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MarHUTHbIN MOMEHT B KJ1acCu4yecKowu
aneKkTpoanHamMmKe

MarHuTHbIN MOMEHT TECHO CBSI3aH C yrnoBbiMm MOMEHTOM CUCTEMBbI
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OnbIT WUTepHa-lepnaxa

® Beam of silver atoms passes
through inhomogeneous
magnetic field

® Result was atoms deflected
either up or down

® Later understood to be
due to 2 spin states of
the valence electron

® But, the magnitude of
magnetic moment was
wrong!

The heam of the
l ms = -(112)

atems of silver
The slit
hotographic|
late
% § @ I I'I‘IS'*["Z)

The furnace The special shaped
with silver magnets

The Stern-Gerlach experiment On the photographic plate are two clear tracks.

Gerlach and Stern,
Z.Phys. 8, 110 (1922)
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MarHUTHbIN MOMEHT OTNMYaeTCA OT KflacCnU4Yeckoro B g pas
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[MpOMarHMTHOE OTHOLUEHNE
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Gyromagnetic factor

- The magnetic moment of the particle relates to its spin angular

momentum via the gyromagnetic factor, g:
e -

- — _S
Us me

- In Dirac theory, point-like, spin %z particle has g = 2 exactly
- Experimental values: Jde = 2.002

PHYSICAL REVIEW VOLUME 74, NUMBER 3 AUGUST 1, 1948

The Magnetic Moment of the Electront

P. Kusca anp H. M. FoLEY
g S =~ 2 (1 . O O 1 1 9 i O . O O O O 5) Department of Physics, Columbia University, New York, New York

(Received April 19, 1948)

A comparison of the gy values of Ga in the 2Py, and 2P; states, In in the 2P; state, and Na in
the 25 state has been made by a measurement of the frequencies of lines in the Afs spectra in a
constant magnetic field. The ratios of the g values depart from the values obtained on the basis
of the assumption that the electron spin gyromagnetic ratio is 2 and that the orbital electron
gyromagnetic ratio is 1. Except for small residual effects, the results can be described by the
statement that gr=1 and gg=2(1.00119+0.00005). The possibility that the observed effects
may be explained by perturbations is precluded by the consistency of the result as obtained by
various comparisons and also on the basis of theoretical considerations.
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[TonpaBka LLiBuHrepa

[MepBbin Tpnymd K34:

[x.WeunHrep (1948), P.®enHmaH (1949)

-2 « e?
gez ~ o a=-—~1/137

e LBKWHrep BbIMMUCINIT OOQHO-

neTneByto NonpaBKy K g U ~
nokasar, YTo g HeMHoro g() J— -|-
oonbLue 2
.
 Ha cerogHAWHWNA OeHb TaKoW e e"e” e

pacyeT caenaH oo 5 nerenb!

Schwinger,
Phys.Rev. 73,416 (1948)
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Anomalous magnetic moment

- The magnetic moment of the particle relates to its spin angular

momentum via the gyromagnetic factor, g:
e -

- — _S
Us me

- In Dirac theory, point-like, spin %z particle has g = 2 exactly
- Experimental values:
P 2.002

Je ®
9,
gpz 5.586 1 compound
gn %—3826 , particles

point-like

2002 " particles

7

22

AHOManbHbIN MarHUTHbIU MOMEHT: a = (g — 2)/2

a~ 1073
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(g-2) anekTpoHa

MISP 2022. Muon anomalous magnetic moment

The best precision is achieved for electrons (g-2). The value of a,, is
used to get the best determination of fine-structure constant «.

D. Hanneke, S. Fogwell, G. Gabrielse,

ae = (115965218 073-

Phys.Rev.Lett.100:120801,2008

-28) x 10714 (0.24 ppb)

trap cavity

quartz spacer

nickel rings <

0.5cm]

bottom endcap
electrode

microwave inlet

electron top endcap
electrode

compensation
electrode

ring electrode

compensation
electrode

field emission
point
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OT aneKkTpoHa K MIOOHY

[losonkHo bbIcTpo (1933,...) Concerning the Radiative Correction to the
g-2 aneKkTpoHa 6bin usmepeH u-Meson Magnetic Moment

C Xopouwien TOHHOCTbIO. V. B. BERESTETSKII, O. N. KROKHIN

AND

[Moyemy Obl HE N3MEPUTL €ro A. K. KHLEBNIKOV

(Submitted to JETP editor January 7, 1956)
ANs TsHkenoro bnmsHeua J. Exptl. Theoret. Phys. (U.S.S.R.) 30, 788-789
9NeKTpoHa — MIOOHA? ( April, 1956)

Bepecteukuin n ap. (1956): ns-
3a TOro, YTO MIOOH TSXEnbIN,
OH B6onee 4YyBCTBUTENEH K
B3aMMOAENCTBUAM BbICOKNX
aHeprum my
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(g-2) MIOOHa Kak MHCTPYMEHT Moucka

HOBbIX B3aMOOEeNCTBNA ’i ’i
Y
Bce cyLlecTByloLwme B npupoae
B3aMMOOenNcTBud BHOCAT BKnaa B
aHoMarbHbIN MarHUTHbIA MOMEHT MKOOHA — u
BKMOYasa Te, NPO KOTOpble Mbl HUYEro He FirstOr;erQED Higher Order
3HaeMm. Vertex Correction  Loop Correction

Uoesa akcnepumeHTa: ecrnv namepeHHas BeJiIMdMMHa a OTNn4aeTca ot
pacyeTHOM, 3HAYMT B BaKyyMe CYLLEeCTBYHOT Kakue TO NMosif Unu
B3auMO4ENCTBUSA, KOTOPbIe He YYUTbIBalOTCA COBPEMEHHOU Teopuen

(g-2) mtooHa B 40,000 pa3 6onee 4yBCTBUTENEH K B3aUMOAENCTBUAM 3a
pamkamu CTaHgapTHOW mogenu, 4em (g-2) anekTpoHa
_ ,QED Had Weak New Physics
aﬂ = aﬂ + aﬂ + aﬂ + aﬂ ,
1,000,000 : 60 : 13 : oc(m,/my]

Bbino Obl elle NHTEpecHee UCMonb30BaTh Tay-NENTOHbI, HO UX OYEHb CHOXHO
NPOU3BOAMTb U OHW CNULLKOM ObICTPO pacnagatoTcs. ..
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MIOOH — YHUKaNbHbIN
11abopaTopHbIN OObEKT

+ m, =207 xm, n 5,
*  (m/m.)>=44,000 - a typical new-physics sensitivity factor
W
+ Interacts through its electric charge and magnetic
moment, and its weak charged and neutral currents
(but not the strong force)

+ A pu*can form a hydrogen-like p*e- (QED) atom
« A canform a hydrogen-like pA atom

Muon

« Its ~ 2.2 ps lifetime is long enough to form beams and Proton
long(ish) lived atoms, yet short enough for precision
decay measurements

+ PV in the weak interaction implies it is born polarized

and its decay is self analyzing

:

}
« |ts “muon-ness” is conserved to a very high (perfect?) “+—) et V.V

degree u

I
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Logashenko Ivan

[lepBoe nsmepexue g,

1957: Garwin, Lederman, Weinrich at Nevis (Just after
Yang and Lee parity violation paper - confirmation)

85 MEV

"PION"BEAM

CARBON ABSCRBER
TO STOP PIONS

——

GATE-INITIATING
COUNTERS (4"X 4%

.

¥ 1

- —

. / / [’”‘L:ﬁ'.i?éﬁ':‘“
rd ~ \!, jcnnaau TARGET
—~o—

"T“MAGNETIC SHIELD

Direct measurement of g -- asym vs field

COUNTS RELATIVE TO ZERO APPLIED FIELD

g, = 2.00 £ 0.10

i.4

| I T

]

-20 o + 20 +.60
AMPERES = PRECESSION FIELD CURRENT

muons behave

. like elect
5% uncertainty ke elecirons
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Ot NOKOALLNXCA MIOOHOB K BVXXYLLINMCHA

- Store polarized muons in the uniform
magnetic field B

- Momentum rotates with cyclotron
frequency:
w, = eB/ymc
- Spin rotates with Larmor+Thomas
frequency:
ws = geB/2mc + (1 —y)eB/ymc
- Spin precesses relative to momentum Wy
with frequency w,: }# Ay
W, = wWg — W, = ageB/mc

Vicnonb3oBaHue ABWKYLLIMXCA MIOOHOB MO3BOSAET M3MEPATh NPAMO a,,!
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CERN-1 (1958-1962) .

Such experiments continued at Nevis
and CERN until 1965

Best measurement CERN | (1965)
a, = 0.001162(5) (£4300 ppm)

Just like the electron!
Sensitive to 2nd order QED

i 1

[THIHiI

e
U
|

| |

The first CERN g-2 team: Sens, Charpak, Muller,
Farley, Zichichi (CERN/1959)
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pr = 1.27 GeV/c
B—1.7T

Mt

'

{1 )

(N0 | i

NIMTIE BRI | BRI

o ROV pltuN AN
I | i l
\ 1
ALIN
1

Ty

Electrons go
inward to detectors

g

a, = 0.001166 16(31), £270 ppm 130 ps of wiggles

Sensitive to 3rd order QED and light-by-light scattering

Lyon - Muon g-2 - UMN - 2016-04 27
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Magic y (CERN-III)

Anomalous magnetic moment is independent of y. The larger y, the longer
muon lifetime, the more g-2 circles observed — good! But there is a problem:
particles are not stored in the uniform magnetic field.

Solution: introduce gradient with electric field to build a trap.

Contribution from
potential EDM

Magic y completely determines the size of the CERN-type
experiment.
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CERN-III (1969-1976)

“.‘L- T
S INEY M

- ‘-.‘__/

= .-

a, = 0.001165924(8.5), £7 ppm

Sensitive to hadronic contribution

Pion  beam _line

!I' "
o
1

" I6-59usec |

" 59-102

", uN"' ‘f""u 'v'. wh R |"'.h’
W, oty
N Jr ey “!’H '
’ "." HO'II'M‘!' "l|||ll'ﬁ'|||é'h| l"\ﬂl :I\
I} "; " " !'_L

. 1

102-146
146-189
189-232
232-275
275-318
318-362
362-405
405-448

448-491
491-534

30 40 50 60
Time in microseconds
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1

-
o

Countsper 150 ns

Y - _,
(=] [=] o
) w =
ggg
e ']

o

20 40

a, = 0.001 165 920 89(54) 54¢ (33)sys, 10.54 pp

Sensitive to all SM fields
a, = 116 592 089(54)Smt(33)sy5 x 10711 1 ppm = 117 X 10~11

8
8
8



[locne namepeHuns B bHJ1

19

a, last measured 20 years ago at Brookhaven National Lab (BNL) where an

interesting 2.7c hint of new physics was discovered g-—2
. . . a = —

— Has grown to 3.7c with improvements in theory H 2
o 40
i BNL E821 Value
o |
x 304 - = =
S i S § a00 — BNL E821: 4703 total citations P20/
S 2 - o 2
2 107 2 -
() 5 L
2 \ + H + 5 200 [
o 01 *H B
& + } * -
= } SM 2020 100 [~
< —10 Previous SM Estimates B

—201 , , 0 I<9‘9 "0 eoeooeoogooeooioo X X O XX

NP SO L

The difference has intrigued physicists for years

— Difference is ~27 x 1010 in a,

Logashen MISP 2022. Muon anomalous magnetic moment
ko lvan

2% Fermilab
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[locTaHOBKa aKCcrnepuMeHTa

a, = g?_z oC %:> namepsiem

My4OK MIOOHOB pacnaje nuoHa m— [+ Vv,
lNpeueccus B MIOOHbI 3aXBaTbIBAlOTCS B HAKOMUTENbHOE KOMbLO
OQHOPOOHOM

MarH1THOM rone C O4eHb o AHOPOAHBbIM MAlrHATHbLIM TMOJIEM.

A 4

N3mepeHune HanpaBneHue crnvHa U3MepaeTcsd B MOMEHT

HarnpasSieHUs CnHa pacnaja MIOHa L — € + Vg + Vv,
B MOMEHT pachnaja MO @HN30TPONUN POXKAEHHbLIX 3JTIEKTPOHOB
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Muon g-2: [ eHepaunsa MIOOHOB

[MpOTOHbI |_|I/IOHbl
Aﬁ —
3.11 3B/c

* [lpOTOHbLI HanpaenNaTCA Ha
MULLEHD.

« OTbupatloTcs NUOHLI C 3Hepruemn
okosno 3.11 ['aB n HanpasnatoTcA
B AJIMHHbIW pacnagHblv KaHarn



Logashenko Ivan

Muon g-2: [ eHepaunsa MIOOHOB

lpoTOH®! MYOHbI MIOOHbI
q ——»
3.11 'sB/c

« OTbupast MIOOHBI, BbINTIETEBLUNE
npu pacnage rnMoHa enepes,
nosiydaeTcsd nyyokK ¢
nonsipusaumen 95%

¢ OTbBUpannucb MIOOHbI C AHEPTUEN
okono 3.09 'sB (“magic y7)
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Muon g-2: 3axBaTt MIOOHOB

[pOTOHbI MNOHBI MiooHbl WHdpnekTop -
~ > : B=145T
3.11 I'aB/c
* MIOOHbI MHXeKTupoBanucet B 14- HakonuTenbHoe
METPOBOE HaKOoMUTENbHOE KONbLO

KONbLIO C OOAHOPOAHbLIM
MarHUTHbIM nonem 1.45T

« [Ina «npeogoneHusa» MarHUTHoro
nosisg KonbLa 1crnosib3oBarncs
NHEKTop
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Muon g-2: 3axBaTt MIOOHOB

[pOTOHbI MNOHBI MiooHbl WHdpnekTop -
' - > B=145T
3.11 aB/c
° I/IH>|<e|<T|/|pyeMb|e MHKOHDbI HakonntenbHoe
HaxXoaAaTCA B CTOPOHE OT KOJibUO

paBHOBECHOW OpOUTbI, UX HAOO
«yoapuTb»
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Muon g-2: 3axBaTt MIOOHOB

[pOTOHbI MNOHBI MiooHbl WHdpnekTop -
— > : B=145T
3.11 I'aB/c
° |/|H)K€KTI/IpyeMble MIOHDbI HakonntenbHoe
HaxoOAaTcs B CTOpPOHe OT KOMbLIO
PaBHOBECHOWN OpPBUTHLI, UX HAAO ‘ =
«yoapuTb» RSN

Kukep %

« [ns «yoapa» ucrnonb3oBarcs
MMMYNbCHBIN MarHUT (KUKep)
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Muon g-2: Yoep»XaHnue MIOOHOB

[TpoTOH®! [MoHbI MiooHb! WHdprnekrop
3.11 '3B/c

[na yoepxxaHna MOOHOB Ha
opbute nucrnosnb3oBanach
BepTuKanbHaa qooKycupoBKa C
MOMOLLIbIO 3NEKTPOCTATUYECKNX
KBagpynonewu

OTO He NMPUBOANIIO K UCKAKEHUIO
4acToTbl NpeLeccun, T.K.
NCMonb30BanuCb MIOOHLI

c “magicy”

HakonutenbHoe
KOnbLIO

ERNRRNNSN

AneKTpocTaTUYecKkue KBagpynonu



Logashenko Ivan MISP 2022. Muon anomalous magnetic moment

New measurement at FNAL

New CERN-type measurement E989 at Fermilab
Goal: 4x improvement over BNL

- 21X more statistics How?
- 2.8x reduction in . Better muon beam
systematics

- More uniform storage ring,
better field measurement

BNL - Improvements in detection
Ostar = E0A0PPM| | 0 54ym | Of decay electrons and
Osyst = £0.28 ppm - .

data analysis

Fermilab
Ostqr = £0.10 ppm

Ooyse = +0.10 ppm} o = 710.14 ppm
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=

Muon g-2

>200 collaborators
35 Institutions
7/ countries

Many experts
from BNL E821

MISP 2022. Muon anomalous magnetic moment

USA China
— Boston — Shanghai Jiao Tong
— Cornell 5 Germany
— llinois _  Dresden
- ;l(amtes Il(\/ladison - Mainz
—  Kentucky
— Massachusetts l] Italy .
—  Michigan — Frascati
— Michigan State — Molise
—  Mississippi - Nlaples
— North Central - Pisa
Northern lllinois — Roma Tor Vergata
Regis — Trieste
- Virginia 4/.'3»‘ —  Udine
- Washington »¥4 Korea
USA National Labs - CAPP/IBS
- Argonne i - KAIST
—  Brookhaven Russia
—  Fermilab — Budker/Novosibirsk
— JINR Dubna

United Kingdom
— Lancaster/Cockcroft
— Liverpool
— Manchester
— University College London

Muon g-2 Collaboration

7 countries, 35 institutions, 190 collaborators
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Ways to Improve precision

Conceptually, measurement at Fermilab is similar to measurement at Brookhaven,

but there improvements in every department

w, systematics (ppb)

w, Systematics (ppb)

Contribution BNL FNAL
Gain changes 120 20
Pileup 80 40
Lost muons 90 20
CBO 70 30
E and pitch 50 30
Total 180 70

Contribution BNL FNAL
Absolute 50 35
calibration

Trolley 100 50
measurements

Fixed probes 70 30
Muon 30 10
distribution

Total 170 70

Goal: Aa, = 0.14 ppm (0.1 ppm statistics and 0.1 ppm systematics)
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[ eHepauna MIOOHOB

10ms

197 ms

Recycler
Ring

4 Booster batchs — 16 muon fills
« 1.4 sec repetition rate

\V} = iy -
' <—— @ —> *
Select ~3.1 GeV 1 (magic p) GO . ;
« Parity violation — 95% polarized B 2 A
muons Beam Transport

& Delivery Ring~

A
g
4
F
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Muon Campus (g-2 + MuZ2e): the plan
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Muon Campus: today
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Logashenko Ivan

Moving the ring to Fermilab

In order to save $, the most expensive piece from the BNL experiment — the
storage ring itself, is reused. The steel, pole pieces etc. are disassembled and
moved by trucks. But there are three coils inside the cryostats... - 15 m
diameter, they cannot be broken in pieces, flexed > 3 mm

Moved in 2013 by truck and the sea



5000 km journey




Logashenko Ivan MISP 2022. Muon anomalous magnetic moment

Arriving at Fermilab
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24 Calorimeter stations located all around the ring

NMR probes and electronics located all around the ring
s N R




C-shaped design with 1.45 T

Logashenko Ivan
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Reaching ultra-uniform field

dipole field between poles

Many “knobs” to shim the field:  wedge

72 pole pieces

864 wedge shims

48 iron top hats

144 edge shims

8000 surface iron foils
100 active surface coils

thermal
insulation

A A,
top hat

inner coil

e

pole piece

shim o

[ X J
muon N fixe
region d
®

Q isurface
correction coil

inner coil

g-2 Magnet in Cross Section
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Shimming
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Shimming continues...
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Rough shimming: Oct.2015-Aug.2016

Rough shimming is performed
using shimming cart, before
installation of vacuum chambers

Goal: 50 ppm uniformity

Laser tracker

4 capacitive gap sensors
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Shimming history

Dipole [ppm]
g
-t

Oct 2015 Nov 2015 Dec 2015 Jan 2016 Feb 2016 Mar 2016 Apr 2016 May 2016 Jun 2016 Jul 2016 Aug 2018

1

Top hat & Wees Surtace foils

i

«<—— Surface foils
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Rough shimming results

- August 2016: completed addition of surface foils &
achieved 50 ppm goal for rough shimming:

1600 ::‘EE‘EE.

1400
1200
1000 24
800
600
400
200

150
t ppm

!

N T P
L | A Y A 2 i
. ' k’ - . i) & _at
N \ : N o

Oct 2015 - Aug 2016

(B-8,,)/B,,, (PPm)

iZ | 1| ]| ~1400
b [Vpem

50 100 150 200 250 300 350
azimuth (deg)

© RARRARRARRRRRNR

o

RMS (ppm) pP-p (PPM)
FNAL (Rough shimmed) 10 75

BNL (Typical scan) 30 230
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amepeHune a,

/ w, = ay,eB/mc

W, = aumc

N3mepsieTca B Pepmunab

3mepeHo B ApYrux akcnepumeHTax

Wq, u;?(Tf‘) ’J’e(H) mM &

a_

(T pe(H) e mg 2

4 )

W, : the muon spin
precession frequency

GJ;J(TT.) : precession of
protons in water sample
mapping the field and
weighted by the muon
distribution

Goal: 140 ppb =

r

Wp

\ 100 ppb (stat) €@ 100 ppb (syst) )

m, Known to 22 ppb from muonium hyperfine splitting
m, Phys. Rev. Lett. 82, 711 (1999)
9. Measured to 0.28 ppt
2 Phys. Rev. A 83, 052122 (2011)
\ All < 22 ppb

~ ! (T) sample. Temperature dependence known to < 1ppb/°C.

lu‘g(H) Measured to 10.5 ppb accuracy at T = 34.7°C
.U-;;(T) Metrologia 13, 179 (1977)

e (H) Rev. Mod. Phys. 88 035009 (2016)

Proton Larmor precession frequency in a spherical water \

Metrologia 13, 179 (1977), Metrologia 51, 54 (2014),
Metrologia 20, 81 (1984)

Bound-state QED (exact)




M3amepeHine w,

Use NMR to find B-field in terms of proton precession frequency o, (comagnetometer)

NMR trolley maps Trolley cross-calibrated
to absolute probes

macor support

378 fixed probes
monitor 24/7

PT1000 macor support  aluminum shield

electronics RF coil support RF coil  water sample  plastic support

254 mm

100.00 mm
coil

204

vertical position [mm]
o

Absolute probes all cross-
I I M calibrated at ANL test magnet

horizontal position [mm]

2% Fermilab

45 Logashen MISP 2022. Muon anomalous magnetic moment
ko lvan
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In vacuo straw trackers tell us the spatial distribution and s

many other muon beam properties (CBO, p-dist)
3£ Fermilab

Logashen MISP 2022. Muon anomalous magnetic moment
ko lvan
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Measuring w,

Calonmeter Decay positron
showers into the

calorimeters. M 3 T

) N(t) = Noe t/Y*[1 + A cos(wt + ¢)]

il p* 2 30007 2 e
V = < 10°f ata 3
1 N ﬁ_zsnnf —> fﬂ\ ) ERre . 1
v, ;_ - _ 2000} S"\' f \ / -5106; VVVV\NV\NV\/VVVVV\,VVVV.
Sisnl > NS AN AN
5 1000} — N AAAANANNAANANAAAAAA
SHeprus nonTpona el 2m/w, A A

KOppenMpyeT Co CrMHOM YR r—— [ YYIVVANAASAAAAAA

time (J } 10 — u Fermilab Muon g-2 Collaboration ﬁ
E Production Run 1, 22-25 Apr 2018 E
1 ' PRELIMINARY, no quality cut "

L L . . . . . . .
0 10 20 30 40 50 60 70 80 920
time modulo 100 us
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KanopumeTpsbl

Flash memory (256 Mb) ADC (12-bit, 800 MSPS) DDR3 SDRAM
Micron N25Q256A TI ADS5401 Micron M J64M16
- e o

B8 GPU based DAQ(18 GB/s at FNAL, 1 MB/s at BNL)
: astr rpo A oo ron
| 10 MHz GPS disciplined
800 MSPS WFDs with 128 MB The Clock = . Rubidium clock with ~ ~1ppt Allan
memory (400 MSPS w/64kB mem at variance

BNL)
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PekoHCTpYKUMA AaHHbIX

Waveform slices from 9 x 6 PbF: array

Q FT T T T T T T | T T T I T T T | T T T | T T T T T ™

@ ]
> B « Waveform Samples 1

3 400f P .

S 8 - H —— Individual Pulses ]

< - . - i

e e —— 300 ~ —— Combined Fit ]

{ & B - 1

200 - ]

100 — 7

l l l 0" — .
et B i

T R T R I R R T S NN SR S ST U N N SRR SR SN SR
59940 5996 59980 60000 6 60040 60060
sample number

GPU time “islands”
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Cucrema nasepHom KanmbpoBKU

Highly tunable, precise laser system sends pulses to all crystals

—
1.004 = —
‘Recovery after beam splash
1.002 -
s 1 3
N t
5 0.008 -
,E 0006 - gy =1.0-ae?" E
T C o =0.062 = 6.2% 3
© opgoaf 3
C T=6.28 us ]
0.992 F =
0995 5000 150 200
Time [us]
o Recovery between
s two consecutive hits
S 1.04F
F 1 | | o | L 5 & 102F gty =1.- et
aoof- Templates tuned for | ] 2 ek
: each crystal : % ogef
@ 300f ] § ooaf
E " ] . = 0=0.113=11.3%
8 s00F 3 £ g 1=12.38 ct = 15.47 ns
8 N 7
< - 4
100 F J .
N ] At [clock ticks, c.t.]
oF — : : : :
5 . . . L - Pileup and gain systematics reduced

=1 I 1 1 1 1 1 1 1 1 1 1 1 1
59940 59960 59930 60000 60020
sample number

60040 60060 from 180 ppb at BNL to 41 ppb
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HvHamuka nydka .

m ~~
E b
%_ 0018 =" P —
KorrepeHTHble 6eTaTpoOHHbIe kornebaHus E | ANV
f=—ALg—=1 PRy i ‘EWNWVV\MM/\NVW\A/\N\/\M ]
oy — 1 (radial § i % : M\’\“N\/WW\/\/WVWWW .
y 8ooul WWWVVWWN\/WWW .
g i ! -
o5 | W]
0 i
/ 001 -5 | .
0 l 2mp I 4mp l 6mp I s -:3:
a detector cBO 0.008 —% ' .
= Lo Lo
Beam moves and “breathes” as a whole with 0.006 _—é B ]
. - 2
observed frequency SN N TRl | R . ]
WDego = (1_ v1-n )(‘)C 0002 e o .
Detector acceptance and the electron flight time il vl
1 I: 1 1 I 1 1 1 1

depends on the position of decay and electron % 05 1 15 2

energy. Therefore in: Frequency [MHz]
N(t) = Noe */7*[1 + A cos(wt + ¢)] ®ypbe-CrekTp Toro, YTO OCTaNoch nocne
N,, A and ¢ oscillate with w g: S-napameTpuyeckon NoAroHKu

A(t) = Ao[l + ae~t/7cBo cos(wpot + <p1)]



FFT magnitude [a.u.]

Loss Fraction (fioss) [%]

Logashenko Ivan

YYeT guHaMnKK nydka

MISP 2022. Muon anomalous magnetic moment

1 |I I I l T T T
B 1 w s T T — T T T T T T]
R S E x2n.d.f. =4167/4132
1.0 | o 10 KON MAIAAAAANAAAAAAAANA
5 : E 10 :V\MNWV\/\N\NV\/\/\MNV\M
o5 . 0 20 40 60 80 100
: ~|—“’i :"" Time after injection modulo 102.5 [us]
ol
- B _% 9 = No CBO or p*loss
2R ol £ — Fulfitfunction -
i) i ol 3 > i
B I K . e
0.0 | |: L L I 1 1 1 1 I 1 1 1 L I L 1 1 1 I 1 1 1 1 I L L 1 1 I 1 1 1
0 05 1 1.5 2 2.5 3
Frequency [MHz]
Muon losses Mean horizontal motion
10— 7T I L B L L BB
L — g::::g ] - @ ]
0.8/-ESN Run-1c 235_ N by b
0.6 g 23
g B * Data: Runla 7
0.4 < 225 — o~ (Al ) ™ - (Bl )e " ]
E g i 0, = 2.3375 +0.0002 rad ps’” i
0.2_' . 2_2:_ A=279 +0.03 rad; 1, =59.6 1.4 us _:
1 - B =5.25 +0.03rad; 1, =657 +0.07 s 1
0.0IIIIAIA | IS (TR SN W SR S SN W SN S TR U1 C T
50 100 150 200 250 300 2.15; U T T T
Time [ps]

Time [us]

Mean Vertical Position [mm]

1.5

22 parameter fit

F(f) = No - N,(t) - Ny (1) - A(t) - e7/7%%.
[1+Aq-A() - cos (@t + o - po(1))]

N,(t) =1+ e 1/rwmoAy | cos(locpot + Py ri1)

+ €727 A 55 €08(2wcBot + P .x22),

Ny(t) =1+ e‘“f"’rAN,y,l,l cos(loyt + ¢yy1.1)

+ e~/ YAy y22 cos(loywt + Py y22),
A(t) =1+ e_WTCBDAA,x,l,l cos(lwcpot + Pari1)

¢ (t) =1+ e7/reopy 1 cos(lwepot + Pyprit)-

Mean vertical motion

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

e TSN N

ettt b b +
A ""'w"“‘*‘imll+++{*+ +IH}+|.* g

0 50

§-||||||||||‘|\|||||

M EPEPEPEE R R
100 150 200 250

Time [us]



[lonpaBkn
E-field & pitch Muon loss & phase
corrections acceptance corrections
—
~ )
Wy fooad @ (1 + C.+C,+C,+C.)

Cdp dl +‘BQT + BEdd\;) lffield’w D =y p(r) y

| |
Field transients Field calibration

« Every one of these terms has been studied
In extraordinary detail. How much?

2% Fermilab
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Systematics (numerator)

Source Uncertainty

Frequency Standard 1 ppt
Frequency Synthesizers 0.1 ppb
Digitization Frequency 2 ppb
Total Systematic 2 ppb
Data Set Run-la  Run-1b  Run-l¢  Run-1d
Cha -184 -165 -117 -164
Stat. uncertainty 23 20 15 14
Tracker & CBO 73 43 41 44
Phase maps 52 49 35 46
Beam dynamics 27 30 22 45
Total uncertainty 96 74 60 80

Total systematic uncertainty
Time randomization

Time correction

Gain

Pileup

Pileup artificial dead time

R(w_,) with detailed systematics categories [ppb]

Muon loss
CBO
Ad-hoc correction

65.2 70.5 54.0 48.8
14.8 1.7 9.2 6.9
3.9 1.2 11 1.0
12.4 9.4 8.9 4.8
39.1 a1.7 35.2 30.9
3.0 3.0 3.0 3.0
2.2 1.9 5.2 2.4
42.0 49.5 31.5 35.2
21.1 21.1 221 10.3

*Run 1 o, data analyzed in four subsets

54
ko lvan

la 1b 1c¢ 1d
Cp (ppb) 176 199 191 166
Statistical uncertainty <0.1 <0.1 <0.1 <0.1
Tracker alignment/reco. 11.0 12.3 12.0 10.7
Tracker res. & acc.removal 3.3 39 3.7 3.0
Azimuthal avg. & calo.acc. 1.0 13 22 11
Amplitude fit 1.2 04 1.0 29
Quad alignment/voltage 4.4 44 44 4.4
Systematic uncertainty 124 13.7 13.6 12.3
Data Set Run-la Run-1b  Run-le¢ Run-1d
Chni -14 -3 -7 -17
Phase-momentum 2 0 1 3
Form of I(t) 2 0 1 1
floss function 2 1 2 2
Linear sum (oc, ,) 6 2 4 6
12 1b 1c 1d
Ce (ppb) 471 464 534 475
Statistical uncertainty 04 05 04 0.2
Fourier method 84 134 144 3.9
Momentum-time correlation 52 52 52 52
Quad alignment/voltage 64 64 64 6.4
Fieldindex 1.7 15 17 40
Systematic uncertainty 53 54 54 53
$& Fermilab
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Calibration Coefficients

ystematics (denominator il T

1
)

run-1 (substructure) 77.4ppb Source Uncertainty (opb) :

azimuthal shape* 7.6 ppb 5

skin depth 12.6 ppb . Tempemtu_re 1928 6

frequency extraction (0.4/1ms) 4.6 ppb | Configuration 22 7

Q3L: fit, position 1.5ppb Trolley 25 8

repeatability 13.3 ppb Fixed Probe Production | <1 9

drift 10.2ppb Fixed Probe Baseline | 8

radial dependency 4.4 ppb — 2243

2" 8-pulses 14.0 ppb g

total —15.0 ppb 81.7 ppb Total 43-62

Quantity

Diamagnetic Shielding T dep (1/0)do/dT -10.36(30)

Bulk Susceptibility Ob -1504.6 £ 4.9 ppb
Material Perturbation Bs 15.2+133 ppb
Paramagnetic Impurities 3p 02 ppb
Radiation Damping - 03 opb correction [ppb] uncertainty [ppb]
Proton Dipolar Fields &4 (0] &= 225 ppb Dataset 1a 1b 1c 1d 1a 1b 1c id
;:’efc'f‘::;"d - - - - 92 | 133 | 156 | 197
2.COD 1.6 15 1.7 1.4 5.2 4.7 5.2 4.9
Run-1 Estimate: effects
By =-27.4 + 37 ppb 3.Infilltime |, 9 | 53 | a2 | a1 - - - -
effects
Total -0.3 -0.8 0.5 -2.7 10.6 14.1 16.5 20.3
$& Fermilab
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Early-to-late systematics
cos(w t+ 1)

Leading systematics come from time dependence in the phase

Taylor expansion: f(t) = f(') +at+ b3 » f(') + gt

cos(w,t + Ft)) » cos((w, +a)t+ r;)

Things that change “early to late” in the fill typically lead
to a time dependence in the phase of the accepted
sample that directly biases the extracted value of o,
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Systematics

Pileup: two low energy Z Z

positrons fake a high —smomentum

energy positron ~ spin

(happens early, not late)
¢early ~ ¢, + ¢ calo
Date ~ 9

Gain change: @, b,

example: saturation (happens s s

early, not late) - N

¢early ~ ¢,

Pate ~ 92 Above Above
thresh. thresh.
early late

calo

Cuctema nasepHoun KannmbdpoBKn, anropnUTMbl PEKOHCTPYKLUK, BO3MOXHOCTM DAQ
no3Bonunn ydectb oba adpekta ¢ HeO6XOANMON TOYHOCTbLIO
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Residual systematics from beam motion

- I
E ]
— il
S I
=)
ESQ System — S
24 Calorimeters C ! | Nominal 1-Step
Tracking Stations Ej A e Mominal 2-Step
E | | --------- Beam Injection
Collimators e E | —_— Ef;rsntﬂ“;;"ﬂsm
inflector Towards the end of the ~ °¢ I ............ Damaged 2.Siep
IBMS run, a few HV o |
feedthrough resistors "7 | |
broke, changingthe RC  H | 1., .. oo,
time constant of the C g B
ramp
[rrrr1rrroryprrT T T T T T T T T T T T T ]
[ (a) § [ (b) .
2.35F o, .L+4..+_* 2.351- e
[ AT T Y + - b3
— I 1 - _.f i So the
_5_ 2.3 - 3 23 =] .
Of  Data: Run1a 1 B ¢ * Data: Run 1d . beam is
= 2251 — w, — (A, )e" ™ — (Bl o™ - Eﬁ* 2.25F o U T - moving
55 - wy = 2.3375 £ 0.0002 rad ps’ ] =2 n w, = 2.3356 +0.0001 rad ps’ ] early-to-late
ool A=2.79 +0.03rad; 1, =59.6 + 14 us | 2.2 A=885:0.03rad; 7, =70.8 £06 us in the fill
E B =5.25 £ 0.03 rad; _=6.57 +0.07 us E : B=504 001 rad; 7, =7.34 £+ 0.04 s
2 G eaee T Be S 20 B0 100150 500 250 300

Tirmn Toeed -I_ImE [IE]
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Phase coupling to acceptance

cos(w,t + 1) |
mlany
Phase between the muon spin
and momentum el

......

Phase advance between decay time
and detection time due to path

length
If the beam is moving, this phase

advance is changing

Vertical decay position Horizontal decay position
__ ﬂll||||||||||||||||||||||||||||||||||||||||||| G_"I""I""I""I""I""I""I""I""I"_
i 0 " @) — Phase ] — [ = Phase 3
B T T [ £ —EarlyBeam ] 3 -5F /AN, ——EarlyBeam
_ ool 20 E E B Y A S — lateBeam | E F /o Late Beam 3
E. i e & —20f E g -
> - ap 8 £ n - & : =
g O £ 3 1 E L E
g w03 & : : 1 2 /. :
ol 2 % aok E E - T =
B 5038 5 /7 i 1 2 b E
C 50 2 -50 ‘_::‘y \\”‘m\_ = _35;..|,,.1-i;1—‘?%....|....|....|....\l\.\.\r‘h}—u--E
- .. ] o T T T R TR 0 0 20 0 0 1020 8040
40 20 0 20 40 Decay Y [mm] ecay X [mm]
Decay x [mm]
: : _ _ Aw,
Phase at calorimeter depending For final run period: = —164 + 80 ppb
on muon decay point Wq



B, — Quad transients

Recall, E- field keeps muons vertically confined
Quads pulsed - induces mech. vibrations -
oscillating conductor perturbs B field

— Deliver 8 muon bunches with 10 ms spacing -
close to 100 Hz natural resonance

Had to build special NMR probes to map the
effect
— Long process to make measurements

Overall correction is 17 ppb

— Only matters in window when muons are present,
averaged over 8 bunches, averaged over 43% of
ring with quad coverage

92 ppb uncertainty is dominated by not having a
complete map

— Analysis of more complete map is underway

— Expect uncertainty to be reduced x2-3 for Run 2
and beyond

Logashen MISP 2022. Muon anomalous magnetic moment
ko lvan
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Run 1 summary

Runl R}"T =w, jz:;F'_T fit with x° terms Quantity Correction Terms Uncertainty
(ppb) (ppb)
T wg' (statistical) - 434
wy" (systematic) - 56
2008151 C. 489 53
(41.750 ] C, 180 13
1.75c P
3 Cot -11 5}
T 22008121 = = Chpa -158 75
= fca.lib(wp(m:y:qs) X M(CL',y,QS)) B 56
3 Runia By =27 37
L B, 17 92
220081.0 +0.12¢ . #;(34_70)/‘&6 _ 10
x"/n.d.of. =6.8/3 My /Me — 22
P(x") = 7.8% ge /2 - 0
2290808 , , I , Total systematic — 157
61791850 61791900 61791950 61792000 Total fundamental factors _ 25
@' [H] Totals 544 462
4 nop-ce3oHa, HabpaHHble B * 462 ppb overall error
pasHbIX YCNOBUAX — 434 ppb statistical

— 157 ppb systematic (0.5 BNL)
— 25 ppb CODATA inputs



Cnenowv aHanus

\

wa ffclockw a (1+ Ce + Cp + le + Cpa)

Wp (148 +Begg) TrienWp @ p(r)/

focx is the frequency that our clock ticks ~_ L;Zm ‘?f =

— Precision timepiece, stable at ppt level

« Throughout the entire analysis the clock
frequency is kept secret from all collaborators

— Joe Lykken and Greg Bock (FNAL Directorate)
stop in each week to check on the clock

— Secret envelopes kept until physics analysis is
complete and ready to be revealed (Feb 25)

2= Fermilab
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Gathered on Feb 25, 2001 to unblind

f"'l‘ i‘ ‘ .m_f—:' ‘T . vn‘ r‘ﬁ t‘\‘l.'"ﬂr
ik fa('ffﬂ‘ 14 I F?l ﬂ‘[‘l G - N

A - B ynmr,snmnﬂ a m
e ey g

.‘ :: using f_blind I= 40e6 Wz
4 ## - fake_offset is disregarded
Blas - che blindios 1s resoved
5 - thy ved
; ® MW blind ce plof Lt (f_blind=39998660)
b 0 ;Im result(f_| 4)
a 2) = 1165920.398(538)e-9
_|+3.710,EB21
1165920.924(629)-10~°
— _|+3.340, E989 Run 1
1165920.398(538). 10~

_|+4.240, E989Run 1 + EB21

Sam e nNum be rs | 1165920.620(410)- 10

_|Muon g-2 theory initiative
1165918.100(430)-10~°

envelope

FNAL .
envelope o 10 1163300

2= Fermilab
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Run 1 result
a,(BNL) = 0.00116592089(63) - 540 ppb

« We found nothing that
BNL g-2 o , would change BNL
result

— Larger collaboration
— Higher purity beam
— More advanced

instrumentation
— More powerful
simulations
175 18.0 185 19.0 19.5 20.0 205 21.0 21.5
a,-10° - 1165900
2% Fermilab
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Run 1 result
a (FNAL g-2; Run 1) = 0.00116592040(54) > 463 ppb

 159% smaller error
BNL -2 ° ’ than BNL

FNAL g-2 4 . L & » Both experiments
dominated by
statistical error

« Good agreement
—> safe to combine

175 18.0 185 19.0 195 20.0 205 21.0 215
a, - 10% — 1165900

2% Fermilab
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Experimental combination
a,(Exp) = 0.00116592061(41) > 350 ppb

 159% smaller error
BNL g-2 = - | than BNL

FNAL g-2 4 - » Both experiments
dominated by
statistical error

e * Good agreement

Experiment :
SVerage - safe to combine

17.5 18.0 18.5 19.0 19.5 20.0 205 21.0 21.5
a,-10°— 1165900

2% Fermilab
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Comparison to SM prediction
a,(SM) = 0.00116591810(43) > 368 ppb

 Individual tension
BNL g-2 = ® : "
S aqn with SM
FNAL g-2 +——e——— — BNL:3.7c
7330 — FNAL: 3.3
< 4.20 >
@ } ®
Standard Experiment
Model average

17.5 18.0 18.5 19.0 19.5 20.0 205 21.0 21.5
a,-10°— 1165900

a (Exp) - a,(SM) = 0.00000000251(59) > 4.2c

2% Fermilab
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The results heard round the world!

« Worldwide press coverage

Over 3000 media outlets covered the story

Total estimated media reach of those outlets
> 6 billion people! (Pop. Earth 7.7 billion)

=i Elhe New Hork Eimes

VOL.CLXX.... No. 59,022 2021 The New York Times Company NEW YORK, THURSDAY, APRIL 8, 2021

Late Edition
Today, mostly sunny, remaining
quite mild for early April, high
Tonght, partly doudy, low . T-
rrow, variably cloudy,a bit cooler
high 62, Weather map Page I

$3.00

Biden TaxPlan  Contagious Variant Is Fueling Surge in Infections Across the U.S.
Aims to Curtail

Some states where new cases of the coronavirus are rising have been hit hard by the B. 1.1.7 variant. Page A6

would have applied to companies | reached a record high, the Islamic ~ researcers, the pandemic. The effort — a $21

with $100 million or more in prof- | State has trumpeted these battle- ~ “AS an _organization more | billion fund in the state budget
its per year field wins to project an image of  broadly, ISIS is hurting " said Col- | is by far the biggest of its kind in
Continued on Page A8 strength and inspire its support- Continued on Page All the country and a sign of the

budget deal that was reacned on

Tuesday, was one of the most con:

tentious points of debate during
Continued on Page Al6

PAIR OF SETBACKS

TAD ACTDATCNTCA

in Europe, the safety concerns
have delayed inoculations, sunk
confidencein the shot and created
Continued on Page A9

A Particle’s Tiny Wobble Could Upend the Known Laws of Physics

By DENNIS OVERBYE
Evidence is mounting that a
tiny subatomic particle seems to
be disobeying the known laws of
scientists announced on
a finding that would
open a vast and tantaiiing hole in
our understanding of the uni
verse

The result, physicists say, sug
gests that there are forms of mat-
ter and energy vital to the nature
and evolution of the cosmos that
are not yet known to science.
This is our Mars rover landing
sad Chris Paly, a
Fermi National
Accelerator Lnlml atory, or Fermi-
lab, in Batavia, I1L, who has been
working toward this finding for
most of his career.
icle under tin)
the muon, which is akin ln.«m-m
tron but far heavier, and is an inte-
gral element of the cosmos. Dr (4
Polly and his m!lmul\-\ anin DA HANN/FERMLAR, VIA AS
temational team of 200 phySICists A ring at the Fermi National Accelerator Laboratory in lllinois is used to study the wobble of muons.
fromseven countries —found that
muons did not behave as pre-
dicted when shot through an in- particles inthe unives

se(I7,atlast  The results, the first fromanex- conference on Wednesday, D»
tense magnetic field at Fermilab, ~count) and how they interact periment called Muon g-2, agreed  Polly pointed to a graph display-

The aberrant behavior poses . “ThiS s strong cvidence that - with similar experiments at the ing white space where the Fermi-
firm challenge to the bedrock the- the mu sensitive to some mal Laboratory b ndings deviated from thehe-
oryof physics known as the Stand. "hat i ot in our best the. in200]thathave teased physicists _oretical prediction. “We can say
ard Model, a suite of equations ory” said Renee Fatemi, a physi- ~ever since, \Hllv fairly high wl\“ﬂl‘"w lhm-
that enumerates the fundamental  cist at the University of Kentucky. At a virtual seminar and news Continued on Page AL9
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Adventurers Fleeing Pandemic
Strain the West’s Rescue Teams

By ALI WATKINS

D Wyo. — Kenna
Tanner and her team can list the
cases from memory: There

the woman who got tired
not feel like finishing her hike
campers, in shorts during a bliz-
zard; the base jumper, misjudg
his leap from a treacherous gran
ite clii face; the illequipped
snowmobiler, buried up to his
neck in an avalanche.

Al of them were pulled by Ms.
Tanner and the Tip Top Search
and Rescue crew from the rugged
Wind River mountain range in the
last year, in this sprawling, remote
pocket of w
all of them, their r
were wildly unprepared for the
brutal backcountry in whica they
were traveling

is super frustrating,’ said
Ms. Tanner, Tip Top's director
“We just wish that people re-
spected the risk’

In the throes of a pandemic that
has made the indoors inherently
dangerous, tens of thousands
more Americans than usual have
flocked outdoors, fleeing crowded
cities for national parks and the
public lands around them. 3ut as

Atrailin the Wind River
Range in western Wyoming.

these hordes of inexperienced ad-
venturersexplore the treacherous
terrain of the backcountry, many
inevitably call for help. 1t has
strained ‘the patchwork, volus
teerbased  search-and-rescue
Continued on Page A17
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Beam dynamics corrections to the Run-1 measurement of the muon anomalous
magnetic moment at Fermilab

T. Albahri,* A. Anastasi®,'? K. Badgley,” S. Baefiler,*®* I. Bailey,'™" V. A. Baranov,'® E. Barlas-Yucel,?®
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OTO TOSIbKO NepPBbIN CE30H!

RUNL1 is only 6% of the
final dataset ... with 4
configurations.

Recently surpassed 17 BNL
data sets.

Runs 2, 3 has ~1 data-
taking configuration with
higher kick setting

Run 4 (now) has the best
kicker setting (met TDR) !
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Effect of EDM
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Non-zero EDM presents itself as up-down
oscillations

BNL limit: |d,| < 1.8 X 1071% e - cm (95%)

EDM at this level corresponds to Aa, = 1.6 ppm.
But we assume |d,| < 3.2 x 10725 e - cm from |d,| limit.

FNAL should improve BNL limit by factor of ~100.



J-PARC g-2 experiment (E34)

3 GeV proton beam
Production (1MW,.double pulses, 25Hz)

Muonium production target
300 K ~ 25 meV)

Surface muon
beam (4 MeV) N
£~1000 T mm S mead

e SN
e

Ultra slow p* -" ct
Res6nant Laser lonization ©
uonium (~10° p*/s)

Laser
122nm, 355nm

Target precision
A(g-2) = 0.1 ppm
target AEDM = 102" e * cm

Surface muons

Mu production |
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Comparison of Experiment Parameters

Table 1. Comparison of BNL-E821, FNAL-E989, and our experiment.

BNL-E821 Fermilab-E989 Our experiment « J-PARC E34

Muon momentum 3.09 GeV/c 300 MeV/c
Loret?tz Y Radius of 29.3 3 Radius of
Polarization cyclotron motion: 100% 50% cyclotron motion:
Storage field 71m B=145T B=30T 333mm
Focusing field Electric quadrupole Very weak magnetic
Cyclotron period 149 ns 7.4 ns
Spin precession period 4.37 s 2.11 us
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" ¢-cm - 1.5x 1072 ¢.cm

(syst.) 0.9 x 107" ¢.cm - 0.36 x 107%" ¢ cm

PTEP 2019 (2019), 053C02

From talk Muon g-2/EDM Experiment at J-PARC by Takashi Yamanaka at g-2 meeting


https://academic.oup.com/ptep/article/2019/5/053C02/5506729
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Schedule

- Construction of experimental components is ongoing aiming at the
start of the experiment in 2027 JFY.

JFY 2021

H2 area
Magnet

H-line
experimental Building construction
building

Muon Source,
LINAC, injection, Installation
storage magnet,
detector

Data taking

Grant-in-Aids KAKENHI “Specially Promoted Research”

From talk Muon g-2/EDM Experiment at J-PARC by Takashi Yamanaka at g-2 meeting
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On a theoretical side...

NHTEepecHo He caMo 3Ha4YeHMe aHOMarbHOro MOMEHTa MIOOHA, a ero
oTnn4me ot npeackasaHma CtangapTHOM moaenu

Aa,(New Physics) = a,(exp) — a,(SM)

Bbluncnenve a, B CtaHgapTHON MoZenu:

Weak

_ ~AQED Had
a _aﬂ +aﬂ +aﬂ

7,

PacueT a,(SM) He MeHee BaxeH, TeM uamepeHune a, (exp)!
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Tak:

- JKkcrnepmmeHT B Pepmmnnab noaresepaun pesyrnesraThbl
npeablayuiero namepeHna B bHJ1 aHomanbHoOro
MarHUMTHOro MOMeHTa MHOHa

- Ha cerogHAWwWHMM aoeHb HabnogaeTca MHTPUrytoLLas
pasHuua 40 Mexay U3aMepeHHbIX 3Ha4yeHneMm (g-2) MooHa
N ero npegckasaHnem B pamkax CtaHgapTtHom Moaenu

- JKkcnepmmeHT B Pepmunnab npogommkaeTtca. Yxke HabpaHbl
OaHHble Ans yny4dweHusa TOYHOCTU NpubnnanTtensHo B 4
pasa

[lpo npedcka3zaHue CmaHOapmHou Mooenu — Ha
credyrouwieu nekuuu. ..



