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The COMET Experiment

» X050
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COherent Muon Electron Transition

e Search for y-e conversion in Japan J-PARC hadron hall
« Using 8 Gel/,56 kW proton beam to generate muon beam

* Experiment Target:

 Blrearo <A 26X107 s )] e F SR B
* This is/10000 times improvement! | .. 8 F"‘e‘» \

e Current world limit:
o B(u+Au—->e+Au)<7X1013
By SINDRUM Il experiment (2006)

* Likely to get 100000 times improvement!}
e Still being optimized




‘The COMET collaboration

Oct 2018, COMET collaboration at Tbilisi i
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~200 members,

. o
44 institutes from 17 countries Still growing!
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Charged Lepton Flavor Violation

The establishment of the Standard Model and the observation of Neutrino Oscillation
worked-out very much in the particle physics. However there are still mysteries.

Process of CLFV
(Neutrino Flavor Violation is observed ! ° ngh|y prOhibited (O(<10_54)) in the SM

I'(u — ey)

U Ui
l"(;i—rew) ‘ZIF Ht

~ 0(1075%)

# small mass ratio of neutrino to weak boson

* No/less background from SM
* Very rare decays and not found yet!
* Clean field to search for new physics!

Current upper limits on B;,;‘

L
W—w - B = —-
q ] Lot
L} L]

0 10%° 1040 10-30 1020 10-1310-10 100
SM New Physics
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‘Charged Lepton Flavor Violation

ut - ety 4.2 x10°13 MEG (2016)
ut - etete” 1.0 x 10~ 12 SINDRUM (1988)

ut - e*X, X - inv. 0(107°) TWIST (2015)
ut - etyX, X - inv. 0(10™?) Crystal Box (1988)
ut - etX, X - ete” 0(1071%) SINDRUM (1986)

ut - etX, X - yy 0(10719 MEG (2012)
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LL - € conversion

e Atomic capture of W

* Generate “muonic atom” by muon stopping at the target
* Measure emitted electron momentum from muonic atom |

e Decay in obit (DIO) is Michael edge up to 105 MeV

e L-e conversion signal is mono-energetic ~105 MeV peak

e Spectroscopic search for p-e conversion

DIO Background

» E_e(Al) ~ m,-B,=105MeV

— B_,: binding energy of the 1s muonic atom

in the SM
Decay In Orbit (DIO)

Backgrounds

Muon Capture

muonic atom
/ Nuc& Nucleusj
T~ | usec >
w... oo
M > S 2
3 e

* glectron not emitted %

u+N— v,+N

Signal beyond the SM
- e conversion

muonic atom
Nucleus
u

uUN —eN

@

predicted branching ratio

= 10-14 ~10-18
1 n
1 7 Ly
1 n
/q/\q\ - s A
a xotic Higgs -prime c eptoquarks
E: Higg b) Z-p Leptoquark
N ¥
Y y
q q q q

(d) Heavy Neutrinos (f) Supersymmetry

(e) Exotic Higgs
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‘Search for Muon to Electron Conversion

Class 1 events: prompt forward removed
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With a different design, > 4 orders
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of magnitude improvement is possible!
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Background rejection (1)

* Intrinsic physics background

1s state in a muonic atom
» Mostly from muon decay in orbit (DIO)

* Calculated by Czarnecki with radiative correction. \!/?
Branching ratio drops very quickly near end point 1\ s

* Momentum resolution required to be better than e
200 keV/c
B (A 7y 2% (A7)
A T
= 0.025} :..: . %Z;; ) Sig \ ! _
L I N i ik
- E 0.010f .°:. ) 03“? Ll |J
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0005f g . N~ ey i i
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S0 20 4 60 80 00 B '10;:“:"'?;_.‘5_‘-_‘104' 045 105 1055 106
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Background rejection (2)

e Beam related background « Radiative pion capture, Tt (A,Z) > (A,Z-1)y,y > e* e
* Muon decay in flight, p, > 75 MeV/c

»Energetic particles in beam with E>100MeV = |«  anti-proton induced, etc.

* Long muon beam line Material of muon stopping target
e Can be suppressed by pulse beam and a delayed| ¢ Heavier nucleus has large overlap with muon wave function
measurement window (~700 ns) * Lighter nucleus has longer life time of muon in muonic atoms

* Aluminum stopping target will be used in COMET

* Some due to leaked proton. Proton extinction _
T, in Al~0.9usec

factor required to be < 1010

......................

Main Proton Pulse
(108 proton/pulse)
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‘Background rejection (3)

e Cosmic ray background

» Cosmic rays may create e in signal region that come into a detector and make trigger.

 To avoid these CR induced BG, target and detector region have to be covered by veto counters.
* Required performance: CRV inefficiency ~ 104
* CR background o data taking time (shorter running time with higher beam intensity is better)




| Overview

Muon Transport Solenoid ~3T
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» Improve production efficiency
» Clean muon beam

» Search for signal with special

momentum precisely Straw Tracker & Calorimeter ~1T



Staged plan of COMET

COMET Phase-l, 150 days data taking
Proton beam: 8 GeV, 0.4 mA, 3.2 kW
e Search for u — e conversino with

cylindrical detector (CyDet) with:

SES. =3x1071
(2 orders of magnitude improvement)

* Directly measure the muon beam with

prototypes of Phase-Il detector.
* Very useful to guide Phase-l

|

Pion & muon
transport

Detector

Electron
specirometer




Physics Sensitivity

COMET Phase-Il, One year data taking, 8 GeV, 7 mA, 56 kW proton beam

e Search for u — e conversion with S.E.S. = 2.6 X 10717 (4 orders of magnitude

im proveme nt) Event selection Value
* Further optimization on the way 3?3115‘;?;1‘13?1&““‘“ efficiency i
« Likely to improve sensitivity by factor of 10 (O(1071%))  Track finding efficiency 0.99
e with the same beam power and beam time Geometrical acceptance + Track quality cuts  0.18
. .. ) Momentum window (£pom) 0.93
* More muons with in-depth optimization of target Timing window (£yme) 0.3
* Higher acceptance after redesigning of collimator Total 0.041
Bending 90° (beam)+0°(detector) 1800 (beam)+180°(detector)
Beam power 3.2 kW (8 GeV) 96 kW (8 GeV)
Running time 9.5+10f sec 2107 sec
POT 3.2+10"° 8.5+1020
Stopped muons on target 1.5-1016 2+1078
S.E.S. 3.1+10-15 2.6+10-17
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Cylindrical Detector (CyDet)

Specially designed for Phase-I. Consists of: Sy

® Cylindrical trigger hodoscope (CTH):
® Two layers: plastic scintillator for trigger time and
Cerenkov counter for PID.
® Finemesh PMT readout
® /A-fold coincidence trigger

® Cylindrical drift chamber (CDC):
® 70 stereo layers: z information with few layers’ hits j
® Helium based gas: minimize multiple scattering. S oy
® |Large inner bore: to avoid beam flash and DIO electrons.
® Momentum resolution: 200 keV/c (for p=105 MeV/c)
® Stopping target
* Aluminum target with 17 disks

®* 100-mm radius, 0.2-mm thickness, 50-mm spacing.




‘ Monte Carlo study of COMET Phase-|

 The optimization of COMET Phase | is finished. Detailed performance is estimated
with Monte Carlo studies. TDR was published on arXiv (arXiv:1812.09018 [physics.ins-det])
* Sensitivity:

) _ Type Barckground Estimated events
* Total acceptance of signal is 0.041. Physics Muon decay in orbit 0.01
° Can reach 3 X 10—15 SES in 150 dayS. Hmlim_.tivp mlulc.u.u {'i-f-l:..tufﬁ ” | .1_].¢J[J1‘.EI
Neutron emission after muon capture < (.001
1 Charged particle emission after mmon capture < 0.00]
B(,u_ 4+ Al e + A]) — Prompt Beam * Beam electrons
Ny« feap * fand * Ape * Muon decay in flight
B B 15 * Pion decay in flight

B(ﬁ-f' + Al —e™ + AZ) = 3 x 10 (SES) * Other beam particles
Bu=+Al e~ + Al <Tx 107 (90%C.L.) All (*) Combined < 0.0038
Radiative pion capture 0.0028
) Neutrons ~ 1077
° BaCkg roun d . Delayed Beam  Beam electrons ~ ()
*  With 99.99% CRV total expected BG pyuon decay In gt -
_ Pion decay in flight ~ )
is 0.032 Radiative pion capture ~ 1)
o . . Anti-proton induced backgrounds 0.0012
Trlgger rate: Others Cosmic rays' < .01

al 0.052

1 This estimate is corrently lmited by computing resonrces.

* Average trigger rate ~10kHz (after trigger 2
with drift chamber hits)
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Other Physics Topics on COMET

 UW”N, - e*N,_,: Lepton number violation (LNV)

* Currentlimits: p~ Ti —» e* Ca(gs) < 1.7 x 10712 Phys. Lett. B422 (1998)
w"Ti > et Ca(ex) < 3.6 x 10712 Phys. Lett. B764 (2017)
 Canimprove with a proper target Phys. Rev. D96 (2017)

* UW"e” — e~e :u” and e overlap proportional to Z3

Phys. Rev. Lett. 105 (2010)
Phys. Rev. D93 (2016) 076006
Phys. Rev. D97 (2018) 015017

* W~ — e X:Xcanbeanew light boson, ALP, Majoron, etc.
e feasibility being studied in COMET

' Phys. Rev. D79. 055023 (2009)

O—o— Phys. Rev. D84. 113010 (2011)
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Reconstruction algorithm for CyDet

Detector response algorithm
* Digitization and offline trigger

Track finding algorithm
 Provide seed tracks

Track fitting algorithm
e Fit track precisely using Kalman fitter

Challenge
* No seed from other sub-detector
* All stereo layers
* Qverlapping between different turns

One of the most difficult situations of drift chamber




Track finding algorithm
 RANdom SAmple Consensus (RANSAC)

e Subsets of data could be described by same model
* Used to distinguish different turns
* Helix fitting with minimum hits
* Separated into circle fitting and ¢-z linear fitting
* |teration could improve the resolution

A data set with many outliers for which Fitted Lline with RANSAC; outliers have
a line has to be fitted. no influence on the result.
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Track fitting algorithm

* Kalman fitter is widely used in reconstruction algorithm
¢ Based on Gen F|t (https://github.com/GenFit/GenFit)

— An experiment-independent generic track fitting framework
— Official track fitting for Bellell, also used by PANDA, CEPC,BESIII, GEM-TPC etc.

(a) Measurements with  covariance
(vellow), planar detectors and drift
isochrones (cyan), respectively, and
reference track (blue).
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Introduction of Software Framework

ICEDUST Offline

Software Suite and [ 0aOfflineDatabase ]--;- -

Event Display

Software and Simulation

+ / Calibration Geometry = ﬂ ==
> SimHitMerger > SimDetectorResponse : / Data / \ l /‘?,;\q Pt

MARS - : f e

. @ v > ’/e ’ wﬂé e "’ LS
SimG4 | calibGlobal P e HR UL\
Fluka )
oaEvent 1

p ROOT geometry ReconGlobal

oaRawEvent }" oaUnpack Data / MC Output : Physics Processes :
\_ 7'y h 4 . i °5 (See AlCap talk

/ oaAnalysis /
Simple event /
data

. AnalysisTools T et o : tomorrow) I 48 >
MIDAS data | EventDisplay 4 ‘P
from detectors S e Fic ldmaps - i okt
The COMET Expeniment, 10 fug 2015 26 Ben Krikler: DokO7 @vmpenial ac Ui

Key: Data type

Code usage Data Flow

/ Input / Executable

[0upse /(Lo ) | The structure is based on ND280 framework.

an example for Phase-l
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Development for reconstruction

* New design of event model suitable for reconstruction
* Develop a simple digitization algorithm

* Develop a track finding algorithm based on RANSAC

e Optimize track fitting algorithm based on Genfit

L] L]
* Develop a full reconstruction algorithm for COMET Phase-|
1G4HitGas : lgortims 'I 12000 Entries 173642
l Official event model = Mean —0.05351
(__Usereventmodel ) I % d Dev 0.363
| ICyDetSimpleDigitizaion I Analysis ROOT Tree 10000 l; S:t[]-t(:(\)v l?:f’
+ data flow Il %2/ ndf 1264 /94
—_—= R

: i N, 2366 + 36.4
IMCHit IDataHit Mean, =0.1241 + 0.0030
8000 |, 0.5217 £ 0.0038
N, 4456 £ 37.4
& Mean, —0.009647 + 0.000782
Tracking algorithms Analysis Trees 6000 9, 0.1933 + 0.0012

| : f L&

IReconCyDetTrack IReconHitGas 4000 1§ \
[ |UserCyDetEventManager ] 2000 lex j ‘]Q
Y 0 L e 1 I | 1 U 1) T KM I I I
( User Recon. Object ) ( User Truth Object ) ( Association Object ) ) -1.5 - | —-0.5 0 05 1 1.5 2

Dataflow of CyDet Tracking A P of Tracking (MeV)
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Introduction of Majoron

* Dirac mass term of neutrino
 Should be in same level with Me, My, My
* Seesaw models to explain the tiny mass of neutrino
e Neutrnio mass: Mp, Mp*/Mp
* Majorana mass term of neutrino
* Nuetrinoless double beta decay
e Leads to spontaneous break of lepton number
* Majoron(J): a massive or massless Goldstone particle
* Experiments to search for Majoron
* Invisible decay width of Z boson but excluded by LEP
c u->e+)
e Related to u->e + X, while Xis light (pseudo-)scalars like ALP
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Searchforu™ - e™J

©~ — e~ X In a muonic atom
cf. X. G.iTormo et al., PRD 84, 113010 (2011).
& H. Natori, Talk at 73th JPS meeting (2018).

‘ Advantage over free muon decay ‘

electron spectrum

e ut - e*] with free muon
* TWIST on 2015
* Mu3e in the future

* U~ — e Jinmuonic atom
* No experiment
0 10 20 30 40 ?;(:/260 YEG[i;eV] ° COMET COUld be the

2. also sensitive to contact reactions with nucleus .
first one

1. less background
-==:put > etX (free)
- —-:ut > ey, (free)
— .y~ — e~ X (u-gold)
—— I U” > e VeV, (u-gold) |

« different peak positions of signal & BG

3. more information : “spectrum” & “dependence on nucleus”

Reference: Report “New promising CLFV modes in
Disadvantage muonic atoms” by Yuichi Uesaka(Saitama U.)

v" non-monochromatic signal v" shorter life time of muonic atom

29/37



Signal region

* The signal significance is bigger at high energy region
* DIO is considered as major background

L
Z
s[4 |
al .. \
. X. Garcia i Tormo, D. Bryman, \\
'""F A. Czarnecki, and M. Dowling, '
Phys. Rev. D 84, 113010 (2011).  }
0101 102 105 104 “103

E.(MeV)

FIG. 2 (color online). Electron spectrum for Majoron emission in orbit for Al (solid line). The second panel is a zoom for E, >
100 MeV. The dashed line in the second panel is the electron spectrum for DIO in Al, multiplied by a constant (C = 415) to make it
coincide with the MEIO rate at £, = 100 MeV.
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‘Optimization of signal region

* Considering the acceptance of detector, significance factor is given as:

f 2
B{I_‘{ _:” EJ} _ 1 645 }{ II||I Fca]:}tllre;‘q.cclu fjtg._E.LSI,I“E": ]. . IIIII ‘4';‘1;‘1E"f‘_f
\I'I Fdeca}f S \"I f dec
CH—:: o 0 Acceptance of 100% ............................aé...............................;...............................;. ........
(@] L4 : : :
é:) - COMET Phase-I
" _‘I DDMET Ph ase_” w“hOUI blmker .................... ;. ......................................................................
0 -2 COMET Phase-ll with flat blocker |......A. “ ................................................................
EB':- COMET Phase-Il with circular blockgr
5 B O OSSP v 400 A _
o
-4 R SN JSNUNNE ¥ A S ., .......................
B S W —
] R i
B =S T SRR S S
_8 .....................‘....:.‘.............................:.................‘..‘..‘..‘..‘.;. ......................................................................
5 20 40 60 80 100
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Likelihood analysis method

* The case we already have data f(E)

* f(E)excepted :f(E)D/O * Iy >kf('l:_)/\ﬂE/O
e Branch ratio of u->e +J could be given at 90% C.L.

* The case we don’t have data f(E)

* f(E)measured :f(E)D/O * r; >kf(/:—)ME/O
* Draw all the limits with different r, as a confidence belt

measured

measured

4 Likelihood 412
Lower Upper
Limit Limit

< Prediction

Limits at 90%C.L.

/ "\\ rl
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Prediction of COMET Phase-|

* Prepare input for likelihood analysis
 Acceptance and energy loss from full simulation
 Optimization with different uniform magnetic fields

 The prediction is given as 2.3 x 10> considering the event ratio limit

8 02 " SSTSPASES IR N S N
- | MagneticFiaa | 1T | osst | oom
Z:: Upper Limit 2.3 x107°|{1.4 X 107°(6.9 x 10~°
OZ;: Event rate of DIO| 16.7 kHz | 75.3 kHz | 394.6 kHz
sz;: TABLE II. Estimated upper limits after reducing strength of
002;_ : | : | : : : magnetic field of COMET Phase-I |
E o Pt DT P P T P I

65 70 75 80 85 920 95 100 105
E, (MeV)
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Prediction of COMET Phase-l|

Fast Simulation:

* The tracks of electrons are considered as standard helices

* Material effects and uncertainty of magnetic field are not considered
» Aflat blocker and a circular blocker is considered

3 0.7 0.7
g ——— Without biocksr § Wilheut Hlodker
E Rat blockar with Ralght of 7Smm L _:_'E ———— Circular blacker with height of TSmm JE— —
2 0.6 Rt bikackar with halght of 150mm _.-:-'r-":‘r‘-‘- — %— 0.6 Gircular blackse with height of 150mm :.}:."-"-"#”: —
§ —  Aatblocker with kelght of 300mm /// / o — CGircular blacksr with height of 300mm / /
< 0.5 Rt blocker with radius of G30mm Fd < < 05| ——— Gircular blockse with height of 600 //
0.4F // / 0.4F // /
- 7 /" - // /
0.3 = /, /" 0.3F / £ £
0.1F /; ve /./ 0.1F // , // >
:| 1 L | L0 L1 L L1 - - u—/| P B T 7] 1 L1
%D 40 50 &0 70 a0 a0 100 %U 40 50 B0 70 80 S0 100
E, (MeV) E. (MeV)
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Prediction of COMET Phase-l|

* Prepare input for likelihood analysis
 Acceptance distribution from fast simulation
 Optimization with different design of blocker

 The prediction is given as O(10~%) considering the event ratio limit

s~ 90 : : : g~ 9 5
o With flat blockers = B :| —= With flat blockers
; 45 ...... ................... ‘)‘( : ;
> < 5= o] —=—— With circular blockers
%“ 40 rrmm s e e e With circle blockers q - ¢ :
o L i| —=— Ideal ladder acceptance without blocker
N Bl AN : : : : : ; :
= : = |deal ladder acceptance of no blocker - 45 -
@ 30f @
o5 =l S OO SO S S— SRS S 40:
20 = ................................................................................................................................................ :
35
15 .............................................................................................................................................. =
10 .......................u....u....u....u.......u...u...uu....u..u....u....u...uu..uu..uuu; ......... 30:
D 1 1 1 i 1 1 1 i L L 1 i 1 1 1 i L L 1 i L 1 1 i 1 L L i L 25_11Ilill]lillllilIlliIlllillllillllillllillllillll
0 20 40 60 80 100 120 140 0 01 02 03 04 05 06 07 08 09 1
Event rate (MHz) Event rate (MHz)
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COMET is an experiment at J-PARC searching for muon to electron process.

e Aims atS.E.S=2.6 X 107 (4 orders of magnitude improvement) with 1 year beam time.
 The study to reach S.E.S ~ 10718 is in progress

COMET will be carried out in two phases and Phase-| is under construction.
e AimsatS.E.S=3 x 10~ (2 orders of magnitude improvement) with 150 days beam time.

* Develop reconstruction algorithm for the drift chamber detector of COMET Phase-|
* Design and develop new event model for the software framework
* Develop tracking algorithm with good resolution

A R&D of searching for Majoron on COMET has been done.
* The prediction of sensitivity on COMET Phase-Il is given as 0(107%)
e 1000 times improvement compared with current best result.
* The paper has been accepted by Chinese Physics C (CPC) and will be published as cover article.

« DOI: 10.1088/1674-1137/ac9897 RN b |’
- Thank You:
s
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Production target and the capture magnet

8GeV proton beam

5T pion
capture
solenoid

8 GeV 56 kW proton beam
Thick target with 1~2 hadron interaction length

Powerful capture magnet: 5T
* Large inner bore to fit in the shielding
* Adiabatic decreasing field: focusing and mirroring

Expected muon vyield: 10** muon/sec! (108 @ PSI)



Transportation solenoid

Drift vertically, proportional Vertical field as “correction”

to momentum. Vertical Field

e b=

_—

L1 {1

e

\/

Y Yy 9vyYyYvy9y%YYYY

vV v *-1} Yy

|

| | e | e e e rz_. —

we  High momentum track
— Low momentum track |:|

* Use Cshape curved solenoid
* Beam gradually disperses
e Charge & momentum

Beam collimator

* Dipole field to pull back muon beam
 Can be used to tune the beam

* Collimator placed in the end
» Utilize the dispersion in 180 degrees




|Stopping target and detector system

e Use straw tracker to measure the momentum
e Really light: put in vacuum, 12 micro meter thin straw

gon

] T=T==T=] \__ | Tracker with Straw-tubes

Il » Operational in vacuum in 1T
fa— > Ap =150~200 keV/c (for p=105 MeV/c)
| S i » Straw tube
E E * 20 um thick, 9.75 mm diameter for Phase-|
: Rl P . e 12 um thick, 5 mm diameter for Phase-I|
=" | /.. | » More than 5 stations (xx'yy’>5)

c _ » Ar:C,Hg (50:50)
e Electromagnetic calorimeter

* Providing trigger, TOF and PID

;Beam Collimator Muon Target Disks

Beam Blocker
i
Muon-Target Solenoid

i
i
i

DIO Blocker

» 1,920 LYSO crystals
e 2%x2x12cm(10.5
radiation length)
AE/E = 5% (for E=105 MeV)
40-ns decay time
APD + read-out(ERQOS)

{ I S B |
N Y

Detector Slenoid

Calorimeter

YV V







