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The anomalous magnetic 
moment of the muon: a crack in 
the Standard Model? 



 
Particle Physicists ask only a few questions: 

1.  Why mass?  
�  Higgs field 

2.  Why matter?  
�  New sources of CP Violation 

 

3.  Why this standard model?   
�  SUSY, Alternate Higgs models, Technicolor, � 

wait 



Often: Direct answers are found at the 
Energy Frontier 

LHC 

1.  Higgs !! 

2.  But, sources of CP? 

3.  And, so far data is almost behaving as expected �  

And, if it was the case:   How would we interpret some kind of 
BUMP at hundreds of GeV or at a TeV? 

FNAL 



Today: Indirect evidence from the 
Precision Frontier 

Underground BNL PSI 

1.  Higgs (just a bit on mass range from EW) 

2.  CP:  CKM, EDMs, 0νββ 

3.  New Physics?  Maybe: g-2;  Limits:  many other expts. 

Will require a model that addresses all data from high- and 
low-energy observables to really nail down any new physics  

CERN-SPS 

B-factories φ-factories τ/c-factories Mainz 

JLAB 



Often the two activities are interlinked:  An example 

•  Observations: 
–   production rate is too high by ~40-50% 
–  Higgs rates in ZZ* and WW* are consistent with the SM 
–  Muon anomaly differs from SM by ~ +280 x 10-11 

•  Theoretical SUSY model that fits observations 
–  light stau with large left-right mixing  
–  light Bino 
–  heavy higgsinos 

•  Other consequences 
�  Predicts Muon Anomaly exactly 
�  Compatible with thermal dark matter 
�  Predicts small deviations in h �� γZ and h � ττ�

�  Predicts measureable violations of Lepton Non-Universality in τ μ and τ-e 
�  Predicts NO violation in the μ-e sector 

Underground 
LHC 

(Super)B/τ-factories 
MEG,M2E 

arXiv:1207.6393v1 

Post Higgs paper 

G-2 
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The giromagnetic factor 

By definition, the gyromagnetic ratio g of a state of 
angular momentum J and magnetic moment μ is: 

 

 

In “classical” E.M. for a particle of charge e in a 
state of orbital angular momentum L: 

 

 

For an electron μ0 = μB=5.788 . . . x10−11 MeV T−1 

g =
μ
μ0

J
�

�
μ = μ0

�
L, μ0 =

e

2m
, g =1



“g” from Dirac equation (QED)   

The Dirac equation of an electron interacting 
with an electromagnetic field predicts g=2  
(due to spin)! 

 

 

 

�
μ =

e

2m

�
σ ≡ gμB

�
S;
�
S =
�

σ 2, g = 2

- p. 8/57 

However,  experimentally g > 2;  need to add a term 

a is the anomaly and it’s mostly due to emission 
and absorption of virtual photon (“Loop”) 



In the QED, a becomes an expansion in ((α/π) from loops�

Dirac            
Stern-Gerlach 

Schwinger 
Kusch-Foley 

However there are also other (important) contributions 



But how was possible 
to measure g-2 to 
such an accuracy? 

EXP 

Cern experiment in ‘70: a triumph for the QED 



EXP 

Third Cern experiment (1979) 





•  Place polarized muons in a B field 
–  spin precession frequency (q = ± e)  

–  cyclotron frequency 

The aμμ Experiment: 

Since g > 2, the spin gets ahead of the momentum 

Measuring ωωa and B � aμ�





- p. 15/57 

Need of Electric field for Vertical Focusing      

0 

If pμμ= 3.09 GeV (magic momentum) there is no effect of the 
electric field  on the precession frequency! 

�
ωa = −

e

mμ

aμ

�
B

Measure (precisely) ωa and B and get aμ! 
But�how to measure ωa? 

Produce polarized muons and let them decay� 



The Muons 

highest energy e± carry μμ spin  information   

– produced polarized in “forward”  direction  

– decay with information on where their spin was 
at the time of  decay  



4 Key elements of modern storage-ring g-2 measurements 

(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 γ = 29.3 
(4) Parity violation in the decay gives 

average spin direction 
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*Note: this carries a tiny systematic error of < 0.05 ppm in past experiment 



CERN experiment (‘70) # of high energy electrons vs time: e: 

This was the results of CERN exp (‘70). Since that many progress on the 
Experiment (BNL E821) and Theory 



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 AGS at sub ppm  

Improvements: 

Much higher intensity 

3 superconducting coils 

Circular aperture 

Inject muons into ring with 
inflector and kicker  

In-situ B measurements with 
NMR probes 

 



E821 exp at BNL: Muon (g-2) storage ring 



B. L.  Roberts,  Fermilab , 3 September 2008  - p. 21/68 

Inflector 

Kicker  
Modules 

Storage 
ring 

Central  orbit 
Injection orbit 

Pions 

−π

p=3.1GeV/c 

Experimental Technique 

�

•  Muon polarization 

R=711.2cm 

d=9cm 

(1.45T) 

Electric Quadrupoles Elec

xc ≈ 77 mm 

β ≈ 10 mrad 

B·dl ≈ 0.1 Tm 

xc 

R

R β�

Target 

25ns bunch of       
1 X 1012 

protons 

• injection & kicking 
• Muon storage ring 

•  focus with  Electric Quadrupoles 

• 24 electron calorimeters  



Waveform digitizer 
gives  , 

Picture of a Lead-Scifi 
Calorimeter from  E821 



The magnetic field is measured and controlled using 
pulsed NMR and the free-induction decay. 

•  ωωp= Larmor frequency of the free p 
•   We measure ωa and ωp independently 
•  Use λ = μμ /μp as the  
      fundamental constant  

Blind 
analysis 

ωωp 

So which was the result for aμ? 



μs 

γγτμ  =  64.4 μs;                          
(g-2): τa  = 4.37 μs;  
Cyclotron:  tC  =  149 ns 

γτ�

Ee ≥ 1.8 GeV  

The arrival time spectrum of high-energy e- 

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

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



QED Weak 

Precisely known 
Large uncertainty  

(significant work going on) 

Hadronic contribution 

HLbL HLO 

Standard Model contribution to (g-2) 

aμμ
QED ~α/2π~ O(10-3)   aμ

Weak ~ O(10-9)     aμ
HAD ~ O(10-8)  

δaμ
QED ~ 1.4x10-12          aμ

Weak ~ 2x10-11      δaμ
HAD ~ 5x10-10 

In the ’70 at CERN aμ was measured  with an uncertainty of 8x10-9  

(7ppm), of the same order of δaμ
SM (sensitive to hadronic contribution) 



Today: 

δδaμQED =0.001ppm 



Impressive calculation�hundreds of diagrams 



δδaμWeak =0.02 ppm 



δδaμHLO =0.4 ppm 



well known  significant work ongoing 

The SM Value for aμ 



SM
  th

eo
ry

 

~3.5 “standard deviations” 
with SM 

Error dominated by 
experimental uncertainty! 

Hint of new physics?  

(0.54 ppm!) 

A factor 15 improvement 
in accuracy respect to 
CERN! 

aμ
SM =116 591802± 49

aμ
SM =116 591802± 49 ×10−11

M. Davier et al. 2011 

aμ
E821 − aμ

SM = (287±80)×10−11 (3.6σ )



New Physics? 
aμ
TH = aμ

QED + aμ
HAD + aμ

Weak + aμ
???

???? 
X SUSY? 

g - 2 

Natalia Toro, Aspen 2011 

Dark Photons? 



SUSY? 
SUSY with mass scale of several 100 GeV 
is consistent with discrepancy 

Large tanββ, μ>0 prefer.

strong limit on MSUSY 

Δaμ
SUSY ≈13⋅10−10 sgnμ( ) tanβ

100GeV

MSUSY

⎛

⎝
⎜

⎞

⎠
⎟

2

Important 
constraint for 
interpretation of 
BSM physics 
searches at LHC 



15 May 2012 

Dark Photons? 
arXiv:1205.2709v1 

Searches for dark photons are currently underway at e+e- colliders (B-,tau/
charm-, φ-factories)and fixed target experiments (JLAB, MAMI, etc�) 



Summary of present status 

BNL E821 citations Present 

E821 experiment at BNL has generated enormous interest 

Tantalizing deviation with SM (although persistent since 10 years)  is ~3σσ�

Current discrepancy limited by experimental uncertainty  (BNL)�

 

We need a new experiment! 



•  New experiment at FNAL (E989) at 
magic momentum, consolidated 
method. 20 x μ w.r.t. E821. 
Relocate the BNL storage ring to 
FNAL. Has got a Stage-1 approval! 

•  Alternative proposal at J-PARC w/
out magic momentum and no E 
field, requiring ultra-slow muons 
generated  from laser-ionised 
muonium atoms 

We need a new (possibly more)  (g-2)μ experiment(s)! 
Current discrepancy limited by experimental uncertainty. Two 
proposals to improve it x4: 

Precision target ~ 16x10-11 (0.14 ppm) . If the central value 
remains the same ⇒⇒ >7σ from SM! 
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•  New experiment at FNAL (E989) at 
magic momentum, consolidated 
method. 20 x μ w.r.t. E821. 
Relocate the BNL storage ring to 
FNAL.  

New experiment at FNAL (E989) 

Precision target ~ 16x10-11 (0.14 
ppm) . If the central value remains 
the same ⇒ 5-8σ from SM* (enough 
to claim discovery of New Physics!) 

*Depending on the progress on Theory 

3.3 σσ�

E821 



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

New experiment at FNAL (E989) 

*Depending on the progress on Theory 
E989 

3.3 σσ�

8 σ�Precision target ~ 16x10-11 (0.14 
ppm) . If the central value remains 
the same ⇒⇒ 5-8σ from SM* (enough 
to claim discovery of New Physics!) 



Fermilab (g-2) Experiment: 
•  E821 at Brookhaven 
 

•  E989 at Fermilab 
–  move the storage ring to Fermilab, improved shimming, 

new detectors, electronics, DAQ 
–  new beam structure that takes advantage of the multiple 

rings available at Fermilab, more muons per hour, less 
per fill of the ring 

 



•  The existence of many storage rings 
that are interlinked permits us to make 
the ideal  beam structure. 
–  proton bunch structure:   

•  BNL 4 X 1012 p/fill: repetition rate 4.4 Hz 
•  FNAL 1012 p/fill: repetition rate 15 Hz  

–  using antiproton rings as an 900m pion 
decay line 

•  20 times less pion flash at injection 
than BNL   

–  0o muons  
•  ~5-10x increase μ/p over BNL 

–  Can run parasitic to main injector 
experiments (e.g. to NOVA) or take     all 
the booster cycles 

•  Expected data taking in 2016 

Why Fermilab? 



Beam delivery to g-2 



Fermilab Muon Campus 



- p. 44/57 

Upgrades at Fermilab 

•  New segmented detectors to reduce pileup 
–  PbF2 Crystals with SIPM 
–  X0 = 0.93 cm 
–  σσ/E ~ 3.5% / √E  
–  4 ns pulse width 

•  Calorimeter stability tracked with laser 
pulsing system (Italian contribution) 

•  New electronics 
–  500 MHz 12-bit WFDs, with deep memories 

•  New tracking stations (in vacuum) 
•  Improvements in the magnetic field 

calibration, measurement and monitoring. 



Improving ωa 

Systematic uncertainty on ωa expected to be reduced by 1/3 at E989 
(compared to E821)  thanks to reduced pion contamination,the segmented 
detectors, and an improved storage ring kick of the muons onto orbit. 



Improving ωp 

Systematic uncertainty on ωp expected to be reduced by a factor 2 thanks 
to better shimming (uniformity of B), relocations of critical NMR probes, 
and other incremental changes  

->0.07 



Time schedule of the Experiment 
•  Proposal submitted to FNAL, February 2009 (66 authors) 

Positive response from PAC, April 2009 

•  Stage-I approval January 2010 

•  CD0 obtained on Settembre 2012 

•  CD1 obtained on December 2013, CDR with>100 authors 

•  CD2/CD3 in 2014/15 

•  Expected beam  in 2017 



Who gets beam when? 



- p. 49 

CD0 received in September! 



Ring 

Gen 2013 Gen 2014 Gen 2015 Gen 2016 Gen 2017 



Ring 

Gen 2013 Gen 2014 Gen 2015 Gen 2016 Gen 2017 





Ring 

Gen 2013 Gen 2014 Gen 2015 Gen 2016 Gen 2017 



Ring 

Gen 2013 Gen 2014 Gen 2015 Gen 2016 Gen 2017 



BNL ring arrived at FNAL for the new g-2 experiment 

July 26 2013 



“Collaboration has attained 
critical mass�have to put all this 
expertise to good use by 
matching tasks onto interests 
and capabilities” 

Argonne 
Boston University  
Brookhaven 
CUNY Queens 
Cornell 
Fermilab 
Illinois  
James Madison 
Kentucky 
Massachusetts 
Michigan  
Muons Inc.  
Northwestern 
NIU? 
Regis 
Virginia 
Washington 

Shanghai Dresden 

KEK 
Osaka 

Dubna 
Novosibirsk 
PNPI 

KVI 

Frascati 
Rome 

UK Consortium? 

Fermilab E989 Experiment (not  updated): 

C. Polly, Project Manager, June 12 

>100 Collaborators, 
~30 Institutions 



•  LNF (2 FTE): 
–  G. Venanzoni 70% (RN,RL) 
–  D. Babusci  40% 
–  R. Cimino 30% 
–  S. Dabagov 30% 
–  D. Hampai 30% 
 

•  TS/UD (2 FTE): 
–  G. Cantatore  50% (RL) 
–  M. Karuza 50% 
–  D. Cauz 40 % 
–  G. Pauletta  20%   
–  L. Santi 40% 

•  Na (0.6 FTE): 
–  S. Catalanotti 20% 
–  M. Iacovacci   20% 
–  S. Mastroianni 20% 

 

•  RM2 (0.4 FTE): 
–  G. Di Sciascio 20% 
–  D. Moricciani 20% 
 

•  Interesse anche da 
parte di PISA e 
Dipartimento di 
Ingegneria, Univ 
Cassino  

 

TOT 5 FTE, 15 persone 

Slide mostrata alla riunione della CSN1/INFN 
Settembre 2013 



 Errore sistematico a ωa e  Calibrazione 
Errori sistematici per l’esperimento precedente (E821) e a FNAL 

 

 

 

 

 

 

 
 
-  Sistematico piu’ importante (dovuto alle fluttuazioni di guadagno dei 

fotorivelatori) 
-  Calibrazione centrale per  goal  in accuratezza (insieme al miglioramento del 

rivelatore e fascio) 
-  Necessita’ di un sistema di calibrazione laser impulsato ad altissima precisione 
-  Il sistema deve essere completato (e spedito)  entro il 2016  

E989 



Fluttuazioni di Guadagno “Short term” 
•  Il rate cambia di vari ordini di grandezza tra l’inizio e la fine 

del fill (O(MHz)�O(100) Hz) 
 •  In E821 ciascun calorimetro era diviso 

in 4 quadranti ciascuno letto da un 
PMT.  Il segnale analogico che veniva 
digitalizzato era dato dalla somma dei 
4 PMT�� Calorimetro sostanzialmente 
monolitico. 

 

•  A causa dell’alto rate di pioni, i PMT 
venivano spenti per i primi 30 μs 

 

•  Drift di guadagno dominato dal tempo 
di recovering e pileup (due elettroni 
nello stesso istante). 

 



Correzioni di guadagno vecchio  esperimento 
(E821) 

•  Variazioni di Guadagno con diverso andamento nel tempo. Effetto 
anche dello 0.5%. Dopo le correzioni effetti <~0.1%. Errore  
associato, transla in 0.12 ppm. 

•  Stima conservativa in quanto l’error budget e’ dominato dal 
contributo statistico (0.46ppm) 

0.5% 

0.2% 



Sistema laser vecchio esperimento 

•  Sistema laser impulsato ad azoto  (330 nm). 

•  L’impulso veniva distribuito attraverso un sistema di splitter box e 
fibre. Problemi di instabilita’ in tempo e temperatura. Variazioni 
per punto al %.  

•  Non usato per calibrazione guadagno. Usato per timestamp e 
debugging 



Miglioramenti nuova proposta 

•  Il goal di 0.02 pm in E989 verra’ 
ottenuto grazie a: 

•  Il nuovo sistema laser dovra’ 
p e r m e t t e r e u n a m i s u r a 
indipendente delle fluttuazioni di 
guadagno “short term”, al meglio 
dello 0.1% (possibilmente 0.04%). 
E s s o d o v r a ’ m o s t r a r e u n a 
stabilita’ (migliore) dello 0.1%  su 
u n p e r i o d o d i 3 0 ’ ( r u n d i 
calibrazione). 

•  P i l e u p r i d o t t o g r a z i e  a 
miglioramento del rivelatore ed 
elettronica associata 

•  In E821 effetto residuo su G(T)~0.1% che non si poteva verificare 
indipendentemente �� errore associato su ωa =0.12 ppm 

� Sistema laser centrale per l’esperimento! (altrimenti sistematico 
sulle fluttuazioni di guadagno non tollerabile) 

•  Goal of 0.04% per singolo punto!!! 

-0.1% 



SPARES 



SPARES 



SPARES 



SPARES 



SPARES 



SPARES 



SPARES 



SPARES 



SPARES 



SPARES 

(LNF/RM2/INO PI)



SPARES 

(NA) 



Milestones 

•  Summer 2014: complete the individual element tests 
and qualifications; 

•  Summer 2014: test beam with a calorimeter prototype 
fully equipped (SLAC)  

•  Nov 2014: Choice of the distribution system 
•  Dec 2014: Demonstration of 0.1% monitoring on a 

single module 
•  July 2015: select the final laser source and the optical 

devices, place the orders. 
•  Fall 2015: check of all components and full calibration 

system 
•  2016: delivery at FNAL, setup and test of the full 

system Graziano Venanzoni, Calibration System Update, Muon G-2 Collab. Meet, FNAL, 12/12/13 



SPARES C. Ferrari, A. Fioretti, C. Gabbanini 
associati a LNF per il 2014 



Primi test all’INO (Gennaio 14) 

Prime misure sull’eff. di trasmissione della sfera integratrice 



•  La misura del g-2 del muone rappresenta un benchmark 
solido per i test di fisica BSM.  La discrepanza di 3.3 sigma 
tra il valore sperimentale e la predizione teorica non e’ 
sufficiente a  stabilire un chiaro segnale di nuova fisica.  

•  Nuova proposta E989 a FNAL. Schedule serrata con inizio 
presa dati nel 2017. Miglioramento di un fattore 4 
dell’errore. Se la nuova misura dovesse confermare il 
valore di BNL, la discrepanza tra SM ed esperimento 
sarebbe tra 5-8σ (scoperta!) 

•  Sigla G-2 aperta per il 2014 con 4 sezioni INFN coinvolte. 
Gruppo italiano di dimensioni giuste e ben motivato a 
raccogliere la sfida.  Lavoro principale su un sistema laser 
ad altissima precisione 

•  Partecipazione e competenze dell’INO essenziali!!!! 

Conclusioni 



SPARES 



SPARES 



SPARES 



SPARES 



SPARES 



Old friends, new teammates 

B. Casey, Detector team G-2 Coll. Meeting Jan 2012 



SPARES 



Monitoring delle fluttuazioni in guadagno in 
E821 

–  SW: Fit dell’endpoint (“EP”) dello spettro di decadimento 
degli e- in funzione del tempo 

•  Incertezza nell’estrapolazione; correzioni di pileup 
 
 
 
 
 
 
 
 

–  HW: Sistema Laser (di fatto non ha funzionato al livello di 
stabilita’ richiesto) 

0.1% 

0.2% 


