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Focus on Dark Matter: thermal origin (recap) )

As universe cools below DM mass, density decreases as exp{-m/T}
- DM interacts with SM to stay in equilibrium

- eventually DM particles can't find each other to annihilate

- and a (minimal) DM abundance i1s left over the present day.

Equilibrium reached easily with a tiny DM-SM coupling.
DM annihilation cross-section necessary to obtain the relic density:
o v (relic) = 3x102° cm’/s

This equilibrium can be reached:
- either with traditional WIMP at TeV scale with Z mediator (excluded by current limits)
- or with light DM with light mediator (hence new forces).
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Light mediator must be SM singlet, options limited by SM gauge invariance:
1) Vector Portal; 2) Scalar Portal; 3) Neutrino Portal



1) Vector Portal
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First case: m(A’) > m(chi) 4
(mediator decays predominantly in DM)

Elastic Interactions: constraints from CMB and DM Direct Detection

CMB: late time annihilation of DM into charged particles increases ionization of IGM

near recombination. CMB power spectrum constrains ionization and hence DM
annihilation.

Dirac Fermion: Thermal Relic DM

Scalar: Thermal Relic DM
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First case: m(A’) > m(chi) 5
(mediator decays predominantly in DM)

Inelastic interactions: constraints from accelerators and beam dumps

LDM: Majorana fermion LDM: complex scalar
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ediator decays predominantly in SM final state

[ Second case: m(A’) < 2 m(chi) ] 6
(m S)

1) m(A’)<m(y):
— Thermal annihilation, dominates: yy—A’ A’
— CMB largely constrains thermal scalar and fermion cases.

2) m()< m(A’) <2 m (y):
Once produced the mediator decays to visible SM states directly:

"Majorana" Fermuon DM (Visibly Decaying A')
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DM in MeV-GeV region via the Vector Portal: a vibrant field

Vector portal: visible searches

Name Where Source Intensity Production mode Detection mode Status
Belle-11 Super KEK-B e¥e= = Y(38) | > 100 b~ @ T(35) T(3S) = 1A' Ao ete pip Commis. 2018
Apex JLAB e, 2GeV 107 EOT (W) Alstrahlung Al =sete Commis. 2018
HPS CEBAF12 @ JLAB e, 1-2 GeV 10" EOT (W) A'-strahlung Alsete Running 2016-20
MAGIX MESA @ Mainz e, 155 MeV | 10" EOT (Xe gas) A'-strahlung A= ete Commis. 2020
Mu3e xE5 line @ PSI g, 28 MeV 107516 [ p = v A’ A sele Commis. 2017
ATLAS/CMS LHC BCERN pp 8, 13 TeV few fb=* H <4 + MET A Ty Running
LHCh LHC @CERN .13 TeV 151 D* = DA A aete nfn Running
NAG2 SPS GiCERN p, 400 GeV 2 10" POT Meson, A™-strahlung A aete ptpm Running -2018
SeaQuest Main Inj. & FNAL p. 120 TeV 1.5 Meson, A-strahlung At Proposed 2017-19
SHiP SPS GCERN p, 400 GeV 210°"POT | Meson, A'-strahlung A sete ptpym Proposed 2026
Vector portal: invisible searches
Babar PEP-IT & SLAC ete” - T(35) o7 bt T(3S)— A" Single-y trigger ICHEP 2016
VEPP-3 VEPP-3 1 Budker Inst. | e*, 500 MeV 1.5 MHz 4y efe 4 Ay detect 4 + My e Proposed
PADME BTF @ Frascati INFN | %, 550 MeV 15 Hz vy ere” = Ay detect 7 + My Approved, 2017-19
MMAPS CESR @ Cornell et 53 CeV 2.2 MHz vy ete = Ay detect v + My Not funded
NAG4 SPS @ CERN e”, 100 GeV N e NA 10°-10" EOT detect e™ 4+ Eoin Running, 2016-17
LDMX LCLS-1I & SLAC e, 4GeV e N—+e NA 10°°-10" EOT detect ¢ + Foigs Proposed, 2020
Vector portal: direct DM searches
SBND FNAL » 9 GeV 2 10°" POT Meson, A'-steahlung A” - o9 detect @ @ 110 m Under study
T2K Tokas- Kamioka p, 30 GeV 17T POT "Meson, A'strahlung A" = g detect ¢ & 280 m Running
COHERENT | SNS @ Osk Ridge o 1 GeV 10" POT Meson, A'-steahlung A’ — @y | detect ¢ @ 20 m 2°-OA | Proposed
SHiP SPS €CERN p, 400 GeV 2 10" POT Meson, A'-strahlung A" = @9 detect @ & 100 m Proposed 2026
LBNF DUNE TiFNAL p, 120 GeV 31071 POT Meson, A"steshlung A" — @ detect ¢ @ 500 m Under study 2020




DM in MeV-GeV region via the Vector Portal: a vibrant field

Vector portal: visible searches

Name Where Source Intensity Production mode Detection mode Status
Belle-11 Super KEK-B ete” < Y(35) | > 100 b~' @ T(3S) T(3S)- yA’ A sete pTpm Commis, 2018
Apex JLAB e, 2GeV 107 EOT (W) Alstrahlung A s ete Commis. 2018

HPS | CEBAF12 @ JLAB e, 1-2 GeV 109 EOT (W) | Alstrahlung A Sete Running 2016-20
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ATLAS/CMS LHC BCERN m 8, 13 TeV few fb~* H <4 + MET At Running
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SeaQuest Main Inj. & FNAL p. 120 TeV 1.5 Meson, A'-strahlung A" =ty Proposed 2017-19
SHiP SPS GCERN p, 400 GeV 2 10°° POT | Meson, A'-strahlung A =sete upym Proposed 2026

Vector portal: invisible searches
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VEPP-3 VEPP-3 @t Budker Inst. | e, 500 MeV 1.5 MHz 4y ete” = Ay detect 4 + M. Proposed
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Vector portal: direct DM searches
SBND FNAL p, 9 GeV 2 1077 POT Meson, A'-strahlung A" < @ detect @ 3@ 110 m Under study
T2K Tokas- Kamioka p, 30 GeV 107 POT " Meson, A"steahlung A" = pp detect ¢ & 280 m Running
COHERENT SNS @ Oak Ridge p 1 GeV 10% POT Meson, A-steahlung A” - @9 | detect ¢ @ 20 m 2°-0A Proposed
SHiP SPS 2CERN p, 400 GeV 2 108" POT Meson, A'-steahlung A" — @ detect @ & 100 m Proposed 2026

LBNF DUNE ©FNAL p, 120 GeV 31071 POT Meson, A”-steahlung A” - @9 detect ¢ @ 500 m Under study 2020
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Vector portal: visible searches
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Vector portal: visible searches

Projections for

LHCb (15 fb"') and Belle II (50 fb™)
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Vector portal: visible searches 11

Projections for HPS and APEX (JLAB) [™T— © r "
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Vector portal: visible searches

Projections for VEPP-3 (Budker Institute)
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MAGIC @ MESA (Mainz):

Vector portal: visible searches 13

Projections for MESA (Mainz) [ 7 "7
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155 MeV e, 1016 eot (Xe gas), A’-strahlung, A’ —e* e, comm:2020



Vector portal: visible searches 14

Projections for Mu3e (PSI) [, * 71 T T T
1 N HEY :
- e LI .
[ el X
- . E774 ~”" ______ ‘
- E141 \) . =
S S —
= o —
- ) e Orsay, U70 —
- Qi e CHARM, NuCal —
; E137, SND _:
: SN _j
ll__ 1 1 L1 111l I 1 1 L1 1111 I 1 1 L 1 11l I 1 1 L1 11 I'I'_I'
1 10 107 10° 10°*
M(A”) (MeV/c?)
Mu3e @ PSI:

28 MeV p-, 10'5-10'6 p-, p—vwA’, A’ —et e, 2017+



g?ay (m,/m,,)*

107

(mxz mA’)

-—h

1
=
—h

—h

Q
—h
a

Vector portal: visible searches
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FermiLab - US

Dark Matter searches at FNAL:
beam dump - dark matter beams = detectionby scatteringin detector
In neutrino detector, DM signature ~ neutral current event

memmm) 1. SeaQuest arXiv: 1509.00050 e
=5

uQ

Y

’//'li‘

(discussed inthis workshop)

2. MiniBoone arXiv: 1411.4311

-
decay plpo (Air)
Dirt

longterm, ~no-cost, - s “ T e A .
well-understood detector Q ’ O™~ T B AW vaxs X

3. “6° of Separation” arXiv: 1512.0385
new ideas for NuMI beam and LBNF: sit 6° away to minimize neutrino flux,
look for dark matter beam.

MiniBoone ~ 6° from NuMi line (but a little close)

LBNF possibilities (see below)
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SeaQuest@FINAL: search for Dark Photon and Dark Higgs 17

120 GeV protons, 2x10'? ppp (5% of MI) 4 sec spill, 200 days, 2x10'8 pot

- now: Use E906 (currently running) setup (nucleon, nuclear structure physics with DY)
- 2017-2019: parasitic run with x10 TDAQ rate (10 kHz), new tracker
- 2020++: dedicated run, e/n PID capability, x100 TDAQ rate (100 kHz)

op View (Bend Plane)

St-4 muon ID

KMag st-2 tracking St-3 tracking

St-| tracking

- c
»
- ..
- ..

-
-

) *

NEW fopward B |
atkwa T— N
r

itor -

M—e

L Y
Z (meter)

Interesting experiment: we have to keep an eye on it....



62

10"

10

10—19

Vector portal: visible searches

SeaQuest compared to SHiP
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SeaQuest, 2017-2019

SeaQuest, 2020++

= SHiP brem., 2026++
SHiP QCD, 2026++

1 IIIIIIII 1 IIIIIIII 1 |||||I'I'_H

10

107 10° é°4
m(A') MeV/¢)

18



62

Vector portal: visible searches

All experiments together: [T T T 77T T T 77T
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Scalar Mediator
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How to survive CMB for scalar mediator?
Choose LDM candidate & coupling

X~
Scalar DM - .
-~ @ h e R
both s-wave!
X /,’ \\‘ ¢
(mg > my) X (mg < my)

T — ———
Need particle asymmetry or inelasticity for CMB satety

Fermion_ DM >--><—-< |
IxPXX e

(m¢ < mx)

m¢>ml

10—
Can also include ¢)Z’)’5X Both CMB ok!
must be tiny (adds s-wave piece) ov X v



Thermal Target: Direct Annihilation to SM

X f
IX —_— f —
6 =3\ 'm,
X f Coupling scales with SM fermion mass
(mgy > m,)
4
2 2 [ Mx 1
ov = Z ov X
(0v) 5 o gy 9e (m¢ ) —
f X
4
In analogy with _ 2 2 My
. s Y =09x9e
dark photon target Mg

Normalized to electron coupling because it's relevant for every mass point
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Direct Annihilation: Ruled Out
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Collider and meson constraints use conservative 174 = 3171,

gx:]-
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Constrained by B—K invisible decays, Higgs invisible width and low mass direct searches
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Annihilation to Mediators: Thermal Target?

9x
* e ¢ Annihilation rate independent of SM
3gtv?
_ X
X @-———————-- é
(Mg < my)

B — e — f

Mediator decays visibly to SM final states = ---x--

& h

Can still produce/observe mediator, but no direct target

So long as annihilation is p-wave
DM doesn’t matter for bounds



Scalar Portal: current and future limits

DM never thermalizes through mixing
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Conclusions

Focus on light DM with thermal origin:
-light DM requires light mediators to reach equilibrium.

Focus on Vector and Scalar mediators decaying to visible SM final states:
- Very lively community planning several experiment in the near and far future.

- SHiP has a unique sensitivity uncovered by current or future experiments.
- Keep an eye to SeaQuest@FNAL and NA62 (@ CERN (see talk later on)
for sensitivities and backgrounds.



