
Graziano Venanzoni– INFN Pisa

SIF 21/Sept/2018

Status of the Muon g-2 at Fermilab



Outline

• The Muon g-2: summary of the present status
• The Muon g-2 experiment at Fermilab
• Conclusions

G. Venanzoni,  SIF, 21  Sett 2018



Muon g-2: summary of the present status

• E821 experiment at BNL has generated enormous interest:

• Tantalizing ~3s deviation with SM (persistent since >10 years):

• Current discrepancy limited by: 
• Experimental uncertaintyà New experiments at FNAL and J-PARC x4 accuracy
• Theoretical uncertantyà limited by hadronic effects

aµ
E821 =11659208.9(6.3)×10−10

aµ
SM =11659180.2(4.9)×10−10 (DHMZ )

aµ
E821 − aµ

SM ~ (28±8)×10−10

aµ
SM = aµ

QED + aµ
HAD + aµ

Weak

(0.54 ppm)

aµHLO = (692.3±4.2)10-10 

daµ/aµ~0.6%

M. Davier, A. Hoecker, B. Malaescu 
and Z. Zhang, Eur. Phys. J. C71 (2011)

Hadronic Vacuum polarization (HLO)
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• New experiment at FNAL (E989) at 
magic momentum, consolidated 
method. 20 x stat. w.r.t. E821. 
Relocate the BNL storage ring to 
FNAL. 

3.3 s

(g-2)µ: a new experiment at FNAL (E989)

® daµx4 improvement (0.14ppm) 

E821



• New experiment at FNAL (E989) at 
magic momentum, consolidated 
method. 20 x stat. w.r.t. E821. 
Relocate the BNL storage ring to 
FNAL. 

E989

3.3 s
8 s

If the central value remains the same 
Þ 5-8s from SM* (enough to claim 
discovery of New Physics!)

*Depending on the progress on Theory

Complementary proposal at J-PARC in progress

(g-2)µ: a new experiment at FNAL (E989)

® daµx4 improvement (0.14ppm) 



aµ
TH = aµ

QED + aµ
HAD + aµ

Weak + aµ
???

????
X

SUSY? Dark Photons?

[Endo,Hamaguchi,Iwamoto,Yoshinaga ’13] Not updated plot

g-2
1s
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LHC 
exclusion 
limits

(BNL)(SM)

New Physics?



aµ
TH = aµ

QED + aµ
HAD + aµ

Weak + aµ
???

????
X

Maybe an unknow
“unknown” ?

In any case 3s are not enough to claim a discovery. 
We need a new (possible more) experiment with better precision! 

New Physics?



How to  measure  g-2 in a storage ring

(1) Polarized muons
~97% polarized for forward decays

(2) Precession proportional to (g-2) 

(3) Pµ magic momentum = 3.094 GeV/c

E field doesn’t affect muon spin when g = 29.3

(4) Parity violation in the decay gives 
average spin direction
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• Consolidated method
• More muons (x20)
• Reduced systematics (ring and detector)
• New crew

• E821 at Brookhaven

• E989 at Fermilab

G . Venanzoni for the N ew  M uon (g-2) C ollaboration –EPS15, 24 July 2015

4 key elements for E989 at FNAL

0.07waÅ 0.07wp

0.2waÅ 0.17wp



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 àµn

• p/p/µ beam enters 
DR; protons kicked 
out; p decay away

• µ enter storage 
ring

Intensity profile is 120 ns 
wide with “W ” shape



• It mainly comes from the ring:
– ~2 from the inflector (50% injection efficiency)
– ~3 from not perfect beam optics (kicker, quads)

12

The ring

G. Venanzoni,  SIF, 21  Sett 2018



muons

24 Calorimeter stations located all around the ring

NMR probes and electronics located all around the ring

APRIL 2017

20/09/18 M. Incagli - Vulcano 2018 13

Inflector

Kicker

QUADS

RING

FIELD

PRECESSION



wa systematics

14

• Tackling each of the major systematic errors with knowledge 
gained from BNL E821 and improved hardware

G. Venanzoni,  SIF, 21  Sett 2018



New detector systems

• Calorimeters 24 6x9 PbF2 crystal arrays with SiPM
readout, segmentation to reduce pileup

• New electronics and DAQ, 800MHz WFDs and a
greatly reduced threshold

• Three 1500 channel straw trackers to precisely

monitor properties of stored muon beam via
tracking of Michel decay positrons, significant UK
contributions

• New laser calibration system from INFN crucial for
untangling gain from other systematics

15

Top view of 1 of 12 vacuum chambers 

800 MSPS Digitizers



An “event” is an isolated positron above a threshold

e+
Digtizers

Events above threshold

Software threshold

16

Power 

supplies

PbF2
xtals
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• Need to know the average field observed by a muon in the storage ring 
absolutely to better than 70 ppb, many hardware improvements

• Very challenging…first major step is making the field as uniform as possible

wp systematics



Progress on Field
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Oct 2015 àAug 2016
Goal

~1400 

ppm

~200 

ppm

~50 ppm

goal

• Magnet achieved full power September 21, 2015

• Field started out with a peak variation of 1400 ppm

• Shimming of the magnet achieved 50 ppm with a muon

weighted systematic uncertainty of 70 ppb

• BNL achieved 100 ppm with an averaged field uniformity

of +- 1ppm. They estimated their systematic uncertainty of

140 ppb. We improved of a factor 2!

Progress on Field

G. Venanzoni,  SIF, 21  Sett 2018



RUN 1: March-July 2018

§ 10/17 – 2/18: Commissioning Run

§ 3/18 – 7/18: Physics run (Run 1): 18.5B e+ recorded (compared
to 9B e± that BNL recorded in 5 years of data taking).

§ Achieved x2 BNL stat, 50% of TDR flux (~500e+/fill)

G. Venanzoni,  SIF, 21  Sett 2018



Wiggle plot: A few days in April

G. Venanzoni,  SIF, 21  Sett 2018



A typical ωa analysis chain

22

• In-fill gain correction

•Pileup subtraction

•Lost muon

•Coherent betatron oscillation (CBO)

•Fitting “wiggle plot” àBlinded wa (ppm)

14-parameter fit
(+ CBO N term
+ lost muon term
+ vertical waist term)

Fit type

14 par

Chi2/NDF

lifetime (μs)

Blinded R (ppm)

CBO lifetime (μs)

VW lifetime (μs)

à

G. Venanzoni,  SIF, 21  Sett 2018



• since phase and amplitude
are energy dependent, any 
effect that combines 
together different energies 
within the same fill can 
cause a "phase shift"

Systematics on wa: phase shift

G. Venanzoni,  SIF, 21  Sett 2018



Reminder: systematics on wa



The g-2 laser calibration system

5

Inside the laser hut

10-4 / h demonstrated

Inside the laser hut

Multilaser with 6 heads;
24 launching fibers;  4 diffusers per laser,
6 Source monitors;24 local monitors.



• Muons with r > 45mm wrt magic radius hit 
the collimators and bend (tipically) inward

• Correction to "wiggle function"

• Lost muons selected as MIP particles which 
hit 2 (or 3) calos with Dt=6.2 ns

• Fraction of lost muons for t>30µs is  <10-4

• wa-europa: Sorbara, Gioiosa, Driutti 

Distorting muon life time: lost muons

N (t) = N0e
−t τ ⋅ 1− ALM I (t)( ) ⋅ 1+ A cos(ωat +ϕ )( )
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Digression: blinding

• Greg and Joe enthusiastically 
blinding the clock

G. Venanzoni,  SIF, 21  Sett 2018
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T-method preliminary fitting results (5-par)

5-parameter fit

time [μs]

*in-fill gain correction and pileup correction not yet included

Physical frequency Variab le Frequency (M H z) Period (μs)

Anom alous precession fa 0.23 M H z 4.37

C yclotron fc 6.70 M H z 0.149

H orizonta l B etatron fx 6.34 M H z 0.158

Vertica l B etatron fy 2.2 M H z 0.455

C B O fCBO 0.37 M H z 2.70

Vertica l W aist fVW 2.3 M H z 0.435

fVW
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T-method preliminary fitting results (9-par)

*in-fill gain correction and pileup correction not yet included

Physical frequency Variab le Frequency (M H z) Period (μs)

Anom alous precession fa 0.23 M H z 4.37

C yclotron fc 6.70 M H z 0.149

H orizonta l B etatron fx 6.34 M H z 0.158

Vertica l B etatron fy 2.2 M H z 0.455

C B O fCBO 0.37 M H z 2.70

Vertica l W aist fVW 2.3 M H z 0.435** CBO asym (A2) and phase (A3) terms also attempted
but effect too small to be fitted

9-parameter fit
(+ CBO N term)

fVW

fCB
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T-method preliminary fitting results (10-par)

*in-fill gain correction and pileup correction not yet included

Physical frequency Variab le Frequency (M H z) Period (μs)

Anom alous precession fa 0.23 M H z 4.37

C yclotron fc 6.70 M H z 0.149

H orizonta l B etatron fx 6.34 M H z 0.158

Vertica l B etatron fy 2.2 M H z 0.455

C B O fCBO 0.37 M H z 2.70

Vertica l W aist fVW 2.3 M H z 0.435

10-parameter fit
(+ CBO N term
+ lost muon term) fVW
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T-method preliminary fitting results (14-par)

*in-fill gain correction and pileup correction not yet included

Physical frequency Variab le Frequency (M H z) Period (μs)

Anom alous precession fa 0.23 M H z 4.37

C yclotron fc 6.70 M H z 0.149

H orizonta l B etatron fx 6.34 M H z 0.158

Vertica l B etatron fy 2.2 M H z 0.455

C B O fCBO 0.37 M H z 2.70

Vertica l W aist fVW 2.3 M H z 0.435

14-parameter fit
(+ CBO N term
+ lost muon term
+ vertical waist term)
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T-method preliminary fitting results (comparison)

Fit type 5-par 9-par 10-par 14-par
Physics ωa CBO (N) lost muon vertical waist

Chi2/NDF 8791/3814
~ 2.30

5010/3810
~ 1.31

4212/3809
~ 1.11

4027/3805
~ 1.06

lifetime (μs) 64.335(2) 64.334(2) 64.424(4) 64.424(4)
Blinded R (ppm) -50.34(1.27) -49.07(1.27) -49.44(1.27) -49.46(1.27)
CBO lifetime (μs) - 160(12) 155(11) 155(11)
VW lifetime (μs) - - - 21(5)

*in-fill gain correction and pileup correction not yet included

G. Venanzoni,  SIF, 21  Sett 2018

• With 2.5 days of Run1, the value of wa is determined with a 
statistical error of 1.27 ppm
• Still work to be done on systematics!



Where we are on systematic uncertainties

§ Goal: stat and syst error ~ BNL (0.46statÅ 0.18sys_wa ppm)
§ Hoping to unblind sometime in 2019

G. Venanzoni,  SIF, 21  Sett 2018



• Shutdown: Luglio-Settembre 2018
• Run II: Ott 2018-Lug 2019
• Run III:Ott 2019-Lug 2020

Miglioramenti attesi:
• 10-30% da 

miglioramento linea
di fascio µ

• 10-30% da Kicker 
piu’ forte

• 10% da Quadrupoli
(higher HV)

• 30-40% Nuovo 
inflector (shutdown 
estivo del 2019)

• Attesa x1.5 
lujminosita’ specifica
nel RUN2; x2 nel
RUN3 (Nuovo 
inflector)

Run1 + Run2 + Run3 = 21*BNL (statistics)

34 21/09/18

Run3
Run2

Run1

TDR rate of 
positrons/fill
(x2 RUN1)

RUN1 rate of
positrons/fill

Today

statistics: collect 21xBNL à reduce to ±100 ppb
systematics on wa, wp à reduce a factor ~2.5 to 
±70 ppb each

G. Venanzoni,  SIF, 21  Sett 2018



Fermilab E989:  34 Institutes;  >150 Members

• Italy
– Frascati, 
– Roma 2, 
– Udine
– Pisa
– Naples
– Trieste
– Molise

• China:  
– Shanghai

• The Netherlands:  
– Groningen

England
University College London

Liverpool
Oxford

Korea
KAIST

Russia:  
Dubna

Novosibirsk

Germany:  
Dresden (thy)

- p. 35

Domestic Universities
– Boston
– Cornell
– Illinois 
– James Madison
– Kentucky 
– Massachusetts
– Michigan
– Michigan State

– Mississippi
– Northern Illinois 
– Northwestern (thy)
– Regis
– Texas
– Virginia
– Washington
– York College

National Labs
– Argonne
– Brookhaven
– Fermilab

C. Polly, , Co-Spokesperson
M. Lancaster, Co-Spokesperson

I STIT UZI O NI

U SA

I TA

U K

RU S
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RI CER CAT ORI

U SA
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U K

RU S

KO R

CH I

G ER
Italy is the second largest group in g-2 (after USA) 



Conclusioni

• Exciting period for g-2!
• E989 at Fermilab plans to achieve 140 ppb (or 16 x 10-11)
on aµ EDM parasitically

• RUN1 finished: Achieved ~2x BNL statistics in FY18…5-10%
of ultimate goal (depending on the selection cuts).

• Analysis structure well defined, both for wp and for wa
à Goal is to publish in 2019 (~summer) on data collected in
2018 with error similar to BNL à important check of central
value!

G. Venanzoni,  SIF, 21  Sett 2018
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Will aµ be inside or outside of the SM?



?



16.3.2015

THE END



4
0

~ 0.23 MHz
~ 4.37 µs

G. Venanzoni,  CSN1, 17 Sett 2018

Idealmente fit a 5 parametri. Realmente O(10) par:

N(t) = f loss (t)• f CBO (t)• f VW (t)• f acc (t)• N0

γτ µ
e−t/γτµ • 1− A(t)cos(ωa

calot +φ(t))"# $%

wa Analysis



Team Reconstruction Analysis

UKy Q Q

CU East T,E

Miss/UIUC East T

Europa West/Europa T,E

UW West T,E

SJTU West T

BU West R

The analysis strategy

20/09/18 Marco Incagli - INFN Pisa41

• 7 independent analysis groups using different Reconstruction 
algorythms and different Fit methods

• 3 Independent Reconstruction algorythms developed (Q, East, 
West); a 4th one under construction by the Europa team



The Europa group (coordinated by M. Incagli)

8 Italian people (mostly students, 
postdoc) involved

G. Venanzoni,  CSN1, 17 Sett 2018



• Pulsed Nuclear Magnetic Resonance on "free" protons:
– Protons are aligned in magnetic field
– Apply a p/2 shift by an external pulse
– With the same coil, pick up the Free Induction Decay (FID) 

signal

• The FID signal is the basis of the magnetic field measurement 
as a PMT pulse for the energy measurement

how do we measure wp - 1

20/09/18 Marco Incagli - INFN Pisa43

10 ms

FID signal

PMT signal



• local measurement with a set of 17 probes mounted on a trolley ~1 run 
every 3 days (1 run takes 2-3 hours)

• time interpolation: a set of 378 fixed probes measure the field 
• the fixed probes are not at the same location as the trolley probes à

space interpolation
• absolute calibration: a plunging probe is inserted periodically in the trolley 

garage to measure the field in the same location (with ~mm precision)

how do we measure wp - 2

20/09/18 Marco Incagli - INFN Pisa44

Plunging Probe

Trolley Probes



20/09/18 Marco Incagli - INFN Pisa45

How do we measure wp - 3

aµ =
µp

µe

mµ

me

ge
2

!a

!̃p

Field

Beam

Convolution



Three Recent papers relevant for g-2!

20 years effort!

daµHLO/aµHLO~6%daµHLO/aµHLO à 0.3%stat

G. Venanzoni,  XII B Physics Meeting,  Naples,  23 May 2017

MUonE proposal



March 23 ,2017Muon g-2 Science Briefing - Storage Ring Field and Measurement47



Summary

• FNAL:  status and the plan going forward …
– Design complete and implementation well along
– Beam on; magnetic field ready
– Detector almost ready; starting commissioning
– Beam expected in late 2017
– Goal remains 140 ppb  (or 16 x 10-11) on aµ
– EDM parasitically

• J-PARC:  novel method being developed
– Working out key new issues: source;  magnet; detectors, etc.
– Concept has greater reach for EDM owing to detector coverage
– Aiming at 2019 Phase 1 start with

• g-2 to ~400 ppb, 
• EDM ~10-21 e-cm; 



First challenge…getting the statistics

Achieving required statistics is a 
primary concern
- Need a factor 21 more statistics 
than BNL
- Beam power reduced by 4

Need a factor of 85 improvement 
in integrated beam coming from 
many other factors

Ratio of beam powers BNL/FNAL:
4e12 protons/fill * (12 fills / 2.7s) * 24 GeV
1e12 protons/fill * (16 fills / 1.3s) *  8 GeV

= 4.3 

Chris Polly, Wayne State Colloquium, 8 September 201649



µs

gtµ =  64.4 µs;                          
(g-2): ta = 4.37 µs;  
Cyclotron:  tC =  149 ns

gt

Ee ≥ 1.8 GeV

The arrival time spectrum of high-energy e-

Fitting this function gives wa. Together with the magnetic field one get aµ: 

What’s the Standard Model prediction?
(0.5 ppm)



The J-PARC approach

Injection of an ultra-cold, low-energy, muon beam into a small, but highly 
uniform magnet



What makes them different?
• Eliminate electric focusing removes b x E term

• àDo need ~zero PT to store muons
• àNot 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

– Issues related to needed counts

• Aim for BNL level precision as an important check 

52G. Venanzoni,  XII B Physics Meeting,  Naples,  23 May 2017



Ultra-cold Muons
• Surface µ+

• Stop in Aerogel

• Diffuse Muonium (µ+e-) atoms into 
vacuum

• Ionize 
– 1S à 2Pàunbound
– Max Polarization 50%

• Accelerate
– E field, RFQ, linear structures
– P = 300 MeV/c

53



G. Venanzoni,  XII B Physics Meeting,  Naples,  23 May 2017



Detector system of silicon trackers

55

Expected data.  Note shorter lifetime at this 
momentum, and  lower asymmetry owing to 
polarization of source

G. Venanzoni,  XII B Physics Meeting,  Naples,  23 May 2017
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Comparison

G. Venanzoni,  XII B Physics Meeting,  Naples,  23 May 2017







TDR Numbers

Chris Polly, Wayne State Colloquium, 8 
September 2016 59

• 1.6 x 1011 good decay positrons (E>1.8GeV, t>30µs) for 22 BNL statistics (7x109) 
• Needs  1.5 x 108 fills (=7 months) 
à 3BNL/month; ~103 e+/fill;  104 µ/fill



Beam structure

• 16 fill in 1.4 sec à 12Hz fill rate

2/14/17 M Convery | Accelerators 60


