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Introduction

The Standard Model (SM) of particle physics has been experimentally tested with high
precision in a successful way and the recent observation of a state compatible with the
Higgs boson seems to validate this theory. Nevertheless it cannot provide a complete
description of Nature and today it is commonly shared the idea that it is not a fundamental
theory, but rather its low-energy version valid up to a certain energy scale A. A lot of hints,
in particular the solution to the hierarchy problem, points towards the presence of new
physics (NP) at A ~ TeV scale; the Large Hadron Collider (LHC) at CERN has already
tested this range of energies, reaching /s ~ 14 TeV but, unfortunately, no evidences of
NP have been found so far.

Among the issues which characterize the SM, that of the anomalous magnetic moment of
the muon represents a very long standing problem. In particular, the discrepancy between
the theoretical prediction and the experimental result is of 3.30. However it is still not
clear whether this inconsistency is due to the hadronic uncertainties which affect a, or
it is an hint of NP. This problem led to the proposal of the experiment MUonE, whose
goal is to extract a precise value of a}fad using a new method based on the analysis of ue
collisions. However, the precision expected for this experiment raises the question whether
NP could pollute MUonE measurements. This work aims to analyze this issue studying
NP effects in muon-electron scattering due to both heavy and light mediators, depending
on whether their mass is higher or lower than O (1 GeV), which is the energy scale of the
MUonE experiment.

After a revision of the fundamental theoretical concepts of the SM in Ch. (1) and
the explanation of the muon g — 2 anomaly in Ch. (2), the thesis will be split in two
parts. In the first part, see Ch. (3), I will discuss heavy mediators. Here I assume that
modes have typical mass of A ~ 1 TeV and, therefore, it is possible to exploit an EFT
approach constructing the most general Lagrangian invariant under the full SM gauge
group Gsy = SU3)c ® SU(2)r, ® U(1)y. Once computed the NP corrections to the
pte” — pFe” cross section, I evaluate the correlated corrections to both the total cross
section and the forward-backward asymmetry of the process ete™ — pu*pu~, which are
constrained by LEP bounds. Finally I will focus also on lepton flavor violating (LFV)
effects in muon-electron collisions such as the process pte™ — p~e™.

In the second part, see Ch. (4), I will concentrate on light NP mediators, for which
the model-independent EFT approach cannot be applied. In particular I will focus on
popular scenarios containing either light (pseudo)scalars, referred to as axion-like particles
(ALPs), or light (axial)vector bosons, such as the so-called dark-photons and light Z’.
Using existing direct and indirect bounds on masses and couplings of these light particles,
I establish the maximum sizes of these light NP effects allowed in pe collisions.

The work of this thesis extends and generalises the results appeared in the paper:



A. Masiero, P. Paradisi and M. Passera, “New physics at the MUonE experiment at
CERN,” https://arxiv.org/pdf/2002.05418.pdf.
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Chapter 1
The Standard Model

The Standard Model (SM) of particle physics is a very successful theory. Its predictions
have been tested in the last forty years with an increasing precision and they have shown
an amazing agreement with the experimental results for a wide range of phenomena.
The coronation of the SM rely in the discovery of the Higgs boson in 2012 [1,2], the
missing piece of this theory which was theorised fifty years before. Nevertheless, today it
is commonly shared and accepted the idea that the SM can’t be the fundamental theory
which physicists were looking for, rather its low energy effective version: indeed this model
isn’t able to provide a complete description of Nature when going to very high energies,
which implies that it needs a UV completion. The key point is to understand at what
energy scale New Physics (NP) appears and what specific generalization of the SM is
required.

This chapter is dedicated to a concise review the Electroweak (EW) and Flavor sectors
of the SM, which will be presented in Sec. (1.1), being the basis over which this entire
work is built; in Sec.(1.2), instead, the reasons why a BSM theory is needed will be briefly
mentioned and explained.

1.1 Electroweak and Flavor sectors of the SM

The Electroweak sector of the SM is based on the gauge symmetry SU(2), ® U(1)y and
its particle content consists in three charged leptons (electron, muon and tau) with the
corresponding neutrinos, six quarks (up, down, charm, strange, top, bottom), one scalar
boson (Higgs) and four vector bosons (B, W}). The fermionic matter content is divided
into three generations of doublets and singlets according to the transformation properties
of the fields under the gauge group. Denoting them as ¥(7,Y’), where T and Y are,
respectively, their representations under SU(2); and U(1)y and the hypercharge satisfies
Y = @ — T3, this organization reads

rl) won oY) wid) w0,

where p = 1,2,3 run over the three generations and the two doublets are explicitly
P =, el), ¢ = (uf,d}); also the Higgs fields is charged under the EW gauge group
with ¢ = (2,1/2).
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The EW Lagrangian in the interaction basis is

1

£EW —
SM 4

Wi W — LB BY o+ (D,0) (D) + 3 ilpu+
v (1.2)

2\° - . _
- A <¢T¢ - 2) - {Qprﬁr¢uRT + Qprg ¢dRr + leysT¢€Rr + hC}

where W, and B, are, respectively, the gauge fields associated to SU(2)z and U(1)y, while
the two covariant derivatives read

Dy = (a# + igal'WZL + z'g’YwB“> W, (1.3)
Do = (0, +i%ei 98, 6 (1.4)
22 © 2 T 9 © ' :

In the Lagrangian of Eq. (1.2) there are no mass terms for both fermions and vector bosons,
since they would violate the gauge symmetry; nevertheless they can still be generated via
Spontaneous Symmetry Breaking (SSB) mechanism once the scalar field ¢ gets a non-zero
vacuum expectation value (VEV), i.e.

(¢) =v = _A“Q = 246 GeéV. (1.5)

Then, parametrizing the field as an excitation around this vacuum (imposing directly the
unitary gauge) as
v+ H(z)
¢(r) = ——=—
V2
and replacing it in the initial Lagrangian, it is possible to find the mass spectrum of the
theory, which reads

(1.6)

2 1\ 2
M2 = ”(gig), M, =0, M% =22 (1.7)

V202
M =5
Another interesting way to test the SM concerns its flavor sector.
If all the Yukawa couplings were null the SM Lagrangian would enjoy a global U(3)° =
U(3)f ® U(3)3 flavor symmetry, corresponding to the independent unitary rotations of the
fermion fields in flavor space; nevertheless, being ¥, # 0 and in general non-diagonal, this
symmetry is explicitly broken. As a consequence, the residual flavor symmetry group of
LoviisGr=U1)pU(1).®U(1), ® U(1),, where the four U(1) groups are associated,
respectively, to the baryon number and lepton family number conservation.
This interaction with the scalar field allows also leptons and quarks to receive mass but it
is possible to read the spectrum only after the diagonalization of the Yukawa matrices by
means of a field rotation. The new basis is known (quite obviously) as mass basis and it
can be recovered once the fields are rotated through the unitary matrices L, and Ry as

UIL = LUUL, dlL = deL, GIL = LeeL (18)

UIR = RuuR, d;% = RddR, 6;3 = ReeR (19)
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in such a way that for every fermion the new matrix g, = L¢y¢RL is diagonal. Then the
fermion mass terms read

VYi
My = \% (1.10)
where ¢, as usual, run over the three generations.
The rotation to the mass basis must be performed also in all the other sectors of the
SM. Nevertheless it turns out that only the charge currents are affected by this change of
basis, since the kinetic terms and the neutral currents (both electromagnetic and weak)
transform as!

bry"pr = G LI Lytr = vry*is (1.11)
where it has been exploited the fact that the rotation matrix L, is unitary and that it

commutes with the gammas (belonging to different spaces). Clearly this does not happen
in the case of the charge sector: indeed, given the current J~ the explicit rotation leads to

Urytdy +vpyter, — g LiN" Lydy +vp LiA" Leer, = " Vormdr + vy Upnnser, (1.12)

where Vexu = LLLd and Uppying = LlT,Le are, respectively, the Cabibbo-Kobayashi-Maskawa
and Pontecorvo—Maki—Nakagawa—Sakata mixing matrices. As a consequence, while in
the interaction basis the charge current are flavor diagonal, in the mass basis tree level
Flavor Changing Charged Current (FCCC) transitions arise due to the presence of Vox.
This matrix is of crucial importance in flavor physics, because it is the only source of
flavor-changing transitions in the SM. The most used parametrizations are the standard
parametrization, which uses three angles #; and a complex phase 9, and the Wolfenstein
parametrization, where the CKM matrix elements are expanded in powers of the small
parameter A = |V,s| ~ 0.22 [3]. The latter has the remarkable property of exhibiting the
strong hierarchy between the CKM matrix elements. Explicitly it is

1—’\2—2 A ] AX3(p —in)
Vexum = —A Sy AN +0 (M), (1.13)
AN(1—p—in) —AN 1

where A, p,n are real parameters of order one; however, sometimes it is convenient to deal
with the rescaled variables p and 7 provided by

2

_ A2 N A A
p:p<1—2>+(9<)\) n:n<1—2>+(’)()\).
Since Ve is unitary, the following relations hold:
Z Vi =1 Z ViVijzi = 0. (1.14)
k=1..3 k=1..3

These relations are a specific feature of the SM and their experimental verification is a
powerful consistency check of the model. Among them,

VadVp + VeaVep + VidVy, =0 < [p+in] +[(1 —p) i) +1=0 (1.15)

is the phenomenologically most interesting one, because it involves the sum of three terms
of the same order in A. It is usually represented as a triangle, known as CKM triangle, in
the complex (p, 77) plane:

!The same is true also for the "right-handed” structures.

3
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The angles and sides can be extracted from appropriate flavor observables in such a way
that Eq. (1.15) can be experimentally tested. The values of A and A are known with good
accuracy [4] and this allows to express all the observables sensitive to the CKM matrix
elements in terms of p and 7 only. The resulting constraints are shown in the plot of
Fig. (1.2), which clearly shows that they are all consistent with a unique value of those
parameters (p = 0.153 £0.013, 7 = 0.343 £ 0.011), implying the fact that the SM provides
an excellent description of the flavor sector.
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1.2 Why going beyond the SM

As briefly aforementioned, although all the theoretical successes the SM not only is not
able to provide a complete description of nature, but it also presents some discrepancies
with the experimental results. Here I will discuss some of its most important issues:

o Hierarchy problem: from a theoretical point of view, it can be expected a bigger
value for the Higgs mass respect to the experimental one (m;, ~ 126 GeV) due to
the fact that its one-loop contribution provide a correction to the bare value which

4
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is oc A2, with A the scale at which NP appears. If there is no new physics up
to the Planck scale (Mp ~ 10" GeV), this correction would be several orders of
magnitude higher than the experimental value and, for this reason, a fine tuning is
required; otherwise, invoking the naturalness hypothesis, NP should appear at A ~
TeV. Nevertheless other possible solutions have been proposed throughout the years,
from SuperSymmetry to composite Higgs models.

o Neutrinos’ nature and masses: in the SM neutrinos are massless particles but, as
shown by a lot of different experiments which observe the phenomenon of neutrino
flavor oscillation, they should actually be massive. The need to explain how a
neutrino gets its mass arises also the question about its nature: indeed, if we suppose
that right-handed neutrinos vg exist, it is possible to give mass to them as for the
other fermions, thanks to the SSB. However, knowing that m, ~ 107! eV, it turns out
that there is a naturalness problem in this sector of the SM, being % = ?;—: ~ 10712,
This issue can be solved supposing that neutrinos are Majorana fields, i.e. they
coincide with the corresponding charge conjugate field, which get their mass through
See-saw mechanism. However the experiments have not yet pointed out the nature
of neutrinos and, so, also the question about their mass remains open.

e Dark Matter and Dark Energy: nowadays there is the strong evidence that only the
~ 5% of the total energy budget of the universe is due to ordinary matter, i.e. the
particle content of the SM, while the remaining part is constituted for the ~ 27% by
Dark Matter (DM) and for the ~ 68% by Dark Energy (DE). However the nature
of DM and DE is still not known and a lot of models are continuously proposed in
order to solve this issue; in particular, the most interesting and promising ones in
the DM sector concern supersymmetric particles and the azion scenario.

o Strong CP problem: the existence of a four dimension term which arises in the QCD
sector of the SM Lagrangian, i.e. qcpG), G*, leads to CP violation. In order to
take into account the cross-section of CP violating processes, one should adjust by

hand the theta parameter as fqcp ~ 107!, which is unnaturally small.

o Baryon Asymmetry: this is one of the most known and precise cosmological observa-
tions we have and it consists in a tiny excess of matter over the antimatter. It is still
not clear which kind of dynamical mechanism caused this asymmetry? but, for sure,
every model which tries to explain it should satisfy the Sakharov conditions of B, C,
C'P violation and of departure from thermal equilibrium. Although the SM satisfies
all of them, the amount of asymmetry generated turns out to be incompatible with
the measured ones, leaving the question still open.

e Muon g — 2: this is a long standing inconsistency between the experimental value
of the muonic anomalous magnetic moment and the corresponding SM prediction.
At the moment the discrepancy is of 3.3¢ but it is still not clear whether it is a
consequence of the fact that NP is showing in this channel or an imprecise extracted

value of the leading order hadronic contribution a;;~©.

2The hypothesis that the universe have been always asymmetric do not hold: indeed, if we suppose
that after the Big Bang there was already more matter than antimatter, we must also consider that the
inflation would have washed out this asymmetry, leaving an equal amount of particles and anti-particles
once ended.



Chapter 2

The muon ¢ — 2 and the MUonE
experiment

This chapter is devoted to the discussion of the muonic g — 2 problem, recalling firstly
in Sec. (2.1) the comparison between the experimental value of the anomaly «a, and its
theoretical prediction provided by the SM; particular attention will be put on the hadronic
contribution and the current methods for its extraction. Secondly, in Sec. (2.2) it will be
discussed a new experiment thought to provide a refined and more precise prediction of
the SM to compare with the experimental value: MUonE.

2.1 The anomalous magnetic moment of the muon

From the Dirac equation in an external electromagnetic field, i.e.
(i) —m) =0, (2.1)

it is possible to predict a muonic magnetic moment i, = gu|e|§ /2m,,, where S is the spin
operator and g, is the gyromagnetic factor of the muon. At the tree level, simply taking
the non relativistic limit of Eq. (2.1), it is easy to obtain g, = 2; however, loops effects
introduce a small but still significant deviation to this TL value which can be parametrized

by the anomaly )
a, = g“T
This quantity, known as anomalous magnetic moment, can be accurately measured in the
experiments, but also precisely predicted in the SM; their comparison provides an excellent
tool to test this theory at quantum level and significant deviations could be symptom of
NP. The E821 experiment at Brookhaven National Lab (BNL) studied the precession of
muons in a constant external magnetic field, finding [5]

(2.2)

a® = (11659209.1 + 6.3) x 1077 (2.3)

The error achieved by the BNL E821 experiment, daj;” = 6.3 x 10710, corresponds to 0.54
ppm and it is dominated by the available statistics; nevertheless, the preparations for new
experiments at J-PARC [33] and Fermilab [34], which aim to measure the g — 2 of the
muon with a precision of 0.14 ppm (or even better), have already started.
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On the theoretical side, the SM value for a,, is generally divided into the three parts
e = a9 gV 4 gl

each one linked to a specific sector of the SM; they will be analyzed in a while. The final
theoretical prediction is

as™ = (11659183 £ 4.8) x 107, (2.4)
and its difference with the experimental result reads

Aa, = a®™ — M = (26.1 £7.9) x 107'% ~ 3.30. (2.5)

(2 2 2

A summary plot [29] reporting the current status of the anomalous magnetic moment of
the muon can be found in Fig. (2.1)
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Figure 2.1: Comparison between the SM prediction and the experimental value of a,,.
DHMZ [30] and HLMNT [31] are two theoretical estimations, while SMXX [32] corresponds
to their average; its reduced error is due to the improvements on the hadronic cross section
measurement. BNL-E821 04 ave. is the current experimental value of a, and New (g — 2)
exp. is the same central value with a fourfold improved precision, as planned by the future
experiments at Fermilab and J-PARC.
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2.1.1 QED contribution

Quantum Electrodynamics provides the largest fraction of the contribution by far. It can
be subdivided order-by-order as follows [6]:

W= Yo (1) (2.6)

- s
J

where the coefficients c¢; are sum of terms which can be either constants or functions of
my,/m; (i =e, 7). In [6] it is present a detailed review of all the contributions up to j = 5;
in the following I will report a very brief summary, being the QED contribution not the
main result on which this thesis is focused, specifying essentially only the numerical values
of these coefficients.

At one loop there is only one diagram, which is nothing else that the vertex correction to
the three point function. It provides the Schwinger term, with ¢; = 1/2. At two loops
there are nine QED diagrams [7-9]: seven of them contain muons and photons, while the
remaining two involve the vacuum polarisation of the virtual photon with a fermionic loop
(with both e and 7). All these contributions has been computed analytically, providing

¢5 = 0.765857423(16).

At three-loops there are more than 100 diagrams, 36 of which are vacuum polarisations
and 12 light-by-light diagrams. The corresponding coefficient can be still calculated
analytically [10-12] and it results

¢35 = 24.05050982(28). (2.7)

Starting from four loops, numerical methods and Monte Carlo simulations for the compu-
tation of the more than 1000 diagrams becomes necessary, being almost all of them not
known analytically [13,14]. The fourth coefficient is

¢4 = 130.8734(60). (2.8)

Finally, at five loop level there are more than 12000 diagram which can contribute. Their
numerical evaluation was performed in [15] and it provides

cs = 751.917(932). (2.9)
Summing all the computations together, the QED contribution turns out to be

a P = 11658471.8859(.0026)(.0009)(.0017)(.0006) x 10~", (2.10)

where the uncertainties are consequence of the experimental errors in the measurement
of & and of the lepton masses, but also of the numerical errors for the four and five loop
terms.

2.1.2 EW contribution

Differently from the electromagnetic interactions, the EW ones are characterized by the
presence of massive mediators (W=, Z, h); as a consequence, these contributions to the
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anomalous magnetic moment of the muon are suppressed by factors (g—“)? This can
be seen clearly in the one-loop EW diagrams which involve the W and Z bosons, the
neutrinos and the Higgs h. These contributions have been computed analytically in [16-20)]
and their sum reads

Gum2 [5 1 m, m?
EW e .2 1
= -+ -(1-4 0 @) O 2.11
A= as s (oo () vo ()] e
where sin?fy = 1 — M3, /M% ~ 0.223 and G, = 1.166 x 1075 GeV 2. Taking the

m2 . e
corrections O < e > to be negligible allows to find
W,Z,h

a1 = (19.482 +£0.001) x 107° (2.12)

wn 1—loop —

where the uncertainty are related to the measure of the Weinberg angle.

At the two loop level there is already an elevated number of diagrams: indeed, being the
SM a non-abelian theory, it is possible to construct a lot of different structures by means
of the three and four interactions among gauge bosons. Moreover, although the presence
of the aforementioned suppression, the leading order two loop contribution [21] involve
diagrams which contain a fermionic triangle loop, yielding a factor log(mw,z/m,) at the
amplitude level. It enhances the two loop contribution to the same order of the one loop,
but with an opposite sign:

a5 1oop = (—41.2£0.1) x 1071

Finally, the total EW contribution results

atWV = (15.36 £0.1) x 107*°. (2.13)

“w

2.1.3 Hadronic contribution

The most important contributions to the anomalous magnetic moment coming from strong
interactions are due to QED diagrams with quark loops (HVP) at leading order and the
so-called hadronic light-by light scattering (HLbL)

HVP effects at higher orders have been computed but they turn out to be at least 10?
times smaller than the leading order [22].
There are various alternative ways to evaluate these contributions:
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« HVP

These contributions can be extracted indirectly by examining the e*e™ annihilations
by means of dispersion integral, a result based on analyticity and unitarity of the S
matrix [25-27]; in the following subsection this procedure will be discussed quite in
detail.

The result is

aVP = (693.9 £4) x 10710

n

« HLbL

They have been extracted by using the Resonance Lagrangian Approach. This
method is based on Chiral Perturbation theory (the EFT of quark-confined states
governed by the chiral symmetries of QCD) extended to higher energies and aug-
mented with vector resonances. They are estimated as [22]:

af™Pl = (10.3 £2.9) x 10717

I

Both these theoretical techniques can be compared with the Lattice QCD (LQCD) approach,
which aims to obtain the contributions by directly calculating the path-integrals of the
confined quarks and gluons using the rules of high-energy QCD [23]. Although this
technique is naturally all-inclusive regarding the hadronic processes, it is limited by
computational complexity, causing a lack of precision.

2.1.3.a How to extract the HLO

This subsection is devoted to describing the method employed in the past for the indirect
extraction of the leading order HVP contribution to a, and, subsequently, to layout a
novel method [24] that forms the basis of the proposed MUonE experiment.

First of all, a generic vacuum polarisation (VP) function is usually denoted as TI(¢?).
Since the SM is a renormalisable theory, the bad divergent behaviour at large momenta
is regulated by the introduction of a proper counterterm which generates an analogous
diagram, only with the symbol ® indicating the counterterm insertion in place of the
vacuum polarisation function:

Only the sum of these two diagrams allows to get rid of any unphysical divergences at
large momenta. By imposing that the loop correction be vanishing in the low-momentum
transfer limit (which is a consistency with the classical limit), this counterterm turns

10
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out to be —II(0). Therefore from now on it will be directly considered the renormalised
quantity

(2 2 q +oo - Im[II(s)]

M) = (") = / —E @) (2.14)
where s is the starting point of the lightest branch cut.
Now, let’s consider ete™ annihilation with a vacuum-polarisation insertion. Exploiting
the optical theorem, diagrammatically this reads

2Tm L x> L)

X

and it is telling us that the imaginary part of the vacuum polarisation is proportional to
the cross-section of the process ete™ — generic particles. Since for the final purpose we
are interested in the hadronic vacuum polarization, the attention will be put only to the
particular case of eTe~ — hadrons.

Usually the hadron-production cross section is measured in units of the cross-section of the
process ee” — ptpu~ in the m, = 0 limit. It is, then, suitable to define the R (s) factor

Ro(s) = o (ete” — v — hadrons) _ o (ete™ — v — hadrons) (2.15)
T g(eter =y — ptu) 4’;?2 ' '

Plugging (2.14) and (2.15) together, once exploited analytically the relation provided by
the optical theorem, it is possible to find

fi(g?) = 1(¢?) — 11(0) = 2L [ g Ral)

— 2.16
3m Jamz  s(s— ¢? —ie) (2.16)

where sg now starts at the 7 mass, since the pions are the lightest hadrons that can be
produced.

Now, it is possible to derive the expression for the HVP corrections to a,. The amplitude
can be easily recovered from that of the QED three point vertex function modifying the
internal photon propagator with the insertion of the renormalised VP function f[(qz) as a
multiplicative factor:

— et (p2) ' (p1,p2) v (p1) =

— je /2 d” 4q _Zgaﬁ Z[<¢+p2)+m“} uz[(g+pl)+m”} aly
i [ = () | () S L
L pQ +°°ds d —i0q
g s
i [(wm)w} (¢+¢1>+mu} ] B
U(Z?Q) [’Y (q+p2) “m, q+p1) “m, Y U(Zh)—

2

- a[;w ﬁRW(S)ﬂ (p2) [Fl (/{3 , )7 + %P& (k? )UH VV] (p1) -

2
314 Jam2 s "

(2.17)
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2.1. The anomalous magnetic moment of the muon

where the result has been expressed in terms of the two form factors F} 5. In order to find
the g-factor it is necessary to send k — 0 and to recall that in this limit F31(0,s) = 1, for
consistency with the renormalisation conditions. The F} factor reproduces the tree-level
contribution, therefore to find the anomaly one focuses on the F5(0,s) contribution. The
standard way in literature to express such a result is:

2 +o0 (]
HLO _ @ s 2
afto = = A . SR ()KL (5) (2.18)
72(1 — )

1
K® :/ d
i (5) 0 x:ﬂ%—(l—x)s/mi

This result shows its utility once splitted into two parts in the integration range by
setting the reference scale 5 upon which QCD can be computed perturbatively. Then,
there will be two contributions: the high-energy term, in which the R, factor can be
computed analytically, and the low energy one, in which R, can be measured experimentally
by annihilating eTe™ pairs and measuring the relative cross-sections Nevertheless, the
measure of the latter contribution is not easy to perform and the experimental difficulties
in its analysis constitutes the big uncertainty in the SM prediction. Indeed R, is highly
fluctuating at low energy due to the presence of a lot of resonances and threshold effects,
as it can been seen by the plot

T T T T T T

6_ -

5..

af | M ]

1/
th(5}
i 3._

2_ -

]_

0_ =
0 2 4 8 10 12

6
\s Gev)

Figure 2.2: Behaviour of the function R, in the non-perturbative region /s € [0, 13] GeV.
Note the high number of resonances in correspondence of mesons production thresholds;
on the other side, the region with /s > 13 GeV is well reproduced by perturbative QCD.
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2.2. The MUonE experiment

2.2 The MUonE experiment

The MUonE experiment [35] has been thought as an alternative and competitive way to
extract the leading hadronic contribution to a, without relying on the measure of the
cross section for the process ee™ — hadrons, being its behaviour at low energies the
responsible of the big uncertainty in the SM prediction.

However, before entering in the detailed description of this experiment, let’s firstly discuss
the kinematics of the process.

2.2.1 Kinematics

MUonkE is a fixed target experiment in which energetic muons scatter with electrons at
rest. The process can be schematically written as

e (p1) + 1 (p2) = € (ps) + 1™ (pa),
with the three Mandelstam variables which are simply
s=(p1+p)’ = s +pa)?  t=(pr—ps)?=(p2—ps)? u=(p1—ps)° = (p2—ps)’

and which satisty s+t +u = QmZ + 2m?2.
In the reference frame of the laboratory, the momenta of the involved particles are explicitly

o pi = (me,0)

« b= (Eupp)
o Py =(E,p)
« i = (B, p))

whit, as usual, the dispersion relation E; = \/m2 + |p;|*.

In the experiment the energy of the incoming muon flux is £, = 150 GeV (which is a
typical energy available at the M2 beam line in CERN’s North Area); then, given £ the
recoil energy of the electrons, it follows

s =2m.E, +m’ +m? = 0.164 GeV*, t = —2m.(E, —m,) (2.19)

with
)\(S, mg? m2> 2
toin <t <0 and  tpy = ————<—# — _0.143 GeV?, (2.20)
S

where \(z,vy, 2) = 2% + y? + 2% — 22y — 2yz — 2wz is the Kéllen function. Moreover, it is
also convenient to define the variable x, which is related to t by

o(t) = (1 _Ji- 4’"3) o (2.21)

>
t 2m;;
The conservation of the total four-momentum implies explicitly the two equations

: (2.22)

— —

me+E,=E +E,=E,=T,+E,
=0+,
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2.2. The MUonE experiment

where in the first one the definition of kinetic energy E! = m.+7T, has been used. Rewriting
the second equation as p, = p,, — p.’, it follows the equality

2

2
+ |pl” = 2|y cos e, (2.23)

—/
Pe

7

Du
where 6, is the diffusion angle of the electron respect to the direction of the incident muon;
exploiting also the energy conservation, this angle satisfies the relation

2

—/

2
De |

Ny
— plu
1P|

2 el
+ [P
2

cosf, =

e (2.24)
Pe

The diffusion angle of the muon, 6,, can be obtained proceeding in the same way, this
time rewriting the second equation of (2.22) as p,, — p,’ = p.’ and, again, squaring it:

2

—/

2
pul + |pu|2 — |Pe

cosf, = (2.25)

1P|

2‘]97/

Now let’s see how to find the maximum value for these two angles. In order to achieve this
purpose, it is necessary to equate the value of the Mandelstam variable s in the laboratory
frame (s;45) with that in the center of mass frame (s.,,), where their explicit expression are

Stab = (B, + m)? — |ﬁul2 = mi +m?+ 2E,m,

Sem = (E: + E:)27
with E, , = /p*? +m2 ,; a little bit of easy algebra leads to

*2 — mg(E,u B mﬂ) (2 26)
m2m? +2m.E. )
The maximum angles exist if and only if the condition
B2 — m2 «
g VT e 0 (2.27)

E,+m. K [p*2 + m2,,

is satisfied; inserting Eq. (2.26) in f3. , it follows

E2_ 2
Bo=8, =Y TE g (2.28)

B, +me ()
from which, using the general relation sin 6" = Beg%, it is possible to find
. Mle : max max °
sin 0" = —, sinf" " = 1= 6" =90 . (2.29)
my, ’

Another important quantity that can be found is the energy E! of the diffused electrons
as a function of the angle .. This can be done using the Lorentz transformation E} =
~v(E. — ppl cosb.) = ym,, where it has been used the fact that in the center of mass frame

14



2.2. The MUonE experiment

the energy of the electron is the same before and after the scattering (EY). Solving for E!

it can be found: ) )
1
E(0,) = m, (2 cosbe )
1 — 32 cosd,

from which it follows E.(62'*") = m.. Moreover, using again the Lorentz transformation
provided just above, together with the explicit expression for § present in (2.27), it is
possible to see that the kinetic energy takes its maximum value for cos #* = 1, which has
explicit expression

(2.30)

— 2me(E;, —m’)

= . 2.31
¢ 2me k), +m?2 +m? (2:31)

This results is strictly linked to the difference AE, = E,"** — E™" = 2y(p*; indeed,
inserting the usual quantities already derived, it turns out to be exactly 7."%*:
2me(E2 —m?)

= B =1Tmee, 2.32
2meE, +m? +m? c (232)

AFE,

This results should not surprise since, noticing that 7™ = 0, it follows immediately from
AE, = Tmee — Tmin,

2.2.2 Theoretical motivations for MUonE

Having discusses the basic, but still fundamental, kinematical features of the pe scattering,
we can now turn on the theoretical motivations for this experiment.

As aforementioned, the idea which has motivated the proposal of MUonE relies in the
needed to find an alternative way to ete~ — hadrons processes for the extraction og af}ad.
This can be achieved noticing that, once took again the previous results, aELO can be
related to the running of agep working in the space-like region. Switching the s and z

integrations [36] in Eq. (2.18) it is possible to obtain

a [l _
o = 2 /0 d(x — DiTgaalt(2)], (2.33)
with -
xrem
t = K 2.34
(1) =" <, (234

where the integral is expressed in terms of the renormalised HVP function with the
space-like variable ¢, in contrast to the time-like variable s of the previous relation.

Let us now take a look at the running of the QED coupling constant «, another well-
understood effect of radiative corrections. It is written down at a specified squared
momentum transfer ¢? in terms of o measured at a different squared momentum transfer
and the general VP function

. a(0)
)= T Aa@)
—Aa(q®) = Relll(¢*)].

Aq has various contribution, depending on the kinds of VP functions at play. In particular,
Aaqep, given by the QED corrections to the photon propagator, is very well known and

(2.35)
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2.2. The MUonE experiment

its contribution can be factorised from the whole running in order to isolate the hadronic
contribution Aagag.

The corrections to o must depend only on the real part of II, since the VP function
can acquire a non-vanishing imaginary part whenever ¢> > 4m?, with m the mass of
some massive particle involved in the VP. Nevertheless, if the transferred momentum
q? is space-like, then ﬁ(qQ) can be safely identified with its real part, since by the same
unitarity-based reasoning the imaginary part would vanish in that kinematic region.
Based on these considerations, it is possible to lay out a procedure to find out the Hadronic
VP correction to a, by actually measuring the hadronic contribution to the running of a.
Firstly Aa has to been measure with space-like square momentum transfer ¢; then, the
known QED contribution must be subtracted and the resulting quantity

AO&Had(t) = Re[HHad(t)] = ﬁHad(t) (236)

is then substituted into Eq. (2.33), bringing to
oo — — 1 dx(z — 1) Aayaq[t(z)] (2.37)
m 0 Had X .

Although it is based on Eq. (2.18), this is a very different approach respect to the previous
one and it presents also an important benefit: the radiative corrections keep the hadrons
fully-virtual, as opposed to having final hadronic states which can, in general, give rise
to very complex subsequent processes. The advantage of studying space-like momentum
transfer rather than time-like is evident from Fig. (2.3): the space-like momentum forbids
resonances, which allows the photonic VP function to be smooth in its domain (lower
panel). On the contrary, the time-like region opens up the possibility for resonances, pair
production and threshold behaviour that cause spikes and troths in the VP function (upper
panel).

o
w 008
o

0.08 ____ Lep+Had
Lep

0.04

b0z %

0.02

-0.04[—
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2.2. The MUonE experiment

[t] (107% GeV?)
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Figure 2.3

A precise value of (2.37) entails an accurate value of a(t) in the space-like region through
the measure of the cross section of some physical process. An option could be the Bhabha
scattering ete™ — ete™ which, however, is still characterized by an s channel contribution

in addition to the desired ¢ channel:

-2

’77
et e

To be competitive with time-like measurements, a space-like estimate of a, must be given
with an accuracy of ~ 1%. Given the peak value of Aap,g to be ~ 1073, the experimental
precision in the cross-section measurement needs to be of the order 107 or 10 ppm [29];
however, there are no currently existing e*e™ collider which can provide such a high level
of accuracy.

A more practical alternative is represented by the muon-electron elastic scattering pu*e= —

pre= 3

3In the diagram I only reported the process ;1 ~e~ — p~e™; its partner process has the same structure,
with a switched muonic current’s flow.
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2.2. The MUonE experiment

e (&
v
€
gl
o "o

Not only this scattering is a pure ¢ channel process, but also the required precision could
already be potentially achieved at existing facilities.

The experiment would take the form of a fixed-target collision [29]: a high-energy (150-200
GeV) muon beam is already available at CERN’s North area and it will be directed on a
fixed target, enabling the measurement of the differential cross-section of muons which
scatter with the electrons in the atomic orbitals of the layer; in the following section it will
be reported a quite detailed analysis on the kinematics. The MUonE experiment [37] aims
to extract the running a(t) by measuring the cross-section with a precision of ~ 10 ppm
to provide a ~ 1% estimate of aELO , in order to be competitive with the new upcoming
g — 2 experiments. However, the precision expected for this experiment raises the question
whether NP could pollute the measurements or not. This work aims to analyze this issue,
studying NP effects in muon-electron scattering due to both heavy and light mediators,
depending on whether their mass is higher or lower than O (1 GeV), which is the energy
scale of the MUonE experiment. Since in the former case it is possible to employ an
effective field theory (EFT) approach, in the next chapter this tool will be briefly reviewed.
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Chapter 3

Heavy new physics effects at MUonE

As mentioned in the last chapter, this work aims to analyze possible signals of NP in pue
scatterings due to heavy and light mediators, depending on whether their mass is higher or
lower than O(1 GeV). In the former case it will be employed an effective field theory (EFT)
formalism, whose main theoretical aspects will be recalled in Sec. (3.1), constructing the
most general effective Lagrangian invariant under the electromagnetic gauge group U(1)ep,.
After the computation of the NP contributions to the ufe™ — u*e~ differential cross
section in Sec. (3.4), corrections to correlated observable, as the total cross section and the
forward-backward asymmetry of the process ete™ — u™u~, will be computed; then, from
the comparison with the experimental results, NP will be constrained and, subsequently, it
will be evaluated whether it could affect MUonE measurements or not. The same analysis
will be carried out also for lepton-flavor violation (LE'V) NP effects in Sec. (3.5).

The case related to light mediators will be discussed in the following chapter.

3.1 Effective Field Theories

The basic idea under the construction of an effective field theory (EFT) is that, whenever
there is a situation in which it is necessary to deal with a quantum field theory (QFT)
with two (or more) very different energy or length scales, it is possible to construct a
simpler theory by performing an expansion in the ratio of these scales. I will provide
immediately an illustrative example, reconnecting to what mentioned in the introduction.
As a consequence of the fact that the Standard Model of particles physics leaves many
questions unanswered, it is very probable that there should exist some BSM physics
involving new heavy particles with masses A > v, i.e. much above the scale of electroweak
symmetry breaking. While the complete Lagrangian of the UV theory is at present a pure
utopia, we can construct its low-energy version — the so called SMEFT — by extending the
usual SM Lagrangian with higher dimensional local operators built out the field content
of this theory:

¢
An

Lovprr = Lo+ > o, (3.1)

n>1 1

where an) are all the possible operators of dimension D = 4 + n which must respect the
symmetries of the Standard Model, such as Lorentz and gauge invariance. There is, of
course, an infinite set of such operators but, at the same time, there exists only a finite set
of them (which forms a complete basis) for each dimension D; moreover, the contributions
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3.1. Effective Field Theories

of these operators to any given observable are suppressed by powers of (v/A)P~* in relation

to those of the Standard Model. On the other side, the Cz-(") are known as Wilson coefficient
and they are the dimensionless couplings which contain all the information about the
short-distance physics which has been integrated out. The above equation is useful only
because the infinite sum over n can be truncated at some value n,,,, since matrix elements
of the operators QE") scale like powers of m, where m < A represents the characteristic
scale of the low-energy effective theory (m = v in the case of SMEFT), i.e

(F1Q i) ~ m"*?, (3.2)

where ¢ is set by the external states; truncating the sum at n,,,, one makes an error of
order (m/A)" < 1 relative to the leading term.
In this work I will deal only with operators up to D = 6, since D > 7 operators are
suppressed by higher powers of the inverse of A.

3.1.1 Running couplings

Essentially, in constructing the effective Lagrangian of Eq. (3.1) the contributions from
virtual particles are split up into short and long distance modes as

I Ay N 53

where the first term is sensitive to IR physics and is absorbed into the matrix elements
(Ql(n)% while the second is sensitive to UV physics and it is absorbed into the Wilson
coefficients CZ-(n). However, let’s suppose that we are performing a measurement at a
reference energy scale E such that m < E < A. We can then integrate out the high-
energy fluctuations of the light Standard Model fields (with frequencies w > FE) from the
generating functional because they will not be needed as source terms for external states.
This yields a different effective Lagrangian which, however, has the same operators QZ(-")
(since any Standard Model particles haven’t been removed). What changes is the split-up

of modes, which now reads
00 E 0o
/ d“’:/ d“+/ il (3.4)
0 w 0 w E W

As a consequence, the values of the Wilson coefficients and operators matrix elements
need to be different, but in such a way that

Lppr =) Z Q(n) =y Z "(A). (3.5)

n=0 1 n=0 1

Generally speaking, the effective Lagrangian that has to be studied is

Lerr =Y Z Q(n) (), (3.6)

n=0 1

whose matrix elements are, by construction, independent of the arbitrary factorization
scale p (with m < p < A). Here QE") (1) are renormalized composite operators defined
in dimensional regularization with the MS scheme, while C™ () are the corresponding
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3.1. Effective Field Theories

renormalized Wilson coefficients. The scale p serves as the renormalization scale for these
quantities, but at the same time it is the factorization scale which separates short-distance
(high-energy) from long-distance (low-energy) contributions.

Here a couple of comments are appropriate. First of all, the terms with n = 0 are just
those of the renormalizable Lagrangian of the low-energy theory. As a consequence,
parameters such as ag(p) or m(u) might contain some information about short-distance
physics through their scale dependence. An example is provided by the p dependence
of gauge couplings and mass parameters in supersymmetric extensions of the Standard
Model, suggesting a unification of the strong and electroweak forces at a scale A ~ 106
GeV. Secondly, operators with n > 1 are those which start to be interesting, since their
coefficients tell us something about the fundamental high-energy scale A. The most evident
example is that of the weak interactions at low energy. These are described by four-fermion
operators with mass dimension D = 6, whose coefficients are proportional to the Fermi
constant v2Gp = 1 /v?. The numerical value of G indicates the fundamental mass scale
of EW symmetry breaking, allowing to estimate the masses of the heavy weak gauge
bosons W* and Z long before these particles were discovered.

At any fixed n, the basis Ql(-n)(u) of composite operators can be renormalized in the
standard way, allowing, however, for the possibility of operator mixing:

ZZ“‘ )9 (u). (3.7)

The operators with the subscript "0” on the left-hand side are bare operators, while those
on the right-hand side are the renormalized ones. In the presence of operator mixing, in the
renormalization of Q,%) other operators Q§~") (1), with i # j, are needed as counterterms?.
Moroever, in dimensional regularization there is no mixing between operators of different

dimension D and, consequently, this regularization method is as the most convenient one®.

3.1.2 Anomalous dimension and RG evolution equation for the
Wilson coefficients

From the fact that the bare operators on the left-hand side of Eq. (3.7) are scale
independent, it follows that

dZi; (1) dQ;(p) _
T Qi) + 2y () = 0 (33)
which can be solved to give
dQ _ dZ;;
D) — (27, 0, 4) = s (0 ) (39)
In matrix notation, this simply reads
400 _ () B(u),  with y(p) = Z"\(n) A2) (3.10)

dlnp dlnp

4Let’s note that the renormalization constants Zz(]" ) contain a wave-function renormalization factor

Z;/ % for each component field contained in the composite operators, in addition to renormalization factors
absorbing the UV divergences of the 1PI loop corrections to the operator matrix elements.
5In order to have an handle notation, from now on I will drop always the superscript “(n)”.
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3.2. SM cross section and experimental sensitivity

The quantity v is called the anomalous-dimension matriz of the composite operators and
it can be obtained from the coefficient of the 1/¢ pole term in Z.
Since the effective Lagrangian is 1 independent by construction, for every n > 0

dC;i(p) dQi(p) _ [dCi(p)
dln p dln p dln p

Qi(p) + Ci(p) 0ij — Ci(p)vig ()| Q;(p) = 0. (3.11)

which, exploiting the linear independence of the basis operators, leads to

dc;

Ci:udu

= 7,,C;. (3.12)

Using ordinary perturbation theory, the differential equation (3.12) can be formally solved,
imposing as initial condition C;(A) once computed by matching the full theory with the
effective one, obtaining

Ci(n) = Pexp [/;AM dxﬁgﬂ ”Cj(A), (3.13)

where P denotes the coupling constant ordering of the anomalous dimension matrix. It is
worth to stress again on the fact that the operator renormalization produces an operator
mixing thanks to the anomalous dimension matrix 7;;: this implies that operators that
weren’t present at the scale A can arise at different scales due to the evolution of their
coefficients, as aa consequence of the fact that their running may contain coefficients of
other operators which were present at A scale.

Finally, in order to obtain the theory at low energy, the matching procedure must be
employed. To determine the values of the coefficients C; it is necessary to compute the
amplitudes M at a given order of both the modified theory (by the integration of heavy
degrees of freedom) and the constructed EFT:

M = (f,|L]in) :Zci (fn]Qilin) + h.c. (3.14)

In general, in order to obtain Lgpr at the generic scale p, one have to solve (3.12) in the
LLA limit, obtaining

Fulfilling the matching condition, the Lagrangian is obtained once summed over all the
possible coefficients and flavor structures:

1 : .
‘CEFT = p Z Z C;rst (/L) ;rst' (316>

i prst

3.2 SM cross section and experimental sensitivity

Let’s start the discussion firstly recalling the SM prediction for the differential cross section
of the process

e (p1) + 1 (p2) = e (p3) + 1 (pa),
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3.2. SM cross section and experimental sensitivity

where the electron and muon masses will be now respectively denoted as m and M.
In the following I will refer to the differential cross section do/dt, which is given by the

general formula
do 1 1

dt 167 A(s,m?, M?

where | M|? is the unpolarized squared matrix element, i.e.

2
9

) M (3.17)

— 1
spin
In principle, in the SM this process can be mediated by the photon ~, the weak Z boson
and the Higgs boson H

€ & £ [ I [
Y Z H
1 H 1t I L 1
(a) (b) (c)

and the total unpolarized squared matrix element reads

— 1
(Mio|* = 1 > (ML P+ Mz P+ Myl +2Re[ MM 7]+ 2Re[ MM ]+ 2Re[ My My)).

spins

(3.18)
Nonetheless, only the pure photon and the interference with the Z boson contributions
can be seen at MUonE since the other ones require a sensibility greater respect to that of
the experiment (10 ppm). In the following subsections I will report a brief recap of these

contributions.

3.2.1 QED contribution

The amplitude for the scattering mediated by the photon v is simply

ie?

My = —u(ps)y"ulpr)u(pa)vu(pe) (3.19)
from which it follows, after the computations of the two traces, that
— 2 647%a?
M| = =5 (s.0) (3.20)

where f(s,t) = t?/2 + st + (M? + m? — s)?>. Combining Eq. (3.17) with the result just
found, it is possible to find the total QED contribution
doy  4ma®  f(s,1)

dt 12 A(s,m2, M?) (3.21)

23



3.2. SM cross section and experimental sensitivity

3.2.2 Weak Z boson contribution

In this case, the full amplitude is

My =i (ig>2ﬂ () 7" (97 — 927°) w (p1) (

P.P,
—Guv + ]C[% )
u (
26W

M2

p) 7" (g — 947°) u (p2)
(3.22)

where P = p; — p3 = ps — p4 and cyy is the cosine of the Weimberg angle; moreover it has

been assumed that 1

g=gv=7—sw  gda=gi=7. (323)
4 4

Since the working condition is that of |P|* < M2, Eq. (3.22) can be rewritten employing

the Fermi theory as

My = —M\/G;a (ps) 7" (95 — 957" ) w () @ (pa) 7 (98 — 9477 ) u (p2) - (3.24)

Then, the interference term with the photon is

~ 2
M,z = 2Re[M;Mz] = | M, | 6, (3.25)

where the explicit expression for the relative contribution §, to the total differential cross

section reads G ( )
t t(s—u

0 = ———+ a2 — "1, 3.26

= a3 % 2 | (320

The plot for §,, as a function of ¢ in the range of interest is

67"
16x107° |
12x107° }
g.x108}

4 x107%}

t (GeV)

-014 -012 -010 -0.08 -006 -004 -002 000
Figure 3.1
From Fig. (3.1) it is possible to note that dz is at most ~ 1.6 x 107° (in correspondence

of t =t = —0.143 Ge\/2) and, therefore, the Z — ~ interference is barely detectable.
— 2
Moreover, the pure Z contribution of ’M Z} can be safely neglected, being O(G%).
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3.2. SM cross section and experimental sensitivity

3.2.3 Weak W' boson contribution

Since the experiment is characterized by an incoming beam of both x*, in the case of
scattering between positive muons and electrons there could be also the process yute™ —
vev,. This time the scattering is mediated by the W™ boson and its corresponding tree
level diagram is

e Ve

W+

N _
1% Vi

Also in this case, being |¢| < m#,, it is possible to employ the Fermi theory; proceeding in
this way, the amplitude simply reads
iGp _ u _
M, = —ﬁu(pB)’Y (1 = 75)u(p1)v(pa) vu(1 — 75)v(p2). (3.27)
It is already clear that the cross section for this process will be highly suppressed by the
presence of G%: indeed, after a little bit of simple algebra and neglecting O(m?/s) terms,
it is possible to find
G%(M? +2
olute” = vew,) = Gr(M”+25) ~ 10712 GeV ™ (3.28)
127
for s = 0.164 GeV?, which is several order of magnitude smaller compared to the pure QED
one (og ~ 1072 GeV~?), similarly to the pure Z contribution in pe scattering; therefore,
this process can be safely neglected.

3.2.4 Higgs contribution

The amplitude for diagram (c) can be easily written as

M = =" ) ). (3.29)

All the Higgs contributions, the pure one in ‘/\;l HF and also the two interference with ~
and Z, can be neglected; indeed, taking the ratio of the Higgs amplitude respect to that
of the Z boson, i.e.
My mMt— M3 <My 5% 107
My, S MZt—ME T (1252
it is possible to note that it is already very suppressed, implying that all the Higgs
contributions are beyond the resolution of MUonE.
Then, the total SM differential cross section at LO reads

(3.30)

dopo  dog _
0= (1+07) (3.31)
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3.3. NLO contributions

3.2.5 p e —pue vspute  — pute  cross section

So far it has been only discussed the scattering of muons with electrons; nevertheless, as
mentioned a couple of times and remembered in subsection (3.2.3), in the incident beam
there could be either muons and antimuons. However, the QED and weak contributions
to the pe scattering behave differently in considering p* instead of p~. Indeed, while
Eq. (3.21) holds also for antimuons, as a result of the QED invariance under both charge
conjugation (C) and parity (P), the same is not true for the Z contribution (3.26), being
parity violated by weak interactions 6. As a consequence, the total differential cross section
for the p=e™ — p~e” and pte™ — pute™ processes will have the same QED part and a
different weak one. In particular, after a very easy computation, the general result reads

doiy _dog

= — (1+6F .32
20 =2 (1407), (3.32)
where the weak contribution is
Grt t(s —u)
0 =—— " |24+ . 3.33
f= ool [ 2f(s,t)] (33

For sake of clarification, from now on it will be reported the computations and the
corresponding plots only for muons; nevertheless, the final results for both muons and
antimuons will still be provided.

3.3 NLO contributions

Next-to-leading order (NLO) QED corrections to Eq. (3.32) has been computed a long
time ago in [11-17]; however in those computations there have been made some very
specific assumptions, as a vanishing electron mass, the soft approximation, and so on.
A more recent and general calculation of the full set of NLO QED and EW corrections,
where some of these simplifications are relaxed, can be found in [59].

The only hadronic contribution to Eq. (3.32) at NLO is provided by the LO QED diagram
with one HVP insertion in the virtual photon propagator, i.e.

5Notice that the question does not even arise in the case in which the mediator is W.
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3.4. Heavy NP mediators

This contribution can be evaluated simply remembering the factorization property for the
VP function already used in Eq. (2.17), which holds both for leptonic and hadronic VP,
leading to an amplitude

Mnyron = M’y[ﬁHad(t)]- (3.34)

It is now easy to obtain the contribution to the total unpolarized amplitude squared, which
is given by the interference term with the pure QED:

Myron Z 2Re(M:Mnyrou) = —2paa (t)| M, > = 28amaq() M, > (3.35)

spm

3.4 Heavy NP mediators

In this section I will analyze possible heavy NP effects in low-energy collisions of positive
and negative muons with electrons. The mass A of the mediators are assumed to be much
larger than O(1GeV), allowing the employment of an EFT approach in order to take into
account the leading NP contributions.

3.4.1 Effective Lagrangian

The most general effective Lagrangian for charged leptons which is invariant under the
electromagnetic gauge group U(1).,, can be written, up to D = 6 operators, as

dprst

Ligrr = eprerr) (Espeir) + h.c.+ .

(

a5 (epryterrn) (espyerr) +

dpmt (epry"err) (esrY"err) + (3.36)
(

dit (e e err) (EsrY! er) |+

ay
e (epr.o™ err) Flu + h.c.

where, again, p,r, s,t are flavor indices. The dipole operators can contribute at tree level
to the pe scattering through a double operator insertion; nevertheless all of them can
be safely neglected thanks to the current tight experimental constraints on the leptonic
dipole moments. Moreover, also semileptonic operators should be, in principle, added
to Eq. (3.36); however they can contribute only at loop level through the generation of
operators already present in Lygpr, but this time suppressed by 1/A*. Then, they can be
neglected without problems.

Once assured that the Lagrangian of Eq. (3.36) is sufficient for our purpose, it is possible
to open it and to explicit the flavor indices in order to select the structures of interest.
Using the Fierz Identities (A.1), the starting Larangian can be written as the sum of two
contributions:

Ligrr = Lrrc + Lrry (3.37)
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3.4. Heavy NP mediators

where the lepton flavor conserving (LFC) piece reads

Lrrc = p ap + ZCLQ) ( L,UR) ( erer) + h.c.+

( )

(a3 +iay) (irer) (éppr) + h.c.4

(as + iag) (irpr) (€rer) + h.c4 (3.38)
ar (oY pr) (epyuern) + as (rY 1ir) (ErYuER) +

ag (Y pr) (Ervuer) + aro (rY pr) (ELVu€L)

while the lepton flavor violating (LF'V) one is

1 _ _ _ _
Lipy = e by (izer) (frer) + b (firer) (irer) +

bs (irer) (rer) + ba (hry*er) (Aryuer) + (3.39)

bs (Lry"er) (LrYuER) + hoc.|.

While Eq. (3.38) contributes to the process ufe™ — pu*e™, Eq. (3.39) violates the electron
and muon family numbers of two units (but still preserving the total lepton number),
generating, for example, the scatterings pte™ — p~e’ and e"e” — p~p~ ; here, the
dimensionless coefficients a; (with & = 1,..,10) are real while b; (with [ = 1,..,5) are
complex. Let’s note that, having in mind the pe elastic scattering, only flavor structures
with two electrons and two muons have been taken into account; however, from Eq. (3.36)
also operators with one (three) electron and three (one) muons can arise, providing the
additional LFV processes pufe™ — ete™ and p*e™ — pu*u~. Nevertheless both of them
are highly constrained by the experimental bounds [60] of the processes 1 — ey and
i — 3e, which are

Br(p™ —ety) <4.2x 107" and Br(u™ —eteet) <1 x 1072

Since they are very rare processes and our purpose relies in trying to understand under what
conditions NP effects are maximum in pe scattering, from now on only the Lagrangians

(3.38) and (3.39) will be considered.

3.4.2 Heavy NP in pfe” — pFe” scattering

The leading corrections induced by Lyrc to the LO QED differential cross section dog/dt
are given by’

Lre _ Pge (3.40)
where, once defined 2" = s and 2z~ = u,
+2mMag(z* —t — M? —m?) (3.41)
Favf(s, )+ S - 2]

"The detailed computation can be found in (A.2).
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3.4. Heavy NP mediators

with the coefficients ag v 4 defined as

as = ay + as

ar = as

ay = a7 + ag + ag + ajg
ayg = a7 +ag — a9 — A1p-

(3.42)

In Eq. (3.41) terms suppressed by (£/A%)? and a} have been neglected. It is interesting
to see that by means of the EFT approach we are taking into account all possible NP
contributions due to heavy mediators of mass ~ A independently on their nature. Indeed
if, for example, the heavy DOF which has been integrated out was a scalar (pseudoscalar),
we would end up with the same contribution of Eq. (3.41) simply with a; = a5 (a; = —as)
and with all the other a; equal to zero; as a consequence, for a heavy scalar d;rc depends
only on ag, while for a pseudoscalar it would be null. An explicit example of this can be
provided using the Higgs boson as a mediator. The amplitude for this process is (3.29)
and the corresponding interference with the photon ones lead to the unpolarized squared

matrix element
— t<M% 32mam?M?

H R 535, 8
7 vEMEt (

Then, the corresponding shift to the total differential cross section is

— ). (3.43)

do” _ doo,-
e dt "
with ; ]
9, 2mMa(s — u)], (3.44)

"7 8ra f(s, 1)

where it has been defined a = 2mM/M?% and A? = 1/(v/2GF). The reasonment done
above is true also for other kind of particles: the leading effect of a heavy vector (axial)
boson to dprc is obtained choosing a; = ag = ag = ayg (a7 = ag = —ag = —ayo) and all
other a;, = 0. Therefore, for a heavy (axial) vector, dprc depends only on the parameter
(a4) ay. Similarly, the coefficient ar is introduced taking into account heavy spin-1 tensor
particles.

A necessary condition for NP to affect the measurements of the MUonE experiment is
that they are larger than the expected experimental resolution of O(107°). Barring large
accidental cancellations among the agry.4 contributions to dipg, at MUonE'’s energies

this implies
2

AN A
|aA,V| Z 10 <]Te\/v> |aS,T| 2 ]-04 <M> . (345)

This is well illustrated by the following plots where, respectively, values of the coefficients
which are lower (3.2) and comparable (3.3) to the bounds of (3.45) are taken into account.

29



3.4. Heavy NP mediators
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Figure 3.2: The red line represents the NP contribution to the pe differential cross
section, while the blue area is the sensitivity range of MUonE. In this case A ~ 10? GeV
and a4 = ay = ag = ap = 1072; as expected, choosing values of the parameters that
are smaller than the lower bounds (3.45), makes the NP contribution not detectable at
MUonkE.
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Figure 3.3: The red line represents the NP contribution to the pe differential cross
section, while the blue area is the sensitivity range of MUonE. In this case A ~ 10? GeV
and ay = ay = 107! and ag = ar = 10?; as expected, choosing values of the parameters
which correspond to the lower bounds (3.45), makes the NP contribution detectable at
MUonE.

Another interesting way to observe it consists in plotting d; p as a function of both ¢ and
the coefficients a4 v.s 7.
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Figure 3.4: The two plots represent the dependence of § - on ¢t and ay (up) or ax
(down). As it can be seen, 0o reach MUonE sensitivity of O (107°) only for ¢ — ¢,
and if the Wilson coefficients take the lower bound of (3.45).
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Figure 3.5: The two plots represent the dependence of d;p- on ¢t and ar (up) or ag

(down). As it can be seen, 0o reach MUonE sensitivity of O (107°) only for ¢ — ¢,
and if the Wilson coefficients take the lower bound of (3.45).

Nevertheless these bounds should be immediately compared to those obtained requiring

the perturbativity and the unitarity of the theory: the former brings to the condition
lag|, |bi] < 1672, while the latter implies:

lax, |bi] 167,
<, (3.46)
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3.4. Heavy NP mediators

with 7y, coefficients of O(1). The perturbativity bounds immediately exclude any kind
of pollution to the elastic pe scattering cross section from both ar and ag which can be,
then, safely neglected; this fact allows to define also two observables in order to prove
separately both a4 and ay. This can be done simply taking Eq. (3.41) and evaluating at
the endpoint t = t,,;,, the two quantities

a
(51—1_FC + 5[_4Fc)tmin = WVAgtmin

_ aA
(Orpc = OLFC ) tmin = m(tmm — 2M? + 2s),

where the electron mass m has been neglected.

3.4.3 Heavy NP in ete™ — utpu~

The LFC Lagrangian of Eq. (3.38) contributes also to the process ete™ — p ™, whose
cross section and forward-backward asymmetry Apg have been widely studied and precisely
measured at LEP.

At energies /s > M, both the electron and muon masses can be neglected and the total
cross section reads ®

olete” — utp™) = osm + onp, (3.47)
where
4ra?  aGp aiM3 G% 2 sMj
= 1) 272
ISM = Tg +3\/§s—M§+967r <a9+ ) (s — M2)’

(3.48)

1 (0% i GF SM%
g = — | ay— a .
A \e T T sry2s — M2

Similarly, it is possible to compute the the new asymmetry, which is

_sM r(s) (aa(s —M3Z)  avs
AFB - AFB |} + A2 < \/§GFM% 167ar ) (349)

with

3sGp M3 [4mav/2 (s — M%) + a3sGrM3|
1287202 (s — M2)? + (a2 + 1) s2GZ M} + 16ma/2a3G pM2s (s — M2)

SM __
FB —

the usual full SM prediction, and

_1287%0% (s — M2)* — s2G2. M}
1287202 (s — M2) + s2G2 ML

r(s)

It is worth to underline that in the NP contributions all the suppressed terms, as (s/A?)?
and those multiplied by ag, have been systematically neglected. For a detailed computations
of the NP contributions to both the cross section and the forward-backward asymmetry

check (A.4).

8The detailed computations can be found in (A.3) and (A.4)
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3.4. Heavy NP mediators

NP effects on these two observables can be constrained by means of a comparison of the
LEP-II data [38], which read

+o +,,-
o(ele” = 1 Juxe _ (9936 4 0.0141 (3.50)
o(efe” = utu)gy
ARSF (efe” = ptpr)

= 0.9925 4+ 0.0212 3.51
AR (ere - pi) 350

where these two values refer to the the mean value of those ratios in the energy range
130 < /s <207 GeV. Imposing these two constraints at the 20 level, it follows that the
coefficients a4y must satisfy the bound

A\
< _
\aA,v\N1<1TeV> : (3.52)

It is immediate to see that this requirement doesn’t allow to fullfill the condition (3.45),
making NP not detectable at MUonE. Hereafter I report two exemplary plots which show
the consistence with this bound:

R
10F

—_— . [5GV
130 140 150 160 170 180

Figure 3.6: The black dashed line represents the averaged ratio R between the experi-
mental value of Apg and its SM prediction for the data taken at the following energies:
130, 136, 161, 172, 183, 189, 192, 196, 200, 202, 205, 207 GeV; the green boundary represents
the experimental uncertainty; the black dots correspond to the ratio of the experimental
App with the new prediction for this observable (i.e. that with NP contributions) with
ay = ay = 10. They turn out to be absolutely not consistent with the experimental
bounds.
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Figure 3.7: The red dashed line represents the averaged ratio R between the experi-
mental value of Apg and its SM prediction for the data taken at the following energies:
130,136, 161,172,183, 189, 192, 196, 200, 202, 205, 207 GeV; the green boundary represents
the experimental uncertainty; the black dots correspond to the ratio of the experimental
App with the new prediction for this observable (i.e. that with NP contributions) with
as = ay = 1. They turn out to be consistent with the experimental bound, differently
from the previous case where a4 = ay = 10. This confirms the theoretical bounds provided
by Eq.(3.52)

Let’s now analyze the possibility of still having heavy new physics, but at energies well
below the electroweak scale v.

Since we want to rely again on the EFT approach, it is necessary to require that /s < A;
for this reason, LEP-II data cannot longer be used, differently from the of low-energy ones
from PEP [39], PETRA [40] and TRISTAN [41], which ran at a center of mass energy
Vs =29, 35,59 GeV respectively. The measured values of o(ete™ — ptp™) and of App
provides the following ratios

0.994 £+ 0.022, /s = 29 GeV

+o- +
o(e +e _—> P +/~L _)EXP =< 0.984£0.027, /5 = 35 GeV (3.53)
oete” = ptp )y 0.987 & 0.019, /5 = 58 GeV
- B 0.995 4 0.164, /s = 29 GeV
App (e ! ’
AFB (e ki il v _)Exp ={ 1.076 £ 0.170, /s = 35 GeV (3.54)
re (eTe™ — it p)gy 0.977 + 0.065, \/5 = 58 GeV

These experimental values are very useful to constrain the coefficients ay and a4; indeed,
observing that s < M%, the two equations (3.47) and (3.49) can be safely approximated
by

dra?  aay

olete” = utp ) =~ 5 T Az (3.55)
App e ASM (1 24 3.56
rB ~ App ( NGTeX (3.56)

allowing to probe separately a, and ay .
Once imposed PEP bounds it is possible to find that these two coefficients must satisfy

A\ A2
<[ <1072 [ —— .
lay| < (Tev> , Jaal <10 (Tev> (3.57)
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which, as seen before, do not allow visible NP effects at MUonE, since they would provide
drrc < 107°. Nevertheless it is important to underline that what has just been discusses
is true for /s < A < v, i.e. for A > 100 GeV, since for smaller values the EFT approach
would break down.

At mass scales below ~ 100 GeV new particles are strongly disfavoured by LEP bounds. In
this scenario, the effective couplings ay and a4 can be present only through the exchange
of a vector boson U that couples to leptons in a "V-A way”, i.e. Ey“(g;/@) — g;g“))EUg.
Equations (3.47) and (3.49) are still true, once replaced ax/A? — 4¢% g /(s — ME), with
X =V, A. These couplings are constrained by both LHC experiments (for the mass range
10 < My <50 GeV) [42] and the BaBar experiments (My < 10 GeV) [43]; in the former
case it is possible to refer to Fig. 6 of [42], which provides the bounds for the pure vector
coupling gy as a function of My, while for the latter one it is available the upper bound
gy <7 x 107 In both cases, assuming that these constraints hold also for g4 and barring
accidental cancellations, it easily follows that contributions of NP lying below v do not
affect pe scattering at MUonE.

3.5 Heavy NP and LFYV effects

After the detailed analysis of L rc and the possibility to pollute MUonE measurements,
in this section the attention is turned on the LFV case provided by (3.39). As already
mentioned, Ly py violates both the electron and muon family numbers by two units (still
preserving the total lepton number) generating, for example, the processes e~ — ete™
and pFfe~ — pTp~. Although there are no relevant experimental bounds on these
two processes, the coefficients of Lypy can be still constrained analyzing the muonium-
antimuonium (Mu — Mu) oscillation (with Mu and Mu which refer, respectively, to u*e™
and p~ et bound states)?.

It has been shown by Feinberg and Weimberg [46] that the time integrated probability for
the Mu — Mu oscillation satisfies

2| (meFVH\/Iu) |2
L

P(Mu — Mu) ~ (3.58)
where I'), = G3.M?/1927% =~ 3 x 107 GeV is nothing else that the muon decay rate. The
evaluation of the matrix element provides'®

— by + by — 3b3 + 4by + 4bs|
M Mu)| = )
| (Ml L Mu) IR (3.59)

where ag = (am)™!; then, exploiting all the numerical values, the prediction for the
oscillation probability reads

1TeV
A

which has to be compared with the current experimental bound [47]

4
P(Mu — m) ~107° < ) |b1 + by — 3bs + 4by + 4()5|2 (360)

P(Mu — Mu) <82 x 107" (3.61)

9Historically this phenomenon has been predicted by Pontecovo [44] in 1957, well before the discovery
of muonium [45] in 1960.
10See (A.5) for details on the computation.
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at the 90% of C.L.. It is almost immediate to notice that (3.61) is satisfied by the
theoretical prediction of P if and only if the coefficients do not exceed the values

1TeV> . (3.62)

A 2
|bl,2| 5 03 (H‘e\/) y |b3,475| 5 O]_ (

Also in this case, in order to understand whether NP flavor violation effects can affect
MUonE measurements, it is necessary to check if, saturating the bounds of Eq. (3.62),
the dominant contribution to the u*e™ — p~e™ differential cross section is higher than
O(107°).
The five amplitudes associated to the terms of (3.39) are
by _ _
M = 15ups) (L +75)u(p)v(p2) (L +75)v(pa)
by _ _
My = r/éu(P3)(1 — ¥5)u(p1)v(p2)(1 — 75)v(pa)
b _ _
Ms = 47\32“(]93)(1 + 75)u(p1)vp(2) (1 — 75)v(pa)
by _ _
= r/éU(pg)v“(l = 5)u(p1)v(p2) 7, (1 — 75)v(p4)
1bs _ _
Ms = 5(ps)y" (14 95)u(pr)o(p2) (1 + %) (pa).

My

In this case it is convenient to perform the computations by means of Mathematica, being
the calculation of the unpolarized squared amplitude very long and easily subject to errors,
even working with the simplification of m = M = 0. In this limit, the final result of the
amplitude, combined with the usual reference formulas in (A.1), provides

dULFV dO'()

dt - %(5]_‘];‘\/, (363)
where
t 2 5 t2 (S+t)2
OLpy = () bil2ci(s,t), c s,t) = , Ca5(8,t) = )
v = (gramz) LIl sl =g asi =1y
(3.64)

Being the functions ¢ 2 3(s, t) and cq5(s, ) (at most) of order O(10~1) and O(1) respectively,
it’s easy to check that the MUonE measurements can be affected by NP LFV effects if

A\ A \2
|b123] = 10* <1Te\/> . |bas| = 10° <1Te\/> (3.65)

which, however, are excluded by the experimental bound on the muonium-antimuonium in
Eq. (3.62).

3.6 NP above the EW scale

So far it has been investigated the case of NP at scales A < v, where v ~ 246 GeV is
the electroweak VEV; in such a scenario, the construction of the most general effective
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3.6. NP above the EW scale

Lagrangian requires to add operators up to dimension D = 6 invariant only under the
electromagnetic gauge group U(1).,, leading to Eq. (3.37), (3.38) and (3.39).

Nevertheless, if NP lies above the EW scale, the effective Lagrangian must be invariant
under the full SM gauge group; the full list of all the 59 D = 6 operators which satisfy
this requirement can be found in (A.7) while the detailed way to construct them is well
illustred and explained in [61] and [62]. The previous expressions must be substituted with

LsverT = A12[ gZSt (ZpL’YWrL) (EsL%«gtL) +
e (Lrbor) (Esmvueer) + (3.66)

bt (eprY"e€rR) (esR'Y,uetR)} ;

where ¢ and e are the SU(2),, doublet and singlet respectively. As for the previous case, the
Lagrangian should contain also semileptonic operators, as (Zva“&L> (@s2YuGer); however,
their contribution to the pe scattering can takes place only at loop level, allowing us to
safely neglect them since only the largest possible NP contributions are interesting. It is
clear that this Lagrangian cannot contain again the four-lepton scalar operators present
in the case of U(1)ey,, being not invariant under the full SM group; moreover, having
enlarged the symmetries of the theory, i.e. restricted the number of allowed operators, it is
almost obvious that some of them will be no more present. Indeed, matching the Wilson
coefficients of Lgyrrr and Lirc at tree level, it is possible to find

CL1:CL2:CL3:G4:O,

~ 2112
as +iag = —2c;, 7,

1122 2211 1221 2112

a7 = Cpp™" +Cp " T CypT Gy
(3.67)
1122 2211
ag = Cee + ee
2211
61,9 - Cee 5
1122
a0 = Cpe
while the matching with Ly py reads
2121
bl = b2 = 0, bg = _QCEe s
(3.68)
2121 2121
b4 — 26@6 5 b5 - Cee

In this scenario, then, the results of Egs. (3.41), (3.47) and (3.49) are still correct, with
the exception that now ag = as and ap = 0; similarly, in the LF'V sector Eq. (3.60) is
valid, this time with the lack of the coefficients b; and bs.

Another interesting fact, which arises as a result of the underlying SU(2), symmetry is
that Lsyepr contains interactions with neutrinos; using directly the relations provided by
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(3.67), the most important ones are

Lymrr = p[ag (UurY"vur) (€rYuer) +

ary (VurY'vur) (€Lyuer) + (3.69)
ars (Very"er) (HLYulu,) +
a2 (Vury*er) (epyuve,) + -]

where the new real coefficients are

=@ o=l .10
and the dots in Eq. (3.69) stand for terms contained in Eq. (3.66) but not phenomenolog-
ically relevant. The most interesting ones are the scattering v,e — v,e, the annihilation
ete” — v, and the decay p — ev.v,. The inclusion of NP effects in the latter process
brings to a redefinition of the Fermi constant, replacing G%/v/2 = 1/(2v?) with

0
Gr _Gr oo (3.71)
V2 V2 AN
where G is the experimental value extracted from the measure of the decay rate. It is
important to notice that this shift affects every observable linked to weak interactions and
a very smart way to test such a NP contribution is to analyze observables which do not
receive any direct NP effect, such as the tau decay 7 — ¢vyv,. Nevertheless, comparing
with 7 decay data it is possible to find the constraint

A 2
< -
’a12’ ~ 0.5 (1 o ) (372)

which forbids any observable NP effect in pe scattering due to ais. Indeed, the presence
of this contribution would provide an additional term to the total cross section of the
process e~ — v, which is almost similar to that of Eq. (3.28); the difference is only
in the coefficient which, since we want to deal with the interference term, can be recovered
substituting one G/v/2 factor with 2a;,/(4A2), providing

Gpalg(MQ + S)
12v/27 A2

NP (ute” = ) = (3.73)

Imposing the previous bound, this contribution turns out to be smaller than its SM
analogous, being o™' (ute™ — ,1.) ~ 5 x 1071*GeV > and not detectable at MUonE.

3.6.1 Heavy NP in v,e” = ye”

As already mentioned, the Lagrangian of Eq. (3.66) gives rise to interactions correlated to
the pe scattering which involve neutrinos. The first process to investigate is the scattering
v,e” — vue, described by the two Feynman diagrams:
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Vi Vy Vi D

whose amplitudes are !

Mz = —Z\C/T;MJ;Z_ t@(mh“(l = ¥5)u(p1)[9ru(pa)vu(1 — v5)u(p2) + gru(pa)yu(l + v5)u(p2)]
(3.74)

Mup = Zi;“(ps)v“(l — 5)u(p1) [@(pa)vu (1 — 75)u(p2) + w(pa)vu(1 +v5)ulpa)]  (3.75)

so that the sum of them simply reads
ZGOF _ m o r
Mo = —WU(pz)’v (1 = s)ulpr)[g,u(pa) (1 = ¥5)u(p2) + gru(pa) v (L + ¥5)ulp2)];
(3.76)

where the new chiral coefficients explicitly read

g’ _ (82—1> M% . \/§a11
L o 2)\MZ—t) 4GpA2

g/ _ 52 M% _ \/§a9
BP0\ MZ —t)  4GpA?
The total amplitude (3.76) is the same of the weak one, but with different chiral coefficients;

then, the total tree level cross section can be recovered directly from the SM one simply
applying the replacements gr p — g}ﬁ R, leading to

B B G0V [ ' 2
o(ve” — e )= (5;) <|gL\2 + |g§|> : (3.77)

Lastly, defining gy, 4 = g1 £ gr and imposing the experimental bounds gy = —0.040+0.015
and g4 = —0.507 4 0.014 at the o level, it follows, barring accidental cancellations,

A2
lag 11| S <1 TeV) : (3.78)

"1From now on the superscript e will be removed and the chiral coefficients will refer only to the charge
leptons
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3.6. NP above the EW scale

3.6.2 Heavy NP in efe” — v,

The second interesting process to analyze is the annihilation e*e™ — v,v, since the
presence of NP modifies the number of neutrinos NN,,.
The diagrams for this process are

e~ Vi
e~ Yu
Z
and the corresponding amplitudes
iy MEo i i}
My = ——=—5"—u(p3)7"(1 = 75)v(pa)[9.0(p2)7. (1 — 5)u(p1) + gro(p2) v (1 + 75)u(p1)]
(3.79)
T _ _ _
Mup = (s (1 = 15)0(pa) a5 (p2) (1 = 35)ua(p) + anr5(pa) (1 -+ 25)u(p)]
(3.80)
so that their sum reads
lG(});v _ u /o o
Mior = —WU(m)v (1 = 75)v(pa)[9,0(p2) V(1 — 75)ulp1) + grU(P2)Vu(l + ¥5)ulp1)],
(3.81)

where the new coefficients are still those provided above.
As for the previous process, also in this case the total amplitude is the same of the SM
one, except for the new coefficients; then, making the proper substitutions, it is possible
to immediately find

(GF)’s

o(ete” = i) = == (lon* + lggl*) - (3.82)

Factorizing the SM contribution, this last result can be rewritten as

1 s — M2\ (ai1g; + agg,

olete” = v,p,) = cMete = v [1—1— ( Z><1}L IR

( ) = 7 Wl M g \ i) Tk + ol
(3.83)

where terms oc 1/A* have been neglected. Let’s remember that in the SM the couplings of
neutrinos to the Z boson are flavor blind, i.e. they are the same for every generation and
not only for the muonic one; then, it is simple to define the total cross section

1 s = M2\ (ang;, + aogs
e” = vi)=cMeTe” = vi) [3 + ( Z) ( L~ 2R
V2GpA2 \ M} 19217 + [gr/*
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3.6. NP above the EW scale

which can be rearranged as

I (Gr)s [ M2\’ . ,
o(ete s vw) =Ny = (| (l90f + lonl’) (3.84)
Z

once defined the new total number of neutrinos as

1 s — M?2 aug/ —I—agg’
N, =3+ ( Z)( oL - OIR 3.85
V2G A2 M l9z1? + |gR|? ( )

Comparing this last result with the measurement N, = 2.92 4+ 0.05 from LEP-II [38], it
follows that the two coefficients ag and ay; must satisfy a more stringent bound respect to

the previous one, which is
A \?
lag11| S ( ) : (3.86)

1 TeV
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Chapter 4

Light new physics effects at MUonE

In this chapter I will focus on the analysis of light mediators, with masses of O(1 GeV),
and their contributions on the low-energy pe scattering differential cross section. In this
scenario the EFT approach is no more allowed and it is necessary to specify the spin and
the interactions of the new mediators with the SM particles. In particular, I will take into
account the cases of both a spin-0 and a spin-1 dynamical fields: in the former case the
SM is supplemented by axion-like particles (ALPs) and it is discussed in Sec. (4.1), while
the latter is representative of models with light Dark Photons or Z’ vector bosons, which
will be analyzed respectively in Sec. (4.2) and Sec. (4.3).

4.1 Axion-like particles

Axion-like particles (ALPs) represent a very interesting SM extension, where light pseu-
doscalar bosons arise naturally as pseudo-Nambu-Goldstone-Bosons of an underlying
broken symmetry. These candidates are strongly motivated since they can give an answer
to some of the open questions briefly described in Sec. (1.2) as, for example, the origin of
dark matter and the hierarchy problem.

The most general Lagrangian describing the interactions of a spin zero particle ® with

leptons is

ij ij
where C'} and C} are off-diagonal matrices which induce LFV [48] and CP violating effects.
Nevertheless, imposing both the flavor and CP conservation, i.e. requiring that Cng R X 09
it is possible to recover the standard and familiar expression

E‘snfl = yglls + yulysla (4.2)

with s(a) a real scalar (pseudoscalar) particle, ¢ can be either e, 4 and where it has been
defined ys» = Re(C% + C})ee and yor = Im(CE — CF ) e

The TL contribution to the pe scattering differential cross section comes from a ¢ channel
exchange of both an a and a s particles due to L'} 12 The corresponding Feynman
diagrams are simply

12Nonetheless, not imposing any constraint on flavor conservation would allow also LEV effects by
means of ¢ and s channel processes.
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4.1. Axion-like particles

o T pt s
and the two related amplitudes read
_ -1
Ms - _yseys,uu(pi’»)u(pl)ﬁu(p4>u(p2)
—m
_SZ. (4.3)
Ma = ~Yaclauu(ps)r5u(pr) ;— 5 u(pa)y5u(p2),

a

providing a total amplitude
M=M,+ Mz + M;+M,.
Then, the total unpolarized squared matrix element is
WP = [MLP+ M+ [MLP + M, + (M (4.4)

where the first two contributions (and also the absence of |Mz|?) have been already
discussed in Sec. (3.2), while the other three terms are explicitly

A A t2 aeda 2
|Ma|2 — (y Y M)

t —m2)?
IM,|* = gf%[(zﬁ — 4M?*)(t — 4m?))] (4.5)
— _ lémamM (YseYsp) 5 5
M, = ; (t—mg)[t_Q(M +m* —s)].

Actually in Eq. (4.4) there should be also M,,, Ms, Mz,); nevertheless, the first two
turn out to be exactly zero once computed the traces, while the other ones are highly
suppressed by the presence of the factor GpmM 9‘2/( A)-
Finally, referring as usual to (A.1) for the reference formulas, the contribution to the
differential cross section can be easily computed to be

+
das,a - dUO

with

5:|:s = < t >2 (yseysu>2 (t - 4777,2) (t — 4M2)
LFC 8mar (t _ mg)Q f(s, t)
+ YseYsp mM (tQ — 2t (m2 + M2 — S))

2ra (i —m3) f(s.)
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4.1. Axion-like particles

O = ( t )2 el L (4.8)
LFC 8ma) (t —m2)* f(s,1)

In order to understand whether these contributions can be detected at MUonkE it is firstly

necessary to have some upper bound for yg. and yg, (with ® = s,a). The most stringent

constraint on the former comes from the electron g — 2 and it can be found once calculated

the contribution to the anomaly a. coming from £ (in the limit m < mg) and imposed

the experimental bound |Aa.| < 1072 it reads®

— me
e<5><104<>. 4.9

[yocl < 0.1 GeV (4.9)
Proceeding in a similar way, by means of the experimental value of the muonic g — 2 and
other low energy experimental constraints [53], it follows

Yo, <2 %1077 (4.10)

for values of me smaller than a few GeV. The combination of these two bounds leads to
YoeYa, < 107%(me /0.1 GeV), constraining dpe ~ 1077 and, so, not detectable at MUonE.
Although the TL turned out to be not visible, it is important to underline the fact that it
could not be the dominant contribution. This can happen if one of the two couplings yq¢,
is so small that it approaches zero; in this case, the leading contribution would be some
one loop-induced vertex corrections.
At low energies, the general form of (4.2) for the description of ALP interactions with
fermions and photons, up to dimension-5 operators, is
2
Larp = ;aucbaﬂcb - ;méCI)? + < Kw OF,, v — 8“/;1) wz iy vy — agys)d;  (4.11)
)

where A stands for the EFT cutoff, F* = 1/2¢#*°F,, is the dual field strength tensor
and the matrices v, a” are hermitian and real. The interaction of the scalar field with
fermions in this new Lagrangian, however, can still be brought back to that of (4.2) by
means of the equation of motions. Indeed, the integration by part of this term lead to
2, - o - o
— “Td)ﬁ“(vij — iY5)Y; LB +K8“ {ww"(vzj — aij'}/5)¢j:| + total derivative =
)

or-% _
=1 il (vig — aigys)iy + Pilvi + aiﬂs)@%] = —iy

{(mj — mi)vy + (my +mi)ags |,
(4.12)

where in the last passage it has been exploited the Dirac equation, while the total
derivative has been neglected since the fields vanish at infinity; moreover, notice that the
"old” couplings ys, and y,e are the equivalent (but not the same) of the "new” ones —uv;; /A
and —CL“/A

The Feynman rules for the two new interactions are

(m; — mi)vi; + (my + mi)agys |-

3For the explicit expression of the ALP contribution to the anomaly of a given fermion ; see (4.25).
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4.1. Axion-like particles

- 2
o die y
***** — —70«/7]?“/@ €uavp

A
pa
However, since we are working in the LFC scenario, the condition ¢ = 7 must be always sat-

isfied; this fact modifies the second Feynman rules, which now become simply (2m/A)a;;s.
The relevant diagrams are

In the following I will assume that the very small coupling which tends to zero is a.. and
so it will be reported explicitly the results for Mg and Mp; an analogous analysis can
be brought on considering the opposite case, where the amplitudes M4 and M can be,
respectively, recovered substituting M — m. Focusing only on the part of the diagrams
with the loop-vertex functions, which has, then, an uncontracted index'*, the amplitudes
can be generally Lorentz-decomposed as

iMP = ieu(p — q)%"(¢*)u(p), (4.13)

with

¥h(e?) = [%fi”' () (g’” — q;;f) + izp;\j"fgi (qz)] , (4.14)

Let’s notice that it has been implicitly used the notation M = iet(ps)y,u(pe) MY L.
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4.1. Axion-like particles

where the explicit expressions of the two form factors Fj 2(¢?) depend on the fact that we
are dealing with the linear (o< @) or the quadratic (o< a?) contribution. The computation
of the loop diagrams with Mathematica and Package-X leads to the expressions

aZ M? A — Ao(M
Frt(a?) = s [Botars v vy 4 2R a2, g2, 02, M M)
+ 2000 (M?, M?, ¢ me, M, M) — 2M?*Cy1 (M?, M?, ¢*; me, M, M)
(4.15)
ua a M3
fgﬂud(qz)_ A7 2A2 |:C22( qzaMz;m¢’7M7M)+2Cl2<M27q27M2;m<I>7M7M)+

+011(M2a q2a M2a me, M7 M)
(4.16)

for the quadratic term and

626 a
filzu( 2) = —QQM{CH(MQ M2 q O M mq>) + CH(M2 M2 q qu,M 0):|
(4.17)
lin (2 €?Cyy M 2 As2 2 2 2 2 ar2
FZMN( ):_W|:2000(M7M7Q;m@7M7M)+MCII<M7Q7M;m<1>7M7M>+

+ 2COO(M27 M27q2;m<1>7 M7 O) + M2011<M27 M27q2;m¢7 M7 0)]
(4.18)

for the linear one, where the results have been left in term of the Passarino-Veltman
(PAVE) functions. In the explicit form of F' e the functions Cyy and C; appear two
times, but they depend on different sets: this is a consequence of the fact that there is
also another diagram which should be considered, which is similar to the fourth one but
with the exchange of the photon and the scalar in the loop.

One can also compute the 1-loop corrections to the two diagrams with amplitudes (4.3) in
which the mediator is the ALP; however, without making any calculation, it is easy to
understand that these kind of contributions would be very small and, indeed, applying the
previous bounds they turn out to lie far beyond the sensitivity of MUonE. Indeed, going
back to the previous notation, the typical amplitude would be ML « 32, Mg, where ®
can be either s, a.

The total amplitudes would, then, be'®

, _ aa® M?
Mp =ieMBu(ps)y,ulpr) = WP (4.19)
o 4a?c,aM?
Mp = ieMpu(ps)y,u(pr) = TL (4.20)

where in P and L are contained the spinorial structures and the explicit expressions of
the PAVE functions. Now it is possible to compute the shift d51,p which is induced in the
SM differential cross section by these diagrams. Since all of them can be parametrized

15For sake of convention, from now on it will be aadopted a,,, = a
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4.1. Axion-like particles

by (4.13), the computation can be performed only one time and, then, depending on the
contribution we want to analyze the proper form factors will be employed. The only
relevant "product of diagrams” is that with the SM one mediated by the photon 6, i.e. it
is necessary to compute

- 1
Mint = 7

12 Re Y MIM (4.21)

spin
which, after the computation of the traces and the differential cross section through the
formulas in (A.1), provides

OaLp = 2F7. (4.22)

In order to understand whether these contributions can be detectable at MUonkE it is
necessary, as usual, to check if there are allowed values of a and mge (from experimental
bounds on other observables) for which darp ~ 107°.

First of all, the evaluation of the PAVEs contained in the squared bracket of Eqs. (4.19)
and (4.20), respectively denoted as Squaa and Syy, as a function of the ALP’s mass and ¢
provides the interesting plots

0.4

00 M [ Gev]

Figure 4.1: Dependence of P on t and the ALP’s mass. The "cut” in the graph is a
consequence of particular combinations of the couple (¢, mg) for which the PAVE functions
are not defined; consequently, they are forbidden.

16Let’s remember that in this regime of energies the weak contribution is suppressed by the presence of
Gp.
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it o | G
1.0

0.10 005 0.00

tsend

Figure 4.2: Dependence of L on t and the ALP’s mass.

In Fig. (4.1) it is possible to note that, for a given value of the ALP’s mass in the range
me € [0,1] GeV, the value of P is left unaffected by that of t € [—0.143,0] GeV?; in
addition roughly speaking |P| € [0,10%]. Similar conclusions hold also for Fig. (4.2), where
|L| ~ 1071

From these two plots, then, it is clear that loop induced vertex functions allowed by ALPs
can be detected at MUonkE if and only if the conditions

aa’M?
——— 210" 4.23
SR (123
for the quadratic contribution and
4o’c.alM? _
+ >107° (4.24)

for the linear one are satisfied.

At this point, however, the couplings a and c,, can still take whatever value, always under
the conditions of perturbativity and unitariry; for this reason, the first step to understand
whether the requirements (4.23) and (4.24) are satisfied consists in constraining them
by means of the experimental measures of some other observables. The most suitable
one in the LFC scenario is, probably, the lepton anomaly Aay,: the idea is simply to
constrain the two couplings requiring that the contributions to this anomaly coming from
the Lagrangian (4.11) are within the experimental bounds.

First of all, from the computations of the loop induced diagrams already performed, the
contribution to the lepton anomaly for a given flavor ¢ is

2 2

my. A )
(Aay,) = ———*= [647rozemc ag; (log — — hy (L)) + 4 a|” h (.I’J} (4.25)
16m2A? i mg,

where, given z; = (me/m;)?,

hi(z) =142z — (z — 1)z logx + 2z(x — 3)

T og (ﬁ%\/ﬂ) (4.26)

r—4
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4.1. Axion-like particles

h2(m):1+%210gx—§—x§2\/(x—4)x10g (% Vx_“) (4.27)

Now, since we are dealing with a = a,,, the bound |Aa,| < 107 must be employed.
For the reference maximum value mg = 1 GeV, barring accidental cancellations, this
requirement applied to the quadratic contribution leads to

<1 4.2
a3 1 (1 TeV) (4.28)
which, once applied to the linear one, implies
A
<
ey S 10 (1 TeV) . (4.29)
For a little bit smaller ALP’s mass, me = 107! and me = 1072, the bounds are similar
and they read
A
<1 4.30
b= (1 TeV) ( )
which, once applied to the linear one, implies
A
<1 . 4.31
v <1TeV) (431)

It is easy to check that even if the couplings take the highest possible values allowed by
these bounds, both (4.23) and (4.24) cannot be satisfied, implying that also these kind of
contributions are not visible at MUonE. Some summary plots of the dependence of the
two form factors F; on the mass me and the parameters a or ¢, are the following:

10

g 107"

£
2.0

0.5 o0

ity | B

Figure 4.3: Dependence of the quadratic form factor F; on the couple of parameters
(a,mg) in the range of interest for t = —0.1 Gev?. As mentioned above, even saturating
Eq. (4.28), darp = 2F1 < 107°. As for Fig. (4.1), the two white regions represent the
couples of values (a, mge) which are forbidden.
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2. 1072
£

4.1 |

Figure 4.4: Dependence of the linear form factor F; on the couple of parameters (¢, mq)
in the range of interest, with ¢ = —0.1 Gev®. Here the linear coupling a has been chosen as
the maximum one according to the bound (4.28) but, as aforementioned, even saturating
also Eq. (4.29), darp = 2F1 < 107°.

This analysis in the LFC context has been performed quite generally, assuming reasonable
values for couplings and masses when needed. Similar conclusions can be reached also in
the other case, where it is yg, to tend to zero; as aforementioned the computations are the
same, except for the substitution M — m and the fact that the a = a.. coupling should
be constrained through the electron anomaly |Aa,.| < 10712

An extension of this discussion can be found in [51], where it has been taken into account
the possibility of LFV using i # j; it is possible to show that, taking the case i = j from
those general results, one recovers the expression (4.15) and (4.17), which have been found
independently. Nevertheless, in this scenario an interesting discussion can be already
carried out at the tree level; this will be done in a while, after a couple of comments.

In addition to the previous consistency check, it is possible to verify that the gauge
invariance of the theory is still valid. In order to test this problem, it is firstly necessary
to study the process £; — ¢; + 7, where the photon is on-shell and satisfies ¢ = 0. The
one-loop diagrams induced by ALPs are

(4.32)
and, again, both the amplitudes can be generally Lorentz decomposed as
iMP (U — Liy) = deti(p — q) X5 (0)ui(p), (4.33)
where -
25(0) = v %}—2 ii(0). (4.34)
My,

7
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4.1. Axion-like particles

Therefore, a good check consists in verifying that in the limit ¢*> — 0 both the F;(0) = 0
and the two F(0) match with the corresponding form factors of this process. It is very
easy to see that in this limit (4.17) satisfies immediately this condition, having factorised
a ¢? factor; on the other side, the remaining three form factors requires the employment of
numerical tools, being necessary to exploit all the PAVE functions; replacing the muon
mass M with that of a generic lepton my,, by means of Mathematica it has been verified
that also (4.15) vanishes in this limit, while the two F, acquire the structure

in amy aic A? log ; ;i
F25(0) = —W[Zln <m?p> — oo~ (@i—1log ( 1) - 2} (4.35)

7

2 g2 itV —4
Fued(0) = — 177(::26?\22 {2951- — 34 (27 — 3x;) log x; + Qx?/z (x; — 4)log <\/? + 5 T N

(4.36)
which is precisely what we would get studying directly the decay ¢; — ¢; + 7.
Lastly, it is possible to make another important remark in relation to the form factors,
specifically on the two F;(¢?). Indeed, if we are in the interesting regime m% > M? > ¢,
these two functions can be expanded around ¢% = 0 as

Fi(¢®) = ¢*F1(0) + O(q"), (4.37)

where F = %. Once again these computations are lengthy if performed by hand and they
require a numerical resolution. Thanks the use of Mathematica and Pakage-X it has been
possible to easily Taylor-expand around ¢? = 0 both the form factors, whose expressions

read

X

. 1
Fin(0) = Aoy |:6.7§'2L12 <$ ) —m? + 3@+ 1) +3(x—1)zlog +
6mA? x r—1
2z —1 (4.38)
+3x 7 log x]
2 2
Cquad /oy a {71: —48 7 Tz
0) = — A PP |
F37(0) 1622 3 5 T+ 5 og r+ ( |
4.39
+<3x—5>m1 NN }
0
2 s 2 !
where = (mg/M)? and Liy(2) is the Dilogarithm function defined as
: >, 2~
Lis(2) = kz_:l o |z| < 1.

Finally we can turn the attention on the LFV scenario; relaxing the hypothesis of lepton
flavor conservation, the diagrams which would affect the pe scattering are
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e 1
\\/ . R
K > <
| 2
wr et wt et
with amplitudes
. 3CY ,
v = 5o u(ps)iPul(pr);0(pa)Qu(ps)i
e 4.40)
clcy (4
LFV = waﬂ(m)ipv@ﬁﬂ(p2)jQU(P1)z‘
[}

where i, = 1,2, X, X = L, R and P, Q could be either (1 & v5). The computation of the

2
two squared amplitudes ‘Mith‘ is very similar to that performed in (3.64); indeed they
bring to the pe differential cross section the two NP contributions

LV =\ Sra(t —m2) ) f(s, 1)

s ( tCXCX/ 2 m2M2
)

LEV = 8ra(s —m3)) f(s,t)

A quick check with the bound imposed by the experimental value for the muonium-
antimuonium oscillation probability leads to |C¥| < 107%(me /0.1 GeV), which makes
(4.41) several orders of magnitude below MUonE resolution.

On the other side, the computation of the interference term strongly depends on the signs of
the 75 in its (unique) trace. Depending on these factors, the trace can still be 64m?*M? (as
happens for the two contributions which give rise to (4.41)) or both ~ 16m?*t and ~ 16 M?¢;
in each case, however, imposing the aforementioned bound for the C'x coefficients, it is
simple to see that also the interference term lies several orders of magnitude below the
sensitivity of MUonkE.

Let’s notice that in this discussion it has been implicitly assumed to work at energies
different respect to the mass of the mediator; indeed, taking exactly the value /s = mg
all the amplitudes would diverge and, in order to avoid this issue, the loop treatment
should be employed, leading to an additive factor (i['¢me, where I'g is the decay rate of
the spin-zero field) in the denominator of the propagator. It is easy to take into account
this improvement in the theoretical prediction and it can be done avoiding computations
from the beginning; the results, however, is again the same, as shown in [52]'7.

5t ( tCXCX/ >2 m2M2
(4.41)

I7Let’s note that in this reference it has been used a different notation, based on quantities computed
in (2.2.1).

33



4.2. Dark Photon

4.2 Dark Photon

Another well motivated extension of the SM is the so called Dark Photon (DP) scenario,
which consists in adding an extra U (1) gauge group that mixes with the SM electromagnetic
one. The Lagrangian needed to describe such an extension is

1

EDP = 4

1
Vi, V* + §m2DPV#V“ + eeJ" V,, (4.42)
where V,, and V,,, are, respectively, the DP and the corresponding field strength, € is a
dimensionless parameter which takes into account for the kinetic mixing and mpp is the
DP mass. The TL contribution to the ue differential cross section due to Eq. (4.42) is
very simple to calculate and its corresponding diagram and amplitude read

€ €
DP
w w
. kuk
_ Z<g;w - 7:2 V) _ i62€2 _ _
Mop = € u(ps)y"u(pr) ———25=u(pa)y ulpa) = -———u(ps)y"u(pr)u(pa) yuu(p2),
DP DP

(4.43)
where it has been used the facts that £ = p; — p3 = p» — p4 and that the Dirac equation in
the momentum space can be used either as pu(p) = mu(p) and u(p)p = —mu(p), implying:

u(ps)y w(pr)kukyu(pa)y u(pe) = u(ps)(ph — ps)u(pr)ulpa) (e — Pa)u(pz) = 0. (4.44)
In this scenario, then, the total unpolarized squared matrix element is
IMP? = [Mpp|* + Mypp ~ M,pp (4.45)

where the pure DP contribution can be safely neglected, having a €* dependence; indeed,
taking into account the fact that for DP in this range of masses it holds the experimental
limit €2 < 2 x 1077 [54,55], this contribution is not visible at MUonE.

Computing the traces, Eq. (4.45) becomes explicitly

— 128722 f (s, t)

Moo =
o t(t — mbp)
leading to .
=—9 4.4
dt dt DP>» ( 6)
with
26t
6bp = ————. (4.47)
PP - mpp



4.3. 7' vector bosons

Imposing the previous bound on the parameter € it follows that épp < 4 x 1077 and, then,
as it can be seen by Fig.(4.5) it is not visible at MUonE

Mpp {GeY]
0.o

Figure 4.5: This plot shows how dpp changes varying both ¢t and mpp, once selected the
upper bound € = 2 x 10~7. This contribution never reach the sensibility of MUonE and,
in particular, in the limit m}p < t it tends to the constant value dpp = 4 x 107,

4.3 7' vector bosons

Models with an underlying U(1) symmetry allow also direct couplings of SM particles
with a new vector boson

1 / 1 T
Ly =22, 1 it 2,27 4 Bg) + dira)t, (0.43
where gf Ay are the (axial) vector coupling of leptons to the Z’ 18,
Once again, the relevant and leading contribution to the pe differential cross section comes
from the interference with the photon one of the SM. In particular, that due to Eq. (4.48)

1S

- . . (77/w - lfnilzc/y) B i u
Mz = tu(ps)y"(gv + gars)ulpr) —— 5" u(pa)y" (9v + gays)u(p2)
Z/

which, again, can be simplified a lot exploiting the properties of the Dirac equation and
the conservation of the four momenta, as for the DP scenario; nevertheless, while in
the previous case the term k,k,/m?% became null, here it provides a term suppressed by
~ 4m?/m?%, which can be, however, safely neglected, leading to

i

My =

T W)Y (97 + gavs)ulp)a(pa)y” (v + gias)ulpe). (4.49)
Zl

BThese couplings should be not confused with those involved in the neutral weak current .Jz; never-
theless T will carry on this handler notation always omitting the superscript ’/, unless differently stated.
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4.3. Z' vector bosons

The total unpolarized squared matrix element is, then,

— —— 2o . .
IM* = M,z = m [gv gy f(s,t) + gaght(u — s)]
and exploiting the relations in (A.1), once defined 2™ = s and 2~ = u, leads to the final
result ot g
— = —0 4.50
with (o )
t t(zt— 27
7 L— ) L5 ‘" . 4.51
7= Sra—myy) |V T IS (4.51)

The most stringent bounds on the vector couplings ¢¢ ¢i; comes from the searches of light
vector bosons in the process ete™ — vZ’ — (T~ at BaBar [56] and KLOE [57]; actually
these analyses were performed in the DP context but with a good approximation they
can be still employed in this framework '°. For the mass range 0.2 < my < 10 GeV
the experimental bounds provide the constraint ¢fgir < 1077, while under the dimuon
mass threshold, in particular for 0.02 < myz < 0.2 GeV, only the electron vector coupling
can be constrained, with (g¢)? < 1077 [56]. Focusing on the first mass range, it follows
immediately that the shift induced by purely vector couplings satisfies

65 < O(1079) (4.52)

so that it is not visible at MUonE.

Other constraints on these vector couplings and new bounds on the axial ones can be set
by the leptonic g — 2.

Let’s see how to recover them. Firstly let’s take the general interaction

Lo =Y R [gw“ + gm“’f’] FX,, (4.53)
F.X

where the sum runs over all the possible fermions F' and gauge bosons X; then, the
contributions to the muonic anomalous magnetic moment are

9In particular, the bounds for the product g ¢, can be identified with those of the L, — L. model
of [54].
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4.3. Z' vector bosons

whose analytical expressions [58] read?

2
oy = =" /0 dr lg% {(x ~a?) (x -y 2) T 2M2 («® (mp —m,)

+a? (m% — mi) (1 — Zi)} + g3 {mp — —mF}] {mfﬂQ + M1 —2)+a (m% - mi)}_l
(4.54)

m2 1 4 m2
oy = 522 [ |t {2 20 0) 4 [ 1) ¢
m

mr m 2 3 mi 2
_m#( 22° + 322 )—W(%—Sx —|—:c)+ 3(QJ—LL’>‘|}+QA{TTLF—>—TTLF}}
1 my
{mimz + (Mf( - mi) z+mp(l — x)}_l .
(4.55)

The computation of all the contributions is quite complicated to perform by hand and it
is necessary to employ a numerical resolution. Nevertheless both Eq. (4.54) and (4.55)
can be simplified for our purpose; indeed, imposing LFC (i.e. F' = u) and taking the Z’ as
the only X boson, being the contribution of interest, they become

M? 243 M?
la,le = i / dz [ (22 — 2%) +g’j12 ((SI2 —4x — 2°) — fnz >] x {M?*2*+m% (1—z)}
Z/
(4.56)
and, since there is no 7 — Z’ coupling in Eq. (4.48),
[au]s = 0. (4.57)

The same steps can be repeated to find [a.],, but it is simple to notice that no calculations
are needed since it is sufficient to perform the replacements g“f( A~ g‘e/?( 4y and M — m.
Focusing on the mass range mz < 0.2 GeV and imposing the bounds |Aa.| < 10712 and
|Aa,| <1078 it follows

g <1070, gh <s5x 107t (4.58)

s <4x107 g5 <2x 1077, (4.59)

It is possible to notice that in this case the constraints on the vector couplings are a little
bit worse than those found through the data of BaBar experiment; nevertheless, also in
this case the resulting shift turns out to be d% < O(107°) and, so, it lies below MUonE
sensitivity. Contrary to the light vector boson searches mentioned before, direct searches
of light Z’ with also axial-vector couplings have not been yet performed but it is still
reasonable to think that the bound for ¢f ¢{; found in [56] and [57] holds also for ¢5g4.
Nevertheless, with the previous analysis based on the g — 2 constraints, it still possible to
verify that also the axial-vector contribution to Eq. (4.51) is of the order 6%, < O(107°).
As for the ALP scenario, also in this model it is interesting to relax the hypothesis of flavor
conservation and to check whether LFV effects induced by the Z’ are visible at MUonE.
At tree level the two relevant Feynman diagrams are

20Note that the g% contribution can be recovered from the g% one simply making the substitution
mgp — —Mmpg
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4.3. Z' vector bosons

wr et wt et

and the corresponding amplitudes read

. k. k
_2(77;111_#2”)_ g g ~ 3 .
v = - ulps) (97 + gidns)ulpn)9(p2) 7" (97 + g47s)v(pa)i
e (4.60)
s — = 5z)) Wi i o i _ v gi i
" u(ps)iv*(gv + gavs)v(pa)0(p2);7" (97 + gavs)ulpr)i

where, again, i,j = 1,2. Ignoring suppressed terms, as the powers of m?, the resulting
shifts to the pe differential cross section read

2
t 1 - g

LIPS 32mM (g2t — ¢4 (s — M?
LFV (16wa(s—m2z/)> f(s,t)[ mM(gy” — g1 )(s )+

8(gi#? + gi?)2(212 + 8> + M* — AM>t + 25t — 2M2s)+

329107 g% (s 4 25t — 2M?s — M%)

2
¢ 1 g g
O A [32 M (g% — g9M (¢t — M?)+
LFV (167ra(t m%/)) f(s,t) m (gv ga )( )

g iy M2
16(g7* + g4°)%(f(s,t) — 5 M?t)+
o M2
3207294 (f (s,t) — o5 - M?t)|.
(4.61)

The comparison with the probability of muonium-antimuonium oscillation provides also
in this case the necessary bounds for the couplings; imposing the experimental bound
(3.61) it is easy to find that, for the range myz < 0.2 GeV, the axial-vector couplings must
satisfy the condition g%} 4 <1074, constraining dppy < 1071 and, so, it is absolutely not
detectable at MUonE. The same conclusion is easily reached also for the interference term,
whose contribution to the ue scattering differential cross section translates into the shift

st ( t )2 1 [mM(gisz B gij2gij2) <M2 s+ t) n
LEV 8rar) (s —mZ)(t —m%)f(s,t) v AV 2
2 | 42
(9" — g1 <M4 _rErees t2+ 28t>] <1077
(4.62)
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Chapter 5

Conclusions

The interpretation of the anomalous magnetic moment of the muon represents one of the
most intriguing challenges of the Standard Model.

The discrepancy between the measurements and the theoretical prediction can be explained
either with the large error in the leading hadronic contribution allfad or new physics effects.
In order to solve this problem, it has been proposed the new experiment MUonE. The
purpose of this project consists in measuring precisely agad through the elastic scattering
of energetic muons with electrons at rest. This analysis allows to avoid the problem of
mass thresholds and resonances which affects the standard technique of dispersion integral,
based on ete™ — hadrons data. As explained in Ch. (2), in order to be competitive
enough, the sensitivity of MUonE should be O (107°) and it naturally raises the question
whether the measure could be polluted by new physics.

In this thesis it has been analyzed in detail this problem considering both heavy and
light NP degrees of freedom, depending on the fact that their mass is higher or lower
O (1 GeV). In the former case it has been employed a model independent approach base on
EFT, constructing the most general effective Lagrangians invariant under U(1),, (3.4.1)
and SU(2);, ® U(1)y (3.6) up to dimension six. In both these scenarios the full set of
NP contributions to the pe differential cross section has been computed, finding terms
from vector and axial vector interactions. However, once analyzed their contributions to
correlated observables and compared with the experimental bounds, it has been shown
that their effects in the pe scattering at MUonE are strongly disfavoured. In the pure
U(1)em case also scalar and tensor interactions appear, but their suppression due to the
electron and muon masses do not allow them to pollute MUonE measurements. Moreover,
in both cases pseudoscalar interactions provide vanishing interference contributions with
the leading QED amplitude and, consequently, they do not contribute at dimension-six
operators level.

In the U(1)., scenario it has been explored also the possibility of contamination in ue
collisions due to LFV effects. Once again, however, it has been shown that, taking into
account the current constraints on muonium-antimuonium oscillations, these contributions
lies far beyond MUonkE sensitivity.

Light NP has, instead, been analyzed specifying the spin and the interactions of the new
particles with the SM ones, having no more the possibility to rely on the EFT approach.
In particular, it has been considered the cases of both spin-0 and spin-1 dynamical fields.
In the former case it has been studied the ALPs’ scenario, where the field content of the
SM is enriched with light (pseudo) scalars. Both LFC and LFV effects have been taken

29



into account: each one, however, using, respectively, the constraints from the electron’s
g — 2 and the muonium-antimuonium oscillation probability, has been shown to be far
below MUonE’s sensitivity.

In the latter case there have been considered two very popular possibilities: the Dark
Photon and the Z’ boson. The first is introduced enlarging the SM group with an extra
U(1) and a kinetic mixing term which allows an interaction with the photon 7. However,
the current bound on the kinetic mixing constrains NP effects in the pe scattering to be
too small to be detected at MUonE. On the other hand, the same conclusions can be
reached also for the Z’ boson: indeed, as it has been shown, the bounds on its couplings
due to direct searches do not allow for significant and measurable NP effects.

In conclusion, it can be safely stated that it is very unlikely that NP contributions will
pollute MUonE’s measurements of the pe scattering differential cross section and the
corresponding extraction of Aay(¢?); this confirmes and strongly reinforces the MUonE
proposal.
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Appendix A

A.1 Useful relations

Here I report some useful relations for the computation of all the results of this thesis:

Te[1] = 4
Tr[any odd # of v's] =0
Tr [y#4"] = 4™
Tr [y9" 7 V=AW =+ )
Tr[ys] =
Tr [y#y 7P s] = —4ieh"?®
Te[yg 4] = S (=1 Te [y % - oq] i even
k=2
Tr [y .. 4t ys] =0 if n odd or n <3
Yy =4
7 = =29

YA AP = An™?
YA AN Y = =297 yPY

Ea’g’yéé“a,g,yg =-24

gaﬁwaagw = —60"

e = 2 (35— 05
do 1 |pi

|IM|* for 1+2 — 1" +2" in the CM frame

dQ  64r2s |pr)|
d 4 d 4rs d
o 89 _ITA9 Gith A = A(s, m?,m?) = (s —m? — m?)2 — 4m?m§

At Vagrs dQ N dQ

Fierz identities for commuting spinors a, b, c and d:

(av" Ppyrb) (e Pryrd) = —(ay" Pr/rd) (€7, PL/rD) (A1)
(@ Pryrb) (¢ Pr/rd) = 2(aPr/rd) (P rD) (A2)
_ _ 1 _ _
(aPr/rb)(€Pr/1d) = 5 (ay" Pr/id)(cyuPr/rb) (A.3)
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A.1. Useful relations

(aPwsnb) (ePrsnd) = 5 (aPynd) (Poyb) + ¢ (a0 Prjnd) (o Prynb) — (A4)

(C_LOJWPL/RZ)> (EU/WPL/Rd> =6 (C_ZPL/Rd> (EPL/RZ)> - ; (C_lUNVPL/Rd) (EO’M,,PL/Rb) (A5)
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A.2. Detailed computation of NP contributions to ue scattering

A.2 Detailed computation of NP contributions to pue
scattering

The LFC Lagrangian of Eq. (3.38) is explicitly

1 o _
Lrrc = e (ay +daz) (1 + v5)ue(l + vs5)e + h.c.+

(az + iaqg) (1 + v5)ee(1 + vs5)p + h.c.+

(a5 +iag) (1 + v5)pe(l — v5)e + h.c.+

azfi(1 +5)7" pe(l + vs)yuet (A.6)
asfi(1 — v5)v" pe(l — v5) e+

agft(1 + v5)7* pe(l — vs)yue+

Cblo,a(l - 75)'7“;“6(1 + 75)7N6 :

All these terms can be represented with the Feynman diagram

with different coefficients (and sign of ~5) depending, clearly, on the operator which is
taken into account. Since all of them have a factor oc 1/A?, in calculating the unpolarized
squared Feynman amplitude |M]? it will be considered only the product of the amplitude
of a given piece of Eq (A.6), M; (i=1,...,10), with that of the photon. In other words 2!:

- 1 10
(M| = 12 (IM, [ + 2ReMZ Mz + 2Re Y MIM,). (A7)
spins i=1

As already discussed in the main corpse of this thesis, all the | M;|* have been neglected
since they present a 1/A* dependence, as well as [ My|?, being suppressed by G%s? and
all the amplitudes which involve the Higgs boson H.

Let’s start the computation remembering that the amplitude of the diagram mediated by

the photon is
: 2
e _ _
My = o)y ulpn) o)y (p2). (48)

From the Lagrangian (A.6) it follows that the first operator provides an amplitude

i(ay +iag) _

My = Tu(ps)(l + 75)u(p1)u(pa) (1 + v5)u(pa), (A.9)

?1In the following computations it will adopted the notation M. (z); = 3 Re Y} M M.

spins
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A.2. Detailed computation of NP contributions to ue scattering

so that

€2a1

Mo = SN2t

Te [y (gt + m)(L+75)(pt + m)] Te[u(p + M)(L +75) (g + M)]. (A.10)

The passages in the calculation of the first trace explicitly read

Tr [ (s +m)(1+ %) (ph +m)| = Tr |y pa(1+35) (g +m)| + m Te [y (1 +35) (g +m)| =

=Tr [7“173(771 + m)} +mTr [v“(yl + m)} = mps3o Tr[v*v] + mprTry ] = 4m(ps + p1)*;
(A.11)

the computation for the second trace, however, can be avoided simply observing that it
can be directly recovered from the previous result applying the substitutions ps — py,
p1 — p2, m — M:

Tr [7#(174 + M)(1+ ) (g + M)} =AM (ps + pa) -

Putting all together and exploiting the relations between scalar products and the mandel-
stam variables, it can be found

S 8raa;mM
Mryl - T(S — U) (A12)
However it is possible to notice immediately one thing: in computing the trace (A.11)
there is no renmant of the 75 and its signs. This means that the same result (with the
coefficient a; instead of a;) can be immediately recovered from the third term of the
Lagrangian without any calculation:

— 8raasmM
Moo ="y

Summing these two contributions and defining as = a; + a5, one easily finds the ”scalar”
shift to the pe differential cross section

(s —u) (A.13)

t 1
145 — ——[2mM — ). A.14
L = Sran? i gy 2 Mas(s —u) (A.14)

The second operator of (A.6) is a little bit subtle compared to the previous two, requiring
the use of the Fierz identities; exploiting the fourth one in (A.1), it is possible to rewrite

as+iaq) . _ _ as +taq) [_ B .
(31\24) (Frererpn] = _(32A24) Arprerer + S firo" prerower| . (A.15)

Let’s analyze these two pieces separately.
In the case of the term with no gammas, the amplitude reads

i(ag + ia4) _

My = ———or5—ulps)(1 +75)ulp1)u(pa) (1 + 75)u(p2), (A.16)

while the unpolarized one is
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A.2. Detailed computation of NP contributions to ue scattering

_— ea
My = _Wjig TY[V”(HS +m)(1+ ) + m)] Tf[%(i% + M)(1+75) (e + M)}-
(A.17)
The two traces are very simple and they turn out to respectively be
Tr[1] = 4m[ph + pj]
Tr([2] = AM [pay, + p2y]
so that (A.17) becomes
— 8maas 8maas
My = —WmM[Qpl o+ 2p3 - py] = — e mM|[s — u]. (A.18)
On the other side, the term with o* leads to the amplitude
(a3 +iaq) _ wow _ uow
My = —5—ulps)(1 + ¥5) [V, 7 Tulpr)a(pa) (1 + v5) 7", 7" Ju(pz) (A.19)
and, correspondingly, to the unpolarized one
Mo = S Tayo g+ m) (1 25)7%, g + )]
K 64t A2 ’ (A.20)

Te [y, (g + M)(L +75) s 1) + M)).

As already done, it is sufficient to calculate only a trace and then making the correct
substitutions in order to find the other one. Their explicit expressions are

Tr[1] = 8m(psn™ — psn™ + pin™ — pin™) (A.21)

TI'[2] - 8M(p4u7]pu — Pawlpp + DPouvlpy — p2p,npu)7 (A22)

so that the final unpolarized amplitude becomes

S 24moas
M73N = _Wth <A23)

Finally, summing these two amplitudes, i.e. My and Ma», the total contribution reads

167
tA?
where it has been used s +t 4+ u = 2m? + 2M?; from this expression it follows the "tensor’

shift to the total differential cross section %‘Z, which is

Y

3 _ tar 2 g2
6LFC_87raf(s,t)A22mM(u t—m*— M=), (A.25)

where ar = as.

Let’s move on to the operators of (A.6) which involve a gamma matrix, starting from the
fourth and the fifth; their amplitudes are
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A.2. Detailed computation of NP contributions to ue scattering

M = i%a(p?’)(l + 757 u(p)(p2) (14 75)v0(p2) (A.26)
MS - jj\iu(p?))(l - 75)7/’14(]?1)@(]94)(1 — 75)'ypu(p2)‘ (A27)

It is sufficient to compute M5 since, then, Mg can be found without making any effort
using only a simple consideration (as done before for the a5 coefficient); the unpolarized
matrix element is

e2ay

Moy = gy Ter (s +m) (L4907 (g +m)] Tr (s + M(L+75)(p + M)].
(A.28)

The first trace is

Tr[7* (g + m) (14 95)7" (g +m)| = A(m*n" + ppk + phph — pr - panf™ — i€ paprs)
while the second, with the usual substitutions p3s — py4, p1 — p2, m — M, reads
Tr [y (B + M)(1+95)7, (3 + M)| =AMy + ProPsu + Paobru — P1 - Dallp — i€ppoDih)-

Using the properties of the Levi-Civita tensor, reported in (A.1), one easily arrives to the
result

— Sraay
M ="he

[F5,8)+ 5= 5)) (A.29)
As anticipated, the amplitude M.g can be immediately recovered noticing a simple thing;
the difference between (A.26) and (A.27) is only in the two signs of 45. This means that,
repeating the various steps, the sames traces arise, now with the two Levi-Civita tensors
both multiplied by ¢ and no more by —i. However, being i? = (—i)? = —1, the product of
the two traces remains the same and, then, the unpolarized amplitude is

_ 8raag t
Mg = e [f(s,t) + §(u — )] (A.30)

Finally, we are left with the last two operators of Lrc, whose amplitudes now contain
one (1 + 75) and one (1 — 7s):

My = ﬁéu(m)(l —75)7"u(p1)u(pa) (1 + 75)7,u(p2) (A.31)
Mg = Z\lgﬂ(m)(l + 5) 7 u(pr)u(pa) (1 — 75)7,u(p2)- (A.32)

Let’s focus on (A.31), since the same will be clearly true also for the other amplitude. The
fact that, this time, only one of the two 5 has different sign respect to those of (A.26)
causes a change of sign of the Levi-Civita tensor in one of the two traces
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Tr[7* (s + m) (14 95)7" (g + m)| = A(m>n" + Dk + php — pr - pan™ + i€ pyoprs)

Tr [/7,11(9/4 + M)(1+ 75)79(172 + M)} = 4<M277up + P1pP3u + P3pP1p — P1 - P3Mup — Z'Elwp(;png)-
Consequently, taking again their product and repeating the usual steps, now it is no more
the term (p; - ps)(p2 - p3) which disappears, but (p; - p2)(ps3 - ps4). Therefore

-— Sraa
Moy = 2 SAmEM® + A(py - pa) (s - p3) — 2M2(py - ps) — 2m3(ps - pa)] = .
.33
8Taag - o 9 9 212 Smaag t
= M B Y _ to
tA2 (Mt +mt+ (s+t—m )°] A [f(s,t)+2(s w)]
and, analogously,
- 8maayg t
Moo = == (s, t) £ 5 (s — )l (A.34)

Finally, summing M7, M,g, M,9 and M, and defining ay = a7 + ag + ag + ai9 and
ap = ay + ag — ag — aig, we recover also the "axial” and "vector” shifts

t CLAt
TH8+9+10 _ Ly — A

This result concludes the calculations necessary to obtain Eq. (3.41).

A.3 Detailed Computation of the NP contributions
to o(ete” = utu™)

This section is devoted to the computation of the total cross section of the scattering
ete™ — putp~. First of all, in the pure SM the process is described by the Feynman
diagrams

et W et 7

where the explicit amplitudes are

- 2
M, = %Q(P:’))7“”(?4)77(192)%U(p1) (A.36)
and??
8iGp _ M2
My = \/§F u(p3)y" (gv — 9A’Y5)v(p4)75 — ]@%v(pg)%(gv — gavs)u(pr), (A.37)

22Here the propagator should be modified with the vacuum polarization of the Z boson in order to
avoid the divergence at /s = Mz; nevertheless, working in energy ranges which do not include this scale,
this correction can be ignored.
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providing the unpolarized amplitude

M* = M, + [Mz[* + M z.

Let’s notice that the term oc k,k, in the propagator has been neglected since it can be
entirely rewritten in terms the lepton masses; however, working at energies much higher
than these them allows to take m = M = 0, simplifying a lot the computation of the
traces.

The final differential cross section can be rewritten in the same form of the QED one

do T o2
— ~Tem [4(1] 2 B
dcos) 2 s { ( +cos 9)+ COSG}
whit \/_ 2
8vV2(Gps) 5  32(Gps)” / , 22
A=1- G S (g 4+ 03)
_32(Grs) 5 256(Grs)’ 5

The total SM cross section, then, is simply

Ao’

3s

A.

osM —

Now I turn the attention on NP contributions. Let’s firstly notice that the a;, az and as
pieces don’t contribute ?3: indeed the amplitude for the NP diagram is simply

My = L) G0 ) (1 o)) (14 3e)u(r) (A.39)
so that
My o Te[ (14 7)pi7"po ] Tr[(1+ 95)pfs v (A.39)

However, due to the properties of the traces, this is clearly null. This statement holds also
for the interference term with the Z boson, being

Mgy o< Tr[(1+5)py" (9v — 9avs)me) Tr[(1+ 75)psv (v — gavs)mi)-

Taking, for example, the first trace, it can be opened as

Tr[1] = Tr[(gv - QA)H’W“Hz] + Tr[(gv - QA)’Ys]%’Y”Hé}
which, again, vanishes.
The first operators which, then, provide a non zero contributions are those multiplied by
the coefficients a7 and ag. The amplitude of the former is

ia7 _

Mz = W“(ﬁi’))(l +75)7" v(pa)v(p2) (1 + ¥5) v u(p:) (A.40)

and the unpolarized one reads

23This will be demonstrated only for a; but it is the same for all of them.
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2
—_ are v
M77 = m Tr{(l + ’)/5)’}/ 9/17“9/2} Tr{(l + 75)’7V]7/4’}/Mg/3:| . (A4:]_)
As usual it is sufficient to compute the first trace and, then, the second can be straightfor-
wardly obtained with the proper substitutions (p; — py, p2 — p3,m — M):

Tr[1] =4 (plfpg + Pk — pipan™ + ie”a“ﬂplapz/ﬁ) (A.42)

Tr[2) = 4 (pavpsy + PsvPay — D3 Palh + i€0usD1D5) (A.43)
Their product leads to the unpolarized squared amplitude

— 8Taa

Mor = A257
and, exactly as happened in the computation of o(u*e~™ — p*e™), it is equal to Mg
(except, obviously, for ag instead of ar).
Also for the last two operators of Lpr¢ it is possible to rely on a reasoning similar to that
made for the puTe™ — pFe~ scattering: respect to the case of the term multiplied by a-,
those multiplied by ag and ayo have one (and not two as for ag) 75 with different sign.
Consequently, the two traces will have the same form of (A.42) and (A.43) but, this time,
one Levi-Civita tensor takes the minus sign; once computed their product, it follows

(s+1t)? (A.44)

8Taa
9t2

Mo = =5 (A.45)
S Sraa
Moo = %t?. (A.46)

Finally, summing all the contributions it is possible to proceed to compute the total
cross section for the interference with the photon; defining x = cos, in the CM frame
t = —s/2(1 — ) and the total amplitude reads

2ras
A2
Now, the differential cross section is simply

Mior = (a7 + as) (1 + 2)* + (a9 + a10) (1 — 2)?] .

dotor 1 2ras 9 2

= X (a7 + as)(1 + )" + (ag + aw)(l — )7| =
ds) 6470225 A2 { } (A.47)
=5 (a7 + as) (1 + 2)* + (a9 + a10) (1 — 2)?]
and the resulting total one reads
U doyor a ! 2 2
O"ytot:27r/l . dx = 16A2/1dx {(a7+a8)(1+x) + (ag + ajp)(1 — x) } =
aay - (A.48)
= oA

where ay = a7 + ag + ag + a19%*.
Let’s now put the attention on the contribution coming from the interference with the Z

2ANB: although one term is (1 — x)? while the other (1 — x)?, since the interval of integration is
symmetric the odd terms do not contribute. As a consequence since they differ exactly a odd terms, after
the integration they gave the same result, which is 8/3.
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boson. The Feynman amplitudes of interest are, now, (A.37) and (A.40). In the following
computations (already characterized by a 1/A? factor) I will neglect the gy contribution,
being gy = ag/4 ~ —107%; in this way (A.37) becomes simply

8iG 2 _ M2 -
My = \/F;A u(p3)fy“751)(p4)ﬁv(pg)fyﬂ%u(pl) (A.49)

and the unpolarized squared matrix element, then, reads

CL7GF9,24 M%

m p—
VRN (s— M3

) Tr[(l + 75)7”1/17“’)/5172} Tr[(l + 75)7,,174%7?5]93}. (A.50)

Paying attention to use properly the anticommutation relation between 5 and the other
gammas, the two traces turn out to be

Tr(1] = —4 (p{ps + pspt = pr - o™ — i€ prapas)
Te(2) = —4 (pavDsy + PsuPay — Ps - Palls — i€0yusD1D5)
providing the results

—_ CL7GF M%

7= gt A0

and
as GF M%

T 4V2A2 (s — M3)

Thus, the differential cross section due to these two terms is

Mg s (14 z)2 (A.52)

d02(7+g) 1 (CL7 + ag)GF M% 2 2 ((17 + CLS)GFS M% 2
dQ 64nZs 4202 (s — M3) sl+a) 256m2v/2A2 (s — M%)( +7)
(A.53)
and the corresponding total one reads
L doz(718) (a7 +as)Gps M ! 2
—2r [ dr = [ da(i 4 ) =
our =2 | e T e (s gy ), ) (A54)

(a7 + ag)GFS Mg
A8mV2A2 (s — M3)

Also this computation is almost ended, but we have firstly to deal with the last two
operators of Lipc. Their amplitudes are

iag _

My = 5a(p3) (1 = 75)7 u(pr)u(pa) (1 +75)vpu(p2) (A.55)
Mio = 8(p3) (1 + 2517 ulpn)i(pa)(1 = ) 0(r2), (A.56)

which have both a (14 ;) and a (1 —ys5) terms, differently from the previous contributions
in which there were two (1 + 75) or two (1 — =5). This difference has two effects: as
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usual, the Levi-Civita tensors in the two traces have opposite signs but, this time, as a
consequence of the different channel of interaction, the unpolarized matrix element gains a
minus sign, becoming

—_ CLgGF M% 2 2
Mgy — 1— A.57
Z9 4\/5/\2 (S—M%)S ( ZE) ( )
and, similarly,
— G M?2
Mo = —WTF __TZ_2(1 _ g2, (A.58)

TN (s— M2)”

Once summed these two contributions, the related shift to the differential cross section
takes the form

dozo110) 1 (ag + ai0)Gp M3

B " . (ag + a10)Grs M2
dQ 6472 4202 (s — M3)

et =- 256m2van2 (s — M2) LT z)’

(A.59)

which, if integrated, provides the corresponding total one

0Z(9+10) = 2T /1 wdx _ (ag + a19)Gps M3 /1
-1 dx 1287T\/§A2 (3 _ M%)
(ag + a10)Grs M2
48mv/2A% (s — M3)

dr(l —z)? =
—1

(A.60)

Combining the previous results, the final interference term between the NP Lagrangian
and the SM Z boson reads

asGrs M2
48m/2A2 (s — M3)

O Ztot =

(A.61)

where a4 = a7 + ag — a9 — aqp.
Finally, the total correction to the SM cross section obtained summing (A.48) and (A.61)
becomes

1 |«aay n asGFs M%
ONP = —
WA 6 4872 (s — M2)

(A.62)
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A.4 Detailed computation of NP contributions to Agg
of eTe”™ — utu~

Here it will be shown the explicit computations for the NP contribution to the forward-
backward asymmetry of the ete™ — uTpu~ process; nevertheless, as for the previous
section, let’s firstly recall the SM result.

The forward-backward asymmetry is defined as

1 do 0 do
- Cdr — (7, %d
Aoy = 7208 _ o e = Iy e (A.63)

Op + 0B Otot

and the SM prediction is simply
3B

8A
However, since in the NP contribution there is already the suppression due to A2, I directly
neglect ag (and its powers) in A and B, i.e. in the following computations it will be used

App = (A.64)

_1287%a%(s — M2)* + GEs* M},

A
12871202(s — M%)?

. G FSM%
2v/2ma(s — M3)
Now we are ready to deal with the corrections to the asymmetry.
The NP differential cross sections are explicitly

do Grs M?2

chZ|NP - 1287rf/§/\2 (s — JZW%) (a7 +as)(1+2)° = (a9 +ar0)(1 — 2)°]
do o
T;‘Np = @ [(a7 —+ (18)(1 + l’)z + (Clg + alo)(l — 1‘)2} .

The integration of both of them is very easy to perform and it brings to the difference

| 1 oz+ Gps M2
op — 0 = — |laa- +a
P OBIND = g Mg TV o (s - M2) |

so that the forward-backward asymmetry due to NP contributions is

(A.65)

1 1 o Grs M2
ANP _ w = a2t z
B o A2 [GA g 64v/2m (s — M2)

Now, in order to find the result of Eq. (3.49) it is necessary to rewrite the total asymmetry
factorizing the SM contribution as

Algh = AR [1+ oh5 ] (A.66)

with NP
oNE = A—gﬁ. (A.67)

FB
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For this purpose let’s firstly rewrite the total asymmetry as

(or — oB)|sm + (o — oB)|NP
TsM [1 + 4m2AUNP]
1 (op — oB)|Np
3s + 3s !
(1 + 4m2AUNP) (or — oB)|sm (1 + mUNP)
where the denominator in the first equality is nothing else that the total cross section in

which the SM part has been factorized. Eq. (A.66) and the explicit expression of (A.67)
are immediately recovered and found after the expansion

tot __
AFB -

_ ASM
- AFB

1 (1 3s )
~ — —ONP |,
(1 + - zAUNP) dra?A

which provides

3s (O’F — OB )‘NP
o = — onp+ —m—. A.68
A7a?A N (op — oB)|su (A.68)
Exploiting the approximated expressions of A and B aforementioned, these two term read
explicitly

3s 2s(s — M%) 8v2raay (s — M2) + asGrpsM2
_ 2 e =
A2 A" T (1287202 (s — M2)? + G252 MY A2V/2
(or —oB)lxe 1

2 2
b ety (VB ) o]

In Eq. (3.49) the term §R} is expressed by factorizing the function

(s) [12872a%(s — M2)? — G%s? M3
r(s) =
[12872a%(s — M2)? + G%s?M}]
and, as it can been seen from the previous expressions, there are some efforts to deal with
in trying to do the same also in (A.68). Since the computation is very long (although

conceptually simple) and having just explained how it should be done, I will report directly
the result, which is

SNP _ _7“(5) 1 «
A? [12872a2(s — M2)? — G%s2M3]
_64\/§7r2042aA(8 — M%)g’ n aVG2Fs3M§ 3CLAGFSM§( MQ)
GrMZ 48T V2

+ 24maay (s — M2)?
(A.69)

The last passage consists in making a division between polynomials. Defining
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_ 64v271202a 493 avG%SSM% 3aAGFSM%y 2
° P(y) - GFME + 187 + NG} + 247raavy

D(y) = [12872a2y* — G%s* M|

e R(y) what remains from the division
e Q(y) the quotient

the following relation holds:

P(y) R(y)
— =Q(y) + —=.
i)~ Y D)
In particular
o The quotient results
ays aay
= — A.70
e The rest is 2O 2,63 11
R(y) _ apas"Grpiizy + ay GRS 7 (A?l)

V2 4o

Neglecting R(y), 2° then it follows

xp _ T(s) faa(s — MZ)  ays
OB = )2 <\/§GFM§ 167 ) (A.72)

which is precisely Eq. (3.49).

Although this seems to be the only way to proceed, there is a better and faster approach
which can be employed: the idea is to directly sum the amplitudes My and all the
M;, with i = 7,8,9, 10, obtaining something which has the same structure of the weak
amplitude but with redefined chiral coefficients. This way requires firstly to rewrite M
in terms of gr 1, rather than gy 4, which is

2iGr M} B .
Mz == s ot (1 = 35)alpen(l = ss)e(p)+
)

Gri(ps)V (1 4 75) 1(pa)evu (1 + 75 )e(pr)+ (A.73)

(
grgrit(ps)Y" (1 — vs5)p(pa)evu(l + vs)e(p1)+
9rgri(p3) Y (1 + 7s) p(pa) Je(

Then, summing all the non vanishing NP contributions, the total amplitude reads

2iGp M3 _
Mot ::AfQéffs-—<A1§[(7“(p3 V(1 = ¥5)1(pa) €y (1 — ¥5)e(pr

251 checked for different energy ranges and I found that g((?/g is really suppressed respect to Q(y) unless

\/$ = My or very closed to Mz; howeve,r in that case computations must be done again in order to
consider the factor iI'y Mz, as previously explained, has been removed.
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where
V2a; s — M2
8GrA2 M2

2 V2ag s — M2
B 8GpA2 M2

\/ﬁ(ag -+ alo) S — M%

8GrA? Mz
It is easy, now, to understand how one should proceed: the SM prediction of the asymmetry
must be firstly rewritten in terms of the usual gz, g by means of the definitions of gy 4 and,

then, they must be substituted in terms of the new coefficients C, D, E and of the NP
pieces trough the above relations.

C=g:+

D=g

E =grgr +
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A.5 LFV computation

In this section I will provide details on the derivation of Eq. (3.59) [64]. I rename the five
operators as

Q1 = (frer)(firer)
Qs = (firer)(firer)
Q3 = (frer)(firer)
Qs = (nry“er) (i vacr)
Qs = (irY"er) (iR VaCR)

and in the following I will focus Qs; nevertheless, the computation is perfectly analogous
also for the other four operators and for this reason it will be only sketched.

First of all, let’s notice that this operator can be rewritten in a different way by means of
the third Fierz identity in (A.1) as

(iven)iner) = =5 iy en) iz e (AT5)

However, although the result must (and indeed it is) the same in both cases, the computa-
tion is much more simple without exploiting such an identity. The corresponding matrix
element, then, is simply

(V| QM) = (i LRI EeL) (A76)

Here the non-relativistic (NR) bound states are normalized as (Mu(g)|Mu(p/)) = 2E,(27)36%(5—
1)7) and, being the Muonium essentially a Coulomb bound state of ™ and e, it can be
expressed as [65]

2M d>p i\ (o
Mu) = [ oy V2 2B ) 0) (A.T7)

where My, is the Muonium mass and ¢ is the Fourier transform of the spatial wave function
describing the bound state, i.e.

2(p) [ dre()e.

Exploiting also the electron and muon fields as

W(x) = /d?’pl > {agus(p)e*im + b;svs(p)eim}

() 2B, >

and using the anticommutation relation among the ladder operators {a,, a;;/} = (2m)35°(p—
p'), it is possible to rewrite Eq. (A.76) in the form

<Q3> = [(ﬂPLU) (@PRU) + (@PLU> (fLPRU)

3 2 A8
— (vPpv) (uPgru) — (uPpu) (vPgv)| X / @p gZ(p)| : ( )
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Here u and v are nothing else that spinors, whose dependence on the momentum has been
neglected being in the NR regime; their explicit expressions are

w(M) = VM(E, W w(M) = VM@, -y,

where ¢ and 7 are two-component spinor such that £7¢ = nfn = 1; moreover, in the Weyl
chiral basis the +’s have the form

(01 (0 o (-1 0
Yo = 10 Vo = G 0 Vs = 0 1)

with ¢® = (1,7) and ¢* = (1, —07).
Then, the first term in the squared brackets of Eq. is explicitly

(uPpv) (0Pru) = imM (67,64 (1-7) < g ) (", —n")2* (1 +7°) ( g ) _

—mM (&, ¢) ( g ) (nf, ") ( g > _

— —mM (g*n) (nfg) . -

Focusing only on the projection onto the singlet state, which can be obtained by means
of the substitution [65] £'n = 1/(1/2), the previous result simply reads —mM /2 . Notice
that these steps are precisely the same that have to be followed in computing the scond
piece in (A.5).

For what concerns the third term, its computation is

et -5 2 €1 )

= (st =af) () (€1eh) (£ ) = (a'n) (6€) = o

(A.80)

Also in this case, these steps are the same of those necessary for the forth piece in (A.5).
Summing all the four contributions, we end up with
d®p ?
——6mM | [ = E50)| A 81
@) =l (A8D)
2
On the other side, the term ‘f %@(p)‘
the spatial wavefunction at zero distance, properly normalized with the fermion masses as
|©(0)]?/4mM . Remembering that for a NR Coulombic bound state the wave function in
the ground state is

is, almost by definition, the squared modulus of

6—7‘/1107

p(r) = L

7



A.5. LFV computation

the final expression for this matrix element reads

—— bs(pirer)(firer) by |p(0)]? 3b3
M M M = A.82
(Mul A2 MW = =35 s "M =~ 5 hea (4.82)

where ag = (ma)~! is the Bohr radius 2°

The computation for operators Q; and Qs is almost identical; the only difference that has
to be taken into account is the fact that in these cases there are either two P, or two Pgr
and not one of both of them. Take, for example, O,; its matrix element reads

<Q2> = [(ﬂPLU) (@PLU) + (@PLU> (fLPLU)

— (8Pv) (@Ppu) — (@Ppu) (5Ppv)] x @p - ‘

(2@3“0(7’)

The computation of the first term in the squared brackets follows the sames steps of (A.79),
but with a difference in the final sign due to the mentioned difference in the projectors:

(@) (o) = ot (61,) 5 (=) (7)) (o) (1= ) (§ ) =
—mM (¢1,¢) ( ! ) (nf, —n) ( g > _

= (gh) (s'€) = "5

The final matrix elements for these two operators are

A 27TA
_ _ (A.83)
(| ba(jirer)(jirer) M) = bz
A2 27TA2

Finally, let’s briefly see Q4 and Q5. As already pointed out, as well as for the computations
already performed, the modus operandi is the same. The only difference is only the presence
of the 4’s, whose presence is not so problematic as it could appear. Let’s take Q4 (the
reasonment holds also for Qs); its matrix element is

(Qu) = [(@raPrv) (0" Pru) + (07a Pru) (ay® Pro)

d3p
(2m)?
Focusing, again, on the first term in the squared brakets, it turns out to be

i) Py = S (6.6) 1 1 =) () ) 1) (€)=

(7 2)(3) 0 (7 2)(5) -
=mM (£5°n) (n'oag) = mM Tr [ng'o°| Tr [¢nfou| .

26 Actually it should be ag = pa, with p the reduced mass of the system; nevertheless, being m < M,
it is a very good approximation to take u ~m

(90 Puv) (9" Pyw) — (i Pot) (57 Pro)] ¢<p>] .
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Projecting onto the singlet state, i.e. using the relation

1
[——
né o

the previous term becomes simply
M
(uyaPrv) (vy* Pru) = mT Tr [6%] Tr [04] = 2mM,

being only the a = 0 contribution not traceless.
Finally, the two amplitudes explicitly read

<m‘ b4 (:aLfYaeL) (ﬂR7a6R> ]Mu) 4b4

: = 9rn2ad
. A ) ) 27A ag (A84)
A2 2w A\2a}’
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A.6 Dimension six U(1),,, invariant operators

Here I provide the U(1)e,, dimension-six operators made of the field content of the Standard
Model which allow to construct the most general LEFT [63].

(LL)(RR) (LL)(LL) and (RR)(RR)
‘er (DLpF)/#VLr)(eRs"YueRt) v (ng’VuVL )(gLs’VuVLt)
Ze (éLprMeLr)(éRs’Y,ueRt) ‘e/e (?Lpﬁ)ﬂueLr)(é sﬁ)/,ueLt>
z‘//u (7Lp7MVLr)<ﬂ s’YuURt) ‘zl/e <7Lp7MVLr)(? s’}/ueLt)
z‘fd (DLp’Y#VLr)(dRs’Yuth) I‘J/u (_Lp’YMVLTXU s’Y;LULt)
g; (éLp7H€LT)(a s'YpuRt) VVd (_Lpr#VLr)(EiLszust)
‘e/d (éLplyueLr)(dRs'Yu t) eu ( Lp7H€LT)( s’YpuLt)
1‘1/6 (_Lp’y#uLT)(é s’YueRt) Xd (?Lp’yueLr)( s’Yust)
Y (drpy*dir)(Ersuere) l‘//‘c}du (}ﬂ“eLT)(i LsVulLt)
l‘//edu (DLpfyueLT‘)(J Sr)//iuRt) Ql\tfu (u—LpfyMqu>(?£ Sry:““uLt)
Q}ZEI) ({LL 7““]%)(& sfy,uuRt) Vd(%) (ile’y“dLT)(al s’Yust)
Qu® | (arp VT up,) (upsy, T up:) Qud (rpy*ure)(dpsyudre)
Qq‘jd(l) (uLp’yuqu)(J Sfy,u,th) QZd(S) (uLp’yuTAqu)O_iLsf)/uT st)
Qxd(g) (ur VuTAqudes’YuT dry) %; (erpY'err)(ERsVuCRE)
! " _
O (dyyde) rene) e | (Cmten)Croen)
V(8) d ,uTAd — T eu (eRP,y eR"‘)( S’Y,uuRt)
du ( Lp’y LT’)( s’yu uRt) v (é He )( d )
V(1) 7 | J d ed 7Rp7 Rr - RsVuQ@Rt
?l/d(S) (de7 Lr>(* sfyu Rt) Xu (URPW/MUR”('U/ s’Y,uuRt)
dd <de7uTAdLT)(CE SV’*T dre) 2 (CZ V”dz-zr)(cz sYulRe)
QV(I) (aL g )(d 7 uRt) V(1) o~ m d d
q(/cé%lf P /AT RS T Qud (uRp’V URT)(i RsVp Rt)
Quadu | (01" T 1) (e, T ) QU | (a7, T )
(LR)(LE) (LR)(LR)
e | wen)nen) QT [ (T ) (i, )
™| s (rperr)(Ursure) Qui (arpuny)(drsdpy)
gu (eLpo_'/“/eRr>( 4 O'#yuRt> QSC(IS) (ULpTAURT)<JLSTAth)
ed (erperr)(drsdr) S(1) 5 -
T | (Er,0™ e ) (dsomdne) dd (drpdrr)(drsdry)
ed E€ELp0"" ERy 2 LsO @Rt S(8) (d TAd )(J TAd )
S v drsu dd Lp Rr)\QLs Rt
vedu ( LpeRr>( YLs Rt) S(1) ~ _

T ein | Wrpo" ep)(drsomur:) digzgi (uLder)(C{LSURt)
Q) | (anpune) (arsure) Qi | (T dp) (AT up)
X3 and (LR)(RL)

QG fABCGAVGBpGC‘u
QG‘ fABCGAVGBpGC,u
eSu (eLpeRr)<1£RsULt)
5| (erperr)(drsdre)
veau | (Vrperr)(dRsurs)
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A.7 Dimension six SU(3)c ® SU((2), @ U(1)y

erators

Here I provide the 59 SU(3)c ® SU(2), @ U(1)y

invariant op-

dimension-six operators made of the field

content of the Standard Model which allow to construct the most general SMEFT.

X3 ¢6 and ¢4D2 w2¢3
Qc | [POGrGIrGE" Qo (¢'0)? Qep | (070)(Iper0)
Qa fABCGA”GBPGC“ Qyo (¢'¢)0(¢'9) Quo | (010)(qpur)
Qu | I Ew ek Qon | (67D )" (6 DH9) Qo | (610)(adr0)
Q?ﬁ/ IJ}(‘iflyliprla/}(“
w2X¢ + h c. X2¢2 77/}2¢2D
Quc | (010)GA G Qo | Goe )Tl oW, Q% | (#'iD o) (Ll
Que | (610)GA G Qe | (6,0 e,)pB,, QY | (67D (L, L)
Qgw (¢T¢)WI wiw Qua (Cpr“”Ur)TAchA Qge (¢'iD"®)(Eyypuer)
Qui | (1)W1 Wm Quw | (@0"u,)r! oW, Qb | (#1iD")(G1uar)
Qo | (910)BL, B Qus | (@0 u,)0B Qs | (61iD"™6)(Gym"va)
Qos | (9'9)B,,B™ Quc | (@0 dr) TG, Qo | (61D"9) (T, 7,u,)
Q¢WB (CbTTIQb)WI QdW (gpawdr)TI(ﬁW;{V Q¢d (¢T2Du¢)( p T T)
Q¢WB (¢TT1¢>W;{UB#V QaiB (q_pgwur)¢3w/ Qpud (quiD“gb)(upV“ -
(LL)(RR) (RR)(RR) (LL)(LL)

Qee (Lpy"e:) (esyuer) Qee (ep7*er)(Esuer) Qu | (L") (Lsyly)
Qo ( Cp”Y a4 )(us')/uut) Quu (up'V ur)( 57uut> Q(? (Qp'y q’f‘)( s'YMQt)
Qu| (G 6)ded) Q| (Grd)dopd) QD | (@ Ta) (@)
g(qle) ((qpv qr))(( Vet )) gu Ee P er))((uswzt; Qé; Ly ) (G2

“ Qp7 qr ) (Us7 U ed dsVudy 3| (p ~lrip g,
ngiu) (G AHRTA QT)(USVHT w) di) (@yu,)(d S’yudt) QZq (% ) @s7uT' )
QW | (@ ) (deyudy) QP | (" T ) (A, TAd,)
Q) | (@ T4q,) (Ao, Tdy)

_ — _ — «—
where ¢'iD,¢ = ¢'(D, — D,)¢ and ¢'iD}¢ = ¢! (7' D, — D,7") ¢, with o' D, =

(LR)(RL) and (LR)(LR)

Qﬁedq

uqd
guqd

Qﬁequ
Qfequ

(e )
(G’ ur )€ (e dy)
(qP]TAuT>€Jk( YT4d,)
(€)' er)ejn(@buy)
Jein(q

(ﬁ o e, e (780 uy)

(Du90>T<P-
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