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Thermal dark matter

Dark sectors provide an interesting framework for light thermal dark matter

Thermal dark matter
* Relic abundance generated via thermal freeze-out in the early universe

* Simple and generic, only requires non-gravitational interaction > Hubble expansion rate
* Same interactions govern DM annihilation and DM production in laboratory
* Thermal hypothesis greatly restricts the possible DM masses

-22 ~ ~
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non thermal thermal freeze-out non thermal

Light thermal dark matter

Thermal DM allows mass down to ~MeV, but requires a new % SM
mediator below a ~ GeV to explain the relic density or the ===
universe is over closed (Lee-Weinberg bound)

Light new mediator must be neutral under the SM forces T md
— Naturally realized in the context of dark sectors
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Dark sectors

What are dark (hidden) sectors

* New particles that do not couple directly to the SM particles
* Couple indirectly via new mediator particles through “portals”

* Dark sector structure could be rich, including many new fermions and
bosons with complicated DS interactions. After all, the SM is non-trivial,
and there is no reason for the dark sector to be simple

Why dark sectors
* Dark matter may reside in the dark sector. Simple (thermal) and novel
cosmologies are possible

* Dark sectors may play a role in addressing other puzzles (e.g., neutrino
masses, matter-antimatter asymmetry,...)

Dark sectors and accelerators

* High intensity expts are ideal to probe weak couplings and DS structure

* Existing accelerator expts already provide leading constraints, and new
proposals will greatly improve the sensitivity in the coming years
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The portals

There are only a few minimal interactions allowed by Standard Model symmetries between
the dark sector and the SM — the “portals”

i New gauge boson A’ (dark photon) mixing with A ¥
£ r- e BHVA’ gauge boson ark photon) mixing wi AN
a SM photon/Z via kinetic mixing

bl () H

g Scalar - H%(ud + A¢?) New dark scalar ¢ mixing with SM Higgs =  ===== @ -—=-=-

b New heavy neutral lepton mixing with left- N \Y

S i -

a MR = il handed SM doublets and the Higgs boson —e

=5

Dim

Y
Pseudoscalar (axion) New axion / axion-like particle coupling to __E__
1/fa(c1tr(Ga)+c2F'IE'+c36uj”) a gauge and fermionic fields y

There are many variations on these themes with different couplings (e.g. anomaly free
gauge bosons B-L, Lu - Lt,...)

In some cases, these mediators come with additional motivations (e.g., neutrino masses,
heavy QCD axion, anomalies,...)
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The portals

There are only a few minimal interactions allowed by Standard Model symmetries between

the dark sector and the SM — the “portals”

New gauge boson A’ (dark photon) mixing with ANNINNL

SM photon/Z via kinetic mixing

Scalar - H%(ud + A¢?) New dark scalar ¢ mixing with SM Higgs

. New heavy neutral lepton mixing with left-
MR = il handed SM doublets and the Higgs boson —e

Y
Pseudoscalar (axion) New axion / axion-like particle coupling to __E__w
Y

gauge and fermionic fields

4 . .

1/fa(c1tr(Ga)+c2FF+c36uj“) a

In the following, we will take the vector portal as our benchmark scenario,
but many observations apply to the other possibilities
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Vector portal

The phenomenology of vector portal dark matter depends on the A’ / DM masses
(dark photon couples just like photon with couplings suppressed by kinetic mixing)

Indirect annihilation Direct annihilation
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Visible decay (SM) 2m, Invisible decay (DM)
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Vector portal

An intriguing scenario: direct annihilation in the regime m, > 2m,

— relic density depends only on the mass, spin and dark sector couplings

Indirect annihilation : Direct annihilation
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And the best part ... this can be probed in laboratory!
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Scalar portal

. mf _
* Dark scalar couples just like Higgs, but with Lcup+ 2pHHH Sm(e)?(mmp

couplings suppressed by mixing angle

SM
¢ -
e Current experimental constraints already
rule out direct dark matter annihilation to M
SM via the scalar portal Direct annihilation

Invisibly Decaying Scalar Mediator, Dirac DM, g, = 1, mg =3 m,

* Secluded annihilation is still possible — dark
matter is heavier than scalar and scalars
decay to visible particles

LY

= (g,

Ke

* Dark scalar may be long lived and decay L e
outside the detector acceptance SR

 Wide range of (proposed) experiments to
search for these possibilities
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Experimental considerations



Why accelerators?

Thermal DM annihilation and laboratory production are governed by the same interactions
Study dark matter properties (mass, spin, couplings) in a controlled setting

Coupling strengths required for thermal dark matter can be probed by accelerator experiments

Less dependent on DM properties and cosmological assumptions than direct / indirect detection
Direct detection capabilities are strongly dependent on the nature of DM

Some of the effects suppressing non-relativistic annihilation also suppress non-relativistic
scattering

Direct Detection of Sub-GeV DM
10734

Accelerator Targets for Sub-GeV DM

Thermal DM

target region

D
e
sy,
o
Relativistic production at accelerators:
almost insensitive to spin and mass

Need direct detection to confirm
cosmological nature

Pseudo-Dirac DM: Dirac fermion whose two Weyl states are split by a small mass via Majorana term
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Why accelerators?

Thermal DM annihilation and laboratory production are governed by the same interactions

Study dark matter properties (mass, spin, couplings) in a controlled setting

Coupling strengths required for thermal dark matter can be probed by accelerator experiments

Less dependent on DM properties and cosmological assumptions than direct / indirect detection

Direct detection capabilities are strongly dependent on the nature of DM

Some of the effects suppressing non-relativistic annihilation also suppress non-relativistic

scattering

Dark sector taxonomy

Theory Facilities / production
mediator portal type of experiment

Vector — eB™A, Colliders

Scalar— H2 (uS + AS2) Fixed target and beam dump

Neutrino — yHLN (electron and protons)

Axion — g, FWF, a Neutrino experiments

(1Y

Meson factories (K,m,n,...)

Muon beams

Final state
experimental signature

(Semi-) visible decays
Re-scattering (aka recoil)
Missing mass

Missing momentum / energy
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Visible / semi-visible decays

(Semi-) Visible

Detector Target Detector Dump Detector

—=

cTy = Imm x (10° / €2) x (100 MeV/m,,)

Beam Beam

Beam

o~ g2 )
o~¢

Main features — visible decays
* Wide variety of collider signals, usually simple topologies to detect all particles
* Large signal yield (o~ &?)
* Collider constraints typically cover “large €2” (small A’ lifetime) over large mass regions

* Beam dump constraint have typical “triangular” shape dictated by geometrical constraints and

rates — decade old experiments still provide leading constraints in some part of the parameter
space!

Main features — semi-visible decays

* More complicated decay chains, multiple lifetimes and mass scales

* Example include inelastic DM, SIMP, dark showers,....
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Re-scattering (recoil)

Target / Dump Dirt Detector
Beam -
oc g2 2
GoxEg O o OlpE
X X X
o D, 7 e L
o Al Al
.0
w0, n .
N e, N ! hY ! A <'rr0 Jonlz)
Xt.’ ""-..N-’
Elastic electron, nucleon , ) .
Neutral mesons decays nucleus (coherent) scattering Inela:t:;:j:tl:it:rl‘ pien Deep inelastic scattering
+direct production +inelastic DM
+... + electron

+...

Main features
* Low signal yield (o ~ €%), need very large flux to compensate
* Sensitive to dark sector coupling constant, o, = g,/ 4n

* Non-negligible neutrino background. Mitigate using timing + thick target (beam dump mode)

—»
0 Short lifetime

decay in flight

Short lifetime

0 Lo
Beam e T T decay in flight Bearm

target

MiniBooNE, 1807.06137
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Missing mass

Collider Fixed target E,0 Decays v,
Target
e* beam . .
non interacting M v,
beam beam beam
/ DS Vv,
/ \ CanrimetI S S

Main features
e Less sensitive to dark sector structure

* Need good detector hermeticity to measure all remaining particles, often restricted to low-
multiplicity reactions in clean environment

* Typically bump hunt over large background

* Need high-intensity colliders or positron / meson beams
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Missing energy / momentum

Missing energy Missing momentum

Target Target

e beam e” beam

x
x

4|

Calorimeter

Tracker Calorimeter

Main features
* Measure one electron at a time to uniquely associate incoming / outgoing particle
» Search for events with large AE or Ap and no other product in the detector

* Large signal yield, maximizing sensitivity for a given number of electrons

Missing energy vs missing momentum

* Missing energy has higher signal yield / electrons on target (EOT), but missing momentum
has additional p; discriminator, and p; spectrum sensitive to m,/m. .

B. Echenard - MIAPP workshop (2026) - p.15



A vast landscape

(Semi-) visible

Re-scattering

Missingp / E

Missing mass

(random ordering)

Dark sectors — a personal selection of current and proposed experiments

® ATLAS / CMS ®NAGA @ LDMX MicroBooNe
® | HCb ) ’ e \°
] ® Milli @ HPS APEX @® NOVAT2K ® NAG2
Belle-Il @ Millian ® VIAGIX @ SHIP BN DUNE. ® KOTO ® NAGA-p
@ BABAR ® DARKLIGHT '
© oo @®DARKQUEST
@ FlaRE ® CODEX-B
® NAG2
@ COHERENT, CCM
®SHIP @pip-i 8D
® FlaRE @BDbX LSND, T2K
@DARKMESA o
®  SBN,
MicroBooNe,
DUNE,....
® LDMX ® \v°
® NAGA ® NAGA-1t
® AWAKE
o5l @® PADME
Belle-lI
e
® BABAR MMAPS
Collider Fixed target / Neutrino Meson Muon
beam dump experiment factory beam
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Colliders and related facilities



Low-energy colliders

BABAR, BES, Belle ()

Visible dark photon
ete > YA, A' > ete, utw

Invisible dark photon
e*e"— YA, A’ — invisible

L, — L, models
ete > utu Z/,
Z’ —invisible, uu, 1t

ete"— utw Z, 2’ — invisible

Belle 1l Z' = invisible) = 1 jL dt = 79.7 fb~!
10° g

Fullyi -

Expected ,'

Mz [GeV/c?]

PRL 130231801 (2023)

Gauge variations
B-L, Li-Lj, U(1)g,...

ete > uw 2,2 - prw

Belle Il

——90% CL UL [ Expected UL + 1o Expected UL + 20

]
m,[GeV/c?]

Phys. Rev. D 109, 112015 (2024)

etee > YA, A' > ete, utw

BaBAr
2009

A

~ KLOE 2014

BaBar
2014

2014

PRL 113 (2014) 201801 and PRL highlights

e*e"— yA', A — invisible

JSavored BABAR 2017

(2017) and PRL
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Low-energy colliders

BABAR, BES, Belle ()

Visible dark photon Invisible dark photon
ete > YA, A' > e'e, W e*e"—> YA, A — invisible
L, — L, models Gauge variations
ete > utu Z/, B-L, Li-Lj, U(1)g, ...

Z’ —invisible, uu, 1t

Dark Higgs
ete — A’h’, h" = A’A’, invisible
IDM(— e*e’) + h' (->pt)

Inelastic DM and Higgs production

PRL 135 (2025) 13, 131801

51 Belle Il [£dt=365 fb~!
10}
m(h') (GeV/c?)

m, = 1GeVic?
02 03 04
%k m, =0.3 GeVic?

I —Belle upper limit f

7k - -BaBar upper limit,
Belle expected

°F limit J

PRL 114 (2015) 211801, PRL 108 (2012) 211801

e*e > A™ - h'A, h’ — invisible

Belle Il [£dt=8.34fb~! My = 2 GeV/c?
90% CL UL My = 4 GeV/c?
My = 6 GeV/c?

M4 = 8 GeV/c?

My [GeV/c?]
PRL 130 (2023) 071840
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Low-energy colliders

BABAR, BES, Belle ()

Visible dark photon
ete > YA, A' > ete, utw

Invisible dark photon
e*e"— YA, A’ — invisible

L, — L, models
ete > utu Z/,

Gauge variations
B-L, Li-Lj, U(1)g,...

Z’ —invisible, uu, 1t

Dark Higgs
ete — A’h’, h" = A’A’, invisible
IDM(— e*e’) + h' (->pt)

Self-interacting DM
ee" > Y, > AAN

Leptophilic dark scalar
ete > 1t h', h' > e*e’,u'w

Axion like particle
B — Ka, a =>yy

LLP dark scalar in B decays
B —>KS, S — ee, pp, nt, KK

e*e"— ya, a oYy

B-mesogenesis
(not DS related but fun)

Low-energy colliders can probe a vast array
of portals and signatures

ALP e*e" —> va, a =Yy

Belle Il (2018)
[Ldt = 445 pb?

B. Echenard

PRL 125, 161806 (2020)

Belle Il

Belle Il

[Ldt =189 fb!

10°
ms (GeV/c?)
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High-energy colliders

Visible dark photon at LHCb and CMS

arXiv:2203.07048

LHC experiments

* Can explore a wide range of signatures over a large
mass range, but high occupancy typically prohibits
missing mass/energy searches

* Low mass searches must deal with large bkgs and
usually require dedicated trigger(s)

* Ideal to explore coupling to Higgs (scalar portal)
* Renew interest for light NP and long-lived particles

at high-energy colliders, expect to see many more
results in the future

Dark showers at CMS

F

CMS —— Vector portal {m;=2 GeV, c1=10 mm)

Vector portal (mg=20 GeV, ct=10 mm}

t

ATLAS xp. ww Obs.  Channel

=[125.35] GeV Two DV
m,,m, = [125,35] Ge One DV

fe—d 7 PoAAn
15=13 TeV, 140 o one DV + two DV
] 75 0@ 125 150 175 200

5 3 1 10 107 10°
JHEP 03 (2026) 129 e Scalar proper decay length (ct) [m]
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High-energy colliders
Forward LHC experiment (FASER, FASERv, FLArE, FORMOSA, SND@LHC,...)

* Exploit large rate of forward mesons at LHC to search for light long-lived weakly interacting
particles and TeV neutrinos

* First evidence of collider neutrino detected by FASERv (2105.06197)
* Probed unexplored parameter space for dark photon and axion like particle (2410.10363)

* Forward Physics Facility proposed to further extend physics capabilities and sensitivity

charged particles (P<7 TeV)

forward jets

LS
e 2 2 neutrino, dark photon

v e .
L LHC magnets
p-p collision at IP 100 m of rock

of ATLAS

(8

rASeR

L=57.71b"
ALP-photon

weco FLLSER AScA

L=57.71b" E L=57.71fb"
Dark Photon I % u(1),

Coupling g

w
o
£
X
=
L
©
£
X

ALP Coupling g, [1/GeV]

! 5
40 50 60 70 8090100 300 400 500 1000 G 2 4 50 60 70 80 90 100
m, [MeV] Gauge Boson Mass [MeV| m, [MeV]

JHEP 01 (2025) 199
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Fixed targets, beam dumps, and others



Fixed target - electron

HPS @ JLab CEBAF
* Compact e*e spectrometer located in Hall B
* Low-mass, high-rate silicon vertex tracker

* Physics runs in 2019 (4.55 GeV) and 2021 (3.94 GeV),
more planned in near future

* Prompt and displaced dark photon searches, expect to
probe new parameter space with latest data

DARKLIGHT @ ARIEL (TRIUMF)

* Pair spectrometer to search for A" — e*e with the
30 (50) MeV beam at ARIEL

* Data taking at 30 MeV in 2025 and analysis in 2026

MAGIX @ MESA

* Dual arm magnetic spectrometer with windowless
gas stream target at MESA linac (105 MeV e- beam)

* Search for di-electron resonance and three-body
missing-mass (with recoil nucleus reconstruction)

Linear Electromagnetic

Calorimeter
(ECal)

Positioners

Silicon Vertex
Tracker
(SVT)
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Fixed target - positron

PADME experiment

PADME @ LNF
* 550 MeV positron beam from LNF linac

* Model-independent search in recoil
mass spectrum (e*e- — y A’)

* Can also measure etfe" — e*e  and
ete" —> vy

The X(17) saga
* Anomalous excesses in 8Be, 4He, and

“H(p_.e+e')4He

E‘h: 510 keV

e

Counts/(5 degrees)

12C atomic measurements of internal T, et NAG4 exclusion
pair creation lﬁﬂ
* Possible explanation: new protophobic | ek
boson with 16.7 MeV mass (X17) : ﬂz_ﬁmﬂﬂ o
* Not entirely excluded by NA64 and oo 1
MEG searches : A

17

40 50 60 70 80 90 100 110 120 130
O (degrees)

PRC 104, 044003 (2021)
m y, GeV

PRD 101 (2020) 7, 071101

PRD 104 (2021) 11, L111102
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Fixed target - positron

PADME @ LNF
* 550 MeV positron beam from LNF linac

* Model-independent search in recoil
mass spectrum (e*e- — y A’)

* Can also measure etfe" — e*e  and
ete" —> vy

The X(17) saga
» Special run to search for X(17) in e*e
— e*e” events with resonance search

* Observe a 2.50 bump consistent with
X(17) production

* New run in preparation to take more
data with improved detector to reach
the last chapter of this story

PADME experiment

Sideband data, Scan 1
Sideband data, Scan 2
data, Scan 1

data, Scan 2
Sideband fit
------- Sideband fit in masked region

JHEP 11 (2025) 007

180 185
M, [MeV]
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Beam dump - proton

DarkQuest @ FNAL
* Fixed target experiment at 120 GeV proton beam (Fermilab Main Injector) impinge on ~5m
iron beam dump with short decay volume
* Sensitive to a wide variety of light new physics models
* High energies, short baseline allows to probe long-lived particles with moderate lifetimes

SHIP @ CERN
* Proton beam dump experiment to search for dark sector signature and study neutrinos

* Two detectors for complementary search strategies: scattering (LDM and neutrino) and
visible decays (DS particles)

Excluded, b Excluded
107

\‘

\ 1040
W
107
1046 ——
5

1071

S o
- === Access shaft

BDF service building

~100m

Experiment service building

0.05 0.10
My [GE:V/CZ]

A =0
Excluded ]
107

chs ; ; -!_ - S

Target complex z " 1
ECN3 - 2 L ] L |

Muon shield
Scattering and Decay volume with - 3
pectrometer
Neutrino Detector (SND background taggers Timing and
particle identification

2 5 5 s 2.0
ms [GeVIc?] m,, [Gevic?]

Nuovo Cim.C 49 (2026) 1-2, 49
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Neutrino experiments

CCM @ LANL, COHERENT @ ORNL

* CEVNS measurements, sterile neutrino search, and
vector portal DM

* DM from p°/n° decays and 1 captures

e Uses timing to reduce neutrino background

Short baseline neutrino experiments @ FNAL
* Short baseline neutrino experiment with LAr detectors

* Sensitive to variety of DM models

LSND @ LANL, MiniBoone-DM @ FNAL, NOVA @ FNAL

e Search for light DM scattering of detector material

e Large neutrino background, mitigated with dedicated
off-target run or shower energy/shape

Dune @ LBNF

* DUNE-PRISM — moving LAr near detector off axis
increases DM-to-neutrino flux

Limited sensitivity to low masses due to large
neutrino background

=
CENNS-10

“—*‘r!.\

COHERENT at ORNL

“\Hg TARGET
)
J

"/~ SHIELDING MONOLITH

vector portal DM (direct / m,, > 2m,)

B. Echenard

m,(GeV)

arxiv:2207.06898
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Missing energy / momentum experiments



Missing energy - electron

NA64 @ CERN

Missing energy experiment at the secondary electron and muon beam lines at SPS

Experimental concept

* Tracking system to measure energy of
incoming e-

e ECAL as active target to produce A’

* Measure outgoing energy with ECAL
and HCAL

» Search for large missing energy

Current and projected results

Visible A’ decays

- Current results for ~10'2 / 1020/ 102 § 7 > N T
e/ e*/u on target (EOT/POT/MOQT) o o
* Plan to increase statistics by 1 (3) \ — 4 , N

orders of magnitude for electrons - e
(muons) during 2030-2035 period

* Run with hadrons to probe .
leptophobic models and invisible iy 250514251
decays of vector mesons and K, PRD 101 (2020) 7, 071101
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Missing momentum - electron

LDMX @ SLAC

* Missing momentum (and energy) experiment at
LESA beamline at SLAC

* More kinematic handles to reject backgrounds,
discriminate final state electrons from photons

* Recoil tracker to measure outgoing electron and
calorimeter to reject SM backgrounds down to
1016 EOT

* Recoil e- p; can be used to infer mediator mass

e Can probe all thermal targets!

LDMX Sensitivity an

ap=0.5, my=3m,

arxiv:2508.11833

) LD MX simuiation

—— Relic Target, ap = 0.5, M, = 3m,

= Correct (ma, y)

e2oup(m,/my;

® Scalar

y=

Majorana

Invisible * Pseudo Dirac
Meson Decays

Full Lumi: 1.6 10> EOT (8 GeV) on 40% target

m, [MeV]

102

my [MeV]
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One more slide on muon beams...



Muons

NA64-mu @ CERN

Muon beam
160 GeV

* Missing energy signature from muon beam radiating Z’ boson
* Scattered muon momentum << initial muon momentum Muonphilic 2’ — invisible
* No energy in all calorimeters

* First data taking in 2022, collected 4x10'° MOT

M3 @ FNAL

* Proposal for a muon missing momentum similar to
the LDMX experiment with a muon beam

PRD 105, 052006 (2022)

Mu3e experiment Dark photon A" — e*e-

* Use high-intensity stopped muon beam to search
for dark photon u — evvA’, A’ — efe

BABAR
2014

MEGII (-fwd) experiment

* Search for ALP in u — ea (ask Jure) Mifier Woikiinprogrese

1 m, [GeV] 10

arxiv:2204.00001
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Epilogue



Vector portal outlook

Operating experiments will mainly
cover low mass, large mixing region
(~10°-103)

Beam dump experiment have the
opportunity to cover intermediate
mixings (~107°)

Future neutrino experiments (Dune
w/ near detector) will probe
smaller mixings (~107-108)

Direct annihilation thermal DM
define sharp targets at large mixing,
fraction of parameter space can be
probed in the near future

Secluded thermal dark matter can
be realized over the entire
parameter space

Visible decays

Experimental Approach
e’"e  Collider
——  pp Collider
pp LLP
e Fixed Target
p Fixed Target

Muon Decay

Line/Shading Types
Excluded
Operating & DUNE
Proposed (U.S. Based)
— —— Proposed (U.S. Leadrsh
------ Proposed (International)

Post—2032 Proposed

my [GeV]

RF6 report, arxiv:2209.04671
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Vector portal outlook

Existing experiments have already
covered a fraction of the thermal
targets (direct annihilation)

Upcoming experiments should be
able to conclusively probe the
thermal targets with a combination
of electron and muon beams

Muon beams can also probe
couplings to the second generation

Invisible decays

DM Produced via
Coupling to
electron

- muon

hadron

B. Echenard

Line/Shading Types
Excluded

Operating Exp. & DUNE
DM New Initiatives

Non-DMNI Proposed

Int'l Proposed

Post-2032 Proposed

Thermal Milestones

RF6 report, arxiv:2209.04671
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Scalar portal outlook

Operating experiments already

cover a substantial amount of the o[ Zxperimental Approath ‘?‘:']ﬁ"‘f"“"h
J e e Collider
parameter space below ~5 GeV pp Collider
j_ap LLP
p Fixed Target
Exciting opportunities for detector Kaon Decay

concepts looking at long lived
particles to extend the reach to
smaller mixing angles

Region at lower masses remains
unexplored, need new proposal to Line/Shading Types
bridge that gap . Excluded

Secluded thermal dark matter can
be realized over the entire osed Tntorn
pa rameter Spa Ce Post —2032 Proposed

ms [GeV]

RF6 report, arxiv:2209.04671

B. Echenard — MIAPP workshop (2026) — p.37



Scalar portal outlook

Heavy neutral leptons (HNLs) may be

produced through weak interaction \\\\

decays of hadrons, leptons, and W, Z > NARY /[}*
7 \ 4oy j }

bosons

HNLs decay via charged and neutral
current reactions, final state depends
on mass and couplings

Electron and muon couplings already
well constrained, bounds on tau
coupling somewhat weaker

Future experiments will explore the
0.1 - few GeV regions with increased
sensitivity

SHiP, 2x10°° pot

arXiv:2305.01715
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Conclusion

A century after its discovery, dark matter remains an elusive mystery

Accelerators provide crucial information to study dark sectors
* Complementary to other probes (direct/indirect detection, cosmology,...)

e Can decisively test some of the simplest thermal DM scenario
* Potential to explore dark sector structure and couplings

Still plenty of room for dark matter to hide
* Motivation for new ideas and measurements at colliders and fixed target /

beam dump experiments
e This talk focused on the simplest vector and Higgs portal scenarios, but there

are many other interesting variations

Many exciting results on the horizon and beyond!

More information
* Snowmass RF6 report (2209.04671), FIPS 2022 report (2305.01715)
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Conclusion

If you want to play with dark sectors, they are on sale for $9.99 — just ask google
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Extra Material



B-mesogenesis in a nutshell

B-mesogenesis* is a scenario proposed to simultaneously explain the baryon asymmetry
in the universe and the presence of dark matter via B-meson decays

In a nutshell:

* Introduce a new heavy, weakly coupled scalars produced in the early universe
(®), a dark sector baryon (y,), and a few more dark sector particles

 Heavy scalars decay into a bb pairs, a fraction of which hadronizes into B mesons

* Neutral B-mesons undergo CP-violating oscillations and decay into baryons (B),
dark-sector anti-baryons (y,), and any number of additional mesons (M)

* Because of CP violation, the B —» B + y, + M decays slightly dominate over the
B - B+, + M decays

B-mesons decay into

t of ilibrium
Oute 3 e CP Violaﬁng oscillations Dark Matter and hadrons

late time decay

= Ishr st | iBge Dark Matter
b (anti-Baryon)

<

Tr ~ 15MeV . Br(B— vy +B+M)

b B; 1 B; @ Baryon

* Elor, Escudero, Nelson, PRD 99, 035031 (2019); Alonzo-Alvarez, Escudero, Elor, PRD 104, 035028 (2021?
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B-mesogenesis in a nutshell

B-mesogenesis* is a scenario proposed to simultaneously explain the baryon asymmetry
in the universe and the presence of dark matter via B-meson decays

In a nutshell:

* Introduce a new heavy, weakly coupled scalars produced in the early universe
(®), a dark sector baryon (y,), and a few more dark sector particles

 Heavy scalars decay into a bb pairs, a fraction of which hadronizes into B mesons

* Neutral B-mesons undergo CP-violating oscillations and decay into baryons (B),
dark-sector anti-baryons (y,), and any number of additional mesons (M)

* Because of CP violation, the B —» B + ¢, + M decays slightly dominate over the
B - B+, + M decays

* As aresult, there is a net excess of baryon in the visible sector, and an anti-
baryon excess of the same magnitude in the dark sector — baryon number in the
whole universe is conserved, but a net excess is present in the visible sector

 The y, decays into other stable dark sector states, and their present-day
abundance can reproduce the observed dark matter density. Kinematic
constraints require that the ¥, mass lies between 0.94 — 4.34 GeV.

* Elor, Escudero, Nelson, PRD 99, 035031 (2019); Alonzo-Alvarez, Escudero, Elor, PRD 104, 035028 (2021?
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B-mesogenesis in a nutshell

. . . . . . . oo 11 Br(B > ¢ BM)
This scenario requires a large (inclusive) branching Vg~ 87 x 1074 ———
fraction B » B + Y, + M, greater than ~10%,

) . . . d,s
depending on the semi-leptonic asymmetries A¢; oo oy

* Testable at experimental facilities, but
exclusive channels have lower branching
fractions (see next slide)

°| Baryogenesis and Dark Matter

The type of baryon produced depends on the operator
mediating the interaction, leading to many final states

* Need to explore all channels to fully test this Operator
mechanism as a single operator could be '
sufficient for successful B-mesogenesis

B-factories well suited to probe these possibilities.
BABAR searched for the following exclusive reactions:

« B> A+y)

* BT -op+yp
* BT > AT+ Yp

PRD 104, 035028 (2021)
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B-mesogenesis in a nutshell

+_>p_|_ll)D B+—>A-(I;+II)D

=
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-
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Upper Limit of Br(B* — wpA/)
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2
2
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(=]
=
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.
o
@
Y
o
=
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—
]
o
o
-

3.5 4.0
my, [GeV/c?]

Limits on the branching fraction at the
level of 106 - 10*

Upper Limit of Br(B®-ypA)

Exclude a large fraction of the favored
(this wort) parameter space for 3 out of 4 operators

.« = (yob)(us) #— Belle Experiment
= (yps)(ub) BABAR Experiment

r)’ = (ypu)(sb)

1.0 1.5 2.0 2.5 : 3.5 4.0
PRD 107 (2023) 092001 m,, [GeV/c?]
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Cosmological constraints

Primordial DM annihilation injects energy in the CMB — distorts spectrum

6000
5000

4000 “‘ " - Excluded by CMB

= 3000

" 2000

AMS anti-proton excess
Fermi Galactic center excess

m, [GeV]

Rules out DM masses below ~10 GeV but probe temperatures << freeze-out temperature

Allow models where annihilation rates decrease at low temperatures:
* p-wave annihilation — velocity suppressed (scalar and Majorana fermion DM)

* Inelastic co-annihilation — two states split by A mass, shuts off before CMB since heavy state
has decayed (inelastic scalar or pseudo-Dirac fermion DM)

Exclude s-wave annihilation — no velocity suppression (Dirac fermion DM)
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Visible dark photon decays

liten et al., JHEP 06 (2018) 004

Alternative dark photon couplings

Extensions of these portals can be constructed _
by gauging accidental symmetries of the SM or
individual flavor numbers, e.g.

B— L model

10 .
mp_r, | GeV |

* vector coupling to B-L current

* aleptophobic B boson coupling directly to
baryon number

PS191
NOMAD CHARM

» vector mediating protophobic force .

B model

* Vector coupling to Li-L; i,j=e,u,t

Constraints can be significantly weakened
depending on the model — need multiple
measurements to cover all bases

protophobic model

CHARM
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Dark Higgs boson

PRL 108 (2012) 211801

Search for dark Higgs boson h’

Dark photon mass is generated via the Higgs
mechanism, adding dark Higgs boson(s) to the
dark sector content

Can be produced via Higgsstrahlung process via
etee > A* > h' A’

Decay topology depends on the dark Higgs and

dark photon masses: either invisible or visible

Search for visible h’ decays at BABAR:
etee>A" >S5 h'A,hY>AA,A > Il atn

No significant signal observed, set limits on the
product ayg? at the level of 1010-10

Op = gDZ/ 47[
dp is the dark sector gauge coupling

etee > A" >h'A, > AA A S Mt

'''''
...........

| Belle expected
F limit /

4 8
m,, [GeV/c?

Belle Collaboration, PRL 114 ‘(2015) 211801
BABAR Collaboration, PRL 108 (2012) 211801
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Leptophilic dark scalar

Search for a leptophilic dark scalar ¢, in e*e” — t*1" ¢, ¢, = I (I=e,n)

A new leptophilic scalar interacting mainly with leptons rather than quarks could escape the current
constraints and explain the g-2 anomaly (1606.04943, 1605.04612) and the KOTO excess (2001.06522)

Mass proportional coupling implies that this scalar is produced preferentially via its coupling to the
tau, and decays mainly to the most massive lepton-pair kinematically accessible

Search for ete — t*1 ¢, &, = Il (I=e,p), final state ¢, — 77 has too many neutrinos to provide
competitive constraints

90% CL limit

—ct=0

---ct=1mm
ct=10mm

- et =100 mm

"~0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2 0.2
m
0

, (GeV)

-
o, > nu

(prompt)
— Belle ¢, 90% CL

BABAR 0, 90% CL

10
2207.07476

PRL 125 (2020) 181801
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