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Theoretical studies and experimental anomalies motivate a
high-precision Time Projection Chamber for the Pelletron 5
MV accelerator at unimelb

Also enables qualitatively new Nuclear Physics experiments
not previous possible

Employs advanced detector technology developed for HEP \

The key: high resolution studies of electron-positron pairs \_"'

from p + 2X ©Z*1Y + (e*e’) reactions:
To start: p + ’Li >%Be + (e*e)

Pelletron 'cﬂerd{'o_r laboratory,
rsity of Melb
L%

urne



Particle Physics Motivation — “Dark Sector”

Dark Matter => New Physics O

MeV-GeV thermal relic DM requires new, comparably light
mediators to achieve required annihilation cross-section for
Thermal freeze-out.

H

A “minimal” dark sector theory = y + a new mediator A’

g w e A dark photon, A’, can mix with the SM photon,
A,“NW\DO/\/\AM’Y generating an ce coupling to SM fermions: 7Ll A Rl A’~ et
€egp + P ("'1 MBV) 8.‘e<>
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(Tim Nelson, SLACMass, Feb 2020) Can produce ~D X 1011 5-22 MeV }/'S
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https://indico.slac.stanford.edu/event/320/contributions/876/attachments/375/576/TKN_SLACMass.pdf
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.39.165

Axion Like Particles (ALPs)

QCD L has a CP-violating angle similar to the CKM matrix
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Neutron dipole moment=> 6 < 10719
= Strong CP problem!

Solved with the Peccei-Quinn U(1)p, symmetry
Broken by the vev of a SM singlet scalar field:

1 :
o(x) = E(UPQ + p(x)) elAX)/f

Scale of this field >> 1 TeV (given by f)

The field 8, = A/f,acts as a space-time dependent field to cancel 8

Gives rise to a pseudo Nambu-Goldstone boson:
The 0~

SML D ——=—
7TfA
g i
-1 -
g g
Powell 16, Ringwald 16,Peccei&Quinn77;Weinberg 78; Wiczek 78
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feebly couples to gluons, photons and fermions
A 1C
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Axion Like Particles (ALPs) arise from additional
global symmetries:

e Global lepton number symmetry: Majoron
Chikashige et al. 78; Gelmini &Roncadelli 81

* Global family symmetry: Familon
Wiczek 82; Berezhiani & Kholpov 90

* Quantum Gravity
Bauer, Neubert, Renner, Schnubel, Thamm 22

!

Us Gl r a G; /
LD -2 fg a;GR, G _wa a;F,, F* +——6 LAYy ysy
a

Then the particle corresponding to the excitation:
A(x) _ Ci’g

!/
= a:
fa fi

Is the
Excitations of the field orthogonal to this are called

In principle have different coupling to gluons

( ), photons( )and fermions (i

l al

Nuclear decays can explore viable ALP parameter-
space and hence are sensitive to multi-TeV Physics!
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https://ora.ox.ac.uk/objects/uuid:bbbb3cbc-a0ba-4024-86b0-c720d8104270
https://indico.cern.ch/event/523655/contributions/2246443/attachments/1331936/2006469/PbC_ar.pdf
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.38.1440
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.40.223
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.40.279
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.45.1926
https://www.sciencedirect.com/science/article/abs/pii/0370269381905591
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.49.1549
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.49.1549
https://link.springer.com/article/10.1007/JHEP09%282022%29056

ALP mass to gamma-coupling parameter-space

Bauer, Neubert, Thamm JHEP 12 (2017) 044
Bauer, Neubert, Renner, Schnubel, Thamm PRL 124 (2020) 2|

Solves (g — 2), anomaly QCD axion

Heavy axion

10-°F

eff -1
CSM/A [TeV]

PNGB in supersymmetric
or composite models

DM candidate m, [GeV]
Mediator to the dark sector
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Particle Physics Motivation - Experiment

* Well motivated theories for the existence of feebly interacting fundamental boson at
the MeV scale.

 ATOMKI group have found evidence for this at ~¥17 MeV invariant mass, the “X17”
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X17/

* Initial anomaly: p + 7Li —» 8Be + X17(—> e*e™) (2016)

* Also:p +3H - 4He + X17(— e*e™) (2021)

* Also:p + 11B - 12C + X17(- eTe™) (2022)

Initial signature: Unexpected larger yield of (e*e™) events at large opening angles
Better Signature: Invariant mass of e e~ = Mass of X17

TLi 4 p (~1 MeV) ; An opportunity to do
“ T fundamental Physics

research on the Pelletron

~18.5 MeV 17 MeV (X17)
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X17 particle etectors

2016 observation?
p + ’Li>%Be + ete

20212 p + 3H->%e + ete o) €€ pars
20223: P+ 11B>12C + ete-
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X17 particle etectors
2016 observation?
p +’Li=>%Be + e*e

20212 p + 3H>%He + e'e o) e pairs
20223: p + 1BS12C + eter

| Nuclear
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https://arxiv.org/abs/1504.01527
https://arxiv.org/abs/2104.10075
https://arxiv.org/abs/2209.10795

Counts/channel

New Physics may exist at MeV- scale
Observable via “X = ete™" using Melbourne Pelletron

We plan to build a Time Projection Chamber (TPC) and perform far higher precision experiments on the Pelletron

e*e™ Invariant Mass e*e” Invariant Mass
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For p + ’Li>2Be + e*e’
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Applications in Nuclear Physics

. {9
World-first double-differential IPC cross-section measurements S (@) 7.654 MeV EOin “C

2.5
[x10*7]

detected pairs

e*e” pairs /

1.5

Nuclear

0.5

proton beam

1.0 2.0 3.0 4.0 5.0 6.0

Also, large acceptance enables investigation
of multi-particle final states

Unobserved 2-quantum nuclear processes®:
double internal pair conversion

Both are qualitatively new Nuclear Physics investigations

Waltz et al. Nature 526:406 (2015) 0 01 02 03 04 05 12



Time Projection Chamber to be installed on Pelletron

Iron Yoke (Electromagnet)

Trigger
scintillators

Proton beam

Beam Pipe

Electric Field Cage
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PC side view

15 KV +
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Electric
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Drift with velocity v
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________________________________________________

+800 V

Micromegas

wire mesh
Martin Sevior, AIP Congress, Adelaide, Dec 2022
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Design of TPC

* Conceptual design using EVE package in ROOT

* Simulate electric fields inside the TPC and micromegas with COMSOL
* Simulate Gas based detectors with HEP software GARFIELD

e Simulate passage of primary electrons through TPC with Geant4

* Record space-point hits with the expected resolution

* Employ Genfit2 to reconstruct Particle trajectories

* Employ RAVE to reconstruct interaction

* Employ ROOT EVE for event display and visually validate reconstruction

* Employ ROOT roofit to determine signal in the presence of background



COMSOL electric field simulation of Field Cage

2000 T T T
35 T T T O Y I I

1 T T Y I

S0

asTTTT

I EEEEEE

3D geometry

2D geometry with axial symmetry
Employed in COMSOL
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COMSOL electric field simulation of Field Cage

cm

cm T T T T T T T T cm

201 ] xlmd 20k xl].OE' 20} :;%: 4 :-<1103
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20} . 20 T 20+ g
| | I | | L ) 0 L L L L 1 L L 1 -1 1 1 I 1 1 I 1 1 =
5 0 5 10 15 20 25 em -10 S5 0 5 10 15 20 25 cm 10 5 0 5 10 15 20 25 <m
o Default Electric field Optimized Electric field
Default Electric field . .
radial Component radial Component
Z Component
Default: 9 mm rings placed 1 mm apart Optimized: 4.5 mm rings placed 0.5 mm apart
Initial upstream ring 1 mm downstream of
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zZ [cm]

Garfield Simulation of electron release and drift

lonization electrons drift to
detector at z=19 cm

ST T T AT T T T T T T T
18[-
16~
|
12[-

10F

VVIIIIIII|III|IIIIIIIIIII|III|IIIIIIIII

0 [ 1 1 | 1 1 1 | ” 1 1 I 1 I

5} 10 15
. L, x [cm]
Primary MeV-scale e™ (e¢™) at z=0

Around 100 electrons per track
released via ionization.
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Garfield simulation of drift velocity

Dispersion of drift velocity is ~ 0.6%
Gives rise to a z-resolution of ¥ 1mm

Events / (0.0032)

Electron Drift Velocity (He/CO2 90:10)
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doale.a | Lo L |

Fit to Crystall Ball function

Mean = 1.001 cm/|1 sec
sigma = 0.0057 cm/ sec
alpha = 1.147

power = 2.748
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COMSOL + Gartield simulation of micromegas

QUL e A LT L

Electrons are directed through the mesh and enter the
amplification region
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Garfield simulation of Micromegas amplification

3 0.07 s
Igl : 1[:,5 E
N -
0.06 - -
N i iy
0.05 :
- o &
[ o107 5
0.04
! ],
0.03F 400 500 600 700 B0 900 1000
: Voltage applied to strips [V]
0 02: 800 V over ~ 100 microns provides ~ 10* gas gain
[ Induces pulses of around 5 pC on readout strips
- ].D o
B L
0.01 mesh . - .
— B_
L =) - 10
0 | ] I I T T T 111 A T T M % 6 - % &
0.1 0.15 0.2 0.25 E g N
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B g 04 E
Electron avalanche providing gas gain 2 02
04 @ L] L L] ® * ® & 004 @ L . ®
0.0 02 04 06 08 10 0.0 0.2 04 06 08
X readout strip position Y readout strip position
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LHC VMM ASICs + Scalable Readout System

e Readout strips with VMM ASICs

Chip configuration parameters (gain etc) are programmed
as bit-field loading within one single 1728 bit stream

charge gain N

N=2(=1 _p5,1,3 45,6, 9, 12, 16 mV/iC "

A g

\-\.

"\Cf

Upeaic = (1/C,) * AQ*'N

detector

peaking time t,... = 25. 50, 100, 200 ns

polarity selection +/-

in
‘ CT = 0.3/3pF
test charge AQ+

# chan. 6b
2
Neighbor =1 2

M0 !
n#ghbor channel
* with 1V max. peak amplitude: Flag =1 o
AQ,.. =2, 1,0.33,0.22, 0.17, 0.11, 0.08, 0.06 pC e
ANALOGUE DIGITAL

~pC pulses from strips in the right range for VMM

Martin Sevior, AIP Congress, Adelaide, Dec 2022
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Programmable gain
Test charge input

Records channel number,
analogue charge, Time
with 1 ns resolution and 64
HU-sec dynamic range

Inear response

22
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-0.02 0.00
X prediction error [cm]

Design will work to provide 100 micron spatial resolution in (x,y)

0.02 0.04

~ 100 microns

160 -
140 +
120 A
100 -

o 85 8 8 8
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Geant 4 Simulations

* As charged particles propagate through matter interact causing:
* “Multiple” small angle scattering causing direction change
* Energy loss as they transfer energy to the medium
* |lonization liberating electrons

* Have set up a Geant 4 simulation of the TPC

. Final direction

a/"//\/

Initial direction

Accurate determination of the Invariant mass of the e+ e- pair requires a precise measurement of the magnitude and
direction of the charged particles

Accurate simulation of multiple scattering required.
Minimize the effect.

Low Density, Low Z material



Genfit2 + RAVE

. Deviloped reconstruction software using “genfit2” HEP software library to reconstruct
tracks

* Developed vertex reconstruction software using “RAVE” HEP software
library to project tracks to a common vertex




Geant4 + Genfit2 + RAVE

 Made numerous simulations. Include 100 um resolution in x-y, 1 mm in z

* Found detector gas 90:10 He / CO, + thin Target chamber walls enable very
good invariant mass resolution

. . ) .
e*e Invariant Mass e*e Invariant Mass

e X17 Mass=16.91 MeV L
3 - Magnetic Field 0.25 T + X17 sigma = 0.37 MeV o t Magnetic Field 0.25 T 'ﬂ
; " AXY=0.1 mm e RS
-'GC_.; 200__223 M:(tu\;‘: TI tli/coz c "36000:_ Gas Mixture = He/CO2
Lﬁ i QDOT SEal = § 1N o= 0.37 MeV g [ Wall = 0.05 mm Mylar
- LUSOOOZ_ X17 Mass=16.97 MeV
150— -
L . L X17 sigma = 0.10 MeV
- Tf;\ln—v;/)alled I;rarget mo:_ X17 yield = 19883 Events
- Chamber is ke C
100— y C
- 3000—
i 50um ¢
1mm | Mﬁar " 5=0.1MeV
Carbon s Y -
(ATOIVIKI) : — 'IUUU:— j
— i‘}hh"' —IJII‘IIII|I\"I"J'l.“.f:uljilllll [
{67155 16 165 17 175 18 185 19 R VAR [T S T b
Invariant Mass (MeV) Invariant Mass (MeV




Prototype TPC Target Chamber

Best Invariant Mass Resolution requires very thin vacuum wall

Shear strength of Mylar foil (15 kg/mm?) implies 50 micron thick foil has
a factor of 20 safety under vacuum
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arget Chamber
* Prototype Target Chamber

Ly =

i ¢ . . @M‘)%@*. |

Mylar foil on stainless steel pipe, nicely holds vacuum.
Reached 1.1X10~ Torr (limited by outgassing in the connector)
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Internal Conversion Background (IPC)

Irreducible background comes from Nuclear Internal Conversion

SBe* > JBe+y* > ete” N e
%) - %**
* Peaks at low invariant mass i 103; e
e Simulated with Born-approximation )
* Full GEANT4 Simulation + genfit2 + RAVE i
reconstruction with realistic TPC hits (~130 ) I
10°E
i +
i 1

10

IIII[

III|III|III|III|IIl|IIl|IIl|III|III|IlI

0 2 4 6 8 10 12 14 16 18 20
invariant Mass

Black line is an ansatz fit




External Gamma conversion

IPC + Gamma Log plot
;. B w:*""w
o i
~— . *mw « IPC with cuts
-ﬂ E ** *%ww e Gamma nho cuts
GC.) | = *,i -
- -
L & +
A %
10%— &
- ++ +
; 3 H
A _ t b, 3
Large flux of 18 MeV y'sfromp + ’ Li - 8Be +y %ﬂ ir]L }
These can externally convert viay — e*e™ in material T H+ ++ +
Simulated 10% of these Ik ﬁ H
Low mass near the target limits conversions to 0.01% e | T T T PR - iy
Vertex constraint removes > 99% B = 4 9 8 M 1= 141618 20
’ (e'e) Invariant Mass (MeV)

Background is negligible compared to IPC



%, 1400
‘ 1200
1000
800
600
400

200

X17 + IPC background

 Full simulation and reconstruction of IPC+X17 with 50 um Mylar vacuum wall
* 4 Day run on Pelletron. 1pA proton beam, 10%° /cm?’Li target

* Quantify sensitivity as a function of BR relative to p + Li > ®Be + 14

« ATOMKI found X17 with BR~6 X 107° (p,y) at6 o

IPC + X17

.

b-lg

16

18 20
invariant Mass

Events / (0.275)

108

107

10

b
T T T T

IPC + X17 Log plot

I

18 20
invariant Mass

X17 BR=6 X 107° (p, )
1908 +- 45 events
42 o significance



X17 + IPC background (2)
4 day run

IPC + X17 IPC + X17 Log plot
0 100 e
> 1000 ++ S .
-4 £
I ook o g
" 102_— D
+ X17 BR=6 X 1077 (p,¥)
_ S SV 201 +- 16 events
400 4 - - - £
[ io : + 12 o significance
200_— i k
O_ | 1IO T = II‘ i N 10 | ir;ﬁfgiant I\-/;‘SéSO 1jﬁ\\ o e b l‘
10 12 14 16 18 20

invariant Mass
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el A R

X17 + IPC background (3)

Plenty of head-room statistically!
Can increase beam current to 2 pA
Target Thickness to 2 X 101° atoms/cm?

4 day run Run time to 40 days

Gives a factor of 40 increase in statistics!

IPC + X17 IPC + X17 Log plot
0 10°F T
1000:— ++ % .

-4 g | o
800:— + w 102? \ X17 BR= 6 X 10 (p, )/)
won]- - " 27 +- 8 events

_ T3 3.3 o significance
400 4 10E +
200:— E k l

0~ ol 11 i il [Sovees P 1?” L e e e ‘
10 12 14 16 18 20 10 12 14 16 18 20

invariant Mass invariant Mass



No X17 signal => Next run at 4.5 MeV, Beam 2uA, Target 2 X 10%° Li cm™2, 30 - day run =>2 x 10! y’s
(NA48 had 1.4 x 10° n° data sample) Bump-hunt in Invariant-mass spectrum
World-best exclusion for prompt, weakly coupled bosons in 5-22 MeV rang

IPC + X*

100—

151.9 +- 52.4 events
BR = 1.8e-08 +- 6.2e-09

III|lI

_I Ll | | - I Im Ll | |- I | -
194 196 19.8 20 20.2 204 20.6

(e*e) Invariant Mass (MeV)
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- ’ "Be*— "Be + Y IPC Background peaks at 1.1 MeV
I Choose reaction for optimized X mass range
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e*—>Be+X(ete™)

8
Dark Photon and ALP limits from BR( 5 )

8Be*—>Be+y
Feng et al. (PRL 117, 071803 (2016))
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Conclusions

- Proposed TPC facility can exclude the X17 with > 2 orders of magnitude in an identical

nuclear system
- Unique facility — world-leading probe of dark photon/ALP physics. Others?

- Significant first measurements for fundamental Nuclear Physics
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Backup



Data rates

* Comes from Thick-target bump hunt search + exclusion

e Run at 4.5 MeV, Beam 2ud, Target 2 X 10%° Li cm™?

* Cross Section forp + ’Li - ®Be + Y =30 ub

* N(y)/sec=3 x 107%% x 2 x 10%% x 1.25 x 1013 = 7.5 x 10* s~1
* Approx 0.01% gamma’s convert = 7.5 events/sec

e IPCrate=3.5xX 1073 x 7.5 X 10% X 0.5 = 131events/sec

* 12 Kbytes/event 1.2 x 10* x 140 =<1.7 megabytes/seD

e 145
e 4.5 TB for 30-day run

Well within the capacities of the unimelb Spartan HPC




Comparison to
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LHCb for generic dark photon
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Search for the X17 at University of Montreal

Openning angle measurement of e*e™ pairs fromp +7 Li -8 Be + (ete™)

o pure M1 IPC

8Be*(18.15 MeV) —

80 90 100 10 120 130 140 160 160

arXiv:2211.11900v1 Opening angle A8 Opening angle A8
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