X . . 2Am
mpo = mi(1-2m)e mh = me(1eZE). mh = mi(e 750
Am = pve? + €2 /my Mx i o

1 A
Mg+ —Mzo = /3 Am

Meson mass splitting:| mgo—mz. =~ Am,

® Mass corrections due to Z’
(K° K*)

" " 2 — —= 20 0 0
o [ p@2my+e€)+9 0 2 N(ml \/_6 * )
Mz = 5 (2my — €) + 6 Mz 0 2umy +20 0
pLem 0 0 2umy

(@, 7 = 2= (T —7"), 7 = 5 (7T + 7))

4

2
2 _ ; 52 1 2.2 = cg%, e
M, , = 2pMy +0 £ \/O + poe* d=cgyfi ,c~ 162 mZ,"

Negligible Z’ corrections for my > 1.4u (g2 /0.1)(m, /100 MeV)'/2



Exothermic dark mesons

_31_
® Non-universal dark U(1): [Q", M] #0

Lrpor = 2igsZ, (I\"’“Lé)“lx’" — K KT 4+ 7nt0"*n — 7r"8“7r+)
+49,,Z, Z"(K* K~ +7tn™).

—> Lrim = i97Z, [(f{’” + KHoH(KO+ K )— (K°+ K )o*(K° + KY)
Flavor mixing VB — TN TR — 7

+95: 2, Z" [Q(A +RH(KO+ K) +2(7%)2 — (7 — %+)‘2]

KO(#%) ---aemmgommeee K*(3°) Meson-changing Z’ interactions

e ——° + ¢ wesfl= Exothermic DM-e scattering

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



Double peaks in electron Er

[S.Choi, HML, B. Zhu, to appear] -32-
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Dark meson self-scattering

® Strongly Interacting Massive Particles from WZW terms
[Wess, Zumino, | 97 |;Witten, 1983]

2N. oo
Lwazw = T e’PTr(w0,m0,m0,m0,T|  for 5(G/H)=Z
[Hochberg et al, 2014; Seo, HML, 201 5; S. Choi, P. Ko, HML,
A. Natale, 2018; S.Choi, HML, B. Zhu, to appear]
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Conclusions

® The Xenon electron excess can be explained by

down-scattering of exothermic dark matter for
standard halo model.

_34_

® |[ight dark matter and mediator are favored by

Xenon excess, thus dark matter can be naturally
self-interacting.

® Pseudo-Dirac dark fermion or dark mesons with

flavor mixing are natural candidates for exothermic
dark matter with Z’ portals.

® Dark fermion or mesons can be self-interacting, being
consistent with Xenon excess and Bullet cluster.



