
Unravelling the mysteries of strong 
interaction with supercomputers

Marina Krstić Marinković

Abschlusskolloquium des GRK 1504                                                         2018, March 9th

MUonE: Theory Update

Massimo Passera 
INFN Padova

MUonE meeting 
Pisa 

29-30 January 2018



My scientific trajectory



• 2006 - Summer Student Program @ DESY, Zeuthen

My scientific trajectory



• 2008 - 2009

My scientific trajectory



• 2009 - 2012

My scientific trajectory



• 2012 - 2014

My scientific trajectory



• 2014 - 2017

My scientific trajectory



• 2016 -

My scientific trajectory



Standard model of particle physics

• Interactions (not) present in SM:

➡ Electromagnetic 

➡ Weak 

➡ Strong 

➡ Yukawa 

➡ Gravity 

➡ dark matter 

➡ dark energy 

➡ hierarchy problem 

➡ strong CP-problem 

➡ matter/anti-matter asymmetry…

• Is there some new physics beyond 
standard model (SM) ?

Illustration:[http://cdn2-b.examiner.com]
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➡ Direct searches  

➡ Indirect searches
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SPIN-0 ANALYSIS

Looking for new physics beyond SM

use experimental results and theory predictions to constrain  
the SM and figure out if there is a discrepancy indicating new physics (NP)

➡ Theorist’s job:  
➡ predicting the relevant input for the indirect searches of NP 
➡ creating a model that accommodates the potential discoveries of NP
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Looking for new physics beyond SM

use experimental results and theory predictions to constrain  
the SM and figure out if there is a discrepancy indicating new physics (NP)

➡ Theorist’s job:  
➡ predicting the relevant input for the indirect searches of NP 
➡ creating a model that accommodates the potential discoveries of NP

Dominating uncertainties:  
Quantum Chromodynamics
(theory of strong interaction) 



➡ Experimental values (BaBar, Belle, LHCb)

➡ SM prediction:

R(D) =
B(B ! D⌧⌫⌧ )

B(B ! Dl⌫l)
= 0.44± 0.07 R(D⇤) =

B(B ! D⇤⌧⌫⌧ )

B(B ! D⇤l⌫l)
= 0.33± 0.03

R(D⇤)SM = 0.252± 0.003R(D)SM = 0.297± 0.017

The quest for New Physics beyond SM

➡ New intensity frontier experiments planned to crosscheck these measurements (e.g. Belle II )

• Searches for rare processes and for tiny deviations from Standard model expectations

• Heavy flavour physics

14
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The quest for New Physics beyond SM

➡ New intensity frontier experiments planned to crosscheck these measurements (e.g. Belle II )

• Searches for rare processes and for tiny deviations from Standard model expectations

• Heavy flavour physics

• Muon anomalous magnetic moment
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The magnetic moment of the lepton:    

• Intrinsic magnetic moment of any spinning particle 

• For leptons,             , the giromagnetic factor from Dirac theory:  s =
1

2
gl = 2

~µ = gl
e~

2mlc
~S

•

Essentials of the Muon g − 2 3

where µB is the Bohr magneton which has the value

µB =
e!

2mec
= 5.788381804(39)× 10−11 MeVT−1 . (5)

Formally, the anomalous magnetic moment is given by a form factor, de-
fined by the matrix element

⟨ℓ−(p′)|jµ
em(0)|ℓ−(p)⟩

where |ℓ−(p)⟩ is a lepton state of momentum p. The relativistically covariant
decomposition of the matrix element reads

γ(q)
µ(p′)

µ(p)

= (−ie) ū(p′)
[
γµFE(q2) + iσµν qν

2mµ
FM(q2)

]
u(p)

with q = p′ − p and where u(p) denotes a Dirac spinor, the relativistic wave
function of a free lepton, a classical solution of the Dirac equation (γµpµ −
m) u(p) = 0. FE(q2) is the electric charge or Dirac form factor and FM(q2)
is the magnetic or Pauli form factor. Note that the matrix σµν = i

2 [γµ, γν ]
represents the spin 1/2 angular momentum tensor. In the static (classical)
limit q2 → 0 we have

FE(0) = 1 ; FM(0) = aµ (6)

where the first relation is the charge normalization condition, which must be
satisfied by the electrical form factor, while the second relation defines the
anomalous magnetic moment. aµ is a finite prediction in any renormalizable
QFT: QED, the Standard Model (SM) or any renormalizable extension of it.

By end of the 1940’s the breakthrough in understanding and handling
renormalization of QED (Tomonaga, Schwinger, Feynman, and others) had
made unambiguous predictions of higher order effects possible, and in particu-
lar of the leading (one-loop diagram) contribution to the anomalous magnetic
moment

aQED(1)
ℓ =

α

2π
, (ℓ = e, µ, τ) (7)

by Schwinger in 1948 [3]. This contribution is due to quantum fluctuations
via virtual photon-lepton interactions and in QED is universal for all leptons.
At higher orders, in the perturbative expansion1, other effects come into play:
strong interaction, weak interaction, both included in the SM, as well as yet
unknown physics which would contribute to the anomalous magnetic moment.

In fact, shortly before Schwinger’s QED prediction, Kusch and Foley in
1948 established the existence of the electron “anomaly” ge = 2 (1.00119 ±
0.00005), a 1.2 per mill deviation from the value 2 predicted by Dirac in 1928.

1 which is equivalent to the loop-expansion, referring to the number of closed loops
in corresponding Feynman diagrams.

= (�ie)ū(p0)
⇥
�µFE(q2) +

�µ⌫q⌫
2ml

FM (q2)
⇤
u(p)

q = p0 � p; q2 = 0 : FE(0) = 1, FM (0) = al =
gl�2
2 , l = e, µ, ⌧

al

l(p’)

l(p)

γ(q)

➡ At what energies does the Standard Model stop to describe nature?

            =  11659208.0(6.3) × 10 -10     (0.54ppm)      [BNL E821, 2006-2008 ]  

            =  11659185.5(5.9) × 10 -10     (0.51ppm)      [Benayoun et. al, arxiv:1507.02943]  

TENSION: 2.9- 4.5 �

aexp
µ

athµ

EXPERIMENT:

THEORY:



         from the experiment: FNAL E989

•             =  11659208.0(6.3) × 10 -10 (0.54ppm) [BNL, 2006-2008 ] 

• New experiments (J-PARC, FNAL E989) expected to perform 4× 
more precise measurement 

• Improved precision of the theoretical estimates with dominating 
uncertainty required

aµ

aexp
µ

Muon g-2 Experiment at Fermilab, Liang Li, SPCS 2013 June 5th , 2013 2 

As many of you may have heard: 
Muon (ring) is moving… 

BNL 
E821 

FNAL 
E989 

Why move 600 ton, 15 meter wide 
metal ring half-way across U.S.? 
• Why muons? 
• What’s muon g-2? 
• What do we learn from it? 
• Why we are moving it to Fermilab? 
• How we are going to run the 

experiment? 
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         from the experiment [BNL -> FNAL]aµ

• Measured using polarised muons circulating in E and B fields 

• At a momentum where                terms cancel (‘magic momentum’,                 ), the 
difference between spin and cyclotron frequencies: 

� ⇥ E

[http://www.g-2.bnl.gov]

~!a = � e

m

⇥
aµ ~B �

�
aµ � 1

�2 � 1

� ~� ⇥ ~E

c

⇤

� ⇡ 29.3

http://www.g-2.bnl.gov
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         from the experiment: J-PARC E34aµ
9

Muonium production target

(300 K ~ 25 meV)

Full tracking 
silicon tracker

66 cm

Compact storage magnet

(3T, ~1ppm local)
Ultra slow μ+ production by

Resonant Laser Ionization of 

Muonium (~106 m+/s)

Target precision

Δ(g-2) = 0.1 ppm

ΔEDM = 10-21 e・cm

Re-acceleration LINAC

(~ 200 MeV)

ε~1 π mm・mrad !

J-PARC g-2 experiment (E34)
3 GeV proton beam

(1MW, double pulses, 25Hz)Production 

target

Surface muon

beam (4 MeV)

ε~1000 π mm・mrad

Ultra 
slow μ+

Ultra slow muon beam:  
E-term cancels again

T.Yamazaki (@KEK 2018 g-2 WS): muon RF acceleration for the first time last month!

~!a = � e

m

⇥
aµ ~B �

�
aµ � 1

�2 � 1

� ~� ⇥ ~E

c
+

⌘µ
2

�
� ⇥ ~B +

E

c

�⇤



• BNL E982 experiment result and different th. contributions:

         from the theory (SM + other experiments)aµ

The status of                    : BNL E821 experiment vs SM predictionIntro HLbL: gauge & crossing HLbL dispersive Conclusions Status of (g − 2)µ Approaches to HLbL

Status of (g − 2)µ, experiment vs SM
aµ

[

10−11
]

∆aµ
[

10−11
]

experiment 116 592089. 63.

QED O(α) 116140973.21 0.03
QED O(α2) 413217.63 0.01
QED O(α3) 30141.90 0.00
QED O(α4) 381.01 0.02
QED O(α5) 5.09 0.01
QED total 116 584718.95 0.04

electroweak, total 153.6 1.0
HVP (LO) [Hagiwara et al. 11] 6 949. 43.
HVP (NLO) [Hagiwara et al. 11] −98. 1.
HLbL [Jegerlehner-Nyffeler 09] 116. 40.

HVP (NNLO) [Kurz, Liu, Marquard, Steinhauser 14] 12.4 0.1
HLbL (NLO) [GC, Hoferichter, Nyffeler, Passera, Stoffer 14] 3. 2.

theory 116 591855. 59.

aµ = (g � 2)µ/2

aexp

µ � aSM

µ ⇠ 3 �aexp
µ

� ath,SM

µ

⇡ 3�
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µ � aSM
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The Standard Model prediction for aµ

aµ [10−11] ∆aµ [10−11]

experiment 116 592 089. 63.

QED O(α) 116 140 973.21 0.03
QED O(α2) 413 217.63 0.01
QED O(α3) 30 141.90 0.00
QED O(α4) 381.01 0.02
QED O(α5) 5.09 0.01
QED total 116 584 718.85 0.04

electroweak 153.2 1.8

had. VP (LO) 6923. 42.
had. VP (NLO) –98. 1.

had. LbL 116. 40.

total 116 591 813. 58.

µ µ

γ

Schwinger 1948

B. Kubis, Theπ0 and η Transition Form Factors and the Anomalous Magnetic Moment of the Muon – p. 5

Schwinger 1948

• Schwinger’s result : ge=2.00232 
• Foley’s experimental result: ge=2.00238(10) 
• First great success of QFT!

aQED(1)
µ =

� ↵

2⇡

�
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Polarisation

Introduction HVP HLbL Summary/Outlook References non-perturbative QED Perturbative QED in configuration space next steps

Hadronic light-by-light (HLbL) scattering

+ + · · ·
Models: (105 ± 26) ⇥ 10�11

[Prades et al., 2009, Benayoun et al., 2014]

(116 ± 40) ⇥ 10�11
[Jegerlehner and Ny↵eler, 2009]

systematic errors di�cult to quantify
Dispersive approach di�cult, but progress is being made
[Colangelo et al., 2014b, Colangelo et al., 2014a, Pauk and Vanderhaeghen, 2014b,

Pauk and Vanderhaeghen, 2014a, Colangelo et al., 2015]

First non-PT QED+QCD calculation [Blum et al., 2015]

Very rapid progress with pQED+QCD [Jin et al., 2015]

New HLbL scattering calculation by Mainz group [Green et al., 2015]

Tom Blum (UCONN / RBRC) Progress on computing the muon anomalous magnetic moment from lattice QCD(+QED)

Hadronic Light by Light 
contribution

Hadronic corrections to the muon g�2 from lattice QCD T. Blum

Table 1: Standard Model contributions to the muon anomaly. The QED contribution is through a5, EW
a2, and QCD a3. The two QED values correspond to different values of a , and QCD to lowest order (LO)
contributions from the hadronic vacuum polarization (HVP) using e+e� ! hadrons and t ! hadrons, higher
order (HO) from HVP and an additional photon, and hadronic light-by-light (HLbL) scattering.

QED 11658471.8845(9)(19)(7)(30)⇥10�10 [2]
11658471.8951(9)(19)(7)(77)⇥10�10 [2]

EW 15.4(2)⇥10�10 [5]
QCD LO (e+e�) 692.3(4.2)⇥10�10, 694.91(3.72)(2.10)⇥10�10 [3, 4]

LO (t) 701.5(4.7)⇥10�10 [3]
HO HVP �9.79(9)⇥10�10 [6]
HLbL 10.5(2.6)⇥10�10 [9]

The HVP contribution to the muon anomaly has been computed using the experimentally
measured cross-section for the reaction e+e� ! hadrons and a dispersion relation to relate the real
and imaginary parts of P(Q2). The current quoted precision on such calculations is a bit more than
one-half of one percent [3, 4]. The HVP contributions can also be calculated from first principles
in lattice QCD [8]. While the current precision is significantly higher for the dispersive method,
lattice calculations are poised to reduce errors significantly in next one or two years. These will
provide important checks of the dispersive method before the new Fermilab experiment. Unlike
the case for aµ(HVP), aµ(HLbL) can not be computed from experimental data and a dispersion
relation (there are many off-shell form factors that enter which can not be measured). While model
calculations exist (see [9] for a summary), they are not systematically improvable. A determination
using lattice QCD where all errors are controlled is therefore desirable.

In Sec. 2 we review the status of lattice calculations of aµ(HVP). Section 3 is a presentation
of our results for aµ(HLbL) computed in the framework of lattice QCD+QED. Section 4 gives our
conclusions and outlook for future calculations.

Z

W

Z
...

Figure 1: Representative diagrams, up to order a3, in the Standard Model that contribute to the muon
anomaly. The rows, from to top to bottom, correspond to QED, EW, and QCD. Horizontal solid lines
represent the muon, wiggly lines denote photons unless otherwise labeled, other solid lines are leptons,
filled loops denote quarks (hadrons), and the dashed line represents the higgs boson.
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Lattice QCD (+QED) provide a way to compute 
these contributions in a model-independent way



From continuum to lattice QCD
Lattice discretization

SQCD [ψ, ψ̄, A] = SG + SF

=
1
2g

FµνFµν +

Z

d4x ψ̄(x) [γµ (∂µ + iAµ(x)) + m] ψ(x)

! Simple example - free fermion field ( Aµ = 0 ):

S0
F [ψ, ψ̄] =

R

d4x ψ̄(x) (γµ ∂µ + m) ψ(x)

! Discretization prescription:

x −→ n = (n1, n2, n3, n4) n1 = 0, . . . , N − 1

ψ(x), ψ̄(x) −→ ψ(n), ψ̄(n)

Z

d4x . . . −→ a4
X

n

. . .

∂µ ψ(x) −→ ψ(n + µ̂) − ψ(n − µ̂)
2a

+ O(a2)

Lattice discretization

SQCD [ψ, ψ̄, A] = SG + SF

=
1
2g

FµνFµν +

Z

d4x ψ̄(x) [γµ (∂µ + iAµ(x)) + m] ψ(x)
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R

d4x ψ̄(x) (γµ ∂µ + m) ψ(x)

! Discretization prescription:

x −→ n = (n1, n2, n3, n4) n1 = 0, . . . , N − 1

ψ(x), ψ̄(x) −→ ψ(n), ψ̄(n)

Z

d4x . . . −→ a4
X

n

. . .

∂µ ψ(x) −→ ψ(n + µ̂) − ψ(n − µ̂)
2a

+ O(a2)



Non-perturbative QCD
Lattice QCD computation

Quarks

a {
Gluon

Quarks ⇠  (x), (x)

Gluons ⇠ Uµ(x) = e iagAµ

Marina Marinkovic Computing HVP from first principles CERN, 30 Jan, 2015 6 / 33

“Lattice QCD”



1.Generate ensembles of field configurations using Monte Carlo 

2.Average over a set of configurations:  
➡ Compute correlation function of fields, extract Euclidean matrix elements or amplitude 
➡ Computational cost dominated by quarks: inverses of large, sparse matrix 

3.Extrapolate to continuum, infinite volume, physical quark masses (now directly accessible) 

Non - perturbative computation of 

Quarks

a {
Gluon

aµ

Recipe for lattice QCD computation :
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had. LbL 116. 40.
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µ µ

hadrons
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Recipe for lattice QCD computation :



• physical lattice size: ~3fm, spacing ~0.5fm 

• 323 x 64 lattice —> 2 x 106 points 

• propagation in time: multiple inversions of  106 x 106 matrices 

• advanced algorithms 

• large computer resources: several TFlop years!

Quarks

a {
Gluon

Typical lattice QCD computation :

Lattice QCD computation



1.Generate ensembles of field configurations using Monte Carlo 

2.Average over a set of configurations:  
➡ Compute correlation function of fields, extract Euclidean matrix elements or amplitude 
➡ Computational cost dominated by quarks: inverses of large, sparse matrix 

3.Extrapolate to continuum, infinite volume, physical quark masses (now directly accessible) 

Non - perturbative computation of 

Quarks

a {
Gluon

aµ

Recipe for lattice QCD computation :



Berlin Wall
[Lattice 2001@Berlin]



Berlin Wall update

17

Revolutionary progress since 2005 ; 
beating the critical slowing down

Current O(100)Tflops 
machines can (easily) 

reach this point!

Physical Point Simulation has become reality

O(10)-O(100) 
improvement  

Physical point 
i.e., mS=135MeV

[Talk by A. Ukawa @CERN 2010]

[~start of my PhD]



Highlights of modern lattice QCD computations

[Aoki et. al 2008]
[Bruno et. al 2017]
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Figure 2: Mass splittings in channels that are stable under the strong and electromagnetic interactions.
Both of these interactions are fully unquenched in our 1+1+1+1 flavor calculation. The horizontal lines are the
experimental values and the grey shaded regions represent the experimental error (2). Our results are shown by
red dots with their uncertainties. The error bars are the squared sums of the statistical and systematic errors.
The results for the �M

N

, �M⌃, and �M
D

mass splittings are post-dictions, in the sense that their values
are known experimentally with higher precision than from our calculation. On the other hand, our calculations
yield �M⌅, �M⌅cc splittings, and the Coleman-Glashow difference �CG, which have either not been measured
in experiment or are measured with less precision than obtained here. This feature is represented by a blue
shaded region around the label.
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Plot by C. Lehner @ KEK g-2 WS 2018

[HPQCD: arXiv:1601.03071,
Mainz: arXiv:1705.01775,
BMW: arXiv:1711.04980,
RBC/UKQCD: arXiv:1801.07224]

2%
8%

90%

light: u/d strange charm

Summary: HVP from the lattice/R-ratios

1.Generate ensembles of field configurations using Monte Carlo 

2.Average over a set of configurations:  
➡ Compute correlation function of fields, extract Euclidean matrix elements or amplitude 
➡ Computational cost dominated by quarks: inverses of large, sparse matrix 

3.Extrapolate to continuum, infinite volume, physical quark masses, isospin breaking corrections

No new physics
KNT 2018

Jegerlehner 2017
DHMZ 2017
DHMZ 2012

HLMNT 2011
RBC/UKQCD 2018
RBC/UKQCD 2018

BMW 2017
Mainz 2017

HPQCD 2016
ETMC 2013

610 630 650 670 690 710 730 750
aµ × 1010

We need to improve the precision of our pure lattice result so that it can distinguish
the “no new physics” results from the cluster of precise R-ratio results.

19 / 25

so far: mu=md and αem=0 



Summary & Outlook

Next steps & new approaches: 
➡ Including electromagnetic interaction: Lattice QCD+QED 
➡ Predictions for coming experiments: LHC(b), NA62, Fermilab g-2 (E981), RHIC, FAIR, … 
➡ New experiments: MUonE @ CERN 
➡ New algorithmic advances and new supercomputers for more extensive calculations

• Obtain predictions for new experiments and help verify/falsify extensions of the Standard Model 

• Muon anomalous magnetic moment - good quantity for constraining new physics 

• Experimental precision 0.54 p.p.m.   —> improvement 4x expected (Fermilab, J-PARC, CERN?) 

• Lattice QCD - needed to tackle the non-perturbative regime of QCD 

• Lattice FT gives an independent theory prediction of hadronic contributions 

• Large computing power and advanced algorithms needed

Thanks!  Questions??



RC* Collaboration http://rcstar.web.cern.ch/

Rome II - University of Rome Tor Vergata
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Space-like measurement of HVP @ CERN?

M. Passera    KEK   Feb 12 2018 21

G. Abbiendi, M. Alacevich, M. Bonomi, A. Broggio, C. Carloni 
Calame, E. Conti, E. Del Nobile, M. Fael, A. Ferroglia,             
D. Galli, F.V. Ignatov, M. Incagli, U. Marconi, M.K. Marinković,               
P. Mastrolia, C. Matteuzzi, G. Montagna, O. Nicrosini,             
G. Ossola, L. Pagani, P. Paradisi, M. Passera, C. Patrignani,  
F. Piccinini, F. Pisani,  M. Prest, A. Primo,  A. Principe,           
M. Pruna, M. Rocco, U. Schubert, F. Simonetto, L. Tancredi, 
R. Tenchini, L. Trentadue, E. Vallazza, G. Venanzoni,             
A. Vicini… 

                                   JOIN US!  

➡ New proposals for the space-like experimental 

measurements of HVP 
➡ [Phys.Lett. B746 (2015) 325-329  by Carloni, 

Passera,Trentadue, Venanzoni] @KLOE2

➡ [Eur.Phys.J. C77 (2017) no.3, 139  by Abbiendi 

et al.]                                 Physics beyond 
                                           colliders@CERN 

MUonE: Theory Update

Massimo Passera 
INFN Padova

MUonE meeting 
Pisa 

29-30 January 2018
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Fig. 2 Left: Dahad[t(x)] ⇥ 104 (red) and, for comparison, Dalep[t(x)] ⇥ 104 (blue), as a function of x and t (upper scale). Right: the integrand
(1� x)Dahad[t(x)]⇥105 as a function of x and t. The peak value is at xpeak ' 0.914, corresponding to tpeak ' �0.108 GeV2.

3 Experimental proposal

We propose to use Eq. (2) to determine aHLO
µ by measuring

the running of a in the space-like region with a muon beam
of Eµ = 150 GeV on a fixed electron target. The proposed
technique is similar to the one used for the measurement of
the pion form factor, as described in [25]. It is very appealing
for the following reasons:

(i) It is a t-channel process, making the dependence on t
of the differential cross section proportional to |a(t)/a(0)|2:

ds
dt

=
ds0

dt

����
a(t)
a(0)

����
2
, (5)

where ds0/dt is the effective Born cross section, including
virtual and soft photons, analogously to Ref. [26], where
small-angle Bhabha scattering at high energy was consid-
ered. The vacuum polarization effect, in the leading photon
t-channel exchange, is incorporated in the running of a and
gives rise to the factor |a(t)/a(0)|2. It is understood that
for a high precision measurement also higher-order radia-
tive corrections must be included. For a detailed discussion
see Refs. [15, 26].

(ii) Given the incoming muon energy Ei
µ , in a fixed-

target experiment the t variable is related to the energy of
the scattered electron E f

e or its angle q f
e :

t = (pi
µ � p f

µ)2 = (pi
e � p f

e )2 = 2m2
e �2meE f

e , (6)

s = (p f
µ + p f

e )2 = (pi
µ + pi

e)
2 = m2

µ +m2
e +2meEi

µ , (7)

E f
e = me

1+ r2c2
e

1� r2c2
e
, q f

e = arccos

0

@1
r

s
E f

e �me

E f
e +me

1

A , (8)

where

r ⌘

q
(Ei

µ)2 �m2
µ

Ei
µ +me

, ce ⌘ cosq f
e ; (9)

The angle q f
e spans the range (0–31.85) mrad for the elec-

tron energy E f
e in the range (1–139.8) GeV (the low-energy

cut at 1 GeV is arbitrary).
(iii) For Ei

µ = 150 GeV, it turns out that s ' 0.164 GeV2

and �0.143 GeV2 < t < 0 GeV2 (i.e. �l (s,m2
µ ,m2

e)/s <
t < 0, where l (x,y,z) is the Källén function). It implies that
the region of x extends up to 0.93, while the peak of the in-
tegrand function of Eq. (2) is at xpeak = 0.914, correspond-
ing to an electron scattering angle of 1.5 mrad, as visible in
Fig. 2 (right).

(iv) The angles of the scattered electron and muon are
correlated as shown in Fig. 3 (drawn for incoming muon en-
ergy of 150 GeV). This constraint is extremely important to
select elastic scattering events, rejecting background events
from radiative or inelastic processes and to minimize sys-
tematic effects in the determination of t. Note that for scat-
tering angles of (2–3) mrad there is an ambiguity between
the outgoing electron and muon, as their angles and mo-
menta are similar, to be resolved by means of µ/e discrimi-
nation.

(v) The boosted kinematics allows the same detector to
cover the whole acceptance. Many systematic errors, e.g. on
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New space-like proposal for HLO

Δαhad(t) is the hadronic contribution to the running of  α in the 
space-like region. It can be extracted from scattering data! 

  At present, the leading hadronic contribution aμHLO is computed  
    via the time-like formula:
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  Alternatively, exchanging the x and s integrations in aμHLO
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