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Dark matter / dark sector / dark photons

-+ A natural explanation to explain olbserved dark matter
properties is “freeze out”: dark matter and standard
model matter were in thermal equilibrium in the early

universe. YT e €, Fi

- As the universe cooled, dark matter production and

annihilation essential stopped, giving the observed relic
density.

For low mass dark matter, this requires a new feeble
interaction: dark sector.
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Particularly simple case: dark matter x plus dark
photon A’.

Dark photon mixes with strength € with the photon.
A Y
AA~ANANABA~A~A~A~
£

Dark photon decays and interactions are then related
to standard model interactions.
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Caveats; things | am not going to discuss

- The dark photon could itself be dark matter if it were light
enough to only decay to three photons.

- There are other simple cases: dark scalar S that mixes

with the Higgs; heavy neutral leptons that mix with
neutrinos.

Dark sector could be much more complicated, giving
more complicated experimental signatures.

- e.g. "Inelastic dark matter” | sy
AL
X
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- Interactions could be more complicated, e.qg.,

couplings to only the 2nd and 3rd generations;
protophobic.

- Some of these models are motivated by anomalies

other than dark matter:
- muon g-2
- B = KL and related
- ATOMK]
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Which is heavier”? Dark photon or dark matter?

Determines how dark matter annihilates in the early
universe.

dark matter is heavier than dark photon dark photon is heavier than dark matter
X ! +
-— l _ &
4 A X o

In the 2nd case, the dark matter relic density depends on
the parameter y = &”ap,(m,/m,)*; there are specific
combinations of parameters that give the observed value.

coupling of dark photon
to dark matter, (1)
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Dark photon decay (and experimental signature)
also depends on relative mass

If my, > 2m,; A’ X
. £ N\A/\< “invisible”
experimental signatures: )?

- MISSINg energy / mass
- scattering in downstream (neutrino) detectors

Otherwise, dark photon decays like a virtual photon of
Mmass miy.

/
A X <M
“Nv@vw< “visible”
Sm

1 hadrons
ee

107}

B(A'>XX)

7y
102}

102 101 1
mp [GeV]
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Large standard model backgrounds for visible case,
e.g. y* — £7¢ . Experimental signatures:

- mass peak on a smooth background,;

- displaced vertex (non negligible dark photon
lifetime);

- extensive shielding (even longer lifetime).

Invisible decays: relic density targets for €.

- Visible decays: relic density targets only if
m, < my < 2m,.
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Focus of my talk

- Experiments that are operating.
A= ¢ or A’ = invisible.
- 10 MeV/c?2 < my < 10 GeV/c2.

- Most of the content is based on these two papers:

B. Batell, N. Blinov, C. Hearty, and R. McGehee, Exploring Dark Sector Portals with High
Intensity Experiments, Snowmass RF6 summary white paper “Big idea 2” (to appear on
arXiv).

M. Graham, C. Hearty, and M. Williams, Searches for Dark Photons at Accelerators,
Annu. Rev. Nucl. Part. Sci. 2021. 71:37-58.
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Experiments that | should cover

Visible decay Both Invisible decay
. LHCb . NA64 . COHERENT
+ HPS . Belle Il - NAB2
- FASER
- Mu3e

-+ The experiments | am actually covering are in bold.
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NAG64 — electron beam fixed target
experiment at CERN

Searches for new light particles produced in electron
iInteractions in an active target.

100 GeV or 150 GeV e~ beam, CERN SPS H4 line.

Different detector configurations for visible and invisible
SeaI’CheS from electromagnetic

shower in the target

R \

incident e- orw 7<
electromagnetic resonant productlon
shower in the target when E,, ~ m}./2m,
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NAG4 search for invisible dark photon decays

- 100 GeV e from H4 beam line. 3x109 e~ in July 2016

MU4

tag e- using
synchrotron radiation

MU2

micromegas tracking
for momentum

vvvvvvvvvvv | D. Banerjee

Vi Tl

s1
e”, 100 GeV -

5x1019 &”/month SM processes will deposit full energy in
ECAL+HCAL; A" will give no energy in
HCAL and low energy in ECAL
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100

€L e Zyyy = ptuT

Dark Matter Search in Missing Energy Events with
NA64, Phys. Rev. Lett. 123, 121801 (2019);

world-leading limits for
mass < 300 GeV/c?

20—
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Improved exclusion limit for light dark matter from e+e-
annihilation in NA64, Phys. Rev. D104, L091701 (2021).

ECAL’

1072 ¢

1073 f

:\

my , GeV
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resonant production
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NAG4 search for the X17 decaying to ete-

SRD
MBPL1&2
) ECAL HCAL1-4
_ 0= 13mrad
_ / ~~~~~~~~~~~
MM34 /
Vacuum pipe Wcat

dark photon is produced in

new calorimeter target o two showers in
devc;egjsutra ei eem two charged downstream
PP particles calorimeter
_ _— no signal in veto
< (G
ot
AI
€
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5x 1019 100 GeV e- on target in 2017
3 x 1010 150 GeV e- on target in 2018

160 .................. T e T e e e e T T -
: : S|gnal -like events (2017) ]
140 S i Y. Neutral events  :(2017) 5
5 { ¥ neutral events i (2018) =
_ E:l signal region  i(2017) -
% 120 | B T (2018) ........ _:
O] - : a
j 100 ................................................................. _:
3
TR (0] ENEERNR S WS W S S— _: °
P51 J) RIS NN NN — _:
) H
< —
L 40 oo e\ e e _:
20 _______________________ ______________________ *:
: 1 1 1 | 1 I 1 1 1 F
% 8 100 120
Energy in WCAL [GeV]
control sample with O 0.08 background expected; .
charged particles 0 events observed NAG4 e>.<clu5|on
parameter space of region
Improved limits on a hypothetical X(16.7) boson and a dark photon the ATOMKI anomaly

decaying into ete- pairs, Phys. Rev. D101, 071101(R), 2020.
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NA64 outlook

- Summer 2022: 10 week run, invisible configuration.

- Summer 2023: visible mode, modified to improve
sensitivity to shorter X17 lifetime = smaller €.
- denser active target
- 200 GeV beam to increase boost
- additional magnetic spectrometer to measure electron
momenta.

Need 7x 1017 electrons on target to reach
e=1.4x1073.
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D

<o
Belle |

- Located at the SuperKEKB ete- collider in Japan.
Operates at /s = 10.58 GeV (Y(49)).

- Collecting data since 2019. Luminosity goal is 50 ab-1 =
100x BaBar, but ~1x BaBar so far.

—
[ Electromagnetic calorimeter (ECL):

|

Resistive Plate Counters (RPC) (outer barrel)
Scintillator + WLSF + MPPC (endcaps, inner barre

Magnet:
1.5 T superconducting

K. and muon detector (KLM): ]
N

CslI(Tl) crystals
waveform sampling (energy, time, pulse-shape)

I J
7
‘,\"’
v

I 'W,
2
/

— -

= 4
» <

Trigger:
Hardware: < 30 kHz
Software: < 10 kHz

Particle Identification (PID):
)

2 layer DEPFET pixel detectors (PXD)
4 layer double-sided silicon strip detectors (SVD)

/

)

L

[ Vertex detectors (VXD):

/)

0O
Q

Time-Of-Propagation counter (TOP) (barrel)

He(50%):C2He (50%), small cells, Aerogel Ring-Imaging Cherenkov Counter (ARICH) (FWD

fast electronics

[ Central drift chamber (CD
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Dark photon production at Belle |

Dark photon production via initial state radiation, followed
by invisible or visible decay.

.(—
et ¥ e s +
A _ - A _
o X e /M
only the vy is visible in Belle |l the y and both muons are visible
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Invisible dark photon at Belle |l
“single photon search”

- We don’t see the dark photon, but we can deduce its

mass from the photon energy (momentum and energy

conservation). m

A4E7

beam

*x %
E’y _ Ebeam o

Given an imperfect detector, there are many processes in
the Standard Model that also result in a single detected
photon:
ete —= vy
erer =y vy
ete- — ere vy ete- — v v v is negligible
if we miss these particles,
we end up with a “single

photon” event
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- Trigger on single photons 0.5 GeV and above.

- Belle had no single photon trigger. BaBar had a
trigger for ~10% of its data, but was unable to
quantify background from ete- — vy v

- could not identify a low-mass dark photon.

- Belle |l calorimeter is much more hermetic. Should be

able to significantly improve on existing BaBar limits.
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Limits on dark sector parameters from BaBar and
projections for Belle |

1072

w BaBar limit, 50 fb-
-1 Phys. Rev. Lett. 119,
s 131804 (2017)
10 =
Belle Il projection, 20 fb- : -
KEK-2018-27, _
arXiv:1808.10567 [hep-ex] n
10 : =
1.2 GeV/c? (BaBar) H
0.2 GeV/c? (Belle Il _
0y = 0.5, m =m,/3 1
10—5 1 1 1 L_L L 11 [ [ [ L_L L1l I

1 10
m,. (GeV/c?)

If astronomical dark matter is due to the dark
sector, parameters will lie along one of these lines.
Derived from E. Izaguirre, G. Krnjaic, P. Schuster,

N. Toro, Phys. Rev. Lett. 115, 251301 (2015)
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Search for a dark photon decaying to leptonic final

states

BaBar search for A" — p+u-
L R L R I AL R L I LN A

= Data
MCe'e —y u*u -

108
C [T MCe'e =y Iy

MC e*e” — y y(2S)
MC e'e —y Y(1S)
MC e*e” — y Y(2S)

A
4
Entries / 0.1 GeV

PRL 113, 201801 (2014)
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- Final state is photon plus lepton pair. Large SM
backgrounds, particularly in electron final state.

- Muon final state is dominant above threshold due to
lower backgrounds.
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Projected Belle Il sensitivity for prompt dark photon
decays to leptons

- No real analysis yet; projected limits scaled from BaBar,
assuming twice as good mass resolution.

10_2 - T rt
Upper limit on - ’) -
scales as luminosity .0-25 : 1
y w :( 4 l[
= AL . H
BaBar did not go 3 { . :
below 20 MeV/c? due 107 E L I
to backgrounds from ,:/ - ROTUARN LU ;o j BaBarcollab., PRL
ohoton conversions E774 :\ Belle 11500 fb™" «~ "y 1_ 113, 201801 (2014),
i Srite, 50 gb” "y v 514 fb
L vanhy ‘I‘_'w*.\‘. ]
/ "\
ne Al
lifetime is non- 10/: =
negligible here; - Q .
next slide B i
[ 0p=0.5,m = 2m,/3 i
10_5 pa1aal Lol
107 10 10
m,, (GeV)
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Belle Il sensitivity to long-lived dark photons
decaying to two charged particles

Prompt analysis has very large standard model
backgrounds. However, these all have zero lifetime.

Small dark photon mixing €
= non-negligible lifetime.
..e., displaced vertex. y

Small € also means small
production cross section
= need high luminosity.

arXiv 2202.03452
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Belle Il sensitivity to visible dark photon decays

INncluding displaced vertices

1072
30 MeV/c2 cut to reject
photon conversions. Belle Il prompt
50 ab™"

1074

107°

Assumes 10 ete- and
O ptu- background in

50 ab-
108
1072
my [GeV]
T. Ferber, C. Garcia-Cely, and K. Schmidt-Hoberg, Belle I ~1 p#p- signal per ab-”

sensitivity to long-lived dark photons, arXiv 2202.03452
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LHCb — forward spectrometer at the LHC

LHCb has previously published a dark photon search in
the ptu- final state, prompt and displaced.

- Drell-Yan production gg — A’;
- meson decay, especially z¥/n — yA’'.

excluded SM resonances

Mass spectrum, prompt /

/ LHCh 1 misidentified hadrons,
Vs=13Tev 3~ muons from b orc
prompt "y~

|
Bl h

= isolation
applied

Candidates / o[m(utp™)]/ 2
2

1 10

m(pt ) [GeV]
LHCb collaboration, Search for A” = u+u-
decays, Phys. Rev. Lett. 124, 041801 (2020).
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Non-negligible displaced backgrounds: y conversions
to ptu-; b decays to two muons; mis-identified Ks
decays.

Displaced limits are unique; prompt limits are world-
best for some masses.
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LHCb outlook — Upgrade |

- About to start Run 3 with a significantly upgraded
detector, including triggerless readout of every LHC

beam Crossi Nng.
first muon station, preshower and
scintillating pad detectors removed

ECAL HCAL w4 MS

New scintillator
fibre tracker

New silicon

pixel trackers -
SciFi
Tracker

o

N

d b New software trigger based detector
= * 40 MHz readout

\
Oscar Augusto de Aguiar
ancisco, LHCC 148

\ g * Instantaneous luminosity
/ Y/ 4%x10%2cm 25 1t02 X 1033cm 2571
/".“ e —— » All electronics replaced in all
\ A ik | subsystems
: \ s Bl e M ——

photodetectors

upgrade
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New trigger will enable the inclusive ete- sample to be
recorded, In addition to pty-.

Will cover wide range of parameter space above
10 MeV/c?2 over the next several years.

w 1072 =
10_3 §_ ‘‘‘‘‘‘ _§
107 30ab-
: _ U%HCb( _ 14}141’1’1) :
107 = —=
1076 o
10
ma | GeV |
Size of the VELO silicon Ks veto and
tracker sets a lifetime limit N mass
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FASER — long-lived and feebly interacting particles
at the LHC

- Located 500 m downstream of
ATLAS, on the collision axis.
100 m of rock/concrete.

EM
’ I—OW pt' calorimeter

Tracker
Stations

Trigger
scintillators
Detector privately funded Experiment size: Veto
by Simons Foundation » 20 cm aperture (N>9.1) scintillators
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Dark photons in FASER

+ Predominantly produced by 7'/ — yA’; detected in e+e
final state.

Tracker Tracker Tracker Ecal

P\ i =

Magnadt (1.5m) wm) / y‘ Scint. /
nothing in veto counters dark photo decays in electrons trajectories electrons energies from
(reject muons) decay volume from 3 tracking stations calorimeter
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FASER outlook

- WIill start collecting data this summer. Should collect
250 fb-1 by end of Run 3 (end of 2025).

-3
lifetime is too short 10

at smaller

B. Petersen, open LHCC
session, Nov 2019

1,
4
T
1
1
1
1
1
1
1
]

see also FASER's physics
reach for long-lived particles,
Phys. Rev. D 99, 095011
(2019).

1073

lower limit on € from
statistics

10°®
Dark Photon ——
102 107"
my [GeV]
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COHERENT — studying coherent elastic neutrino-
nucleus scattering (CEVNS) at the Oakridge SNS

Spallation neutron source is also an excellent source of v

Scattered

from the decay of stopped T1+. ® utrino

/
8

.——————/

COH ERENT haS made the Incnde'nt 7 boson
first observation of CEVNS nediine \Q\

. Recoiled nucleus, 4
using Csl and LAr. !

Hg TARGET

_________l\

e

SHIELDING MONOLITH

CONCRETE AND GRAVEL

. |

The COHERENT Experimental
Program, 2204.04575, 2022.

NIN cubes
D0 Nal185kg
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Dark photons at COHERENT

Dark photons are produced in the decay of r® and n
mesons, and in the nuclear absorption of 11-.

Will also produce CEVNS, but with different time structure
than v signal.

Prompt CEVNS Delayed CEVNS

[l Steady-State Bkg
Bl Beam Neutrons
- [[]Neutrino Signal
[]LDM Signal

dark photon signal%

N

W

Ve and vy, from p+ decay are
delayed by muon lifetime

dark photons and v, from i+
decay arrive promptly

N

'y

10° Counts / 610 kg LAr x 3 years

o

0 50 100 150 200 0

PE
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Outlook for COHERENT

- New detectors online ~now through 2025. 3 years

running.

ind-

r-f]ﬁﬁT‘ﬂ

B Csl Data

existing limits are unique for
some parameter space

——— projected, ~2028

[ longer term upgrades

— COH-Ge-1 -
e AT —COH-Ar-750 3
E A '0 ---COH-Ar-10t 3
__ oz\o@o 09\«\’6 ap=0.5 —COH-CryoCsl-1_
W my =3m, -.-COH-CryoCsl-23
) L | L L R L |

2

! m, (MeV/c?) "
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Summary

- Searches for dark photons aim to shed light on a
possible dark sector that would explain dark matter.

- Wide range of experimental approaches, including a
numlber of dedicated experiments.

Results have started to approach regions of parameter
space that would explain the observed relic density of
dark matter.

| did not discuss the large number of proposed projects.
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Summary of invisible dark photon projections

G. Krnjaic and N. Toro, Dark Matter Production at Intensity-Frontier Experiments;
Snowmass RF6 summary white paper “Big idea 1” (to appear on arXiv).

1077

_8|.
10 - BaBar

o FCCMi20
10 gele-nzom /
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o 7 NET
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107907 3
\a
10714 E
/‘¢ mA-=3mX
) LDMX2 — Relic Density ap=0.5
10710 2 3
1073 102 107" 1
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Summary of visible dark photon projections

B. Batell, N. Blinov, C. Hearty, and R. McGehee, Exploring Dark Sector Portals with High
Intensity Experiments, Snowmass RF6 summary white paper “Big idea 2” (to appear on arXiv).
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