NoraweHko U.b.

NHcTuTyT SaepHom @usmkm CO PAH (Hosocubupck)

Bcepoccumickoe coselaHue no
nNpeLmn3nOHHOUN PU3UKe U PYHAAMEHTANbHBIM
PU3UYECKUM KOHCTAHTAM

Lly6Ha, 1-4 pnexabps



* TMpOMArHUTHOE OTHOLWEHWE, g, CBA3bIBAET MArHUTHLIN
MOMEHT YacTULLbI U ee CMUH:

~ € =
s =g =S
2m
- YpaeHeHuWe [Oupaka npeackasbIBaeT, YTo ANd YaCTULBI CO
CMUHOM 3 TMPOMArHUTHOE OTHOLIEeHWe PagHo 2

y M3M€p€HHbI€ 3Ha4yeHu4a g. ge ~ 2.002 TOYEUHBIE

g/u ~ 2002 J YJaCTHUIIBI
g D 5586 COCTaBHbIC
g : ~_ 3826 YACTUIIbI

Q

L

AHOMAIbHBIM MArHUTHBIN MOMeHT: a = (g-2)/2



(9-2) anexTpoHa

trap cavity electron top endcap
electrode

compensation
electrode

nickel rings < % —ring electrode
compensation

quartz spacer

bottom endcap _[ 1N electrode
electrode o field emission

microwave inlet | point




Bce cyuwecTryrowme B3aMMOAENCTBUS BHOCAT BK1AA B GHOMASIbHBIW
MArHUTHBIN MOMEHT:
_ ,QED Had Weak New Physics
a,=ay +a,  +a, " +a,
- 9 2
Bxknaa ssaumoneiicteuii kpome K3 8 (g-2) , 8 ~ 61 ) / m, °,~ 40000
pa3 6onble Yem B (g-2),
(g-2) MrOOHa ropasao YyBCTBUTENbHEW K BKI1aAY B3AUMOAECUCTBUM 30
pamkamu CtaHaaptHou Moaenu, yem (g-2) 3nexkTpoHa

heo _
a"*°” =116 591834 (2) (41) (26) x10™* (0.42 ppm)

D 7\ _

PaccunTtaHer ¢ BbIcOKOM TOUHOCTbHO  OnpedengeTt TOYHOCTb pacyera



N3mepsaem

// \

D, = a — B a — p
\ / 'up a)p
KoHcTaHTa
New value for A 2008 _ Mu _
(CODATA 2006/2008) u 3.183 345137 (85)

a®® =116 592 089 (63) x10™ (0.54 ppm)
;?eow =116 591834 (41) (26) (2) x10™* (0.42 ppm)

Aa, = (255+380) x10™"" (3.2 o)
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UYro moxeT aatb Bknaa Ha ypoeHe 300x10-!! (B pasa 6onbwe EW)?

600 -
500 -
400 -
300 -

A a 200 -

100

-100 -

au,(SUSY) ~ (sgnu) 130X 1071 tang (

Snowmass Points and Slopes

SPS 4
[ |
SPS. 1b
SPS 1a® BNL
FNAL SPS7
SPS 6 SP.S 8
SPS 3 -
SPS 5
n
SPS 2
n
SPS 9
| |

100 GeV)2

m

» YyscTeuTeNeH K tan(p) u
sign(y)

* CylecTBeHHO orpaHu4mBaeT
KJ1aCC BO3MOXHbIX MoAerieu
cynepcummetpum (Npu nrobom
3HaYeHuu a,)



NcTopua nsmepeHun (g-2) MHOOHa




W, -44acToTa npeueccum CnUHa OTHOCUTESIbHO UMMNYyJibCa

Ymagic = 29.3 Bknagom
- MMNOTETUYECKOro
Pmagic = 3.09 GeV/c SOM MOXHO
npeHebpeub

N3mepsem 4acToTy npeLieccum CnuHa
3 '3B-HbIX MHOOHOB B OAHOPOAHOM
MArHUTHOM norne




JkcnepumeHT B BHJ1 (1984-2003)

E821 beam line and muon storage ring

\k V - line FEB transport
Sl
\.\ 24 GeV Protons
\

\g\%&‘%}ﬁ/’( 10" protons / spill V - target station

V1 beam line T, W selection slits

E i
== k|

im i

WER

3 GeV u Decay Channel

14 meter diameter superferric muon storage ring

~10* | stored




Experimental Technique

25ns bunch of i X, =77 mm
5 X 1012 protons p 8= 10 mrad
from AGS

T B-dl=0.1 Tm

— KV, Inflector

 Muon polarization
« Muon storage ring

» focus with Electric Quadrupoles
» 24 electron calorimeters

o e —
B— aubB
m

I
[
: -orage Kicker q

' \Ilring Modules
\ R=711.2cm

Electric Quadr/upoles

Courtesy of B.L.Roberts
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vt = 64.4 us

Puz 3.094 GeVl/c

4.37 us

'Ca—

149 ns

Tcyc



MrooHHOe HakonuTesnbHoe KonbLuo




- AbconroTHasa kanubpoeka
OTHOCUTENbHO CPepU4ecKoro

aAatymka SMP Ha ocHoBe BOAbI
B Hayane u KoHue ce30Ha

* N3mepeHue nonsa c
nomolpbto 17 aatumkos SMP,
PACMONIOKEHHbIX Ha NOABUX-

HOU TefexKe
Pa3 B HECKOSIbKO AHeu

- TTocTosHHOE MOHUTOPU-
pOBaHWE U NoaaepxaHue
nonsa ¢ nomouwbro 150 Henoa-

BUXHbIX aaTymkos SMP
HenpepbisHo

I dipole correction coil
wedge ~ pole piece I
pole -~ =
bump [/ outer YOKE
PR coils
beam -
tube -~ T
[ programmable :
current sheet
I ——

[l

inner coil

Bmecto nons nsmepserca vactora AMP npotoHa (o,)



Tenexka ¢ aatymkamm SMP

— =2.5
:
P 3 1.5
% 2 -1 @
- .= 00
7 1 :0.5_2
T 0 —;0 =
"é -2 —;-1 ~
3 15
-4 2
25

4321012 3 4
radial distance (cm)
CpefaHee No TpaekTopuu MHOOHA

MArHUTHOE nose No AaHHbLIM g, %
2001 roaa " -~

BakyymHas kamepa




OcCHoBHag uaes: UCNosb30BATb HapyuweHue 4eTHOCTU B pacnaae MHOOHA

—

,u+ _)Ve+‘7ﬂ+e+ ;\TMCTQMZ L.M.: P, o/,
Gy = — —n(BE))+ A€ Coso
H —>Vv,+v, +e dEdO (E) §+ A€ Soso_

* DNeKTPOHbLI BLICOKOW 3Hepruu B n1abopatopHOU cucteme

COOTBETCTBYHOT 3J1EKTPOHAM, BbIJ1IETEBLUUM Briepen B CUCTemMe U.M.

* B cucteme u.m. konuyecTtso 3J1EKTPOHOB, BblJ1eTEBWIUNX BNepea,
3aBUCUT OT HanpaesieHUa CrHa MHOOHA

é" .
LAB {
Ry CUUTAEM 3SIeKTPOHBI C
CM 3Hepruei BbIlle nopora

NC],. =N J+Acos@t+o



M3mepeHue yacToTbI npeleccum

PekoHcTpyKUUS 3Heprum
U BpeMeHUu npurneta
3N1eKTpPOHa



M3mepeHue 4acToThI npeueccun
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Carey, et al., PRL 82, 1632 (1999) Brown, et al. PRD 62, 091101 (2000)
Brown, et al. PRL 86, 2227 (2001)

Bennett, et al, PRD 73, 072003 (2006)



N3mepeHue 3M mrooHa




N3mepeHue 3M mrooHa




N3mepeHue 3M mrooHa

Nont = 4849924

Chi2 / ndf = 414.6 / 396

N =1.2360+04 + 16.19
Lifetime = 1.135¢+05 £ 7298
w = 2973+ 1231

Chi2/ ndf = 415.1/ 396

N =0.0001666 + 3.919¢.06
Ag2z  =-1.764¢-05% 5.4510-06)
phi =1695+ 0

Aedm = 4.416e-06+ 5.537¢-04

el

1000 1500 2000 2500 3000 3500 4000 ki 500 1000 1500 2000 2500 3000 3500 4000
Time modulo precession period [ns) Time modulo precession period [ns]
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N3mepeHue M mrooHa

!I( Bailey et al. [1978]
| E821

inferred limits from
d,<1.1x107ecm

(lepton mass scaling,
Babu, Barr, Dorsner [2001])

10°%
theory: hew (g-2X

102 model-independent relation to
exp. g-2 anomaly with ¢cp =1

E— PSI ?
1022

T e TPARC

10

linear

105
1970 1980 1990 2000 2010 2023030
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G.W. Bennett et al., PRL100:091602,2008.
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JKcnepumeHT B Fermilab

The New (g — 2) Experiment:

A Proposal to Measure the Muon Anomalous Magnetic Moment

to +0.14 ppm Precision

New (g —2) Collaboration: RM. Carey', K.R. Lynch!, J.F. Miller!,
B.L. Roberts!, W.M. Morse®, Y.I{. Semertzidis®, V.. Druzhinin®, B.I. Khazin®,
LA. Koop®, I. Logashenko®, S.I. Redin®, Y. M. Shatunov®, Y. Orlov?, R.M. Talman®,
B. Casey®, J. Johnstone®, D. Harding®, A. Klebaner®, A. Leveling®, J-F. Ostiguy®,
N. Mokhov®, D. Neuffer®, M. Popovic®, S. Strigonov®, M. Syphers®, G. Velev®,

S. Werkema®, F. Happacher®, G. Venanzoni®, P. Debevec’, M. Grosse-Perdekamp®,
D.W. Hertzog, P. Kammel”, C. Polly”, IK.L. Giovanetti®, K. Jungmann®,
C.]1.G. Onderwater®, N. Saito!®, C. Crawford"!, R. Fatemi'!, T_P. Gorringe!l,
W. Korsch!!, B. Plaster’!, V. Tishchenko!!, D. Kawall'?, T. Chupp'?,

C. Ankenbrandt'!, M.A Cummings**, R.P. Johnson', C. Yoshikawa'?, André
de Gouvéa'®, T. Itahashi'®, Y. Kuno'®, G.D. Alkhazov'?, V.L. Golovtsov!™,
P.V. Neustroevl”, LN. Uvarov'”, A A_ Vasilyev'”, A A Vorobyov!”, M.B. Zhalov!?,
F. Gray'®, D. Stickinger'®, 5. Baefller®, M. Bychkov®, E. Frlez”, and D. Poéanié™

IDepartment of Physics, Boston University, Boston, MA 02215, USA
?Brookhaven National Laboratory, Upton, NY 11973, USA

*Budker Institute of Nuclear Physics, 630090 Novosibirsk, Russia

‘Newman Laboratory, Cornell University, ITthaca, NY 14853, USA

SFermi National Accelerator Laboratory, Batavia, IL 60510, TUSA

SLaboratori Nazionali di Frascati, INFN, I-00044 Frascati (Rome), Italy
"Department of Physics, University of Illinois, Urbana-Champaign, IL 61801, USA
SDepartment of Physics, James Madison University, Harrisonburg, VA 22807, USA
9Kernfysisch Versneller Instituut, Rijksuniversiteit,
Groningen, NL 9747 AA Groningen, The Netherlands
WKEK, High Energy Accelerator Research Organization, Tsulaiba, Ibaraki 305-0801, Japan
U Department of Physics, University of Kentucky, Lexington, Ky 40506, USA




CuctematTuyeckme owmbkm

Systematic uncertainty (ppm) 1998 | 1999 | 2000 | 2001 [ E821 | P989
final Goal
Magnetic field - o, 0.5 0.4 0.24 0.17 0.07
Anomalous precession — o, 0.8 0.3 031 | 0.21 0.07
Statistical uncertainty (ppm) 4.9 1.3 0.62 0.66 | 0.46 0.1
Systematic uncertainty (ppm) 0.9 0.5 0.39 0.28 | 0.28 0.1
Total Uncertainty (ppm) 5.0 1.3 0.73 0.72 | 0.54 | 0.14

SkcnepumeHT B FERMILAB - TpeTuii B psaay 3KCnepumeHTOos,
NCNOMb3YHOLWMX MeTOAUKY "magic v"

YnquueHMe TOYHOCTU 3a cuveT y.l'lyLILLleHMﬁ BCeEX ACNeKTOoB UiMepeHud



TpaHcnopTUpPOBKA NyYKa

Booster/Linac

Main Injector

Injection to RR

Advantages of Fermilab

— The recycler used to re-bu
to suitable time and intens
structure for g-2




TpaHcnopTUpPOBKA NyYKa

parameter BNL FNAL gain factor FNAL/BNL
Y, pion/p into channel acceptance ~ 2.7E-5 =~ 1.1E-F 0.4

L decay channel length 88 m 900 m 2

decay angle in lab system 3.8 & 0.5 mr forward 3

0pr/px pion momentum band +0.5% +2%

FODO lattice spacing 6.2 m 3.25 m

inflector closed end open end

total

40 40
fi fi
Net 0 0 2000 0 0 20000 40000 80000
Pedestal vs. Time Pedestal vs. Time ns

70

70 Far side

60 60

WED counts
WFD counts




MarHuTHoe none

Source of 1998 1999 2000  200] New
Uncertainty (g-2)

Absolute Calibration 0.05 0.05 0.05 0.05 0.08

Calibration of Trolley 0.3 0.20 0.15 0.09 0.0¢

Trolley Measurements
of BO
Interpolation with the
fixed probes

Inflector fringe field 0.2 0.20

0.1 0.10 0.10 0.05 0.02

0.3 0.15 0.10 0.07 0.06

uncertainty from muon
distribution

Other* 0.15

0.1 0.12

Total : 0.4




B nepeom npubmmxermn: N € = Ne ™" |+ Acos @t + ¢

OAHako npu 60NbLWON CTATUCTUKE CTAHOBSATCA 3GMETHBI
MenKme aeTanu

[ononHuTtenbHbIe 3PEeKThI:

* I3ameHeHue kosapopuLmeHTa
ycuneHus

- HanoxeHue curHanos

» KorepeHTHbIe 6eTaTpOHHbIE
konebaHua (CBO)

- BribbIBAHUE MFOOHOB

Cnocober yyera:

- Mogupukaums
NOAFOHOYHOW (PYHKLUU

CBO,
BbIObIBAHUE MFOOHOB

- Koppekumsa ncxoaHbix
AAHHBIX

KoagppuumeHTt ycuneHus,
HanoxeHuwe cUrHanos



O systematic 1999 | 2000 | 2001
Pile-up 0.13 0.13 0.08
AGS Background 0.10 0.10 0.015*
Lost Muons 0.10 0.10 0.09
Timing Shifts 0.10 0.02 0.02
E-Field, Pitch 0.08 0.03 0.06*
Fitting/Binning 0.07 0.06 0.06*
CBO 0.05 0.21 0.07
Beam Debunching 0.04 0.04 0.04*
Gain Change 0.02 0.13 0.13




KorepeHTHbIe beTaTpOHHbIE KoslebaHus




TToyemy mbr BuauM CBO B AAHHBIX?

* D(PEPEKTUBHOCTb KANIOpUMeTpa 3aBUCUT OT NOSTOXKEHUS
BepLUUHBLI paCNAAa MHOOHA U OT 3Hepruu 3neKTpoHa

* Bpemsa nponeta anekTpoHa OT TOYKMU pacnaaa MHOOHAa A0
KQNIOPUMETpPa 3aBUCUT OT NOSOXeHUS BepLUUHBL pacnaaa U oT
3HEeprumn 3neKTpoHa

Moamnopukauma pyHKLUUU NOATOHKM

_ t
[ N,(t) = N{H A.e “° cos@qgot + @y %

d_N _ NO (t)e_r I_|_ A(t) COS(G)at n ¢(t)) : { Alt) = A0|:1+ AAe_TCBO COS(OcBot + ¢A%

dt

L o) = ¢o|:1+ Age COS()CBOt+¢¢j
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Cnocobbl ymeHblweHus snuaHua CBO B Hosom
IKCNepuMeHTe

» Bor6op “npasunbHBIX" HaNpsxeHUM Ha keaapynonax (3apaet
BESIUYUHY h)

* MoaepHU3aums Kukepa Ans A0CTUXEHUS ONTUMASTbHOIO
YAdpa

» "PasmasbieaHue” CBO ¢ NOMOLbFO MAFHUTHOTO MYJTbTUMONA,
BKSTFOUYEHHOrO Ha HeCKONbKO MUKPOCEKYHA, cpasy nocre
UHXeKLuumn

* YMeHbleHune amnnutyabl CBO ¢ nomoublo pe3oHatopa



DNeKTPOoHbI, NpuneTeswne B npeaenax
3-D HC, PeKOHCTPyUpyHOTCS KaK OAUH
3NeKTpoH. [ona Takux 3MeKTpoHOB
(~1% cHauana) meHgeTca CO BpeMeHeMm,
UYTO NpPUBOAUT K CUCTEMATUYECKOMY

CABUTY O,

Original energy spectrum

Tail from pileup

Energy spectrum of
constructed pileup

2 3 4 5 6
Det. 09 Energy Spectrum (GeV)

~— rD0D4385_001_dat

Hle Control Data Options

29200 ns 29250 ns 29300 ns

0
10
20
30
40
50
[71]
Fiil

[ili]
30
100
110
120
130

Exit| Hext Event| Skip..| Hext spil| | Fnd Puise| »| Zoom In| Zoo

bnaroaapsa ounmpposke
"xBocTa" curHana, yaaercs
CTATUCTUYECKU BOCCTAHOBUTDL U
BbIYeCTb BKJ1aA HANOXEeHUU C
TouHoCTbHO 5-10%



Cnocobbr YMéeHblEHUA BITUAHUA HANOXeHUna CUrHanoe B
HOBOM 3KCMNepumeHTe

» Bonblee YMCNO CrycTKOB NpU MeHblUeM YUCTie NPOTOHOB B CTYCTKe
(BHI1: 4.4 Tu x5 Tp/fill > FNAL: 18 Ty x 1 Tp/fill)

» CermeHTUPOBAHHLIN Kanopumetp (4x5, 5x5, 5x7)
- HoBas anekTpoHUKa - HenpepbIBHAS OLUUMPPOBKA

- HoebIvi metoa aHanusa (Q-method) - usmepsem BbraenmBlIyOCS
3Hepruro Kak PYHKLUIO BpeMeHU. HanoxeHue cUrHanos He urpaet
HUKakowu ponu!

dN dN dN dN do dN
— ()= | —— = | A(E)— “~i)= [E—
dt() -~ dEdt dt() Et{ ()dEdt dt() Oj dEdt
N v Y, . > )

1.1 Ogtqs

Octqt T-method 0.9 0141 Q-method



B HoBOM SKCNepuMeHTe npeanojiaraetcsa UCNnosb3oBatb TO Xe

HakonuTtenbHoe KonbLo, Yto U B bHIJT

TTnaHupyeTca nepese3Tu cBepxnpoBoasLme 06MOTKU LIeSTUKOM, a

OCTaJ1bHbIe COCTasJ1dOWME KOJbLUA — MO AETa1aM.
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TTepeHoc 3kcnepumeHTa us bHIJI

Transport coils to and from barge via
Sikorsky aircrane

Ship through St Lawrence -> Great
Lakes -> Calumet SAG

Subsystems can be transported
overland, but probably more cost
effective to ship steel on barge as well.

; Jacqaes Cartrer
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New g-2 experiment
at J-PARC

October 14, 2009

Tsutomu Mibe (=%F #4)

KEK
tsutomu.mibe@Xkek.jp
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New approach:
Going to lower momentum

+ Disadvantages
+ No longer at magic momentum.
+ Muon decays more quickly.

+ ... However, experimental apparatus can be
compact.

+ Better accuracy of B-field, e.x. 1 ppm local accuracy
with MRI application

+ Stronger B-field, i.e. more precession

+ Better environmental control
+ temperature, EM noise shielding etc.

+ Completely different systematics than the BNL E8§21

Compact -2 i

+ Ok, but how do we deal with the BXE term?
¢ Zero electric field

1 1 A—72 MRIEREOHHRR
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¢+ New generation of muon g-2 experiment is being
explored at J-PARC

+ To establish the deviation by improving the statistics and
systematics

+ To further explore new physics
¢+ With completely new technique
+ Off magic momentum with
ultra-cold muon beam at 300 MeV/c
+ Stored in ultra-precision B field
without E-field so that the B x E term
drops

Muonium
Primary Muoniuthaser ()
production productio 0
target target
Ultra Cold
k0] | i 0 - =>
Proton beam Muon Beam

Surface Muon = “
(3 GeV, IMW) (~30 MeV, 4x10/s) Muon Linac (300 MeV/c) (n+ 10°/sec)



Muon source

40000 times more muons than RAL is required.

Muonium production

Upto 300 times more surface
muons are expected at J-PARC.

Colder muoniums (2000K -
300K)

High density aerogel

¢

¢

Measurement of yield, and
space-time distributions
@TRIUMF

Laser ionization
+ High power laser (RIKEN)

+ 100 times higher power.

+ Linearity probably holds (need
confirmation by data).

t 122 nm

Pul enargy at 122 nm [rel. units]

-

0 1 2 ]

NLE— / (105 Ny
e - e

4

o«

355 nm

100 200 300

Pulse energy at 355 nm [mJ]

¢ Exercise laser ionization of
Mu from a room temp. target.

¢ Plan to do these series of

tests at RAL

400
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BNL, FNAL, and J-PARC

¢ complimentary

Muon momentum 3.09 GeV/c 0.3 GeV/c
gamma 29.3 3
Storage field B=1.45T 3.0T
Focusing field Electric quad None

# of detected p+ decays 5.0E9 1.8E11 1.5E12
# of detected p- decays 3.6E9 - -
Precision (stat) 0.46 ppm 0.1 ppm 0.11 ppm
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AHOMAIbHLIN MArHUTHBIN MOMEHT MHOOHA u3mepeH 8 BHJ1 ¢
TouHoCTbrO 0.54 ppm

PasHuua mexay usmepeHHbIM 3Ha4YeHWem U npeackasaHuem CM
cocTasnser ~3 CTAHAAPTHLIX OTKNOHEHUU

TTnaHupyeTca HOBbIU 3KkcnepumeHT B Fermilab ¢ uensro
yNyYlWUTb TOYHOCTb U3MepeHUs B 4 pasa

Hesaesucumo ot Toro, NnoATBepAUT SIU HOBBLIU SKCMEPUMEHT
oTnuume oT npeackasaHua CM, 6onee TouHoe 3HayeHue
AQHOMASIbHOTO MArHUTHOTO MOMEHTA MFOOHA NOMOXeT
OrpaHUYUTL CMEKTP BOSMOXHBIX 3HAYEeHUW NMapameTpos
pacwmpeHun CtaHaapTHoU Moapenu (aaxe ¢ y4eTom usmepeHumn

Ha LHC)

3a nocneaHve ABa AecaTunetTus npousoLwen 6onblWwon nporpecc
B yNyulweHuu TouHocTu npeackasaHmns CM. MHOro cospemeHHbIX
paboT NOCBALLEHO AanbHeULWeMy YnyYleHUro TOYHOCTU






MarHuTHoe none
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Particle Present EDM limit SM value
(e-cm) (e-cm)
p 7.9x 1072°
n 2.9 x 10726 ~ 10-32
19974 3.1 x 1072
e ~1.6x 102" < 1041
I 1.8 x 10719 (E821) | < 1038
References: n PRL 97, 131801 (2006)
p,1%Hg  PRL 102, 101601 (2009)
e PRL 88, 071805 (2002)

7 arXiv:0811.1207v2 [hep-ex]




Muon losses are minimized by
scraping:

* First few microseconds
beam is moved up to clear the
edge of acceptance

» The residual losses are 0.1-
0.5%

Modification to the fit
function

N (t) — N(t)x exp[— A t_fC (t')dt']

Function C(t) is measured
from the data, using detector
coincedences

AR




surface
muon beam

Production

Target

Ultra-slow muon

<
muonium GND
_¢ Ultra siow muyon

' .

.

122.09 nm
(Lyman-a)

-13.6 eV

Re-acceleration to 300 MeV/c = pencil muon beam p, /p; ~10-

Surface muon beam

+ Polarization ~ 100%
+ Momentum p(ut) ~27 MeV/c Mu (M+e-)

Muonium production

Surface muon stops in the target
Formation of muonium by electron capture

P mu(E) = exp(-E/KT)
p ~ 2.6 keV/c (p; ~ 2.1 keV/c) @300K

LL.aser resonant ionization

2
2
+ Thermal diffusion to vacuum
2
2

¢+ 1S->2P->unbound
¢+ 122nm(Lyman-a)+355nm

Initially realized at KEK, a dedicated BL operated at
RAL ~20 p*/sec
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