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Chapter 1

Introduction

The muon anomalous magnetic moment, a, or muon “g-2”, is one of the most precisely measured
quantities in particle physics and allows to test Quantum Field Theory (QFT) in its depth, with
unprecedented accuracy. With its electromagnetic, weak and strong interaction contributions, the
theoretical prediction of the anomalous magnetic moment of the muon is a very difficult quantity
to compute. The comparison between the theoretical and experimental results of the muon“g-2” sets
severe limits on the deviations from standard theory of elementary particles, the Standard Model
(SM), and, at the same time, opens a window to New Physics (NP). Indeed the present discrepancy
between measurement and SM prediction of a, is one of the most intriguing hints of NP beyond the
SM.

On the experimental side, before April 2021, the experimental value was the one obtained at the
E821 experiment at the Brookhaven National Laboratory (BNL). The discrepancy between the BNL
measurement and the theoretical SM result was 3.7 o [1]. In April, the new experimental result of
the Muon “g-2” experiment at Fermilab (FNAL) confirmed the BNL result, bringing the combined
BNL+FNAL difference between the experimental and SM results to [24/3]

au(Exp) — a,(SM) = (251 £59) x 107, (1.1)

with a significance of 4.2 o, if the leading hadronic contribution is computed via the dispersion method.
The discrepancy is reduced if the recent BMW collaboration lattice QCD result [4] is employed. In
addition, a completely new low-energy approach to measuring the muon “g-2” is being developed by
the E34 collaboration at J-PARC [5]. Moreover, in the future, the Muon “g-2” experiment at Fermilab
is expected to improve its precision by a factor four. On the theory side, new approaches are being
developed in order to reduce the uncertainty of the SM prediction, which is dominated by the hadronic
correction.

The long-standing discrepancy between the experimental measurement and the SM prediction of the
muon anomalous magnetic moment, a,, has kept the hadronic corrections under close scrutiny for
several years. In fact, the hadronic uncertainty dominates that of the SM value and is comparable
with the experimental one. The leading order hadronic contribution to the muon “g-2”, aELO,
usually computed via a dispersion integral using hadronic production cross sections in electron-positron
annihilation at low energies. An alternative theoretical result comes from lattice QCD computations
which, however, shows a tension with the dispersive one. The difference deserves further investigation.
It is clear that, in order to solve all the discrepancies associated to the muon “g-2”, new approaches,
both theoretical and experimental, are necessary.

is

A few years ago a new approach has been proposed to determine the leading hadronic contribution to
the muon “g-27, aELO, measuring the effective electromagnetic coupling Aa(q?), for space-like squared
four momentum transfers ¢> = t < 0, via scattering data [6]. The elastic scattering of high-energy
muons on atomic electrons has been identified as an ideal process for this measurement, leading to the
proposal of the MUonE experiment at CERN to extract Aa(g?) from the muon-electron scattering
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2 CHAPTER 1. INTRODUCTION

differential cross section [7]. In order to obtain a result competitive with the dispersive one, the shape of
the muon-electron scattering differential cross section must be measured with a systematic uncertainty
of ©O(107?), or better, close to the kinematic endpoint. An analogous precision is therefore required in
the theoretical prediction of the shape of the differential cross section.

The MUonE experiment aims at measuring the running of the coupling constant « in the space-like
region with a muon beam of F,= 150 GeV on a fixed electron target. Assuming a 150 GeV muon beam
with an average intensity of ~ 1.3 x 107 muons/s, presently available at CERN’s North Area, incident
on a target consisting of forty Beryllium layers, each 1.5 cm thick, and two/three years of data taking
with the running time of 2 x 107 s/yr, one can reach an integrated luminosity of about 1.5 x 107nb™!,
Taking into account the process cross section and the above value of the integrated luminosity, it was
estimated that one can reach a statistical sensitivity of roughly 0.3% on the value of aELO [7].

On the theory side, in order to obtain a theoretical result which can be compared with the one
measured at MUonE, leading order (LO), next-to-leading order (NLO) and next-next-to-leading order
(NNLO) QED corrections to the differential cross section have to be considered, together with the
hadronic ones at NNLO. Until recently, the SM prediction of the ue — pe process had received little
attention. Only the NLO QED corrections to the differential cross section were computed (long time
ago) in [8-14] and revisited in [15]. An important step forward was taken more recently by the authors
of [16], who calculated the full set of NLO QED corrections without any approximation and developed
a fully differential Monte Carlo code. They also computed the full set of NLO electroweak corrections.

The complete QED corrections at NNLO, crucial to interpret the high-precision data of future exper-
iments like MUonE, are not yet known. A first step towards the calculation of the full NNLO QED
corrections to pe scattering was taken in |[17H19], where the master integrals for the two-loop planar
and non-planar four-point Feynman diagrams were computed. These integrals were calculated setting
the electron mass to zero, while retaining full dependence on the muon one. The extraction of the
leading electron mass effects from the massless pe scattering amplitudes has been addressed in [20]
(see also [21-23]). First applications of Monte Carlo simulations for pe scattering at NNLO have been
tested using a subset of two-loop graphs, not yet including the four-point diagrams, with complete
dependence on the lepton masses [24}25]. The analytic evaluation of the renormalized two-loop ampli-
tudes for pe — pe scattering in QED, with massless electrons and massive muons, has been presented
very recently in [26]. The two-loop hadronic corrections to pe scattering were computed in [27}28].
Possible contaminations from New Physics effects were studied in [29,30]. For a comprehensive re-
view of the current theoretical knowledge of the muon-electron scattering cross section for MUonE
kinematical conditions we refer the reader to |31].

A new method to compute the QED NNLO correction, based on the expansion by regions approach,
would be desirable. The strategy of regions [32] is a technique which allows one to carry out asymptotic
expansions of loop integrals in dimensional regularization around various limits [33]. The expansion is
obtained by splitting the integration in different regions and by appropriately expanding the integrand
in each case. The expanded integrals obtained by means of the strategy of regions technique are in one-
to-one correspondence to the Feynman diagrams of effective field theories regularized in dimensional
regularization. We will apply this powerful tool to the NLO QED corrections to the muon-electron
scattering cross section, in particular to the vacuum polarization and vertex corrections. The small
parameter for which we will expand by applying the strategy of regions is the electron mass m, in
particular the ratio Ag = ”_1—? Then we will compare the result obtained by the use of this procedure
with the Taylor expansion of the exact result of the vacuum polarization and vertex corrections of the
pe scattering.

In this thesis project we will start by reviewing the QED, electroweak and hadronic contributions to the
anomalous magnetic moment of the muon, paying particular attention to the numerical calculation
of the leading hadronic contribution (Cap. [2). Then we will analyze the muon-electron scattering
differential cross section at LO and NLO. Ultraviolet singularities will be regularized via conventional
dimensional regularization and UV-finite results are obtained in the on-shell renormalization scheme.
Moreover we will introduce the soft-Bremsstrahlung corrections in order to take care of the infrared



divergences (Cap. . In Cap. |4 we will apply the expansion by regions method to the amplitude for
the muon-electron scattering at NLO in QED and we will compare this result with the one obtained
by Taylor expanding the exact result for the muon-electron scattering differential cross section.
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Chapter 2

The muon anomalous magnetic moment

The Standard Model (SM) provides a truly basic framework for the properties of elementary particles
and allows to make theoretical predictions which may be compared with the experiments. The electron
and muon anomalous magnetic moments have a prominent role in basic tests of Quantum Field Theory
(QFT) with unprecedented accuracy.

2.1 A brief historical overview

Besides charge, spin, mass and lifetime, leptons have other very interesting properties like the magnetic
and the electric dipole moments. Classically the dipole moments can arise from either electrical charges
or currents. An orbiting particle with electric charge e and mass m exhibits a magnetic dipole moment

e

w ==L, (2.1)

~ 2me

where L = mr X v is the orbital angular momentum. Both electric and magnetic moments contribute
to the electromagnetic Hamiltonian of the particle:

H=—p, B-d. E, (2.2)

where B and E are the magnetic and electric field strengths and p,,, and d. the magnetic and electric
dipole moment operators.

The anomalous magnetic moment is an observable which can be relatively easily studied experimentally
from the motion of the lepton in an external magnetic field. In 1925 Goudsmit and Uhlenbeck [34]
postulated that the intrinsic angular momentum of the electron was equal to 4% and that, associated
to this spin angular momentum, there is a magnetic dipole moment g = 5 -, the Bohr magneton.

Usually the magnetic moments are measured in terms of pg and of the spin operator, S = %", which
replaces the angular momentum operator L:

o
pm = 9Qpo s (2.3)

where 0;(i1=1,2,3) are the Pauli spin matrices, @ is the electric charge in units of e and g is the
gyromagnetic ratio (g-factor). In the same year, Back and Landé [35], after numerous experimen-
tal investigations on the Zeeman effect, concluded that the magnetic moment of the electron (gim),
was consistent with the Goudsmit and Uhlenbeck postulate. In 1927, Pauli formulated the quantum
mechanical treatment of the electron spin where g remains a free parameter [36]. In 1928, Dirac pre-
sented his relativistic theory and predicted, unexpectedly, g =2 for a free electron [37], twice the value
g =1 associated with the orbital angular momentum. In 1947, Nafe, Nelson and Rabi [38] reported an
anomalous value by about 0.26% in the hyperfine splitting of hydrogen and deuterium, suggesting a
possible anomaly of the magnetic moment of the electron. This bring to the definition of the lepton

anomalous magnetic moment

-2
a = ng where | = e, u, 7. (2.4)
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In 1948 Kusch and Foley [39], by studying the hyperfine structure of atomic spectra in a constant
magnetic field, presented the first precision determination of the anomalous magnetic moment of the
electron a,=0.00119(5). In the same year, the theoretical result was settled by Schwinger who, by
working on the renormalization of QED, predicted the 1-loop QED contribution to the anomalous
magnetic moment [40]

ED(1 o
a P — 5 = 0.00116.. (2.5)

This contribution is due to quantum fluctuation via virtual electron photon interactions and is universal
for all leptons in QED. These theoretical and experimental results provided one of the first tests of
the virtual quantum corrections, called radiative corrections, predicted by a relativistic QFT.

2.2 The muon anomalous magnetic moment

The theoretical computation of the anomalous magnetic moment of the muon, a, = g"z_ 2, has been

interesting physicists for over 60 years.

On one hand, the anomalous magnetic moment of the electron, a., has been computed precisely and
its agreement with the experimental result provided one of the early confirmation of QED. Moreover
ae is almost insensitive to strong and weak interactions, provides a stringent test of QED and, until
recently, used to led to the most precise determination of the fine-structure constant «. In the future,
this observable will play an important role to test physics Beyond the Standard Model (BSM) [41]. On
the other hand, the long-standing discrepancy between the theoretical computation and experimental
measurement of the anomalous magnetic moment of the muon indicates a, as a better candidate to
study BSM physics. In fact, before April 2021, the experimental value was the one obtained at the
E821 experiment at the Brookhaven National Laboratory (BNL) and the discrepancy between the
BNL measurement and the theoretical SM result was 3.7 0. In April, the new experimental result of
the Muon g¢-2 experiment at FermiLab (FNAL) confirmed the BNL result, increasing the combined
BNL+FNAL discrepancy with the the SM result to 4.2 o, if the leading hadronic contribution is
computed via the traditional dispersive method with ete™ — hadrons data (see later). On the other
side, the recent BMW collaboration lattice QCD result weakens this discrepancy [4].

The anomalous magnetic moment of the muon, a,, allows to investigate all the SM sectors (electro-
magnetic, weak and strong interactions), providing a great candidate to unveil New Physics (NP)
effects. If A indicates the scale of NP, the contribution to the anomalous magnetic moment of a lepton

2 2
l, a;, is generally proportional to % This leads to a (%‘:) ~ 4 x 10* relative enhancement of the

sensitivity of the muon versus the electron magnetic moment. Thus the anomalous magnetic moment
of the 7 would be the best candidate to investigate NP, but the short lifetime of this lepton makes
such measurement very difficult at the moment.

In this chapter a review of the theoretical prediction of a, in the SM is presented and all the three
contributions (QED, electroweak and hadronic) into which aEM is usually split, are analysed. For
detailed reviews see [3,42-44].

2.2.1 QED radiative corrections

The largest contribution to the anomalous magnetic moment is of pure QED origin. The QED con-
tribution to the muon g¢-2 arises only from the interaction of leptons (e, u,7) with photons. As a
dimensionless quantity, it can be cast in the following general form [45,46]

al(%ED = A1+ Ay (:Zu) + Az (%) + A3 (mu m“> ) (2.6)

Y
€ T me m’T

where m,, m, and m;, are the masses of the electron, muon and tau, respectively. The term A;, arising
from diagrams containing only photons and muons, is mass independent and is therefore universal for
all three charged leptons. The contribution As is a function of the indicated mass ratios and only shows
up if an additional lepton loop of a lepton different from the muon is involved. This requires at least
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N

Figure 2.1: QED vertex correction diagram

two more loops: an additional electron loop Aj (m,/m.) or an additional T-loop As (m,/m.). The
first produces large logarithms o In (mi /m2) and accordingly large effects, while the second, because
of the decoupling of heavy particles in QED like theories, produces only small effects o (mi /m2). The
renormalizability of QED guarantees that the functions A; can be expanded as a power series in «/7
and computed order by order

2 3 4
A; = AP <a> + AW <a) + AP (O‘> +A® (a) T (2.7)
T T 7['

s

One-loop contribution

Only one diagram (fig. is involved in the evaluation of the lowest-order contribution and it provides
the famous result obtained by Schwinger AgQ) =1/2.

The Lorentz structure of the vertex correction is given by the three-point function —iel'* = () AH1)),
where 1 (1) = 1+0) is the (barred) spinorial representation of the particle, A is the vectorial rep-
resentation of the photon and e is the electric charge. As a first step we assign a 4-momentum p
to the incoming particle, a 4-momentum p’ to the outgoing particle and we define the transferred
4-momentum q = p' — p (ﬁg. This brings to the spinorial representation u(p) for the incoming
particle and u(p’) for the outgoing one. In general I'* is some expression that involves p, p’, v* and
constants like m and e. We can narrow down the form of I'* by appealing to Lorentz invariance. Since
I'* transforms as a vector, it must be a combination of the vectors listed above:

—ideu(p')Mu(p) = —ieu(p’) (v - A+ (p" +p") - B+ (" —p") - C) u(p), (2.8)

where A, B and C are functions of the transferred squared momentum ¢?. By applying the Ward
identity, g, I'* = 0, the only term that does not automatically vanish is the one proportional to C', so
C must be zero. The last step is to apply the Gordon identity to obtain

- - it qy
—ieu(p" )T (0, p)u(p) = —ieu(p') (’Y“Fl(q2) + F2(q2)> u(p), (2.9)
where ot = %[7“,7”] is the spin 1/2 angular momentum tensor, while F; and F» are unknown

functions of ¢? called form factors. In the static limit (¢*> — 0) we have
Fi(0) =1 and F5(0) = q;. (2.10)

The first condition is the charge remormalization condition, while the second relation is the finite
prediction of the anomalous magnetic moment of the lepton .

In order to prove the relation F»(0) = a;, let us analyze the scattering of a particle, like the muon,
with a static vector potential A/Cj (x) = (0, A°(x)). Then the amplitude for scattering from this field is

10" qy

u(p') <7iF1(q2)+ 5 FQ(q2)> U(p)l 4'1(q). (2.11)

1M = +ie
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The expression in brackets vanishes at q=0, so we must extract from it a contribution linear in ¢*. To
do this, insert the non relativistic expansion of the spinor u(p):

wlp) — NI — (1—p-o/2m)¢
(p)—<mg>~f<(1+p'a/2m)£>, (2.12)

and use the identity o’c? = §% + ie*oF to obtain

a(p)y'u(p )—me’T( o ”’“qja’“> £,

i (2.13)
ﬂ(p/) (ma_wqy> ( ) _ ngfT ( 5 z]kq o >£
Thus the complete term linear in ¢’ in the muon-photon vertex function is
- w
a@) (M F?) + 2 q”F2> ~ 2 ’T< itk gigh [F F > 2.14
i) (V) + 5 R ) ulp) 2 2me (et O + BO)) 6 (219
Inserting this expression in the eq. we find
, . -1 -
il = —i(2m) - e€" (zmak F1(0) + Fg(O)]) Bk (q), (2.15)

where B*(q) = —ieijkqiﬁil(q) is the Fourier transform of the magnetic field produced by A (x). We
can interpret .# as the Born approximation to the scattering of the muon from a potential well. The
potential is that of a magnetic moment interaction

V(x) = —(n) - B(x), (2.16)
where
= s=S =242m0¢ Z¢. 2.1
) =9 (5 )8 = = =2+ 20061 ¢ (217)
The magnetic moment of the muon can be rewritten in the standard form
e
K= gy <2m) S, (2.18)

where S is the muon spin and
Gu — 2
e

Now we can evaluate explicitly the one-loop contribution to the muon vertex function. We assign the
particle momenta as shown in fig. and by applying the Feynman rules listed in App[A] we obtain

g = 2[FL(0) + Fo(0)] = 2+ 2F5(0) = a,, = F5(0) = (2.19)

dik Y (d + A+ M)y (F+ M)y,
a(n \TH / _ 2/ — 1
(2.20)
where the +ie terms in the denominator are necessary for proper evaluation of the loop-momentum

integral.

This integral can be computed using the Feynman parameters technique: squeeze the three denomi-
nator factors of eq. into a single quadratic polynomial in k, raised to the third power; shift k£ by a
constant to complete the square in this polynomial and evaluate the remaining spherically symmetric
integral. The price to pay is the introduction of auxiliary parameters to be integrated over. After some
lengthy calculation we obtain

u(p")TH(p, p')u(p) = — z‘e2/

2
/ dadydz3( +y + 2 = 1)1

x u(p') [V” : (—2l2 + (=) (1 —y)g® + (1 — 42+ 22)M2> (2.21)

4 mg qy(2M2 (1 - Z))‘| u(p)a
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where D =12 — A +ie and A = —xyq® + (1 — 2)2M?2.
The decomposition into form factors is now manifest and in particular, after performing the integration
in d*l we obtain

2m2z(1 — z)
m?(1 - z)* — zyq?

By (%) = % /01 dedydzé(x +y+ 2z — 1) [ + 0(a?). (2.22)

Now, to obtain the muon anomalous magnetic moment, we have to set ¢> = 0 and we get

1
a, = F>(0) = %/0 dedydzé(x +y + 2z — 1) l

« 1 1—=z P a
= — d d = —.
71/0 z/o yl—z 2T

2m22(1 — z)]

m*(1 = z)? (2.23)

Higher-order contributions

The QED contribution to the muon g-2 is computed very precisely up to five-loops. Here we will list
briefly the results.

At forth order in QED there are seven diagrams that contribute to A§4), one to Agl) (my/me) and one
to A§4) (my/m). The universal contribution comes from the six diagrams where two virtual photons
are attached to the external muon legs and the diagram containing the photon vacuum polarization
due to the muon loop. The result has been known for almost 50 years [47,48]:

AW = —0.328 478 965 579... (2.24)

The mass dependent parts come from the two diagrams containing the photon vacuum polarization

due to the electron and tau loops. The evaluation of Agl) (my/me) and Agl) (myu/m;) yields [3]

A (my, /me) = 1.094 258 3093(76),

' (2.25)
ASY (my,/m.) = 0.000 078 076(11),

where the standard uncertainties are only caused by the uncertainties of the lepton mass ratios. As
there are no two-loop diagrams containing both virtual electrons and taus, Agl) (my/me, my/m.)=0.

More then one hundred diagrams are involved in the evaluation of the sixth-order QED contribution.

The coefficient ASG) arises from 72 diagrams and its calculation in closed analytic form is mainly due
to Remiddi and his collaborators [49,50]

A8 = 1.181 241 4565... (2.26)

The calculation of the exact expression for the coefficient Agﬁ) (m/M), where in our case m = m,, and
M = m, or m,, was completed in 1993 by Laporta e Remiddi [51}/52]. This coefficient can be split into

two parts: the first one AgG) (m/M,vp) receives contribution from 36 diagrams containing electron or

7 vacuum polarization loops [51], whereas the second one Agﬁ) (m/M,1bl) is due to 12 light-by-light
scattering diagrams with electron or tau loops [52]. The final results are [3]

AL (m,, /m,) = 22.868 379 98(20),

©) (2.27)
A7 (my,/mz) = 0.000 360 671(94).
The analytic calculation of the three-loop diagrams provides the numerical value [3]
AL (my, /me, my,/m.) = 0.000 527 738(75). (2.28)

More than one thousand diagrams enter the evaluation of the four-loop QED contribution to a,. This
eight order QED contribution, being about six times larger than the present experimental uncertainty
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of a,, is crucial for the comparison between the SM prediction of a, and its experimental determina-

tion. There are 891 four-loop diagrams contributing to the mass independent coefficient Ags) and the
numerical result is [53]

AP = —1.912 245 764. (2.29)

The latest values of the coefficient Ags) (my/me), arising from 469 diagrams, and the one considering
the contribution of the 7 lepton are [3]

AP (m,, /m.) = 132.6852(60),

g (2.30)
AP (my,/m.) = 0.042 4941(53).

The three mass coefficient is due to 102 diagrams containing both electron and tau loop insertions [3]

AL (m,, Jme, my,/my) = 0.062 722(10). (2.31)

The last QED contribution is due to five-loop diagrams. This evaluation is mainly based on the
experience accumulated computing the sixth- and eight- order terms. The numerical results for the
sum of all diagrams with one or more fermion loops are [3]

A8 (my, fme) = 742.32(86),
AL (my, fmy) = —0.0656(45), (2.32)
AL (my, fme, my, /mey) = 2.011(10).

Considering all the QED contributions listed above and the currently best value of the fine structure
constant, coming from the electron anomalous magnetic moment a. [54]

o Ya,) = 137.035 999 1496(13)(14)(330), (2.33)
the value for the QED contribution to the muon g¢-2 is [3]
a$"P = 116 584 718.842(7)(17)(6)(100)(28)[106] x 101, (2.34)

where the uncertainties are due to the 7-lepton mass m., the eighth-order QED, the tenth-order
QED, the estimate twelfth-order QED, the fine-structure constant « and the sum in quadrature of all
of these.

2.2.2 Electroweak contribution

The electroweak contribution to the anomalous magnetic moment of the muon is suppressed by a
factor (mM/MW)Q, where My is the mass of the W boson, with respect to the QED contributions.

One-loop contribution

The one-loop electroweak contribution to the muon g-2 is due to diagrams shown in fig. and its
analytic form is

5G,m? 1 m2

EW 1227 ) 2 ”w
1-—1 = 14+ —(1—4sin“Oy)“ +0 | ——— ||, 2.35
U ( oop) 24+/272 5! ( ' ) <M 2Z,W, H ( )

where G, = 1.16637(1) x 107°GeV 2 is the Fermi coupling constant, Mz, My, and My are the masses
of the Z, W and Higgs boson respectively, while 0y is the Weinberg angle. The numerical result is [3]

a1 - loop) = 194.79(1) x 10~ (2.36)
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Figure 2.2: Diagrams involved in the computation of the weak contribution at one-loop to the muon g-2

Higher-order contributions

The two-loop electroweak contribution to a, [55,/56] leads to a significant reduction of the one-loop
prediction. This contribution appeared to be of fundamental importance [57] and, the correction
turned out to be enhanced by a factor In(Mzw /my), where my is a fermion mass scale much smaller
then Myy. In QED, loops with three photons attached to a loop do not contribute due to the Furry’s
theorem and the yvyvy-amplitude vanishes. In presence of weak interactions, because of parity violation,
contributions from the two orientations of the closed fermion loops do not cancel such that the vyZ,
~vZ 7 and YW W amplitudes do not vanish. The two-loop contributions to aEW is usually split into a
fermionic and a bosonic part: the first one includes all the two-loop EW corrections containing closed

fermion loops, whereas all other contributions are grouped into the second one.

Summing up all the results, the electroweak contribution to the muon g¢-2 is [3]

ai" =153.6(1.0) x 10~ (2.37)

2.2.3 Hadronic contribution

In this section we will analyze the contribution to the muon g-2 arising from QED diagrams involving
hadrons. The main effect comes from the O(a?) hadronic vacuum polarization (HVP) insertion in the
internal photon line of the leading one-loop muon vertex diagram (fig. 2.3). At order O(a?), there are

f I

Figure 2.3: HLO contribution to the muon anomalous magnetic moment

several diagrams that contribute to the computation of the anomalous magnetic moment of the muon
but with a smaller result. However, these contributions are important if one takes into account the
present accuracy of a, measurements.

Leading-order hadronic contribution

The hadronic leading order (HLO) contribution to the anomalous magnetic moment of the muon,
afXO is due to the vacuum polarization correction to the internal photon propagator of the one-loop

diagram (fig. 2.3).
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The computation of this contribution involves low-energy QCD for which the perturbative approach
can not be applied. A different approach to perform this evaluation was found by Bouchiat and
Michel [58]: using analyticity and unitarity, aELO can be computed from hadronic eTe™ annihilation
data via the dispersion integral [58,/59].

Let us now investigate more in detail the analyticity concept: an analytic function f(z), which has a
brunch cut along the real positive axis in the z-plane, starting at z = zy and going to infinity, and real
below zp, can be written in terms of a Cauchy integral representation

f) = o f I

2w Jy 2 — 2

dz, (2.38)

where + is the contour shown in fig. Now let us suppose that fi(z) is an analytic function defined

Im z

X

Ve

(—
j Rez

Figure 2.4: Integration path

|

for complex z in the upper-half z-plane (Im(z) > 0); then the Schwarz reflection principle affirms
that it exists a unique analytic continuation of fi(z) in the lower-half z-plane, given by the function
fa(z) = f{(2*), where * indicates the complex conjugation. Now, if we consider the integration path
z > 29, we have

_ Lo frE) - ()
f2) = 2mi 20 2 —z
where fT(2') = f(2' +i0) and f~(2') = f(2' —i0). From the Schwarz reflection principle we have
f(Z —ie) = f*(2' —ie) and so li?(?)’if(z’ +i€) — f(2' —ie) = 2iIm [f (2’ + i0)].

e—
Considering now the complete integration path (fig.
1 0 2¢1 ! 1 !
f(z) = —/ 2ilm ()] )]dz’—l—/ S 4 (2.40)
g

2mi Sz 2=z 28 Jyeyn 2 — 2

dz', (2.39)

If f(z) falls off sufficiently rapidly in the limit ¢ — 0 and R — oo, then the contribution from ~. and
~r vanish, and we obtain the dispersion relation (DR)

fz) =1 /:O Im[FE] g0 (2.41)

TSy 22—z

If the contribution of vz does not vanish, we may subtract the function f(a) from f(z), were a is a
regular point of f(z), and let the integral vanish faster at infinity via a factor o< 1/2":

£(2) = fla) = 2_"’/:0 2ilm [f(=)] dz’—i—z_a[y - I 4 (24

21t Jiy (2 —a)(Z —2) 271 2l —a)(z' — z2)

Now, if the contribution of vr vanishes, we obtain the subtracted dispersion relation (SDR):

)= f@=2f °° : ImlFGE (2.43)

v z'—a)(z' — 2)



2.2. THE MUON ANOMALOUS MAGNETIC MOMENT 13

As said before, the hadronic leading order contribution comes from the insertion of the HVP to the

internal photon line in the one-loop muon vertex. This correction can be computed by using the

dispersion relation for an analytic function just defined. In fact the analyticity of the HVP correction,

II;(¢?), where ¢? is the momentum of the internal photon line, is granted by causality. However we

know that ITj,(¢?) presents a ultraviolet (UV) divergence, so we have to apply the SDR with a=0 and
we obtain ) ()
q° [ Imlly(s

(¢ — 10 0:7/ s, 2.44

n(q”) 1(0) T Jame s(s — ¢?) ( )

where s is the well known Mandelstam variable. From now on we will use the notation IIj,(¢?) =

I}, (¢%) — I (0) for brevity.

Unitarity also implies the validity of the optical theorem thanks to which it is possible to relate ImlIly,(s)
with the experimentally measured cross section. In fact this theorem states that the imaginary part
of a forward elastic scattering (a + b — a + b) amplitude arises from a sum of contributions from
all possible intermediate state particles (a + b — anything). Up to now, the LO HVP contribution is
computed using the cross section for low-energy hadronic e™e™ annihilation, and this gives the relation

Imll,(s) = ﬁa(eJre_ — hadrons) = %R(s), (2.45)

where R(s) = %, which is obtained by experimental measurement and can not be com-
puted in perturbation theory. The factor at denominator, namely 47a(s)?/3s, is the ete™ — ptu~

2 used as normalization factor.

three level cross section, computed in the relativistic limit s >> 4mg,

Then the SDR for the LO HVP correction reads

ag® [ S
(¢?) = 5= A . S(ff)qz))ds. (2.46)

With this approach it is possible to compute the LO hadronic correction to the anomalous magnetic
moment of the muon without facing the low-energy QCD problems.

The LO hadronic contribution to a, is due to the insertion of an hadronic “bubble” in the internal
photon propagator of the muon vertex correction (fig. [2.3). So we have to investigate more in de-
tails how the photon propagator change with this correction. In the Feynman gauge, £=1, the free
propagator takes the simple form

) —igh”

iDM (¢?) = .
(¢”) q% +ie
By U(1)em gauge invariance, the photon propagator is necessarily massless and must stay massless
after including radiative corrections. The transverse part of the full photon propagator becomes

(2.47)

) —igh”
iD" (q) = ———=—— + gauge terms. (2.48)
¢*(1+1I(¢?))

where TI(¢?) is the renormalized vacuum polarization function satisfying the condition I1(0) = 0. This
is a very important result for the study of the LO HVP correction. In fact the equation for the photon
propagator (eq.2.48|) can be rewritten as

: —ig"” —ig"” T2 702y 2

1D (q) = = = {1—Hq + (II(q + ... 2.49

@)= T - f (¢*) + (Ti(g*)) (2.49)

So the insertion of the hadronic bubble in the internal photon line leads to the straightforward sub-
stitution in the photon propagator:

—igh”  —ig" [I1,(0) — I,(¢?)]
q? - q? ’

(2.50)

where we have already performed the subtraction of IT;(0) from IIj(¢*) in order to take care of the
UV divergence and we recall the definition I, (¢?) = I1j,(¢?) — 14 (0).



14 CHAPTER 2. THE MUON ANOMALOUS MAGNETIC MOMENT

We notice that the ¢?> dependence on the integral in eq. shows up only in the last term. Thus,
the free photon propagator in the one-loop vertex diagram is replaced by

—ighv —ighv
q? q

— (2.51)

which represents the exchange of a photon with “squared mass” s.

Now we have to consider the vertex correction diagram with the insertion of the hadronic vacuum
polarization in the internal photon line and, by recalling the expression for the form factor F»(0) given

in eq. we obtain

ds 1 _

Fy(¢?) = /——Iml'[h(s) /01 drdydzd(z +y + 2 — 1) [ 2m*z(1 — z)

m2(1 — 2)2 — xyq® + zs

+0(a?). (2.52)

By computing the integral in dxdydz, we obtain the positive kernel function

a [1 2?(1 — )
K(s) = = 2.
() =7 /0 T (1 z)(s/m2)’ (253
and the muon anomalous magnetic moment is given by
A0 — my0) = & / 9 iy (5) K (5) = 2 / & p(s) K (s). (2.54)
" w2 ) s 3r2 ) s

With this dispersive approach it is possible to overcome the issues involving non-perturbative QCD
computations appearing in the LO hadronic contribution to a,,. The ratio R(s), or equivalently ImlII(s),
are obtained from low-energy e*e™ annihilation data, which involves a positive squared momentum
transfer and so this is called time-like approach.

The latest result for the HLO contribution is [3]:
a; " = 6931(40) - 1071, (2.55)

where the error is mainly due to experimental measurement of hadronic ete™ annihilation. This time-
like approach solves the long-distance QCD problems but it suffers from the experimental uncertainties
associated to the hadronic eTe™ annihilation data.

An alternative evaluation of aELO con be obtained by lattice QCD calculations [3]. The latest result
by the BMW collaboration is |4

a;*0 = 7075(23)(50) [5.5] - 1071, (2.56)

Few years ago, a new approach has been proposed to determine the leading hadronic contribution to
the muon ¢-2, measuring the effective electromagnetic coupling in the space-like region via scattering
data [6]. This leads to the proposal of a new experiment, MUonE at CERN, to measure the differential
cross section of muon-electron elastic scattering as a function of the space-like squared momentum
transfer ¢> = t < 0. This new experiment will use the 150 GeV anti-muon beam already available
at CERN and a low-Z target. The differential cross section of that process provides direct sensitivity
to the LO hadronic contribution to a,. If we now consider the ¢-channel process described by the
muon-electron elastic scattering, and we define the space-like squared four momentum as

t(x) = n <0, (2.57)

eq. reads

a0 = Fy(0) = 5 /01 da(1 - z) / %Iml:[h(s)si (2.58)
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By recalling the dispersion relation for the hadronic vacuum polarization IIj(¢%) (eq. [2.46) and by
imposing ¢? = t(x) < 0 we obtain [60]

HLO _ @& ! N\
ot "W;A da(a — DI, ()], (2.59)

This expression of a, can be written by considering the effective fine-structure constant at squared
momentum ¢°. By recalling the form of the dress photon propagator in eq. and by including a
factor e?, we obtain
—igMv e
iDL (q) = 5=
¢*(1+1I(¢?))
This defines the so called charge renormalization condition for which we obtain a running electric
charge given by

+ gauge terms. (2.60)

e*(0)
1+ [II(g?) — II(0)]"
The full effect of replacing the tree-level photon propagator with the exact photon propagator is
therefore to replace

et — X (¢?) = (2.61)

_ a(0) _ a(0)
1+ [M(¢?) —T1(0)] 1 - Aa(g?)’

a— alg?) (2.62)
where Aa(q?) = —Rell(q?). At this stage it is easy to replace I1(¢?) — IIj,[t(z)] which is the quantity
needed to compute the HLO contribution to a,. Moreover, for ¢* = t(x) < 0, Imll,[t(z)] = 0 and eq.
reads

1

aﬂozﬁ/}m@—nA%wm] (2.63)
™ Jo

The hadronic contribution Aay,[t(x)] can be obtained by subtracting from Aa[t(x)] the leptonic con-

tribution Aoyep[t()], which may be computed order by order in perturbation theory.

Higher-order hadronic contributions

The O(a?) contribution to the muon g-2 can be divided into two parts:

HHO HHO HHO
a, ~ =a, ~(vp)+a, (Ibl). (2.64)
The first term comes from diagrams containing hadronic vacuum polarization insertions into the
internal photon line; the second term is the light-by-light contribution. The results considering the
hadronic vacuum polarization insertions, aflHO (vp), were computed both at NLO and NNLO, whereas

m
the light-by-light contribution is computed at LO and NLO [3]:

agLo(Vp) = —9.83(7) x 1071,
aENLO(Vp) =1.24(1) x 10710, (2.65)
a,©(Ibl) = 92(19) x 107", |
aELO(lbl) =2(1) x 10711

2.2.4 SM prediction versus experimental measurement results

On the theory side, the latest result for the muon g-2 obtained considering all the contributions listed
above is [3]
a™M =116 591 810(43) x 1071, (2.66)

This result is obtained by computing the leading hadronic contribution via the traditional dispersive
method. An alternative result is obtained by lattice QCD computation thanks to the recent BMW
collaboration [4] and reads

a2 = 116 591 954(55) x 107, (2.67)
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On the experimental side, the measurement of the anomalous magnetic moment of negative muons
was the one obtained by the E821 experiment at the Brookhaven National Laboratory (BNL) [1]:

a;;? =116 592 140(80)(30) x 1071, (2.68)

where the first error is statistical while the second is systematic. This result is in good agreement with
the average of the measurements of the muon g-2 of positive muons [1], az)ip = 116 592 030(80) x 10~ 1,
as predicted by the CPT theorem. By combining these results, the new average is

a® =116 592 080(60) x 10~ (0.5 ppm). (2.69)

The comparison between the experimental measurement (eq. [2.69) and the SM prediction shows a
discrepancy of 3.7 o.

On April 2021, the Fermilab Muon g-2 experiment revealed a new experimental result for the anoma-
lous magnetic moment of positive muons [2]:

a,(FNAL) = 116 592 040(54) x 10~ (0.46 ppm). (2.70)

This result differs from the SM value by 3.3 ¢ and agrees with the BNL E821 result. The combined
experimental average (BNL+FNAL) is

aS® = 116 592 061(41) x 107" (0.35 ppm). (2.71)

The difference, a;;? — aEM = (251 4+ 59) x 107!, has a significance of 4.2 7.

The long-standing discrepancy between the experimental measurement and the SM prediction makes
clear that new approaches, both theoretical and experimental, are necessary. This leads to the pro-
posal of the MUonE experiment at CERN with the aim of measuring the effective electromagnetic
coupling Aa(qz) by measuring the muon-electron scattering differential cross section with a systematic
uncertainty of O(107°).



Chapter 3

The muon-electron scattering

The elastic scattering of muons and electrons is one of the most basic process in particle physics. The
study of the collision of muons from cosmic rays with atomic electron led to the discovery of the muon.
However few experimental results are available for this process. In the 1960s, the first result of the
muon-electron elastic scattering cross section came from the experiments at CERN and Brookhaven
where accelerator-produced muons were used [61-63]. In the 1990s, the scattering of muons off polarized
electrons was used by the SMC collaboration at CERN as a polarimeter for high-energy muon beams.

3.1 Kinematics

The muon-electron elastic scattering is a standard 2—2 process where the masses involved are M for
the muon and m for the electron. In our computation we will not make any massless approximation.
In order to study this process we label the momentum of the incoming electron with p; and the
momentum of the incoming muon as po; for the outgoing particles we assign the momentum ps to the
electron and p4 to the muon. Following this notation the Mandelstam variables read

s=(p1+p2)? = (p3+ps)*
t=(p1 —ps)* = (p2 — ps)*,
u = (p1 —p4)2 = (p2 —p3)27
s+t +u=2m?+2M>

We are interested in the differential cross section for the pe elastic scattering whose general expression
is

d*p3 d*py
2m)32E] (2m)32E],

%2
do = U (0ry25% (py 1 py — s — b,

2
il (3.2)

where I1g = /(p1 - p2)? — m2M?, E, = \/m? + |p3|? is the electron recoil energy and Ej, = \/M? + [p4[?
is the energy of the outgoing muon. By integrating in d®ps and by shifting to spherical polar coordi-

nates, d®ps = |ps|?dpsdS), we obtain

-1
I(E; + E,)

J|ps|

712 2

dQ 4Ly J (4m)2ELE,

d(|ps| — [p3]) ‘

In the center of mass frame (CoM), from the conservation of energy and momentum, we have the
relations

Vs=E.+E,=E,+E,
P1 = —Pp2, (3-4)
P3 = —Pa4,

17
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and these lead to the expressions

BB\ Fyt
I|ps| ELE; (3.5)
Lo = |ps|V/s

By integrating in dps, we obtain the expression for the differential cross section

do  |H)?
— = . 3.6
dQ  64m3s (36)
By considering the Mandelstam variable ¢ defined in eq. we obtain, in the CoM frame
t=(p1 —p3)* = 2m? — 2p; - p3 = —2|p3|*(1 — cosb) 3.7)
= dt = 2|ps|*dcos6, '
where 0 is the angle between the incoming muon and the emitted electron.
From the conservation of energy and momentum (eq. |3.4)) it is possible to prove the relation
1
ps|® = —A(s, M?,m?), (3.8)

4s

where A(x,y,2) = 2% + y? + 22 — 22y — 222 — 2yz is the Killen function. So the differential cross
section can be rewritten as B

do | |?

dt — 167A(s, M2, m?)’

(3.9)

In the laboratory frame, for a fixed target experiment where the electron is initially at rest, the

momenta are
m Eu Eé EL
p— = = = . 3.10
b1 <0>p2 <p2>p3 <p3 b3 P4 ( )

In this frame of reference, the Mandelstam variables can be rewritten as
s = 2mE#—|—M2 +m?,
t =—2m(E., —m), (3.11)
—A(s,M?,m?)/s <t <0.

3.2 LO contribution

In the SM, at LO, there are four diagrams that contribute to the muon-electron scattering cross section
and they differ from each other because of the different propagators involved. As shown in fig. the
propagator can be a photon, a Z-boson, a Higgs boson or a neutral Goldstone boson.

7 T T T 7
vy 7Z 'H ' o
e e e e e e e e

Figure 3.1: LO diagrams for the muon-electron scattering cross section, considering all the possible propagators
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The LO amplitude will be the sum of all these contributions and, by labelling .4, #z, #x and .4y,
the amplitudes involving photon, Z-boson, Higgs boson and neutral Goldstone boson propagators
respectively, we obtain

1
10 =7 2 |y + My + Moy + M|
spins
=X+ X7+ Xu+ Ay, +2x Z Re(///i///f),

17]2{7727H7¢0}
i#]

(3.12)

where the 2 are the squared matrix elements while the last term is the interference between them. The
factor i comes from the average over the spins of the initial particles. We are interested in a very precise
computation of the muon-electron scattering cross section (O(a*)) and, as the contributions from Z,
H and ¢q are of O(107%), they must be included. Here we will discuss only the QED contribution
coming from the interaction of leptons (electron and muon) with the photon.

At LO in QED there is only one diagram with a t-channel exchange of a photon. It is precisely this

I I

pz\l/m
7N\

€ €

Figure 3.2: LO diagram for the muon-electron scattering cross section, involving the photon propagator

feature that makes this process ideal to extract the HVP. In fact, the dominant contribution to the
HVP comes from the insertion of the hadronic vacuum polarization II; into the photon propagator.

By considering the diagram in fig. the unpolarized Feynman amplitude can be easily computed
by applying the rules listed in App. [A}

€4
2y = i > pulps)y*u(pr)u(ps)vuu(p2)u(p1)y" w(ps)u(p2)vu(pa)

spins (3.13)
1et
= Zt—QTT {(;/)3 + m)’y“(gzi1 + m)’y”} Tr [(,31)4 + M)’y,l(p2 + M)fyy} ,
where we use the energy-momentum conservation to set ¢ = (p; — p3)? = t. By computing the traces
and by evaluating in the lab frame the scalar products originating from the traces, we obtain the result

The LO cross section for the muon-electron scattering then, from eq. reads
dog [(s—mz—M2)2—|—st+%}
— =Adra (3.15)
dt t2A(s, M2, m?)

3.3 NLO contribution

At NLO in QED there are three diagrams that contribute to the muon-electron scattering cross section,
the so called virtual corrections: the vacuum polarization correction, the vertex correction and the box
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diagram. Since we are interested in the O(a?) correction to the differential cross section, we have to
compute the interference term between this virtual corrections and the LO matrix element .#:

1
r%/NLQ = Z Z 2Re {.//;///NL()} . (316)

spins

All these contributions will be computed in terms of the Passarino-Veltman functions and in the
on-shell renormalization scheme.

3.3.1 QED renormalization

The renormalized perturbation theory, formulated in terms of physically measurable parameters, is
based on the following steps:

absorb the field-strength renormalizations into the Lagrangian by rescaling the fields;

e split each term of the Lagrangian into two pieces, absorbing the infinite and unobservable shifts
into counterterms;

e specify the renormalization conditions, which define the physical masses and coupling constants
and keep the field-strength renormalizations equal to 1;

e compute amplitudes with the new Feynman rules, adjusting the counterterms as necessary to
mantain the renormalization conditions.

We will apply this procedure to QED. Let us consider the QED Lagrangian for the electron

o =~ Fur P+ 9 — o) — et Ay, (317)

where mg is the bare mass while eg is the bare electric charge. The electron and photon propagators
coming from this Lagrangian are

iZQ *iZgg/“,

:p_m-i-..., :T—i—... (3.18)

To get rid of the terms Zs and Zs, we have to substitute in the Lagrangian the renormalized fields
Y = Zzl/ Qwr and A¥ = Zg/ 2A7‘f. Moreover we introduce the physical electric charge e, measured at
large distances (q=0), by defining

07273/ = eZy. (3.19)

Then the Lagrangian can be split into two pieces: one which is the so called renormalized QED
Lagrangian and the other one depending on counterterms

L=~ i(F’,HV)2 + @Er(za - m)% - e&r'yuerr,u

h ) ) (3.20)
— 153<F#”>2 + (162 — S )y — €510 Yy Arys
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where 03 = Z3 — 1, 00 = Zo — 1, 0y = Zomo —m and 0y = Z; — 1 = (eo/e)Z2Z§/2 -1
This renormalized Lagrangian implies new Feynman rules:

L
K~~~ YV _ _iguu
q% + i€’
p 7
< =
P—m+ie
~ = —iey" + ...,
(3.21)
f g v = —i(9"q% = ¢"q") 3,
e ——— = Z(p&? — 5m)7
I = —iey"d;.
Each of the four counterterm coefficients must be fixed by a renormalization condition:
Y(p=m) =0,
d
—3 =0,
dp (zﬁ)‘p:m (3.22)

M(¢* = 0) =0,
—iel*(p' —p = 0) = —iey",

where Y(p) identify the electron self-energy correction. The first condition in eq. fixes the electron
mass at m, while the next two fix the residues of the electron and photon propagators at 1. The last
condition sets the electron charge to be e.

The four conditions in eq. allow us to determine the four conterterms in terms of the values of
loop diagrams which, at one-loop, are the electron self-energy, the vacuum polarization and the vertex
diagrams. The relation necessary to compute the counterterms are

mdg — oy, = X(M),
d

= Ipz(m)’ (3.23)
53 = H(0)7
61 = —F1(0),

where Fy(q?) is the form factor defined in the computation of the vertex correction (eq. [2.9). We will
use dimensional regularization to control ultraviolet divergences while we will introduce a real photon
with mass A to control infrared divergences.

For the analysis of the muon-electron scattering cross section at one-loop, only the vacuum polarization
and vertex corrections are UV divergent, so we are interested in the computation of the d3 and §;
counterterms. By evaluating explicitly these contributions we get

d3(m) =11(0) = _i%r <i — v+ In(47r) +1n (:ﬁ;)) , (3.24)
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Figure 3.3: Vacuum polarization diagram for the muon-electron scattering cross section

where m could be the mass of the electron, the muon or the tau lepton and € = %.

For the vertex contribution, instead, the counterterm reads

d(m) = —% (i — v+ 1In(47) +1n (:;) + 2In <)\2> + 4) . (3.25)

m2

By adding these counterterms to the virtual amplitude we will obtain a UV finite result.

3.3.2 Vacuum polarization contribution

The first virtual correction consists in a tree level diagram with a vacuum polarization insertion into
the photon propagator (fig. . By associating the momenta like in fig. the vacuum polarization
correction I1(¢?) can be computed by applying the Feynman rules listed in App.|Alin d dimension and
by neglecting the external legs

. adk Tr |y (F+m)y” (4 + K +m)
H(qz) = —(eu ) /(27T)d (£2_m2) (k:+q)2—m2] }’

(3.26)

where ¢ = p; — p3 from the momentum conservation, d = 4 — 2¢, k is the loop momentum and m
is the electron mass. We neglect the +ie prescription for brevity. The muon-electron scattering cross
section at one loop feels the contribution of the vacuum polarization correction with a muon or a tau
lepton and the amplitude can be computed by considering eq. and by substituting m — M and
m — m. respectively.

This calculation can be carried out both by hand or by the FeynCalc package of Mathematica [64H66].
In both cases the result can be expressed in terms of the Passarino-Veltman functions. For the VP
contribution the final expression depends on the By(...) function which can be divided into a divergent
term and a finite term:

Bo(..) = % — i+ In(d7) + In(u2) + FBol...), (3.27)

where vg ~ 0.577216 while fBy(...) denotes the finite part of the Passarino-Veltman function By(...).
The definitions of all the Passarino-Veltman functions are listed in App.

It is clear, from the explicit expression of the By(...) functions, that the vacuum polarization con-
tributions shows a UV divergence and in order to eliminate it we have to add to the amplitude the
counterterms d3(m;) (eq. [3.24) where m; = {m, M, m,}. Only after considering these counterterms, it
is possible to take the d — 4 limit safely.

The UV finite result for the interference term between the VP correction and the LO matrix element
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My, coming from eq. can be represented diagrammatically as

I [t

1
Myp =7 % 2Re X l:;” + (3.28)

where the sum is meant over an electron, muon or tau vacuum polarization while the diagram with the
cross insertion in the photon propagator represents the counterterm necessary to obtain a UV finite
result.

The explicit expression for the total VP amplitude reads:

64ma’

Zvp = Re| —
VP e 33

(2(m? + M? — 5) + 2st + 1?) Z <b1 (my) fBo(t, m?,m?)
m; (3.29)
— by(m;) fBo(0,m2,m?) + 2tln(m;) — t)],

where m; = {m, M, m,} while the coefficients b (m;) and ba(m;) will be listed in Sec.

3.3.3 Vertex contribution

The vertex correction comes from the insertion of a photon propagator between the incoming and
outgoing muon or electron (fig.[3.4)). In order to compute this diagram we associate the momenta like

Figure 3.4: Vertex contribution to the muon-electron scattering cross section

in fig. and, by making use of the Feynman rules quoted in App.[A] we obtain the following integral
in d dimension:

dtt Wpe)r” [k +p, + M| A [(k +p, + M)] 7pu(p2)
2 (K2 = N)[(k + p2)? = MP[(k + pa)? — M)

u(pa)THu(ps) = —ie® / ( (3.30)

where A is a fictitious mass of the photon introduced to regularize the infrared divergences. Also in
this case the +ie prescription has been neglected for brevity. The same vertex correction but for the
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electron can be computed starting from eq. and by applying the substitutions M — m, po — p1
and py — p3.

As for the VP contribution, the computation can be done both by hand or by using the Feyncalc
package [64-66]. The result will be expressed in terms of the Passarino-Veltman functions, where in
addition to the By(...) function, for the vertex correction, the final expression will depend on the Cy(...)
functions.

This vertex contribution shows both a UV divergence and a IR divergence. The counterterm d1(m;)
where m; = {m, M} (eq.|3.25]) is necessary in order to obtain a UV finite result while the IR divergence
can be eliminated by considering the soft-Bremsstrahlung contribution (see Sec-. Once we have
obtained a UV finite result, we can take the d — 4 limit, in analogy with the VP contribution, while
the A — 0 limit can be applied only after the introduction of the soft-Bremsstrahlung cross section.

The interference term between the vertex correction and the LO matrix element .Z, (eq.|3.16) is given
by

o W
My =L oR x> (3.31)
vV = 1 € .
l=e,u
e e

where the sum is meant over an electron and muon vertex while the diagram with the cross insertion
is the counterterm necessary to obtain a UV finite result.

The explicit expression of the total vertex amplitude is

1
2 = Re 67ra

(chg(Mz, M?,t, M? N2, M?) + c2Co(m?,m?,t,m?, A%, m?)
+ b3 fBo(0, M?, M?) + by f Bo(t, M?, M?) + bs f Bo(0, m?,m?) + b f Bo(t,m* m?) (3.32)

+ a1ln(A) + asln(M) + asln(m) + aq)
where the coefficients ¢; (i = 1,2), b; (j = 3,4,5,6) and ay, (k = 1,2,3,4) will be listed in Sec.

3.3.4 Box contribution

The last virtual contribution is the one which involve the box diagram (fig. . The first diagram in
fig. is the direct (||) box diagram while the second one is called crossed (x) diagram.

The crossed diagram can be obtained from the direct one if we invert the muon line, add an overall
minus sign before the crossed diagram and make the substitution v = 2m? +2M? —s —t — 5. So a
very important check for the computation of this diagram is the comparison between the direct and
the crossed diagram through the relation

I [ I I

=— (u > s) (3.33)

e € € (&

Then the box contribution can be computed by considering the momenta defined in fig[3.5] by applying
the Feynman rules listed in App. [A] and by keeping all the external legs in order to simplify the
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Figure 3.5: Box contribution to the muon-electron scattering cross section

expression thanks to the Dirac equation:

A= 64/ (ddk u(ps)y?[ — (k= p,) + m]y u(pr)u(pa)y, [(F + p,) + M]you(ps) (3.34)

2m)4 (k2 — X2)[(k — p1)? — m?] [(k + p2)? — M2][(k + p2 — pa)® = A?]’

where the +ie prescription is neglected for brevity. The crossed diagram contribution .#j can be
computed from .///1! by applying the substitution po — —p4 and ps — —po in all the amplitude
expression (eq. (3.34]) except the spinors.

The box diagram is UV finite, as it is possible to notice from a dimensional analysis, but it is IR
divergent so the soft-Bremsstrahlung contribution must be considered. Only after cancelling the IR
divergence it is possible to take the A — 0 limit.

In this case the computation was performed only by using the Feyncalc package and, in order to use
the Dirac equation and contract the Lorentz indices, we first contract the amplitude in eq. with
the LO one (eq.[3.13) and then we solve the loop integral in terms of the Passarino-Veltman functions.
This procedure was possible thanks to the UV finiteness of the box diagram.

In analogy with the VP and vertex corrections, the interference term can be expressed diagrammati-
cally as

1
M =7 x 2Re > X (3.35)

e e

where the sum is meant on the direct (||) and crossed (x) box diagrams.
Eventually the box contribution reads

16ma?

X = Re[ (dng(mQ,m2,M2,M2,t,s,>\2,m2,)\2,M2)

+ doDo(m?,m?, M?, M? t,u, A2, m?, X2, M?) + c3Co(m?,m?,t,\2, m?, \?)
+ ¢4Co(M?, M2 t, 0%, M? ) \?) + c5Co(m?, M?, s, m* \2, M?) (3.36)
+ cCo(m?, M?,u, m*, N2, M?) + by f Bo(0, m?, m?) + bg f Bo(0, M?, M?)

+ by fBo(s,m?, M?) + b1ofBo(t,0,0) + by f Bo(u, m?, M?) + a5>

where the coefficients d; (I = 1,2), ¢; (1 = 3,4,5,6), b; (j = 7,8,9,10,11) and as will be listed in Sec.
3.0l
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Figure 3.6: Bremsstrahlung contribution for the muon-electron scattering cross section

3.4 Soft-Bremsstrahlung contribution

In the previous section we saw that the vertex and the box corrections to the virtual amplitude for the
muon-electron scattering show a IR divergence when A — 0, that can be cured by the introduction of
the soft-Bremsstrahlung contribution.

The Bremsstrahlung correction is given by diagrams like the ones in fig. where a photon is radiated
from an initial or final muon or electron. So we will end up with four diagrams, one for every external
legs which radiate a photon. With the term soft we indicate the fact that we are considering photons
with an energy less than some specified value wgy. This threshold energy wg may coincide with the
sensitivity threshold of the experimental set up. Here the computation of this contribution will be
performed by hand following the approach applied by G. t’ Hooft and M. Veltman [67].

As a first step we identify with k = (ko,k), where |k| < ko, the 4-momentum of the radiated soft
photon and with X its fictitious mass. Then the amplitude is given by

Bk 2
Puapi =2, [ \ﬁpl,m,pg,m,k) , (3.37)

ko<wo (271')32(.4}0
where we have factorized the LO amplitude and

p1 b2 p3 yZh
— + + . 3.38
pi-k p2-k  p3-k ps-k (3:38)

g(plap27p37p47 k) = -

We now show the basic steps to obtain the result in eq. We consider the case in which a soft
photon is radiated from an incoming muon (the first diagram in fig. [3.6]); by applying the Feynman
rules in App.[A] the amplitude reads

—ie)3 _ M
My = ( . ) u(p3) v u(pr)u(pa)vu [(pljz_ ,Zj;r_ M2

Ve (k)u(p2). (3.39)

Since we are considering the soft Bremsstrahlung component, every # and A2 term at numerator is
negligible with respect to Py and M. Then, by considering the relation (py — k)2 — M? = —2po - k, 4
will be given by

ie2 - €* -€*
My = tﬂ(pg)v“U(pl)ﬂ(m)WU(m)l 6( - w> = ///w( - W) (3.40)

Then in order to obtain the squared matrix element we take the absolute value of .#5 and we have to
remember that

o the sum over the photon polarization, in the case A — 0, yields: 3°,; €, (k)ev (k) = —guu;
¢ the recoil of the fermion by the emitted photon is neglected;

« the integral over k shows up as a phase space integral (eq. [3.37)).
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We obtain similar contributions from the other diagrams in fig. which can be derived from .#5 by
the substitutions (p2 — p1), (p2 — —ps, k — —k) and (p2 = —pa, k — —k).
Once we consider all the contributions, the scalar integrals to compute have the form

1) = | & : (3.41)
bi,pj) = .
U Jko<w (2)32k0 (K - pi) (K - pj)
where p;, p; = {p1, p2, p3, pa}.
In the laboratory frame we obtain the following result for the soft-Bremsstrahlung amplitude:
Zsoft = Z- xﬂ —m2(I( )+ 1( ))+2<m2—t>l( )
soft = 2y X 5553 P11 D3, D3 5 ) 1(p1:ps
t
- M? (I(pz,m) + I(p4,p4)) + 2<M2 - 2>I(pz,p4)
(3.42)

4?4082 = )(Io1,p) + 1,0 )
+ (m® + M? —u) (I(phm) + I(pz,p?,))]

The scalar integrals are computed following the procedure in [67] and the steps of the computations
of them are sketched in App. The integral with p; = p; is easier to compute with respect to
the case p; # pj. Moreover it is possible to prove that I(pi,p1) = I(p3,p3), I(p2,p2) = I(pa,ps),

I(p1,p2) = I(p3,pa) and I(p1, ps) = I(p2,p3).

Only some of the Cy functions and both the Dy are IR divergent and, thanks to [68./69], it is possible
to write these functions as a sum of a IR divergent part and a IR finite term. Then it is clear which
integrals of the soft-Bremsstrahlung cross section (eq. [3.42) cancel the IR divergence of the vertex
correction and box diagrams. Here we will show the cancellation of the IR divergences of the one-loop
virtual diagrams thanks to an explicit combination of the scalar integrals from the soft-Bremsstrahlung
contribution.

e Electron vertex correction

1 3
Re[ bma (CQCo(mZ,m2,t,m2,)\2,m2) +a11n()\)>]

t2
(3.43)
« t
+ 2 % 5 | = 2m*1(p1,p1) + 2(m2 - >I(p1,P3)
4 2
e« Muon vertex correction
16ma’
Re [;0‘ (CQCO(MQ, M2, ¢, M? N2, M?) + aﬂn(A))]
(3.44)

a t
+ 2y X l — 2M?1(pa, p2) + 2(M2 - 2>I(p2,p4)]

e Direct box correction

16ma?
t2

Re (dlDo(mQ,mQ,MQ, M?t,5, 0%, m? N2, M?) + c5Co(m?, M?,5,m?, \?, M%)]

+ 2 x 4%‘;22(m2 + M? = 5)I(p1,p2)
(3.45)
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e Crossed box correction

16ma’
Re :20‘ (ngo(m2,m2,M2,M2,t, u, N2, m?, N2, M?) + cﬁCo(mZ,Mz,u,mz,/\Q,MQ)ﬂ
(6%
+ 2, x —22(m2 + M? — u)I(p1,ps)
4

(3.46)

Once we have cancelled all the IR divergences in the vertex and box diagrams we can safely take
the A — 0 limit. Moreover we remark that the three-point functions Co(m?, m?,t, A2, m?, A\?) and
Co(M?, M?,t,\2, M?, \?) in the box amplitude are already IR finite. So, from now on, their arguments
A will be set to zero.

3.5 Total virtual amplitude
The complete virtual amplitude is given by the sum of the vacuum polarization, vertex and box

amplitudes obtained in the previous sections. In the on-shell renormalization scheme we obtain a
result which is UV finite and it reads

16ma?

%}irtual - Re[ (UIDO(m27 m27 M27 M27 ta S, )\27 m27 )‘27 MQ)

+ vaDo(m?,m?, M?, M? t,u, \2, m?, X2, M?) + v3Co(m?, m?,t,m?, A2, m?)
+v4Co(M?, M?,t, M? N2, M?) + v5Co(m?,m?,t,0,m>,0)

+ v6Co(M?, M?,t,0, M?,0) + v7Co(m?, M?, s,m?, X2, M?)

+ vgCo(m?, M2, u,m?, X2, M?) + vg f By (0, m? m?) + v19fBo(0, M2, M?)
+ v11fBo(t,m?,m?) + via f Bo(t, M?, M?) + vi3f Bo(s, m?, M?)

+ v14fBo(t,0,0) + v15f Bo(u, m?, M?) + vi6fBo(t, m2, m?)

(3.47)

+ UnfBo(O, m72_, mg) + Ulgln(m) + Ulgln(M) + Ugoln(mT) + Uzlln()\) + Uzg)‘|

For brevity, we left the In(\) term in the final expression but we have shown in the previous section
that it can be cancelled by the introduction of the soft-Bremsstrahlung contribution, so that we obtain
a IR finite result. The explicit expressions of the coefficients are:

e v =di == ((m?+ M2 —5) (4 (m? + M2 — 5)° + 25t +12) )

o vy =dy=— ((m?+ M2 s —1) (4(m?+ M2 = 5)° — 4t (m® + M?) + Gst + 3¢2))
o vy = =2 (2M2—1) (2(m? + M? — 5)" + 2t + £2)

e vp= =2 (2m2— 1) (2(m? + M2 — 5) + 2t + 12)

N 2 (78m2t+8m4+t2) (2 (mQJrM2 73) ft)

¢ U5 =06 = 4m2—t
2(—8M2t+8M*+t2) (2(m2+M2—s) —t
° U6 = C4 — ( + —Z]w)z(_t(m S) )

o vr=c5=—2(2s+1t) (m?+ M?—5s)

o vg=cg=—2(4m? +4M? — 25 —t) (m? + M? — s — 1)
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o Vg = 5t (2(m? + M? — 5)? + 2st + t2)by(m) + % + by where

—8t <m2 (M2 — 5s) +m*+ (M2 — S)2> + 24m? (m2 + M?— 3)2 + 8¢t2 (2m2 —3s) — 4¢3

bs = 4m?2 — ¢t
b — 2mt (m? — M? — s) +8m(m2—M2+s)
e —2m2 (M2 + s) + m4 4+ (M2 — 5)° t —4m?
(m+ M) ((m—M)?—s) (m—M)((m+M)2—s)+2m>
(m—M)?2—s—t (m+M)?2—s—t

o V10 = 555 (2(m? + M2 — )% + 25t + t2)bo(M) + % + bs where

1 2 (172 4 2 4, 2
b3:4]\42—t{_8t<m (M —2s>+m — oM< s+ M —i—s)
2
+24M? (m? + M2 — 5)" + 812 (2M2—s)—4t3]
—m?2 2 _ 2 2
b — 21 2Mt (—m® + M? — s) 2+8]\4( m +J\24 + )
—2m? (M2 + s) + m* + (M? — s) t—AaM
(m+M)((m=M)*=s)  (m=M)(s—(m+M)?)
(m—M)?2—s—t (m+M)?2—s—t

o v11 = —g5(2(m? + M? — 5)? 4 2st + t2) by (m) + % where

4m2t (M? — 7s) — 16m2 (m® + M? — 5)° + 61> (s — 2m2) + 6m*t + 6t (M2 — 5)* + 343

be —
6 4m?2 —t

o V12 = —55 (2(m? + M? — 5) + 2st + )by (M) + % where

_ % [Qt (2m2 (M2 - 33) 1+ 3m* — 14M?s + 3M* + 332)

b=

— 16 M2 (m2+M2 —S>2+6t2 (5—2M2) +3t3}

2 (—m2 (2M2 (s+)+ M4 —352) fm* (— M2 -35+1) +m6+t(M4—52)+(M2—5)3>

© Vi3 =by=-— —2m2(M2+s)+m4+(M2—s)?
2(4mM —t)(4mM+t) (2(m2+ M2 —s)—t
« v =bio = (4m2—t)(t(—glM2) )

® UVi5 = b11 = ((m—M)Q—s—t)Q((m—i-M)Q—s—t) m2(2M2(s - 4t) + M4 - (38 - t)(S + t))

+m*(M? + 3s) —m® + t2(M? + s) + 2st(s — M?) — (M? — 5)3}

o vig = —3i3(2(m? + M? — 5)? + 2st + t2) b1 (m;)

o V17 = 55 (2(m? + M2 — 5)2 + 25t + t2) by (m;)

. 0182—%4—“73whereag:6(2(m2+M2—5)2+25t+t2)
. U19:—%+“72whereag:6(2(m2+M2_3)2+28t+t2>

2
L[] ’[}20:—§
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o vy = % where a; = —16 (m? + M? — 3)2 — 16st — 8t2
o Ugp = %—i—%‘—l—a@ where

1
(dm? = 1)

_ 2 2 222 4 4 2
ay = P—YYVEY [4t<—2t(—4s(m + M?) +6m°M* +m* + M +s)

212 (2(m2 + M) - s) +A(m? 4+ M) ((m — M)? — 8) ((m + M)* — s) — t3>]

" 4<8m2 (m2— M2 4s) 2t ((m? = M2)% = s (m?+ M?))

t —4m? o (M2 + s) +m4 + (M2 — 5)
+8M2(—m2+M2+8)+2( 2—|—M2)
t— 402 "
(m+ M)? (m — M) — s) <m—M>2<<m+M>2—s>>
(m—M)?2—s—t (m+M)?—s—t

where by (m;) = 2m? +t and by(m;) = 2m3.
From the previous section, we obtain the O(a?) correction to the differential cross section

donvLo dog Zvirtual + %oft
20 3.48
dt dt * 167A (s, M2, m?2) (348)

which is an expression of the masses m? and M2, the Mandelstam variables s and ¢ and of the threshold
energy for the experimental set up wp, once we have introduced the soft-Bremsstrahlung contribution.
In App. |B| the explicit expression of the Passarino-Veltman functions and the integrals from the soft-
Bremsstrahlung contribution are listed.

This result is obtained by considering the scattering of =~ over e~. The same computation can be
performed for the antiparticles y*. This leads to an overall minus sign for the box amplitude, I(p1, p2)
and I(p1,p4), while the vertex and the vacuum polarization contributions remain unchanged.



Chapter 4

Expansion by regions method

As we saw in the previous chapter, the QED corrections at one-loop to the pe elastic scattering
amplitude, and consequently the QED differential cross section, are well known. On the contrary the
NNLO QED corrections are not known yet so a new method to compute them, based on the expansion
by regions approach, would be desirable.

In this chapter we will explain the basic concept under the expansion by regions method and we will
apply it to the NLO QED corrections, in particular to the vacuum polarization and vertex corrections.
Then we will compare the result obtained by the use of this procedure with the Taylor expansion of
the exact result of this two corrections, obtained by standard methods.

4.1 The strategy of regions

The strategy of regions [32] is a technique which allows one to carry out asymptotic expansions of loop
integrals in dimensional regularization around various limits [33]. When loop integrals involve many
different scales from masses and kinematical parameters, it can be hard to evaluate them exactly.
The integrand may be simplified before integration by exploiting hierarchies of the parameters and
expanding in powers of small ratios. When this expansion are done naively, neglecting their break-
down in certain parts of the integration domain, new singularities may be generated and important
contributions to the full result can be missed. The expansion by regions approach allows to treat this
singularities properly.

The general strategy to obtain the expansion of a given Feynman integral in a given kinematic limit
is [33]: identify the regions of the integrand which lead to singularities in the given limit; expand the
integrand in each region and integrate each expansion over the full phase space; add the result of
the integrations over the different regions to obtain the expansion of the original full integral. This
method will be successful only if all the expanded integrals are properly regularized in dimensional
regularization. Moreover each region has to be considered only once to avoid double counting and the
regions defined in the calculations at one loop are often the same which are relevant at higher order.

The expansion by regions method is a very powerful tool because, if one is simply interested in the
expansion of some perturbative result in a small parameter, one can therefore work directly with this
method, without constructing an effective Lagrangian.

4.2 Muon-electron scattering amplitude expansion

By considering the muon-electron elastic scattering amplitude, the small parameter for which it is
applied the expansion by regions method is the electron mass m. In particular we will perform the

2

expansion in terms of the parameter \g = ™.

We will apply this method to the vacuum polarization and the vertex corrections. The result will be

31
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k
\W@W
g ~N_" ¢q
k+gq

Figure 4.1: By(t,m?, m?) diagrammatic representation.

UV finite and gauge invariant. In fact, the UV divergences are cured by the introduction of coun-
terterms, so the final expressions in eq. and eq. to which we will apply the strategy of
regions, are UV finite (but not IR finite). We will also obtain a gauge invariant result because, in
analogy with the considerations done in [70] for the process ete™ — 7777, the vacuum polarization
is gauge-independent by itself; the gauge dependence of the direct box cancels exactly against that
of the crossed box; the gauge-dependence of the vertex correction can therefore cancel only against
the fermion self-energy graphs renormalizing the external (on-shell) fermions. The application of the
expansion by regions method to the box contribution is more complicated with respect to the VP and
vertex corrections, due to the four-point function Dy, and it will be discussed in the future. Here the
expansion by regions method will be applied to the computation of the gauge-invariant subset given
by the electron-line contributions. This approach, in which we neglect the box contribution to the ue
scattering amplitude, is justified from an experimental point of view because it is possible to perform
the measurement in a kinematic region where the box happens to be numerically sub-leading [16].

During this analysis, the IR divergences will be evaluated in dimensional regularization and they will be
left explicit because, as we saw in sec. they are cancelled by the soft-Bremsstrahlung contribution
whose Taylor expansion in m? can be trivially performed.

By looking at the final expression of the VP and vertex corrections (eq. and eq. , the
expansion by regions approach can be applied to two Passarino-Veltman functions: Bo(t, m?, m?) and
Co(m?,m?,t,m? 0,m?) where we set the limit A — 0 for the fictitious photon mass in the Cy function
in order to treat the IR divergences in dimensional regularization.

In the next sections we will sketch the procedure to expand these functions with the strategy of regions.

4.2.1 By(t,m? m?)

The expansion of the By function is a simple but clear example of how this method works. This
function represent the tadpole diagram in fig. and it is given by

2¢e 1
Bo(t.m2.m?) = " [ ¢ik
ot m) = | Tk g ]

(4.1)

where ¢ = (p1 — p3)? = t, k is the loop momentum and d = 4 — 2e.

Then the scales involved are ¢? =t and m? so we can identify three different regions [71] and expand

in terms of the parameter A\ = ’f—:

1. |k?| ~ |¢?| >> m? then the denominators in eq. 4.1 become

(K> —m?) ~ k? <1Zf+>
(4.2)

m2
[(k+q)% —m? ~ (k+q)? <1_(l€+q)2+'"> )

So we obtain the integral

2e 2 2

w d 1 m m
1 = dk————\(1+—+...|[1+—=+...|. 4.
1,Bo i7r2/ k:2(k+q)2< tozt >< +(k:—i—q)2+ ) (4.3)
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By considering only the first term of the expansion, by using the Feynman parameters and by
performing the integration in d’k (App. E , we obtain

IIBO— 6) / dz[(1 — x) (1—30)2] €

)e
<e> PO o (44

N 7T6 (— YeL(2—2€)

2. |k?| ~ m? so the propagator denominators become

(K2 —m?),
k? +2k-q—m? 4.5
[(k+q)2—m2]~q2<1+ s qu = +) (45)
and the integral in eq. [£.1] reads
k2 + 2k - g — m?
g, = - m2 (1 - > T (4.6)

By applying the steps done in the previous region, the O(1) contribution is

2 T(e—1)
e t

Inp, = — (—At)~C. (4.7)

3. |k + g% ~ m?:

2k - q
(k2 — m?2) ~ —¢? (1+ - )

[(k +q)* —m?].

(4.8)

So

2e
Pl g 1 < 2k - q )
I ="— [ d% 1-— 4.9
5o w/ [(k + ¢)2 — m2](—¢?) 2 ) (4.9)

The result at O(1) is equal to the one obtained in the region where |k?| ~ m
overall minus sign.

2 except for an

Now we sum all the contributions coming from the regions defined above and we expand for ¢ — 0 to
obtain

Bo(t,m* m?) = A —In(—t) + 2, (4.10)

where A = 2 — 4 — In(r) + In(u?). This result is completely consistent with the result obtained
by expanding the explicit expression of the By(t,m?,m?) function evaluated by standard methods,
including its UV divergent term.

By considering higher order terms in the computation of the integrals in the different regions, it is
possible to check the consistency of the result at O(Ag) obtained with the strategy of regions:

Bo(t,m?,m?) = A —In(—t) + 2+ 2Ag [In(A\g) — 1]. (4.11)
The A expression identifies the UV divergent part of the By(t,m? m?) function. This expression of

the two-point function obtained by applying the expansion by regions method up to O(Ar) is equal
to the Taylor expansion of the exact result of By(t, m?, m?).
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\plps/
_k,

Figure 4.2: Co(m?,m?,t,m?, 0, m?) diagrammatic expression

4.2.2  Co(m?,m? t,m? 0,m?)

The expansion of the Passarino-Veltman function Cy is more complicated. We will introduce a different
notation which is usually used in SCET theory [72]. The function Co(m?, m2,t, m?,0, m?) is represented
by the diagram in fig. 4.2 and it reads

iw | R0+ p)? = [+ pa)” — )

Co(m?,m?,t,m?,0,m?) = (4.12)

where d = 4 — 2¢. We also define Q? = —(p; — p3)? = —t. The goal is to calculate this integral in the
limit p? ~ p? << @2 that is, in the case in which the external legs carrying momenta p; and p3 have
small invariant masses.

We choose two light-like reference vectors in the direction of the momenta p; and ps3, in the frame in
which @ = 0:
n, = (1,0,0,1) and n, = (1,0,0,-1). (4.13)

Then it is easy to prove the relations
n*=n*>=0 and n-n=2. (4.14)

Any vector can be then decomposed in a component proportional to n, one proportional to 7 and a
remainder perpendicular to both
n* N I I I "
pi=(n-p)o + (p) o +0l =Py + 7+ 1 (4.15)
The vector expressed in this light-cone components is useful to organize the expansion, since each
component scales differently. Then the square of the momentum p and the scalar product of two
different vectors p and ¢ read

p* = (n-p)(n-p)+p3,

(4.16)
P q=p+-q-+tDP-q+ +PLqL.
From now on we will express four vectors with the following notation
p'=(n-p,a-ppi)=(p+,p-,pL) (4.17)

From the relations in eq. |4.14} it is easy to show that pi = 0 and p2 = 0. However one has to pay
attention on this notation because the scalar quantities p; = n-p and p_ = n - p should not be mixed
up with the related vector quantities p/; introduced above.

Similarly to the By(t,m? m?) computation, the expansion parameter, which vanishes in the limit we
2 2
are interested in, is A\p = % = % = m

—t
. . . n =
We choose the reference vectors in the directions of large momentum flow pf ~ Q% and ps ~ Q%
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and we also choose n* (n#) such that the perpendicular components of p} (p4) are zero. So the four
vectors p| and p§ will be
P~ (1, g, 0)Q and p5 ~ (Ag,1,0)Q. (4.18)

When computing the loop diagrams with the expansion by regions method, it is possible to show that
only scalings k* ~ (A%, )\I}%,)\CR)Q, with @ + b = 2¢ and k the loop momentum, are important. For
¢ > 0, these describe particles which go on shell as Ag — 0. Once we introduced this notation and
the consideration necessary to describe our process, there are four regions that give non-vanishing
contributions:

o Hard region: the components of the integration momentum scale as k* = (1,1,1)Q. Then the
denominators in eq. become

E* ~ 0(1),
(k+p)2—m?>= k> +2k_-piy +2ky p1_
o) 0(1) O(\r)
2k, - P1,—
= k% +2k_ - 14—t T )
1+ ( k2 + 2k_ “P1+ (4.19)
(k+p3)®—m®= k> +2k_-ps, +2ky -ps_
M o(g) 0(1)
2k_ - p3 +
= k24 2%y opy_ (14 T
+ + ' P3, ( +k‘2—|—2k‘+-p3,>’

and the integral in eq. reads

P /ddk 1 _ 2ky-pi- 2k -p3y
T in? K2(k2 + 2k_ - p1)(k2 + 2ky - p3_) K242k -piy K2+ 2k, ps_ )
(4.20)

o Collinear region: the loop momentum k scales as k* ~ (1, Ag, vVAr)Q, and therefore we obtain

k? ~ O(\r),
(k+p)?—m’= kK +2ky p1_ 42k -piy =k +2kp,
0GR  o(p) O(\r)
O(s) o(1) 0(x%)
2
=2ky -p3— (14 +00%) | .
; ( i Ol R>>
So the integral reads
2e 2
K d 1 k )
I = d°k 1- 0Z) . 422
im? k2 (k2 + 2k - p1)(2ky - p3.-) ( 2k, -p3— +0( R)> (4.22)

o Anticollinear region: the momentum k scales as k* ~ (Ag,1,v/Ar)@. The calculation of this
integral is identical to the one performed in the collinear region if one makes the substitutions

p1 — p3 and p3 — — p1 4 in eq.

o Soft region: k scales as k" ~ (Ar, Ar, Ag)@. The expansion of the propagator denominators takes

the form
K ~ 0(\R),
(k+p1)? —m® = k22 +2ky cpr 42k pry =2k pry + O(AR),
00  002) O(Ar) (4.23)
(k+p3)® —m? = k2 42k -py— +2k_-p3y = 2ks - p3— + O(\R).
O(AR) O(\g) 0(%,)
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Then the integral reads

2¢
p d 1
I, == dk . 4.24
iw | ek )@k pa) (24

It is possible to prove that this integral is vanishing both by applying the Feynman parameter
or by involving integration by parts identities.

All of the other possible scalings of the integration momentum, of the form k* ~ (A%, )\ZI’{, A%)@ and
with a, b, ¢ not matching one of the four cases listed above, give rise to scaleless integrals after the
expansion, and therefore they do not contribute to the final result.

The O(1) contribution can be computed by introducing the usual Feynman parametrization, by using
the relations p%_ = p§’+ = 0 and 2p;_ - p34+ = Q? = —t and then by integrating, following the
formulae in App. We will sketch here the results of the integrals in the different regions:

e Hard region:

2€
Iz d 1
Io="2"- [ d%
h0 = Gn2 / k2(k? +2k_ - p1 4 )(k? + 2k4 - p3 )

4.25
_ p* Jma D1+ el (—¢) (425)
o (=) (S -
e Collinear region:
2e
H d 1
o0 im? kQ(kQ + 2k - pl)(2k+ : pS,—) (4 26)
L Ve w0 |
= — € .
e 2te?
o Anticollinear region:
Tnco = .. (4.27)
e Soft region:
I, = 0. (4.28)

The final O(1) expansion of the C function is obtained by summing all the contributions coming from
the different regions and expanding the expression in € — 0:

Co(0(1) =+ [(& ~ (=) n(rn) - 2120 — 2| (4.29)

where the % prescription, which is included in the A variable, identifies the IR divergences in dimen-
sional regularization since the Cy function is UV finite.

This result is perfectly consistent with the O(1) expansion in Ar of the exact expression of the Cy
function.

Another method to compute the integrals in the different regions is based on integration-by-parts
(IBP) reduction for multiloop integrals which exploits the IBP identities between integrals [73}[74]. In
order to apply the IBP reduction, the Mathematica LiteRed package is used [75,[76]: at first stage it
tries to find symbolic reduction rules using heuristics; then it applies the rules to the specific reduction.
In our specific case we will use this Mathematica package to perform the computation at O(Ag) of the
Cy function, since the integrals in this case can not be easily computed with the method applied at
O(1). In fact, thanks to the IBP reduction method, the three-point functions in the hard and collinear
regions can be written in terms of one- or two-point functions, the so called master integrals.

As a first step to compute the O(Ar) contribution, we have to include the terms of the same order in
the kinematics and this brings to the re-definition of the scalar product between the external momenta:

2014 -p3— =2m* —t = —t (1 + Ag), (4.30)
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where Ap = T—j as usual. By computing the O(1) with LiteRed, we get the results (in terms of the

master integrals):

e Hard region

1— 2¢
AR ]
12 o 4.31
w0 = a oy’ G -
where 2
. Ly :
0,1,1) ="~ /d k
3(0,1,1) = —5 (K + 2k - p14) (K + 2k - p3.-) (4.32)
(Y T 0T0 |
- r2-2¢ °
e Collinear region
e L ) 4.
A o X D) 3(0,1,0), (4.33)
where 2
. P [ 1
]( IR ) 2'7.(-2/ (k2—|—2k‘p1) (4 34)

=— (lLQ)E (m?) =D (e — 1).

By expanding the results first for ¢ — 0 and then for A — 0, each integral in the different regions
can be expressed as a sum of an O(1) term and an O(Ar) “kinematical” correction coming from
the re-definition of the scalar product shown above. By summing the contributions of the hard and
(anti)collinear regions, the final expression is given by an O(1) contribution, which is exactly the result

in eq. plus an O(AR) correction given by

CAr(O(1)) = —%/\R [A ~n(—t) + [A — In(=t)]In(Ag) — %m?(AR) _ 23”2] . (4.35)

Apart from this, there is an O(Ag) contribution coming from the Ag-order integrand in the expansion
of Co(m?,m? t,m?,0,m?) in the different regions (eq. and eq. 4.21]):

e Hard region

[ e /dd —2ky - p1— . —2k_ - p3 4+
A i R2(k2 + 2k - p1 )2(k? + 2k -ps ) K2(K+ 2k pr ) (K2 + 2k ps)?
2(—1+ 2¢) AR .
= 0,1,1

(4.36)

where the master integral j(0,1,1) is given in eq.

e Collinear region
2e —]{2
Iern =g /ddkk;Q(k? 2k p1) (ke ps)?

1 pl + p3,* (437)

- j(0,1,0

where the master integral j(0,1,0) is given in eq.

Now by expanding the results first for ¢ — 0 and then for A — 0, by summing the contributions
coming from the different regions, we get

M (OOR) = S Ar 1~ In(An)]. (4.38)
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The final result of the Co(m?2,m?2,t,m?, 0,m?) is given by the sum of all the O(1) and O(Ag) contri-
butions:

Co(m?,m?,t,m?,0,m?) = Co(0(1)) + CpE(0(1)) + CoE(O(AR))

~ A o) - o) -
Tt R VR

3

(4.39)
This expression of the three-point function obtained by applying the expansion by regions method,
up to O(AR), is equal to the Taylor expansion of the exact result of Co(m?,m?2,t,m?,0, m?).

+2, ( A 4In(—t) 41— [1+A —In(=0)]ln(Ag) — %m (Ar) + 2”)]

4.2.3 VP and vertex corrections expansion

As we said before, we will apply the expansion by regions method only to the vacuum polarization
and vertex corrections. By recalling the expression of this two contributions in terms of the Passarino-
Veltman functions (eq. and eq. we notice that the strategy of regions can be applied only
to the corrections which involve the electron, namely the ones which contains the Bg(t, m?,m?) and
Co(m?,m?,t,m?, 0,m?) functions. Therefore we will expand the electron vacuum polarization correc-
tion and the electron vertex correction only.

The procedure that we will follow is: substitute in the amplitude the expression of the Passarino-
Veltman functions obtained by the expansion by regions method; expand the result for A\g — 0.

e Electron vacuum polarization.

The expression of the amplitude for this contribution, in terms of the Passarino-Veltman func-
tions, is

64ma’

%&P = Re| — 3t3

(2(m? + M? — ) + 2st + %) (by(m) f Bo(t, m?,m?)

(4.40)
— ba(m) fBo(0,m?,m?) + 2tln(m) — t)|,

where the coefficients by (m) and ba(m) are defined in Sec. The UV divergence has already
been cancelled by the counterterm d3(m). Then we substitute the UV finite expression of By
obtained in eq. namely we neglect the A term, and we expand for A\g — 0. The result at
O(AR) reads:

- 64ma’
2 p = Re l_?’t?’ (e1 + ealn(AR) + 2Ag (esln(Ag) + eq)) (4.41)
where
5[ 2M2—s 2st—t2},
2 N2 42
—2(M st t}, (4.42)
t(M2 s),
= 2t(5M* + 4s) + 18(M? — 5)? + 9t*.
e Electron vertex.
The amplitude expression of the electron vertex correction, coming from eq. reads
16
2v = Re ;ra (c2Co(m?,m? t,m* N2, m?) + bs f Bo(0,m?, m?)

(4.43)

+ b6.f Bo(t,m* m?) + ailn(\) + azln(m) + a4) |,
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where the coefficients in front of the Passarino-Veltman functions are listed in Sec. 3.5l Since the
expansion by regions method works in dimensional regularization, we have to replace the term
proportional to the logarithm of the fictitious photon mass A with the % prescription. The two
ways to express the IR divergences are bound by the relation [6§]
mmaélgwjmﬂ+mﬁ) (4.44)
Once we have obtained an expression where the IR divergence is expressed in dimensional reg-
ularization we can substitute the expanded result of the Passarino-Veltman functions and
in eq. For the two-point function By we neglect the UV divergent part, as we did for
the VP amplitude, while in the three-point function we keep the IR divergent part, namely the A
variable, since it can be cancelled by the introduction of the soft-Bremsstrahlung contribution,
whose expansion is trivial. The last step is the expansion for Ap — 0.
Therefore the O(Agr) electron vertex amplitude reads

16ma?

7y = Re{ T [+ BalnO) + ol ) + An(f1+ Ssln(e) + faln? () )| } (4.45)

where
2
Co T ai
fi= B bsln(—t) + bg (A — In(—t) +2) + ?A + azln(—t) + aa,
C
ﬁzgm—mpm—%+%
_ 2
fs=—5, o
2 22 -
fa= % (—A +In(—t)+ 1+ g) — 2bg,
2
fo == (14 A = In(~1)) + 2bg,
c
f6 = _?27

where the coefficients cg, bs, b, a1, az and ay are listed in Sec[3.5]

The results obtained by applying the expansion by regions method to the electron VP and vertex
correction to the e scattering amplitude is equal to the result obtained by Taylor expanding the
explicit expression of this contribution.
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Chapter 5

Conclusions

The muon anomalous magnetic moment is a very well studied observable and its possible connection
with New Physics kept it under close scrutiny in these last few years. In this thesis project we reviewed
the state of the art of the SM theoretical prediction of the muon “g-2”. We payed particular attention
on the hadronic contribution because it is this contribution that dominates the uncertainty associated
to the SM prediction.

The second step was the analysis of the LO and NLO muon-electron elastic scattering differential
cross section. In particular we reproduced the explicit expression of the virtual corrections of the ue
scattering cross section. These NLO contributions come from the vacuum polarization, the vertex
correction and the box diagram. Moreover we were successful in reproducing the UV- and IR- finite
result found in literature. We worked in dimensional regularization in order to regularize the ultraviolet
divergences and we obtained the UV finite result in the on-shell renormalization scheme. We also find
consistency with the soft-Bremsstrahlung contribution found in literature and we were able to obtain
an IR finite result. All the results found for these virtual corrections were expressed in terms of the
Passarino-Veltman functions and of kinematical variables. The computations were performed both by
hands (vacuum polarization and vertex corrections) or by using the FeynCalc package of Mathematica.

The computation of the NLO differential cross section of the muon-electron elastic scattering was
performed in the framework of the recent experimental proposal, MUonE, which aims at analyzing the
scattering of high-energy muons on atomic electrons in order to measure the effective electromagnetic
coupling Aa(q?) for space-like four momentum transfers ¢ =t < 0.

In order to obtain a theoretical sensitivity which can be compared with the one that MUonE will reach,
NLO QED corrections to the differential cross section are not enough; full NNLO QED corrections
are necessary and up to now they are not yet known. Work is in progress to obtain this result using
massless electrons and massive muons. In this thesis project we study a very powerful tool, based on
the expansion by regions approach, to compute the electron mass effects in the NLO QED corrections.

The expansion by regions approach is a method of asymptotic expansion. The loop integrand can be
simplified before integration by exploiting hierarchies of the parameters involved and expanding in
powers of small parameter ratios. This method allows to treat all the singularities, that are found in
the loop integral, properly. We applied the strategy of regions to the virtual corrections, in particular
to the vacuum polarization and the vertex contributions. Since the parameter for which we performed
the expansion by regions was the electron mass, we worked on the electron vacuum polarization and
the electron vertex corrections specifically. The result that we obtained was UV-finite and gauge
independent. The expression that we obtained by applying the expansion by regions method was
successfully compared with the one coming from the Taylor expansion of the exact result for the
muon-electron scattering differential cross section, obtained by standard methods. In particular we
found that the two results were in agreement up to O(Ag), where \gp = T—j, for both the electron
vacuum polarization and the electron vertex corrections.
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With this thesis project we showed that the results obtained by applying the expansion by regions
method to the muon-electron scattering cross section at NLO in QED are equal to those obtained by
Taylor expanding the exact expression of the observable of interest. This successful application of the
expansion by region approach to the pe scattering will be important for future studies of the NNLO
corrections, where the exact result is not yet known.



Appendix A

Reference formulae

A.1 Feynman rules

Starting from the QED Lagrangian
1 - -
Z = _Z(FNV)Q + 1/1(13 - m)¢ - €¢7“¢Au,
the Feynman rules read
p i(p+m)

Dirac propagator : —e—— = -,
p? —m* + 1€

L
. 1% v _ig,uu
Photon propagator : =5,
p° + e
QED vertex :  ~ = —ieyH,
b s ..
—<——=1u’(p) (initial),
External fermions :
— ¥ =@(p) (final),
p
-
—<——=0°(p) (initial),
External antifermions :
b

T — () (final),

p

<«

=e€u(p) (initial),

External photons :
p

E—

= eu(p) (final),

A.2 Trace technology

Traces of v matrices can be evaluated as follows:
Tr(1) =4,
Tr(any odd # of v's = 0,
Tr(v9") = 4g",
Tr(v9"+"7) = 49" 9" — 9"° 9" + "7 9""),
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(A.6)
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Contractions of v matrices with each other simplify to:

Wy, =4,

YN Y = =277,
YA NPy, = 49",
VA e = =297

(A.9)

These identities apply in four dimension only.

A.3 Useful integrals

In this thesis project we often use the so called Feynman parameter and we perform the integration
in d dimension of the loop momentum k. So in this section we list the useful formula applied.

e Feynman parameters

1 1 (n—1)!
_— = dxy...dx,d i — 1 . A.10
A Ay Ay /0 w1 dand (3 i s + 22 A + ot on A (A.10)
By repeated differentiation of eq. it is possible to obtain a more general formula
1 1 meifl L(my + ... +my)
_—_ = dxi...dx,d z; — 1 L . A1l
AT AT AT /0 rdend(3 i )[inAi]Zmi '(my)...T(my,) ( )
The parametrization is slightly different if we consider propagators which are linear in k:
1 T(a+b) [ b-1
- @+)/ b , (A.12)
Aot T(a)['(b) Jo (A+ BB)atd

where B is the linear propagator.

o Integrals in d dimension

. d o_d
[t g~ Ve T (413)




Appendix B

Scalar integrals

In this section we will list all the integrals which were necessary in this thesis project and we will
sketch the procedure to solve them.

B.1 Passarino-Veltman integrals

The first kind of integrals we want to discuss are the Passarino-Veltman functions. We follow the
notation in [68] and we work in the Bjorken-Drell metric so that k* = k3 — k¥ — k3 — k3, where k is
the loop momentum.

The generic expression for a one-loop integral is

(SR

dle— B.1
’L7T2 / DOD1 Dn,17 ( )

with d = 4—2¢c and D; = (k+¢;)? — mf + i€, while ¢; are the internal momenta, related to the external
ones p;:

n
n = Zpi and ¢go = 0. (B.2)

i=1
The numerator of eq. can always be expressed in terms of the kinematic variables of the system
considered and so the remaining integral can be written accordingly to the Passarino-Veltman notation:

2¢ 1
Aol) = 55 [ e

im2 —m?2 +ie
2e
1
Bo(p2:m2. m2) — M—/ddk
(P M1, m3) 2 (k2 —m? +ie)[(k + q1)2 — m3 + i)’
2¢
1
Co(pi,p3,p3:mi, m3, m3) = *— x
i (B.3)
/ddk !
(k2 —m?2 +ie)[(k + q1)% — m3 + i€][(k + q2)? — m3 + ie]’
2e
D p17p27p37p4731273237m%7m%7m§am121) ZTQX
[ :
—m? +ie)[(k + q1)2 — m3 +ie][(k + q2)% — m3 + i€][(k + g3)2 — m3 + i)’

where s;; = (p; + pj)2, w is a scale introduced to preserve the natural dimensions of the integrals and
the masses in the propagator are considered reals.

It is possible to prove that there are only four independent integrals in which the generic one-loop
integral can be decomposed. For example the one-point function Ag(m?) can be written as

Ao(m?) = m?[1 + By (0; m?,m?)]. (B.4)
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So we are left with only the two-, three- and four-point functions.

The two-point function is easy to compute because, by using the Feynman parameters, it is possible
to reduce the product of the two propagators to one single polynomial in the loop momentum. We
recall the fact that the two-point function is UV divergent and IR finite.

Since the three-point function is more complicated we will sketch here the basic steps to perform this
computation, following the procedure described in [67]. By introducing Feynman parameters we get

1 T
Co = i7r2/ dx/ dylaz® + by* + cay + dx + ey + f]71, (B.5)
0 0

where the variables a, b, ¢, d, e and f are functions of the argument to which the Cj function depends.
After performing a suitable shift of y, in order to get rid of the = variable, the Cy takes the form

— in2 ! L n Qy)
Co=ir" [ 5o (B.6)

where P(y) and Q(y) are linear and quadratic polynomials in y respectively, and yq is a root of P(y).
Once we have obtained the structure of this Cy function it is convenient to write it in terms of

dilogarithms
ZIn(1—t¢
Liy(2) = —/ n(t) (B.7)
0

We also recall that the three-point function is UV divergent and, in our specific case were an internal
line is a photon (vertex correction), it is also IR divergent.

A similar approach can be applied to the four-point function, but in this case the computation is much
more complicated, as shown in [67]. The result is expressed in terms of logarithms and dilogarithms
as in the three-point function case.

Moreover we recall that the four-point function is UV finite while, in our case where the Dy describe
the box correction, it is IR divergence since there are two internal photon propagators.

B.2 Soft-Bremsstrahlung integrals

As we saw in Sec. the soft-Bremsstrahlung contribution is of fundamental importance to cure the
IR divergences of the muon-electron scattering virtual amplitude.

By computing this contribution, one encounters an integral that is essentially a phase space integral
for photons with an energy less than some specified value wy. Here we will present the computation
of this integral, by following the one performed in [67]. The integral to compute is

Ak 1
I(pi, p;) =/

kl<wo ko (pi-k)(pj - k)’ (B.8)

where ky = vVk? + A2, with A the fictitious mass of the photon, |k| < wgy and p;, p; the four-momenta,
of the particles that emit the photon.
The case were p; = p; is easy so we give here the result directly:

Pk 1
T L
(7.) kl<wo ko (p-k)?

o 2wo\?  E E—|p|)
— 2 (=0 1
mQ[n( A > +2|p] n<E~|—|p|

where E = \/|p|? + m?. For the case with p; # p;, the trick is to introduce a parameter p such that

(B.9)

)

A3k 1

Kj<wo ko (p-k)(q-k)’ (B.10)

I(pi,pj) =p



B.2. SOFT-BREMSSTRAHLUNG INTEGRALS

47

where p = pp; and ¢ = p; and p is such that (p — q)? = 0. There will be two solutions and we will

choose the one that gives the same sign to pg — qo as that of qg.

Now we introduce the Feynman parameter = to combine the two factors in the denominator and to

do the integral over k.
Then by performing the following change of variables

u=q+x(p-—q),
l=po—qo==%[p—adal,
-

v 2

and by doing the integration in dx we obtain
2mp (1. p? 2w 2
I(pi,pj) = — ol [QIU(ﬂln()\)

1 - - u=p
" {1n2uo |u] +L12<U+Uo + |u|> JrLiz(iH-uo |U|>} ’
4 ug+ |ul v v u=q

(pipj)++/Pipj)2—p;p;

where p = 2

7
In the center of mass frame we have

5 A(s,m? M?) A(s,m?, M?)
P10 = P30 = m +4—7 |p1|:|p3‘: - i
s 4s
A(s,m2, M? A(s,m2, M2
P2,0:p4,0:\/M2+(45)7 [P2| = [pal = (45)’

Then, for the different integrals obtained, we will have

e I(p1,p3):
(2m? — t) + V12 — 4m?2t
P13 = 2m2 3
p13 —1
vz = m? 5] lis = (p13 — 1)p10-
° I(p27p4):
(2M?% — ) + V2 — 4M2t
P24 = 2M2 )
-1
vy = M2E2 log = (p2a — 1)p1,0-

20

o I(p1,ps) = I(p2,p3):

(m? 4+ M? —u) + /(m? + M? —u)?2 — 4m2M?
4m? ’

P14 =

_ pram? — M?

V14 21 )

l14 = p1ap1,0 — P4,-

o I(p1,p2) = I(p3,pa):
(5 —m?— M2) + \/W

2m?2 ’

P12 =

_ p1am? — M?

V12 21 ;

li2 = p12p1,0 — P2,0-

(B.11)

(B.12)

(B.13)

(B.14)

(B.15)

(B.16)

(B.17)
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