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Motivation and Hints

Galaxy Rotation Curves

DISTRIBUTION OF CARK MATTER IN NGC 3198
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Motivation and Hints

e How to probe dark sector?

Indirect detection

annihilation (AMS)

YXtX—e, P Y,
_—
& PP €, €Y
Direct seattering =
. (e.g. LUX, ; %,
detection |  oarksioe, X 7
XENON 100) =
2
X p,p.e. e’y
e
v e e ) L)

Fixed-target

1'4 Nia .
production (LHC) experiment Credit: CERN Courier

e.g. Production 1n colliders (heavy DM) or stars (light DM)
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Motivation and Hints
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A light dark sector (< GeV — TeV) possible?
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Motivation and Hints

e 511 keV line measured by INTEGRAL/SPI

Al — —y—————— . . . oq o .
N | 511 keV Line | Origin: electron-positron annihilation
T Narrow line . . . .

_ o0} - Broad lin after positronium formation

% 025 :;i:;[]dw Jean et. al (2003), Knodlseder et. al (2003), Prantzos et. al (2010) and

2 0'20; « SPI 2004 public data Siegert et. al (2015)

é. 0.151 *

Low-energy positron source?
0.10]

{ ['{ Low-E continuum

Astrophysics: seems not viable

0050 it oo adar. P71 & |
) T e e o Prantzos et. al (2010) and Panther et. al (2017)
480 490 500 510 52( 530
E (keV)

arXiv:1009.4620

) — 2
Positrons from the annihilation Cann¥ = @ + bv

' 19 31 ( Mo \2
of light dark matter!" cwave q~ 2.9 x 103 ( Mg ) o3 g1
Boehm et. al (2003) MeV
p-wave b~ 3.4 x 107%° (I\’In?/) cm® st
e
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Motivation and Hints

¢ Muon g-2 anomaly

exp

SM —11
a = (290 £90) x 10 Bennett et. al (2006)

a

p pooo

3-sigma deviation from SM prediction
Precise calculation of SM contribution (QED, EW and hadronic)

Indication of contribution from new physics? (maybe)

Y
New particles

Dark-sector particles

Lighter particles can have larger contribution

T 1
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Motivation and Hints (3)

e DM relic density

CMB and large-scale structure measurements constrain the
abundance of dark matter

Straightforward scenario: thermal freeze-out

Works for conventional WIMP

(GeV-TeV)
i L Also possible for light DM (sub-GeV) !
Fl oyt x [ Exist other production mechanism such as
Mo (TannV) freeze-1n scenario

x=m/T Credit: Caltech
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Particle Model

e Sub-GeV Dark Matter 1s motivated suggested by previous hints

Scalar Dark Matter Candidates [Hstsmpeme

== Pioneering work on sub-GeV DM
1. Fermion portal

Yukawa-type interaction

— ik I ol A A 410 L o
[’F = "ep quPL] (’Rd)FPRl ‘L ¢F Py + h.c. If only 1 generation of F, LFV is possible

2. Vector portal

EZ’ = g;ZL%,MCD*é == ’Lg¢Z;L [Q5* (B”d)) — (8’“(b*)(/5] scalar-?E[') like ir?teraction
—if ZZ[ ] ’Y# ( gL PL 1iin PR) [ QED-like interaction,

but chiral interaction is possible

Successfully address the hints (INTEGRAL 511 keV line, muon
g'z, thel‘mal freeze'OUt) Boehm and Fayet (2003)
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Particle Model

At that time (2003), no data can constrain aforementioned models!

Intensity frontier (low-E colliders, fixed-target/ beam-dump exp.)
LEP and High-E colliders BsM charged particle needs to be heavier than ~ O(800) GeV
Precision tests of SM

DM direct detection by scattering with bound electrons

Updated Astro./ Cosmo. Constraints on new physics

Still no plausible positron source for the 511 keV line

Now: time for revisiting these models with two decades of data
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Particle Model

e To probe a ‘light’ dark sector

annihilation (AMS)
X N —SELD A

The physical picture 1s still the
same!

p.p. € ey

scattering
(e.g. LUX,
DARKSIDE,
XENON 100)

X+N > +N

..+x AP+
production (LHC )

High intensity: low-energy colliders, fixed-target experiment
and beam-dump experiments

High precision: SM precision observables

[Low threshold: stellar emission and direct detection

Sub-GeV Scalar Dark Matter — Hints and Probes 15.01.2021 Jui-Lin Kuo 12/43



Overview of Parameter Space: F

10%g
—; 10 Direct Detection -
——_—_———_—5- 10°E 5
_______________________ ; f\_tThermal Relic
LDMX I i i
1071 = —1071F =
i - ] T - CMB (efe™)
< L 1 =
£ 1072 3 = 3
g - * -~ (g — 2), (flavor blind) (g — 2), (flavor blind)
CE L _ 4
" 10_3;‘ (9 —2)e (if crer < 0) E E
E BN INTEGRAL (NFW) | B
1074 (g —2)e (if czeg > 0) * INTEGRAL (Einasto) - 104 SN1987A _
: BaBar E =
o NA64 1 A
107 LEP E 107 Y WEm INTEGRAL (NFW)
- Bl Q - - * INTEGRAL (Einasto) :
10—6 L 1 Lo 11 10—6 L 1 1 Lo 1 L1111
103 102 1071 10" 1073 102 101 10"
Mg (GGV) me (GGV)
L= —(:IL OdFPrl — (:IR¢)FPR1 — (,fqu‘)FOPLVI + h.c.
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9691/ Mz (TeV_l)

Overview of Parameter Space: 7’

103 - T T T T T T T | T T T T T T T |
Direct Detection
102 =
LDMX 11 .
s
| __Bellel syst. o ____| =
101 — N 101 | —
F____BelleM.stat. _____________________________________ {1 = -
S
s
) ¢ INTEGRAL (NFW)
100 * INTEGRAL (Einasto) ook SRAHA, __
- BaBar . - ]
NAG64 ] i Y W= INTEGRAL (NFW)
LEP (mgz > my) ) i * INTEGRAL (Einasto) |
mE i Voyager 1 (e+ 7) |
1 | | | | | | | | | | | 11 1 1 | | | | | 11 11 _ i | | | L1l 11 | 1 1 1 1 1 | | 1 I 111
1070 102 10T 00 109573 102 ER 109
mg (GeV) my (GeV)

Lz =932, Z"¢* ¢ —igs Z,, [¢" (0" ) — (0" ) d]
—iZ,Iv*(gLPL +QRPR)1-
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Check List

% /mp (TeV_l)

102 10! 10° 1071 1072 1073 10~ 107° 10~°
|IIIIII T T |IIIIII T T |IIIIII I‘ T |IIIIII T T |IIII::‘II ! :I: |IIIIII T T |IIIIII T T |IIIIII T T |
| I — 10 MeV
Thermal Relic] ~ INTEGRAL (Einasto)] | INTEGRAL (NFW) e °
 (9—2)," (flavor blind) N
Hints
BaBar ~  ------ |13 Slle—IL—SXSE{ Belle I, stat.
NAG4 [LDMXT 1y pMX I
Cwq fBoX
Intensity Frontier
(g — 2)c* (if crer < 0) (g —2)* (if crcg > 0)

LEP missing Er

Lepton Flavor Violation® (u — ey)
| . Precision Tests/LEP

CMB .
Direct Detection SN1987A

Astro/Cosmo/Direct Detection

| 1 1 IIIIII| 1 1 IIIIII| 1 Iilllllll 1 1 IIIIII| EE:I Iilililllll 1 1 IIIIII| 1 1 IIIIII| 1 1 IIIIII|
102 1071 109 101 102 103 104 10° 106

L= —(:lL HGF Pyl — (:IR_¢)FPRZ — (:qubFOPLI/I + h.c.
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Intensity Frontier

Intensity frontier exp.

Pros ﬁ

e Very high intensity: integrated HELECEor
luminosity could be larger than
that from collider

partlcl 0 target
Produce light particles

High-energy collider exp.

Cons

e Difficulties in handling the particle Gz J/particle

ek q detector
neutrio backgroun Produce heavy particles

Sub-GeV Scalar Dark Matter — Hints and Probes 15.01.2021 Jui-Lin Kuo 16/43



Intensity Frontier

e Low-energy electron-positron collider (BaBar and Belle II)

Process: electron-positron annihilation with initial-state radiation

Ay "l o

Lz =952, Z"¢"p —ige Z,, [¢* (0" p) — (8" 0" )]

()

L= —(TIL OGF Pl — ('II?QDFPRI — (,flL(,?)F()PLI/] + h.c. B
—iZ,Iv" (9. Pr + grPr)!.

Signal: missing transverse E/p + mono-photon

SM background: ete” — y4 (peak), ete” — vyefe/ or ~9494 (continuum)
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Intensity Frontier

e [ow-energy electron-positron collider

BABAR Detector | Belle Il Detector

- Muon/Hadron Detector ‘ KL and muen cetector:

Resistive PGate Counter (barrel)

|
.‘h Sntillator + WISF + MPPC |end-caps]

AEATSASN AR
e

Magnet Coil

| EM Calorimeter: %

. Electron/Photon Detector CeIf 1), wawefoam sam pli ‘..’55

. Cherenkov Detector

— Ryl ation caurter (barrel)
B sueeort Tube electron (7GeV| RS W RO focusie 4 erogel HICH (fwd] )
U Vertex Detector | Beryllium beam pipe 1‘ e : ' if

2ore danmator oo A : T
Vertex Detector 7y \%
2 iayers DEPFET + 4 idves D — :

" Certral Drift Chamb

He| 50%):C He( 50, Sl c
_favar arm, fast electranics

Ecyv = 10.35 GeV Ecym = 10.57 GeV
L =19fb " (low E,) and 28 fb™ " (high E.) o 50ab-!
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Intensity Frontier

e Electron fixed-target experiments (NA64 and LDMX)

eN bremsstrahlung

e~ beam ¢
> <:¢* Active veto system and cuts

= Background free!

target e~

Signal: missing transverse E/p @
e detector (ECAL) 5
¢ Q"
o 7' s
- R — JJJJ‘ o
e > > e~ > L
¥ gl

Lz =932, 2" ¢* ¢ —igsZ), [¢" (0" ) — (0" ¢*)d]

Q

Lr=—c ¢FP;l — cdFPpl — ¢ ¢F°Pry; + h.c. -
F c; 9FPrl — cr¢F PRl — ¢, LVI —iZ Iy (91Ps + grPR)L.
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Intensity Frontier

e Electron fixed-target experiments

TOP VIEW
Current: NA64 w, s w0
[\ woners  wacner2 ’s, ?;E" :,ECAL HCT\L
Epeam = 100 GeV  eou |’ S H”"
NroT = 4.3 X 101Y / S
sru' “"'v, vicH 'u ""v!
VAWUMVESSEL \
ST,.
Future: LDMX Similar setup with NA64 ...

Fpeam = 4 GeV (phase-I) and 8 GeV (phase-II)
Niort = 4 x 10'* (phase-I) and 3.2 x 10* (phase-II)

Sub-GeV Scalar Dark Matter — Hints and Probes 15.01.2021 Jui-Lin Kuo 20/43



Intensity Frontier

e Electron beam-dump experiments (mQ, BDX)

Signal: electron recoil

eN bremsstrahlung

—
e~ beam ¢
> - *
¢
target downstream detector
Background: neutrino  dN, P Epeam
— = 2NEgorT Xo dE
. dEd) | -~ MmN E,
Production: £
% : 3 d02—>4
detector acceptance ¢ s 05" ==l d,COS,9¢ .
— electron propagation in (thick) target
Ee™ Er™ AN, do
Detection:  Ngig = Ne Lget dEg €.q(Ep)—2 —2°
me E‘I'%‘ qub dER
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Intensity Frontier

¢ Electron beam-dump experiments

arX1v:1307.6861

SLC
e Beam Posl'rrgr)n—pf?dtntlon Muon Counters ma Detector
arge

Current: mQ|
Eheam = 29.5GeV : |
Neor = 8.4 x 1018 S iy ] S s

1 BDX |
Ebeam = 11 GeV ‘
Ngor = 1022 - i

Hall A beam BRI

detector

dump
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Overview of Parameter Space: F

102!' ' ]
101 E - ‘ - » 101 E Direct Detection E
10° ; - = 3 10 =
! F____Bellell,stat. ______________—— ___ _ ____________ 1 { — Thermal Relic
, il sl il PR e i g e _‘ — 10_15_ =
- ] T - CMB (efe™)
B ] E K
3 = ~— 1072 =
- g — avor blin 5 (g — avor blin .
2),, (flavor blind s 2), (flavor blind
' 1 &
= (9 —2)e (if crer <0) = 10 E
E BN INTEGRAL (NFW) | B ]
1074 3 (g —2)e (if creg > 0) INTEGRAL (Einasto) E 1074 = SN1987A E
- BaBar ] - ]
- NA64 i B
107°F E 1079
- LEP E - BN INTEGRAL (NFW) 3
: Bl Q i I INTEGRAL (Einasto) ]
_6 1 1 1 1 1111 | 1 1 1 1 1111 | 11 _6 1 1 1 1 1111 | 1 1 1 1 1111 | 1 1 1 1 L1 11
10707 102 107! 10° 107073 102 1071 10°
Mg (GGV) me (GeV)

L= —(:IL OdFPrl — (:le)I}PRl - cqubFOPLVl + h.c.
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Overview of Parameter Space: 7’

Direct Detection

—§5 LDMX 11

10"
& [ Bellellstat. ]
B INTEGRAL (NFW)
100k INTEGRAL (Einasto) - Lok SIS __
n BaBar ] C
NA64 ] g B INTEGRAL (NFW)
LEP (mgz > my) ) i INTEGRAL (Einasto) |
B 0 | I Voyager 1 (e+ ) |
0 e 1 T . T ST
my (GeV) mg (GeV)

* Intensity frontier constraints are important | 2, = 427/ 2" ¢ — ig, Z!, [¢* (9" ¢) — (9*¢")¢)
(rule out INTEGRAL favoured region) —iZ! Iy (9. P + grPR)!-
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Check List

% /mp (TeV_l)

102 10! 10° 1071 10~2 1073 1074 107° 1076
|IIIIIII T |IIIIII T T |IIIIII I‘ T |IIIIII T T |IIII::‘II ! :I: |IIIIII T T |IIIIII T T |IIIIII T T |
| I — 10 MeV
Thermal Relic] ~ INTEGRAL (Einasto)] | INTEGRAL (NFW) e °
 (9—2)," (flavor blind) N
Hints
——————— [Pele L 20 Belle 11, stat.
LDMXT |
| —| LDMX 11
{ BDX ‘
Intensity Frontier
(g — 2)c* (if crer < 0) (g —2)* (if crcg > 0)

LEP missing Er

Lepton Flavor Violation® (u — ey)
| . Precision Tests/LEP

CMB .
Direct Detection SN1987A

Astro/Cosmo/Direct Detection

| 1 1 IIIIII| 1 1 IIIIII| 1 Iilllllll 1 1 IIIIII| EE:I Iilililllll 1 1 IIIIII| 1 1 IIIIII| 1 1 IIIIII|
102 1071 109 101 102 103 104 10° 106

L= —(:IL HF Pl — (:IR¢)FPRI — (:lL(,bFOPLI/I + h.c.
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Precision Frontier

e Electron g'2 €= L = —c} $FPLl — CgdF PRl — ¢, ¢F°PLy; + h.c.

Lz =g3Z,Z"¢* ¢ —igsZ,, [¢* (0" ) — (8" ¢")¢]

l l —1Z"l’7 (9. Pr + grPr)L. l ,

. Parker et. al (2018
New measurement of &« from Cs atom interferometer (2019

== 250 between a!™°®) and a!“®

=P AcPM e (—0.88 +£3%0.36)x107 2 = [—1.96,0.30] x 102
Can also be recasted mto Q tensmn

—_—

Up da te Washington 1987 - @i a,

owwnigia] o . New measurement of « from the recoil
e . ‘ velocity of a Rb atom that absorbs a photon
P using matter-wave interferometry

Harvard 2008 |
RIKEN 2019

Berkeley 2018 -

Morel et. al, Nature (Dec. 02, 2020)

9.0 9.1 9.2

(e - 137.035990) x 10°
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Precision Frontier

Lr=—ct ¢FPl — c¢pFPgl — ¢ ¢FOPry; + h.c.
L R L

O

—iZ, Iv* (9. PL + grPr)!.

['(Z — inv)pew < 0.56 MeV  at 95% C.L.

e Z-1nvisible decay Lz = g3 ZL 2" b — igsZ, |67 (8"9) — (9"6")d]

Measurement: missing energy at the Z-pole (LEP)
SM contribution: Z decays into neutrinos

BSM contribution: Z decays into scalar DM

P

- ----9(m)
¢ Via triangle loop containing F “‘4 ” )
r --—-¢*(p2) P

-

[

* Via kinetic mixing between Z and Z’ +.z~( 7

Also 1n F case: effective charge-radius operator (triangle loop)
Bai and Berger (2014) and Hamze et. al (2015)

and running of fine-structure constant (vacuum polarisation)

Sub-GeV Scalar Dark Matter — Hints and Probes 15.01.2021 Jui-Lin Kuo

27/43



Precision Frontier

e Parity violation Lo = G52, 2" 6 —igsZ), 67 (9"9) — (9"¢")¢]
—iZ, Iv*(9.PL + grPR)l.

SM contribution: weak interaction

Measurement: asymmetry 1n polarisized Moller scattering
Czarnecki and Marciano (2000)

e_ C- e_ C-

— T 0y — e
Y — ALr = ¥ r
é 6 \ - »‘ T A0¢p e

i
A

| 7’ can be here! ]

unpolarized quarks or electrons or protons

Credit: Jewel Garcia

Two extreme cases for Z': g1, =0 and gr =0

(No tree-level electron-electron scattering for F model)

CUI‘I‘ent E158 at SLAC SLAC E158 Collaboration (2005)
Future: MOLLER and P2 at MESA MoLLER Coltaboration (2014) and Becker et. al (2018)
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Precision Frontier

e [epton-flavor violation (LFV) Lr = —c $FPyl — codF Pl — b 6F*Pouy + hec.
When we only have 1 flavour of F ...

Measurement: LFV decay such as © — eyand yu — e¢¢”

Y
1. p— ey i F/e

Via the loop-induced effective magnetic dipole interaction \/¢

—13
Br,u—m'y < 42 X 10 MEG collaboration (2016)

* . . i CES— = s
2. Hw — 6¢¢ (If kinematic allows) .J__,.»-'\f. ' IM processﬂ
W< | |
Fe¢¢ m4 m4 W - -V, Michel parameters
N W op W S
2 4
Ceper,  mimig mp

for (¢ c¢g)? + (cper)®* #0 or  (cheg)® + (cgeg)? =0

Observable: distortion in the electron spectrum  see review. Renga (2016)
== Constrain flavour structure of F model

Sub-GeV Scalar Dark Matter — Hints and Probes 15.01.2021 Jui-Lin Kuo 29/43



LEP constraint

Heavy new particles remain unconstrained by LEP (F, Z7)

Missing energy search at Z-polc [y

== constrain sub-GeV dark sector particles production

Future: dark sector particles production by Drell-Yan processes in
high-luminosity LHC and ILC o a3

Forward Backward
Muon Chambers

Caveat: constraint for Z’ model
myz >myz : Z' is always off-shell

=

-
- =
- S -
- c -
- -

— constraint on 9¢4i c = e = =
Fox et. al (2011) and Cheung et. al (2012) ="l

-
-
-

-

e
-
-

-
- -

-
-f’ -f’

"o
-

mz < mgz:Z can be produced on-shell

— constraint on 9 ien et al 2018)

L= —clL OGFPrl — (:ZR¢>FPRI — clLd)FOPLVl + h.c. Lz = géZLZ’”qﬁ*qb - ig¢Z;L (0" (0" @) — (0" 9")¢]
—iZ, IV (gL PL + grPR)l.
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Overview of Parameter Space: F

10%g
—; 10' Direct Detection .
S 100k .
_______________________ E E\ Thermal Relic
LDMX 1T . B
1071 = —1071F =
i - ] T - CMB (efe™)
< L 1 =
£ 1072 3 = 3
g - -~ (g — 2), (flavor blind) (g — 2), (flavor blind)
CE L _ 4
" 10_3;‘ *(g —2), (if cper < 0) E E
- BN INTEGRAL (NFW) |
107 Y (g —2)c (if crer > 0) INTEGRAL (Einasto) - 10~4E SN1987A i
E BaBar E
I NA64 | B
107°F E 107°
- LEP E - BN INTEGRAL (NFW) 3
- Bl Q - - INTEGRAL (Einasto) :
10—6 1 Lo 1 Lo L1 10—6 Lo | 1 1 Lol IR B R B
103 102 101 10" 1073 102 101 10"
Mg (GGV) me (GGV)
. . _ 1l E ol T 1 0 ,
e FElectron g-2 gives strong constraint Lp = —cp ¢FPpl — cgF Pl — ey ¢F Pryy + hec.
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9691/ Mz (TeV_l)

Overview of Parameter Space: 7’

103 - T T T T T T T T | T T T T T T T T |
Direct Detection
102 =
LDMX I .
-
| ____BelleW syst. _____________ o ___| =
101 — N 101 | —
F____BelleM.stat. _____________________________________ {1 = -
S
:
INTEGRAL (NFW)
ngs INTEGRAL (Einasto) - ook SIS __
- BaBar . - .
NA64 ] [ INTEGRAL (NFW)
* LEP (mgz > my) ) i INTEGRAL (Einasto) |
e Q) I Voyager 1 (e+ °) |
1 1 1 1 1 1 11 | 1 1 1 1 1 111 | | | | | | 1 11 —_ i i i i i L 11 | 1 1 1 1 1 1 1 1 1 1 L 11
10503 102 101 0 1075 102 0 10°
mg (GeV) my (GeV)

Lz = 932,2"6" 6 — igyZ, 67 (9" ) — (9"6")¢]

e LEP is the strongest terrestrial bound e
— 12, Iv* (gL P + QRPR)Z-
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Check List

ct/mp (TeV1)
102 10! 10° 107! 1072 1073 104 107° 106

mgy =10 MeV

(9 —2)," (flavor blind) -

Hints

Thermal Relic] ~ INTEGRAL (Einasto)] | INTEGRAL (NFW)

_______ P22 Belle 11, stat.

[LDVMXT 1y DM I
{ BDX ‘
Intensity Frontier
(g — 2)c* (if crer < 0) (g —2)* (if crcg > 0)

Lepton Flavor Violation® (u — ey)
| . Precision Tests/LEP

‘ LEP missing Er
CMB |

Direct Detection SN1987A

Astro/Cosmo/Direct Detection

| 1 1 IIIIII| 1 1 IIIIII| 1 Iilllllll 1 1 IIIIII| EE:I Iilililllll 1 1 IIIIII| 1 1 IIIIII| 1 1 IIIIII|
102 1071 109 101 102 103 104 10° 106

L= —(’:I‘L HF Pl — (:iqd)[:‘PRl — (:ch,bFOPLI/I + h.c.
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Direct Detection

e Scattering with bound electron Last year: XENONIT |

\ ‘ /
\ / f \
: \l7z In gas, these excile more xenon
:Xe 5
s & & to make another light flash (S2)
.-.
LXe
This also frees electrons, which
s @ travel np an apphed electric field
i < |
" Dark matter hits ’ \\\\\ - s
. axenonalom | - The atom recoils and excites f
/ i /7 Y others, causing a light flash (S1)
R a1 g y
Lower threshold than | .~ A 9
. i 91 / 152
nuclear recoil! |
‘ —— e - ¥
$ Example signal
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Direct Detection

e Scattering with bound electron

iower threshold: desirable fortsﬁb-GeV DM

1 2
)2 |M¢‘€ (q)‘q2:a2mg

b =
167 (me + my

2 2
F(q) = |M/(q)] /‘,/\/l(q)|qQ:Oé2m2 encode g-dependence

Both models: const. dark form factor (indep. of momentum transfer)

Combined constraints from SENSEI, XENON10, XENONIT +

(solar reflection flux)
SENSEI collaboration (2020), Essig et. al (2012), Essig et. al (2017), XENON collaboration (2019), An et. al (2018)

_ _ _ 1_2/ /:“,'*'_-', /”,* B TP
Lr=—c5 ¢FPLl — c¢pFPgl — ¢ ¢F°Pry; + h.c. Lz =942, 2" 9" —igsZ, [¢" (0"0) — (0"¢7)d)]

—iZ,Iv" (gL PL + grPr)!.
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Astro./Cosmo. Probes

. Lr=—ct ¢FPrl — o F PRl — ¢4 FOPry; + h.c.
e CMB bound (early universe) p = —cy $FPLl — ch¢FPgl — ¢ $FO Py + h.c

Relevant for F model: s-wave annihilation

8100 Credit: Phys. Rev. D 80, 023505
[ ] L] [ ] L] -r
p-wave annihilationis ¥ _ | - - P D0
1 e __p.=5x10
velocity suppressed! S 400} ann = 5
1‘2 2000F

Energy injection from |

e 50F
NDM anmhllatlon jgg
Heatmg % fg:

Ionization =

— , e

’ % 100f
Observable dlstortlon 1n "
’{CMB power spectrum ; |

200 400 600 800 1000 1200 1400 16C0 1800 2000
I
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Astro./Cosmo. Probes

Signal from DM annihilation

¢ Indirect search (late universe)

Relevant for Z’ model: p-wave annihilation

Lz =g;2,Z"¢* ¢ —igyZ,, [¢* (0" )

—iZ,Iv* (9. P + grPR)l.

p wave annlhllatmn receives enhancement from clustenng

Data: Voyager 1 Stone et. al (2013)
Future: e-ASTROGAM and AMEGO

— (0%¢7)9]

Credit: 1612.07698

0.1

{ Voyagerl (2013)
$  AMS-02 (2014)
{ AMS-02 (2014) demodulated

dr=830 MV

Propagation A

—— Propagation B

. 10 B
—'- <]
ar D .01 [
E 10 N‘r;j ‘e+—+—e_11’
T ‘ Y 4
_S_ 10 g 10-3 d
= = J
Z0 b A
g [T A .
o 10 a /,,/
HiSCORE , = [/
. / /N
10 , 10~ ///
g s - — - Secondary e*
i 72N PP Secondary e
10 ; i A Secondary
10 107 1 1w 100 10 1w 1w 1w 1w 1w 10 " 7 e T . s o s
Energy (MeV) Energy E [GeV]
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Astro./Cosmo. Probes

e BBN/CMB Ncst bounds

Thermalized MeV scalar DM can contribute to the relativistic
degrees of freedom 1n the early universe

S > 2 MeV
Constraint: My = At CMB

GO —  Nor = 3043 ] '
&~ ) — - H -~
=00 H Nog — 148, and =, lixed) 73
X Npg = 1|0, 54, AN Vg To00|
N 4000} \
L Y71 0 | 3 (S
e S ano} \
- i '.: -
o - = 20 | " \/‘\/\\ ]
- & -
- . : 2% o g M
!v = - 0 : ! - ! 3
- 1 10! 10° 104
= 3 4
ﬁ E UeC——— - v -
1 - Nog = 448, and =, lixed)
w - 4H Noy = e, S and vy tred
> 3 .
. - - ™~
— = .
= . 1 SR
F—@l 2. > g" - 1 ("
m H K O — g Q ‘“(_I EEOS S
‘4\ - — - — : (-.]
o ] Q.
I 1 1
.4 - s .
l 10! 10° 10°
Phys. Rev. D 100, 015038 € credit: Sunny Vagnozzi
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Astro./Cosmo. Probes
o SN1987A |

MeV scalar DM can also be produced 1n supernova (T ~ MeV)
== Anomalous energy loss alters the cooling rate of the proto-neutron star

Constraint: L4 < £, = 3 x 10°% erg/s Rafrel 199%)

N Anomalous energy loss
N (Lower boundary of constraint)

SN profile

_ AT
t‘
|

‘ Trapping: interaction too strong
N (Upper boundary of constraint) |

credit: Chandra X-ray Observatory

Sub-GeV Scalar Dark Matter — Hints and Probes 15.01.2021 Jui-Lin Kuo 39/43



Overview of Parameter Space: F

10%g
10 & X Direct Detection i
100 ;— E
E\ Thermal Relic
LDMX II I
1071 = —1071F =
T% T> § *CMB (ete™)
@ 10_2 = = = =
g : (9 —2), (flavor blind) % (g9 —2), (favor blind) %
Ny - ]
S 1073 (9 —2) (if creg < 0) = E
E BN INTEGRAL (NFW)
1074 (g —2)e (if crer > 0) INTEGRAL (Einasto) - 10~4E K SN1987A _
- BaBar ]
NA64
10_5 = - 10—5 |
LEP - W INTEGRAL (NFW)
[ Bl nQ i INTEGRAL (Einasto) ]
10—6 L Lol ! L0 10—6 L R A L | R T R R
1073 1072 1071 10° 1073 1072 1071 10V
Mg (GGV) me (GGV)
_ A aF T - 1l 70 :
e SN1987A has best sensitivity Lp=—cy ¢FPLl — cp¢FPpl — cp ¢F" Pry; + hec.
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9691/ Mz (TeV_l)

Overview of Parameter Space: 7’

103 - T T T T T T T | T T T T T T T |
*Direct Detection
102 =
LDMX II .
s
| ____Belle M syst. ________ o _____ =
101 — = N 101 = -
F____BelleW,stat.______________________________________ 1 £ - .
S
s
INTEGRAL (NFW) %
1oL INTEGRAL (Einasto) 4 ook SRRREKA, _
- BaBar . - .
NAG64 ] [ INTEGRAL (NFW)
LEP (mgz > my) ) i INTEGRAL (Einasto) |
- Q) i * Voyager 1 (e+ ) 1
101 | | IIIIII| | | IIIIII| | | 1 1 1 11 10— | | ||||||| 1 1 I 1 11 | | I I A . |
103 1072 1071 10° 103 102 10- 10°
mg (GeV) my (GeV)

Lz =g,Z,Z"¢"p —ige Z,, [¢* (0" d) — (80" )]

e SNI1987A has best sensitivity 7' Tvh(gL Py + p Y
— 1L, " \gLtf'L T~ grER)L-
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Check List

% /mp (Te\/'_l)

(9 —2), (flavor blind) [

102 10! 10° 107! 1072 1073 104 107° 106
|IIIII T T T |IIIIII T T |IIIIII I‘ T |IIIIII T T |IIII::‘II ! :I: |IIIIII T T |IIIIII T T |IIIIII T T |
| S L — 10 MeV
Thermal Relic] ~ INTEGRAL (Einasto)] | INTEGRAL (NFW) e °

I Hints
——————— [Pele L2 Belle T, stat.
[LDVMXT 1y DM I
BDX ‘
-I Intensity Frontier
(9 —2)e" (if cper < 0) (9 —2).* (if cpeg > 0)

LEP missing Er

Lepton Flavor Violation® (u — ey)

CMB |
Direct Detection SN1987A

Precision Tests/LEP

Astro/Cosmo/Direct Detection

| 1 1 IIIIII| 1 1 IIIIII| 1 Iilllllll 1 1 IIIIII| EE:I Iilililllll 1 1 IIIIII| 1 1 IIIIII| 1 1 IIIIII|
102 1071 109 101 102 103 104 10° 106

L= —(:I‘L HF Pl — (:%¢)FPRI — (IngbFOPLI/I + h.c.
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Summary

e Future intensity frontier experiments can have better sensitivity on a light
dark sector

e Precision tests of SM are sensitive to the flavour and chiral structure of the
dark sector

e Electron g-2 puts strong constraints on BSM physics but with caveat
e Stellar environments such as SN1987A has the best sensitivity for MeV
scale dark sector particles

e The INTEGRAL (both NFW and Einasto) and thermal freeze-out favoured
parameter space are ruled out for both models

2003 2020 Future?

1 DON'T
FEE
LIKE 1
F1r IN
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Backup
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Electron-Positron Annihilation

e Direct annihilation of stopped electron and positron

Single 511 keV line

e Annihilation after positronium formation
Single 511 keV line
Lower energy continuum

INTEGRAL signal preferred
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511 keV line

e Morphology
The Einasto profile seems fit better than the NFW profile

Vincent et. al (2012)

o INTEGRAL X-ray data cireiiet. a1 2020

Rule out scalar DM with mass larger than 70 MeV to be the
explanation
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Limit on DM energy loss

e Trapping of dark states in SN

Once the dark states are produced, they engage 1n random walk by
scattering with charged particles in the environment

When the coupling is too large, the dark states cannot escape the stellar
profile due to frequent scattering and are trapped 1nside, rendering the
energy loss argument ineffective == upper boundary of the constraint

Blackbody Boundary vIN <> Nv
Condition with - N
Temperature Tgs M/ Free
\ Slreommy
, 1 .
I Diffusion | / Neutrino analogue

~ =,

S—

Energy Sphére (\ESO

Transport Sphere

(Raffelt 2001)

Credit: astro-ph/0105250
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Z-invisible decay diagram (1)

e Contribution to Z-1nvisible decay: F-loop
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Z-invisible decay diagram (2)

e Contribution to Z-invisible decay: kinetic mixing

[

,77ZW<:>MZ/

i =i (p°g"” — pt'p”) (p°)
1

2 ~ 2
I1(p?) = —% 0 drx(l — x) {E + In ’MK + O(E)]

The ensuing constraint 1s fully covered by LEP bound
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Particle Model (4)

\ /g¢gl/m1261(TeV—1)

104 10° 10° 10° 1071 10~2
||||||| T T ||:I:||:|:| Il T ||||||| T T ||||:||:| T T ||||||| T T ||||||| T T |
INTEGRAL (Einasto) I I IThermal Relic mg =10 MeV

INTEGRAL (NFW mm . (i
fIBERAL (NFW) B (9-2)," (if 9o = 9 = 9n)
o | o Hints
BaBar Rl L Bone 11, stat.
NA64 V2L | LDMX II |
I o
o Intensity Frontier
(9 —2)e* (if g5 = 91 = —9gr) (9 —2)e* (if g5 = g1 = gr)
LEP rjnjissing: Er* (mgz > my) o
i P;ejxrity Violation* (9. =0, 94 = gr) (9r = 0,94 = 91)
3 | o Precision Tests/LEP
Voyager 1 I -
Direct Detectiorjli SN1987A
o | - Astro/Cosmo/Direct Detection
| | | |||||||33 ili |3||||||| | | ||||||| ili | ||||||| | | ||||||| | | |||||||
1074 1072 102 107! 10° 10 10°
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Low mass 7' (1)

myz < 10GeV : Z' can be on-shell in intensity frontier experiments

== Cannot use effective operator!
== Model parameters: Ji, 9¢, Mz’ Mg

1. Fix 9¢ by cluster bound or saturate the perturbativity bound

Harvey et. al (2015),

O-SI/mqﬁ § 05 Cm2/g Bondarenko et. al (2018), ap = gq%/(llﬂ-) < 10

and Harvey et. al (2019)
2. Solve for mz for each (Mg, g;1) to fulfil
e Annihilation xsec for INTEGRAL 511 keV line

e Annihilation xsec for thermal freeze-out

Caveat: resonant annihilation ¢¢* — Z"at myz < 2my

== Additional velocity dependence in annihilation xsec
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Low mass 7' (2)

xsec: INTEGRAL 511 keV line xsec: thermal freeze-out

100 E : T T T T T T T T T T T TT T T T L IE 10_2 F ] T T T 1 L |b2 T T T T T T 11 II T T T T 11 I:

o 3 C < o : ]

I [ NLe ! ]

|

1 : . . o U Direct | i

107 i Direct Detection QE -‘\:.\\ Detection | l

| 1078 : 77;\\'\- o) l'l E

L = 3§01 RS W | 1

1072 i i i : O@V 2 <o~ ~_ : BaBar ]

DY :

i | :I \\\ III .

Fo 10~4___Belle II > .

103 = S S N (s i ~ bt A .

— E E

S = 3 . i

1074 - : | _

E l 1079 = s =

. - \ ]

i | - - .

! . | i

107 : i i I

- ! I~ i -

! —6|_ ' _

i ol B

107 | 5 i ]

! - i -

[ ! - i -

I .

—7 1 1 1 1 11 | 1 1 1 1 111 | 1 1 LI | 1 111 —7 1 1 1 1 L L1 | 1 1 II 1 L 11

10703 102 10-1 100 V9973 102 10-1 100
m¢ (GGV) m¢, (GGV)

IntenSIty fI’OIlthI’ an181b1y decay1ng Z, See review, Beacham et. al (1996)
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