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What is (muon) g-2?
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What is (muon) g-2?

Spin, magnetic momentum, g-factor

 Intrinsic magnetic momentum for any (charge) particle
with spin S

» g-factor dictates the relationship between momentum
and spin, tells something fundamental about the particle
itself (and those interacting with it)

« Classical system > g=1
- Elementary particles such as electrons - g =2
« Composite particles such as protons 2> g !=2

It provides a unique prospective to analyze the particle
without ‘breaking’ it: observe and learn!

S, q9 z
HS = 4 2—5
m
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Where is the anomaly?
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Where is the anomaly?

We physicists love ‘anomalies’
- Electrons, do we really ‘see’ g=2 as predicted by Dirac?
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Where is the anomaly?

We physicists love ‘anomalies’
- Electrons, do we really ‘see’ g=2 as predicted by Dirac?
NO! [1948 Kush and Foley measured g, = 2.00238(6)]

e Where does this 0.1% deviation comes from?
 Empty space ?!
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Where is the anomaly?

We physicists love ‘anomalies’
- Electrons, do we really ‘see’ g=2 as predicted by Dirac?
NO! [1948 Kush and Foley measured g, = 2.00238(6)]
 Where does this 0.1% deviation comes from?
 Empty space ?!

« As it turns out, the space is never ‘empty’, virtual particles
pop in and out within short period — radiative corrections
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Where is the anomaly?

We physicists love ‘anomalies’
- Electrons, do we really ‘see’ g=2 as predicted by Dirac?
NO! [1948 Kush and Foley measured g, = 2.00238(6)]
* Where does this 0.1% deviation comes from?
 Empty space ?!

« As it turns out, the space is never ‘empty’, virtual particles
pop in and out within short period — radiative corrections

2 -+ 0.00236 S
First order QED: beginning of QED and the Standard Model
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From ‘beginning’ to ‘beyond’ of
Standard Model
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From ‘beginning’ to ‘beyond’ of

Standard Model
A slight change of name: g 2> a g— 2
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From ‘beginning’ to ‘beyond’ of

Standard Model
A slight change of name: g 2> a g— 2

* From ‘empty space’ 2 ‘everything included’ )

« Consider QED, hadronic, electroweak corrections...

SM __ | QED had EW |
a'f-.f. o ”',f.-f- il ”’ﬁ-f- LE ”}“-
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From ‘beginning’ to ‘beyond’ of

Standard Model
A slight change of name: g 2> a g— 2

* From ‘empty space’ 2 ‘everything included’ )

« Consider QED, hadronic, electroweak corrections...

SM __ | QED had EW |
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From ‘beginning’ to ‘beyond’ of

Standard Model
A slight change of name: g 2> a g— 2

* From ‘empty space’ 2 ‘everything included’ )

« Consider QED, hadronic, electroweak corrections...
SM _ _QED L had EW |
a, = g e G
 Muon is special

* my/m, ~ 200, sensitivity ~ 2002 ~ 10 (effects on muons are
much easier to be observed than electrons)

- Easy to make ample production, life time (2.2ns) long enough

to ‘observe’ and make measurements
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Road to Precision
Measurements
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Experiment

Road t
Meas

S |
o [E (E)d + had + weak+7?

T
x

cenn (GG (—) + hadronic

-
! o

e ()’

m

-
Cx
. I
27
16 l:]id 1008 16000 00330 1008008 1E7
Ca,, X 10"

ecision
ents

Recent Progress on Muon g-2 Experiment at Fermilab, Liang Li, PASCOS 2016

July 12th ;2016

7



Experiment

Road to Precision
Measurements

Experiment Beam | Measurement da,/a,,
remas ] A Columbia-Nevis(1957) 2 pt | g=2.00=£0.10

v o Neoviel 1050) 3 + +(16) 9

- [ (_) + had + weak 47 | Columbia-Nevis(1959) pt | 0.001137 ) 12.4%
T CERN 1(1961)* p+t | 0.001145(22) 1.9%

o , CERN 1(1962) ® pt | 0.001162(5) 0.43%
= [ (; + hadronic CERN 2(1968) ¢ pt | 0.00116616(31) 265 ppm
' CERN 3(1975) 7 pt | 0.001165895(27) 23 ppm
cew s [ CERN 3(1979)® pt ] 0.001165911(11) 7.3 ppm
v\ 2 BNL E821(2000) ° pt | 0.001165919 1(59) 5 ppm
« [ (F) BNL E821(2001) 10 ut | 0.0011659202(16) | 1.3ppm
cy | BNL E821(2002) 1! pt | 0.001 165920 3(8) 0.7 ppm
vevis | R | BNL Es21(2004) 12 p~ | 0.0011659214(8)(3) | 0.7ppm
L P s A W el S 2w World Average(2004) 1213 [ 4F | 0.001 165920 80(63) | 0.54 ppm

Ca,, X 10"

7
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Road to Precision
Measurements

Experiment Beam | Measurement da,/a,,
remas ] A Columbia-Nevis(1957) 2 pt | g=200£0.10
o Columbia-Nevis(1959) 3 ut | 0.001137(19) 12.4%
— | -+ had + weak+4 7 —(12)

Lo B (;T ) CERN 1(1961) p | 0.001 145(22) 1.9%

c [ .
@ o , CERN 1(1962) ° pt | 0.001162(5) 0.43%
E cmen [STSNNNNN (;) + h?d?f‘:m'c CERN 2(1968) ¢ pt | 0.00116616(31) 265 ppm
% Q CERN 3(1975) 7 pt | 0.001 165 895(27) 23 ppm
cew s [ T CERN 3(1979)® pt ] 0.001165911(11) 7.3 ppm
a2 BNL E821(2000) ? pt 1 0.001 165919 1(59) 5 ppm
« [ (T ) BNL E821(2001) 10 ut | 0.0011659202(16) | 1.3ppm
" ¢« | BNL E821(2002) ! pt | 0.001 165920 3(8) 0.7 ppm
Nevis BNL E821(2004) 12 — | 0.0011659214(8)(3) | 0.7ppm

( J _ pp

L P s A W el S 2w World Average(2004) 1213 [ 4F | 0.001 165920 80(63) | 0.54 ppm

ag, x 107
}I

Over 50 years of non-stopping improvementond m

 Pushing both theoretical and experimental frontend
« Latest measurement from BNL E821 (2004) came with 0.54ppm

* New muon g-2 experiment at Fermilab aim at 0.14ppm
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How to measure?
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How to measure?
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How to measure?

The name of game changes again: a 2> w

* Put (polarized) muons in a magnetic
field and measure precession f.q.
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How to measure?

The name of game changes again: a 2> w

* Put (polarized) muons in a magnetic
field and measure precession f.q.

el3

2mc

Bt — )
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How to measure?

The name of game changes again: a 2> w

* Put (polarized) muons in a magnetic
field and measure precession f.q.

* Get muon spin direction from

decayed electrons

¢/ X
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How to measure?

The name of game changes again: a 2> w

* Put (polarized) muons in a magnetic
field and measure precession f.q.

* Get muon spin direction from
decayed electrons

- a.~ difference between precession
frequency and cyclotron frequency

v N
H " & b sl Ve el
A % me “ = Iome
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How to measure?

The name of game changes again: a 2> w

* Put (polarized) muons in a magnetic
field and measure precession f.q.

* Get muon spin direction from
decayed electrons

- a.~ difference between precession
frequency and cyclotron frequency

Wq = Ws — We

eB
o wa_ J— (L ;U- ]’]1 (_’-' :tp
Y N % N
H W Y —
A % T me W™ T Tme

Recent Progress on Muon g-2 Experiment at Fermilab, Liang Li, PASCOS 2016 July 12th /1 2016 8



A slight complication...

The magic muon momentum

« Muons make horizontal circular movement under influence
of magnetic field B, what about vertical movement?

* Need to use electrostatic quadruples to confine muons
vertically, this brings additional complication

€ — 1 — —
by = — |a, B — y — — B X FE
e e
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A slight complication...

The magic muon momentum

« Muons make horizontal circular movement under influence
of magnetic field B, what about vertical movement?

* Need to use electrostatic quadruples to confine muons
vertically, this brings additional complication

€ — 1 — —
by = — |a, B — y — — B X FE
e e

 How to measure E?
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A slight complication...

The magic muon momentum

« Muons make horizontal circular movement under influence
of magnetic field B, what about vertical movement?

* Need to use electrostatic quadruples to confine muons
vertically, this brings additional complication

—3

= ¢

mc

« How to measure E?
* No need! choose g= 29.3, then coefficient vanishes!
* ¢g=29.3 means p,= 3.09 GeV (magic momentum)

eB

Wo = Oy ——
mc
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Experiment setup

Protons Pions Polarized Muons
from source p=3.1 GeV Inflector /—Illjectlﬂll Point

‘—-_)-

Target

Injection Orbit
Storage Ring Orbit
e ;ﬂ
e .
Kicker

Modules

—]
Storage %

Ring

In Pion Rest Frame

spin
moimentium

“Forward” Decay Muons
are highly polarized
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. ! eB
One more complication... «w.=a,—

mc
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One more complication... «w.=a,—

mc
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. ! eB
One more complication... «w.=a,—

mec
Human beings measure frequency the best
« Convert to frequency and extract from several measurements

« Use ratio of different frequencies and |

R
A =R

* W, is the proton precession frequency, w, ~ |B|
R is measured in this experiment

a, R =wa/wp, A= p,/1

* | (muon-to-proton magnetic moment ratio) is determined by
precision hyperfine muonium structure experiment

Recent Progress on Muon g-2 Experiment at Fermilab, Liang Li, PASCOS 2016 July 12th /1 2016 1



. ! eB
One more complication... «w.=a,—

mec
Human beings measure frequency the best
« Convert to frequency and extract from several measurements
« Use ratio of different frequencies and |

R
A =R

* W, is the proton precession frequency, w, ~ |B|

a, R =wa/wp, A= p,/1

R is measured in this experiment

* | (muon-to-proton magnetic moment ratio) is determined by
precision hyperfine muonium structure experiment

* Final measurements done in three steps
* Inject muons into a ring with uniform magnetic field
* Measure proton precession frequency w,
* Measure muon frequency difference w,

* The last two steps are done simultaneously and independently
(blind analyses)
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Injection into the muon storage ring

i'l P i
. =

12
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Injection into the muon storage ring

Through bolt —_

o

Iron yoke —\‘\O N \ N
Upper push-rod 7 7 _ Inner upper coil

slot \ﬁ <

1570 mm Outer coll 35X —Muon beam Poles
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Spacer Plates Y Inner lower coil

o%/////// /// ~ -
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1
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Measuring w,, namely the B field
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Measuring w,, namely the B field

360 tixed
NMR probes

17 NMR probes on
trolley. Map Field at 6000
azimuthal positions

Use trolley and high precision (~10ppb) nuclear magnetic
resonance (NMR) probes

* Monitoring the field and provide feedback to the storage ring
power supply during data taking

« Mapping the storage ring field when the beam is off
« Absolute and cross calibration of all probes
« Shimming techniques to better produce uniform B field
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Measuring w,, namely the B field

/

360 tixed
NMR probes

\

17 NMR probes on
trolley. Map Field at 6000
azimuthal positions

radial distance (cm)
Use trolley and high precision (~10ppb) nuclear magnetic

resonance (NMR) probes

* Monitoring the field and provide feedback to the storage ring
power supply during data taking

« Mapping the storage ring field when the beam is off
« Absolute and cross calibration of all probes
« Shimming techniques to better produce uniform B field
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Measuring w,
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Measuring w,

Wave Form
Digitizer

N

Time (ns)
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Measuring w,

Calﬂrlmetcr
l{i.gheat energy positrons when spin
and momentum are a]igned.
4DVIT
EE BCron
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Measuring w,

——

Calﬂrl meter

l{i.gheat energy positrons when spin
and momentum are a]igned.

Count N,
above E,

EE BCnon
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Measuring w,

——

1]
Calﬂrlmet or

l‘ﬁgb.&ﬁt energy positrons when spin
and momentum are a].lgned.

Count N,
above E,

EE BCnon

The integrated number of electrons (above E;;) modulated at w,
« Angular distribution of decayed electrons correlated to muon spin
- Five parameter fit to extract w,

Nigeal(t) = Noexp(—t/y7,)[1 — Acos(w,t + ¢)]
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Measuring w,

——

l‘ﬁgb.&ﬁt energy positrons when spin

and momentum are a].lgned.

Count N,
above E,

EE BCnon

Counts per 150 ns

" 10

£ 3000fF -~ _ £ 120F 4

2 2500F 2 100 H!H I'I!II

g 20000 g 80 Iil‘* ‘li" ]| L

2 1500F p . o 60 h"-.ll"'i“ - 4l

€ 1000f - S a0 W et

= L =]

8 s500F S8 20

%2 36 38 40 0 602 694 696 698

time (us) time (us)

The integrated number of electrons (above E;;) modulated at w,
« Angular distribution of decayed electrons correlated to muon spin

- Five parameter fit to extract w,

Nigea(?)

= Noexp(—t/y7,)[1 — Acos(w,t + ¢)]

Pileup
Gain (energy scale) changes
Coherent Betatron Oscillations

Muon Losses
14
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Theory calculation
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Theory calculation

SM _ ,QFED had EW
(1-},__{_ == r’fru_ i fe']“_ - fa'J“_
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Theory calculation

SM __ ”QE;’_)___ ”F'H.':.d__ ”EH-"

a L T L L
Contribution Result in 10-11 units
qff"? D QED (leptons) 116 584 718.09 + 0.15
HVP(lo)[e+e-] 6923+ 42
al! & HVP(ho) 98.4+0.7
HLbyL 105 £ 26
E?EH- EW 153 =1
Total 116 591 801 + 49
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Theory calculation

a A

a;

Had
ay

ﬁ,EH

Ly,

2
Contribution

SM L ”QE;’_)___ ”F'H.'t.d__ ”E'r‘r‘r

7’ [
Result in 10-1 units

QFED QED (leptons)

116 584 718.09 £ 0.15

HVP(lo)[e+e-]

E b?ESi-—lEl

HVP(ho) 08.4+0.7
EW 153+1
Total 116 591 801 + 49

Dominating theoretical uncertainties are hadronic components

 Most from low energy non-perturbative QCD regime

* The hadronic vacuum polarization (HVP) is related to the cross
section for hadron production e*e- — hadrons

* The hadronic light by light (HLbL) is model specific (cannot be
determined from data directly), much less known (25% error)

« Lattice QCD is starting to get involved, could be a big help
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Experiment and Theory Comparison
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Experiment and Theory Comparison

5. S published results shown or :_|.l':'
Status: summer 2011 (published results sh n on
LA L B L L L B L L B L Ly L L) LY B ) BB
1

JN 09 (e'e™-based)

-89 65 —e—

DHMZ 10 (x-based) 2.40
—105=54 ——aA—
DHMZ 10 (e*e") 3.60

—DB7 =49 ——

HLMNT 11 (e*e") 3.30

961 =49 —e—

BML-E821 (world average) i

0-63 -
i
0

1 I 11 1 1 I 111 1 I 11 1 1 I | I T - I 11 1 1 I 11 11 I 1 11 | I -
-f00 600 -500 -400 -300 -200 -100
; -1
M. Davier ICFA 2011 a _ P x 10
2 b

[1] DHMZ, Eur.Phys.J.C72:1874 (2012)

[2] HLMNT, J.Phys.G38,085003 (2011)

Da,= (286 ° 80) X 10-11[1]
Da,= (260 ° 78) X 10-"1 (2]
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Experiment and Theory Comparison

Status: summer 2011 (published results shown only)

R e R B e R [1] DHMZ, Eur.Phys.J.C72:1874 (2012)
i [2] HLMNT, J.Phys.G38,085003 (2011)

JN 09 (e'e™-based)

—209 - 65 —a—

- 2.4
Dlesany | e |
o ) 380 Da = (286 ° 80) X 10-"1[1]
HLMNT 11 (g*e") 3.30 Dam= (260 ° 78) X 10-112]
—261 =49 —ea— i

BNL-EB21 (world average) [
0-63 -

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIiIIII
-f00 600  -5300 400 -300 -200 -100 0

M. Davier ICFA 2011 x 10711
a — a¥P
B 5

3.3 s — 3.6 s difference depending on HVP LO contribution

 If the discrepancy between the theory and the experimental result
sustains, it can point to new physics

* More importantly, Da_tightly constraints new physics models and
has significant implications to interpret any new phenomena
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E821(BNL) vs. E989(Fermilab)
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E821(BNL) vs. E989(Fermilab)

E821 (BNL) : a_,*x* = 116 592 089 (63) X 10 -1
Uncertainty: 0.46 ppm stat., 0.28 ppm syst.
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E821(BNL) vs. E989(Fermilab)

E821 (BNL) : a_,*x* = 116 592 089 (63) X 10 -1
Uncertainty: 0.46 ppm stat., 0.28 ppm syst.

Goal: reduce experimental uncertainty by a factor of 4
« 21 times more statistics: powerful Fermilab particle source
* dy.¢ =0.46 ppm > 0.1 ppm
 New segmented calorimeters, straw wire tracker, fast muon kicker...
 d w=0.21 ppm - 0.07 ppm

* Long shimming period, magnet temperature stability, more/better
in-situ calibrations, more probes, modern instrumentation...

* dg W, =0.17 ppm - 0.07 ppm
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E821(BNL) vs. E989(Fermilab)

E821 (BNL) : a_,*x* = 116 592 089 (63) X 10 -1
Uncertainty: 0.46 ppm stat., 0.28 ppm syst.

Goal: reduce experimental uncertainty by a factor of 4
« 21 times more statistics: powerful Fermilab particle source
* dy.¢ =0.46 ppm > 0.1 ppm
 New segmented calorimeters, straw wire tracker, fast muon kicker...
 d w=0.21 ppm - 0.07 ppm

* Long shimming period, magnet temperature stability, more/better
in-situ calibrations, more probes, modern instrumentation...

* dg W, =0.17 ppm - 0.07 ppm

E989 (Fermilab) experimental uncertainty:
0.14ppm ~ 16 X 10 -1
> 5s deviation if with the same central value
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New physics?

T T A L T T
Bsi2 : :;C
201 abne
Ha - . 155
ol C QJSEDSE el g |
N 2 __ 0 . &S . 107
e &< i
~mk 5:
B
N ®s ob v :
_anl 2 4 8 10 12 14 16
_m tan g
. P )
Benchmark poirts SUSY H
. . . . 2
« Strong discriminating aSUSY 13 1010 sign()1) 100 GeV) N
power from improved : 7\ msusy "
measurements

« Complementary to LHC

 Invisible decay connected
to dark sector

D

ark Sector?
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Recycler Ring

a_ N Muon Campus

T

Fermilab Muon Campus

* Recycler

— 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

Beamlines / Delivery Ring

P1to P2 to M1 line to target
Target to M2 to M3 to
Delivery Ring

Proton removal

Extraction line (M4) to g-2
stub to ring in MC1 building
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Fermilab Muon Campus
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Fermilab Muon Campus
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Fermilab N.n Campus

A

Recent Progress on Muon g-2 Experiment at Fermilab, Liang Li, PASCOS 2016 July 12th | 2016 20



Sha

== Main Injector === Booster Neutrinos  =le=g-7 =—e—plyle ===Total

dm

2.50E+17

2.00E+17

1.50E+17

Protons/Hour

1.00E+17 FA———F

MINOS?

5.00E+16

MicroBooNE

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022
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Detector upgrade: calorimeter
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Detector upgrade: calorimeter

Decay electron~.___

Decay electron I

. ) Traceback chambers
Calorimeter active volume Calorimeter active valume
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Detector upgl.: calorimeter

—oeemeemooo-Decayelectioloe—

Calorimeter active valume

Segmented, fast response, crystal calorimeter (9X6 array)
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Detector upgrade: calorimeter

Decayelectron~—._ =

Decay electron

. ) Traceback chambers
Calorimeter active volume Calorimeter active valume

o 2850¢ : ‘
£ 2800f Gain stability: PR
Q r 484 1, ]
S 2750 2X10-4/hour 'Hi'ﬂ':} +H .
° [ ]
S 2700F H
= SLAC Test beam :
2650 :_ h SiPM laser response only _:
2600%— 2013, 2014,201 6 W £
E 1 ]
2550 . . E
2500} ule 4 v N"""":o'ii'"m'*hi‘u'h'o‘u*..iu*u*"* ' =
24503255 3240 3260 3280 3500
run number

Segmented, fast response, crystal calorimeter (9X6 array)
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Detector upgrade: calorimeter

Decay electron~.___

Decay electron

Traceback chambers

Calorimeter active volume Calorimeter active valume

- Gain stability: R :
F 2X104/hour ™ e
L I ]

- SLAC Testbeam |
_ 2013, 2014,2016

Haieg gt F T
Pty pnattath g b gt

3420 3240 3260 3280 3500

Segmented, fast response, crystal calorimeter (9X6 array)
« Lead-floride Cherenkov crystal (PbF,) can reduce pileup
« Resolution (2.3% at 3 GeV) better than requirement (5%)
+ Silicon photomultiplier (SiPM) directly on back of PbF,
* No disturbing magnetic field, avoid long light guides
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Detector upgrade: tracker
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Detector l: tracker

K orpie -t
Q1 L PbF:
LA T Calo
<
5 " TE_+ Straws

Doublet of UV straw chambers
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Detector up.de: tracker

Doublet of UV straw chambers

New straw tracking detector

 Measure muon decay vertex and
momentum

« Calibrate beam dynamics, better
control of systematics

« Better measurement of the pileup
(multiple positrons)
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Detector up.de: tracker

":i._ P
f' ""f:‘:'x
L PbF;
S T Calo
ol
e Straws
,f;’ E.+
W
e
F
F
10"

g-2 Straw Tracker Testbeam
Fur 497 : Feb 03 2003 : 4.6M hits
V layer

Doublet of UV straw chambers

New straw tracking detector
 Measure muon decay vertex and
momentum
« Calibrate beam dynamics, better
control of systematics

« Better measurement of the pileup '
H H ﬂﬂ 10 20 30
(multiple positrons)
Straw Channel #
July 12th /1 2016 23
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Simulation & Reconstruction
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Simulation & Reconstruction
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Simulation & Reconstruction

Location of Calo Hits(XZ)

3 TrackefS.— T =TT ek
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24 calorimeters placed around the ring
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The Big Move of The Big Ring
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The Big Move of The Big Ring

Disassembly
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The Big Move of The Big Ring

Disassembly

Emmert International
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The Big Move

)

Emmert International
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The Big Move of The Big Ring

,* The Big Move
> Traveeld by barga: s = = =
1
| ]
i

Seuth along East Coast
Around Bp of Florida
* L] Rarwest through Gulf of Meoico
* ] Marth through Mississippi River
INawth through 1linois wartinways

Emmert International *

- -
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Arrived at Fermilab
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Arrived at Fermilab
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Arrived at Fermilab

-- -—4-* "“"

‘]n" J
" . \
' 'l 'f.’b ud h Pl 3 .“,.
i
- SURRNR AT I
b e (Y L,l'\r-; --\-‘I ¢

Recent Progress on Muon g-2 Experiment at Fermilab, Liang Li, PASCOS 2016 July 12th /1 2016 26




B Field Measu-mprovements

1600 Shlm 1 45 T fleld to high uniformity and measure |t vs tlme -
E yoob | |4 A Oct2015 > June2016 = | | | [1
o - Lo f\/\ ' i P P o P o P 5
m% 1000 [; ¥/ ~200
~ 800Mg P NV \or ppm
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B Field Measu-mprovements

1600 Shlm 1 45 T fleld to high uniformity and measure |t vs tlme -
E yoob | |4 A Oct2015 > June2016 = | | | [1
o - : f\/\ ' i P P o P o P 5
m% 1000 [; ¥/ ~200
~ 800Mg P NV \or ppm
o 6005 | |
h 400E i L A/\/ N ~1400
= a0 TR | veem

0 BB T B - R R B m—
AZ|muthaIIy Averaged Map azimuth (deg)
B-field (ppm) ﬁe_ld (ppm)

Norm Skew Norm Skew

Quad 25.13 -0.53 Quad -1.00 0.56

Sext -1.99 -0.11 Sext -2.83 5.99

Octu -1.16  -0.31 Octu -1.24 -0.20

Decu 095 -0.07 Decu 1.25 0.18

- P* RMS is 40 ppm
TR, weandnen BNL was ~ 35 ppm
o(cm) Oct 2015 -|June 2016 R-Ry(cm) Goal is ~ 15 ppm
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Current Status

2015 2016 2017
Sep | Oct | Nov | Dec | Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep | Oct | Nov | Dec | Jan | Feb | Mar

I
L

On schedule to take data in 2017!
 Received DOE CD-2/3 approval in August 2015
* Relocation/-commissioning of “Big Ring” accomplished

« Beamline construction, Field shimming and Detector
commissioning in progress since 2015
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Summary

Fermilab muon g-2 program is well underway

* Flagship project at Fermilab muon campus
 World wide international collaboration
 Implementation and construction phase, Ring installed!
« Beam expected in early 2017

* g-2 is extremely sensitive to new physics and high order
calculations & corrections

« Aiming to reduce experimental uncertainty by a factor of 4
« Theoretical uncertainty also expected to reduce by a factor of 2
« Could achieve 5.5-7.5 s significance if the central value stays

« Great discovery potential and bright future in line with
Fermilab Intensity Frontier programs
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w, Systematics

Category E821 | E989 Improvement Plans (oal
ppm| ppm
Gain changes | (.12 | Better laser calibration
low-energy threshold (.02
Pileup .08 | Low-energy samples recorded Detector
: - : Team
calonmeter segmentation (1.0
at 1 . 0 9 .
].“U.1 MO [].[:':' ]h. tter collimation n ring | 0.02 Ring
CBO .07 | Higher n value {frequency) Team
Better match of beamhine to nng | < 0.03
F and pitch 0.05 | Improved tracker
- Precise storage ring simulations p.03 | Detector
__ . _ -.I i L = = - =LA [ - . :-| Team
Total (.18 | Quadrature sum (.07

Systematics error to 70 ppb (x 3 improvement)
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w, Systematics

Systematics err

or t

0 70 ppb (x 2 impr

Category ES21 | Mamn E989 Improvement Plans (Goal
ppm| |ppm |
Absolute field calibra- | 0.05 | Special 1.45 T calibration magnet | 0.035
t1on with thermal enclosure; additional
probes; better electronics
Trolley probe calibra- | 0.09 | Plunging probes that can cross cal- | 0.03
tions ibrate off-central probes; better po-
sition accuracy by physical stops
and /or optical survey; more frequent
calibrations
Trolley measurements | 0.05 | Reduced position uncertamty by fac- | 0.03
of By tor of 2; improved rail wrregularities;
stabihzed magnet field during mea-
surements®
Fixed probe mterpola- [ 0.07 | Better temperature stability of the | 0.03
tion magnet; more frequent trolley runs
Muon distnbution 0.03 | Additional probes at larger radm; | 0.01
mmproved field umformity; mmproved
muon tracking
Time-dependent exter- Dhrect measurement of external | 0.005
nal magnetic fields fields; simulations of 1mpact; active
feedback
Others § 0.10 | Improved trolley power supply; trol- | 0.03
ley probes extended to larger radn;
reduced temperature effects on trol-
ley; measure kicker field transients
Total sygtematic error | 0.17 0.07

ment)
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New SUSY Limits

600¢
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ATLAS exclusion my, [GeV]
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Muon EDM
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Muon EDM

~

@
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P xio”
] : Nu{]t = 4849924 ﬁ Chiz / ndf = 415.1 ) 396
§1sumn r Chi2 / ndf = 414.6 / 396 = 05— N = 0.0001666 + 3.9192.06
L N =1236e+0d + 16.19 2 - Ag2 = -1.7640-05+ 5.4510-06
= Lifetime = 1.1350+05 + 7208 £ ;
- W = 2073+ 12.31 -2l el
= + 12, = Aedm = 4.416e-06 + 5.537e-04
16000 phigZ = 1605 + 0,002609 ,—‘E i T B ¥
C g 03| ‘
= @ | |
14000 — 2 il |d J' | | ] |
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L .i I | || | i |i ‘I i
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]
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(g-2) signal: # Tracks vs time, modulo EDM Signal: Average vertical angle

g-2 period, in phase.

modulo g-2 period. Out-of-phase by
90£ from g-2; this is the EDM signal

from E821 d, <1.8x 10" ecm — ~ few107%
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The J-PARC approach*

*Slides derived from talk by Glen Marshall, July 2015

3 Ge\/ proton beam
(333 UA)

surface muon beam
(%B‘Eﬂ"ewc, ~10%/s) resonant laser ionization of

D _ nium for ultra-cold p*
& e ‘)e (~10° p*/s)

muon storage ring

(3T, r=33 cm, 1 ppm local)
muonium production G

(300 K, 25 meV=2.3 keV/c)

muon reacceleration
(thermal to 300 MeV/c)
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What makes them different?

Eliminate electric focusing removes O x E term

Do need ~zero P; to store muons

> Not constrained to run at the “magic
momentum”

Create “ultra-cold” muon source; accelerate, and
inject into compact storage ring.

Consequences are quite interesting ...

Smaller magnet; intrinsically more uniform

€
=L
mc

Aim for BNL level precision as an important check

Recent Progress on Muon g-2 Experiment at Fermilab, Liang Li, PASCOS 2016 July 12th /1 2016



What makes them different?

Eliminate electric focusing removes O x E term

Do need ~zero P; to store muons

> Not constrained to run at the “magic
momentum”

Create “ultra-cold” muon source; accelerate, and
inject into compact storage ring.

Consequences are quite interesting ...

Smaller magnet; intrinsically more uniform

€
=L
mc

Aim for BNL level precision as an important check

Recent Progress on Muon g-2 Experiment at Fermilab, Liang Li, PASCOS 2016 July 12th /1 2016



Fermilab vs. J-PARC

1 2
dewa/wq Z%\/@j

Table 4: Comparison of various parameters for the Fermilab and J-PARC (g —2) Experiments

Parameter Fermilab E989 J-PARC E24
Statistical goal 100 ppb 400 ppb
Magnetic field L145T 3.0T |
Radius 711cm 33.3cm
Cyclotron period 149.1 ns 7.4ns
Precession frequency, w, 1.43 MHz 2.96 MHz
Lifetime, 7, L64.4 us 6.6 us_|
Typical asymmetry, A 0.4 0.4
Beam polarization | 0.97 0.50 |
Events in final fit 1.8 x 1011 8.1 x 101!

~__Gorringe and Hertzog, Progress in Nuclear and Particle Physics, Volume 84 (2015) September 2015



