
MUonE project

F. Piccinini

INFN Pavia, Italy

La Thuile, February 27th, 2018

? G. Abbiendi, C.M. Carloni Calame, U. Marconi, C. Matteuzzi, G. Montagna, O. Nicrosini,
M. Passera, F. Piccinini, R. Tenchini, L. Trentadue, G. Venanzoni,
Measuring the leading hadronic contribution to the muon g-2 via µe scattering
Eur. Phys. J. C 77 (2017) no.3, 139 - arXiv:1609.08987 [hep-ph]

? C. M. Carloni Calame, M. Passera, L. Trentadue and G. Venanzoni,
A new approach to evaluate the leading hadronic corrections to the muon g-2
Phys. Lett. B 746 (2015) 325 - arXiv:1504.02228 [hep-ph]

F. Piccinini (INFN, Pavia) MUonE Februray 25th - March 3rd, 2018 1 / 22



status of aµ = (g − 2)/2

• E821@BNL measurement with an error of 0.54 ppm

aexp
µ = 116592089(63)× 10−11

G.W. Bennet et al. (Muon (g-2)), Phys. Rev. D73 (2006) 072003

• Error reduction by about a factor of 4 in few years with E989@FNAL
R.M. Carey et al., (2009), Fermilab-Proposal-0989

• E34@JPARC can later cross-check the E989 result with a completely independent
method

J. Imazato, Nucl. Phys. Proc. Suppl. 129 (2004) 81, J-PARC Proposal

• Theoretical prediction

F. Jegerlehner, MITP Workshop, 19-23 February 2018, Mainz

aSM
µ = 116591783(35)× 10−11

• ∆(Th− Exp) = −306± 72 ∼4σ deviation

• New Physics?

• systematics of the measurement?

• systematics of the theoretical prediction? =⇒
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aSM
µ = aQED

µ + aEW
µ + aHLO

µ + aHHO
µ

• QED perturbative corrections known up to 4 loops plus 5 loops partial calculation:
aQED
µ = 116584718.86(30)× 10−11 ∼ 99.99% of the total

T. Aoyama, M. Hayakawa, T. Kinoshita; S. Laporta, E. Remiddi; M. Passera

• aHLO
µ = 6894.6(32.5)× 10−11 =⇒ largest source of uncertainty

F. Jegerlehner, MITP Workshop, 19-23 February 2018, Mainz
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• Hadronic light-by-light: aLxL
µ = 103.4(28.8)× 10−11

F. Jegerlehner, MITP Workshop, 19-23 February 2018, Mainz
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• Hadronic HO vacuum polarization: aHHO
µ = −87.0(0.6)× 10−11

• two loop electroweak radiative corrections: aEW
µ = 153.6(1.1)× 10−11

Gnendiger, Stöckinger, Stöckinger-Kim
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aHLO
µ

• perturbation theory (PT) reliable for leptons and top−quark
• PT not reliable for light quark
⇒ hadronic contribution from LQCD

⇒ via optical theorem, hadronic contribution from dispersion relation involving the
total hadronic cross section measured experimentally at e+e− machines:
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3π

)2
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Recent results:

l π+π− from BES-III, CMD-3 and CLEOc
l π+π−π0 from Belle
l K+K− from CMD-3 and SND
l ωπ0 → π0π0γ from SND
l KS K±π0π∓, KS K±π∓η, π+π−π0π0, KS KLπ

0,
KS KLη,KS KLπ

0π0 from BaBar

see Simon Eidelman’s Talk
Energy range ahad

µ [%](error) × 1010 rel. err. abs. err.
ρ, ω (E < 1 GeV) 540.98 [78.6](2.80) 0.5 % 50.7 %

1 GeV < E < 2 GeV 96.49 [14.0](2.54) 2.6 % 41.5 %
2 GeV < E < ∞ incl pQCD 51.09 [ 7.4](1.10) 2.2 % 7.8 %

total 688.65 [100.0](3.94) 0.6 % 100.0 %

F. Jegerlehner muonLOHCws@MITP, JGU Mainz, February 19-23, 2018 13

600 650 700 750 800

N f = 2 + 1 + 1

■ RBC/UKQCD 18
692.5 ± 2.67

■ RBC/UKQCD 18
715.4 ± 18.72

■ BMW 17
711 ± 19

■ HPQCD 16
667 ± 13

■ ETM 15
678 ± 29

N f = 2 + 1

▲ RBC/UKQCD 11
641 ± 46

▲ Aubin+Blum 07
748 ± 21

▲ Aubin+Blum 07
713 ± 15

N f = 2

■ Mainz/CLS 17
654 ± 38

▲ Mainz/CLS 11
618 ± 64

❙ ETM 11
572 ± 16

FJ17 e+e−&τ 688.8 ± 3.4
HLMNT11 e+e− 694.4 ± 3.7
BDDJ15 HLS fit 681.9 ± 3.2
DHMZ16 e+e− 692.3 ± 4.2
DHMZ16 e+e−&τ 701.5 ± 4.6

■ HPV adjusted ∆aNP
µ = 0

720.26 ± 7.01

aHVP
µ · 1010

Summary of recent LQCD results for
the leading order aHVP

µ , in units 10−10.
Labels: n marks u, d, s, c, s u, d, s
and y u, d contributions. Individual
flavor contributions from light (u, d)
amount to about 90%, strange about
8% and charm about 2%.
Budapest, Marseille, Wuppertal,
Brookhaven, Zeuthen, Mainz, Ed-
inburgh, ... The gray vertical band
represents my evaluation. The
wheat band represents the HVP
required such that theory matches
the experimental BNL result. The
very precise RBC/UKQCD point is
obtained by supplementing lattice
results by R–data.
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F. Jegerlehner, MITP Workshop, 19-23 February 2018, Mainz

• LQCD not yet competitive in precision
• Integral over time-like data extremely delicate due to combination of many

exclusive channels
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space-like evaluation of aHLO
µ

aHLO
µ =

(αmµ

3π

)2
∫ ∞

4m2
π

ds
K(s)R(s)

s2
=
α

π

∫ 1

0

dx(1− x)∆αhad(t(x))

Carloni Calame, Passera, Trentadue and Venanzoni, Phys. Lett. B 746 (2015) 325

aHLO
µ = −α

π
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1 + β
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∆αhad(t)

where

t(x) =
x2m2

µ
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β(t) =

√
1−

4m2
µ

t
x(t) =

t (1− β(t))

2m2
µ

t =

{
0− for x→ 0+
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∆αhad(t) is the hadronic contribution to the running of αQED(q2) = α
1−∆α(q2)

? aHLO
µ can be obtained by measuring the running of αQED in a space-like process

? ∆αhad(t) in the integrand is evaluated in the space-like region (negative transfer
momenta) where it is a smooth function

? Roughly, to be competitive with current time-like evaluations, ∆αhad(t) needs to be
known at some % level
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General considerations
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• integrand function (1− x)∆αhad(t(x))

xpeak ' 0.914

tpeak ' −0.108 GeV2
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µe→ µe elastic scattering in a fixed target experiment

G. Abbiendi et al., Eur. Phys. J. C 77 (2017) no.3, 139

7→ A 150 GeV high-intensity (∼1.3×107 µ’s/s) muon beam available at CERN North
Area

7→ Muon scattering on a low-Z target (µe→ µe) looks an ideal process

? it is a pure t–channel process→

dσ

dt
=
dσ0

dt

∣∣∣∣α(t)

α

∣∣∣∣2
? Assuming a 150 GeV incident µ beam we have

s ' 0.164 GeV2 − 0.143 . t < 0 GeV2 0 < x . 0.93 it spans the peak!

? the region 0.9 ≤ x < 1 can be covered with LQCD + PQCD

M. Marinkovic, MITP Workshop, 19-23 February 2018, Mainz

F. Piccinini (INFN, Pavia) MUonE Februray 25th - March 3rd, 2018 8 / 22



µe scattering kinematics for leading order (2→ 2, elastic process)

p1, p2 initial state µ and e p3, p4 final state µ and e

In the lab

p1 = (Ebeamµ , 0, 0, p)

p2 = (me, 0, 0, 0)

p3 = p1 + p2 − p4

p4 = (Ee, pe sin θe, 0, pe cos θe)

In the center of mass

p1 = (EµCM , 0, 0, pCM )

p2 = (EeCM , 0, 0,−pCM )

p3 = (EµCM , pCM sin θ, 0, pCM cos θ)

p4 = (EeCM ,−pCM sin θ, 0,−pCM cos θ)

Invariants:

s = (p1 + p2)2 = (p3 + p4)2

= m2
e +m2

µ + 2EµCME
e
CM + 2p2

CM

= m2
e +m2

µ + 2Ebeamµ me

t = (p1 − p3)2 = (p2 − p4)2

= −2p2
CM (1− cos θ)

= 2m2
e − 2Eeme

pCM =
1

2

√
λ(s,m2

µ,m2
e)

s

t = m2
µ

x2

x− 1
∝ Ee

Ee = me
1 + r2 cos2 θe
1− r2 cos2 θe

r ≡

√(
Ebeamµ

)2
− m2

µ

Ebeamµ + me
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• where is the challenge?
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MUonE	:	signal/normalization	region		

Signal	

10-5<Δαhad<10-3 

Normalization	

Δαhad<~10-5 

θe[mrad] 
Ndata(ti )
NMC
0 (ti )

=
Ndata(ti )
Ndata
norm

×
σMC
0,norm

σMC
0 (ti )

~1− 2(Δα lep(ti )+Δαhad (ti ))

Ratio of the 
theoretical cross 
section (with no VP) 

Ratio of data Nsignal(t)/Nnormalization 

aµ
HLO	at	0.3%	àThese	two	

ratios	should	be	known		at	10-5	

Ndata(ti )
Ndata
norm

G.	Venanzoni,		MUonE	@MITP,	Mainz		19	February	2018	
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(main) systematic uncertainties

• theoretical: higher order radiative corrections modify the shapes

• the most advanced technologies for NNLO calculations and higher order resummation
are needed

• (main) experimental sources

• multiple scattering: Ee in normalization region much lower than in signal region
Effect ∼ 1/E =⇒ it affects signal and normalization in different way

• absolute µ beam energy scale

• electron pair production

• bremsstrahlung
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Theoretical status

p1 p3

p2 p4

µ− µ−

e− e−

t = t24 = t13

• analytical expression for tree level

dσ

dt
=

4πα2

λ(s,m2
µ,m2

e)

[
(s−m2

µ −m2
e)

2

t2
+
s

t
+

1

2

]
• VP gauge invariant subset of NLO rad. corr.
• factorized over tree-level: α→ α(t)

• NLO virtual diagrams

(Van Nieuwenhuizen 1971, D’Ambrosio 1983, Kukhto et al. 1987, Bardin, Kalinovskaya 1997)

p2 p4

e− e−

p1 p3

µ− µ−

leptons

p2 p4

e− e−

p1 p3

µ− µ−

hadrons
+top

p1 p3

p2 p4

µ− µ−

e− e−

p1 p3

p2 p4

µ− µ−

e− e−

p1 p3

p2 p4

µ− µ−

e− e−

p1 p3

p2 p4

µ− µ−

e− e−

• and corresponding real emission diagrams
• NLO matrix elements calculated with finite mµ and me mass effects and a Monte

Carlo program has been developed and taylored to the fixed target kinematics

M. Alacevich et al., in progress
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θe distribution and corrections in the lab
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θµ distribution and corrections in the lab
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µ-e angle correlation in the lab
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towards NNLO amplitudes
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Figure 1: Two-loop four-point topologies for µe scattering

• For the second two-loop family, which contains topologies T4, T5, T9 and T10 shown

in figure 1,

D1 = k21 −m2, D2 = k22, D3 = (k2 + p2)
2, D4 = (k1 + p2)

2,

D5 = (k2 + p2 − p3)2, D6 = (k1 + p2 − p3)2 −m2, D7 = (k1 − p1)2,
D8 = (k2 − p1)2 −m2, D9 = (k1 − k2)2 −m2 . (3.6)

For all families, k1 and k2 denote the loop momenta. In the following sections, MIs will

be represented by diagrams where thick lines stand for massive particles (muon), whereas

thin lines stand for massless ones (electron, photon).

4 System of differential equations

In order to determine all MIs appearing in the three integral families defined above, we

initially derive their DEQs in the dimensionless variables −s/m2 and −t/m2. Upon the

change of variable,

− s

m2
= x, − t

m2
=

(1− y)2

y
, (4.1)

the coefficients of the DEQs are rational functions of x and y. According to our system

solving strategy, by means of integration-by-parts identities (IBPs), we identify an initial

– 5 –

Mastrolia, Passera, Primo, Schubert, arXiv:1709.07435

• same diagrams needed for NNLO QCD tt̄ production at the LHC
How to calculate these diagrams of O(α4)?

e

µ

had. × ×

M. Fael MITP 22 Feb 2018 2

Fael, Passera, in progress

• NLO vacuum polarization corrections
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On the experimental side

• a modular apparatus has been proposed

G. Abbiendi et al., Eur. Phys. J. C 77 (2017) no.3, 139

M. Passera    MITP   Feb 19 2018 7

Muon-electron scattering @ CERN

  Δαhad(t) can also be measured via the elastic scattering μ e ➞ μ e. 

  We propose to scatter a 150 GeV muon beam, available at CERN’s  
North Area, on a fixed electron target (Beryllium). Modular 
apparatus: each module has one layer of  Beryllium (target) followed 
by several thin Silicon strip detectors.

μe

//
μ μ

e

ECAL
Be

Si Si Si

Be
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First Test Beam in 2017 to study multiple scattering

• 27 September - 3 October 2017, CERN, H8 Beam Line
• adapted UA9 apparatus
• electron beams of 12 GeV and 20 GeV; µ of 160 GeV
• 107 events with graphite targets of thickness 2, 4, 8, 20 mm

Results	from	Test	Beam	

 
  Adapted UA9 apparatus 

5 Si planes: 2 before and 3 after the target, 3.8x3.8 cm2  intrinsic resolution 
~100µrad (with preliminary alignment) 

319
mm 

79
mm 

502
mm 

408
mm 

Target 

Check	GEANT	MSC	prediction	and	populate	the	2D	(θe	,	θμ)	scattering	plane		

•  27	Sep-3	October	2017		at	CERN	"H8	Beam	Line”	
•  Adapted	UA9	Apparatus		
•  Beam	energy:	e-	of	12/20	GeV;	µ	of	160	GeV	
•  107	events	with	C	targets	of	different	thickness	(2,4,8,-20mm)	

μ/e	beam	

C		target	here	

G.	Venanzoni,		MUonE	@MITP,	Mainz		19	February	2018	

[see Principe’s talk] 

F. Piccinini (INFN, Pavia) MUonE Februray 25th - March 3rd, 2018 19 / 22



Test	Beam	results	

17	

12	GeV	e-	on	20	mm	graphite	

Agreement	of	the	gaussian	core	of	the	distributions	better	than	1	%		

Geant4	simulations	
Data		

U. Marconi, MITP Workshop, 19-23 February 2018, Mainz
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Plans	
•  2018-2019	

–  Detector	optimization	studies:	Simulation	and	Test	Beam	
–  Theoretical	studies	
–  Set	up	a	collaboration	
–  Letter	of	Intent	to	the	SPSC		

•  2020-2021	
–  Detector	construction	and	installation		

(a	staged	version	of	the	detector	may	be)	

•  2022–2024			
–  Start	the	data	taking	after	LS2	to	measure	aμ

HLO		
(not	necessarily	the	ultimate	precision)	

15	

PBC Kickoff Workshop - Setting the scene         6 September 2016                  Christoph Rembser         

LHC roadmap, according to MTP 2016-2020*

4

*outline LHC schedule out to 2035 presented by Frederick Bordry to the SPC and FC June 2015

Long Shutdown (LS)

LHC schedule 
G.	Venanzoni,		MUonE	@MITP,	Mainz		19	February	2018	
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Summary

• (g − 2)µ discrepancy between E821 result and SM predictions reached the 4σ
level

• HLO vacuum polarization contribution is the dominant source of th. uncertainty

• different methods required to allow independent cross-checks

• time-like dispersive approach: the most precise up to now

• LQCD calculations: not yet competitive but improving

• space-like dispersive approach and MUonE experiment proposal: promising, provided
theoretical and experimental systematics are kept under control at the level of
10−4/10−5

• progress on the theory side and on the optimization studies related to the experiment

• synergic collaboration between theorists and experimentalists
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