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The long quest for dark matter
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Zwicky, Coma cluster (1933) Hubble Space Telescope (2007)

Cluster Cl 0024+17
M/L = 660 Mg/Lg
Lensing of background galaxies
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Estimate masses using velocities

2m<v>=33.,Gmm; 1/<[r,—r[>
<v,?>o=1/3 V7

projected along radial direction, averaged over solid angle €2
- We see only radial component of motion, <v> = V3 v,

- We see projected radii: r= 6d
1/<[ri—r[>=1/]r,—r[<1/sin6>g

Assuming N equal masses Z.m.= N m

My =32nG*NZ,v,?/ % 1/r;

<l

Coma cluster (Zwicky):
0=1000 km/s, R=3Mpc, M, = 3 10> M,
L=51012 [,
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Many pieces of evidence for dark matter

Rotation curves
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Cosmic Microwave Background
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The dark matter problem

Original drawing by Stacy McGaugh (1995)
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Particle physics is not the
only possible solution...




"  Without modifying the SM structure: U(1),+SU(2),+SU(3).
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WIMP has all the characteristics to solve the DM problem...
... but so far more than 20 years of unsuccessful searches

Where to search for dark matter

annihilation

Dark matter can’t be strong interacting (scattering cross section too high) A
Cannot be electrically charged, otherwise it would not be dark!
It can be weakly interacting and massive!

scattering

Apart from DAMA-LIBRA annual modulation
Strong constraints from the LHC and direct searches up to TeV scale

v-Nucleon Cross Section [cm?]

Lt ot L ol ot ol ot o o L o L o L ok

y © o o

) 30 40 & oo 0
WIMP Mass [GeV/ic)

) 7“1“0;‘ T >”1703 10°
WIMP mass m, [GeV] MeV GeV TeV

What about introducing a new force?
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Thermal relic dark matter

DM particles

were created thermally in the early universe

They are in chemical equilibrium with SM particles
through 2 & 2 annihilations

At thermal equilibriums same number density as
photons:

As the Universe cooled the number of DM
particles and photons would decrease together as

When the temperature dropped below m,,, the
number density started to exponentially decrease

No relics today, unless transition out of
equilibrium or “freeze-out”, when the probability
of annihilation has become small

Freeze-out should complete before neutrino
decoupling and Big Bang Nucleosynthesis

50 100 200

mX=100 GeV,gX=0.6, Q = 0.1
The annihilation cross section is just
what would be predicted for particles
with electroweak scale interactions:
the WIMP miracle

mpm

nonthermal nonthermal

mz > 100 TeV
I too much

WIMPs



Types of DM

At some early cosmological epoch of hot Universe, with temperature
T >> DM mass, the abundance of these particles relative to a species of
SM (e.g. photons) was

Normal: Sizable interaction rates ensure thermal equilibrium, Npy/N,=1.
Stability of particles on the scale #,,,;,.,. 1S required. Freeze-out calculation gives the
required annihilation cross section for DM --> SM of order ~ 1 pbn, which points
towards weak scale. These are WIMPs. Asymmetric DM is also in this category.

Very small: Very tiny interaction rates (e.g. 10-'° couplings from WIMPs). Never in
thermal equilibrium. Populated by thermal leakage of SM fields with sub-Hubble rate
(freeze-in) or by decays of parent WIMPs. [Gravitinos, sterile neutrinos, and other
“feeble” creatures — call them superweakly interacting MPs]

Huge: Almost non-interacting light, m< eV, particles with huge occupation numbers
of lowest momentum states, e.g. Np,,/N,~10"°. “Super-cool DM”. Must be bosonic.
Axions, or other very light scalar fields — call them super-cold DM.

M. Pospelov




From WIMP to “portal” to hidden sector

Standard
Model

vector
Higgs
neutrino

axion

= A mediator particle, very weekly

Srantard interacting with SM particles, and
SoUe connecting with a hidden sector

1
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= |t can be light... where direct
detection gets into trouble

dark photon

dark scalar

sterile neutrino

ALPs




Dark photon

=  The simplest hidden sector model just introduces one extra U(1)
gauge symmetry and a corresponding gauge boson: the “dark

photon" or U boson or heavy photon (Y’ or A’) Dark Sector N
=  Anextra U(1) symmetry implied in many Standard Model extensions,
some classes of string theory, etc.
Dark fermions
= Two types of interactions with SM particles should be considered . . . .
1. As in QED, generates interactions of the type:

= Not all the SM particles need to be charged under this new
symmetry Jams el

" Inthe most general case g is different in between leptons
and quarks and can even be 0 for quarks

[P. Fayet, Phys. Lett. B 675, 267 (2009).] Standard Model
2. Couples to SM hypercharge through kinetic mixing operator, H

= VaeF' FW; Fw=g A A’ g
ol = g2 ‘ —> < &€
Y AN

acquiring a (small) SM charge: A §




Dark photon with dark Higgs

* Model assumes the existence of an elementary dark Higgs boson h’, which
spontaneously breaks the U(1) symmetry.
PRD 79, 115008 (2009)
e« A’boson produced together with a dark Higgs h’ through a Higgs-strahlung efe>A’ h’
— Cross section =20fbx(at/a)(€2/104)(10GeV)?/s
— Forlight h”and A’ (Mu,h'<2MM) final state with 3(e*e™ pair) are predicted
— Background events with 6 leptons are very rare at this low energies
— Due to A’,h’being very narrow resonances strong kinematical constraints are available on
lepton pair masses

* Experimental search by BaBar and KLOE-2
for A’ masses above 200 MeV

Higgs' — Strahlung
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A dark matter “messenger”

Dark Matter scattering on nuclei Dark Matter annihilation...

= Nuclear recoil by the exchange of a dark photon
" Independent of ¥ mass value

2-6 keV
DAMA/LIBRA = 230 kg (1.04 tonxyr)

Residuals (cpd/kg/keV)

i

Time (day)
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Particle astrophysics: PAMELA, AMS

Positron fraction

-y
S

o AMS
FERMI
PAMELA
AMS-01
HEAT A CAPRICE 1984 (M. Boszie o al
CAPRICES8 :

CAPRICESS L v
TS93 - W HEAT pbar 2000 (A §
® PAMELA

CAPIICE 1998 (WM. Boasie ot ol

10 : 10
positron, electron energy [GeV] kinetic energy [GeV]

Positron eccess: PAMELA, FERMI, AMS-02

No significant excess in antiprotons

= Consistent with pure secondary production

Leptofilic dark matter annihilation?

If DM is the explanation, the mediator should be light, <2m . ..
...naturally leptophilic

Dark matter searches at (low energy) 13
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511 keV signal (INTEGRAL/SPI

a
Confinuum
7o

ncance per energy bn

910z ‘[e 18 uaebaig

S

510
Energy [keV)

Source Process Intensity Spectrum Morphology
(Requirement) ~ 10%ets™! | E.4 €3 MeV B/D 2 1.4
Massive Stars 26A1 8% decay v
SNe Ui Bt decay v
SNla %Ni 8% decay ?
Novae 87 decay
Hypernovae/GRBs %Ni gt decay

Cosmic rays p-p collisions

Low-mass X-ray Binaries | —y pair creation
Microquasars y=7y pair creation

L LOZ ‘[E 18 sozyueld

Pulsars Y-y pair creation
Central black hole y—y pair creation
Dark Matter* annihilation

<

AX X SNAXSSsSAsSsS
A X X X X X X X X X
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Muon g-2 SM discrepancy

g-2 in the Standard Model

About 30 discrepancy between theory and experiment
(3.60, if taking into account only e+ e- — hadrons)

Additional diagram with dark photon exchange can fix
the discrepancy (with sub GeV A’ masses)

AL A AL

Excluded by Excluded by /

o
electron g-2 vs o muon g-2 7
7~
—

AL

for m, K< myu

f()l‘ ’”“ << m A’ // muon g-2/<2

10 Med 100 MeV

my.

Dark matter searches at (low energy)
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g-2 electron

Caution with (g — 2). constraint

e The two most precise
determinations of fine
structure constant

disagree at 1.50 level

Hidden Photon = invisible (m4 > 2

* One can reasonably
argue for a more
conservative constraint

(—1.05 + 0.82) x 10~ 12
Aoyama et al. 1205.5368

103
Or just using error 0601

Aa, = +0.82 x 10712

Important to also have a direct probe of this
region of parameter space!

Brian Batell

Dark matter searches at (low energy) 16
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M. Pospelov Some examples

= Fermionic dark matter talking to the SM via a “dark scalar”

= Scalar dark matter talking to the SM via a dark photon : : : &
that mixes with the Higgs. With mpy > m_givior

(variants: L -L,,, etc gauge bosons). With 2my, < M, giator-

. \ - 1,.» “w?2 1 2 2 v/ et zy
L = X(10,v, — my)x + AXxS + .:)l.(),‘.S ) — 511{\-5 — AS(H"H)

- 2 2 2 | SN ) 1 2 ¢ 2 €., .
L = |D,x|” —my|x|* - 1‘“‘,, - Em{-\“‘ - §\,,,,l',,,,

After EW symmetry breaking S mixes with physical &, and can be
light and weakly coupled provided that coupling A is small.

m m m »m
X X

« Model 1: one step process: Model 2: two-step process: annihilation to mediators with
subsequent decay

xx* — off shell dark photon — e'e XX = S+8 — ... = (efe)+ (ete)

Main signature: mediator [dark photon] can be produced in Main signature: Production of scalar mediator in meson decays
collisions and it decays to DM (e.g. K or B mesons) with missing energy signal [if long lived], or
displaced decays.

Superweakly interacting Vector Dark Matter

-::'lﬁxr:' T L":’ + L"]Illl T L
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Dark freeze-out

J. Ruderman (NYU)

. unitarity bound
(\fo N @Q \
. RN\ \!
XEM P E e"bo\ - \‘\\ I SIMP X ﬁ/ 3 > 2 freeze out
W "\
ad 10~° —(BU Q,\'\.'\o -\6660 o~ aepr (T2 Mp)'3 ~ app x 100 MeV
g % ® | |
1077 == _ (—— MWW N
10-1}= - o DI W >'\N<VV\<{
| | | | L o oy X AW
> T :
keW MeV GeV TeV PeV X forbidden

)
N
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Where to look for dark mediators?

Jupiter

Loglo E

-15 -12 -9 -6

-3 0 3 6
Logio m,. [eV]
-
)
‘N
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Dark photon production

Bremsstrahlung Annihilation Meson decay
\..Y\\‘ ’
A’ e 4
e” a'n
) 4,
Y A’ A’
e+

= A’ can be produced in electron collision on target by:
= Bremsstrahlung:e N —=eNA’
" Annihilation: e*fe™—=y A’
= Meson decays

Dark matter searches at (low energy)

accelerators



Dark photon visible decays

* Assume that no additional lighter states exists in the dark sector with m,<m,./2

* Dark photon couples to SM particles through kinetic mixing only (with same
coupling €q)

* Form,<2m, onlydecaystoee

g
o

g

v
-
=
-
]
[« 4
oL
=
‘=
=
&
]
[
~
—_—

Y
m A [GeV]
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Dark photon invisible decays

* Ifx state with U(1) charge g, and coupling constant g exists in the dark
sector with mX<mA,/2, the coupling to the A’ will be: g9,

«  A’—yy will be dominant wrt to visible decays for a;>a, i.e. |g,g,|>¢ce

X SM

x|

SM

Dark matter searches at (low energy)

accelerators



Dark sector experiments

e Thick target (beam-dump)
— Produced by electron beam
— Absorb all SM backgrounds
— Look for visible decays (e+ e—, u+ u-, ...)

* Thin target + decay:
— Produced by electron beam
— Do not absorb shower
— Decay to visible particles (e+ e—, u+ u-, ...)

*  “Bump hunting”, looking for a peak in the
invariant mass

* Displaced vertices, looking for long-lived
particles

— Decay to invisible particles

* Look for missing mass
* DM particles recoil

 Meson decays (visible and invisible)
* Dark particles scattering (invisible)

Dark matter searches at (low energy)

accelerators




Why fixed target?

Bremsstrahlung Annihilation Meson decay

" 3 N

Dark matter searches at (low energy)
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Fixed target experiments

Radiative
background
o
 Main backgrounds: SM Bremsstrahlung + Bethe-Heitler e e*
* Kinematics:
— A’ takes nearly all the beam energy E, (sharply peaked at x=1) €
— Electron takes a small energy = m, v
— A’ emission almost collinear to the beam: 6 ,=(m,/E,)*/?
— Electron going at “wide” angle: 6,=(m ,/E,)'/?
— A’ decay products open by 6 = m,/E, Bethe-Heitler
background

Dark matter searches at (low energy)
accelerators




Electron beam-dump experiments

Luminosity: [aEES Nc‘NoﬁhlSh At colliders:

Beam
section

In addition to cross section advantage

Dark matter searches at (low energy)
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Electron beam-dump experiments

- No
N"J" = Oy Ne T Psh Lgn

dN. NoXo [Fo Tsn Ey d
2 N, o / dE('f/ dtSh [(i(EOS E(’.s tSh) —_ =
0

= 1Ve =
dxg dz A JE 4m. E. dxz.

,Ijs‘h = /)sthh/X()
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Limits from electron beam-dump experiments

Dark matter searches at (low energy)
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Limits from electron beam-dump experiments

Beam-dump experiments: looking for decay products of “rare penetrating particles”
behind a stopped electron beam

* SLACE141 (1987) and SLAC E137 (1988), Fermilab E774 (1991)

Dark matter searches at (low energy)
accelerators




Proton beam dump: SHIP
Boc

N

? : . S AWAKE (previously
U;H Main aim: look for heavy neutral leptons / | o
nuMSM - >\ 1 Jwomtao
‘L”l %”é "'t

(€2 H)

.....

[ |E | » vMSM introduces 3 right-handed Majorana HNLs: N1, N2 and N3
7 + Ny light, O(1 keV) : Dark Matter candidate
S | e B * N2,3 degenerate, O(100 MeV - few GeV) : neutrino masses via see-saw

e" ; l.l e N2 .3 leptogenesis = baryogenesis by increased CP violation (BAU)

13 .
' CHARM 5 x 1013 protons per spill @ 400 GeV
l — 2 x 1020 collisions in 5 years

Hidden particle detector will conS|s/ 11

of a long evacuated decay volume
with a magnetic spectrometer,
calorimeters, and a muon detector
located on the far end

Snsaw\ . . .
R — Neutrino detector consists emulsion

HNL mass (GeV)

HNL coupling to SM U

target with tracking in a magnetic field

10:r " . .
10°) prm% followed by a muon spectrometer
o'} Nv; ~10*
= 10° N
% 10°
éno'
‘_a ‘0‘ " . . .
2 . P — P4y
§ 10° ndaiill Dark photon sensitivity
10"
L0 . . M Dark matter searches at (low energy)
ax10° 107 2x10° 107 2¢10° 1 2 345 accelerators 30
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Thin target experiments

Running:
— APEX at JLAB Hall-A, test run done, full run coming
— Al at MAMI
— HPS at JLAB Hall-B, first runs done in 2015 and 2016

Coming soon:
— PADME at Frascati (approved)

Proposed:

— DarkLight at JLAB FEL (electron on gas jet target)
— VEPP3 (electron on gas jet target)

— Cornell (positron extracted from synchrotron)

Dark matter searches at (low energy)

accelerators



JLAb Hall-A High-Resolution Spectrometers

lectron, P = BOV2
Electron, P = EX Spectrometer

acceptance

Septum HRS~left

-
R
v/
]
9
o

HRS~nght

A & ok
"d:‘*”""- e T
05 1.0 1.5 20 25
Positron momentum (GeV)

0.3<p<4.0 GeV, 0,=5°
Acceptance=4.5 msr
Sp/p < 2x10*

6¢=0.5 mrad, 60=1 mrad

Dark matter searches at (low energy)
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Background rejection and final dataset

Reducible backgrounds

» Electron singles from inelastic or
electron-nucleon scattering

» Pions from virtual photon decays
» Proton singles

» Accidental e™ e coincidences

>
=
\
)
~
"{;
=t
)
-
84

»e " e pairs from real photon conversions
Pion rejection:

» Production ratio in right HRS: e¢™ /&7 > 1/100

» Online pion rejection: factor of 30

» Offline rejection > 1/100 using both gas Cherenkov and calorimeters

Final event sample trigger:

» Double coincidence gas Cherenkov signal within 12.5 ns window in each arm

Residual

Final data sample consisted of 770500 true e*e coincident events with
0.9% (7.4%) meson (accidental e*e” coincidence) contamination ! ! L1

210
e*e” mass [MeV]

Dark matter searches at (low energy)
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0.1

o 7
a, ~_ KLOE { I’Y3S A
| 4

T~

[V

APEX B Mainz

0.1
mA'/GeV

JLAB Hall-A APEX

MAMI Al

nx1.1 GeV, continuous, 200 uA beam

MAMI Al

855 MeV, continuous, 90 uA beam
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HPS

Increase acceptance wrt double arm spectrometer
Look for displaced vertex

0 of the decay is small:

* put detectors as close as possible, good
forward coverage

* Aimat minimum 0, = 15 nzr,ad

Eq

Bump hunting needs good momentum/mass resolution MRS
Good tracking and analyzing magnet e’ and

Aim at Am/m = 1% and Az = 1 mm ”:
Trigger with a high rate ECAL
Magnet+ECAL to select e* and e

Magnet+muon detector to select u* and u~

entering ECal

Dark matter searches at (low energy)
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PbWO4 ECal

sensor planes

W target  and DAQ

Side view Beam's eye view

photons x5 >

"f MCS beam
e “sheet of flame"

Dark matter searches at (low energy)
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HPS background & exclusion

Virtual photon tridents have identical
kinematics for given m(e*e’) == irreducible

1.06 GeV Monte Carlo

the-Heitler

Bethe-Heitler tridents are kinematically
different but still dominant in signal region
(normalization here is arbitrary)

(GeV)

Entries 2.078804e+07

Events/0.5 MeV

Scan mass spectrum in search windows between 17-90 MeV

001 002 003 004 005 006 007 008 009
mie‘e) (GeV)

0.1

A" mass (GeV)

10"

10

(]
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DarkLight

FEL electron beam, 100 MeV, continuous, 10 mA, onto 10*° H,/cm? gas jet target

Proton recoil detector. Full reconstruction of event for background rejection
Vertexing and low momentum lepton tracker: TPC
Outer trackers

s Target
Lepton | ne .
T:-;)d:’;r Region Magnet Yoks
10 cm

Scintillator

Pb Collimator

C Moller
W Collimator ' Dump

47.

H2; 10-30 Torr

Target Center

J1.2m

24in

1./m
66.93In

N Dark matter searches at (low energy)
accelerators
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Summary on visible decays

Practically, all the (g-2), favored band already excluded
Still large interest for excluding the uncovered parameter space

T

KLOE HADES  KLOE

APE

PHENIX Test
a, 42 favored o A1
pL2o

NAd8r2 5 ... but limits work only if the dark photon
| " is the lightest particle in the hidden sector

a,
E774

)

o
X\
Orsay/E137/CHARM/U70 b

1072 107"
ma [GeV]
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Invisible decays: a dark matter beam
Positive evidence

Dump & scattering, N ~¢*  BDX

BaBar,
Belle-ll,
PADME

Missing mass, N ~ €2

Negative evidence

NA64

LDMX

Missing momentum, N ~ g2

Dark matter searches at (low energy)
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DM scattering experiment: BDX at JLAB

2 [y 2
ape” /m%,

Scattering on nuclei

2 4
()D(

f—10m —>¢— 10 m — mar < 2my

e Dirt MMy,
X (.t1)64 .
~ — mar > 2m,

Beam Dump Detector mar

Backgrounds: Scintillator 1 m3
e Neutrino production 1 MeV/10 MeV e*e™ detection threshold

» Cosmogenic muons and neutrons

LOI presented to JLAB PAC

Dark matter searches at (low energy)
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Scattering experiment: BDX at JLAB

High energy beam advantages:
- Higher cross sections

- x beam boosted, larger acceptance

e production cross-section } ¢ =3.8710* % - @ interaction cross-section | «,=0.1 m, =10 MeV

3
—
o
2
-
g
©

Cross section dependence from A” mass,
% mass, coupling constant

Dark matter searches at (low energy) 47
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Vertical overburden = 10.0 mwe

Dirt density » 1.7 glem’

Concrete density = 2.7 glem”

BODX dimensions = 70 x 165 x 250 em

Tron « 700 om, Welght=404 t
Beam Dump Grade level = 762 cm above beamline

»

Dump 0 detector = 2064 cm

al®

Shielding
Concrete+Iron

Upgrade Goals - ,
e Accelerator: 6 GeV = 12 GeV o e
e Halls ABC: e~ <11 GeV, < 100 yA |l Hall A
e HallD: e~ 12 GeV = ~-beam ) Bvﬁom Dump

.y e
Upgrade Status
99.7% Complete

1022 EOT = 1 beam-year at Hall-A
3 beam-years at Hall-C?

INEN Dark matter searches at (low energy)
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BDX signal

X-e interaction producing an em =~ 800 CslI(TI) crystals, total interaction
volume =~ 0.5m?

hower in the detector
Modular detector: change front-face

dimesions and total lenght by re-arranging
crystals

Signal Efficiency ~ 20%
for Eypesn > 0.3 GeV

Parameters:
MX:IO MeV, m,=100 MeV

~
s
>
Q
O
~
Q
+—
S RK
o
e
(=)}
o‘
-

o 10
Eshower (GeV)

Dark matter searches at (low energy)
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BDX backgrounds

Neutrinos survive FLUKA
to detector

Muons range
out in Fe

Detector
Photon and neutron

cascades absorbed in
shielding

Cosmogenic

—

Noutrons fluence at beam dump exit
-

All cosmics
IV + OV anti-coincidence

o

ot

o

(GeV'em' " £OT)
s

a

Neutrons

_ Wwora
_ Nestrons | (GeV'co™EQT)

FLUKA

o

>
o
-
<
N
I
2
£10
=
€
e
S
(=}

o

Exit of beam ‘aump

E (GeV)

: a0 60 80 100 120 140
Energy (MeV)

14 m from beam dump

Photons f ; Electrons

Dark matter searches at (low energy)
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BDX sensitivity

Leptophilic Inelastic DM, mr, = 10 MeV, A =50 MeV, ap=0.1 Leptophilic DM, Most Conservative: ap = 0.5, my =3 m,
BaBar !

Leptophilic

€ap (myfmy)*

7" Leptophilic /
inelastic

10 EOT
3, 10, 20 events

BDX@JLab mA' (Mev) = I():

2 EOT, 3,10 & 20 Events

100 200 500

iDM Scattering in Detector
X1 X2 X2

0.10
my (GeV)

N Dark matter searches at (low energy) 46
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Proton beam dump experiments

Use data of the search of v ,—ve+e— for looking for P—yA’

Pseudoscalar decaying to spin O or % particles negligibly small
Shielding

Proton beam
Decay region

-

! :lF;le:l
Production (O (¢2g,)) Detection (O (¢%g,))

Neutral-Meson Decay Elastic Bound Nucleon

Dark matter searches at (low energy)
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Limits from past experiments: proton beam dump

NOMAD and PS191 looked for decay of
and heavy neutrino v,—ve+e—
Look for 0—yA’

NOMAD: 4.1-10%° POT
E>4 GeV, m_ <95 MeV
PS191: 0.89-10%° POT

Br(n® — vA") = 2¢2Br(n° — 7v) (1 _

may (GCV)
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Beam dump: MiniBooNE

MiniBooNE Detector

Target Decay Pipe Beam Dump

p —_11.86x10% POT A
““Nov 2013 -Sept. 2014

Be Air

50 m

Neutral-Current Nucleon (NCE)

» 800tons of mineral oil (CH»)

» Cherenkov tracking detector with scintillator
component

» 1280 inner and 240 veto PMTs.

» Ran for a decade in v/ Modes and has
obtained/published 27 papers

487 m

Charge-Current Quasi-Elastic (CCQE)’

First v double-cifferential CCQE cro
measurement

INFN Dark matter searches at (low energy)

accelerators

Neutral-Current Elastic (NCE)?

Produced absolute and relative cross sections
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» Ran 9 months, Nov 2013 to begining
of Sept. 2014, collected
1.86 x 1020 POT

L1 lllllll

v-Mode

» CCQE v “event”/POT decreased by
~50 compared to »-Mode

Off-Target

:: D

......

FESFEEE SUE TR SRES FUE S SRS S
010203040506 070809
m, (GeV)

» Only considered on-shell p—/
decay (my > 2m,) ST metomev, o =01

{ / —— MB 90% CL
- » CLin ¢*a, for a given my, m, /o= M so% Sactivy
INI'N » Slice space to compare to 0 o b AT 0

C other experiments * m, (6eY)



Invisible decays, model dependence of limits

my < 05 MeV,ap =0.1
107! . .

BR(Zs—missing) = 1
SO 100 0 1000
Zy mass [MeV] T BT E—
K*—n*vv used to constrain K*—m*A” assuming ma [GeV]
kinetic mixing and coupling to quarks # 0
my =50 McV,ap =0.1

L

_
103§

<
| Q
| S
10 3 QQ’
<
o

—— Scalar DM
BR(Zs-missing) = | [ Ae'e 5 Ny ¥ ~01
O 100 SO0 100 wanldl

0.1
Z, mass [MeV]

my [GeV]
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Combine visible and invisible decays

m, < 0.5 MeV, € preferred by a, .2+
107 % :

i
[

;
107“¢
:
:
:

i
[
.
107°
:
:
:
[
.
107
:
:
3
:
:

:

i

103
:
:
E

A 2 XX
:\' b \'i\ihlc

Al+APEX+BaBar+HADI

bbbl s L b

od
1072

my [GeV]
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Model independent limits from invisible decays

Hidden Photon — invisible (my > 2 m,)

102

K vy
MiniBooNE

= Direct searches for A’ invisible decays
only depend on €2 and m,,

= No assumptions on coupling to quarks
(Both Y, and K* results rely on that)

= (g-2)u favored band excluded

= But still plenty of parameter space
unconstrained

1073
0.001 0.01 0.1
my [GeV]
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NA64 at CERN SPS

H4 high purity electron beam, <1% contamination required
(tertiary, from y conversions)

Missing Energy experiment
100 GeV e~ from CERN H4 beam line
2.75x107 EOT in 2016

<
s
=
a
<
ks
I

fpot/12%

arXiv:1610.02988
Phys. Rev. Lett. 118, 011802 (2017)

Main backgrounds:

* punch-through of e ory

* Non-hermeticity of HCAL

* Low energy tail of e” beam

* e induced photo-nuclear reactions
*  Muon events

Dark matter searches at (low energy)
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Missing momentum vs. missing energy

e (77 XX e
v. = Ep {— —i _I;\:si;l: E: = Ep
Tagger

Target /ECAL/HCAL ECAL/HCAL
Missing energy experiments... Missing momentum experiments...
* have higher signal yields/EOT * have pras a signal discriminator
* have greater acceptance * have pras a signal identifier,
* are challenged by sensitive to ma/my

backgrounds beyond 10'* EOT * are equipped for e-y particle ID

hat require e- rticle ID . e ;
that require e-y particie * include a missing energy experiment

LDMX can do both

Dark matter searches at (low energy)
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18036 Dipole

«'f""}é'”/’

Tagging Recoil Calorimeter
Tracker Tracker

low-current _| ' /

electron beam

B® * B®
~10% X,
W target

Beam that allows individual tagging and reconstruction of 10'¢ incident ¢

* A low-current, multi-GeV, e- beam with high repetition rate (10'®/year = | /3 ns).
The possibilities are DASEL @ SLAC (4/8 GeV) and CEBAF @ JLab (up to |1 GeV).

* large beamspot (~10 cm?) to spread out otherwise extreme rates and radiation doses
Tracking and calorimetry capable of high rates and radiation tolerance
* requirements for 10'¢ experiment close to limits of available technologies

= Two-stage approach to LDMX:4x|0'4 “Phase |” followed by 10'¢ “Phase II”
~le' /25 ns @ 4 GeV ((le Ins) , =8 GeV

INFN Dark matter searches at (low energy) 56
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LDMX background rejection

recoil energy distributions, 4 GeV ¢ on 10% X target

M = 10-]500 MeV

Inclusive Single ¢
Background

Event Fraction

gl

1

+ +J
™ |

=" U

E. [GeV]
Recoil kinematics allow efficient signal definition providing ~30% background rejection
* Tagging tracker: track with |p| = Eveam On expected trajectory
* Recoil tracker:  single track, with |p| < 0.3 Ebeam, that points back to tag in target
* Calorimeters:  shower consistent with recoil track and no other activit

recoil pr distributions, 4 GeV ¢ on 10% X target

10% Xg target 1 MeV smearing

SMceV

vent Fraction

200 300

Electron | Py [MeV]

") Goal: achieve zero background without using pr as a signal discriminator
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A challenge also for simulation

incomin . outgoin relative rate
_ g trivial (g_ g 100
€ = » € e
10
| Q-2
10-3
|04
10-°
106

n 107
> VP TN 108
Yn — nnn 109

» +hard ~y

v — hadrons
> Y — ;L*',u.’

. |O-|O

: .. . 10-!
reducible, "4 increasingly rare | |o-12

goal: eliminate photo-nuclear 1013
W|thout pT Cuts | O_|4

|O-I5
1016

"4 Mgller + CCQE ¥

v backgrounds (irreducible) << |0-'¢ 7
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Simulating Rare Photonuclear Events in Geant4

Geant4 produces surprising number of events with

enormous momentum transfer to recoiling nucleus

Tim Nelson
DX

Bertini cascade model in Geant4

(colored lines at right) not tuned to data
on Pb

5GeVe
* With high energy secondaries emitted at large R .
) .o Op = 100°

angles, these are very difficult events to veto. E

* Geant4 is not tuned to data in this regime,
which is sparse in the literature.

* Energy/angle spectra from data provide

rate (A.U.)

evidence for a universal exponential fall-off,

suggesting that Geant4 rates in this regime are

Los Alamos code (LAQGSM) (black lines
at right) is dedicated photonuclear
simulation, tuned to data.

Data for high-energy photonuclear
secondaries is sparse to nonexistent,
especially at large angles.

2

d*o/dT/dR (ub/MeV/srieq.q.)

The validity of all simulations is

overestimated by orders of magnitude i
1
The validity of all simulations is questionable, so we N - 1
500 1000 500
are working to identify data we can use as a p+

reference point to tune the MC and validate our

photonuclear rejection performance,

Muon Conversion Backgrounds in Geant4

T T questionable: talking to JLab colleagues

momentum (MeV) to identify possibly useful datasets.

Can occur in target, recoil tracker or ECal.

Multiple handles available for veto: 107 10"y
O Sw:
* recoil tracker (for y-sp+p- in target & recol tracker) ";J 106! ;‘:\: ! /
o =3
e ¢ 210 \
x L3 x 10
« ECal & 10°) fé
) 10y
* HCal g 10°) | &1o')
w 10y
3" I.-
An initial veto using only tracker and HCal 107} o
eliminates all but a few events where both 10| D S A B T R R
. ; 1 log q (log MeV)
muons are emitted at =90° for ~10"*EOT. ¢ IrLL ) ]
! Mall
Geant4 also grossly overestimates rate of 14 il
y—u* i events with extremely high q°. 10 il ‘
0 2000 4000

We expect to eliminate muon conversion

1 DMX

Geant4 y—pu'*u events

momentum transfer, q (MeV)

backgrounds without using pr

109

Inclusive PN p* spectra

607 (x 10)

5 05 075

00°ix 10°)

15 15

T, (GeV)

Y(E™=45GeV)+ C—op+X

P 104
ax W)

&0f1x 10%
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LDMX sensitivity

Phase I
may require faster and

more granular detectors,
more sophisticated trigger

Higher beam energy

2 4
€“ap (my/my)

Thermal Relic Targets & Current Constraints

10-4 LHC

o-5 e 4 >2021

10°°
1077
10°8
1077
lO—I()
]O—l 1

MiniBooNE

BaBar

I 10—l2 e i’ < <
(e.g. 8 GeV DASEL) would > - > S
mitigate the most difficult 1014 / <2~ LDMX Phase Il @ 8 GeV
backgrounds. 015" 0.1-0.3 X, target
1 10 10? 103
m, [MeV]
)
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The missing mass approach

— No assumption on the A’ decays products and coupling to quarks
— Only minimal assumption: A” bosons couples to leptons

— Limits the coupling of any new light particle produced in e*e™ collision
(scalars (H,), vectors (A”and Z,)

Just detect one photon + missing energy:
e*e — vy + nothing

e

In order to compute M?, = (P, ~P,,)> we need:

a) A positron beam with a well defined four-momentum
1. Small energy and angular spread
2.  Small transverse spot
1+2 = small emittance
3. Tunable intensity (in order to optimize annihilation vs. Bremsstrahlung)

b) Measure precisely the photon (tri-)momentum (angle and energy)

Dark matter searches at (low energy)
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Backgrounds

e

We need to fight the backgrounds

i.e. one photon + something else, eventually going undetected:

s S
~

e+
Y
b
+1 electron +1y
Bremsstrahlung process, =72 YY process, =Z

Dark matter searches at (low energy)

accelerators
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BaBar single photon events

BABAR collected ~53 fb-1 of

data with dedicated single y
search for - R triggers Y(3S) and Y(2S)
o oe sgle shoton and nothins oo ' 2| peaks Hard. trigger 21 EMC

‘ | cluster with E 45 > 800 MeV

» reconstruct A mass, fL‘fv\ s - 2/sE, "
Example low-mass background fit

» scan M} distribution, fitting bumps over smooth background, compute significance

]

[A" decay width I ,» expected experimental resolution on M |

107

.o
D i e e =
.

BABAR 2017 e )

. .
[ S PR

PRER) | vy

” - e
T T
.

’

arXiv:1 7102.03327 lsub. PRL

A aaaaaul A At A dededd A Al Aedendd

3 2 1
10 10 10 1 mA.(GeV)w

Dark matter searches at (low energy) 63
L,f accelerators



The PADME experiment

electron veto spectrometer

vacuum vesse

103-10% e* on target per bunch, at 50 bunches/s (1013-10% e*/year), limited by pile-up,
mainly due to Bremsstrahlung events

Active target, thin: e.g. 50-100um diamond with strips
= Optimize by looking at annihilation vs. Bremsstrahlung cross section
Magnetic spectrometer/veto ~ 1m length x 0.5 T for sweeping away 550 MeV beam
=  Conventional magnet with large gap for gaining acceptance
= Possibility to increase field for energy upgrade to ~ 1 GeV
= Available from CERN, spare of MBP dipoles of SPS transfer line
Cylindrical crystal calorimeter
= QOptimize radius vs. distance by looking at background rejection vs. acceptance

= |n order to have an acceptable rate, central hole and

Small angle detector for Bremsstrahlung veto

Vacuum pipe

Dark matter searches at (low energy)
accelerators




First task, measure the recoil photon

Our main detector is of course a calorimeter, with two basic requirements:

1. Measure Ey, OY
= Good energy resolution: 1-2%/VE[GeV])
= High Photo-statistics
= Containment
= Good angular resolution: =1 mrad

2. Fight pile-up

= Sub-ns timing resolution

The material choice fixes light yield & time resolution, Moliére radius & X,

= The Moliére radius determines granularity

= The granularity + required angular resolution, set the distance from the target
= Given the distance, the lateral size fixes the angular coverage (i.e. acceptance)

Target But...
...we have to take into account two important constraints:

= The overall size of the experiment is the hall length (<5 m)
= Another important bound is the cost, which is driven by the material, size and
granularity (i.e. the number of channels)

So the message is “keep it compact!”

Dark matter searches at (low energy)
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The calorimeter

Parameter: p MP XJ R}y dE"/dz A] Tdecay Amax N Relativte Hygro- d(LY)/dT

Units: g/em® °C ecm cm MeViem cm ns nm output’ scopic: %/°CH - high high I d
LYSO(Ce): high LY, high p, small X, an

Nal(Tl) 3.67 651 259 4.13 4.8 429 245 410 100 yes 0.2 small RM, short Tdecay

BGO 7.13 1050 1.12 223 9.0 228 300 480 2.1 21 no ~0.9

BaF, 4.89 1280 2.03 3.10 30.7 650° 300° 36° ey ol = Performance:

5 900f 11/ s
‘ 0.9/ 220 1.1 0.1 —  O(E)/E =1.1%/VE @ 0.4%/E ©1.2%
CsI(T1) 4.51 621 1.86 3. 5. 39.3 1220 550 165 slight 0.4

CsI(pure) 4.51 621 1.86 3. 56 39.3 30° 420° 1.95 3.6° slight 1.4
6/ 310/ 1.1/ BGO: high LY, high p, small X, and
PbWO4 8.3 1123 0.89 2. . 20.7 30° 425° 2. 0.3° 0 2.7
’ ’ small Ry, long Tyec,,

10f  420f 0.077f
LSO(Ce) 7.40 2050 1.14 2.07 209 40 402 1.8 85 : . -
LaBry(Ce) 5.29 788 1.88 2.8 20 356

Resolution also in 1-2%/VE range

Small Moliére radius and high light yield:

LYSO and BGO - 2 cm crystals
(l l/, rp 4/7
= Granularity =R, — 2 cm 80 0.0 018
° - -0).2 0.1,
" 3=2cm — point resolution: 2 cm/V12=6 mm 04| 024
u Opoint=6 mm — 1 mrad at 6 m distance — too much! .:-.c.; (,..;a::
-0).8 0.3

But... 1.0 0.10

...we have clusters!
Results with a Geant4 “photon gun”, E=500 MeV

O uster>4.5 mm (including the systematic shift),
better than 6 mm

= (Center of gravity should have a better resolution
* Most of the energy will be in a single crystal, pulling the cog
towards the center of the most energetic one)

Dark matter searches at (low energy)
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Longitudinal containment

15 cm long crystals (13.2 X,)

20 cm long crystals (17.5 X,)

4  EtoVETrue

® EClus/ETrue

EtovEtrue

4 EtoVETrue

B EClus/ETrue

No energy dependence
of response

| | |

|

N RMS Etot
A ECs AMS cut
SuperB prototype
— i

‘..
NN . S S |
SN

L L s | L L |
100 200 300 400 500 600 700 800
¢ Energy (MeV)

L accelerators

400 500 600 700 800
Ey (MeV)

[ ™ AmS Eot
A EChs AMS ot

SuperB prototype
—

Energy (MeV)
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Signal acceptance in calorimeter

Calorimeter hole:
20 mrad

0,,2x=65, 75, 83 mrad
from 58% to 65%
acceptance

Calorimeter

Small angle

Dark matter searches at (low energy)
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Calorimeter 2y and 3y backgrounds

No 2y events

Recoil y definition:
10 MeV < E <400 MeV
30 mrad < 6 < 65 mrad

Per-mil 3y background

)

INFN Dark matter searches at (low energy)
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Residual background

Tighter signal definition: in fiducial region and 150 MeV < E <450 MeV

Ennes
Mean 0,135
RMS 0.01871

Dark matter searches at (low energy)
accelerators




L3 BGO crystals

N -

f

"o :.:;-,’ 3 “?’_,’ . ! _t
= 700 BGO crystals from former L3 electromagnetic calorimeter
= Cut from trapezoidal prism shape to square section 21x21 mm?2, 220 mm long

Mounting and support structure

Dark matter searches at (low energy)
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Missing mass resolution

Missing mass squared resolution

A 180 MEV ELECTRON BEAM

® XIELECTRON BEAM

0(E)/E=1.57/VE+0.35 %

TTTTTTTTT]TT

Missing mass resolution [MeV?/c*]

FTTTTTTTTTTTTTTTTTI]TITITT

AP I I ' M. resolution is the result of

3 4 5 6 . . .
Calorimeter energy resolution %/sqrt(E [GeV]) combination of angular resolutlon,
energy resolution and angle-energy

1=300 ns light signal correlation due to production

— ™1 N » 13 ECALQTOPMT
— - Entres 39023
* Not saturated Mean 0963

* 0.3cm from position (0;0) RMS 2138

Aim at 1 MeV threshold:
22Na 511 keV calibration

Signal

f | i

0 5000 10000 15000 20000
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The diamond target

= Given the number of positrons,
50-100 um of Carbon

= Given the beam spot size and
shape, at least cm?2 area

AN U AAA ‘N,",W )

" ﬁ\'rw

= 20%x20 mm2, 50 um detector
tested on beam

= 16 strips per side, 1 mm pitch L e
is the baseline design Sl

= Resolution adequate for
monitoring beam spot

\
- imii v \"-.'v\v -

1 ]
\ 1
AN N " "
N S WM N Yy WY

Digitized strips signals

Center of gravi Average position
9 gep
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Positron veto

= Time resolution better than 500ps
= Momentum resolution of few % based on impact

position
= Efficiency better than 99.5% for MIPs
= Low energy part inside the magnet gap / /
= High energy part close to not interacting beam / /
S &
High energy Full MC with magnetic field map
<€ 100 cm > | l *

- N

Low energy

Dark matter searches at (low energy)
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Positron veto

PosVetoNFing

' e 4 J
600
PosVetoTrEne

Low momentum losses are reduced for £, <400 MeV
Interesting positron energy starting at ~150 MeV
Which granularity?
= 1 cm scintillator bars, readout by SiPM

=" Few % momentum resolution in a large part
of the spectrum

Dark matter searches at (low energy)
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Background estimates

- IV cuts

Events/5 MeV?

<,

)
8
c
o
>
o
©
c
p= |
o
—
[}
-
O
®
Qo
-
o
—
@
o
S
-
Z

. 14 16 18 20
0 100 200 300 400 5_00 600 A' Mass [MeV]
M. (MeV)

* BG sources are: ete vy, e+e-=>vy(y), e+N->e+Ny, Pile up

= Pile up contribution important; rejected by the maximum cluster energy cut and M?,...
= Veto inefficiency at high missing mass (E(e+)= E(e+)beam

= Full Geant-4 simulation
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PADME-invisible decay sensitivity

= Based on 2.5x10%° fully GEANT4 simulated
550MeV e+ on target events

= Number of BG events is extrapolated to 1x1013
electrons on target

= Using N(A’y)=s(Ng)
= § enhancement factor 8(M,) = (A’ y)/o(yy)
with e=1

['(eTe™ — U~x) N(U~) Ace(y~)

T ¢ > yy) N (~v~) W_

102 10" Running time depending linearly
M, (GeV/c’) on positron pulse length
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PADME@Cornell

MMAPS @ Cornell .

Synchrotron

et e ‘
Transfer Line Transfer Line ‘

Linac

Converter

c
) <~
e‘/)

01 1 '“'"1’;0
@Cornell my [GeV]

Epeam ~ 6.0 GeV (from 5.3 GeV) EPJ Web of Conferences 142, 0 01 (2017)
CM energy ~ 75 MeV -

10 MeV < E, < 800 MeV £ i

»
Q
>
O]
%
c
5]
o
@
(2]
9]
a:
N
>
)
=
o)
9]
a
@
e
S
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o

(=}
o
T

o
o
TTIT

PADME + MMAPS? (20207?)

PADME: E;~500 MeV, 2 year @ INFN BTF
Cornell: 12x E;, 104x EOT

PADME: Better M., faster detector

f f f f
-5000-4000-3000-2000-1000 0 1000 2000 3000 4000 500(

——) o (MeV?)
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A 16.6 MeV boson?

Electron spectrometer
MWPC + scintillators

On resonance Off resonance
EP= 1.04 MeV Ep= 1.10 MeV EP=O.8 MeV
B \\ é 4 . s = 1 e
5 ~ ; ,.L : nl-.r| r\; l:;' g % I I(psee * e
- ~ . 4 =1 ¢ - = X
4 i . - = P ey & M E, =08 MeV
\ \\‘& = LN = b
. e B = e 5 ~ s
\ P —— & - | . B . G O
4 N < 3 < W, N
0" . : O B = 5 S
. — & *Be 15 MeV 4 o -\"‘x : £, i iy ¥
= . - } Ee, @ g~ PN *si 10 . e \ k ‘.\"\uﬁ i
e - t . "\A'x, —'l‘o'-'w\_‘_“ . | S < LR '!W"’{\A:L =
~ 1l - o, "Be 1S Mey s P Spes el
- " t R ~ e ¥
- Be 18 MeV i ~ M == P
- - "Be 18 MeV W\, “Be 18 Mel
10 . Mg
10 } : 10
L e SN TN S ——— htnttnd ettt . 4
40 o0 ~0 100 120 140 160 0 ) S0 140 120 140 160 40 o0 80 100 120 140 160
© (deg.) O (deg.) O (deg.)
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Proto-phobic boson

6.8c excess, interpred as a new (vector Not compatible with present
is favored) boson limits: too high coupling unless...
A. Krasznahorkay et al., “Observation of Anomalous Internal J. Feng et al., “Protophobic Fifth Force
Pair Creation in éBe: A Possible Indication of a Light, Neutral Interpretation of the Observed Anomaly in 2Be
Boson”, Nuclear Transitions”,
Phys. Rev. Lett. 116, 042501 (2016) Phys. Rev. Lett. 117, 071803 (2016)
1074
: KLO ;
1075k 2 pes
10 — —6r_ | ]
g) 800 10 L 35 ‘ r“ ‘ /
2 o 1077} / \@’w Y
2 0 W 5 (oo Lo
; 400 10_8 :F E141
‘,__é; 200 10_9_F E
O 100 \ LHCb
eI 10710k
0 90 100 110 120 130 140 150 160 17 050 1 12 13 14 15 16 17 ;»-: 3 \
[ Orsay/E137/CHARMAUTO
Opening Angle [Deg] Invariant Mass, mee [MeV] 10-11 1 Pre—?021
1073 102 107" 1
my [GeV]
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Time of facilities

2022

Fermilab
CESR

LCLS-II CEBAF
LERF

MESA

Running @ sps, psi

Protons

DADNE

VEPP-3

Super-KEKB



Facilities for dark sector/LDM searches

Existing accelerators Approved new accelerators
— CEBAF & LERF@JLAB — MESA@Mainz
— DA®DNE LINAC

— SPS extracted
beams@CERN Proposed accelerators

upgrades
— DASEL@SLAC
— BDF@CERN (SHiP)

— Positrons from
Synchrotron@Cornell

— VEPP-3 bypass
— Positrons from DADNE ring?




4

= €“ap (m/my)

v

Future projects combined sensitivity

Missing Mass/Momentum Experiments (Kinetic Mixing)

1| LH(
SLLEP
DarkLight BaBar
@JLab
8 S
9
o, " e e~ S N
1 7 Belle 11
3 @SuperKEKB
12
13
14 -
5 LDMX
1 P i ®SLAC
‘_’_,,—‘ 10" EO1
16|a==""""
I 10 10° 103

m, (MeV)

)
N
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,
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All Experiments (Kinetic Mixing + Elastically Coupled DM)

x_lll(

SLLEP
¢ ~ 1 T ’

DarkLight
@JLab

8 -

Belle 11

10°

10°

| 10
m, (MeV)
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