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A proposal for measuring HLO contributions from  

 µ + e → µ + e  elastic scattering  

Clara Matteuzzi   

Measuring the Leading Order Hadronic  
Contribution to the muon g-2  
in the space-like region 
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Outline  

Physics motivations 

Tools to perform the measurement 

First testbeam at CERN  

Plans and tentative timeline 
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Physics motivation 
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Physics motivations  

where 

Dirac equation predicts g= 2 , but radiative corrections: 

“anomalous” magnetic moment 
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Physics motivations  
The muon g-2 is measured with high precision:  

- New Physics? 
- Systematics of the measurement? 
- Systematics of the theoretical prediction? 

× 10 -11 
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Physics motivations  

DHMZ    ! parametrization  M.Davier et al. 
HLMNT ! K. Hagiwara et al. 
SMXX     !  average of these two values 

Current experimental value of aµ  ! 

Assuming same central value and improved 
precision from Fermilab and J-PARC  ! 
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Physics motivations  
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Physics motivations  

Is it possible, in view of the forecoming experiments at FNAL(E989) and J-PARC(E34),  
to reduce the dominant theoretical uncertainties (HVP-LO and HLxL) ?? 

Recent updates : 
           T. Blum et al., Phys.Rev.Lett. 121 022003 (2018) 
           A. Keshavarzi et al., Phys.Rev.D 97 114025 (2018)   
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Physics motivations  

Both Fermilab and J-PARC g-2 experiments will lower the experimental error  
from 0.5 ppm to ≈ 0.14 ppm in few years  

Need therefore to lower the theoretical uncertainty in order to have a more  
precise SM prediction        more theoretical work is necessary (rad corr, lattice,..) 

The largest contribution to the theoretical uncertainty comes from  the 
term   Δαhad (t)   which can be measured experimentally 
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The standard dispersive approach  
(time-like approach) 
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Approach: time-like evaluation 

Combination of many exclusive channels 
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Contributions to Δa µ      

Approach: time-like evaluation 
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An alternative approach  
(space-like approach) 

From : To : 
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Approach: space-like evaluation 

Strategy: 
        - measure Dahad(t) in  in the reachable experimental kinematic range 
        - fit  
        - get large |t| values from theory 
        - get the integrand function and the value of 

= 
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aHAD is the total area under this curve 

Δα had  

Δα lep  

 x  

 |t| (10—3 GeV2) 

Very small contribution!! 

 x  

    |t| (10—3 GeV2) 

Approach: space-like evaluation 
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Fit  Δα had (t)  from : 
(From C. Carloni-Calame) 

To be competitive with the current evaluations, Δα had (t) needs to be  
measured at the % level 
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Genesis of the proposal ….. 

1. Running of αe.m. with Bhabha scattering 

2. Extract HLO from the running of αe.m 
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Why     µ + e− ! µ + e−    
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Why  µ + e → µ + e ?  

Muon scattering on atomic electrons looks an ideal process: 
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The kinematics  
(from C.Calame) 

 θe(mrad) 
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The kinematics: correlation curve  
M

uo
n 

sc
at

te
rin

g 
an

gl
e 

(m
ra

d)
 

Electron scattering angle (mrad) 

The constraint is useful to select elastic events, reject background and reduce systematics in t determination 
Below 2-3 mrad µ and e overlap, to be resolved by µ/e identification 
Multiple scattering breaks the correlation: simulation and data will help to optimize the detector and reduce 
the systematics 

montecarlo 
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Tools to do the measurement  
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Tools to do the measurement  
Target elements are sandwiched between Si planes and spaced by ~ 50 cm air  

µ filter 

e.m. calorimeter 

100 mrad 
acceptance 

Si  Si  Si  

target  target  
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Tools to do the measurement  

Systematics 
        many effects will have to be under control:  
                         efficiencies and stability (uniformity,acceptance, tracking, trigger, PID) 
                         alignment and positioning along the beam of the Si planes 
                         uncertainties in vertex location, incoming muon momentum, 
                         effect of multiple scattering (different in “control” and “signal” regions) 
                            ???????     many others, can be studied with data themselves   

Theory 
        to extract Δα(t) from this measurement,  the SM predictions  must be     
            known at the NNLO 
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This is an experiment where the main issue is to control the systematic  
error at the same level as the statistical one 

            Important contribution identified is the multiple scattering of low energy 
            electrons (Ee ≈ few GeV) 

Tools to do the measurement  

To demonstrate the feasibility of the experiment,  
we started a testbeams campaign  
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Testbeams results  
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Testbeam in 2017 

Used existing setup from Imperial College : 
               5 Si planes, 2 before and 3 after the target, 3.8x3.8 cm2 
               as is it the setup achieves 5.2 µrad, limited by the MS in the Si 

Data taken with electrons and muons and with different targets thicknesses 
Aim: study MS of electrons and first look at elastic events 
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Testbeam in 2017  (Multiple Scattering study) 
Data taken with 
-  Graphite targets of 4, 8, 20 mm 
-  Electron energies 12 and 20 GeV 
- Muons of 160 GeV 

12 GeV electrons  

20 GeV electrons  

(plots from M. Bonanomi thesis) 
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Testbeam in 2017  (Multiple Scattering study) 

12 GeV electrons, 20 mm graphite 
GEANT/DATA 

12 GeV electrons, 8 mm graphite 
Comparison GEANT/DATA 

(plots from M. Bonanomi thesis) 
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Testbeam in 2017 (study of  µ + e− ! µ + e− )  

2017 DATA 

251 events 

Simulated curve 
for Emu=150 GeV 

2017 simulation 
5072 events 

Acoplanarity Data taken with 
 Muons of 160 GeV 

2017 simulation 
normalized to data 

(plots from M. Bonanomi thesis) 
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Testbeam in 2018 

Running with muons behind COMPASS detector  

Two ‘modules’ : 
               8  Si planes 9.5 x 9.5 cm , 2 C targets (8 mm thick) 
               e.m. calorimeter (CMS crystals)   
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Testbeam in 2018 

Setup located in the North Area 
behind COMPASS detector 

Array of 3 x 3 crystals from CMS       
 PbWO  ,  25Xo  ,  9.9 cm2 



•  The setup has been located downstream COMPASS    
                       behind the Tungsten hadrons filter 
•  Aim to measure muon – electron  elastic scattering 

•  Using muons from pions decays (hadron beam) with an 
estimated beam momentum p = (187±7) GeV 

•  To measure the correlation between the scattering angles:  
muon angle vs the electron angle; 

•  Electron energy vs the electron angle correlation and PID. 
•  The detector consists of: 

–  Tracking system: stations equipped with the AGILE silicon 
strip sensors: 400 micron thick, single sided,  
about 40 micron intrinsic hit resolution.  

–  Electromagnetic calorimeter: 3x3 cell matrix.  

34 

Testbeam in 2018 
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Tracking algorithm applied.  
150 million incoming muons → 5742 reconstructed events  

θµ vs  θe 
40µm hit resolution Elasticity curve: beam momentum at 187 GeV 

5 
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50 mrad 

Testbeam in 2018 

Signal (elastic) 
Background 

(Pair production)  

Simulation GEANT4 
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Ee vs θe 

Simulation: Test beam 2018, GEANT4 
Electron energy / angle correlation 

Testbeam in 2018 
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Elasticity curve: beam momentum (187 ± 7) GeV 

Data with E > 1 GeV 

EC
A

L 

DATA using the Calorimeter Testbeam in 2018 

Montecarlo 
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Effect of the resolution with  GEANT4 

Signal  (elastic) 
Background  
       (pair production) 

Testbeam in 2018 θµ vs θe correlation 

7 µm (2017 TB)   

40 µm (2018 TB)   

Final detector MUST have the  
best resolution possible to be 
 achieved with a Si tracker 



Ongoing studies (data still being taken): 

•  Investigate the Efficiency of the selection  
–  tracking algorithms 
–  Use of coplanarity 
–  Elasticity: d= d(P,γ) of the angles from the elasticit 

curve.  
–  Common vertex constraint of the tracks at the target 

(muon in, muon out, electron candidate) 
–  Cut in electron energy 

39 

Testbeam in 2018 

 DATA will be taken until 12th november 2018   



Possible location of            at CERN M2   
•  Between BSM and COMPASS 

40 (Studies by J. Bernhard and D. Banerjee)   
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Tools to do the measurement  
(From M. Passera) 
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M. Passera    CERN - PBC   March 2 2018

Mainz Institute for 
Theoretical Physics 
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to the muon anomalous magnetic moment
Massimo Passera INFN Padua, Luca Trentadue U Parma, 

Carlo Carloni Calame INFN Pavia Graziano Venanzoni INFN Frascati

February 19-23, 2018

Challenges in Semileptonic B Decays
Paolo Gambino U Turin, Andreas Kronfeld Fermilab, 

Marcello Rotondo INFN-LNF Frascati, 

Christof Schwanda OEWA Vienna

April 16-20, 2018

Tension in LCDM Paradigm
Cora Dvorkin U Harvard, Silvia Galli IAP Paris, 

Fabio Iocco ICTP-SAIFR, Federico Marinacci MIT

May 14-18, 2018

The Proton Radius Puzzle and Beyond
Gil Paz Wayne State U, Richard Hill Perimeter Inst., Randolf Pohl JGU

July 23-27, 2018

Scattering Amplitudes and Resonance Properties 
from Lattice QCD
Maxwell T. Hansen CERN, Sasa Prelovsek U Ljubljana, 

Steve Sharpe U Washington, Georg von Hippel, Hartmut Wittig JGU

August 27-31, 2018

Quantum Fields – From Fundamental Concepts to 
Phenomenological Questions
Astrid Eichhorn U Heidelberg, Roberto Percacci SISSA Trieste, Frank 

Saueressig U Nijmegen

September 26-28, 2018

Probing Physics Beyond SM with Precision 
Ansgar Denner U Würzburg, Stefan Dittmaier U Freiburg, Tilman 

Plehn U Heidelberg 

February 26-March 9, 2018

Bridging the Standard Model to New Physics 
with the Parity Violation Program at MESA
Jens Erler UNAM, Mikhail Gorshteyn, Hubert Spiesberger JGU

April 23-May 4, 2018

Modern Techniques for CFT and AdS
Bartlomiej Czech IAS Princeton, Michal P. Heller 

MPI for Gravitational Physics, Alessandro Vichi EPFL

May 28-June 8, 2018

The Dawn of Gravitational Wave Science
Rafael A. Porto ICTP-SAIFR, Riccardo Sturani IIP Natal, 

Salvatore Vitale MIT, Luis Lehner Perimeter Inst.

June 4-15, 2018

The Future of BSM Physics
Giulia Ricciardi U Naples Federico II, Gian Giudice CERN 

Tobias Hurth, Joachim Kopp, Matthias Neubert JGU 

June 4-15, 2018, Capri, Italy

Probing Baryogenesis via LHC and Gravitational 
Wave Signatures
Germano Nardini U. Bern, Carlos E.M. Wagner U Chicago /

Argonne NatLab., Pedro Schwaller JGU 

June 18-29, 2018

From Amplitudes to Phenomenology
Fabrizio Caola IPPP Durham, Bernhard Mistlberger, 

Giulia Zanderighi CERN 

August 13-24, 2018

String Theory, Geometry and String Model Building
Philip Candelas, Xenia de la Ossa, Andre Lukas U Oxford, 

Daniel Waldram Imperial College London, Gabriele Honecker, 

Duco van Straten JGU 

September 10-21, 2018

Johannes Henn, Matthias Neubert, Stefan Weinzierl, Felix Yu JGU

Juli 2018
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TOPICAL WORKSHOPS

For more details: http://www.mitp.uni-mainz.de   

Mainz Institute for Theoretical Physics
PRISMA Cluster of Excellence 

Johannes Gutenberg-Universität Mainz, Germany

!11

2nd MUonE theory workshop: Mainz - Feb 2018 μe
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Start taking data in 2021 with M2 beam (approved for COMPASS running) 
with part of the detector 

Studies with GEANT4 for: 
     optimize geometrical configuration (target modularity, material budget) 
     number and thickness of Si layers 
     trigger studies 
     calorimetry (trasversal size, geometrical configuration,…) 

Plans to have Beam Tests in 2019-2020  with electrons 
     to finalize Multiple Scattering studies 

Detector elements: 
     under scrutiny now  existing solutions for sensors and electronics/DAQ 
     from CMS upgrade, (LHCb upgrade, BELLE II?) 
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Summary 

We  propose to measure  µ e → µ e  scattering in the space-
like region with the existing CERN North Area µ beam and a 
detector which should not require R&D for new technologies    

We are convinced that the physics case is extremely 
important (and timely!). The experiment is very challenging 
from the experimental point of view considering the 
systematic uncertainty which must be achieved, and hopefully 
it is doable in a relative short timescale 

Quote from F. Jegerlehner (MITP  workshop, Mainz 21-23 feb 2018) 
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Spares 
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Measure the Hadronic Leading Order contribution (HLO) 
to the muon g-2 in the space-like region 

Proposed by: 
G. Abbiendi, C.M. Carloni Calame, U. Marconi, C. Matteuzzi, G.Montagna,  
O. Nicrosini, M. Passera, F. Piccinini, R. Tenchini, L.Trentadue, G.Venanzoni 

Reference: 
G. Abbiendi et al., Eur. Phys. J. C (2017) 77:139. doi :10.1140/epjc/s10052-017-4633-z. 



Optimal Muon Beam Momentum  

Eµ ~ 120 GeV 
0 < x < xpeak  

Fraction of the aµ
HLO integral as a function of the muon 

beam momentum: pµ = 150 GeV " 87% of the integral (0 < 
x <0.93). 

Beyond the kinematic limit the integral can be determined using pQCD & time-like 
data, and/or lattice QCD results. 47 08/10/2018 Clara Matteuzzi 



1.  QED	NLO	corrections.	Easy.			

2.  Resummation	of	dominant	corrections	up	to	all	orders,	matched	with	
NLO	corrections.	Non-trivial	issue:	mass	effects	in	this	case	are	
important		

3.  NNLO	corrections:	some	classes	of	NNLO	re-usable	from	existing	
Bhabha	calculations,	some	new	due	to	different	mass	scales	(mµ	and	
me).	In	any	case,	NNLO	must	be	matched	with	1.	and	2.	[references:	Eur.	
Phys.	J.	C	66	(2010)	585	and	references	therein]	

4.  Development	of	dedicated	MC	tools	including	all	the	above	ingredients	

5.  Detailed	study	of	all	the	mentioned	corrections,	comparison	among	
independent	calculations,	estimate	of	further-missing	higher-order	
corrections	

Activity	on	the	theory	side 

08/10/2018 48 Clara Matteuzzi 
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Physics motivations  From F. Piccinini La Thuile 2018 


