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What is g-27?

* [t is a quantity formally called as an “anomalous”
magnetic dipole moment.

| et’s start reviewing the magnetic dipole moment
first.



Magnetic Dipole Moment

« |f a magnetic monopole exists, the magnetic dipole moment of

-

two opposite magnetic charges can be defined as ,L_i = qml.
* (,,; magnetic charge of each monopole

« [: distance vector between two monopoles

A magnetic monopole has not yet been discovered but an electric
current also creates a magnetic field like the two opposite
magnetic charges.

« The magnetic dipole moment of a current loop can be defined as

|ii] = IS to be consistent with the magnetic field created by
two magnetic monopoles. .

« |: current H

« S:area of closed loop

« Direction is perpendicular to current
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Magnetic Moment and Angular Momentum
i1, L

« |f a particle with a charge of q (>0) circulates in the
radius of r with the velocity v, it can be regarded as
a closed current of I = —% and the area S = nr?.
»

» Then, the magnetic dipole momentis [ = Aals

« On the other hand, the angular momentum of this particle (with respect
to the center of the circle) is writtenas L =7 X p = mr X v.

« Thus, the magnetic dipole moment of this system can be written as

G

2m




Intrinsic Magnetic Moment

=
vy

« A particle has an intrinsic angular moment, spin.
 The magnetic dipole moment also arises from the particle spin and

it is written as {/Vt Jui (Zzn) §] m: mass

q: charge
« Here, gis a so-called g-factor.
« In classical electrodynamics, g = 1.
« In quantum electrodynamics, from the Dirac equation, g = 2 for a point-like, spin %2 particle.

« But for the existing spin %2 particles, we know that g is slightly larger than 2 even if it is an
elementary particlé due to vacuum polarization.

« The deviation of g from 2 is called as the anomalous magnetic (dipole) moment (or g-

=2
2) and is defined as [ = gT]

« For muon, a, = 0.00116591810(43) (0.37 ppm) from the
Standard I\/Iodel prediction according to the white paper

E)Ixhr{/]g OFr{]e% 887 ?ZI% Ingtlflt:ll.\%% Iz j\ JTRT TR I TR " had | 7

Example diagrams of vacuum polarization of muon



https://www.sciencedirect.com/science/article/pii/S0370157320302556?via%3Dihub

Why is g-2 interesting?

* In vacuum polarization of muon, not only the Standard Model
particle but other undiscovered particles can contribute.

« They will shift the g-2 value from the Standard Model prediction.

lllllllllll

By measuring the g-2 in high precision, we may find a physics
beyond the Standard Model.

« Then, how to measure it?



Larmor Precession

Magnetic field B
A - A
« The magnetic dipole moment feels a torque in a magnetic
field like a bar magnet.
T=[XB
« The angular momentum is changed by a torque and for
a circulating particle, the following equation holds. 3
d..  , q -
—=7=-—"1x%B
dt 2m AG
* In a uniform magnetic field, this equation leads to
precession of the angular momentum with the angular e
velocity vector of @ = ——LB.
2m /
« This is the Larmor precession. %m.q
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Spin Precession

« The same equation hold(fjor the spin of the rest particle.
S 5 — q . -

— =[ixB=g—5xB

dt uxb meS ~

» The angular velocity vector is @srest = —g 5 B-
. g—gactor can be obtained from this equation but it measures g rather
g-2.
« For a moving particle, this equation needs relativistic correction and the
angular velocity vector is obtained as

@z—-iﬁ—u—mﬁﬁ.

2m
« This is called the Thomas precession.

« yis Lorentz factor and for y=1, it agrees with the Larmor precession.
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g-2 Precession

— p
« A particle in motion rotates in the magnetic field (so- v Y
called cyclotron motion) and its angular velocity vector is
q
(UC = _m_)/B T/ u
« Then, the spin vector with respect to the
particle momentum rotates by \\ 4
N N N 2 — — b
W = Wg — W, = (gz ) B = —a%B.
- Lorentz factor () is cancelled. For g > 2, the spin precesses

. . ] g—2 . faster than the cyclotron
« Using this relation, a = ——can be obtained rather than g. motion.

« Since g is close to 2 for muon, 103 times higher sensitivity is
expected by measuring a.



Muon Decay

 How to measure the muon spin direction in motion?

1. Decay positron (electron?] convey the parent muon spin
information because of the weak interaction.
- The weak interaction involves left-handed particles (or right-handed
anti-particles) only.
« If a positron is emitted in the same direction as the muon spin, it

L

By choosing high energy (momentum)

tends to be high energy. positrons, muons with their spin in
2. If the muon is movin%_in a relativistic velocity, a positron the same direction as the momentum
emitted in the same direction as the muon momentum has direction are selected.
high energy.
Muon rest frame Laboratory frame
A ;
§ V,u + Vﬂ +
> | <~ H o < ~ -
SOo0—=- s
— —> —
Ve Ve
Positron emitted in the muon spin Positron emitted in the muon
direction has high energy momentum direction has high energy

November 20, 2018 17th g-2/EDM collaboration meeting 11



Measurement of g-2

 The number of high energy positrons from the decay
of muons circulating in an uniform magnetic field

shows a wiggle pattern with the angular frequency

e = .
of w, = au;B‘ as well as the exponential decay.

e If the |§ is known, a, can be calculated from this
equation.

- To measure a, in high precision, w, and |B| are required
to be measure precisely.

lr_h\
# /
N

P =50% N,.=5.7x10"
200 MeV < E,. < 275 MeV

10°

Decay e’ counts / 5 ns

107

1 1 | 1 1
30

=]
(4]
-
=]
-
[d]
]
=]
]
(4]

Time [us]
Simulated time spectrum of the number of
decay positrons with 200<E<275 MeV



Muon g-2 Anomaly

 Deviation of the muon g-2 from
the SM prediction was first|
reported by the E821 experiment
at Brookhaven National

Laboratory (BNL) in 1999.

 The final result of the BNL
experiment was published in 2006

and the measured g-2 value was
a =9.00116592080 63) (0.54

ppm
« Phys. Rev. D 73, 072003 (2006)

« There is 3.7 o deviation from the
latest SM prediction in 2020.

Muon storage ring of the BNL experiment

from the standard model
(1999)

'

Implication of deviation }

290 1

Experiment

[ ,
190 1 . 1 o ;
i - ) ) 1 9 2 I

:
140 { | Standard model & |
[ , prediction 2 j

[SN]
W
—

Anomalous Magnetic Moment
(a,~11659000)x 10"

lnu

1979 1997 1998 1999 2000 2001 Average
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.73.072003

FNAL E989 Experiment

« At Fermi National Accelerator Laboratory (FNAL), a new experiment to measure the muon

g-2 has been conducted using the same magnet ring at BNL while improving many sub-
systems of the experiment.

« Basic experiment techniques are the same as the BNL experiment.

« Transport 3.094 GeV/c polarized muon beam produced from pion decay
« Store the muon beam in the magnet with 14 m diameter
« Detect positrons from muon decay by calorimeters mainly

« They already recorded 10 times larger data than the BNL experiment.

« Finally, 20 times larger data will be recorded and the statistical uncertainty on the muon g-2 will reach 0.1 ppm.
- -/'gi ,;‘ ; 1 ,L h —

Last update: 2021-04-14 10:32 ; Total = 10.54 (xBNL)

| Muon g-2 (FNAL)
" /I_:iﬁél

61 An-B
4

/2::2
2,

Run-1

—_
(e]

Raw e */ cumulative (x BNL)

Y -‘};}t-—i;{i ‘ > 1/
N BN @.. \ 3, : ':, ~
Muon storage ring @FNAL
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FNAL E989 Result

* The first result of the FNAL s B
experiment was announced T
on April 7 in 2021 and the
measured value was hALe2 —
au=0.00116592040(54) (0.46
ppm) < 20 )
« Used data statistics is
equivalent with the BNL = —e
eXpeI’i ment. Standard Model EEE::;SEM
» If the SM prediction is 175 180 185 190 195 200 205 210 215

compared with the average of
the experiment values, the
deviation increases to 4.2 0! Phys. Rev. Lett. 126, 141801 (2021)

a,x 10" =1165900
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.141801

Muon g-2/EDM Experiment at J-PARC

« What is the muon g-2/EDM experiment at J-PARC?
 What is it for?



Electric Field Contribution

 If there is an electric field, the equation of the spin pression is modified as

follows. ] L
. e - 1 f XE
w=——|a,B — a#—yz_1 .

* In the BNL and FNAL experiments, use of focusing electric field is
necessary to store the muon beam in the stable orbit.

« To remove a contribution from the electric field, the muon momentum is
chosen to satisfy a,, — yzl_l = 0.

« |t corresponds to p=3.094 GeV/c and is called as the magic momentum.

* In the J-PARC experiment, instead of using the magic momentum, the
electric field itself is eliminated (E = 0).
 How is it possible?

17



Low Eimittance Muon Beam

o + .
Proton ol Conventional muon beam
® 0 Emittance ~1000t mm *mrad
—0
D - - - Strong focusing with electric field
ecay ® - Muon loss
Pion production Pion background

 Low emittance beam does not require strong
focusing by an electric field.
- Gradient magnetic field is enough to store the
beam in the stable orbit

« Free from magic momentum of 3.094 GeV/c
> Low momentum beam of 300 MeV/c enables
use of the compact storage magnet and it leads @
to highly uniform magnetic field
- |t also enables the tracking detector with
100% acceptance

Low emittance muon beam
Emittance ~1mt mm ~mrad

> O
gO
o 2
>
L
o O
O

:SQ'

+
K Free from any of the above
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J-PARC E34 Experiment I

Proton beam (3 GeV)
A(a, ) ~ 0.46 ppm - 0.1 ppm
EDM ~ 1021 e=cm

Surface muon (3.4 MeV)

Thermal muon (25 meV)

MLF muon experimental

facility H-line
Features Thermal muonium
. roduction, i
« Low emittance muon beam . Atan Ima,c L
. No strong focusing lonization laser 3D spiral injection
« Compact storage ring Muon storage
« Full tracking detector magnet3T)  positron tracking
- Completely different from BNL/FNAL method detector

July 19, 2021 Software Tools and Techniques used in EHEP and its Applications 19



Comparison of Experiment Parameters

Table 1. Comparison of BNL-E821, FNAL-E989, and our experiment. / J-PARC Experiment

BNL-ES21 Fermilab-E989 Our experiment

Muon momentum 3.09 GeV/e 300 MeV/c
Lorentz y 29.3 3
Polarization 100% cyclotron radius: 50% cyclotron radius:
Storage field B=145T [7.1m B=30T 333 mm
Focusing field Electric quadrupole Very weak magnetic
Cyclotron period 149 ns 7.4 ns
Spin precession period 4.37 s 2.11 pus
Number of detected e™ 5.0x10° 1.6x10" 5.7 x 10"
Number of detected e~ 3.6x10° - —
a, precision (stat.) 460 ppb 100 ppb 450 ppb

(syst.) 280 ppb 100 ppb <70 ppb
EDM precision (stat.) 0.2 x 107 e-cm - 1.5 x 1072 ¢ - cm

(syst.) 09 x 107 e-cm — 036 x 1072 ¢-cm

PTEP 2019 (2019), 053C02
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https://academic.oup.com/ptep/article/2019/5/053C02/5506729

J-PARC Facility

Material and
Experimental Faci

Located at Ibaraki prefecture
in Japan

Hadron"Hall.

.
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Muon Facility at J-PARC

ToHZ 1 H-line
« 4t L |- surface u* (>108 u+/s),
RO P Ay e decay pu*/u-, e
| NN L - for high intensity & long
oy, St Rk
""" |

S-line S-line :_Hl

 surface ut
dedicated to u SR
S1 area is available

S2 is under construction
S3/S4 are planned

beamtime experiments
H1 for DeeMe & MuSEUM
« H2 for g-2/EDM &
transmission muon
microscopy
under construction

ez
M1-line

3GeV proton from RCS  Muon :arget .

2x10% /s @l MW (grarihite,:tg(-)mAm) [

U-line

 ultraslow u+

sl U-line | = t»' D] L :
= p o <> £S -r~

D-line

« UI1A for nm-u SR | (OO g - « decay u*/u-, surface u+
« UI1B for u microscopy , U1B Ypi— £ ”E « DI areafor uSR
« under commissioning 1A QRS po - « D2 for variety of science
2l - 0
e i}
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_ Proton beam (3 GeV)
ace muon (3.4 MeV)
* Thermal muon (25 meV)

MLF muon experimental
facility H-line

H-line Construction

to g- 2/E»DI\/I area

| H line

" 'HI1 Area

Thermal muonium
production, Muon linac
lonization laser 3D spiral injection

Muon storage

magnet 3T)  positron tracking
detector

e Construction of H-line
already started.

- ik « The minimum construction of

XN\ the upstream part of H-line
D 1 (H1 area) has finished and it
Ly is ready to start beam
surfééer, i commissioning.

(EULITEW /(JOST

Fig.2. The H-line layout.
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_ Proton beam (3 GeV)

Surface muon (3.4 MeV)

ermal muon (25 meV)

Muon Source

MLF muon experimental
facility H-line

Thermal muonium

« Surface muon beam is used as the source of our experiment. production, - Muonnac

lonization laser 3D spiral injection

 Monochromatic and ~100% polarized beam _

magnet (3T)

Positron tracking

« Muon beam is stopped at target and muonium (bound state of detector
e-and u ") is produced.

« Laser-ablated silica aerogel is used for muonium production target.

* An electron is stripped from a muonium by laser and thermal
muon beam is produced.

] U
G QWJ@ ................ >®
p+ beam Muonium | M ~ at-rest extracted A
(surface muon) <95 meV < by electric field e . .
~ 4 MeV @ 300K — well-focused & none- 500 u m pitch surface dip

7, dispersive beam become . | )
Q available! laser-ablated silica aerogel
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Muon Acceleration

Cooled muon beam is accelerated to p=300 MeV/c in LINAC.

muon IH- injection
length 3.2m 1.4 m 16 m 10 m
RF +«—— 324 MHz —» -« 1296 MHz - SE—
E 5.6 keV 0.34 MeV 4.5 MeV 40 MeV 212 MeV
I 0.01 0.08 0.3 0.7 0.94
40— + RF on

Recent achievement is
acceleration of muon (negative
muonium ion, to be precise) with
RFQ for the first time in the world.

+ RF off
L ++ | simulation

20—

|

Events/30 ns/4x10"" u* incident

%# “LMMJEH

500 1000 1500
Time of flight [ns]

Signal indicating the arrival of Mu- when RF was on

(Phys. Rev. Accel. Beams 21, 050101 (2018) )

July 19, 2021
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_ Proton beam (3 GeV)

Surface muon (3.4 MeV)

Thermal muon (25 meV)

MLF muon experimental
facility H-line

Thermal muonium
production,
lonization laser

Muon linac
3D spiral injection

Muon storage
magnet (3T)

Positron tracking
detector

J-PARC MLF D2-line

25
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Spiral Injection

« Usually, the beam is injected to the storage magnet horizontally as so
in BNL and FNAL experiments.

- However, our storage magnet is too small (cyclotron radius is 333 mm)
to inject in the same way.
« Unrealistically high kicker magnetic field is needed to reflect beam direction
instantaneously.
 To overcome this challenge, vertical spiral injection scheme was

developed.
« There is another advantage of high injection efficiency (~85%).

MLF muon experimental
facility H-line

. 19anR2012 150451
Inflector Slide by Lee Roberts 2e?

«
72 (1.45T) X< e
Injection orbit Upper.plate tun&
(pure iron)

) £ Pole tip (pure iron)

Return yoke b

(pure iron,
cylindrical sha

T e TN Oveis |

Injection scheme of the J-PARC experiment

sssS

~ Kicker Sy | |

Modules

B =10 mrad \{
B-di=0.1 Tm
Electric Quadrupoles

Main coil

Injection scheme of the BNL and FNAL

experiments
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Proton beam (3 GeV)

Surface muon (3.4 MeV)

~Thermal muon (25 meV)

Thermal muonium
production,
lonization laser

Muon linac
3D spiral injection

Muon storage
magnet (3T)

Positron tracking
detector

Simulation of muon injection
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Storage Magnet

Proton beam (3 GeV)

Surface muon (3.4 MeV)

Thermal muon (25 meV)

MLF muon experimental
facility H-line

Thermal muonium

3 T MRI-type solenoid magnet will be used. producton, Mo s
onization laser spiral injection
« Weak focusing magnetic field is also applied to keep muon beam size. Muon storage
magnet 3T)  positron tracking
detector
Calculated average tield un|Torm|ty
= 80 == ; '?"/7
4 £ Good fleld reglon (
™ s el AR
Muon
storage TT——
orbit
N
O
(@) :
(@) il "/;‘;«‘
Positron tracking g K\<(<(\Q 25 ppb/line
detector N I TR T R —
| L ; r [mm]
DD In good storage volume, field uniformity is
666 mm v better than 100 ppb.
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_ Proton beam (3 GeV)

Surface muon (3.4 MeV)

Thermal muon (25 meV)

Positron Tracking Detector -

MLF muon experimental
facility H-line

N A, . ) Thermal muonium
- production, Muon linac

lonization laser 3D spiral injection

Muon storage

magnet 3T)  positron tracking
detector

« Positrons from decay of stored
muon beam are detected by the
detector consisting of silicon strip
sensors installed in the storage
magnet.

« Positron tracks are reconstructed &
from hits in radially arranged detector
modules called “vanes”.

« There are 40 vanes in total.

« Each vane has silicon strip
sensors in both sides with their
strip directions orthogonal each
other.

|

¢580 mm

< ' 5 208 mm
Positron tracking detector ) 1 \/lane .
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Detector Components

Alignment mark  Bias pad

---------------

>4 MIP range

1600 e ENC@30 pF
128 ch/chip

8096 memory buffer/ch

5 ns sampling

Positive bias
voltage pad

Flexible printed
circuit boards

DC pad Output (AC) pad

Specification
98.77 x98.77 mm
190 u m pitch strip
512 X 2 strip

ASIC boards

Silicon strip sensor Vs vane structure
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Positron Track Reconstruction

« The challenge of software in the experiment is reconstruction of positron tracks in the condition
thaththe rg\te of muon decays changes by a factor of 150 from the beginning of the data taking
to the end.

« The expected highest muon decay rate is 30 per time stamp of the detector (5 ns).

« The stable tracking efficiency during the data taking period is required not to bias the
measurement of w..

300"

y [mm]

300

—-100

-200

~300 F

200

100

T —"
e

‘|I|IIII|IIII|II
-300 -200 100

N N N S o |
0 100 200 300

X [mm]

Simulated positron hits and reconstructed tracks with 25 positrons
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Track Reconstruction Procedures

Cross-section of sensor Charged particle

Hit Clustering Charged particle

/

/

3D Hit Reconstruction

v For a particle passing through

| several strips, neighboring hits
with the same time stamp are

clustered to one hit.

particles are reconstructed by
combining two silicon strip sénsors

whose strip directions are —
orthogonal each other.
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Track Finding (1)

 Track candidates are searched from
the reconstructed 3D hits.

 If the collection of the reconstructed
hits is simple, it will be enough to
search for hits included in a track
candidate one by one assuming a
helix orbit.
x(t) = xo + rcos(kt + @)

y(t) = yo + rcos(kt + @)
z(t) = zo + vyt
« 3 hits are selected (randomly) first

and the next hit is searched for, which
is consistent with the initial 3 hits.

« This calculation complexity to decide
the initial 3-hit combination(called as
“seeds”) is O(N,.3).

July 19, 2021

T 2005
E 1503
N 1005
504
03
-503

200
100
"1o0 O <

300
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L1 I|III
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11 | 11 1 1 1 |
0 100 200 300
X [mm]

Example of single-track event display
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Track Finding (2)

 When the number of pile-up tracks in
the same time window becomes
larger, this algorithm takes too long
time in computation.

 More effective algorithms are needed

to find track candidates in a dense hit
condition.

« We use a feature that our signal
tracks tend to leave hits in a straight
line when it is viewed in z- ¢ plane.

« This is because in a particle travels with
almost constant velocity in the vertical
direction and the center of the circular
motion is close to the detector center.

y [mm]

300

—200F

200[
100 N
of —=

—toop

-300F

1

ol v b b b ol
-300 200 -100 0 100 200 300
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Example of multi-track event display
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Hough Transform

 There is a smart algorithm to find a straight line in 2-D plane
called “Hough Transform”.

. (Eonsider the transformation of a point in (z, ¢ ) plane to a sinusoidal curve in
p,0) plane using the following formula.

p=¢cosO +zsinb

« |f several hits are on the same line in (z, ¢ ) plane, there is a crossing point
between curves in (p,0) plane.

« Assume this point is (p,, 8,), then the line in (z, ¢ ) plane is z(¢p) = —¢cot, +
« Then, hits close to this line are expected to be hits from the same track.

Po
sing -

 Initial calculation becomes c?mplicated but the

computation complexity is O(N,). :
C A E
= O(N?) :
= :
o o O(N)
© & -
O 5
NhItS 25:\|_I”‘:””1.I5””2'””2.'5””3!III
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histRhoTheta

-100F
~200F

-300F

Entries 3060
Mean x 895
Mean y 32.95
StdDevx 51.96
StdDevy 8591

P S N T
400503050 =0

sl by by a by o
100 120 140 160 180
0 [deg]
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Track Fitting

« After finding track candidates, their momentum are obtained
by “track fitting”.

 |[f a magnetic field is uniform and track momentum is
constant, its orbit can be regarded as a helix simply.
« Momentum assuming such a simple condition is already obtained at
the stage of track finding.

« However, in practice, the magnetic field is not uniform and
track momentum changes in time due to material effect
(energy loss, multiple scattering etc.).

« Measured values also include errors and/or noises.

« To treat such a problem, “Kalman filter” is widely used.



Kalman Filter

In Kalman filter, the state vector (¥) of a track is defined at each measurement.
« For planar sensor. measurement, 5-parameter expression (momentum, the position and direction
fixed to the plane) is enough.

The state at the site & (¥,)is assumed to be predicted using the state at 4-1 (¥,_,),

Xk = fie—1(Fyo1)+ W1
* fi—1 is the track propagator from the site A-1 to the site A
* wy_, is the random variable at the site &1 caused by multiple scattering.

Kalman filter performs prediction, filtering, smoothing using the all measured states
and improves the estimates of each state.

. zcrq[dicSion: prediction a new state vector at next site based on the observation made so far
uture

- Filtering: update the predicted state vector of the current site after adding this site (present)
« Smoothing: improve the filtered state vector by using all the observations made so far (past)

One need to prepare such a machinery but it is not so easy to do it from scratch.



GENFITZ2

* In practice, we use Kalman filter implemented in
GENFIT2, which is an experiment-independent
modular framework for track fitting.

e https://arxiv.org/abs/1902.04405

« Magnetic field map, material distribution can be
provided.

e Typical sensor measurements are pre-defined.

Constant 1004+ 42
Mean  0.0005957 + 0.0008116

12Di— [200,275] MeV/c Sigma 0.02571+ 0.00073

100

Kalman filter in GENFIT2
is applied to our detector
simulation and ~3%

Number of tracks

momentum resolution is 60~

obtained for tracks with 40}~

[200,275] MeV/cin3 T 20

magnetic field. [ PO WO Event display of our detector

0.2 0.3
Aalp)/(alp), drawn by GENFIT?2
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Track Back

« Finally, to determine the muon decay
position reconstructed positron tracks are
extrapolated to the muon orbit and the

. . . D
closest point of approach is assumed to Muon orbit Sosltion
be the decay position.

* In practice, the muon orbit is not a circle but
has a width and it is also taken into an o
account.

 Decay time is calculated using time
stamps of each detector hit and
considering time-of-flight. e P

i et IR Y s
-0 -8 -6 -4 -2 0 2 4 6 8 10
Az [mm]

Radial direction Vertical direction
Decay position resolution
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Track Reconstruction Efficiency

 The whole track reconstruction is evaluated.
* In_the signal momentum of [200,275] MeV/c, efficiency

>95% is estimated.

« The analyzing power is the highest in this momentum range.
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What is EDM?

[t is an acronym of the electric dipole moment.
« Similar quantity to the magnetic dipole moment.

 Let’s start reviewing why its measurement is
Important.



Electric Dipole Moment

- Two opposite electric charges separate by | creates an electric
dipole moment of d = ql .

« A single particle can have an electric dipole moment intrinsically.

« Such an EDM has not yet been measured in any elementary
particle but it is believed to be linear to the spin direction and is

expressed as [d = n#sﬂ

 Here, n is a coefficient for EDM analogy with g-factor of the magnetic
dipole moment.

« The SM prediction for the muon EDM is ~2 x10-38 e - cm.
« The current experimental limit is |d|<1.8x101% e - cm by the BNL

experiment.
« The J-PARC experiment aims to measure up to 1021 e - cm but it is still _

by far larger than the SM prediction m. Mass
« However, if there is a new physics, it might be in our reach. g: charge
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T-Violation

- The Hamiltonian of the magnetic/electric dipole moment in an
electromagnetic field can be written as ~ ~

H=—ji-B—d E

 Transformation properties —
E B
-+ +

+_ —

> i - B conserves C, P, T, while d - E violates P and T symmetry.

« Assuming CPT conservation, T-violation means CP-violation as well, which
has not yet been discovered in the lepton sector.
« The existence of the measurable EDM might solve the matter-antimatter asymmetry.

N QT
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EDM Measurement

 [f a particle is in rest, we can measure the EDM by an electric field like
the magnetic moment in a magnetic field.
ds - q 5

— =dXxE=n—3xE
dt ancS

« However, our muon beam are moving.
 Moreover, this method is not applicable for a charged particle.

 Moving charged particle feels an electric field from a magnetic field
according to the Lorentz transformation.

« We can see the interaction between EDM and a magnetic field.
d—§=cfx(ﬁx§)=ni§x(ﬁx§)
dt 2m



Angular Velocity Vector Tilt

« Since there is a contribution of the magnetic dipole
moment, the combined angular velocity vector with
respect to the momentum direction is

A_ N N . q —> q - e
W = Wy + Wy ——a;B—n%(ﬁxB)
+ w,/w, (withd, =102t e - cm) is about 10-5

> Too small to see a w , contribution (~10-1%) in w
 But the tilt of angular velocity vector is visible (~10-° rad).

tans =21 =18 II§
Wq 2a
« The tilt of the angular velocity vector is observed as an H

asymmetry between up-going and down-going decay
positrons. ~ ; ‘
@
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Detector Alignment

« To achieve 1021 e - cm
sensitivity of the EDM,
SENsors on the detector need Sensor assembly using a coordinate Example of the deviation from the

tO be POSitioned in the measuring machine (CMM) target position after sensor gluing
precision of 1 um. -

« Detector assembly aiming at
the accuracy of 1 ‘um in
sensor plane is being
developed.

« Sensor assembly with the

position deviation less than 3
u m was achieved so far.

« A way to measure sensor
positions using positron tracks
Is also being developed.

3 4
x(um)

Sensor position is aligned
measuring positions of
marks on each corner of
4 sensors glued on frame sensors with a CMM.
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Experiment Status

« Revised version of technical design report
(TDR) was submitted to review committee
in December 2017.

« Summary paper of TDR was published by
PTEP in 2019
. PTEP 2019 (2019), 053C02

« KEK-SAC endorsed the experiment for the
near-term priority in 2019.

« KEK prepared for a function request to
Japanese government (MEXT) in 2020.

 The experiment was funded by Specially
Promoted Research by JSPS from 2020.

July 19, 2021

116 members from Canada, China, Czech,
France, India, Japan, Korea, Russia, USA

* Y g
Domestic institutes : Kyushu, Nagoya, Tohoku, Niigata,

Tokyo, Ibaraki, RIKEN, JAEA, etc.
KEK: IPNS, IMSS, ACC, CRY, MEC, CRC
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19th Collaboration Meeting in Dec. 2019@J-PARC
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n
Schedule and Milestones
taking result
2021 2022 2023 2024 2025 2026
KEK Requesting from MEXT
Budget
Surface muon * Beam at H1 area  Beam at H2 area
Bldg. and facility * Completion
Muon source  lonization test @S2 % lonization test at H2 (oY)
LINAC * 1 MeV acceleration@S2 FSEE e * 210 MeV. g
* 10 MeV o
Injection and % Completion of 7 .
storage electron injectionltest . * nudgnjectlon

Storage magnet

% B-field probe ready

% Shimming dong

D

Detector % Mass production ready % |nstallation
DAQ and * Ready

computing | |

Analysis * Analysis software ready

% _Analysis environment ready

Com

July 19, 2021
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International Exchange

 The experiment has been accepted summer students as
SOKENDAI KEK Tsukuba/J-PARC summer student program.

2018

Bl SOKENDA|

§ (Japan)

’“K 3\ 2 ) w» WU /%

) 5o S ‘ LU L aeg Visiting Prof,
T .‘E (Netherland)
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g-2 School in Mainz (Virtual

« There will be lectures by the world experts related
to the muon g-2.

* Please register!
e https://indico.mitp.uni-mainz.de/event/208/

Tentative schedule

NEW DATE . . . .
International Physics School on Muon Dipole Moments and Hadronic Effects
AUG. 29 TO SEPT. 03, 2021 y P
7 August 30 — September 2, 2021
VIRTUAL
INTERNATIONAL PHYSICS SCHOOL Monday Tuesday Wednesday Thursday
Lecture 1 Lecture 3 Lecture 5 Lecture 7
AND HADRONIC EFFECTS 14:00 — 15:25 (CEST) g-2 Exp. HLbL Theory HLbL Exp. LatticeQCD
Graziano Venanzoni Bastian Kubis Christoph Redmer Marina Marinkovic
https://indico.mitp.uni-mainz.de/e/g-2_school
TOPICS AND SPEAKERS SCIENTIFIC ORGANIZERS lU “Tln COffEQ break
Muon Mm'!{( Moment Experiment Graziano Venanzoni (INFN Pisa, Italy) Achim Denig JGU Mainz,Germany)
e o oo Lecture 2 Lecture 4 Lecture 6 Lecture 8
DS h ey 15:35—17:00 (CEST) g-2 Theory HVP Exp. Atomic Prec.Exp. BSM
SCIENTIFIC SECRETARY Daisuke Nomura Ivan Logashenko Klaus Blaum Svjetlana Faijfer
Lena Heijkenskjold (JGU Mainz, Germany) r",
= e T i s R T Virtual farewel
party

= WILHELM UND ELSE ': &
G) PRISMA® LAl E HERAEUS-STIFTUNG w JG|U
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Summary

* In the J-PARC E34 experiment, measurement of muon g-2 and EDM is
planned with a method different from the other experiments.

« Use of reaccelerated thermal muon beam enables focusing the muon beam
without an electric field.

« By using the muon beam with 10 times lower momentum than the other
experiments, the storage region can be smaller and highly uniform magnetic field
becomes possible.

 Final goals are 0.1 ppm for muon g-2 and 10-21 e - cm for muon EDM.

« For track reconstruction in the detector, similar techniques used in
collider experiments are also used.
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