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ATLAS CERN Higgs/SUSY 

LHCb CERN SUSY 

T2K J-PARC ν Mixing 
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LZ Sanford Direct DM 

g-2 FNAL a,d 
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CTA/LSST DM/DE 

MAGIS FNAL DM/Gravity 
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Particle Physics 
beyond the LHC 

+Pheno 



Higgs-Maxwell 
Workshop 

Dark Matter 

Neutrino Nature 

SM Tests Collider 

Higgs Properties 
SM Tests Precision 
(LFV, g-2) 

SUSY 

Dark Energy 

Axions 

Dark Matter (SUSY) 

Higgs Properties 

SM Tests Collider 

Neutrino Nature 

Quark CP 
SM Tests Precision 
(LFV, g-2) 

Dark Energy 

Axions 
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QUANTUM SENSORS  
FOR FUNDAMENTAL 
PHYSICS 
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Liverpool 
Experiment 
 
Since 2008 
 
Led to 
QSFP 
Initiative 
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cosmic inflation  in  
frequency range  
inaccessible to LIGO/LISA 
 
Atomic interferometers  
can also be sensitive detectors  
of “dark” energy. 



Higgs-Maxwell 
Workshop 

14 



Higgs-Maxwell 
Workshop 

15 

See Martin Bauer’s talk… 

But note … with QSFP style techniques we can probe new physics 
even up to Planck Scale (Beckenstein) 



Higgs-Maxwell 
Workshop 

16 



Higgs-Maxwell 
Workshop 

17 



Higgs-Maxwell 
Workshop 

(2016) 

(2013) 

(1984) 

(2006) 

(2009) 
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… and 
Feynman and 
Tomonaga …. 
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1/α=137.035999046(27)     
 
Science, 13 Apr 2018: Vol. 360, 
Issue 6385, pp. 191-195 
 
 ae = 0.00115965218161(23) 
used matter-wave interferometry with a cloud of  
cesium atoms to make the most accurate 
measurement of  α to date. QFSP 

ATOM  
INTERFEROMETRY 

 2.5 σ difference 

Revised and improved value of  the QED tenth-order 
electron anomalous magnetic moment 
Tatsumi Aoyama, Toichiro Kinoshita, and Makiko 
Nio 
 
Phys. Rev. D 97, 036001 – Published 8 February 
2018 
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1957 Proc. Phys. Soc. A 70 543  

Garwin, Lederman, Weinrich 
2.00+/-0.10  
Phys Rev  105, 1415 (Jan 57) @ 
Columbia  
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“The muon anomalous magnetic moment 
important and unique quantity in 
subatomic physics, since its value 
represents a sum over all known 
standard model physics. This wide 
sensitivity exists because the anomalous 
moment depends on all particles in 
nature that can couple to the muon, 
including as-yet-undiscovered ones.”  
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-3.7 KNT PhysRevD.97.114025 
Keshavarzi, Nomura, Teubner  
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Hadronic Corrections 
For the BNL result to match the SM prediction then the 
SM hadronic estimate would need to be wrong by 6σ  v 

The beauty of  the SM is that 
everything is related ….. 
 
 
“You cannot cook-up a zero g-2 
SM anomaly and be consistent 
with the LHC Higgs mass!” 
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mµ	

aµ	
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New physics 
contributes as:  

�
m�

MNEW

�2

 
But                    is 44,000.   
 
2nd Generation Leptons v. 
useful. 
 
Muon has sensitivity to new 
physics from < MeV to TeV. 
 

✓
mµ

me

◆2

Difficult to use taus! 
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Spin Precession frequency   Cyclotron frequency 

~140ns ~149ns 

Larmor Precession   Thomas Precession   
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FFT of fit 
residuals 

Radial CBO  

vertical CBO  
Harmonics  
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Straw trackers 

100 µm radial  
resolution achieved 
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Radial & Vertical Position
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Data Collection Significance gap 
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... a lepton-flavour violating dark photon..? 
 
 ...a model with a large muon EDM..?          
 
arXiv:1807.1148 

Combined explanations of (g−2)μ,e and implications for a large muon EDM 
Andreas Crivellin, Martin Hoferichter, Philipp Schmidt-Wellenburg  
 
 
Fortunately UK using g-2 to make a 1-2 order magnitude improvement in 
muEDM! 
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Explaining electron and muon anomalies 
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Explaining electron and muon anomalies 
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Summary of  g-2 SM corrections/uncertainities 
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Muon : EDM

O(1M) events in trackers 
(few weeks) 
--> sensitivity at 10-19 
[BNL] 
 
Expect several billion 
events in the  
trackers and so reach 
10-21 

Time [ns]
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Up/Down Asymmetry
EDM = 1.0E-16 e.cm
EDM = 1.8E-17 e.cm

EDM = 2.0E-18 e.cm

EDM = 1.0E-36 e.cm

Up/Down Asymmetry

•  Precession plane tilts 
towards center of ring

•  Causes an increase in 
muon precession 
frequency

•  Oscillation is 90o out of 
phase with the aµ 
oscillation
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𝐵𝑟(𝜇→𝑒𝛾)= ​3𝛼/32𝜋 ​|∑𝑖=2,3↑▒​𝑈↓𝜇𝑖↑∗  ​𝑈↓𝑒𝑖 ​∆​𝑚↓𝑖1↑2 /​𝑀↓𝑊↑2  |↑2 < ​10↑−54  
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Mu3e 
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Moments … 
“If  you enjoy doing difficult experiments, you can do them, but it is 
a waste of  time and effort because the result is already known” : 

Pauli 

"No experiment is so dumb, that it   
should not be tried” : Gerlach  
“the Muon obeys QED.  
g-2 is correct to 0.5%.  
In my opinion, it will be  
right to any accuracy. So it’s not worth 
doing the experiment”  
 
Head of CERN Theory at time of CERN 
EDMs 
 
“would you like to predict  
the result ?” : F. Farley FRS 
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Physics Beyond the LHC is exciting!  
 
Access to PeV in the  next decade 
 
Can we do physics with loops? Existential question…. 
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