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The magnetic moment of particles
A particle with spin has a magnetic moment directed along its spin , 

the g-factor relates the magnetic moment to the angular momentum.
Dirac’s equation predicts but quantum fluctuations produce an anomaly  

Example: Electron anomaly: its value has been accurately reproduced by 
QED calculations (from Schwinger on…)

௘ = 0,001 159 652 181 64 (76) (thy, 10th order)
௘ = 0,001 159 652 180 73 (28) (exp, 24 ppb) e e

+ ….
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The magnetic moment of the muon

QED Electroweak Hadronic

am much more sensitive than ae to massive particles in loops:
ഋ ೐

= + +

example graphs for the three above contributions to ఓ
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Muon anomaly: theory

• HVP (lo/ho): Hadronic Vacuum Polarization, low/high order
• HLbL: Hadronic Light-by-Light

From: T. Blum et al. (2013), https://arxiv.org/abs/1311.2198

(*)

(*) Glasgow consensus, 2007, http://www.ippp.dur.ac.uk/old/MuonMDM/



E821 experiment at BNL has generated a large interest:
1 165 920 89 (63)   0.54 ppm)

1 165 918 02 (49)   0.42 ppm)
There is a tantalizing ~3.3s deviation with SM prediction  
(persistent >10 years):

Current discrepancy limited by: 
Experimental uncertainty New experiments at FNAL and J-PARC x4 accuracy
Theoretical uncertanty limited by hadronic effects
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Experiment vs theory
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Goal of the new E989 experiment
• Reduce the experimental error bar in ఓ by a factor 4 
• Resolve the long-standing E821 g-2 discrepancy

dwa(statistics) at 100 ppb level 
~ 1.5 x 1011 events in the final fitMultiple independent blind analysesMultiple sorting and fitting methods Net Systematics error to 100 ppb (x 3 improvement)

Leading issuesPileupGain (energy scale) stabilityMuon losses
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Goal of the new E989 experiment

• With new e+e- hadron data samples 
and improvements on LbL contribution  
theory error should come down by 
about 30% in the next 5 years

• Lattice community provides avenues to 
independent calculations

• If current discrepancy persists, 
significance will be pushed beyond 5σ
discovery threshold

• Anticipated theoretical improvement 
could lead to >7σ discrepancy

• Reduce the experimental error bar in ఓ by a factor 4 
• Resolve the long-standing E821 g-2 discrepancy
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Possible cracks in the Standard Model?

• New massive particles appearing in loops
• Dark Matter/Dark Photons
• Supersymmetry
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Principle of the experiment
Store longitudinally polarized muons in a ring and observe their decay product 
(positrons). If then the spin rotates faster than momentum .
• measure the uniform magnetic field 
• measure the “anomalous” precession ௔ ௌ ஼

ௌ ఓ

get 
஼

ࣆ ࣆ ࢇ
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(positrons). If then the spin rotates faster than momentum .
• measure the uniform magnetic field 
• measure the “anomalous” precession ௔ ௌ ஼

ௌ ఓ

get 
஼

ࣆ ࣆ ࢇ

from proton NMRN posit. with ௧௛ vs time
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The magic momentum

An Electric field is necessary for vertical focusing of the beam so:

మ

The extra term is zero for ( GeV/c)

CERN III(1979)
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Analyzing the muon spin

• Parity violation in muon decay  highest energy decay positron emitted opposite of muon spin
• When spin is aligned/anti-al. with momentum, the boost subtracts/adds, and the decay positron energy is reduceded/increased in the lab frame
• This results in a modulation of the energy spectrum at the g-2 frequency
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Recap the 4 key elements
(1) Polarized muons~ 97% polarized for forward decays
(2) Precession proportional to (g-2) 
(3) Pm magic momentum = 3.094 GeV/c

No E effect on precession when g = 29.3
(4) Parity violation in the decay gives average 

spin direction. The number of higher energy 
positrons is modulated at 

n  p+ m+

m+
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The g-2 Collaboration
8 Countries, 35 Institutions, 190 Collaborators
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The Big Move of the Ring (2013) 
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The Big Move of the Ring (2013) 



Creating the Muon Beam for g-2
• 8 GeV p batch into Recycler
• Split into 4 bunches
• Extract 1 by 1 to strike target
• Long FODO channel to collect p mn
• p/p/m beam enters DR; protons kicked out; p decay away
• m enter storage ringIntensity profile is 120 ns wide with “W” shape
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Storing muons

Target

Proton bunch ା

3,09 GeV/c
ା

3,11 GeV/c

• 120 ns wide bunch of 1012, 8 GeV  
protons from Booster & Recycler

• Fired at pion production target 
(Inconel (Ni-Cr)) 

• Outgoing pions focused by a 
lithium lens and then momentum-
selected, centred on 3.11 GeV

• In DR pions decay into polarized 
muons

• Muons are stored in a 14m 
diameter ring with 1.45 T B field 

inflector

Kickers

electricquadrupols

superconductingmagnet
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The magnetic field
Bottom yoke pieces Bringing in super-conducting coils

SC coils installed Top yoke pieces
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The magnetic field
• Regularly map field inside vacuum chamber with NMR probe trolley
• Monitor field during data-taking with fixed probes and interpolate
• Shimming trolley contains array of probes that map whole storage volume
• Field in storage volume is measured using pulsed proton NMR (<10ppB single shot precision)

• BNL E821 result: 
• 1 ppm (azimuth average) 
• 100 ppm (local variations)

• FNAL E989 goal:
• 1 ppm (azimuth average)
• 50 ppm (local variations)

25 NMR probes
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The magnetic field

Slide credits: Joe Grange, Argonne Nat. Lab
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The magnetic field: shimming results

2929

Oct 2015  Aug 2016

Goal
50 ppm

~1400 ppm

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

RMS (ppm) p-p (ppm)
FNAL (Rough shimmed) 10 75
BNL (Typical scan) 30 230
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The detectors: calorimeters

Energy and time of positrons is measured with 24 calorimeters, each one segmented in 54  channels. Each PbF2 crystal is read out by a Silicon Photomultiplier (SiPM)
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The detectors: calorimeters
linearity test

energy resolution time resolution

A. Fienberg, NIM A 783, 12 (2015); J. Kaspar, Jinst (2017) 
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The detectors: trackers
They are used to determine beam position vs time

8 UV stationsper Tracker

128 straws per station

Reconstructed decay position (resolution 1 mm)

3 Trackers
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Aux detectors: harps and counters
Fiber Harps Entrance counters

2 locations, 2 axis 
• used to monitor the muon beam entrance position and angle during commissioning 
• measures betatron oscillations during run

outside the inflector
• gives relative intensity of fill
• timing of the fill (resolution << 150ns, cyclotron period)
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The laser calibration system
Idea: 
• Send  trains of laser pulses on known intensity synchronously on all calorimeters’ channels
Goals: 
• Absolute calibration of the SiPMs response (photoelectrons/photons response)
• Provide short term (in fill, gain saturation) and long term (bias and temperature variations) calibration of the of the SiPM gain function 
• debugging of Calorimeters and Data Acquisition System (DAQ debugging) by providing physical signals
• provide additional synchronization signals 



A. Fioretti - The new g-2 experiment at Fermilab - EXA2017 35

The laser calibration system

25m silica fibers
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The laser calibration system
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The laser calibration system
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The laser calibration system
The laser System

Laser diodes @405nm, 600ps, 1nJ/pulse, 0-40 MHz rep. rate
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The laser calibration system
The laser System

Laser diodes @405nm, 600ps, 1nJ/pulse, 0-40 MHz rep. rate
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The laser calibration system

10-4 / h stability demonstrated with mono-energetic test beam at SLAC
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Data Acquisition System
• Calorimeters, trackers and the laser monitoring system are read out by custom 800 MSPS waveform digitizers.
• The DAQ produces a deadtime-free record of each 700 ms muon fill. We get 12 fills per second, providing a total data rate of 20 GB/s.
• Data from each calorimeter is processed by an NVidia Tesla K40 GPU, which processes 33M threads per event.
• Data is sorted by T-method (chopped islands) and Q-method (current integrated) data, from which timing info can be extracted.
• The DAQ software is MIDAS based
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Status of the experiment
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Status of the experiment
• Almost all different sub-systems already in place and in operation
• First beam injected into ring on May 31, 2017
• Beam (protons and muons) stored for several hundred turns.
• in July 2017 completed commissioning run (1016

proton on target, 3billion muons delivered to ring)
• first wiggle plot ready!
• shut-down for Beam/Systems tune-up : ready for next commissioning run, October 1st
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Results of the commissioning run
• Received 5 weeks of beam during June-July 2017.
• Mostly protons with 1% muons.
• Fill rate of 0.1 Hz (nominal rate of 12 Hz expected)
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Results of the commissioning run
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Conclusions and outlook
Nature, April 11th 2017 • The new E989 experiment at Fermilabwill measure the anomaly ఓ of the 

muon to 4x  the precision of the previous BNL measurement (0.54 ppm)
• If the BNL value holds, this could provide a 7s discrepancy with the Standard Model and plenty of room for New Physics.
• A 5 weeks commissioning run just completed successfully. Next run scheduled for October 1st, 2017
• Our goal is to reach the BNL level precision by end 2018, and the final 0,14 ppm result measurement in 2020. This will require a total of 1.5x1011 collected events.

Thank you for your attention
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Backup slides

Backup
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History of experimental value
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History of experimental value
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determination
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The theory error in HVP(lo) is exp

Low order Hadronic contribution is determined by cross-sections knowledge



Stato dell’esperimento g-2

G. Venanzoni,  CSN1, 4 March 2016

Nature, April 11th 2017 

http://www.nature.com/news/muons-big-moment-could-fuel-new-physics-1.21811
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SiPM boards optimized to produce PMT-like pulses to exploit short pulse duration of Cherenkov crystals  (relevant: pileup)

- p. 54
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V-A decay, positron follows spin direction, and highest energy positrons occur when spin and momentum vector are aligned

2p
wa

# high energy positrons versus time

momentumspin

t(ms)

What data looks like if g-2 = 0

t(ms)

What data looks like if g-2 = 0.002

Muon precession frequency

from B. Casey, FNAL
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Pileup:  two low energy positrons fake a high energy positron (happens early, not late)fearly ~ f1 + f2flate ~ f1
calo

Know how well we did on these for BNL experiment.  Need to do better by a factor of 4.  Detector package designed to contain the tools to enable this.

momentumspin

f1

Design not driven by absolute performance, but relative stability early to late

57/45

Gain change:  example: saturation (happens early, not late)fearly ~ f1flate ~ f2 Above thresh.early
Above thresh.late

calo

f2f1

f2

Dw ~ Df

from B. Casey, FNAL

Systematics
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Uncertainty of E821 measurement
Statistical uncertainty

Systematicuncertainty
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2017 commissioning run highlights



What monsters might there be?  SUSY

Chris Polly, Boulder Colloquium, 22 April 2015

• The Higgs mass has now been measured at the LHC (and predicted long before that due to precision electroweak fits) to be ~125 GeV
• Theoretically, expectation is that the Higgs should acquire a much heavier mass from loops with heavy SM particles, e.g. top quark
• Supersymmetry postulates a new class of particles who can enter the loops and effectively cancel the 

• Complementary to direct searches at 
the LHC
 Sensitive to sgn m and tan b
 Contributions to g-2 arise from charginos

and sleptons while LHC direct searches 
are most sensitive to squarks and gluinos

arXiv:1503.08219v1
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What monsters might there be?  Dark Matter

Chris Polly, Boulder Colloquium, 22 April 2015

• Through cosmological observations, e.g. galaxy rotation curves, lensing, there appears to be much more mass in the universe than expected
• Many theories arising to explain the dark matter
• One example is the dark photon, which is a new U(1) gauge symmetry that would weakly couple standard model particles to dark matter

• Dark photon can also impact the 
magnetic moment of the muon

• Many search underway for direct 
production

64


