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Direct detection fundamentals

DM DM
e Look for signals of dark matter from the galactic
halo scattering off nuclei or electrons in a detector \
e Kinetic energy of recoil deposited as: /
- Scintillation Energy
- lonization deposit
- Phonons
e Thsisread outvia PMT’s, current, TES, Target
imaging...

The Migdal effect allows us to probe lighter dark matter,
which would otherwise fall below threshold
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Elastic dark matter-nucleus scattering

Differential rate:

Particle physics

J. Newstead

Astrophysics
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Direct detection’s kinematic problem
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> Light dark matter does
not pack much of a punch =

10 103
DM mass, m, (GeV)
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The future of direct detection
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The Migdal Effect

The Migdal effect is atomic
ionization or excitation due to a
nuclear recoil

‘Electron shakeoff’ has been
observed during nuclear decay,
but not due to scattering

(see for example: Couratin et al.
Phys. Rev. Lett. 108 (2012))

> Agreement with theory is
mixed

"

Credit: Dolan et al. PRL 2017

J. Newstead
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.108.243201
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A brief history of the Migdal effect

1939: A.B. Migdal, J. Phys. USSR 4 449

1958: Landau and Lifshitz Vol. 3: Quantum Mechanics, sec. 41:

e e e e e e A s A AR ATTTITITTY PP ATer womie ———— s

oW o T 2 = D N TR s
ProBLEM 2. The nucleus of an atom in the normal state receives an impulse which gives
it a velocity v; the duration 7 of the impulse is assumed short in comparison both with the

electron periods and with a/v, where a is the dimension of the atom. Determine the probability gﬁ.gﬁgﬁfu
of excitation of the atom under the influence of such a “jolt’’ (A. B. MicpAL 1939).
(4. B. Muzdan, 1939). & 2 : KBAHTOBAA
MEXAHHKA
2005: First application to DM detection: HEPEJIATUBUCTCKAS
J.D. Vergados and H. Ejiri, Phys. Lett. B 606, 313, arXiv:hep-ph/0401151 TEOPHA

2018: First detailed atomic calculations for DM:
M. Ibe, W. Nakano, Y. Shoji and K. Suzuki, JHEP 1803 (2018) 194 arXiv:1707.07258

2018: First experimental constraints:
M. Dolan, F. Kahlhoefer and C. McCabe Phys. Rev. Lett. 121 (2018) arXiv:1711.09906
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http://arxiv.org/abs/hep-ph/0401151
https://arxiv.org/abs/1707.07258
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Ionization probabilities

What goes into the rate calculation?

d’R d*R;r 2
— X lZionl
dENRAE; dENrRAE;
[Bu|? = LZ/(IE d pe (nl — (E.))
ion o . e dEY e & ¢

lonization prob.

Relevant matrix elements obtained by
boosting the electronic wavefunction:

N
<‘I/f exp (imev . Zrk) ’\If,>
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Cox et al. Phys.Rev.D 107 (2023)
arXiv:2208.12222

&3
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https://arxiv.org/abs/2208.12222
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Ionization probabilities cont.

i) Dipole approx is fine for DM, but ii) Multi-electron Migdal

Nuclear recoil velocity v/a
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@ Cox et al. Phys.Rev.D 107 (2023) arXiv:2208.12222
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Ionization probabilities: Cox (dashed) vs. Ibe/dipole (solid)

Difference mostly from shifted
ionization energies

—n=3 |4

[a—
S
[*2]

— n=4

_n:5 =

[a—
)
S

—
S
Do

Differential rate (/keVee/kg/day)

[a—
)
[«

107! 10°
Detected energy, Eqet (keVee)

10/36



Updates on the Migdal effect and hydrogen doping for dark matter detection J. Newstead

&3

Ionization probabilities in semiconductors

When the atom is not isolated things are more

w [eV]

complicated: Energy loss function 14 ELF for germaniumg
P &k 22 (k vy - k|2 |
= =5 / “’"2( Im [—e&)l(k,w) % = 12:
dw (27)3 &k l W P
~
Germanium, m, = 100 MeV, o, = 10738 cm? é 8 [ |
Impulse E :
10" A Impulse, k£ < 2.5 keV q:) 6
E === Free E
o Free, k < 2.5 keV o i
%0 10”5 Atomic target 2 4
210 /4 \\ 2t
g 10—2 _ Plasmon 0-
0 10 20 30 40 50 60 70
103 : : : , : Energy, w (eV)
0 10 20 30 40 50 60

From the DarkELF package, calculated with DFT (GPAW)

Knapen et al. Phys.Rev.Lett. (2021) arXiv:2011.09496
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https://arxiv.org/abs/2011.09496
https://github.com/tongylin/DarkELF
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Hydrogen doping LXe TPCs

9,2 - Hydrogen detector not feasible
En = K1 2
max T max - Can we add H, to LXe?
NI e R S s
F10%}
2, f
) b
- ~5X more signal
= 1l from H relative to Xe |
(_J 10 ¢ —SRIM H
= —SRIM He
= | -- NEST He
X"" ‘ ‘ ‘ A NEST Xe|
0 1 2 3 4 5

Nuclear recoil energy [keV]

From talk by Drew Ames, SLAC, CPAD workshop 2023
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https://indico.slac.stanford.edu/event/8288/contributions/7436/attachments/3692/10068/CPAD%202023%20-%20HydroX-3.pdf
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Hydrogen doping LXe TPCs
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@ From talk by Drew Ames, SLAC, CPAD workshop 2023
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https://indico.slac.stanford.edu/event/8288/contributions/7436/attachments/3692/10068/CPAD%202023%20-%20HydroX-3.pdf

Hydrogen doping LXe TPCs

Hydro-X platform at SLAC will:

® |nvestigate effect on S2
e Develop gas-handling system
e Test effects of H on PMTs

From talk by Drew Ames, SLAC, CPAD workshop 2023
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https://indico.slac.stanford.edu/event/8288/contributions/7436/attachments/3692/10068/CPAD%202023%20-%20HydroX-3.pdf
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Combining hydrogen doping with Migdal

- Projections for adding 2.5 kg of
H, to LZ and doing S2-only search

Xe e’

Image credit Drew Ames, SLAC

SD DM-proton cross section (cm?)
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Let’s rewind:
What does a Migdal event look like?

A\—bW\\C N,C/O'\\ - (i,\)@
X/ Q
AN
@ 16/36




What does a Migdal event look like?

Double differential rate: Simple: Hard:
Energy deposited w quenching: Detector modelling/calibration:
107!
§ 1072 Edct _— EER + Ec + Enl
?10_3 102 T TTTT] T T TTTTTg \_ T !IIII?
8 — 107 mpy =2 GeV 2
= = T =107*%cm? 3
Sl 3
s o o E
% 10°° ‘S -NR T [
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107 : Y 10 -
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Electronic energy (keV) EderlkeVee
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Calibrating the Migdal effect

Two distinct tasks:

1. Verify theoretical predictions 2. Calibrate the detector response
of the ionization probabilities to the energy depositions
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@ ——— Both tasks most easily performed with neutron scattering e




Updates on the Migdal effect and hydrogen doping for dark matter detection J. Newstead

Experiment: Anatomy of a liquid xenon detector
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Credit: XENONIT collaboration
XENONIT Phys.Rev.Lett. 119 (2017)
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Experiment: signal production
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Potential low-energy neutron sources

Nuclear reactor Li + p near threshold DT/DD-generator
+ filter + filter + measure recoil angle
“g A = .
Pros: jiig 5F Pros: 14 Mev Pros. .
_Large flux f{g\é ::, i -Pulsed beam .-POFentlal for
-Continuous Bied | | sy In situ
0 8% 14 H .
clpelEitelr ;s | Cons: ! Cons:
he) Lab Frame Neutron Energy (keV) -May require i S I'I ﬂ
£ FEmtow Towe] | large/cooled | -omall Tiux
Cons: Sotef 4 9 !
E :\ : MCNP4b simulation G g g 10F ta rgets :
suf : joamma £% -Location |
3 backgrounds SLor ik
R T ' . g5 F L oemwn
s -Location S2of il
%V OO 20 4‘0 6‘0 8‘0 100
2 Lab Frame Neutron Energy (keV)
Barbeau et al. arXiv:nucl-ex/0701011 Joshi et al. arXiv:1403.1285 Xu et al. arXiv:2307.12952
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Elastic

Capture

Cross section (cm?)

Low-energy neutron cross sections
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- Radiative capture of neutrons will be a significant background
- Inelastic scattering is >100 keV threshold for all but xenon-129

Mean free path (cm)
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Low-energy neutron scattering rates
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@ N. Bell, J. Dent, R.Lang, LN, A.Ritter Phys.Rev.D 105 (2022) 23/36
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Simulation of LXe detector and neutron beam

Gaussian
neutron beam:

FWHM =6cm
Peak flux = 108n/hr
(avg 100n/cm?/s)

Modelled on Barbeau
et al.

dimension position (mm)

anode -
top drift

gas
liquid

gate -

top =

Neutron

beam ;

bottom -

10kg LXe

fiducial region

cathode +

z=0 +

radius

"~ 2(r-max)

Tmax 120.
radius 100.
cathode 20.0
bottom 40.0
top 160.
gate 190.
top drift 195.
anode 200.
parameter  value
g1 0.15 PE/~
g2 24 PE/e
field 300 V/cm
e lifetime  350.us
min S1 2 phd
min S2 250 phd
no. PMTs 60

@ N. Bell, J. Dent, R.Lang, ILN, A.Ritter Phys.Rev.D 105 (2022)
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Low-energy neutron Migdal rates
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Total rates:
Nuclear: 2,700 events/kg/s
Migdal: 8 events/kg/s

12,300 events/kg/s
320 events/kg/s

J. Newstead

N. Bell, J. Dent, R.Lang, ILN, A.Ritter Phys.Rev.D 105 (2022)
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° ° ° 4.0F ' ; ) N
Simulation with NEST (xenon) I
3.51 S g
Monte Carlo procedure: S
1.  Random NRenergy from E_ distribution, - - NR
calculate max. allowed E_, 2.5-‘ Migdal
- -- median ER
2. Loop over atomic shells, E , and t ++ median NR
randomly ionize an electron with E_ 50l , . |
0 20 40 60 80
3.  Calculate theyields of ions and excitons ¢S1 (phd)
produced by E_,E_and E_ using models
for NR, B and B respectlvely Source Calc. ratio|Sim. ratio|Sim. rate/kg/day
4,  Calculate the quanta from the summed neutron (17 keV)[6.0 x 107*| 0.1 600

yields and then the subsequent S1 & S2

@ N. Bell, J. Dent, R.Lang, ILN, A.Ritter Phys.Rev.D 105 (2022) 26/36
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Brief aside: what about neutrino sources?

PiDAR neutrinos: Reactor neutrinos: Radio-isotope:
4.0F ! ) j g 4.0F T ' T ] 4.0F " A T
35l )
%l%‘a 3.0r
NR = ' NR NR
Migdal 1 2.5+ “.’ Migdal | ," Migdal
-- median ER F -« median ER St --- median ER| -
-++ median NR ... median NR -+++ median NR
2'0(7) 20 40 60 30 0 20 10 60 80
cS1 (phd) ¢S1 (phd) cS1 (phd)
- Poor separation - Require large exposures

@ N. Bell, J. Dent, R.Lang, LN, A.Ritter Phys.Rev.D 105 (2022) 27/36
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Current experimental calibration efforts

1. Verify theoretical predictions: 2. Detector response
The MIGDAL experiment

400 1
) 2
§300- 10 %
L2007 5
9 10
100
10°
@ Araujo et al. Astropart. Phys. (2023) arXiv:2207.08284 Xu et al. arXiv.2307.12952
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1. Verify theoretical predictions: The MIGDAL experiment

Z
I A
° ngh energy neutron | U/ \
recoils (DD, DT) X [ N—_ N\
PMT | \. . .
® Low-pressure CF, gas cathode
ER #H.x7
e Aim to observe a Migdal neutron SR CF. gas
\
event topology o

e Setup is operational at
RAL

@ Xu et al. arXiv:i2307.12952
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1. Verify theoretical predictions: Molecular Migdal

e Spallation neutron
source (flux~108/cm?/s)

® |ow-pressure CO gas

e Aim to observe a Migdal
excitation

e Can have 5 sigma within
hours

Y. Kahn et al. arXiv:2403.08866

Proposed setup:
s )z'se
B'X
:. 1/3

.; E 2/3 A

¢ ;
¥ 1 [ 0
“.& ; X'Z 3%
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2. Calibrating the detector response to the Migdal effect

Single scatters

—— Passive scattering
—— Neutron multi-scatters
—— Migdal (best-fit)
-------- Migdal (predicted)
Sum

Counts

Livermore group dedicated measurement
(DT generator 14 MeV neutrons, pick out 7
keV NR based on angle):

10
400 1 10"
2 3001 10° o
» Ty
5200 | i O é % oi”HHH{HH*IIHHHHHHH
100 '52-5 50 75 100 125 150Sz 11?5 200
i 0 [electrons]
S1{PHE] Number of Migdal events

consistent with zero
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2. Calibrating the detector response to the Migdal effect

LZ in situ measurement (DD generator
2.45 MeV neutrons, >20 keV NR):

10°
10% —
Preliminary — sS — IE+CSU
= MSU2 = Bkg Only
1034 — MSU3 + Lz DD Migdal Data
Preliminary Result reports Event
. c 1073 Data and Background only in this
o g Green Shaded Region (Y’ > 0.42)
£ o
= = i -
((/\J) 104 © 1004 T..T._
Model lines in this
10~ H _‘“Ll'l-—l_\;l;::_lim?"g?ly-
o 'z' : 1072 : : ; . :
s lu s . -+ L-shell 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
. 7+ (n=2,binding energy= 5.4 keV) Y’ (=rotated S2, bin size varies by Y")
102 S1(phd) _
Bang (LZ Collaboration) UCLADM2023 talk
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Directional Migdal Effect?
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* Predictions for neutron scattering on He
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Migdal in molecules

CO NAC Daily Modulation

. O\ — 25 MeV — 300 MeV P

* Hard, only computed for simple molecules L4F\\ | B0 MV — 1000 MeV
e The probability depends on the molecular LN\ — 100 MeV

axis - indirect/statistical directional L2} \  — 9200 MeV

information O -

=S

« Non-adiabatic coupling of ground states to LOf

excited states provide another (much

larger) contribution to Migdal excitation 0.8

0.6 Ty S
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Time of Day [hour]

@ Blanco et al. arXiv:2208.09002
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Migdal in molecules

10—32 -
10—33:
* Hard, only computed for simple molecules 10_342
* The probability depends on the molecular 10-35 _
axis > indirect/statistical directional &' .
information LS. 107
19 2t
« Non-adiabatic coupling of ground states to 10737¢
excited states provide another (much 10-381
larger) contribution to Migdal excitation 39?
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10—40: ; .

10 107 10°
my, [MeV]

@ Blanco et al. arXiv:2208.09002
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_ 10_32; '-__: ““y&\“\ \ ~ Collar !
Summary Tl \ ]
E 10 /
e The Migdal effect allows access to lighter DM, g 107 \CRE\SSL&
especially when used in concert with H, doping é 10-35§
15) 3 g " ]
e It’simportant to both verify experimental predictions g 10*36? | ]
and calibrate detector responses - experimental % 10737k G3,S2-only : P“Sso\é
determinations of both are underway S gl 26EHAMy ]
A 10 E - -- Migdal, Se '.l PICO-60 \ '
e Directional nature of the Migdal effect, especially in 2 ool T MLy \;
molecules, is interesting > more investigation needed 10_405 o MRV puspHEREQR) -3
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Collaborators:

Nicole Bell, Alex Ritter, Peter Cox, Matt Dolan (UniMelb)
James Dent (Sam Houston)

Rafael Lang (Purdue)
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