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QR TRIUMF Physics Motivation
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@ TRIUMF (Light) Dark Matter

eV keV MeV GeV TeV

Lee-Weinberg, m>10 GeV

DM Mass

LDM / \
/ WIMPS

SuperCOMS Soudan Low Threshold

Visible Decays

Neutrinos
0745

1
10746
10—47
10748
104

Invisible Decays

WIMP-nucleon cross section [cm?]
WIMP-nucleon cross section [pb]

-50 o e ey N il 1014
i 1 10 100 1000 1()!‘0

WIMP Mass [GeV/c?]

ARIEL Workshop 2018 Luca Doria, TRIUMF & JGU-Mainz 4



(Light) Dark Matter

Visible Decays

Invisible Decays
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Q@ TRIUMF The Dark Sector
&

@erent possible portals to the DS: \ / 4-parameter model \

Scalar/vector particles, the Higgs, (heavy/sterile) neutrinos, axions.
/ P , ggs, (heavy/ ) . My DM mass

My’ Dark photon mass

Experimental benchmark scenario: minimal dark photon model -
|:> ap = 22 DM coupling

4
Mixing with SM €y SM coupling

L~ x(EP—my)x + §eyFWBW + §m?4,AMA #

4
m
. y = ap | —= y o (ov)
Fermion DM My
massive dark photon
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@ TRIUMF Accelerator-Based Approaches

Beam Dump (Invisible Decays)

X

Beam Dump Detector

Neutrino Experiments, Proton BD Experiments
Possible future locations: JLab, MESA, ...
Re-analysis of old experiments
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@ TRIUMF Accelerator-Based Approaches

Beam Dump (Invisible Decays)

X

Beam Dump Detector

Neutrino Experiments, Proton BD Experiments
Possible future locations: JLab, MESA, ...
Re-analysis of old experiments

Thin/Thick Target + Vertexing (Visible Decays)

10em B
A Intense Experimental Activity:
6w A DarkLight: FEL 200MeV beam (JLab)
: - APEX: e+e- pairs (JLab)
Beams eye: HPS: e+e- pairs + displaced vertex (JLab)
B e M AT@MAMI: e+e- pairs (Univ. Mainz)

I||I L
ecal/trigger
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@ TRIUMF Accelerator-Based Approaches

Beam Dump (Invisible Decays) Collider (Visible/Invisible)

X

Beam Dump Detector
- r111} . -

€

Neutrino Experiments, Proton BD Experiments
Eosmbltla FL.Ji‘UI'Fe |T>dcahons:. JLab, MESA, ... B-Factories (BaBar/Belle/Belle I)
e-analysis of old experiments LHC Experiments

Thin/Thick Target + Vertexing (Visible Decays) Meson Decays

102
w

Intense Experimental Activity:

L DarkLight: FEL 200MeV beam (JLab) BaBAR 2017
APEX: e+e- pairs (JLab) 10°
HPS: e+e- pairs + displaced vertex (JLab)

AT@MAMI: e+e- pairs (Univ. Mainz)
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@ TRIUMF Beam-Dump Experiments

Bjorken et al., Phys. Rev. D80, 075018 (2009) DM Detection
X X

T A7

Orms ~ ==

beam A
e~ Dirt ¢ e
X
Beam Dump Detector

ﬁP Production - \
DM Decay X

e

- Bremsstrahlung-like dark photon production.
- DM detection via re-scattering in the detector.

- Production and detection in the same experiment.

822 3.2 2
do SZen(, 2 Vrop
(1=x) J - Generic setup for dark sector particles.
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PROPOSED EXPERIMENTS




QR TRIUMF BDX @ JLab

Proposed Detector:

820 Csl(Tl) BaBar EM Cal
Crystals: 32x5x5 c¢cm

8 Modules, 10x10 crystals
SiPM readout

3m length, 0.5x0.5m CS

New Infrastructure

Beam:
E=11GeVY
| =100uA

Detector Prototyping in progress.
Beam/Cosmics tests at INFN-Catania
Background tests at JLAB

1022 EOT/yr

Dark matter search in a

Beam-Dump eXperiment (BDX)
at Jefferson Lab

The BDX Collaboration

arXiv:1607.01390

ARIEL Workshop 2018 Luca Doria, TRIUMF & JGU-Mainz 9



R TRIUMF BDX @ MESA

Beam Dump Experimental Area simulation by Steffen Heidrich .

- 20 Xo Beam Dump -70 Xo (78m) barite concrete ' * R — (o
- Material: Aluminum (+ Water) - 7 no neutrons at detector position 15| § == M §_
- Addition of a W plgte? - no beom. dump backgrounds T B ;. - E’%
- Energy on Dump: "~ 135 MeV - No neutrinos N - ’ w00 5T
- 104 h of operation; 1022 EQOT %. 5 . o T

‘ ) ’ 10 %

0 z

Detector Concept:

- 81 lead glass blocks

- 30x30x150cm each

-5'" PMTs or SiPM readout
- Other crystals under study

Background Rejection
- Beam on/off

- Comics Veto

- Segmentation
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QR TRIUMF BDX @ MESA

ap=0.5 ; m /m,=3 ; 3x 10* EOT ; E =5 MeV

-6
I~ 10 — Simulation
=107 MiniBooNE (ucteon - GEANT4
g 10 .
= - Experimental Halls
<
g 107 - Beam Dump
2 - Detector
ﬁdj 1070 - DM/e DM/p interaction
I 1071 - MadGraph-4
> " - Dark Photon Production
10~ - Input to GEANT4
10—12
A Results
10~ . e
- Competitive sensitivity
_14 - Better than BDX@JLAB but..
10 : - ...lower mass reach
10°15 - Reaches the thermal targets
107 1072 107 1
m,, (GeV/c?)
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QR TRIUMF

BDX @ MESA

Detector Threshold

ap=0.1;m =1MeV/ic?; 3x10% EOT
107

@2),
(g-2),» 20 favored

107

Exclusion limit for ¢

Eqy = 5, 10, 20, 50, 80, 100 MeV

bl

1072 10 1
Mediator mass m,, (GeV/c?)

- 10 MeV threshold
- Still good sensitivity
- Rejects most backgrounds

a,=05;m =3m,;3x10% EOT

—e2 4
=g aD(mxle )

10712

Ey, =5, 10, 20, 50, 80, 100 MeV

107

Exclusion limit for y

102 107
Dark matter mass m, (GeV/c?)

107

- e/p recoils
- ER most promising

- need ER/NR discrimination?

1

=
=

eV’

dN/dE (

0.2
0.18
0.16
0.14
0.12

0.1
0.08
0.06
0.04
0.02

o

o I!\I!\!I\!II\\I[\Il‘lll‘l!\‘l!\l!\\l\ll

Nucleon / Electron Recoil

[l proton recoil
[ electron recoil

E =140 MeV

beam

% elastic scattering kinematics

20 40 60 80 100 120 140

Kinetic recoil energy (MeV)
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R TRIUMF Preliminary Detector Concept

1) Lead Glass Blocks —> Cherenkov Calorimeter —> Directionality + no NR
2) Scintillation Crystals

5" Photomultipliers available (move to SiPMs 2)

Materials available:

Xl | Yl | z{mm) | ersity g/cm

160 4.07
30 55 160 5.18
SF 57 HTultra 40 55 (180) 160 551 ~11m?

21 21 230 7.13 Lottt
PbF, (1) Frustum of a pyramid 150 7.77
PbF, (7) (3030 / 26x26) 185.4 7.77

J

III|III|III|III|III|III|III|I

LI S S
Y Tndt 113872
Constant ~ 0.1967 + 0.0010

Mean 7.549+0.011

......... Sigma 1.952 + 0.017

2 ndt . 0496871 1
¥* I ndf 0.4968 /1

Constant 0.1684 £ 0.0010

-| Mean 9.363 * 0.026

;(zlnd| 4.113/2
--------- Constant  0.1492 + 0.0009
Mean 11.22£0.02

Sigma 2.508 + 0.038
C@nal 281172 |

Constant 0.08806 + 0.00066

Mean 20.33 +0.06

Sigma 3.988 + 0.188
[ZTnar 1811/3 ]

Constant  0.07672 + 0.00055

Mean 23.59+0.06

0.12F

G4 Optical Simulation 015

0.08F

Quantum Efficiency
+ Refraction Index —P 006
Emission spectra 0.04f

0.02|

= = i T el ==V IPRPRTEN PR =y — SR
0 5 10 15 20 25

30 35
detected optical photons
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THE ARIEL CASE

- Where to locate the experiment?

- Sensitivity?

- Integration into the existing infrastructure?
- Detector technology?

- Full Simulation needed (complex, time consuming for different scenarios)
- For now: fast calculation imp|emented in C++ code (starting from Mathematica code from P. Achenbach, JGU Mainz)
- Implement Bjorken et al. PRD 80 075018 (2009) formulas.

- Parameterized nuclear form factors and other small approximations.
- Optimistic scaling of exclusion limits with DM mass but highest sensitivity about right.
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@TR'UMF Detector Location
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Q@ TRIUMF

Detector Location

@ion 1 \

- ARIEL targets + Separator room.

- Parasitic operation possible.

- Backgrounds from ISAC targets?

- Enough space? —> Room available.

kDistance: ~20m j
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@TR'UMF Detector Location

@ion 1 \

- ARIEL targets + Separator room.

- Parasitic operation possible.

- Backgrounds from ISAC targets?

- Enough space? —> Room available.

kDistance: ~20m j

sv/h

1SAC Mass Separator
© =135
2. p=1000 mm

Mass Separator Hall

High
Voltage
Platform

N =

£

West Target \*
Station
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Q@ TRIUMF

Detector Location

gption 2

- ARIEL beam-dump

- Distance: ~3m

\_

- Less beam time available + dedicated BT.
- Cavity still present? If not, new needed.

~

@ion 1

- ARIEL targets + Separator room.

- Parasitic operation possible.

- Backgrounds from ISAC targets?

- Enough space? —> Room available.

Qstance: ~20m )

~

<
T

1SAC Mass Separator
© =135

=
P 1 e

.1 \w”

Mass Separator Hall

o y-=n

-—

West Target \* s/ East Target
Station ation
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QR TRIUMF

Detector Location

@ion 1 \

- ARIEL targets + Separator room.

- Parasitic operation possible.

- Backgrounds from ISAC targets?

- Enough space? —> Room available.
- Distance: ~20m

@tion 2 \
- ARIEL beam-dump

- Less beam time available + dedicated BT.
- Cavity still present? If not, new needed.
- Distance: ~3m

\_

Option 3 \
- Dedicated beam line in E-Hall

- Dedicated BT or split the beam.
- Less beam time available.

- Distance: ~1.5m \ :
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R TRIUMF Option1 (ARIEL Target + Separator Room)

_BTEa=m35MeVl A L 100 0,=0.5 ; mY,/mX=3
: 52030)(%)2:? £oT g 107 I S
éx 1078 =
.D ;T;:)Zrm ﬂcjm I(IZ N oo
- 20m distance I 10
- avg inorg. crystal density 4g/cm3 > 10!
- 10 MeV threshold 10-12
10°13
107"
10°15
10-16 A | , A | , e
107 107! mX(GeV/cz) 1
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QR TRIUMF

Beam

- E= 35MeV, 3mA

- 5000 h/year

- —>3x102 EOT / 10.0

Detector
- 2x2x2 m
- 3m distance

- avg inorg. crystal density 4g/cm3
- 10 MeV threshold

Option2 (ARIEL beam-dump in eHall)

ap=0.5 ; mY ,/mx=3

MiniBooNE

NhOH oD

107

107 10~ m, (GeV/c?) !
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R TRIUMF Option3 (Dedicated beamline)

Beam
=0.5 ; m /m =3
- E=35MeV, 3mA . 106 o My
- 5000 h/year o MiniBooNE
- —>3x1023 EOT * 50% duty cycle g 10 ' -
=~ 1078 —
Detector A 102 Ao\ D
- 2x2x2 m g (310 WA
- 1.5m distance y 10
- avg inorg. crystal density 4g/cm3 > 107!
- 10 MeV threshold 1
10
10—13
107"
10—15
10—16 L 1 gl 1 1 M B A | 1 1 PR TR T N B 1
-2 -1
10 10 m, (GeV/c?) !
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R TRIUMF Option X

E.lzaguirre, G. Krnjaic, M. Pospelov PRD 92 095014 (2015)

Beam Do not build a detector at a good accelerator,
- E= 109MeV but build an accelerator close to a good detector.
- 3x10%4 EOT
accelerator X
Detector X
- 12m sphere o
- 10m distance meme
- 0.9 g/cm?® (" liquid scint.) . ap=0.5 3 m /m,=3 ; Ix 10* EOT ; E =10 MeV L
- 10 MeV threshold £ 107 The SNO+ Derector @ SNOLab
(SNO+ has 200keV) g 107 o
£~ 10
5Q 10—9
UJ 10—10
I
> 1071
o Dedicated accel.
. Underground (Low bkg)
10 Pulsed operation
107 Large acceptance
107" \-} Very High sensmw'ry
10—16 MR A | M R A | L PR R R R

1072 107! m, (GCV/C ) 1
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QTRIUMF Considerations for ARIEL

Beam Properties:
High power BD (~100kW expected, more w/o ISOL target..500kW?) , bremsstrahlung on Au (+Al)
Low beam energy (30 MeV): wide A’/DM beam
Have to stay close to BD for good acceptance -> backgrounds?
Advantage: no muon/neutrino background
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QTRIUMF Considerations for ARIEL

Beam Properties:
High power BD (~100kW expected, more w/o ISOL target..500kW?) , bremsstrahlung on Au (+Al)
Low beam energy (30 MeV): wide A’/DM beam
Have to stay close to BD for good acceptance -> backgrounds?
Advantage: no muon/neutrino background

Detector:
Tracking calorimeter / high segmentation / Noble liquid detector / .. ?
Low DM masses —> Low threshold -> BKGs again
Veto system: cosmics, low energy neutrons
Timing? Likely not possible with CW beam (need sub-ns resolution) —> dedicated bunched beam?
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QTRIUMF Considerations for ARIEL

Beam Properties:
High power BD (~100kW expected, more w/o ISOL target..500kW?) , bremsstrahlung on Au (+Al)
Low beam energy (30 MeV): wide A’/DM beam
Have to stay close to BD for good acceptance -> backgrounds?
Advantage: no muon/neutrino background

Detector:
Tracking calorimeter / high segmentation / Noble liquid detector / .. ?
Low DM masses —> Low threshold -> BKGs again
Veto system: cosmics, low energy neutrons
Timing? Likely not possible with CW beam (need sub-ns resolution) —> dedicated bunched beam?

Other:
Complex logistics: where to place the detector (separtor room, new cave, new beamline, ...)?
Enough space in the separator room?
Radiation levels low enough?
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R TRIUMF Conclusion

LDM is a quite generic possibility and there are minimal models (which are also UV complete).

With a rapidly “heavy” DM window closing, “light” DM searches are gaining a lot of interest.

Dark sector experiments discussed at major labs equipped with electron machines:
SLAC, Cornell, DESY, ELSA, MAMI/MESA, Frascati, KEK, ...

BD-type experiments have the potential to explore unique parameter regions.

An opportunity for the TRIUMF beams (protons could also be an option...)

vV vV VvV 9V V

Full simulation study needed: beam dump + detector technology
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TRIUMF

Canada’s national laboratory
for particle and nuclear physics
and accelerator-based science

Thank you!
Merci!
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