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A little about me
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The Standard Model

050N

he whole picture?
We think there’s got to be more



Despite being an incredibly successful model...

Jan 2016

LHC: CMS Preliminary

Why do we look beyond the SM?
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All results at: http://cern.ch/go/pN;j7
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EW: W—lv, Z—ll, I=e,u

Th. AoH in exp. Ac



Why do we look beyond the SM?

... it doesn’t predict everything we want:

o Gravity? Dark matter? Dark energy? Neutrino masses?
Matter/antimatter asymmetry?

... and SM generates some headaches

S AN,
M4 = M 5N N 38 . .
H tree ™" (H H)+(H ?H)—I_(H H) Fine tuning necessary
My ~ 125 GeV/c2 1 Mghysical 5 for nggs masshto come
S
: ——j — M2, out right
H
My ——
__BUE Naturalness/Hierarchy
Brock/Peskin Snowmass 2013 0 P ro b I em
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Why do we look beyond the SM?

... it doesn’t predict everything we want:

o Gravity? Dark matter? Dark energy? Neutrino masses?
Matter/antimatter asymmetry?

... and SM generates some headaches

2 2 A, ‘ v,‘ff;
MH — Mtree+ \V/H)—i_(—ﬁ?H)—l_(_H“ I-_I) '|—(----- BSM -----)
M2, o : :
L phsiend 172 Avoid fine-tuning
tree
2 e through Beyond
¢ I new stuff SM (BSM) bhvsi
o (BSM) physics
Brock/Peskin Snowmass 2013 0 esse“ﬁo‘“% no *'““1“3' [e'g° SupersymmetrY]

T —
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The Energy Frontier
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The Intensity Frontier
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No obvious new physics, yet

ATLAS SUSY Searches* - 95% CL Lower Limits ATLAS Preliminary

Status: March 2016 \Vs=7,8,13TeV
miss -1 T
Model &7,y Jets ET™ [Ldim™] Mass limit Vs=7,8TeV | 5=13TeV Reference
L] L] L] L] L] L] L] L] I T L] L] L] L]
MSUGRA/CMSSM 0-3e,u/1-27 2-10jets/3b Yes 20.3 1.85 TeV m(3)=m(2) 1507.05525
44, <7—>q/\’° 0 2-6jets  Yes 3.2 m(¥})=0 GeV, m(1* gen. §)=m(2™ gen. §) ATLAS-CONF-2015-062
w 40—t (compressed) mono-jet  1-3jets  Yes 3.2 m(g)-m(¥})<5 GeV To appear
L 4 q—’q(f{{ o/ 2e,pu(off-2)  2jets Yes  20.3 820 GeV m(¥})=0 GeV 1503.03290
S 22393k 0 2-6jets  Yes 3.2 m(¥Y)=0 GeV ATLAS-CONF-2015-062
g 38, 3oqgXT —ogqWt o | 1eu 2-6 !ets Yes 3.3 m()?z)<350 GeV, m(¥*)=0.5(m(¥})+m(3)) ATLAS-CONF-2015-076
D 3z, 3—qq(ll/Ly/ X 2ep 0-3jets - 20 m(¥))=0 GeV 1501.03555
Q 3z goqqWZi) 0 7-10jets  Yes 32 & m(¥) =100 GeV 1602.06194
) GMSB (Z NLSP) 1-27+0-1( 0-2jets  Yes 20.3 8 1.63 TeV tang >20 1407.0603
% GGM (bino NLSP) 2y - Yes 203 |z 1.34 TeV t(NLSP)<0.1 mm 1507.05493
£ GGM (higgsino-bino NLSP) y 1b Yes 203 |z 1.37 TeV m(¥})<950 GeV, cr(NLSP)<0.1 mm, <0 1507.05493
GGM (higgsino-bino NLSP) Y 2jets Yes 203 |2 1.3 TeV m(¥?)<850 GeV, ct(NLSP)<0.1 mm, y>0 1507.05493
GGM (higgsino NLSP) 2e,u(2) 2 jets Yes 20.3 2 900 GeV m(NLSP)>430 GeV 1503.03290
Gravitino LSP 0 mono-jet  Yes 20.3 F'/2 scale 865 GeV m(G)>1.8 x 107* eV, m(z)=m(g)=1.5TeV 1502.01518
& }?; 28, 3—bbX\ 0 3b Yes 3.3 m(¥)<800 GeV ATLAS-CONF-2015-067
_:” g 3z g—)tt]’l 0-1e,pu 3b Yes 3.3 m(X’?):O GeV To appear
00 33, 3] 0-1e,u 3b Yes 201 |& 1.37 TeV m(¥7)<300 GeV 1407.0600
o bib bl 0 26 Yes o2 | S eV i< 100Gev ATLAS-CONF 2015-056
=L bbb —>tX1 2¢,u(SS)  0-3b  Yes 32 |5 | 325-540 GeV m(¥%)=50 GeV, m(¥¥)= m(¥})+100 GeV 1602.09058
2 S ff, bt 1-2ep 1-2b Yes 4.7/20.3 | 7117-170 GeV 200-500 GeV m(¥T) = 2m(t}), m(¥})=55 GeV 1209.2102, 1407.0583
o 'g A, ,]_>be, or 1t} 0-2e,u 0-2jets/1-2b Yes 203 |7 90-198 GeV 205-715 GeV  745-785 GeV m(t))=1GeV 150608616, ATLAS-CONF-2016-007
S S Ah, 0 —>0\’1 0 mono-jet/c-tag Yes 20.3 5 90-245 GeV m(7)-m(t})<85 GeV 1407.0608
> 9 717 (natural GMSB) 2e,u(2) 1b Yes 20.3 7 150-600 GeV m(¥})>150 GeV 1403.5222
E’ §  hb,hoh +Z Be,u(2) 1b Yes 20.3 2 290-610 GeV m(¥})<200 GeV 1403.5222
hy, h—f +h leu 6Gjets+2b Yes 203 |4 320-620 GeV m(¥})=0 GeV 1506.08616
lirlig, [—>{’X1 2e,p 0 Yes 203 |# 90-335 GeV m(¥})=0 GeV 1403.5294
X7 ,\/1‘ /\71 Sv(ty) 2e,u 0 Yes 203 | X} 140-475 GeV m(¥})=0 GeV, m(Z, 7)=0.5(m(¥T)+m(¥})) 1403.5294
XX X o3v(rv) 27 - Yes 203 |X 355 GeV m(¥})=0 GeV, m(#, 7)=0.5(m(¥} )+m(¥})) 1407.0350
= § )?f §—>€Lvm(vv) lLLG) 3e,u 0 Yes 203 ,\:ff,,\:fg 715 GeV m(ET)=m(¥3), m(¥?)=0, m(Z,#=0.5(m(¥})+m(¥})) 1402.7029
W= ,\/1 Wo— W ZE) 2-3e,u 0-2jets  Yes 203 | XK 425 GeV m(¥i)=m(¥3), m(¥})=0, sleptons decoupled | 1403.5294, 1402.7029
X6X —>WX1hX1, h—bb/WW/tT/yy 2’/"7 0-2bH Yes 20.3 %;,/\72 270 GeV , mO(A~’|i)=rr:)(/\~/g), m(t})=0, slepto‘?s decgupled 1501.07110
XoX3, X2 PN e 0 Yes 20.3 X23 635 GeV m(X3)=m(X3), m(X})=0, m(Z, #)=0.5(m(X5)+m(X,)) 1405.5086
GGM (wino NLSP) weak prod. leu+y - Yes 20.3 w 115-370 GeV cr<imm 1507.05493
Direct ¥ X| prod., long-lived ¥;  Disapp. trk 1 jet Yes 203 | ¥ 270 GeV m¥E)-m(¥})~160 MeV, T(¥})=0.2 ns 1310.3675
- Direct ¥1X| prod., long-lived X7  dE/dx trk - Yes 184 |X%; 495 GeV m(EE)-m(E})~160 MeV, 7(¥i)<15 ns 1506.05332
© @ Stable, stopped g R-hadron 0 1-5jets Yes 279 |2 850 GeV m(¥7)=100 GeV, 10 us<7(3)<1000 s 1310.6584
TS Metastable g R-hadron dE/dx trk - - 32 [ENEsaTe  m(r)=100 GeV, T>10ns To appear
2L GusB, stable 7, oG e 124 - - 194 L& 537 GeV 10<tanB<50 1411.6795
S a GMSB X =G, long-lived bt 2y - Yes 20.3 )‘(a 440 GeV 1<1(¥))<3 ns, SPS8 model 1409.5542
2z, X} —>eevJe,uv/,u,uv displ. ee/eu/pp - - 20.3 )?a 1.0 TeV 7 <ct(¥))< 740 mm, m(3)=1.3 TeV 1504.05162
GGM 33, ¥\ —ZG displ. vix +jets - - 203 | X, 1.0 TeV 6 <ct(¥])< 480 mm, m(g)=1.1 TeV 1504.05162
LEV pp—¥: + X, Vr—ep/et/ut ep,eT,UT - - 203 | 1.7TeV  45,,=0.11, Ai33133/233=0.07 15083.04430
Bilinear RPV CMSSM 2e,u (SS) 0-3b Yes 20.3 q.8 1.45 TeV m(g)=m(g), ctrsp<1 mm 1404.2500
X’,)?, ,X, —>W)(] A | eV etV 4e,p - Yes 203 |Xi; 760 GeV m(¥})>0.2xm(¥7), 2 #0 1405.5086
> Xle KW s, erv,  Bep+t - Yes 203 | X 450 GeV m(¥})>0.2xm(¥), 4,330 1405.5086
888~ 0 6-7 jets - 20.3 g 917 GeV BR(#)=BR(b)=BR(c)=0% 1502.05686
= 999, j
88 §—qa¥ LA = qqq 0 6-7jets - 203 |2 980 GeV m(PY)=600 GeV 1502.05686
38, 8—1it, [ —bs 2e,u (SS) 0-3b Yes 20.3 g 880 GeV 1404.2500
fify, i1 —bs 0 2jets+2b - 203 |4 320 GeV 1601.07453
f1f1, fi—bl 2e,u 2b - 20.3 i 0.4-1.0 TeV BR(f1 —be/1)>20% ATLAS-CONF-2015-015
Other Scalar charm, E—>c)?? 0 2¢ Yes 20.3 & 510 GeV m(¥")<200 GeV 1501.01325
L L L L L L L L I L L L L L
*Only a selection of the available mass limits on new -1 1
states or phenomena is shown. 10 Mass scale [TeV]
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No

LQ1(ej) x2
LQ1(ej)+LQ1(v)
LQ2(uj) x2
LQ2(uj)+LQ2(vj)
LQ3(vb) x2
LQ3(tb) x2
LQ3(tt) x2
LQ3(vt) x2
Single LQ1 (A=1)
Single LQ2 (A=1)

0 1 2

RS1(ji), k
RS1(ee,up), k
RS1(yy), k

), k

CMS Preliminary

SSM Z'(t1)

SSM Z'(jj)

SSM Z'(bb)

SSM Z'(ee)+Z' (M)

|

Leptoquarks

3 4 TeV

rovi’rons
3

4 TeV

I

)
)
SSM W'(WZ—Ivll)
SSM W'(WZ - 4j)

i

o

0 1
coloron(jj) x2
coloron(4j) x2
gluino(3j) x2
gluino(jjb) x2
0 1

—_—

2 3
2

; Fermions
4

Excited

5 6 TeVv

Multijet

Resonances
3 4 TeV

obvious new physics, yet

stopped gluino (cloud)

stopped stop (cloud)

HSCP gluino (cloud)

HSCP stop (cloud)

q=2/3e HSCP

g=3e HSCP

chargino, ctau>100ns, AMSB
neutralino, ctau=25cm, ECAL time

j+MET, vector DM=100 GeV, A
j+MET, axial-vector DM=100 GeV, A\
j+MET, scalar DM=100 GeV, A
y+MET, vector DM=100 GeV, A\
y+MET, axial-vector DM=100 GeV, A
[+MET, &=+1, SI/SD DM=100 GeV, A
I+MET, &=-1, SI/SD DM=100 GeV, A
[+MET, €=0, SI/SD DM=100 GeV, A

ADD (y+MET), nED=4, MD
ADD (j+MET), nED=4, MD
ADD (ee,uy), NED=4, MS
ADD (yy), nED=4, MS

ADD (jj), nED=4, MS

QBH, nED=6, MD=4 TeV
NR BH, nED=6, MD=4 TeV
QBH (jj), nED=4, MD=4 TeV
Jet Extinction Scale

String Scale (jj)

dijets, A+ LL/RR
dijets, A- LL/RR
dimuons, A+ LLIM
dimuons, A- LLIM
dielectrons, A+ LLIM
dielectrons, A- LLIM
single e, A HhCM
single py, A HhCM
inclusive jets, A+
inclusive jets, A-

0123

CMS Exotica Physics Group Summary — Dec Jamboree, 2015

(well, 750 GeV excess? We'll see)
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Long-Lived
Particles

1 2 3 4 TeV
1

1

E Dark Matter

0
0 2 3 4 TeV

Large Exira
Dimensions

2 3 4 5 6 7 8 9 Tev

Compositeness

4567 8 910111213141516171819 TeV
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Another way to look for new physics

A ‘‘Precision’ Frontier

Does particle behavior match Standard Model predictions?

o Mass?

o Production rates?

o Decay rates?

o Interactions with other particles or fields (e.g. magnetic

moment)

The predictions depend on contributions from particles that we know
about

A discrepancy may indicate contributions from particles that we don’t know
about (already perhaps a hint of something new with “g-2"")

Lyon - Muon g-2 - UMN - 2016-04
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The basics of the “g-factor’

Orbiting charged particle:

S 7 q 7 q
pr =I1A=~—L ~v=—
2m 2m ST

Particle with spin has an

intrinsic magnetic moment:

5 q =
Us = g—:S
2m

Classical system: g = 1

For the electron: g = 2 was known from
Stern-Gerlach and spectroscopy experiments

Lyon - Muon g-2 - UMN - 2016-04



Why does g = 2?

Predicted theoretically by Dirac in 1928

Paul Dirac

Aside: In 1933, measured for proton g = 5.6,
nevtron (by measuring deuteron) g = — 3.8
Protons and Neutrons are not like Electrons!

For the electron, g remained = 2 for twenty years

Lyon - Muon g-2 - UMN - 2016-04 14



QED corrections push g

But, there’s more to this story ...

1948 - Kusch and Foley measure g. > 2

by 0.12% in spectroscopy *Henry ol poykar Kuse
ge = 2.00238(10)

An anomalous magnetic moment

a="2 ; : a. = 0.00119(5)

Soon after, Schwinger calculates first
order QED correction

CLe — ()K/QT‘- — 0.001 18 JulianSchwinger

“His laboratory is his ballpoint pen”

Lyon - Muon g-2 - UMN - 2016-04 15



A new understanding begins

Empty space is not empty

2 -+ 0.00236 —+

The beginnings of QED and the Standard Model

Lyon - Muon g-2 - UMN - 2016-04
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Currently, a.is known to sub-ppb

Gabrielse (2006 & 2008):
Previous result was 20 years prior

trap cavity electron top endcap
electrode

compensation
electrode

quartz spacer

nickel rings - . "< ring electrode

0.5 cm] /= 1| <—compensation
bottom endcap 118)= "4 electrode

electrode . —__field emission

microwave inlet point

a. = 1159652180.73(28) x 10~ % 0.3 ppb

Hanneke et al., PRL100 (2008) 120801

Agrees with SM. So are we done?
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Beyond electrons are muons

Weak and hadronic corrections to a. are tiny
1.628(20) x 10~ 17 0.0297(5) X 107 % see M.Passera INT2008

Hadronic correction Weak correction

But for the muon, sensitivity goes as (71,/m.)° ~ 40,000

So look at muons! e [ﬂ [T I
.. -7 Lt /|

Taus would be even better, but lifetime and production
rates are too small to be useful here

Muons are the only particle left for this type of
fundamental measurement!

Lyon - Muon g-2 - UMN - 2016-04
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With Muons, we can control spin and measuvre it
(weak interaction, parity violation)

Production: Muons from 7™ — u v are polarized

P .f @— 00— V%?TJF%,ML
#

target 97 % polarization

spin direction

Decay: “Self analyzing” u™ — etv, v,

Highest energy
Vu « ' positrons emlﬂeo.l
along muon’s spin

direction (in Muon

Spm direction center of mass frame)
Lyon - Muon g-2 - UMN - 2016-04 19




How to measure q,

Idea: Put polarized muons in a magnetic field and measure
Larmor precession

B
Z AQ
I“»lng E':: -----
- Al
" % om e
Torgue | wS — g

. T=M B 2mece

................
-" - .
- -

5 3 I 5 g g e 9 X0
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The first experiments for a,

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

_ 85 MEV
PION"BEAM

_—

GATE-INITIATING
COUNTERS (4"X 4")

CARBON ABSORBER
TO STOP PIONS

A,

MAGNETIZING
.‘é CURRENT
l
*, 8 CARBON TARGET

ErECr,

( c
" “'5 OUN

“MAGNETIC SHIELD
'y TERg

Lyon - Muon g-2 - UMN - 2016-04

Direct measurement of g -- asym vs field

COUNTS RELATIVE TO ZERO APPLIED FIELD

1.4

ot
2]
Q

9u

I

I

——H

it

[ | I

= 2.00 4

5% uncertainty

-.40

- 20

o]

+ 20 +.40 +.60

AMPERES - PRECESSION FIELD CURRENT

- 0.10

muons behave
like electrons
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The first experiments for a,

Such experiments continued at Nevis
and CERN until 1965

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

Just like the electiron!
Sensitive to 2nd order QED

Time for a new idea...

The first CERN g-2 team: Sens, Charpak, Muller,
Farley, Zichichi (CERN/1959)

Lyon - Muon g-2 - UMN - 2016-04 22



Storage rings enter the picture

Muon momentum precession e B
rate (cyclotron frequency) for We =
particle in a B field m,cry

Muon spin . — gueb (1 ) el
° - | -
recession rate >
P 2m,,c M, CY
Larmor Thomas
precession precession

Lyon - Muon g-2 - UMN - 2016-04 23



Taking their difference...

A fortuitous simplification

g, — 2 eb el
Wy = Wg — Wp = = ay,
2 myc m,,C
TN YT
" woo v
W A oW 4

True for any size ring and any muon momentum

Lyon - Muon g-2 - UMN - 2016-04



The measurement plan

Muons circle the ring and decay
to positrons, which travel
inward hitting detectors

105—

i Fa
SN A A .

S A A T A T AT
DU S T A S ~ v
10 B3 2/ iy in Do oA A
R YT U U T A A S SR
= g o i N FANR N
= i T T A T A 6 T S S
= v ~
— ~

Million events per 149.2 ns
I

Remember highest energy w b PN AN A A a A
positrons are emitted in I R AR A A TVTNAN
direCiion Of muon spin 0_ o 20 o 40 | | %0 ITirlneImggullo1I00plts100

Boost to the lab frame gives E
a boost

If anomaly exists, maximum E
oscillates at w,

Eth Ee

Lyon - Muon g-2 - UMN - 2016-04 Thanks to Lawrence Gibbons for cool animation 25



Improvements for free
el
muc

Wq = Qy

Since a, ~ g,,/800 measuring w, gives x1000 in precision
over measuring g

We can avoid the uncertainty in muon charge to mass ratio by,

R
- A—R

a, R = wa/wp, A= pip/ iy

Wp is proton Larmor precession (can measure with NMR)
is essentially the magnetic field

A is muon to proton magnetic moment ratio. Get from muonium
hyperfine splitting structure (Liv) 26 ppb

Lyon - Muon g-2 - UMN - 2016-04 26



Second CERN experiment results (1968)
— o~ R Ay S

b ST 3 '
:, K

N .
—— l . @ )
."_ :

- v " ' f - ) '-:;'-‘"
e » ” o AW : th‘.'—iﬂ‘]’ ‘ ! I i ) "
- i AR e S s i ! N ‘ ! v 4 _ “r
—— - \ A\ B 3 S - A M e
- % é jF “N . D “ L H
e - ' W & - 73
- {4 - 'j . . A

pr = 1.27 GeV /c
B=17T

Electrons go
inward to detectors

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

Sensitive to 3rd order QED and light-by-light scattering
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A miracle happens here

How to keep the muons vertically confined?
2nd CERN used radial variation in B field (big systematic)

Use electrostatic quadrupoles - but adds complications

— =g ]. — —
Wa:_aMB_(aM 72_1>(5XE)

Lyon - Muon g-2 - UMN - 2016-04



A miracle happens here

How to keep the muons vertically confined?
2nd CERN used radial variation in B field (big systematic)

Use electrostatic quadrupoles - but adds complications

(& — 1 — —
g = —— B — E
W a, (au 72—1)(5X )

TcC

If we choose v = 29.3 (pu = 3.09 GeV/C)

then coefficient vanishes! The MAGIC momentum!

So we can worry less about the electric field (but still will need
corrections)

Had a, been, say 100x smaller, would need p ~ 30 GeV/c

Lyon - Muon g-2 - UMN - 2016-04 29



Third CERN Experiment (1969-79)

Muon lifetime dilates to 64 ps (I

— 210 B
OE
520> \\/ SN I
Lzl //// =4 [ o L T 16-59usee
1 DO /// o 0° L Bea02
=l /E O t_ W 024146
;’am //// e e - i46-189
£ s &, W 189232
|I]i| rl[i ¢ 10°F w e L e 2324275
5 o e e 275318
T - - o e 318 -362
Y N
ramn— .. T 0% ¢ gt 3620405
[ :'\" =z [ o '.,. " AD5-448
{ \ _ ' rl IIi1||'|J gty ',I,,,l'l' | |I'|||||| y 448-431
| -\\f 10° I S S R oot 491534
T N\ o 20 30 40 50 €0
& A Time in microsecends
E - N
NN SN N NN A >
Titanium _glectrodes | 500 HUS

a, = 0.001165924(8.5), =7 ppm

Sensitive to hadronic vacuum polarization (adv. muons!)

Large systematic due to field at magnet edges

Lyon - Muon g-2 - UMN - 2016-04
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Setting the stage for Brookhaven E821

In 1984, QED was calculated to fourth order
Hadronic uncertainties were greatly reduced

Time for new experiment at Brookhaven at the AGS at sub ppm

Improvements:
Much higher intensity

3 superconducting coils

Inject muons into ring with
inflector and kicker

in-sifu B measurements with NMR
probes

15 years until first pub in 1999

Figure 1.10: A picture from 1984 showing the attendees of the first collaboration meeting to develop the
BNL g-2 experiment. Standing from left: Gordon Danby, John Field, Francis Farley, Emilio Picasso, and
Frank Krienen. Kneeling from left: John Bailey, Vernon Hughes and Fred Combley.
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Brookhaven E821 g-2 Experiment

Steps of the experiment for measuring_a

Inject muons into the storage ring

Measure W, and determine corrections

Measure W, —

Get A from Muonium Hyperfine  _ Jons N = 1,/ 11
— Wqa D> MU p

Determine systematics

Think about the next experiment

Lyon - Muon g-2 - UMN - 2016-04 32



Experiment in cartoons

Protons Pions Polarized Muons
from AGS p=3.1 GeV Inflector /—Injection Point

q—

mt — uty,

Target

Injection Orbit
Storage Ring Orbit

Kicker
Modules

In Pion Rest Frame

Storage

= <~ spin

momentum

- Ring

1%

I v

“Forward” Decay Muons
are highly polarized

3 data runs (# e™’s)
1999 (950M),
2000 (4000M),
2001 (3600M ¢e’)
8550M events total

Jegerlehner & Nyffeler, Phys. Rept. 477 (2009) 1-110, _arXiv:0902.3360v1
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http://arxiv.org/abs/0902.3360v1

Injection into the storage ring

Through bolt —~

Pion Production Target

/— Shim plate
Lo

A

1570

!

|

Iron yoke \\E
Upper push-rod

slot

‘/—Inner upper coil

Outer coil —

mm

TR YN
: %‘MW Poles

Ad

L

[N
Spacer Plates

HA
.y
7

Inner lower coil

A H
EE:% @]
)

To ring center

—~——— 544 mm

5<—1394 mm
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/— Outer cryostat

1 R=7112 mm from ring center

23! 4"

Inflector

Beam |
channel

el

Inflector
cryostat

Muon storage
\region p =45 mm

coils

Superconducting

shield

\

Beam vacuum
chamber

\Partition wall
Passive superconducting
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The storage ring

Lyon - Muon g-2 - UMN - 2016-04
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Measurmg Waq

Inﬂector

Calibration
NMR probe

ambpers

270 Fiber
19 monitor

Troll
garage

180 Fiber
monitor

70000 2
o
§ -,-“m_ One calorimeter
ST wg 1 > 18 Gev 3 1
i
1 | ||
-Ill.‘.lﬂﬂﬂ—|| | I:wc .IiH | ]||| ||!I I\| N \
! | ‘I I| ||| | | || il I w‘ Q{,Q @ | [_I Marker Pulse
30000~ | ‘ || ||'i||lII | | % &\OQ @o‘\ " [ ADC Baseline Offset
it | 3 4 &
mmu-{-. ||| | | | || || l i > | ¢ \o&o [ ] Background Pedestal
-' || l | || | i ||'H'|| < Bl Decay Electrons
10000/ || | 1l ¥
il I O
J|'|I||||| I|||HII||'I"||||| ||||II|||“|”|eI:>unchmg1 /\Q‘
% 12 14 % 18 20 4y —L 1 | ] |/ V
Time [us]
Time
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Measuring Wq,

T TTI

I T TS
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Measuring Wy, - Measuring the B field

Absolute Calibration Probe:
a Spherical Water Sample

2 sz N &4
e £ Sk, E e - - ".j._;_y
U YUY UN U Y U Y T T T T o o TR e ]
_lgmuu.2 3‘ ] I I4I \ l ‘5. ks G H} J ,()I | iO‘ ’ l ill

——— $aF A
RS

aaken

et

| Electronics, | :
|  Computer & ' Position of
L Communication 4 NMR Probes

In vicuum, 6000 azimuthal measurements,
Lyon - Muon g-2 - UMN - 2016-04 Calibrated against plunging probe 38



Measuring Wy

Contours are ppm

Blind analysis with separate groups (no one
person knows both W, and W),)

Lyon - Muon g-2 - UMN - 2016-04
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Brookhaven E821 Resulis PRD 73, 072003 (2006)

eX L 11
%P = 116592 089(63) x 1071 (0.54 ppm)

0.46 ppm statistics, 0.28 ppm systematic

(\W)
@)
S

T 290

DO
i~
(@)
Theory (2009)

T 240

-e-+-1 | Theory KNO (1985)

—_
O
-

T 190

|
|

Anomalous Magnetic Moment
(a,-11659000)x 101

140 4 | 1140

1u"

1979 1997 1998 1999 2000 2001 Average
CERN BNL Running Year

ge*P = 2.002 331 841 78(126)
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A Job Well Done

Lyon - Muon g-2 - UMN - 2016-04
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Comparing «* = 0.00116592089 (63) to Theory

th _ _QED had weak folel
CLM o CLM T CL'u T CLN T CL'u

a;?"P = 0.00116 584 718 951(80) 10th order
had — 0.00 000006 93()(49) Hadronic Vacuum

Polarization, Light-by-light

CLEW — 0.00 000 000 154(2) Weak (smallest

H contribution)
Lyon - Muon g-2 - UMN - 2016-04 42



Quick theory features

From Blum, et al., arXiv:1311.2198, “Snowmass Whitepaper”
Two treatments of HVP(LO) [20] M. Davier, et al.; [21] K. Hagiwara, et al

VALUE (x 10~!1) UNITS
QED (v+¥¢) 116584 718.951 £ 0.009 £ 0.019 £ 0.007 £ 0.0774

HVP(lo) [20] Leading contribution to a, 6923 + 49
HVP(lo) [21] . L 6.949 + 43
HVP(ho) [21] Leading contribution ,.«*gq 4 4 7
HLbL today (05426
EW 154 + 1
Total SM (20 1169591802 £ 42 1.6 £ 2611350 £ 24t her (::49tot)
TOtal SM 2]. 116 591 828 I 43H-LO . 26H-HO I 2other (::501:01:)
_ o(e0000Mev) )
_ A - oeon
Y + et N %:— ssssssssssss {ﬁﬁ% ; +E E?E E
N\ vt ! I
£ h b 3¢<Tl %‘K -
; © ) R
! ;h ) n‘;’zwn') uFG€V] ) B Klon: C|PANP02015
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http://arxiv.org/abs/1311.2198

Comparison to experiment

peEesesssss incl. ISR - --===-—----
DHMZ10 (ete™) |—e—1 3.6 0
180.24+4.9 0.42 ppm
DHMZ10 (eTe +71) |—e—1 2.4 0]
189.4+ 5.4
JS11 (eTe +471) [—e—I 3.4 0]
179.7 £ 6.0
HLMNT11 (efe™) [—e—] 3.3 0]
182.8 4.9
pESEssos0s excl. ISR ----------
DHea09 (ete™) |—e—I IS868a
178.8 £5.8
A (efe +471) l—e—I 4.3 0]
173.4+5.3
B (efe +71) |—e—] 4.1 o]
1754 £ 5.3
- ———————— experiment -----—-—-—-—--
BNL-E821 (world average) —e—1
208.9 £ 6.3

150 200 250
a,x10'°-11659000

Benayoun, et. al., Eur. Phys. J C72, 1848 (201 2)
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Comparison to experiment
a,; "’ — aiM — 287(80) x 10~ 1 > 30‘

Difference is ~ twice a?*P = 0.00 116 584 718 09(15)
[ ) ( } I
electroweak contribution! aﬁad — 0.00 000 006 930(49)

EW
[ ] [ J ® — . ]. 4 2
If this is new physics, why i 0.00000 000 154(2)

haven’t we seen it elsewhere?
a;™ = 0.00116 591 802(49)

a, is sensitive to ratio of a;; P = 0.00116 592 089(63)

coupling / mass scale

Perhaps mass scale is large and/or coupling is small

Lyon - Muon g-2 - UMN - 2016-04 45



Enormous interest in the result

L} I 1 L] ] 1 l |l L] T Ll I T |l 1 1 I 1 T 1 L I 1 L} T 1 l |l L L 1 I L L 1 I U
HMNT 07 (e*e-based)
-285+51 —e—
o JN 09 ée e)
S 400 P PRD 2006 TALEAS e
2 - BNL E821: 3020 total citations PRL 2004 Davier et al. 09/1 (t-based)
- - 157 52 A —]
s N PRL 2001 , -
Q - PRD 2000 Davier et al. 09/1 (e'e")
0 300 — -312+51 e
o - Davsier et al. 09/2 (e"e” w/ BABAR)
© N
= — HLMNT 10 (e'e” w/ BABAR
o 200 - I ~259+48 (e7e w ) —e—
** - DHMZ 10 (x newest)
100 —195+54 —A—
B DHMZ 10 (e"e” newest)
Z —-287+49 —e—
0 . e BNL-E821 (world average
00 00 ?"00 ‘900 00 2,50, 0, 0,50,~0,0, <0, ores o | 2
0 0 ‘? ) 0 0 0 / QD L? 7 6 & l 1 1 1 1 l 11 1 | l 11 | l 1 1 1 1 l 1 1 1 1 I 11 1 1 l 11 1 u i
-700 -600 -500 -400 -300 -200 -100 0
~11
_aexp x10
q, — a,

Difference is intriguing, but inconclusive
Redo the experiment even better than before!

With a 140 ppb measurement current difference becomes 5.60 (7.50 if
theory improves to 0.3 ppm)

If difference persists, then a major discovery!
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New Physics?

TeV Scale Models
- 7’, W’, Extra Dimensions, Littlest Higgs Models with typical weak couplings

—— Radiative Muon Mass Generation (e.g. Multi-higgs doublet models)
Unparticles, Extra dimension models, SUSY (width of band from tan 3: 5-50)

500 |

-100

200 400 600 800 1000 1200 1400 1600 1800 2000

5 299 K .
T D. Hertzog, Ann. Phys (Berlin) 2015, plot courtesy D. Stockinger
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New Physics?

707

@ 7

th _ _QED had weak
n = ag +ﬂﬂ +%L +la

Dark Bosons?

Light hidden sector U(1) bosons 102
that interact very weakly with SM KLOE 2013

w

€
our photon ’y 'Ww\/\, A, “heavy photon”

€ = mixing strength

BESIII

10 10 1 ,.10
m.. [GeV/c]

“Dilbert Diagram”
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Meanwhile at Fermilab...

Celebrating the
Tevatron ..o s

-

CFermilab  @ENercY s
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Antiproton source repurposed for u

- Recycler Ring * Recycler
N e — 8 GeV protons from Booster
— Re-bunched in Recycler

— New connection from Recycler
to P1 line (existing connection
is from Main Injector)

* Target station
— Target
— Focusing (lens)
— Selection of magic momentum

Target Station \ SEVESY e/ ' : : :
\ XS RN ‘  Beamlines / Delivery Ring Delivery ring
Beam Transfer and i . — P1toP2toMl1lineto target was the anﬁprOion
Delivery Ring & R — Target to M2 to M3 to debuncher
o AR Delivery Ring
i o | — Proton removal
» /B \ _#1. — Extraction line (M4) to g-2
g 200 T 7% Muon Campus stub to ring in MC1 building

Use the Ring from Brookhaven with the Fermilab infrastructure
900m pion decay path (10x BNL; improves mu/p by 2x)
Much purer muon beam and heavily suppressed hadronic flash

1T protons per bunch on target -- 10000 muons in ring (6x eff of BNL) -- 1000 good e*
16 fills / 1.33s (booster cycle)

2 year run: ~ 1 T positron decays total, 0.18 T ‘““good”
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A new home at the Fermilab Muon Campus

Building completed early 2014

Lyon - Muon g-2 - UMN - 2016-04
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New Muon g-2 experiment justification
with 140 ppb

Discrepancy with SM and complementarity with LHC makes for
easy physics motivation. If there is new physics,
LHC + Muon g — 2 will be a powerful combination

BNL E821 was statistics limited
Factor of 4 is about the limit of the current apparatus
Need 21x statistics to achieve this goal !

Gotta get more beam! Move to Fermilab -- Literally!

Many BNL E821 collaborators have joined Fermilab E989
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The Muon g-2-Collaboration

35 Institutes;' 155 Members

Domestic Universities
— Boston
— Cornell
— lllinois
- James Madison
— Kentucky
- Massachusetts
— Michigan
— Michigan State
— Mississippi
— Northernlllinois University
— Northwestern
— Regis
— Virginia
— Washington
— Yale
- York College

 National Labs
— Argonne
- Brookhaven
— Fermilab

Lyon - Muon g-2 - UMN - 2016-04

il

b
-
=n

italy N Z

Frascati,
- Roma 2,
— Udine
- Pisa
— Naples L7 N
— Trieste Q‘
China:
— Shanghai
The Netherlands:
— Groningen

Germany:
— Dresden

Russia:

— Dubna
— Novosibirsk

“

England
University College London

Liverpool
Oxford

Korea
KAIST
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Moving the ring from Brookhaven to Fermilab

The hard part is moving
the three superconducting
coils

Continuvously wound coils,
can’t break into pieces -
can’t flex > 3mm

They’re big!

50 ft diameter

(takes up ~ 4 lanes on
the highway). Not terribly o
heavy at 15 tons \

—

-

They aren’t dangerous: nonmagnetic when unpowered, not radioactive, no
dangerous chemicals (aluminum, niobium [hypoallergenic], tin), inert

~ $2M to move. 10x more, ~$30M, if we had to build them anew!
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The ultimate road/water/road trip

Coils must not flex more than 3mm. Ring is |5 tons, fixture is 40 tons

3200 Mile Journey
— 6/22/13 —7/26/13

‘“We can move that’’

3\ ﬁN%;}‘a
The B.hamas'a\ '

N\

4‘ N
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On the water

el
-4

Photo: Brookhaven/Emmert
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And Saturday 7/20, finally in Lemont, IL
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Tuesday 7/23 — Friday 7/26: The land route

53 294 @
\90)
359 |
Hidden Lake FP
Downers Grove

Fermilab > @
\ Butterfield Road

o
Eola Road : E‘Q’: Y
- 1 TR
_ﬁ .- w- . W - — . Lake
\88/" Michigan
\
\
The Big Move 5@ \
Truck Route == == = I
* North on Lemont Road to 87th St. I COStCO,
* West on 87th St. to Rt. |-355 .
* North on Rt. 1-355 to Butterfield Road @ BOl I I ngbrOOk W @
* West on Butterfield Road to Rt. 53
* South on Rt. 53 to Rt. |-88 I
* West on Rt. I-88 to Rt. 59 1
¢ North on Rt. 59 to Ferry Road | 87th Street .
* West on Ferry Road to Eola Road . a

* North on Eola Road to Fermilab

1 Lemont Road
/ .
\
/@/
Port

Lyon - Muon g-2 - UMN - 2016-04



Tuesday night, on Lemont Rd & 87th St

Orivieg Dise
:n:}.\Sﬁu'npmn
. ——

— —
. e e o
of ’ e —
’

By - L] g

< LT
12
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Wednesday, shopping at Costco

Lyon - Muon g-2 - UMN - 2016-04
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Toll Violation!

© Fermilab, 2013
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Rock starl MYSTERIOUS GIANT MAGNET ATTRACTS ROCK-
STAR STATUS

By SCOTT EISEN and JASON KEYSER — Jul. 26 DS PM EDT

. . . Home » lllinois » Myster S glant ma t attracts rock-star stat
Coverage by local TV stations, including » TINOIS » RysIcrious giant magnet atiracts rock-sTar siatus

http://abclocal.go.com/wls/story?secti
http://abclocal.go.com/wls/story?secti SHARE
http://www.nbcnews.com/science/gial
http://chicago.cbslocal.com/2013/07/z 520 70
http://wgntv.com/2013/07/23/journey
http://wgntv.com/2013/07/27/massive

FiLike W Tweet

Print and Web coverage: 1 2

http://www.washingtonpost.com/natic [ snare 2 *
york/2013/07/26/8e86095e-f5c2-11e2
http://www.huffingtonpost.com/2013; © suemit
http://www.upi.com/Science News/2(
UPI-96121374874502/?spt=hs&or=sn
http://news.sciencemag.org/2013/07/
http://www.denverpost.com/nationwc
http://napervillesun.suntimes.com/ne\

http//WWW natureworld newscom/a rt to Batavia’s Fermi National Accelerator Laboratory. The electromagnet 15 50 feet wide, weighs g&
V|de0 htm more than 15 tons and has taken a month to transport 3,200 miles from New York to Illinois
http//a rhC|eS Chlcagotrlbune Com/20] The Fermi National Accelerator Laboratory will use the gadget to study blazing-fast partides. oha |_

(AP Photo/Scott Eisen)

accelerator-laboratory-monster-magne
19040101 Giant _magnet _set to reac
http://hamptonroads.com/2013/07/gi:
http://heraldnews.suntimes.com/news

- GLEN ELLYN, Ill. (AP) — It skipped tolls. It had a Twitter hashtag and
http://bigste a GPS tracker. It even posed for photos with groupies.

The 50-foot-wide, 15-ton electromagnet attracted a sensation wherever
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http://abclocal.go.com/wls/story?section=news/local&id=9186274
http://abclocal.go.com/wls/story?section=news/local&id=9185326
http://www.nbcnews.com/science/giant-electromagnet-ends-circuitous-month-long-trip-arrives-fermilab-6C10761191
http://chicago.cbslocal.com/2013/07/26/massive-electromagnet-completes-arduous-trip-to-fermilab
http://wgntv.com/2013/07/23/journey-of-giant-magnet-coming-to-an-end
http://wgntv.com/2013/07/27/massive-magnet-arrives-at-fermilab
http://www.washingtonpost.com/national/giant-magnate-set-to-reach-new-illinois-home-after-3200-mile-journey-from-new-york/2013/07/26/8e86095e-f5c2-11e2-81fa-8e83b3864c36_story.html
http://www.huffingtonpost.com/2013/07/26/giant-electromagnet-set-t_n_3658331.html?utm_hp_ref=chicago
http://www.upi.com/Science_News/2013/07/26/Giant-electromagnet-finishes-long-distance-US-move-for-science/UPI-96121374874502/?spt=hs&or=sn
http://news.sciencemag.org/2013/07/after-6-week-journey-giant-magnet-arrives-fermilab
http://www.denverpost.com/nationworld/ci_23741073/15-ton-electromagnet-completes-cross-country-trip-fermilab
http://napervillesun.suntimes.com/news/magnet-NAP-07262013:article
http://www.natureworldnews.com/articles/3140/20130724/massive-magnet-makes-way-chicago-causing-roadblocks-goes-video.htm
http://articles.chicagotribune.com/2013-07-24/news/ct-met-fermilab-electromagnet-20130724_1_fermilab-fermi-national-accelerator-laboratory-monster-magnet
http://www.staradvertiser.com/news/breaking/19040101_Giant_magnet_set_to_reach_new_home_in_Illinois.html
http://hamptonroads.com/2013/07/giant-magnet-stopped-norfolk-finishes-journey
http://heraldnews.suntimes.com/news/21416840-418/fermilabs-prized-supermagnet-arrives-in-lemont.html
http://bigstory.ap.org/article/giant-magnate-set-reach-new-home-illinois

Muon g-2 @ Fermilab: Improving W,

E821 Error  Size |Plan for the New g—2 Experiment Goal

[ppm] [ppm
0.12 |Better laser calibration and low-energy threshold 0.02
Lost muons | 0.09 |Long beamline eliminates non-standard muons 0.02
0.08 |Low-energy samples recorded; calorimeter segmentation 0.04
CBO 0.07 |New scraping scheme; damping scheme implemented 0.04
E and pitch  0.05 |Improved measurement with traceback 0.03
Total 0.18 |Quadrature sum 0.07

+ No hadronic flash, better laser calibration

|
+ New tracking, open inflector, scraping i
+ Segmented calorimeters iy L]
+ Improved kickers — T ||V
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Instrumentation upgrades

24 Calorimetry stations (E and 1)

® 6x9(2.5x2.5 cm) PbF; array (Xo = 0.93 cm)

e SiPM Readout

e 800 MSPS waveform digitizers

® Res: Energy: 2.8% @ 3.5 GeV, Spatial: 3 cm, Time: ns
Improvements over E821

® Laser for tracking gain stability

® Pileup suppression via segmentation

® |ower thresholds, reduced pion “flash™
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Instrumentation upgrades

Important for pitch systematic, pileup, lost muons and Muon EDM

8 modules per tracker system
128 straws per tracker

Preamps at end of straws
FPGA based TDCs just outside

Single module
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Muon Electric Dipole Moment

" x10
Z E B Bont = 4849924 T Chi2 / ndf = 415.1 / 396
& 18000 — Ch'z”fdf"‘”'ﬁ”?’gs 8 N =0.0001666+ 3.919-06
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+12. =

16000 — FOCKS phig? =1695+0002600 | & 8 ‘
L 2 0.3 || ‘ ‘ l |
B i P @

o [ | .

14000 g ! |H | |||| H || Il
i l"“ |\||| ‘!iil i | | ||m l

12000 f 0.1 ‘ | H m M

|
B || |
}r 10000 ot
I I I I 1 | 1 I 0= | I | I I | I | I | I |
0 500 1000 1500 2000 2500 3000 3500 4000 0 500 1000 1500 2000 2500 3000 3500 4000
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vertical angle of tracks

Precession plane tilted, Current best limit from E821

vertical out of phase ‘du| <1.8%x 107 Y%¢ em (95% C.L.)
oscillation of Wq

Expect < few 102!

EDMs do not exist in Standard Model
Existence implies Time and CP violation
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Simulations

Detailed Geant4 based simulations of Beamline and Ring

Time: 120 ns
BField Y (T)

=1.50

1.47

1.45
1.425

=140

Lyon - Muon g-2 - UMN - 2016-04



If | was a muon...
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Installation/Assembly (7/14 — 6/15)
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Summer 2015 - Power on!
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Shimming the field

Field uniformity around the ring is crucial

From BNL: | Azimuthally Averaged
Field vs. Azimuth

Field vsr,z

:

Relative field [ppm]
g 8

| | iniegtiol

vertical distance (cm)

-
-~
ey 2N .0’..

860 (I (I (| (. (I (I (I
231 l231 S5 232 . 2325 2133 | 'y 1 | ! 1o 1 1|
0 50 100 150 200 250 300 350

. 3 -4 -3-2-1T0 1 2 3 4
Azimuthal position [deg] radial distance (cm)

Bennett et al. 10.1103/PhysRevD.73.072003

Our Goal +/- 25 ppm Our Goal +/- 0.5 ppm
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Shimming Equipment

* Multipurpose instrument
— 25 NMR Probes for field

— 4 capacitive gap sensors
» Measure pole alignment
e 70 nm resolution
* Few micron reproducibility

4 Position sensors

« Corner cube
reflectors

e ~25 umres
e Cartr0,z

Thousands of knobsl! Slide from B. Kiburg
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Shimming
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Shimming Progress

1200 ¢
1000

Firsi map FNAL Oct. 2015
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Plots from B. Kiburg
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The timeline

FY1l4 FY15 FY16 FY17 FY18 FY19

E Construction [Rroject & Muon Campus): ; E :
| L L | '
| ' ' | '
! g2 M':N P) : ! :
: Ring Assembly roperatjons | : :
: : : : :
l : : : :
i | Constructy ¥k | Experiment ready for operations E
j : MK Accelerator ready for operations |

""""""" dessssssssssssssjssssssy ssssssssvsssssshssssssssssssssdssssssssssssssal
| Operations [Laboratary): i " :
I 1 ! 1 )
: : : : :
| ' ' L '
l : ; : ;
: ; \ : : i
| ' | ' | '
: ; : ; : ' :
Fo---=-- - e R T S {------- - -
' Analysis [Collai:o ration): ; ' ' |
: An alysis Tools Development : : :
| | | L) ' '
: : l MockData ; ;
E i E E =R | i
I I i ! ] U

| : : : : 2Results XK 21 x BNL
| 1 | Now ! +1yr i i Final Results MK
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Understanding 140 ppb

% < ,:"‘. | ™

f o~ IONC O‘.) S X9,
st ey
vy, -

¢ A 2 . ]
S
RO NS .
| : / 'J“‘;«‘J '!@V‘—Ils
CH -

1000 piece puzzle; 2 missing;
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(a la Dave Hertzog)

| SOl © 5 O iseiaE

0.2% systematic
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Undersianding 140 ppb (a la Dave Hertzog)
ﬂ ﬂ ﬂ % i ﬂ il ﬂ i ﬂ di

y : . v - 1

142 puzzles; | missing piece; 7 ppm (CERN Il result)
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Installation

Lyon - Muon g-2 - UMN - 2016-04



L
»
L
L
L
’
L
’
»
L
)
.
Lk

In the Heart of CERN in 1967 with Emilio Picasso (LEP Project Leader)
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https://cdsweb.cern.ch/record/43113

N(t) = Noe "7 [1 + Acos(wat + ¢)]

Positrons over threshold

Michel spectrum
Asymmetry due to momentum cut

Figure of merit

—
T

NA

Normalized N, A and NA?
e o o
F<y o o«
L} ] T l |k k5Lt ' LB

e
N
10 RIS

o
T T
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N
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e e e AV S e ro i i il R
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€, Normalized lab frame energy

positron momentum fraction
Cut at 1.8 GeV
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Systematics

Osyst Wp 1999 | 2000 | 2001 |[osyst Wa 1999 | 2000 | 2001
(ppm) | (ppm) | (ppm) (ppm) | (ppm) | (ppm)
Inflector fringe field 0.20 - - Pile-Up 0.13 | 0.13 | 0.08
Calib. of trolley probes| 0.20 | 0.15 | 0.09 ||AGS background | 0.10 | 0.01 T
Tracking B with time | 0.15 | 0.10 | 0.07 ||Lost muons 0.10 | 0.10 | 0.09
Measurement of By 0.10 | 0.10 | 0.05 || Timing shifts 0.10 | 0.02
p-distribution 0.12 | 0.03 | 0.03 [|E-field/pitch 0.08 | 0.03
Absolute calibration 0.05 | 0.05 | 0.05 [|Fitting/binning | 0.07 | 0.06
Others! 0.15 | 0.10 | 0.07 ||[CBO 0.05 | 0.21 | 0.07
Beam debunching| 0.04 | 0.04 T
Gain changes 0.02 | 0.13 | 0.12
Total for w, 04 | 0.24 | 0.17 ||Total for w, 0.3 | 0.31 | 0.21

Total 0.28 ppm systematic
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1st order QED

th _ | QED had weak folels

Lowest order QED is

a,;” P = /21 = 0.00118

a

P = (.00[116/592 089(63)
a© QED — 0 00f118 AN

L
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QED contributions

ay

th _

QED had weak Yol
Ty Ta s Ta,

QED corrections computed to O(a°) 10th order contribution

() [ )
(12,672 diagrams contribute) ol
AN i Lnn A Lo & ARw AT Ao aBRY BN AN AN 7N
AN 1N Lz LT LT LN LB EDN LN o (A A N A
[ B o Lo L7 Lo AR Lo [N B o SN RN AN
A LN [N o Lo LD L) S A\ AN D B L A AN
T LN I3 aay LN L L LR AN LD 82 B AN AN L) 7S
o s, (R, e A, AT L7 o n (D dom ), N B I Y
Gy [ 4o TN A L AR R D LN [ SN N AN U
LN B2 L LD Ao 7™ L AR Lo o) LN LN (AN RN ™
0Ny D Ao AT AT L LR [ R Ao (BN I AN 77
L) B D £Tn LT LR L L AN o L [N AN AN AN
(I Lo N A £ L L AN [ 2 o B AR AN AN
LN BN AN LD AN LB LA AN D 2 LoD AN MmN N L7
oo L M ADn AN L2 AN A B BN L8R AN @R [N 7
S A D LA A AN KD AN [N o) AN Ao N RN AN
AT LZR D Lo\ L7 e LN D 28D A AN (7SN L)
ooy (e [T oy AT K b AN A L AN AN L Lo
A o AN D TR DN 2 A AN LN AN (2 N [N
N N (N AR KD £ AN AA L N AN S L
AN e e~ AN O N~ AN N ILL
L I D s R LA oo D oo ) Em) om . o g g
N N e o 0\ N N R AR R 1 2
Lo N (AN 47 LB (TR dolm e AN SN N N AN
AN A AR I A A N D D AN 75 Ao
(N RN ek 20N A LIS L) AN Ao AN AN L ™ N
DN RN kD L) LB I Ao D AR B [N [N N [N

Aoyama, Hayakawa,
Kinoshita, Nio (2012)
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a®P = 0.00[116 59 089(63)

a;?"P = 0.00/116 5811 718 951(80)
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Hadronic contributions

PP
th __ aQED ahad aweak +a’"

ay 0 i 0 0

Hadronic contribution has the largest uncertainty
Hadronic Vacuum polarization, Hadronic light-by-light

Virtual hadron energy scale is well below perturbative
region of QCD
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Hadronic contributions
th QED had Weak + CL 77

i a, "0 = (692.3 +£4.2) x 1071
CLEVPNLO = (—9.8+£0.1) x 1019

a; Pt = (10.5+2.6) x 10~

)
v h
° i had oy
e a, (6930_:4.9)><10
o e -
Emnu;— 7o 4: KLOE0 DEEAH —;
B, o T aS® =0.00116592089(63)
800 e -
ool - a;* = 0.00 000 006 930(49)
- t -
4“2; e L “:S::’ Significant improvements coming!

Vs [GeV] Including Lattice QCD work
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Electroweak contributions

th _ _QED had weak Yol
Ay = Q" Ta, ++au

Unambiguously calculable - BNL experiment sensitive

7 N\
/ \

W, N\ W
S
TR p

a®P = (.00 116 592[089(63)

a,”" = 0.00000000[154(2)

Lyon - Muon g-2 - UMN - 2016-04



Hadronic vacuum polarization
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HVP

G (600-900 MeV)

1488 — | L e
_r wﬁﬁ“ —{— BESII .
O 00— . — KLOE 08 _~
|E| - Cross section _+_ KLOE 10 5
~— 1000(— ,pgﬁ T KLOE 12 —]
_F E *jg'* * —— BaBar E
B so0— 45 %&_ —— CMD2-2006  —

- % ]
/.CII: 800 ] e 4& i
D wb g BCSII ‘x :
~ M%M PRELIMINARY B

T B R | L | TR B R lf

0.6 0.65 0.7 0 75 0.85 09

M(sttt) [GeV] B kioss, ciPanp 2015
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HVP(LO & NLO)

Results from taus compare well too,
but with some differences

VEPP-2000

Huge 15 year effort has paid off with . L
factor of 4 error reduction

Prospects for more improvements are good

® New VEPP-2000 at Novosibirsk
(x10-100 better stats, energy up to 2 GeV)

® New CMD3 and SND2000 detectors

HVP(NLO) is similar and uses much of the same data

a, "0 = (692.3 £4.2) x 107"

CLZIVPNLO — (—9.8 T 0.1) x 10~ 1Y

M. Davier, Hagiwara
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Hadronic light-by-light

Model dependent calculations
Now an industry!

Future prospects: .
KLOE to measure v*+* — hadrons ~y
at g2~0 will provide first constraints

[
Lattice QCD calculations are under study

a, " = (10.5 +2.6) x 107"

Prades, deRafael, Vainshtein (and others)
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Comparing models and ingredients

Hadronic light-by-light scattering in the muon g — 2: Summary

. . . LbvL:had
Some results for the various contributionsto a,; ~ """ x 10**:
Contrbution BPP HKS, HX KN My B8P, MdRR PecRY N.JN FGW
wo,r),r)’ 85+13 82.7+6.4 83+12 114410 — 114413 09 + 18 84+13
axial vectors 2.6+1.0 1.741.7 — 22406 — 16410 22406 —
scalars —6.84+2.0 — — — — -—TtT —-T42 —
a, K loops —~104+138 -3.548.1 — — — —194+19 —194+13 —
-, K l00ps 10 — — — —
+subl N - - - 0t10
othar — — — — — — — 0+20
w gy
quark loops 21+3 0.74+11.1 e — — ' 2.3 2143 107 +48
Total Ha+ 82 89.64156.4 BO+40 1364206 110440 100 4 26 116 + 49 191+81

8PP = Bijnens, Pallante, Prades 95, 95, 02; HKS = Hayakawa, Kinoshita, Sanga ‘95, 96; HX = Hayakawa, Kincenita ll 02; KN = Knecht. Ny*aler
02; MV = Meindkov, Vainshiein 04; BP = Binens, Prages '07; MdRR = Miller, de Ratael, Robens 07; PdRV = Prades, de Rafael, Vainshiein O9; N =
Nyffeder 03, N = Jogerlehner, Nyffeler '09; FGW = Fischer, Goecke, Willams "10, "11 (used values from arXiv:1008.5297v2 [hep-ph), 4 Feb 2011)
e Pseudoscalar-exchange contribution dominates numerically (except in FGW). But other
contributions are not negligible. Note cancellation between =, K-loops and quark loops !
¢ PdRV: Do not consider dressed light quark loops as separate contribution ! Assume it is
already taken into account by using short-distance constraint of MV ‘04 on
pseudoscalar-pole contribution. Added all errors in quadrature ! Like HK(S). Too optimistic ?
¢ N, JN: New evaluation of pseudoscalars. Took over most values from BPP, except axial
vectors from MV. Added all errors linearly. Like BPP, MV, BP, MdRR. Too pessimistic ?
e FGW: new approach with Dyson-Schwinger equations. Is there some double-counting ?
Between their dressed quark loop (largely enhanced !) and the pseudoscalar exchanges.

Nyffeler talk @ INT
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Mu2e

Starts with FNAL Booster; X10,000 improvement over
. , muZ2e.fnal.gov
upgrades at Project X previous measurements
System of superconducting solenoids and world’s most intense muon beam
Production Sole.n-oid Proton Beam @

/ Detector Solenoid
--""'""! Q — =
— 4..—’-:* e 6 T 1:«'\';"‘ o
2 = - e !
—3 'P-> /

Calorimeter

Tracker

* Charged Lepton Flavor Violation: Search for uN->eN at 6x10-Y/
— Quarks and neutrinos violate flavor: why don’t the charged leptons?
— Uniquely sensitive to both SUSY and non-SUSY new physics
— Complements LHC and probes mass scales to 10* TeV/c?
— A powerful discriminator among models

« CD1/Conceptual Design Summer 2012; CD2 scheduled for early 2014; construction to
start 2014; physics data-taking to start early 2020 for 2-3 years
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Muons and spin are an ideal match

Some lucky breaks from parity violation:

High momentum muons from pion decays are longitudinally

polarized

Muon decays are ‘“self-analyzing”
V,u h=1
M S5e
- '/\

W= -5

€

V
V

\J
] e Ve pu/\
= )

Highest energy electrons are
emitted along (opposite)

direction of muon+(-) spin in
muon rest frame
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Currently, acis known to

Gabrielse (2006 & 2008):
Previous result was 20 years prior

trap cavity electron top endcap
t - electrode
qLaltaspacer /'8 2 compensation
o ! | electrode

nickel rings 4 “uN ~=——ring electrode
0.5 cm] /& 1§ <——compensation
bottom endcap _[ .’T L electrode
electrode /4 TT——— field emission
microwave inlet ——* point

Single electron trapped for months
Quantum nondemolition measurement Mg =-1/2 ms =1/2
e orbits horizontally in B field at 150 GHz

Oscillates in z at 200 MHz with electric Ue — 0001 15965218073(28)

quadrupole
Observe quantum jump spectroscopy Hanneke et al., PRL100 (2008) 120801
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The most accurate value of alpha is obtained

g/2=1+0Cs (%) + Cy (Q)Z + Cg (%)3 + Cg (%)4 + Cho (§)5 T ... T Ohadronic T Qweak

7 7

o~ =137.035999 084 (33cxp) (391 )

Compare to other independent extractions

ppb =10
10 5 0 5 10 15
S — T A e A -

Rb (2006) 4 Harvard 2008 Cs (2006)
1 .' | -

..... o———gw. 1987 ,
8.0 8.5 9.0 9.5 10.0 10.5 11.0

X 10

-t
o

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

) ® g (Harvard, 2006)

Rb(2006) H* |
—eo— (Cs(2006)

. i quantum Hall (2001)
t o i
b . + muonium hfs (1999) Are we done?
ac Josephson, etc. (1998)
............... 4 gw,1987) No, lots more
-5 0 5 10 15 20 25

to this story...

(o1 -137.035 990) / 10
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Third CERN experiment ('69-79)

Observe N(t) = Nye /7 [1 + Acos(wat + ¢)]

over threshold
° ° ° 6wa \/i
Fractional uncertainty is —

Wa B waAT\W

Increase momentum to magic (dilates lifetime to 64 ps)
Increase B field, N

Improved A (13 ppm to 2.6 ppm)

Target outside of ring - inject pions - better polarization
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Quantity E821 CERN
Magnet Superconducting Room Temperature
Yoke Construction Monolithic Yoke 40 Separate Magnets
Magnetic Field 145 T 147 T
Magnet Gap 180 mm 140 mm
Stored Energy 6 MJ
Field mapped in situ? yes no
Central Orbit Radius 7112 mm 7000 mm
Averaged Field Uniformity | £1 ppm +10 ppm

Muon Storage Region

90 mm Diameter Circle

120 x 80 mm? Rectangle

Injected Beam Muon Pion
Inflector Static Superconducting | Pulsed Coaxial Line
Kicker Pulsed Magnetic T — u v, decay
Kicker Efficiency ~ 4% 125 ppm
Muons stored /fill 10* 350
Ring Symmetry Four-fold Two-fold
N 1.03 1.15
Detectors Pb-Scintillating Fiber Pb-Scintillator “Sandwich”
Electronics Waveform Digitizers Discriminators
Systematic Error on B-field | 0.17 ppm 1.5 ppm
Systematic Error on w, 0.21 ppm Not given
Total Systematic Error 0.28 ppm 1.5 ppm
Statistical Error on w, 0.46 ppm 7.0 ppm
Final Total Error on a, 0.54 ppm 7.3 ppm

Lyon - Muon g-2 - UMN - 2016-04

Differences between BNL and 3rd CERN
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Measuring W, - Shimming the field

1 ppm contours for trolley map on 02-05-99 (RP)

y [cm]

1ppm contours are
avg of B over 21T

in muon storage
region 10cm x 10cm

ield map 2-16-01 (y'-pol.), 1ppm contour lines (RP
| 0 ppm contours not shown

, prel.)

y [em]

-4
. 2000
5 4 -3 =2 414 0o 1 2 3 4 5
x

3 |
4
-5 -4 -3 -2 14 0 1 2 3 4 5
. x [em]
1 ppm contours for trolley map on 01-08-00 (RP, prel.)
5
0 ppm contours not shown
o
1999 , 2001
3

shimming

: shimming
\ Al 7

y [cm]

---------------
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Shimming Kits to Achieve Desired Uniformity

June 1996 August, 1998
. = 1200 rrrery——

| , ' 1 r ' 5
e s Tt N L} S -1 S B M S

m jpmainnafiiony

—_—  —.
»ro
=

|

0 Fot

relative field [ppm]
relative field [p

|
| ;
" 200 oo ‘
‘ -GOOE
LL.,‘,,......LL.L.....;.,LA,..4..¢_L.J-\L..-....i‘..J.LL.L.._x Li.xle,‘ .aoo LLILJ‘LJL‘llLLJLAA.L 1[111111 11111 11

0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
azimuthal position [deg| azimuthal position [deg]

8 _.35888

z

g 8

100 ppm = 1.45 Gauss out of 1.45 Tesla
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~| year to shim

thermal
insulation
independent shimming for dipole correction coll
dipole

quadrupole

fixed
NMR
,/probes
X )

]
25 programmable
' current sheet

E 4 :
S 4 _.
® 31
e 2 3
© - 1
= 1 o5 W0
2
T 4 EPPR: g-2 Magnet in Cross Section
£ of 5 /13 2 p=7112 mm
o - I I
> -3 1.5

: 1.0 2

4 NETETI P P A | 25

432101234 . : .

radial distance (cm) Achieved ppm uniformity
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FNAL Improvements: Hall Temperature Control (+/-1 C)
Temperature Uniformity
Magnet Iron Insulation

Simulation of Temperature Profiles

SMN =20.92%4§ SMN =19.4104

SMX =21
c 20.92%4 SMX 'ig-iggi
— 0. 401 - 19.5414
20.9451 - e
=
(- 20.9529 J 19.6724
— 20.9608 - 19.8035
m 20-9686 m 19-9345
. 20-9765 ) 20.0655
- 20.9843 20.1965
- 20.9922 E 20. 3276
= - 20.4586
20.589¢
2C° Horizontal Gradient 2C° Vertical Gradient
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Measuring Wq

2] —
: _ o,
2
T10
o 7
o Tl
@
310"
© F
s
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103 = " A A L | ?;
:"'ij;‘ l-“‘“\.'};ﬂ- J A A AA M A AR A v L VW Y ‘l‘, \ ‘@y‘ \/
o ¥ M‘ \‘ L“.J \J '.lH‘ “4 191 J ﬁs ,’A ,‘,\\ ‘ ’l\“ ¥
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2000 data, 4 billion decays

5 parameter fit
N(t) = Noe /7 [1 4+ A cos(wat + ¢)]

sy
2
o

—
=9
[=]

fC BO

—_
]
o

Fourier Amplitude [a.u.]

—
(=}
(=}

08ses, gain variations

fos

60

muon |
fepo + 1

40

20

1 1 1

0

1.4

1.2
Frequency [MHz]

Coherent betatron oscillation
sideband near g-2 found in

2000 data. Tune changed for
2001 run to move CBO away
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Corrections to Wq

Not all muons exactly at magic - measure cyclotron frequency distribution,
correct W,

Pitch correction due to vertical betatron motion - measured with traceback system
(4 straw chambers to trace location of muon decay)

Fast rotation - bunch structure can remain - apply random small offset
(< bin width) to t,

Multiparticle pileup - allows low energy e’s (with different phase) in fit, more
early, less late - keep raw WFD data — subtract constructed pileup hypothesis

Lost muons - escape before decay - leads to incorrect lifetime - Hodoscopes in
front of calorimeters measure rate (coincidence of 3 adjacent hodoscopes)

EDM - tilts precession plane - causes vertical oscillation of polarization -
Traceback detector saw none
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SUSY?

SUSY with mass scale of

several 100 GeV is consistent

with discrepancy

But LHC results require large

tan 3

MSUGRAICMSSM : 0-lep + 's + 7 ieq
MSUGRAICMSSM : 1-lep + J's + By o0

MEUGRAICMSSM : multijets + E

-
Simpl. mod. (light ') - 0-lep + j's + £,
Simpl. mod. (light £') : 0-dep + J's + £, .

Simpl. mod. (light ') - 0-lep + 's + £, ...
Simpl. mod. {light f?] cO-lep + bejets +j's + B
Simpl. mod. [E|—t?f?] cl-lep # bejets +j's + Ep .,

Pheno-MSS5M (light ;I:,\ :2-lep 55 + Eq g

Phenc-MSSM (light £:| :2-lep C-SSF Ll a—
simpl. mod. (§— g% ) - 1-lep + 's + E; 0
GMSE (GGM)] + Simpl. model : vy + E.' ias

GMSE : stable 7

Stable massive particles - R-hadrons

Stable massive particles : R-hadrons

Stable massive particles : R-hadrons

Hypercolour scalar gluons : 4 jets, my = m

RPV {1;,=0.01, 4, =0.01) : high-mass ep

Only &
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ATLAS Searches® - 95% CL Lower Limits (Status: SUSY 2011)
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SUSY?

‘\'E 2500 - y T T T T L] 1 L] T T T
; = with (9-2)
> C n
9 [ — ignoring (g-2)
o 2000 __ :
E : -
1500 |— . :
1000— ;
] R <<j
0- ) | I ! -

0 500 1000

Global fit for best SUSY points given

1500

.2000. — .2500
m, [GeV/c?]

Buchmueller et.

N
A
o
o

2000

m,, [GeV/c?]

1500

1000

500

arXiv:1110.3568v1 [hep-ph]

IIIIjIIIIIIIIIIIIIIIIIII

= ignoring (g-2)M 7

with (g-2)H

o

LHCb, and other data, including g-2
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recent Atlas, CMS,
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http://arxiv.org/abs/1110.3568v1

HVP(LO) K(s)

003 I —— ~K(s)/s for (g-2), B

n 2 2o -

. B ~ 1/(s(s-M")) for 0tpp(M) -
.E | _
D = ]
> 0.02 |- B
g : :
S - |
2 ; K i
0.01 - |

: ----- :"::-;M,.—,-:“-“-r;:“.r:n._________:

O | | | | | | | | | | | | | 1""'1' —
0 0.5 1 1.5 2
S (GeVz)

M. Davier
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Taus for HVPLO

Differences between e+e- and tau data.
Taus need isospin corrections

But predictions of tau to pions branching fractions with
CVC (Conserved Vector Current) Hypothesis disagree with
experiment at few-sigma level.

et

e-

(a)
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Explore the discrepancy with a next experiment

~ 30 discrepancy - a hint of
something new?

Time for another experiment!

0.10 ppm stat, 0.07 ppm systematic on
both W, and W,

With a 0.14 ppm measurement,
current discrepancy becomes
5.60 (7.50 if theory drops to 0.3 ppm)

What can you do with a factor of 4
better experimental result?

Lyon - Muon g-2 - UMN - 2016-04
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And studying old parts

Cornell got this box of stuff

And reconstructed a kicker

: .‘i"-
L
5 . \\' n

— N |

_____________________________________

______________

.......................
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Helicopter?

Lyon - Muon g-2 - UMN - 2016-04

Feasibility study by Erickson Air Crane

PROS:
Skycrane has sufficient lift (coils aren’t that heavy)

No need to remove traffic obstructions and no tree
trimming

Pretty economical

Way cool

CONS:

FAA requires 300’ no-habitation zone under
copter; would require tollway closure during day

Very weather dependent
Vibrations a concern

More risk and more DOE hurdles (attention from
the DOE inspector general) 117



A better beam from Fermilab

Need 180B positron decays
With 4 x 102° Protons on target in 2 year run,
need to improve H/p by factor of 6 (11 to be safe)

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

L decay channel length 88 m 900 m 2

decay angle in lab system TR+ NKR mr farward

0px /Px Pion momentum band
FODO lattice spacing

inflector

total

Improved kicker magnets too!

Lyon - Muon g-2 - UMN - 2016-04 118



Who gets beam when? REMOVE

—&— Main Injector —l— Booster Neutrinos —#&—g-2 —¢—Mu2e ~—#— Total
2.50E+17
2.00E+17
_ 1.50E+17
>
o
I
S
[72)
S
5 NOVA
a
1.00E+17 MINERVA
>00E416 MINERVA
MINOS
MicroBooNE
0.00E+0 — 7T T T 7T — .
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022
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Measuring W,

.
. s YT
K
—

'[ 72.00V ]_,[ 216V ]:
V-breakdown V-trim I
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Data Acquisition

Total: 8 GB/s :

- Backend  |100 MB/s |

Event Frontend GPUs |1

Builder & :
St

orage 24 :

|

Time base blinded
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/

/

Third CERN Muon g-2 Experiment (—1979)

& - &:; ™ .
e J e
g A
7 .
y Ecs

-~

Sensitive to hadronic vacuum polarization (adv. muons!)
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A huge recycling project

Make excellent use of existing Tevatron infrastructure

g-2 ring Tevatron loss monitors
g-2 beamline Tevatron BPM electronics
Debuncher Ring Tevatron electronics crates

Magnets, pumps, stands and other Tevatron control cards
Accumulator Ring components Tevatron damper system

AP transfer lines Misc. Tevatron Instrumentation
AP-0 Target Station Shielding steel

Beam line from BNL

AP-2 beamline magnets Transformers
Main Injector RF ferrites

Tevatron satellite refrigerators

Tevatron N, and He storage tanks

Tevatron cryo line

Tevatron High Temperature
Superconducting leads

Tevatron vacuum equipment
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Synergies between g-2 and Mu2e

Proton Improvement Plan (PIP)

Currently Booster limited by RF system to <9 Hz operation

Proton Improvement Plan will allow 15 Hz operation of the Booster

NOVA needs 9 Hz, leaving 520 POT/yr available for other programs
MicroBooNE (2014) —up to 6 Hz

g-2 (2016) — 3 Hz
Mu2e (2019) — 1.5 Hz

Experiment Total Beam | Available Time Needed
Request Protons/year

MicroBooNE* |6.7 €20 Upto 5.0e20 |<3years
Muon g-2 4.0 e20 2.4 e20 2 years
MuZ2e 3.6 e20 1.2 €20 3 years

* MicroBooNE can run in parallel with g-2 or Mu2e, but g-2
and MuZ2e have to run separately
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Booster beam structure

20 Booster cycles per NOVA cycle (1.33 sec)

12 NOVA cycles stored in Recycler before transfer to Ml
Remaining 8 Booster cycles available for other experiments
MiniBooNE experience, 1 Booster cycle -> 0.6e20 POT/year

Protons to MuZ2e
Main Injector

Energy

JIETUN I LLULU CEEEETEL .
i SV

Protons to g-2 Protons to NOVA

Protons to MicroBooNE
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Event rate calculation

Item Factor Net|Note
Booster cycle - 15 Hz operation 1.33 s/cycle 0.75 Hz| 1
Batches to g—2 6 4.51 Hz| 2
Protons on target 4 x10'2 p/batch| 1.80 x10'3 p/s| 3
Bunches (each bunch provides 1 fill of the ring) 4 /batch 18 fills/s| 4
BNL stored muons per proton 1 x107 pu/p 1000 p/Tp| 5
Minimum stored u/p improvement FNAL vs. BNL 6.0 6000 u/Tp| 6
Positrons with ¢t > 30 us and F > 1.8 GeV 10 % 603 et /fill| 7
DAQ / Expt. production and uptime 66 % 8
Time to collect 1.8 x10'! events (2 x 107s/y) 1.25 years| 9
Commissioning time 0.1 years| 10
FNAL running years 1.35 years| 11
Total Protons on Target 4 x 10 POT| 12
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T's and Q’s

1800

10°

10°

S 27 ndt 2280/ 1999
S ™F T method Norm 1246 + 2.5
8 200 “l | (tra ditional) Tau 6.404e+04 = 99
o oo L Asym 0.3947 + 0.0018
New Q method: ;| Orgega 1.438+06 = 85
M 600 = Phi -40.4 + 0.
Total cal E vs time  =F ! 04-00
(no ithShOId) OE_' S T, B A— T — 2500 _ [3%03
([ J o >\
will see wiggle 2 p— S
2500 I Norm 2340 + 2.6
foo LT o Q method Tau 6.431e+04 + 55
O ; Asym 0.2016 = 0.0010
8 1900 = Omega 1.438e+06 = 93
° ‘> 1000 — Phi -40.4 = 0.0
Net asymmetryis S -
GD)_ 5005—
half Of T meihOd’ D o — 0 /00 3000
Geant4 Simulations Time (ns)

but N is larger.

Statistically weaker than T method by 9%, but

no Pileup correction necessary!! Will other systematics

emerge?
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Improving Wy

Source of errors Size [ppm]
1998 1999 2000 2001 future

Absolute calibration of standard probe 0.05 0.05 0.05 0.05 0.05
Calibration of trolley probe 0.3 0.20 0.15 0.09 0.06
Trolley measurements of By 0.1 0.10 0.10 0.05 0.02
Interpolation with fixed probes 0.3 0.15 0.10 0.07 0.06
Inflector fringe field 0.2 0.20 - - -
Uncertainty from muon distribution 0.1 0.12 0.03 0.03 0.02
Others 0.15 0.10 0.10 0.05
Total systematic error on wy, 0.5 0.4 0.24 0.17 0.11

To get to 0.07 ppm, more probes, mapping, shimming, temp control
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g-2 at JPARC (no E-fields)

Courtesy N. Saito

3 GeV proton beam

(333 UA)
Graphite target Silicon Tracker

4 (20 mm)
surface muon beam
(28 MeV/c, 4x10%/s) 66 cm diameter

\‘ Muonium Production

00 K/~ 25 meV=2.3 keV/c
Super Precision Magnetic Field

'*‘;‘l *& (3T, ~1ppm local precision)

Resonant Laser lonization of
Muonium (~108 pt/s) (30€C

New Muon g-2/EDM Experiment at
J-PARC with Ultra-Cold Muon Beam

Lyon - Muon g-2 - UMN - 2016-04



JPARC

Have to contend with higher rate in smaller device
Nideal(t) = Noexp(—t/y7,)[1 — Acos(w,t + ¢)]

7

2

— O,=
Muon momentum 3.09 GeV/c 0.3 GeV/c A y T u \W
gammia 20.3 3 Lower y means higher statistics
Storage field B=145T 30T required
Rt Electric quad St Also need to repolarize muon source
# of detected u+ 5 0ES | 81" | 5E12 or compensate lower A
decays
# of detected - 3 6E9 )
decays
Precision (stat) 0.46 ppm 0.1 ppm 0.1 ppm

N. Saito NuFact 2011

Highly granular Si
tracker, Belle Il DSSD

under evaluation

nEUtrino

g-2 silicon tracker
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