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Today’s Status about Muon g-2

Comparison of SM _
& BNL Measurement o F
410 X oF
Jegerlehner (2017) —=— o= W ~
£ * BNL - $ x4 | Fermilab goal
DHMZ (2017) et é zﬂ__
W 15[
DHMZ (2011) L ok 360
BNL (2004)  10p
—_— 5_:
390 SM Theory __p
KNT (2017) FNAL expected Evaluations [l } H -« , .
arXiv:1706.09436 - f ;xz Thy estimate
HLMNT (2011) e 0.14 ppm S
10
| | | | ed——o0e——bobs——Soic— 012 So1d—Soid " So1e—3na0
-600 —400 ~200 0 YEAR
10 . .
a, - a,(BNL) * D. Hertzog’s projection map
L

3.3 o0 — 4.1 o difference depending on theory calculation
 If the discrepancy sustains, strong indication of new physics!
 Even if not, Aa, tightly constraints new physics model
« Significant implications to interpret any BSM phenomena
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Pedagogical: 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!

—_

= q
s = qg—095
s 2m
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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
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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 > 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 > a g— 2
. . ittt
* From ‘empty space’ 2 ‘everything included’ )
« Consider QED, hadronic, electroweak corrections...
SM _ _QED, ,had, ,EW _, NP
a, = a,; a, a, a“
(ty, ~0.1% ~0.00001% ~0.0000001% New _
’ correction
g beyond EW
i | scale?
‘ 5. L o + beginning of
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A

z Standard
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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 _ NP
a‘;..f. T ”',f--f- a I ”‘;.x. a},l

 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 (2.2us) long enough

to ‘observe’ and make measurements
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Experimental: How to Measure?
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Experimental: How to Measure?

The name of game changes again: a 2

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

The name of game changes again: a 2

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

The name of game changes again: a 2

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

* Get muon spin direction from
decayed electrons
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Experimental: How to Measure?

The name of game changes again: a 2

* 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
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Experimental: How to Measure?

The name of game changes again: a 2

* 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
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Frequency Measurements
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Frequency Measurements
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Frequency Measurements

Humans are very good at counting (frequency measurements)
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Frequency Measurements

Humans are very good at counting (frequency measurements)
 Measure frequency ratio and extract from several measurements
au'\' Wq _ ge Wg My Up
<B> 2 Wy me Y

* o, is the proton precession frequency (o, ~ |B|)
* @, is the weighted magnetic field folded with muon distribution

* All other values from Committee on Data for Science and
Technology (CODATA), uncertainty < 25 pb

E.g. muon-to-electron mass ratio by muonium hyperfine structure experiment
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Frequency Measurements

Humans are very good at counting (frequency measurements)
 Measure frequency ratio and extract from several measurements
au'\' Wq _ ge Wg My Up
<B> 2 Wy me Y

* o, is the proton precession frequency (o, ~ |B|)
* @, is the weighted magnetic field folded with muon distribution

* All other values from Committee on Data for Science and
Technology (CODATA), uncertainty < 25 pb

E.g. muon-to-electron mass ratio by muonium hyperfine structure experiment

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

* The last two steps done simultaneously and independently (blind
analyses)
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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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Measuring ®,, namely the B field
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Measuring ®,, 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 ®,, 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 o,
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Measuring o,

Calﬂrlmet or

Signal (m

/ Wave Form

Digitizer mf

B
Time (ns)
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Measuring o,

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

——

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 o,

——

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 ©,
« Angular distribution of decayed electrons correlated to muon spin
« Five parameter fit to extract o,

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

——

Counts per 150 ns

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

- Count N, I
above E !
P th I
10°
—PMT : § 3000 -, — S 120F 4|
| e} 2500_5 K © 100 H!H I' |hjl
1 5 2000 g 80 Iil jli' ¥
1 & 1500 » oz 60 it .ll"'ii T j’{
Esiectron £ 1000[ = S 40 L“H h.,;lﬂ
8 s500F S8 20
%2 32 36 3'3_ 20 0 6oz 694 696 _6';]8
time (us) time (us)

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

« Five parameter fit to extract o,

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

g
2 . N‘ - ‘
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The integrated number of electrons (above E,; ) modulated at ©,

« Angular distribution of decayed electrons correlated to muon spin
. . * Pileup
« Five parameter fit to extract o, . Gain (energy scale) changes
 Coherent Betatron Oscillations
Nigeal(t) = Noexp(—t/y7,)[1 — Acos(w,t + ¢)] . Muon Losses
« E-field and pitch corrections
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;N

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

Recent Progress with Muon g-2 Experiment at Fermilab, Liang Li, ICHEP 2018

July 7th [ 2018 12



Fermilab Muon Campus

i
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e

Delivery Ring = -
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New Home at Fermilab
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New Hon't Fermilab
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New Home at Fermilab

" " . - i
g ) ' o S S p,

Recent Progress with Muon g-2 Experiment at Fermilab, Liang Li, ICHEP 2018

July 7th [ 2018

14



New Home at Fermilab
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New Home at Fermilab
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B Field Measurements
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B Field Measurements

(B-B,,)/B,,, (PPM)

Oct 2015 === Aug 2016
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Shim 1.45 T field to high uniformity and measure it vs time
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B Field ments
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B Field

ments

Oct 2015 === Aug 2016
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Detector performance: calorimeter
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Detector performance: calorimeter
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Detector performance: calorimeter

Decay e+

Top down view of ring section Vacuum Chamber

/

Calorimeters

‘\

Tracker
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Detector performance: calorimeter

Decay e+

Top down view of ring section Vacuum Chamber

/

Calorimeters

Tracker

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

Decay e+

Top down view of ring section

VVacuum Chamber

‘\'\_.

Tracker

Calorimeters

SLAC Test beam: 2013,2014,2016

y g8 i, 410 / h demonstrated

2 n.z85 sheigs

w 0.8 - Correcied With Laser F]

=2 0975 ]
- Uncomrerses +‘l

51 2 % 4 5 8 7 & 3§

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

Decay e+

Top down view of ring section

VVacuum Chamber

‘\'\.

Tracker

Calorimeters

s SLAC Test beam: 2013,2014,2016

100 i, 310/ h demonstrated |

eter Responss

E Q.88

SERNY
- Correcied With Laser i
i
¥

‘ - Uncomerted

h 1 2z 3 4 5 & T &® 3§

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 performance: tracker
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Detector pe-ce: tracker

Orbit ﬁi‘xﬁ
\‘r'#"f‘;@‘x ™ \
Ql L PbF:
e T Calo

Doublet of UV straw chambers
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Detector pe ce: tracker

+ Central ,-* v
Oorbit .-~ %"
\‘r'*'quhf‘-% : \
Q]- -l"‘ *'-\.x%% ‘ FhFl
LA T Calo
5 ot T+ Straws
% e
IJ*
Doublet of UV straw chambers p;
S 4000 T
New straw tracking detector S ssoop Freliminary Calibration Run -
* Measure muon decay vertex and g *°F
momentum 2500
20003— 10
15003—
10003—
- 1
500 —
Oo: 500 1000 1500 2000 2500 30 3500 4000

Track Momentum [MeV]
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Detector perfc.ance: 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 perfc.ance: tracker

+Central - v
Orbit _:’ﬁt ’
H,'#’mf:h&x.ﬁ \
s PbF;
o T Calo
. *T
! o+ Straws
Fr
JJ*
Doublet of UV straw chambers
New straw tracking detector
3 ;
 Measure muon decay vertex and ,@\ D T B T
IS * S
momentum " NN BN BN
- Calibrate beam dynamics, better ,, % &= =
control of systematics .
Calorimeter

- Better measurement of the pileup
(multiple positrons) :
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Wiggle, Wiggle, Wiggle...
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Wiggle, Wiggle, Wiggle...
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Wiggle, Wiggle, Wiggle...
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Wiggle, Wiggle, Wiggle...

First commissioning run: June 2017
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Wiggle, Wiggle, Wiggle...
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Summary

Fermilab muon g-2 experiment is taking data and going well!
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Summary

Fermilab muon g-2 experiment is taking data and going well!

« Aiming to reduce experimental uncertainty by a factor of 4
« Theoretical uncertainty also expected to reduce by a factor of 2
« Potential to achieve 5-7c¢ significance measurement
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Summary

Fermilab muon g-2 experiment is taking data and going well!

« Aiming to reduce experimental uncertainty by a factor of 4
« Theoretical uncertainty also expected to reduce by a factor of 2
« Potential to achieve 5-7c¢ significance measurement

* Very sensitive way to explore physics beyond the SM
* Indirect search draws much attention: world wide collaboration
* High precision measurements and high order calculations
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Summary

Fermilab muon g-2 experiment is taking data and going well!
« Aiming to reduce experimental uncertainty by a factor of 4

« Theoretical uncertainty also expected to reduce by a factor of 2
« Potential to achieve 5-7c¢ significance measurement

* Very sensitive way to explore physics beyond the SM
* Indirect search draws much attention: world wide collaboration
* High precision measurements and high order calculations

* Publication plan
« Accumulated statistics equivalent to 1/10 BNL dataset

« Expect to publish first physics result in early 2019 (~ BNL
dataset statistics)
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Summary

Fermilab muon g-2 experiment is taking data and going well!
« Aiming to reduce experimental uncertainty by a factor of 4

 Theoretical uncertainty also expected to reduce by a factor of 2
« Potential to achieve 5-7c¢ significance measurement

* Very sensitive way to explore physics beyond the SM
* Indirect search draws much attention: world wide collaboration
* High precision measurements and high order calculations

* Publication plan
« Accumulated statistics equivalent to 1/10 BNL dataset

« Expect to publish first physics result in early 2019 (~ BNL
dataset statistics)

15t publication 2" publication 3™ publication

)  (>zxBNL (5-20 X BNL (>20 x BNL

statistics) statistics) statistics)
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E821(BNL) vs. E989(Fermilab)

E821 (BNL) : a, = =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
* Qg = 0.46 ppm > 0.1 ppm
 New segmented calorimeters, straw wire tracker, fast muon kicker...
* dw, =0.21 ppm - 0.07 ppm

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

* Oeg>(@p) = 0.17 ppm > 0.07 ppm

E989 (Fermilab) experimental uncertainty:
0.14ppm ~ 16 X 10 -
> 50 deviation with the same central value
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Theory calculation

a A

a;

Had
ay

EW
G,

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, no big “shift” seen in early
results compared to models: potential to improve in systematics
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o, Systematics

E821 E989
Categor E989 Improvement Plans
gory [Ppb] P [Ppb]
Gain changes 120 | Better laser calibration 20
* Low-energy threshold Detector
Team
. * Recording low-energy samples
Pileup 80 » Segmented Calorimeters 40
Lost muons 90 * Better collimation in ring 20 Ring
Team
« Higher n value
B0 70 * Better match of beamline to ring <30
E and pitch 50 * Improved tracker 30 %:::tor
corrections * High precision storage ring simulation
Total 180 |Quadrature Sum for dwa (syst.) 70
Systematics error < 70 ppb: x 3 improvement !
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o, Systematics
I S T Y ™ S

Absolute probe calibration More uniform field for calibration
Trolley probe calibration 90 30 Better alignment between trolley and the
plunging probe
Trolley measurement 50 30 More uniform field, less position uncertainty
Fixed probe interpolation 70 30 More stable temperature
Muon distribution 30 10 More uniform field, better understanding of

muon distribution

Time dependent external - 5 Direct measurement of external field, active
magnetic field feedback
Others* 100 30 More uniform field, trolley temperature

monitor, etc
total 170 70

Systematics error < 70 ppb: x 2 improvement !
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Muon EDM
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Muon EDM
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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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New Physics?
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e Benchmark_ports SUSY?

 Strong discriminatin 100 GeV'”
Strong disc . ating ﬂ.ﬁUSY ~ 13 x 10~ ¥ sign(p) ( - ) tan 3
power from improved msusy
measurements

« Complementary to LHC

* Invisible decay connected
to dark sector

Dark Sector?
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