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COMET

Coherent Muon to Electron Transition
* The COMET experiment at J-PARC,

Japan, aims to observe the BSM,

Charged LEPtOI‘I Flavour Violating :“-- ................................................................... N
process of coherent, neutrinoless p -
[-e conversion : W oo St

8 GeV

Decays in

Proton Beam transport

e
Detector i
Neutrinoless
electron
production Muonic atom, formed
: with muon in outer orbital
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COMET

Coherent Muon to Electron Transition

* We use a novel design across two
main phases, each with increasing
sensitivity

* We aim to observe ~105 MeV

electron with no Standard Model
backgrounds, improving the

current sensitivity limit by at least
O(104)
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CLFV?

Charged Lepton Flavour Violation

Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)
I I 1l
* Muons and electrons were eventually known to t . H
° spin ¥z U Y2 C Y2 | 1 \ 0
be fundamentally unique leptons ol ot j ol { 9 _
up charm top gluon higgs
* Lepton flavour is conserved in the SM, in this Y Y N Nl v
. Ya - Y > Y 4 1
case through neutrinos down strangeJ bottom { photon
* But some BSM theories predict valid charged . ;j %
lepton flavour-violating processes! electron || muon || tau h Z boson 8g
1) @3
% ;1.0 EVC ;O .17 l\@/lc <18.2 M\e;//c :‘80 .39 GeV/F g 8
x
A A -
electron muon | au |
lﬂ neutrﬁw neutrﬁry neutrirﬂ W boson Q) ”>"
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y-e in the SM & BSM

> q q

>
A possible conversion in an extended SM, facilitated by A possible BSM channel through interchange of an new
neutrino oscillation. GIM suppression from tiny neutrino heavy particle, GIM suppression is absent as CLFV avoids
mass makes rates as small as 1054 including a neutrino; rates may be as high as 10"’
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Beamline

0 Protons impinging on the pion-production target
Particles hitting the muon stopping target

* We employ an 8 GeV proton beam with 100 ns ' Bound muons
pulses separated by 1170 ns

* Muons bound in the aluminium muon stopping
target (in the detector region) have a lifetime of Trigger window
864 ns

* The separation allows enough time for most of
the beam flash backgrounds to subside and for .

[ 2{'1(]' =lir][]' fi[1)[] SE}{] l[]:ﬂ(] lZI{]{]'
cleaner measurements to be taken ¢ [ns]
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Beamline

Protons

* A5T solenoid captures pions which travel down a =g Pion Capture
curved solenoid, separating trajectories by charge A et e AR TN

and momentum

* Secondary beamline uses backward pions for more
appropriate momenta and reduced backgrounds
(especially anti-protons)

Pion Decay and
Muon Transport Section

-l..

EENEEN NNy .
... .."
*

s Stopping
'.. DN Target
* A superimposed vertical dipole field facilitates \”ms—'—_s;ecmns 112 N
further selection of charged particles, propagating scetilio g B iy, SON
selection to the solenoid center I = =
| T M s W S| -
* This ensures a cleaner beam of low-energy, Detector -— Y4
negatively charged muons reaching the detector Section NN (YR 5>
solenoid —
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COMET Pion Production

Coherent Muon to Electron Transition

Pion Production
Target

Pion Beam

The Phase-I pion production target.
Here it is made from graphite, but for Phase- Proton Beam
IT a heavier material is planned for use, such
as tungsten or SiC

Drawing of the COMET pion production region, showing the incident
primary proton beam and direction of backwards secondary pion beam
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Important Backgrounds

Low energy anti-protons can annihilate into Type Background Estimated events
photons that can produce signal-like electrons Physics Muon decay in orbit 0.01
Radiative muon capture 0.0019
. Neutron emission after muon capture < 0.001
* The SI.OW, sta b le, anti- prOtonS may pass th rOUg h Charged particle emission after muon capture < 0.001
the charge/momentum selection and produce Prompt beam ; Beam clectrons
. . . . * Muon decay in flight
signals in the delayed analysis window * Pion decay in flight
* Other beam particles
* The 8 GeV beam energy is chosen to restrict Al L) combuned Yo
o . iatve plOl‘l cap ure .
backwards anti-proton production, but forwards Neutrons ~ 10
anti-protons can reflect into the beamline Delayed beam  Beam electrons ~0
Muon decay in flight ~0
Pion decay in flight ~0
* Would be helpful to understand threshold T capture ~0
behaViou rat bea m e nerg ieS near 8 GeV Antiproton-induced backgrounds 0.0012
Others Cosmic rays' < 0.01
Total 0.032

Some other important backgrounds
* Radiative muon/pion capture
* Decay-in-orbit (DIO)

* Cosmic Rays

ic.ac.uk

T This estimate is currently limited by computing resources.

Summary of estimated background events in the COMET Phase-I runtime*

* COMET collaboration, Abramishvili, R., Adamov, G., Akhmetshin, R. R., Allin, A., Angélique, J. C., ... &
Tachimoto, T. (2020). COMET Phase-I technical design report. Progress of Theoretical and Experimental
Physics, 2020(3), 033C01




Current Work: Validation
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Muon beam exiting through the back of the
detector solenoid

Roden Derveni - rd1519

1
0.4 05 0.6 0.7 0.8
Momentum [GeV/c]

Interaction rates (cross section) of pion
production across different production
models vs data from HARP *

*A. W. J. Edmonds. “An Estimate of the Hadron Production Uncertainty and
a Measurement of the Rate of Proton Emission after Nuclear Muon Capture
for the COMET Experiment”. PhD thesis. U. Coll. London, 2015. url: http:
/ldiscovery.ucl.ac.uk/1468926 (cit. on pp. 79-80, 91).
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NA61 and ICEDUST

* NAG61is among the best sources for a baseline to e B0s0sBmed o, ®cecttomed J°°S.°<fmrad
° . . 0.3F - 0.4F NA61/SHINE =*
validate COMET's simulation framework’s ) o3 1 od NuBeam
. . . . 02 .5 Rgsy I e — G4.10.03
(ICEDUST) pion production, despite the non-ideal ozt 1 o . cos serr
0.4 .10.

'
0.1/

energy scale 10 ]
_ g e e e 00T w0 iz e O T o8 0T
'T—a- - .120§9<1?0 mr;ad 0.5 1I4059|<160 rprad ‘ 05 1|6050‘<180 r!1rad
* We create the NA61 long-target geometry within 3 104 ]
. . . 0.3] E
the ICEDUST to test the physics models, by directly 3 , ] ]
tracking particles from target interaction to 5‘3 o ] ]
surface ™ 0o} h 00 g ey b
1—|z§ 05 i 20050220 mrad . 220<0<260mrad _
0.4 -
* Current COMET physics set-up for Geant4 is: 03 o i .
* G4.10.6.p03 + relevant retroactive patches o2 10 |
0.1 E

* EM Opt4 + QGSP_BERT_HP 00

>
R R R R A

0Ty 56 78 g 00

Momentum [GeV/c]

. Compa ring against M. Pavin’'s 2017 ana[ysis for 2010 NA61 data vs pure Geant4 simulations with certain physics lists?
NAG1 data and Geant4 simulations' et o et e o e T2 el gt e NAGISHINE cperiment i T

[2] Abgrall, N., Aduszkiewicz, A., Andronov, E.V. et al. Measurements of 7+, K+ and proton double differential yields from the
surface of the T2K replica target for incoming 31 GeV/c protons with the NA61/SHINE spectrometer at the CERN SPS.
Eur. Phys. J. C79,100 (2019). https://doi.org/10.1140/epjc/s10052-019-6583-0
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NA61/SHINE

B e N e
* Simulated particle distributions from target wit ! L o
surface binned identically for direct comparisons to = o m 2
2010 NA61 double differential rates e % . e
* Binned into a range of momenta, angles, and
across 6 regions down the target E B R R N fﬁi
* Current iteration of results has good shape 33 . N .
agreement but aiming to resolve uncertainties at ° g _— AN —) Ll T
the smallest angles, and beginning and end of the £ |
ta rg et 020 ;tt B mrad‘ :: % e 030 %% T
* Lowest momenta <3 GeV/c are amongst the most -t H} =l
different "l o T - T
S E S—
* Ongoing work implementing details on reproducing Momentum [GeV/cl
data from M. Pavin's thesis A sample of NA61 data (red) vs ICEDUST simulations (black) for

negative pions in the first 18 cm of the target, visualising
shape-only comparisons
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NA61++/SHINE

What would we want from a future NA61++/SHINE?

In the first instance, any relevant data with carbon production target and 8 GeV
proton beam

Ideally, a novel set-up to study <80 MeV/c backwards pion production

* Rates, energies and angular distributions

Anti-protons (in forward direction) as a function of primary beam energy near 8 GeV

Data on heavier target materials, like tungsten, would also be useful for Phase-II

Note: Mu2e experiment at Fermilab has very similar physics needs

Roden Derveni - rd1 519gic.ac.uk ﬁ
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COMET
beam exit!

* COMET aims to search for signs of BSM physics by
observing CLFV with low-energy, neutrinoless,

coherent p-e conversion

* Validations necessary to ensure a capacity for the
highest ever sensitivity on CLFV processes

* For COMET, it is useful to have proton-on-graphite
data at 8 GeV, ideally in the backwards direction, and
quantify <80 MeV/c pions and anti-protons
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ICEDUST

e COMET's main software framework, based

on T2K ND280, for simulation, ) (M)

reconstruction, analysis and more.

;

* Uses Geant4 for Monte-Carlo propagation,
and primary choice for target interactions

* (Can treat simulated and real data identically

* Simulations provide normally Y
unobtainable data (true trajectories and _
parent particles)

* Work towards creating realistic 'mock CEDUST data flow

data
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Missing Hadrons

Difference G04 - G0O7:
Initial Total Momentum for mu-

* Lessinnocent changes: sharp
reduction in low energy muons
instead due to a bug in Geant4.10.7

- momentum bin
21 5 - contents from a
Geant4.10.4.p03
distribution minus
that of Geant4.10.7

Normalised Deviationc

D
Og\‘\\\\\\\\\\\\
~
o

* Will silently create and kills low- gy
energy, unphysical hadrons crossing P ememeve
different volumes, which drastically
changes propagated results

Y (mm)
43210 ) 2 03 8.

.m
s%
’)7,0)

* Abig problem that only shows as a
5% reduction in particles...

Locations of silently killed muons (when killed)
showing a hollow production target shape
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False Alarms

Difference G04 - GO7:
Initial Total Momentum for pi-

* Some large, very distinctive change
that hints towards a drastic difference 10

in the physics handling

©
c 0O
o € 1of
* Comparing pion momentum % -
* Energy ranges at which certain £ 20|
physics models becomes active 2
was changed —it's okay! ~30p

_405...‘\..‘.|.‘..\...‘|.H.|....m..‘|..‘.|‘...\..H
0 1 2 3 4 5 6 7 8 9 10

Momentum (GeV/c)

T momentum bin contents from a Geant4.10.4.p03 distribution minus
that of Geant4.10.7
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The COMET Stages
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Backgrounds

Summary of the estimated background events for a single-event sensitivity of
3 x 107! in COMET Phase-1 with a proton extinction factor of 3 x 107!,

Type Background Estimated events
Physics Muon decay in orbit 0.01
Radiative muon capture 0.0019
Neutron emission after muon capture < 0.001
Charged particle emission after muon capture < 0.001 -
i P Radiative Muon Capture Decay in orbit
Prompt beam * Beam eclectrons + N emission
* Muon decay in flight
* Pion decay in flight 0.18
* Other beam particles 0.16 pi—e conversion
. A0 — i H
All (*) combined < 0.0038 Muen decay-in-orbit
Radiative pion capture 0.0028 L 0.14 1
Neutrons ~ 107° >
ﬁo 0.12 1
Delayed beam Beam electrons ~0 <
Muon decay in flight ~0 o 0107
Plon‘ dvjacay in flight ~0 ?g_ 0.08
Radiative pion capture ~0 n
+ v
Antiproton-induced backgrounds 0.0012 c 0.06 1
- )
Others Cosmic rays' < 0.01 Y 0.04 -
Total 0.032 0.02 -
T This estimate is currently limited by computing resources. 0.00

1015 102.0 1025 103.0 1035 104.0 104.5 105.0 1055 106.0

p [MeV/¢]
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Dipole Field Momentum Selection

100 - 10 MeV/c 45 MeV/c 90 MeV/c 100 - 10 MeV/c 45 MeV/c 90 MeV/c

50 A 50 1

D [mm]

—50 A1 —50 -

—100 A —100 -+

0.0 0.5 1.0 15 2.0
5 [m]

(a) No dipole field. (b) 0.05T vertical dipole field.

Vertical drift of helical trajectories for particles of different charges and momenta, with and

without a dipole field presence.
Source: Matthias Doubouchet, Imperial College London , PhD thesis (submitted, not yet published)
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NA61 Target Description
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Abgrall, N., Aduszkiewicz, A., Andronov, E.V. et al. Measurements of 7%, K+ and proton double differential yields from the
surface of the T2K replica target for incoming 31 GeV/c protons with the NA61/SHINE spectrometer at the CERN SPS.
Eur. Phys. J. C79, 100 (2019). https://doi.org/10.1140/epjc/s10052-019-6583-0
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