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Motivation for MeV-GeV dark photon

© Thermal DM candidate

MeV ~ m, GeV ~ my mz.h ~ 10s TeV

AN g LDM “WIMPs”

¢ Vector portal DM models
¢ Small enough coupling to have evaded detection

¢ Large enough coupling for primordial (quasi-)thermal DM generation
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Dark Photon

¢ Kinetic Mixing of Dark Photon and SM Photon (Arkani Hamed et al., 2008)

1 € 1
Lmeie = _ZFH’VF’HV 2F,VWF' HV + ZmAA A —I—)((lD mX))(

& U(1)p gauge symmetry (vector portal)
¢ Coupling to charge of SM particles
Llnt — Ee]emA, _ mixing strength

& Coupling of DM with dark photon

¢ Dark Z (Davoudiasl, Lee, Marciano, 2012)

& Couples to both photon and Z

¢ Parity violation
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Experimental Signatures

& Dark photons could be produced in processes where SM photons
are produced

Process SM process Dark photon process | Experiments

Electron _ _ _ _ Electron fixed targets
e N-e N e +N-oe +N+ A
Bremsstrahlung + TNy (E137, NA64, etc)

Annihilation et +e  >y+y et +e sy + A Babar, Belle, KLOE

Neutral meson n’n->y+y o -oy+ A NA48, Al, APEX, HPS,

decays p-on+y p-on+A SHiP, KLOE

Proton

' HiP
Bremsstrahlung DA i = Ry p+N->p+N+A  SHi

Higgs decays h-Zz* h-ZZy, ZpZp LHC, Babar, Belle
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Production and Decay of Dark
Photons in Fixed Target Experiments

¢ Electron Bremsstrahlung process

[,,~ap or (€*a)
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Decays of Dark Photon

® Decays into SM particles: (my,, €%)
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& Decays into DM: (my,, m,, ap, €%)
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Fixed Target Experiment using
Electron Beams

Beam dump target

Detector

—n 2
& o =cty = 0.8cm (Ebeam) (10 ) (100 MeV)

10GeV/) \ € ma
& 1B Bt GO0 I8 o= I8 B2 [ e 72

& Highly directional

& “Light shine through wall” type experiment
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Experimental Considerations

& A’ decay length
E beam _ 102 0.1
(emyr)?

A' Decay Length et

YCT~

Production rate

2
(3
Lyy

2
® Production rate ~< = )
may

mA/

¢ Angular coverage: A~

Prompt (<10 gm)

beam Displaced (<1 cm)
Displaced (=1 cm)
[nvisible (=100 ¢m)
Invisible (>100 m)

1072 0.1
ma (GeV)
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Dark Photons in Visible Mode

& Constraints
¢ Anomalous magnetic moments
¢ Electron/proton on beam dumps
¢ Electron on thin fixed targets
& ete” colliders
®ete” oyA syete,yutu-
& ¢ > nA’

o ¥ > yA' - yete™
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Exclusions from Past Electron
Beam Dump Experiments

shield

Law  Laee

Sxperiment target ]
Experiment g Coulomb  [m] [m]

El41 [47] w 9 ST Co0a2 5

Al 20 . > 179
W 275 ' .83 nC 0.3
w 25 . 7 7 mC 24 2.2 0 3 My [GeV]

Orsay [40]
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etei@ollide— BaBar

® Channel: ete” - yA' > yete ,yutu~

PRL 113, 201801 (2014)
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Excluding: w, p,J /Y, (2s),Y (1s),Y (25s)
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NA48/2

¢ Bump hunt in M,, spectrum from m

Muon veto sytem
4 Hadron calorimeter
7 quid krypton calorimeter

doscope
counter 7
Helium tank
Drift chamber 3
‘Magnet

Drift chamber 2
/" Anti counter &

Keviar window

DX

IBS Conference on Dark World 2019

0

— yete~

Mass resolution:
0.16 ~ 1.3 MeV
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NA48/2

¢ Backgrounds from MC, corrected for trigger efficiencies
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Visible Decays Summary of Dark
Photon as of 2015

arXiv:1508.07659
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NA64 at CERN

& Designed to search for light dark matter with “active” beam dump
¢ EM shower energy measured in the beam bump

202 EWCAL I EECAL ~ Ebeam with Signiﬁcant EECAL > 25 GeV

A' - e*e™ visible decay mode setup

Active beam dump
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Dark Photon Search at NA64

4 4 CERN-SPSC-2019-024

& Preliminary result from 2017-2018 data

& 100, 150 GeV e~ beam at CERN H4
line with 1.4~9 X 10° e~ per 4.8s spill
total of 2.8 x 10 EOT
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Energy in WCAL [GeV]

my., GeV

2017 dots | %:.'][N'I‘I.':f' > 50 excess in e*e” mass spectrum at
0.06 4 0.034 | 0.005+0.003 17.6 MeV, PRL 116, 042501 (2016)

0.01 £ 0,004 | 0.001 £ 0.0004
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Dark Photon Search at LHCDb

& LHCb searched for prompt and long-lived A’ decaying to u* u~
¢ Purely data-driven measurement
& Same kinematics for A" and y* if m(4") = m(y*) for prompt A’ decays

& Data: pp collision at+/s = 13 TeV 1.6 fb~! (2016 data)

- ] £ H
LHChH s, isolation | prompt-like sample
Vs =13TeV i
i i prompt putu”
: il Bl one
B 1h+ hpg
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Dark Photon Searches at LHCDb

& Sliding mass window
,]/*
(M)
2 Am

n;fl,lc(mAr,EZ) =852 F(m,) E;il»:(mA/,TAI)

F  :phase space and other factors
, . . . .
e : Ratio of detection efficiencies ~ 1 for prompt decays

90% CL upper limit on n/d [m(A'),22] / nd!

= long-lived excluded

"

300

10 T 3
m(A") [Gev . m(A") [MeV]

Phys. Rev. Lett. 120, 061801 (2018)



Searches for Dark Photon in
Invisible Mode
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Dark Photon to DM Decays

& A’ decays into pair of DM particles
& If 2m, < my, then DM decays possible and could be dominant

& To explain the DM relic density:
S o ; ( M,/ )4 10 MeV”
‘o & ML e ) anen) L

& Searches for A" — yx

¢ Indirect — missing energy or momentum. rate ~ €2

4
5 5 m
& Direct — y — e or y — N scattering events. rate ~ ape* (mX)
A,
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Searches for Dark Photon decaying
into Light DM

¢ Rare Kaon decay

o BNL E787, E949 limits on Br(K* — 1*X) L me= M=ol
from analysis of search for K* - wtvv. o B

¢ Limited to my < myg —m;,
& Electron beam dump: E137

& x — e scattering in detector
& Electron-positron collider

& ete”™ - yA': mono-photon signature
¢ Neutrino experiments

& If DM is long-lived and scatters in neutrino
detectors limits from LSND applicable:
% - yA'
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A’ Search at NA62 at CERN

& Principal goal of this experiment is to measure K™ — m*vv and
determine |V;;| with ~10% accuracy

® Dark photon is searched in Kt - n7n° with n° - A’y
¢ Analyzed partial data of 2016. 1% of data collected in 2016-2018

LAV: Specifications
Large Angle Photon Veto SAV K12 beam line:
Small Angl eg Veto s SPS primary protons @ 400 GeV/e
Vacuum Tank /P = 1%)

CHOD
CHANTI padaseis
Charged \ P

Target Particle

TRILL
ceon NN ”‘| M“

/ GTKW [ |||||||||||||| Ity J—)‘ ”"“UIW\WWI“ s

Beam P|pe Measure Kaon: RICH LKr MUV

«Time
«Angles f Straw

*Momentum Decay Region 65m Tracker
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Invisible A’ search at NA62

& Signature: 1" + y + Missing energy

& Sensitive variable: M,fu-ss = (pK S I pn)z

Data, n'—yy

MC, n'—yA’, M,. = 60MeV/c?
MC, 1’ —yA’, M,. = 90MeV/c?
MC, n%—»yA’, M,. = 120MeV/c?
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Invisible A’ search at NA62

¢ Background normalization & Signal region
region

& N =Y = mAn

— Signal search sample
+ Background sample
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Invisible A’ search at NA62

120 140
M,. [MeV/c?]
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NPAGE:

& Measure missing energy carried away by A’. Rate ~ €2
202 Ebeam == EECAL > 50 GeV and EHCAL < 1GeV

© Trying to measure y — N interaction? X €ay,

A’ invisible mode setup




NA64 Dark Photon Search

& Assuming Br(A" - yx) = 100%

IBS Conference on Dark World 2019
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Dark Photon Searches Prospects

& Visible decays

*Beyond
Colliders

i Physics

Excluded regions
Belle II, 50 ab ', 2024

— LHCb, 151b "', 2023
HPS, 2016-2020

|| —— APEX, 2018+
/ SeaQuest, 2021-2024
VEPP, proposed
Mu3e, 2017+
—— MESA, 2020+
DARKLIGHT

IBS Conference on Dark World 2019
From “Physics beyond colliders at CERN” report arXiv:1901.09966
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https://arxiv.org/abs/1901.09966

Future of Dark Photon Searches

IBS Conference on Dark World 2019 From “Physics beyond colliders at CERN” report arXiv:1901.09966 30



https://arxiv.org/abs/1901.09966

Dark Photon Searches Prospects

¢ Invisible mode

Sics
*Beyond
“Colljders

IBS Conference on Dark World 2019
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Summary and Outlook

¢ Variety of production modes and detection methods employed and
(g — 2), window closed

& Efforts for LDM search continues with ingenious detection
concepts expanding the region that can be probed
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Dark Z

& 7’ - Davoudiasl, Lee, Marciano (2012)
¢ Couples to both photon and Z

& Presence of additional terms can interfere and weaken limits from
simple dark photon

¢ Parity violation

Heavy Z' (~ TeV scale)
. Traditional target of discovery.

Light Z’ (~ MeV - GeV scale)
- Recently highlighted subject with growing interest.

IBS Conference on Dark World 2019
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HPS @ JLAB

& Strategy: Bump hunt + displaced vertex
& Silicon tracking detector + calorimeter
¢ Good energy resolution ~ 1 MeV

¢ Good vertex position resolution ~ Imm

—

1.1~4.4 GeV e~
on Tungsten foil

o I
;
_ .

Movers Target SiVertex Tracker ECal
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Current Results

& Results with 1.7 days of engineering run data

Phys. Rev. D 98, 091101(R)

HP5 2015

AP 4
Test Run

| ‘Mainz
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Dark Photon Search at LHC

& For light dark photons, the
leptons from A" - £¥ £~
highly boosted — “lepton jets”

¢ Prompt or non-prompt
depending on parameters

LJ TYPEOQ L] TYPE1 L) TYPE2

IBS Conference on Dark World 2019
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Dark Photon Search at LHC

ATLAS

20.3fb" \s=8 TeV

d

BR(H— 2y +X) = 100%

BR(H— 2y +X) - 10%
FRVZ Zyd model
m, = 400 MeV
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Dark Photon Search in CMS

JEFEROL 020839

® ZH with H - yyp
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137 fb™ (13 TeV)

137 fo"' (13 TeV)
CMS

== Observed

_ B¥ 68% expected
miss

/H— 2I+|:)T +y - 95% expected

e 0.1x oSN
B Top quark/ww

Bkg. unc.
==Z(I)H (v, +v) (0.1x 6 )+ bkg.

—Z(I)H, (v, +V) (0.1x 5 )+ bkg.

G,y X B(H — inv.+y) [pb]

107

IBS Conference on Dark World 2019 40



Dark Z Search at LHC

© H->ZZy > 44

¢ Reinterpretation of ZZ*
analysis

& DY-ike Z, — ¢~

¢ Dilepton bump hunt

v
5
©
=]
ES
=

& Interesting to look for H — LHC 14
ZDZD P s L |

10°
z, [GeV]

¢ Experimentally challenging
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Invisible Decay Mode

® A" - xx

Detector

B - - S

- :

o If ap > ae?, A’ decays mostly to yi and limits from A’ - ete™
experiments do not apply

& Look for weak recoil signal
¢ Short lifetime of A’ not a problem

& Due to small y — N cross section, detection probability ~ length
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Belle I1
¢ Visible Mode & Invisible Mode

Hidden Photon - invisible (my > 2 m,)

KLOE 2013

[
10-°:
0.001 0.01 0.1
my [GeV]
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Search for Hidden Particles (SHiP)
Experiment at CERN

& 2 X% 1029 400 GeV proton on target

& Mode for dark photon searches: ©°%,n,n" - yA',

Hidden Sector
decay volume

Spectrometer
=, Particle ID

v, detector 60m

ctive muon shield
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Search for Hidden Particles (SHiP)
Experiment at CERN

. . OF 6%
¢ Shashlik EM Calorimeter — S

& Spectrometer - —~0.5% D 0.022% p

eter

10m

Sm
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Visibly Decaying Dark Photon - SHi1P

& Operation expected in 2026

My >>m

At
aal T TR

BaBar, NA4§/2, PHENIX

SHiP,
mesons

field

10?
my (MeV)

10

my (MeV)
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MiniBoone DM

50m

absorber Detector

8 GeV
protons

n H. i) y
volume

F——  540m

¢ Look for e — y and N — y scatterings

& Background reduction
& Bypass Be target to reduce neutrino backgrounds

¢ Timing information to reduce backgrounds
¢ 10 MeV DM travels slower than neutrinos

¢ Run completed in 2014

IBS Conference on Dark World 2019
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