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Outline

Status of theory vs. experiment before April 7th, 2021

The Muon g-2 experiment at FNAL

e The measurement principle
e The muon source
e The muon storage ring and its instrumentation

The data analysis chain

e The anomalous spin precession frequency and its corrections
* The precision magnetic field and its corrections

The result
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The magnetic moment of a charged lepton

Charged particle with magnetic dipole moment and spin

F=go3
2m
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The magnetic moment of a charged lepton

Charged particle with magnetic dipole moment and spin

F=go3
2m

For a point-like charged lepton with spin 1/2 Dirac predicts g = 2

(P. Dirac, The Quantum Theory of the Electron, Proc. R. Soc. Lond. A 1928 117)

This differs from (1) by the two extra terms

eh weh
?(°:H)+_c' PI(QJ E)

in F. These two terms, when divided by the factor 2m, can be regarded as the
additional potential energy of the electron due to its new degree of freedom.
The electron will therefore behave as though it has a magnetic moment ek/2me. o
and an electric moment %ek/2mc.p, . This magnetic moment is just that
assumed in the &pinning electron model. The electric moment, being a pure
imaginary, we should not expect to appear in the model. It is doubtful whether
the electric moment has any physical meaning, since the Hamiltonian in (14)
that we started from is real, and the imaginary part only appeared when we
multiplied it up in an artificial way in order to make it resemble the Hamiltonian
of previous theories.
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The magnetic moment of a charged lepton

Charged particle with magnetic dipole moment and spin

F=go3
2m

For a point-like charged lepton with spin 1/2 Dirac predicts g = 2

(P. Dirac, The Quantum Theory of the Electron, Proc. R. Soc. Lond. A 1928 117)

This differs from (1) by the two extra terms

eh weh
?(°:H)+_c' PI(QJ E)

in F. These two terms, when divided by the factor 2m, can be regarded as the
additional potential energy of the electron due to its new degree of freedom.
The electron will therefore behave as though it has a magnetic moment ek /2mc. o
and an electric moment zek/2mc.p,o. This magnetic moment is just that
assumed in the Spinning electron model. The electric moment, being a pure
imaginary, we should not expect to appear in the model. It is doubtful whether
the electric moment has any physical meaning, since the Hamiltonian in (14)
that we started from is real, and the imaginary part only appeared when we
multiplied it up in an artificial way in order to make it resemble the Hamiltonian
of previous theories. EDM searches are another powerful SM test!
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Experiment (BNL E821): aENL = 116592089 % 63 (540 ppb)

Total SM prediction: aﬁM = 116591810 %= 43 (368 ppb)

Discrepancy: Aa,=a,® - ajM = (279 + 76) x 10711

Evolved to 3.7 o deviation between SM and BNL experiment!
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Experiment (BNL E821): aENL = 116592089 % 63 (540 ppb)
Total SM prediction: aﬁM = 116591810 %= 43 (368 ppb)

Discrepancy: Aa,=a,® - ajM = (279 + 76) x 10711

Evolved to 3.7 o deviation between SM and BNL experiment!

Goal of the Muon g-2 experiment at Fermi National Laboratory
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The two clocks of a charged lepton

A relativistic charged lepton circulating a homogenous magnetic field experiences two effects:
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The two clocks of a charged lepton

A relativistic charged lepton circulating a homogenous magnetic field experiences two effects:

Cyclotron motion

Equilibrium between centrifugal and Lorentz force

Cyclotron frequency
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The two clocks of a charged lepton

A relativistic charged lepton circulating a homogenous magnetic field experiences two effects:

Cyclotron motion Spin precession
Equilibrium between centrifugal and Lorentz force Coupling of magnetic moment and field
Cyclotron frequency Larmor frequency
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Clock frequency shifts for muons in motion

For muons moving relativistically in a superposition of general electric and magnetic fields
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Clock frequency shifts for muons in motion

For muons moving relativistically in a superposition of general electric and magnetic fields

Non-relativistic and
circular motion limit
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Clock frequency shifts for muons in motion

For muons moving relativistically in a superposition of general electric and magnetic fields

Non-relativistic and Vertical muon motion along
circular motion limit the magnetic field lines
“pitch correction”
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Clock frequency shifts for muons in motion

For muons moving relativistically in a superposition of general electric and magnetic fields

Non-relativistic and Vertical muon motion along Relativistically generated
circular motion limit the magnetic field lines magnetic field
“pitch correction” “electric field correction”

Magnetic field
maps and temporal
interpolation
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Clock frequency shifts for muons in motion

For muons moving relativistically in a superposition of general electric and magnetic fields

Non-relativistic and Vertical muon motion along Relativistically generated
circular motion limit the magnetic field lines magnetic field
“pitch correction” “electric field correction”
Magnetic field | Reconstruction
maps and temporal of complex beam
interpolation dynamics
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Clock frequency shifts for muons in motion

For muons moving relativistically in a superposition of general electric and magnetic fields

Non-relativistic and Vertical muon motion along Relativistically generated
circular motion limit the magnetic field lines magnetic field
“pitch correction” “electric field correction”
Magnetic field | Reconstruction | FNAL E989: E +0
mapstand tle‘rcr)poral of ccc)implex. beam suppressed at y = 29.3
interpolation ynamics “magic momentum”
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The muon g-2 experiment at Fermilab
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The Fermilab muon campus

Recycler Ring '

A\

Campus
Figure courtesy: M. Convery
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The Fermilab muon campus

Recycler Ring A bright source of pulsed polarized muons is needed!
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Campus
Figure courtesy: M. Convery
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The Fermilab muon campus

Recycler Ring A bright source of pulsed polarized muons is needed!

A 8 GeV ptstrike target, 120 ns bunch length
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Figure courtesy: M. Convery
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The Fermilab muon campus

Recycler Ring A bright source of pulsed polarized muons is needed!

A 8 GeV ptstrike target, 120 ns bunch length

8 bunches spaced by 10 ms, second bunch train 200 ms later

Figure courtesy: M. Convery
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The Fermilab muon campus

Recycler Ring A bright source of pulsed polarized muons is needed!

A 8 GeV ptstrike target, 120 ns bunch length

8 bunches spaced by 10 ms, second bunch train 200 ms later

Pion production in the target:

pr+pt-opT+n+at

Figure courtesy: M. Convery
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The Fermilab muon campus

Recycler Ring A bright source of pulsed polarized muons is needed!

A 8 GeV ptstrike target, 120 ns bunch length

8 bunches spaced by 10 ms, second bunch train 200 ms later

Pion production in the target:
pr+pt-opT+n+at
Focus the “debris” into a momentum selective beam line

+ +
7 ™ Yy

Pu l Su . Sy Py

v, must be left-handed - ut also left-handed!

Figure courtesy: M Convery Figures: K.S. Khaw, PhD thesis, ETH Zirich, 2015
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The weak interaction is not left-right-symmetric!

Muons are a self-analyzing
spin polarimeter!

Figure: R. Hahn, Fermilab in the context of “Charge-parity violation“ M. Fertl - Stavanger, Aprll 29nd 2021 11 JG ‘ U

https://www.symmetrymagazine.org/article/charge-parity-violation




The Fermilab muon campus

Recycler Ring '
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7/' Muon Campus
Figure courtesy: M. Convery

M. Fertl - Stavanger, April 22nd 2021




The Fermilab muon campus

Recycler Ring : M2/M3 optimized to transport positive particles with

p=3.094GeV/c+2%
N\

7/' Muon Campus
Figure courtesy: M. Convery
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The Fermilab muon campus

Recycler Ring " M2/M3 optimized to transport positive particles with
' p=3.094GeV/ic+2%

N

At the end of M2 and M3 beam line:

« 80% of pions have decayed to muons (polarization ~95%)
« 20% beam contamination:

decay e*, surviving zt, p* from the primary beam

} , im. Muon Campus

Figure courtesy: M. Conver
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The Fermilab muon campus

Recycler Ring M2/M3 optimized to transport positive particles with
: p=3.094GeV/ic+2%
N\
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At the end of M2 and M3 beam line:

« 80% of pions have decayed to muons (polarization ~95%)
« 20% beam contamination:

decay e*, surviving zt, p* from the primary beam
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Target Station &Y Ak Beam purification in energy-dispersive delivery ring:
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The Fermilab muon campus

Recycler Ring M2/M3 optimized to transport positive particles with

p=3.094GeV/c+2%
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At the end of M2 and M3 beam line:

« 80% of pions have decayed to muons (polarization ~95%)
« 20% beam contamination:

decay e*, surviving zt, p* from the primary beam
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From Upton, NY to Batavia, IL

FERMILAR SHIPPED THE GIANT
MAGNET FROM BROOKHAVEN, NEW
YORK TO CHICAGO, UPGRADED THE

EXPERIMENT SIGNIFICANTLY, AND
REPEATED (T WITH MORE MUONS,
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From Upton, NY to Batavia, IL

INTERNATIONAL JOURNAL OF HIGH-ENERGY PHYSICS
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The superconducting magnet in MC1

Particles from delivery ring
\ \ B W

S=42017| Magic momentum: p™38' = 3.094 GeV/c £ 0.5 %
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The superconducting magnet in MC1

Particles from delivery ring

Magic momentum: p/'i"agic =3.094GeV/c+0.5%

inner coil |

‘O

iron foil - )
laminations B ™ outer coil
edge

shim
muon 2
region 6 fixed NMR probes

pole piecs < st:lrface
L» E_ | outer coil
—— ]
H
CE —( = 7112 mm

inner coil

top hat |

3 cryostats with 4 superconducting coils (5300 A)
1.45 T vertical magnetic field
90 mm muon storage region

TS0 180
mm gap for vacuum chambers
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The muon inflector magnet

Particles from delivery ring
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The fast kicker

Kick the muons on their storage orbit within
one revolution ( = 150 ns)

\
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The fast kicker

Kick the muons on their storage orbit within
one revolution ( = 150 ns)

Inflector

Injected

Beam ™ T
Nominal Muon
Storage Orbit

7112mm

\
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5 T2 \ IS
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The fast kicker

Kick the muons on their storage orbit within
one revolution ( = 150 ns)
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The electrostatic quadrupoles
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Pulsed “electrostatic” quadrupoles

Vertical focusing and confinement
of muon beam

Quasi-penning trap cover 43% of the ring
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Pulsed “electrostatic” quadrupoles

Vertical focusing and confinement
of muon beam

Quasi-penning trap cover 43% of the ring




The positron calorimeter system

24 calorimeter stations to detect the decay positrons
9 x 6 arrays of PbF, crystals (Cherenkov detectors!)
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The positron calorimeter system

24 calorimeter stations to detect the decay positrons
9 x 6 arrays of PbF, crystals (Cherenkov detectors!)
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The positron calorimeter system

Decayelectron—.

24 calorimeter stations to detect the decay positrons
9 x 6 arrays of PbF, crystals (Cherenkov detectors!)

In the muon rest frame

270°

B 26.4 MeV 35.0MeV W 45.0 MeV
/ B 300Mev = 40.0Mev H_50.0 MeV
/]

T < ® A\ '
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Wiggle plot basics and laser calibration system

Spin precession in muon rest frame
transforms to

above-energy-threshold count rate
modulation in laboratory frame
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Wiggle plot basics and laser calibration system

Spin precession in muon rest frame

Dedicated laser calibration system
transforms to to ensure energy calibration of
calorimeter system

above-energy-threshold count rate
modulation in laboratory frame

Arbitrary units
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The straw tracker stations

Decay e+

/'

Calorimeters

Determine e* trajectory to decay Top down view of fing section
position and extrapolate to find
muon beam distribution!

Vacuum Chamber

\

Input for beam dynamics simulations Tracker

M. Fertl - Stavanger, April 22nd 2021




The straw tracker stations

Decay e+

/

Calorimeters

Vacuum Chamber

Determine e* trajectory to decay Top down view of ring section
position and extrapolate to find
muon beam distribution!

~—

Input for beam dynamics simulations
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All the analysis is available for you to look at in detail
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The data set collected so far

Last update: 2021-04-08 16:29 ; Total = 10.28 (xBNL)

)
& .,| Muon g-2 (FNAL)
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= Run-2
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The four Run 1 datasets

Field index n . Number of

Apr 22, 2018 - 0.108

1a Apr 25, 2018 18.3 130 0.9 x 10°
o ogmmeem
o mmmmso om0
o mmEme oo o
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Extracting a, - the basic idea

External measurements to anchor B and e to other high-precision measurements and calculations

o =
"B e
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Extracting a, - the basic idea

External measurements to anchor B and e to other high-precision measurements and calculations

dm p,
e =
J hge
a =a)amﬂ — a)a ’MI,)(TT) iue(H) mﬂ ge
: B e | 0~)I’) (Tr> /’te(H) He Mg 2
| ho!
B=—2
2u,
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Extracting a, - the external ingredients

External measurements to anchor B and e to other high-precision measurements and calculations

a)a mﬂ a)a 'MI,) (Tr> He (H) m,u ge
# B € CT)I/) (Tr) He (H) He Mg 2
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Extracting a, - the external ingredients

External measurements to anchor B and e to other high-precision measurements and calculations

) .
T 10.5 ppb uncertainty
Hp ( r) at Tr = 34.7°C

He (H) Metrologia 13, 179 (1977)

a)a mﬂ a)a 'u]; (TI‘> Me (H) m,u ge
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Extracting a, - the external ingredients

External measurements to anchor B and e to other high-precision measurements and calculations

' B
'"(T 10.5 ppb uncertainty (H) Bound state QED calculation
Hp ( r) at Tr=34.7°C He exact
He ( H ) Metrologia 13, 179 (1977) He Rev. Mod. Phys. 88, 035009 (2016)
\. J

a = Dy My — Wy pll; (Trme(Hﬂmﬂ 8e
BB e a“jl’j(Tr) L”G(H)l 1o Jme 2
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Extracting a, - the external ingredients

External measurements to anchor B and e to other high-precision measurements and calculations

' B
'"(T 10.5 ppb uncertainty (H) Bound state QED calculation
Hp ( r) at Tr=34.7°C He exact
He ( H ) Metrologia 13, 179 (1977) He Rev. Mod. Phys. 88, 035009 (2016)
\. J

a _ % " __ % pﬁ; (Trme(H) ") 8e
"B e @y (T) | pE)| He me)2

~
M, Muonium hyperfine splitting
- 22 ppb uncertainty
M Phys. Rev. Lett. 82, 11 (1999)

J
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Extracting a, - the external ingredients

External measurements to anchor B and e to other high-precision measurements and calculations

' B
'"(T 10.5 ppb uncertainty (H) Bound state QED calculation
Hp ( r) at Tr=34.7°C He exact
He ( H ) Metrologia 13, 179 (1977) He Rev. Mod. Phys. 88, 035009 (2016)
\. J

W, mﬂ — Wy ptl; (Tl‘me (H) mﬂ 8e
"B e @y (T) D)) pe |me)2

~

M, Muonium hyperfine splitting 8e Measurement with

- 22 ppb uncertainty 7 0.28 ppt uncertainty

Ne Phys. Rev. Lett. 82, 11 (1999) Phys. Rev. A 83, 052122 (2011)
J
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Extracting a, - the external ingredients

External measurements to anchor B and e to other high-precision measurements and calculations

) .
T 10.5 ppb uncertainty
Hp ( r) at Tr = 34.7°C

He (H) Metrologia 13, 179 (1977)

s R
U, (H)  Bound state QED calculation
exact
lue Rev. Mod. Phys. 88, 035009 (2016)
~ J

@, mﬂ . @, pll; (Tl‘me (Hﬂmﬂ

M, Muonium hyperfine splitting
22 ppb uncertainty

m
c Phys. Rev. Lett. 82, 11 (1999)

"T B e ap(T) D] pe Jm.

M. Fertl - Stavanger, April 22nd 2021

8o Total uncertainty
from external quantities:
2 24 ppb

Measurement with
0.28 ppt uncertainty

Phys. Rev. A 83, 052122 (2011)
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Extracting a, - our challenge

a)a mﬂ a)a 'uI,) (Tl‘> /’le (H) m,u ge
"TB e @ (T) meH) pe m, 2
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Extracting a, - our challenge
Wy 'uI,) (TT) /’te(H) mM 8e
Y OB e o) (T) e (H) pe me 2

—

faoek @7 (14 Co+ Gy + Gy + o)

a

~
|l

/

P fealib <M (.7, ) @, (x,y,qb)) (1 +Bk+Bq>
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Extracting a, - our tools

o Jaoac@™ (14 Cot Gt Gy + Gy )

Do b <M (.3, #) @} (x,y,gb)> (1 +Bk+Bq>

R’ =
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PVNAANAAA,

K Fermilab Muon g-2 Experiment
@ ‘ Combined Run-1 Data

R’ =

Extracting a, - our tools

{ Anomalous spin precession

frequency

o ol @14 Cot Gt Gy + Gy )

Dy _fcalib <M (.3, #) @} (x,y,gb)> (1 +Bk+Bq>
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i

N/149.2

« Data
— Fit

j;
AN,

e L I

E Fermilab Muon g-2 Experiment
) ; /\ Combined Run-1 Data

Extracting a, - our tools

Time since injection: 5.0 us

Anomalous spin precession Muon beam dynamics :
frequency corrections o i
meas E_ |,‘.\..‘I|.f..\."Wl‘..\.ul‘..
«f(l:IOC\{a)a }[( 1 + Ce + Cp + le + Cpa )] 0 e 40 2 o 20 sadial Positon [mm]8 0"

W,

Dy zfcalib <M (.3, #) @} (x,y,gb)> (1 +Bk+Bq>
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i

« Data

N
e oL — Fit
>
10° E,
10° E
104,
10 VAN
E ava
e L
105 Fermilab Muon g-2 Experiment
F Combined Run-1 Data
10 @ "
E ey
0 20 40 60 80 100G
Time after injection modulo 102.5 [us]
R =
£
S, 125
100
75
50
25
0

Anomalous spin precession

Extracting a, - our tools

Muon beam dynamics

frequency corrections

fooa o2 |(1+ Co# G+ G+ G )

Muons [arb]

— P <M (x,5,9) @, (x,, ¢)> (1 + B, + Bq>
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Time since injection: 5.0 us
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Extracting a, - our tools

W* . Data . Time since injection: 5.0 us 100
% i — Fit E -
z 105; :§60_—
3 L 80
5 [ N o . %40__
Anomalous spin precession Muon beam dynamics
10 & . >2 Forslon
; frequency corrections Sl ;
1 VNN, ofe o
102% Fermilab Muong-2 Experiment *20:_. ' ..‘ 0
10 é @ , Combined Run-1 Data 740:_
020 a0 e s o oot AR 20
Time after injection modulo 102.5 [us -60— ’ . : . :
meas F :
” fcloc\{a)a }[(1 +Ce+ G+ Gy + Gy )] B R .
R =% =
a"’)/
/
P feariv (M (%, ¥, (ﬁ)[wp (., 45)} 1+ By + By
= _ . . | (ppm)
s 125 Spatial distribution | E
>

- of magnetic field ZZ x {w;/ -

J— X
o E Y P e, 1 Mos
[ 100 e 5 A
71 ¥ U 28 1
g o-f N <o x S84 | oo
50 = -1of @R £
E ! =N
- <2 W0

-20F /’/’ & ‘\\
25 E 25 SR ]
_SO;_ //-8.502\\ 2 ?Qx _; -1.0
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Extracting a, - our tools

W; . Data . Time since injection: 5.0 us 100
% i — Fit g -
i 10° éso__
3 L 80
s . . . S
Anomalous spin precession Muon beam dynamics
108 . e
" frequency corrections = i
19 NANAAAAAAS i3
102% Fermilab Muong-2 Experiment ’20:_ 0
10‘% @ , Combined Run-1 Data 740:_
B B R T o ST 20
Time after injection modulo 102.5 [us -60— ’ . . :
meas n
a)a «f(‘:IOC\{a)a }[(1 + Ce + Cp + le + Cpa )] e ZIOF(adiaﬁ‘?’ositing? [mm]8 0"
A —
R'=—= _
/
p fcalib M (.x, y, ¢)[0)p (x, y, ¢)} (Ll + Bk + BCJ)
- . ...|..,|‘.‘|,..(pp-m)
§ 125 Spatial distribution | £ ,f . \;‘ EN
of magnetic field > oo {k y
e o) S o o Ssii“? 1 [os
S, N B
©oe Transient magnetic O < < T84 oo
S0 § fleldS '102_ ?/"O > & _ 0.5
25 20f x P'W:\ fx 3
- e\ 7 o
-30F % L 3 :
: e 3 ;
: o
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Extracting a, - our tools

S 10 . Data‘ Time since injection: 5.0 us
=) - 8 100
g 10 £ Fit g E
z 105? :4%60:_ 80
¥ . . . )
Anomalous spin precession Muon beam dynamics
10 R . e
" frequency corrections = i
10 NVANAAANAA, i3
102% Fermilab Muon g-2 Experiment *20:— 40
10‘%’ @ , Combined Run-1 Data 740:_
T T VAT Fooet e s 20
Time after injection modulo 102.5 [us -60— ’ . . )
meas C
a)a «féIOC\{a)a }[(1 + Ce + Cp + le + Cpa )] e ZIOF(adiaﬁ‘?’ositing? [mm]8 0"
I — —
R'=—"= _
/
p calib M (.x, y, ¢)[0)p (x, y, ¢)} (Ll + Bk + BCJ)
- . ...|..,|‘.‘|...(pp-m)
5 125 Spatial distribution | £ ,f . \;‘ EN
of magnetic field > oo {K y
100 g g 10;_ i\\ 29) ;5::.‘7 _f 05
©oe Transient magnetic oA %o  F84 [ oo
50 3 fields o WP T s
25 '205_ ,/0 25" i ,9(]/9“\\ ﬂ _f
. . ST o ]
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— 20I — (I) — Z‘IO
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Extracting a, - our tools

S 10 . Data‘ Time since injection: 5.0 us
3 107 £ Rt gs F 100
S 6 Seo[-
10° g '§ E 80
5t . . . F4r
Anomalous spin precession Muon beam dynamics
10 R . e
" frequency corrections = i
19 NANAAAAAAS of
102% > Fermilab Muon g-2 Experiment . . *20; 40
1o % @ Combined Igun-1 gata C lock bl'l nd'l ng 740:_
B B R T o ST %0
Time after injection modulo 102.5 [us -60— ’ . . :
meas : :
” [fclocla)a }[(1 +Ce+ G+ Gy + Gy )] B R .
R =—% =
@, |
/
p calib M (.x, y, ¢)[0)p (x, y, ¢)} (Ll + Bk + BCJ)
- A_...I..,I‘.‘,..._(pp-m)
8 125 Spatial distribution | £ af - \;‘ N
of magnetic field ” oot {K y ]
e o) S o o 55:?7 1 [os
S, N %
©oe Transient magnetic O < < T84 oo
0 = fields '1°§_ p -y Q.W&“x ﬂ _ 0.5
25 . . _205_ /025 Q N E
L Calibration 30 /faf%;'\\ SN
- I-20I - (I)‘ I Z‘IO -
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The master formula and the uncertainty table

Faoek @ (14 Co+ Gy + Co + o)

o (M (v.0) y (vv.9)) (14 B+ B,)

Uncertainty dominated
by statistics!

Quantity Correction Terms Uncertainty
(ppb) (ppb)

wq" (statistical) - 434
wy' (systematic) ~ 56
C. 139 53 Already surpassed the
@, 180 13 anticipated goal!
Chmi -11 b}
Chpa -158 75
fcalib(wp(mvyv ¢) X A[($y¢)> - 56
= . o Work in progress

q -

— for runs 2-5!
pp(34.7°) /e - 10
My, /me - 22
ge/2 — 0
Total systematic - 157 .
Total fundamental factors - 25 Total uncertainty
Totals 544 462

dominated by statistics!
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Extract w;"*® from the wiggle plot

M. Fertl - Stavanger, April 22nd 2021




Weighted e"/ 149.2 ns

Extract w;"*® from the wiggle plot

Histogram of decay e+ arrival times (wiggle plot)

10’ x2/n.d.f. = 4167/4132

o 20 40 60 80 100
Time after injection modulo 102.5 [us]

3 independent event reconstruction schemes
11 different and independent analyses
6 independent groups
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Histogram of decay e+ arrival times (wiggle plot)

FFT magnitude [a.u.]

Extract w;"*® from the wiggle plot

I: L (2] F T T T T L
. 8 S 107 F w2n.df. = 4167/4132 7
L >~ 10° 3
1.0 | - 10 'N"VVWVVVVV\NW\,\,V\,WW
s g 10° WMVWWMWWNN‘WW
i = 3 I— 3
i 8 10 PO VM MAAAAAAAAAAAAAAANS
| S ¢ YV §
0.5 i 0 20 40 60 80 100
: »I—“‘; :‘“ Time after injection modulo 102.5 [us]
8 2
o BSog e No CBO or p*loss -
¥ : ‘;o Z — Full fit function
: ' PN S
I Iv I 1 1 I I 1 | 1 1 1

1 I: 1 1 1 1 1 1 1 1 1 1 1 1 1 1 | 1 1 1
0 0.5 1 15 2 2.5 3
Frequency [MHZz]

3 independent event reconstruction schemes
11 different and independent analyses
6 independent groups

Complex beam dynamics encoded in wiggle plot
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Extract w;"*® from the wiggle plot

Histogram of decay e* arrival times (wiggle plot) Separate analyses for Runs 1a-1d

Extensive systematic checks passed:

FFT magnitude [a.u.]

RN o 10°F eIt = 416714132 — “Software” unblinding to check consistency,
B : g 106 E ¥ . . . .
ok T m hardware blinding still in place
L %’3 10° WVWWV\AMM,\,V\,\AW
g 2 WVVV\NVV'V . |
05L . 0 20 40 60 80 100
L “I- :‘“ Time after injection modulo 102.5 [us]
“_g u_% Qe No CBO or p*loss -
: ‘;o Z — Full fit function
] |.‘v ] L ] | ‘ P B

1 I: 1 1 1 1 1 1 1 1 1 1 1 1 1 1 | 1 1 1
0 0.5 1 15 2 2.5 3
Frequency [MHZz]

3 independent event reconstruction schemes
11 different and independent analyses
6 independent groups

Complex beam dynamics encoded in wiggle plot
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Extract w;"*® from the wiggle plot

Histogram of decay e* arrival times (wiggle plot) Separate analyses for Runs 1a-1d

Extensive systematic checks passed:

FFT magnitude [a.u.]

i o 2 7 L ' T ; ! '] . . .
N 210k me — “Software” unblinding to check consistency,
- i | %‘_’ 10° 2 . . N .
ol S m hardware blinding still in place
o 3 10° WVWWV\AN\/W\N\AAW
2 ¢ VYV i Q r *Runila -Runic . . , .
05l 0 20 40 60 80 100 e 24 .Run1b +Run1d
adl ~|—‘“§ :‘“ Time after injection modulo 102.5 [us] L . ; : : 1
3 “_%i q_% Qe No CBO or u*loss - -26 5 i
L ;o Z — Full fit function 1 :| E | i ’ : | ‘i } 5 ’ 5 | : | i | 5 | : 1
Ao I i I L 1
0 0.5 1 15 2 2.5 3 NEREEL R S B Y I N B B O
Frequency [MHZz] 3oL a
3 independent event reconstruction schemes 32: I

Cc-T w-T E-T S-T B-T C-A W-A E-A S-A B-R K-Q

11 different and independent analyses : _
6 independent groups Analysis

Complex beam dynamics encoded in wiggle plot
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Extract w;"*® from the wiggle plot

Histogram of decay e* arrival times (wiggle plot) Separate analyses for Runs 1a-1d

Extensive systematic checks passed:

FFT magnitude [a.u.]

L8 8 1O F Wﬁ&?’v — “Software” unblinding to check consistency,
- : %‘_’ 10° 2 N . . .
ok 1 e m hardware blinding still in place
- 3 10' ELO Y Y Y VNANANANAAAAAA A
2 2 VYV Ay i o r *Runila -Runic . | ; .
05l 0 20 40 60 80 100 e 24 .Run1b +Run1d
adl »l—‘“i :‘“ Time after injection modulo 102.5 [us] s ; ; : ; R
R No CBO or yloss 1 ] S AT R AT S T A N T AR BN N |
L ) 5 E — Full fit function 1 I | E | ; ’ : | y } E ! : | E | E | : | : 1
e anf I ot
0 0.5 1 15 2 2.5 3 NEREEY BT N SRS SR D S A R S
Frequency [MHZz] _30 _ N
3 independent event reconstruction schemes 32: I

B-T C-A W-A E-A S-A B-R K-Q
Analysis

11 different and independent analyses T wr 1 s

6 independent groups
*434 ppb statistical uncertainty

Complex beam dynamics encoded in wiggle plot *56 ppb systematic uncertainty
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The long-known corrections: E-field and pitch correction

wa:“S‘w°=7[“”B‘“ﬂ<y+—1><ﬂ'3>ﬁ‘<“ﬂ‘yz-1> c ]
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The long-known corrections: E-field and pitch correction
N N N e — Y — —\ — 1 FXE
=7, o (5) (7 F) - (o) T

Pitch correction

n
C,=——(A?

£ L ' ! - ! T 1 E F T T T
g 100001 (5 ebata ] § 16000F pmpide i E
g sooof j —— Amplitude Fit g 14000 jdth/Acceptance Correction :
2 . 1 212000f 1
60001 . 10000F ]
i \\. 8000}
4000 ] JO:
2000( / \ { 40005
r ] 2000
- L £

I L L I L
40 -20 0 20 40 00 10 20 30 40 50

Vertical Decay Position [mm] Vertical Oscillation Amplitude [mm]

Correction: 180 ppb, Uncertainty: 13 ppb
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The long-known corrections: E-field and pitch correction

1 \ AXE
e — 14 —_— =\ — X
@y = By— o= —— |a,B—a, | —— <ﬂ : B) [
m y+1 ye—1 c
, , Electric field correction
Pitch correction
“Fast rotation analysis”
C,=——(A? 2
P 4R
0 2
Trackers measure vertical oscillation amplitude
510000;— (a)l —; Emooo; — _;
6000:— b E100005 : 2
i 1 8000 E _ 2 <x€>
400"5‘ ‘ jgzz; : Ce — _2n(1 — ’I”L)B R2
2000:7 E 2[)00E = 0

Vertical Decay Position [mm] Vertical Oscillation Amplitude [mm]

Correction: 489 ppb, Uncertainty: 53 ppb
Correction: 180 ppb, Uncertainty: 13 ppb
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N/149.2 ns

Phase acceptance correction

L
x?/ NDOF = 3899/4000_:

10 \ANVV\N\/\/\/\/\/\/\,\,\,\,\,M
10° /

N (1) ~ Nye™ [1 + A cos (w,t + gb)]

1045/VV\’\/VWV\/V\/\/\/\/\/\,\,\,\,WV€
"’3?/V\N\s/V\/\/\/i,v\/vvvvVvvvV\’V\’VVV\’\/V\/\?i
1025_. PR BRI T SR S T S R ST T

0 20 40 60 80 100

Time after injection modulo 102.5 [us]

M. Fertl - Stavanger, April 22nd 2021




N/149.2 ns

10
10°

10°

10°

10?

Phase acceptance correction

L
x?/ NDOF = 3899/4000_:

VNN 3
E o 5 o 0 ¢ s« 5§ 0 5 ¢ 05 0 o5 o5 4 5 o5 ¢ 49
0 20 40 60 80 100

Time after injection modulo 102.5 [us]

M. Fertl - Stavanger, April 22nd 2021

N (1) = Nye ™ [1 + A cos (a)at + (,b)]
If the phase of the muon ensemble is not stable, then:

CcOS (a)at+¢o+gb’t+...) = CO0S ((a)a+gb’)t+gb0+...)

A possible frequency shift of ¢’




N/149.2 ns

Phase acceptance correction

107;_ | 2/nooF ='3599)4do()'_§ Y ’
o \NVV\’VVV\/V\/\/\A/\/\/\/\,W\I N(t) =~ Nye [1 + COS (a)at + gb)]

i e(;&

If the phase of the muor e e‘\‘\ “not stable, then:
Ao ,
! cos(a)at+qb0+ X0 =cos((a)a+qb)t+gb0+...)

102;— L L L | " L L | L " L | L L i | s ) L l_-l; 6(\*

0 20 40 60 80 100 e

Time after injection modulo 102.5 [us] P pOSSible frequency shift of ¢’
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N/149.2 ns

Phase acceptance correction

T T * T ' * 7 T3
%2/ NDOF = 3899/4000 |

10 WV\NVV\/\/\/\/\/\/\,\,\,\,VVW
10°

N (1) = Nye ™ [1 + '&COS (a)at + d))]

C
K .
If the phase of the muor A not stable, then:
Ao ,
! cos(a)at+gb0+ X0 =cos((a)a+qb)t+qb0+...)
102;— L " " 1 " L " 1 " " L 1 " L 1 | I " L l_; 6(\*
0 20 40 60 80 100 e
Time after injection modulo 102.5 [us] _«Possible frequency shift of ¢’
€
£ -10
7 =) * The decay positrons carry a particular phase
z 2 E
30 g e The phase depends on
40 g e Muon decay position
o § e Decay positron energy
. | - e Not a problem if muon distribution is stable in time, but...

A I A B I i A
-40 -20 0 20 40
Decay x [mm]
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N/149.2 ns

Phase acceptance correction

- | x2/NDOF = 3899/4000 | Y ’
: VW\N\’\/\/\/\/\/\/\/\/\,\,\,V\,W N(l‘)%NOe 1+ COS(G)Z‘+¢)
10° X a
E ; ;\f\ec’
If the phase of the muor A not stable, then
N
{  COoS (a)at+qb0+ X0 ) = cos ((a)a+qb’)t+qb0+...)
RS
0 20 40 60 80 100 e
Time after injection modulo 102.5 [us] _«Possible frequency shift of ¢’
€
£ -10
7 =) * The decay positrons carry a particular phase
z 2 E
30 g e The phase depends on
40 3 e Muon decay position Extensive simulation campaign
o § e Decay positron energy
. | - e Not a problem if muon distribution is stable in time, but...
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Phase acceptance correction: The voltage on the ESQs

Systematic effect unique for Run 1 data (hardware fixed for

run 2 and beyond):

Nominal 1-Step e 2 high-voltage isolators for ESQ failed

......... Nominal 2-Step

......... Beam Injection e Time-dependent E-Field of on 2 ESQ plates

—— — - Fit Start Time

Damaged 1-Step . oy .
................ Damaged 2-Step —> Change of vertical beam position and width

o N » (=2} o]
LI T T TTT[TTT{TTTTTTTTTTTTTT
AT

1 1 1 1 1 | 1 1 1 1 | 1 1 1 I | 1 1 11 | 1 1 1 1
50 100 150 200 250 300
Time [us]
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Decay y [mm]

Phase acceptance correction: The voltage on the ESQs
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Systematic effect unique for Run 1 data (hardware fixed for
run 2 and beyond):

* 2 high-voltage isolators for ESQ failed

e Time-dependent E-Field of on 2 ESQ plates
— Change of vertical beam position and width
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Decay y [mm]

Phase acceptance correction: The voltage on the ESQs
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Damaged 1-Step
Damaged 2-Step

Systematic effect unique for Run 1 data (hardware fixed for
run 2 and beyond):

* 2 high-voltage isolators for ESQ failed

e Time-dependent E-Field of on 2 ESQ plates
— Change of vertical beam position and width

Correction: -158 ppb, Uncertainty: 75 ppb
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Lost muons correction

Another early-to-late effect: cos (ot + o+ P1+...) =cos ((w,+ P+ P+ ... )
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Lost muons correction

Another early-to-late effect: cos (ot + o+ P1+...) =cos ((w,+ P+ P+ ... )

dep . dpy d{p)
dt  d{p) dr
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Lost muons correction

Another early-to-late effect: cos (ot + o+ P1+...) =cos ((w,+ P+ P+ ... )

dep . dpy d{p)
dt  d{p) dr

Spin-momentum correlation
from dipole magnets in beamline

Relative Phase [mrad]

+ Data

""" Data Fit
-15F- [ simulation [68% CL]

E. v v vty v b v e b Ly T
-1.5 -1 -0.5 0 0.5 1 1.5

Aplp, [%]
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Another early-to-late effect:

Lost muons correction

CcoS (a)at+g{)0+¢’t+...) = COS ((a)a+(,b’)t+gb0+...)

Relative Phase [mrad]

dep . dpy d{p)

dt  d{p) dr

Spin-momentum correlation
from dipole magnets in beamline

F T T T T T ™

15 =
10 3
5 -
oF =
5 E

F + Data

-0 Data Fit E
-15F- [ simulation [68% CL] =

Ev 00| |- | 1 | L g

-15 -1 05 0 05 1 1.5

Aplp, [%]
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Arb. Units

Momentum dependent losses
High-p muons lost faster!
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Lost muons correction

Another early-to-late effect: cos (ot + o+ P1+...) =cos ((w,+ P+ P+ ... )

dep . dpy d{p)

dt  d{(p) dt
P P from dipole magnets in beamline High-p muons lost faster!
0.005 | T | { 3 ) F T T — 1 1 T
B g = 3 € 107k, ¢ 1/5low =
0.004 2T g 2 L. t  1/5high 1
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Ag [mrad]

Lost muons correction

Another early-to-late effect: cos (ot + o+ P1+...) =cos ((w,+ P+ P+ ... )

dep . dpy d{p)

dt  d{(p) dt
Time-dependent phase shit Spin-momentum correlation Momentum dependent losses
P P from dipole magnets in beamline High-p muons lost faster!
0.005 T T T T ) F T T T T T P i B I LA
E g = 3 € 107k, ¢ 1/5low =
0.004 2T g 2 L. t  1/5high 1
0.003}- 8 10F = z 10-45—"'300,' =
0.002 T sE 5 i g, i
F = B 1075 "‘xn, =
0.001}~ ¢ o E iy W ]
0.000~ -5 E 107 e ?'pY <
B + Data 3 F ' *Y * *F
-0.001F . -0 Data Fit E 107 } H ﬂﬁ
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Correction: -11 ppb, Uncertainty: 5 ppb
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Extracting a,: the magnetic field distribution and calibration

faoek @7 (14 Co+ Gy + Coy + o)

= ) _fcahb <M (x’yaﬁb){wf) (x,y,gb)D <1 +Bk+Bq>
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The magnetic field calibration chain

“The trolley”

8 R

17 NMR probes, 3-day interval

vertical position [mm]
i |

- A
& A ,
o
-404 a‘l—‘«\
20 -3 -20 -10 0 10 20 30 40
horizontal position [mm]

K “The fixed probe array” \

378 pulsed nuclear magnetic
resonance probes
measure 24/7 around u beam

-

K “The calibration” \

“Plunging probe” to transfer
absolute calibration to trolley probes

PT1000 macor support  aluminum shield macor support

RF coil ~ water sample  plastic support

electronics RF coil support

254 mm

\E’i . NN
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The precision magnetic field: passive shimming

Adjust the position and orientation of pole pieces, wedged pieces (iron)
to minimize the field inhomogeneities

M. Fertl - Stavanger, April 22nd 2021




The precision magnetic field: passive shimming

Adjust the position and orientation of pole pieces, wedged pieces (iron)
to minimize the field inhomogeneities
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The precision magnetic field: passive shimming

Novel to E989: Provide about 10000 iron foil strips to shim out the residual magnetic field inhomogeneities
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The precision magnetic field: passive shimming

Novel to E989: Provide about 10000 iron foil strips to shim out the residual magnetic field inhomogeneities

1600

1400"

€1200

Siom VS el e iy My A N oty SR I AORDE A N P o~y )
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600

400

200
0 50 100 150 200 250 300 350

0 [deg]
[
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Factor 3 better homogeneity after passive shimming
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The precision magnetic field: spatial mapping

K “The trolley” \

17 NMR probes, 3-day interval

vertical position [mm]
! |
o )

-20 -10 10 20
horizontal position [mm]
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The precision magnetic field: spatial mapping

“The trollev” About 9000 azimuthal positions
¢ trolley to make a field decomposition into

17 NMR probes, 3-day interval 2D spatial multipoles

1 1 I 1 1 1
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Azimuth (deg)

N
o
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The precision magnetic field: spatial mapping

“The trollev” About 9000 azimuthal positions
€ trofiey to make a field decomposition into

1 1 I 1 1 1
100 200 300
Azimuth (deg)

: 2D spatial multipoles A typical
17 NMR probes, 3-day interval P P azimuthally averaged
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The precision magnetic field: tracking in time

K “The fixed probe array” \

378 pulsed nuclear magnetic
resonance probes
measure 24/7 around p beam

2’»- s “Q‘
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The precision magnetic field: tracking in time

Established relation between multipoles
K “The fixed probe array” \ measured by fixed probe stations and trolley

378 pulsed nuclear magnetic
resonance probes
measure 24/7 around p beam

100.00 mm
Serial inductor coil Base piece w.

nd cap with tapped hole
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The precision magnetic field: tracking in time

K “The fixed probe array” \

378 pulsed nuclear magnetic
resonance probes
measure 24/7 around p beam

100.00 mm
Serial inductor coil Base piece w.

nd cap with tapped hole

Established relation between multipoles
measured by fixed probe stations and trolley

Tracking of the temporal variations of fixed probe stations

M. Fertl - Stavanger, April 22nd 2021

39




The precision magnetic field: tracking in time

K “The fixed probe array” \

378 pulsed nuclear magnetic
resonance probes
measure 24/7 around p beam

100.00 mm
Serial inductor coil Base piece w.

nd cap with tapped hole

Established relation between multipoles
measured by fixed probe stations and trolley

Tracking of the temporal variations of fixed probe stations

Application of correction for residual relative drifts
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The precision magnetic field: tracking in time

K “The fixed probe array” \

378 pulsed nuclear magnetic
resonance probes
measure 24/7 around p beam

100.00 mm

Serial inductor coil Base piece w.

Outer crimp rin

End cap with tapped hole double crimp connection

Relative m1 (ppb)

Established relation between multipoles
measured by fixed probe stations and trolley

Tracking of the temporal variations of fixed probe stations

Application of correction for residual relative drifts

magnetic dipole
[ v-l' o .v i:orrtlacteld
7 & uncorrected

1000 i - -‘.‘: + trolley value 1]
% ¢ trolley value 2 -
oF \; ]
gt
[ M\

-1000f . ]
-2000} N

| | ‘ | l .T.r

0 20 40 60
Time (h)
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The precision magnetic field: tracking in time

K “The fixed probe array” \

378 pulsed nuclear magnetic
resonance probes
measure 24/7 around p beam

100.00 mm

Serial inductor coil
End cap with tapped hole

Base piece w.

double crimp connection

Outer crimp rin

Relative m1 (ppb)

1000}

-1000

Established relation between multipoles
measured by fixed probe stations and trolley

Tracking of the temporal variations of fixed probe stations

Application of correction for residual relative drifts

magnetic dipole

2000}

N [ S ~ 34
f'.\d\ +  corrected ) g-
v ot uncorrecte: 1
- -\' * trolley value 1 | 3 32
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Extracting a,: the muon weighted average magnetic field

o oo @ (14 G+ G+ Gy + G

= p =fcahb <M(x,y,gb) Wy, (x,y,gb)) <1 +Bk+Bq>

e\
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The muon weighted average magnetic field

Vacuum Chamber

Decay e+

Tracker

\

Calorimeters

/
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The muon weighted average magnetic field

Vacuum Chamber

Decay e+

Tracker

\

Calorimeters

/
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The muon weighted average magnetic field

Vacuum Chamber

Decay e+

Tracker

Time since injection: 5.0 us
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E L T F
60| E200
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[ ; 60 10
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M. Fertl - Stavanger, April 22nd 2021 41




The muon weighted average magnetic field

Vacuum Champer A muon’s perspective of the tracker Beam tracker stations combined
l\ Eled 4 . with beam dynamics simulations
DeCay e+ =Field homogeneity [ppm] "
Tracker N é
E g
E o £
a0 Time since injection: 5.0 us w0 s0p —40
i . B T
o xfmm}
Calorimeters ~F o g0
N R 56 ppb uncertainty
/ T Incl. probe calibrations, field map,
R R Rt O E Y tracker alignment, beam dynamics model
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Extracting a,: transients from ESQ

o oo @ (14 G+ G+ Gy + G

1/3 :fcahb <M (x,y,gb) wl/’ (x,y,gb)> <1 +Bk+

R =

S
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Transients from electrostatic quadrupoles (ESQ)

ESQ only static on the time scale of an muon beam bunch injection:

4001

200f

Relative Field [ppb]

-200F

-400F

N
0 60 80 100
Time [ms]

200"'|"IIIIII||||||||
£ 100

e Pulsing with high-voltage:

— mechanical vibrations of electric conductors
- perturbation of B field

Relative Field (ppb)
o
\ TTTT | TTTT

'||||||||||||||||||||||| |||||'

-100
200
300
Lo . L. I
~400 39 40 41 42
Time (ms)
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Transients from electrostatic quadrupoles (ESQ)

ESQ only static on the time scale of an muon beam bunch injection:

4001

200f

Relative Field [ppb]

-200F

-400F

N
0 60 80 100
Time [ms]

200 | R
£ 100

e Pulsing with high-voltage:
— mechanical vibrations of electric conductors
- perturbation of B field

Relative Field (ppb)
o
\ TTTT | TTT I_

-100
L -200F
e Measurement only after Run 2 - Conservative limit :
-300F
* Included pNMR probe head in special casing (non conductive) : , | ,
-400E—— : .
i 39 40 41 42
e Perform beam synchronized measurements Time (ms)
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Transients from electrostatic quadrupoles (ESQ)

ESQ only static on the time scale of an muon beam bunch injection:

Correction: 17 ppb

e Pulsing with high-voltage: Uncertainty: 92 ppb

— mechanical vibrations of electric conductors
- perturbation of B field

e Measurement only after Run 2 - Conservative limit
¢ Included pNMR probe head in special casing (non conductive)
e Perform beam synchronized measurements

M. Fertl - Stavanger, April 22nd 2021
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Extracting a,: transients from kicker magnet

o oo @ (14 G+ G+ Gy + G

@y i Jealib <M (.. #) @y (x,y,gb)> <1 ++Bq>

R =
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Magnetic field transients from kicker magnet

Kicker plates

Powerful kicker magnet induces eddy current in vacuum chamber walls:

Faraday magnetometer:

Fiber

e fiber-based
e non-conducting

L4 non'magnetic Return Light

Lower Fiber

e 3D printed structure

Faraday magnetometer
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Magnetic field transients from kicker magnet

Kicker plates

Powerful kicker magnet induces eddy current in vacuum chamber walls:

Faraday magnetometer:

Fiber

e fiber-based

e non-conducting

® non-magnetic

e 3D printed structure

o 07— 71— 17

= - .

Signal modeled as a single exponential function: AB (f) = AB (0) e ™% D gob e : |
o D W w“"""“““;

1.0 =

-2.03— Data_:

B — Fit ]

0002 04 06 08 10

Time After Kick (ms)
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Magnetic field transients from kicker magnet

Kicker plates

Powerful kicker magnet induces eddy current in vacuum chamber walls:

Faraday magnetometer:

e fiber-based

e non-conducting

® non-magnetic

e 3D printed structure

~ 1.0

Signal modeled as a single exponential function: AB (f) = AB (0) e ™% % F
i

Effect weighted by: ction: 27 pp‘i)b _
o ki (e . B
kicker coverage cor Aty 37 P :

: 1 1 L I 1 1 1 | 1 1 1 I 1 1 1 I 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0

e spatial muon distribution \)nce“/
Time After Kick (ms)
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Extracting a, - our tools

Anomalous spin precession Muon beam dynamics
frequency corrections
meas

0 ﬁlOC{wa }[(1 +Co+Cy+ Cy + Cpa)]
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Extracting a, - our tools

Anomalous spin precession Muon beam dynamics
frequency corrections
Clock blinding
meas
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The hardware blinding of the }"*** data

e Hardware: Detuning of 40 MHz reference clock in the range

of +25 ppm(!) Locked Clock Panel
Greg Bock and Joe Lykken blinding the clock in 2018

» Software: unknown offset for w, analysis
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After putting it all together, we are ready to unblind

February 25th; 2021

The 40 MHz clock was set really set to: 39 99X XXX MHz
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Breaking the seals...
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Breaking the seals...
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Result from combined Run 1 datasets

BNLg-2 s ’ au(BNL) =0.00116592089(63) => 540 ppb

FNAL g-2 4 ® ’ au(FNAL, R1) =0.00116592040(54) = 463 ppb

< 420 > Both experiments uncertainty dominated by statistics:

I | Exp;mem‘ au(Exp) = 0.00116592061(41) = 350 ppb
Average

a,(SM) = 0.00116591810(43) = 350 ppb

175 180 185 190 195 200 205 210 215

a,x10° - 1165900 . .
4.2 o discrepancy between experiment and

community approved SM prediction
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Vastly improved temperature stability
of the magnet an in MC1 overall
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Outlook to the future

Run 4 is currently ongoing
Run 5 set to start in fall

Last update: 2021-04-22 00:29 ; Total = 10.85 (xBNL)
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Equilibrium Radius (mm)

Full strength of kicker in Run 3
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“Muon g — 2 (FNAL) ]
S Equilibrium Radius vs. Total Kick Voltage
L Run-3: Feb 24-25, 2020 Ramp Test a1
4 —
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Summary and Conclusions

e We have determined a, with unprecedented 460 ppb precision!

BNL g-2 } @

e The Run 1 results represent:

* 6% of ultimate data sample FNAL g-2 + o

® 15% smaller uncertainty than BNL

* 3.3 o tension with SM < 2 >

—e— et

e After 20 years, we confirm the BNL results R Freraaa
e Combined result shows a 4.2 ¢ tension with SM prediction 175 180 185 190 195 200 205 210 215

a,x10° - 1165900
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