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Abstract

The anomalous magnetic moment of the muon represents one of the most interesting and long-standing
hint for new physics. Recently, the E989 experiment at Fermilab has confirmed previous results by the
E821 experiment at BNL. Comparing the experimental average with the Standard Model prediction,
leads to an interesting 4.20 discrepancy. Moreover, the recent high-precision measurement of the W
mass by the CDF collaboration is in sharp tension with the Standard Model prediction as obtained by
the electroweak fit. If confirmed, this finding can only be explained in terms of new physics effects. The
main goal of this thesis work is to develop compelling theoretical frameworks where both experimental
results can be naturally explained, and derive predictions for other low- and high-energy observables,
which will help to probe such models.
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INTRODUCTION

1 Introduction

The Standard Model theory (SM) is one of the greatest achievement obtained through half of the last
century in particle physics. One Lagrangian describes all the dynamics, the properties and three of the
four fundamental forces of nature (namely, the electromagnetism, the weak and strong interactions)
applied to the building blocks of our universe: the elementary particles. Its success was also possible
thanks to the experimental effort of many collaborations and teams around the globe that constantly
put the SM up to the test: from the discovery of neutral current mediated processes to the massive
carriers of the electro-weak force, from the experimental confirmation of the existence of color-charged
states confined at low energies to the most recent discoveries of the top quark in 1995 at FermiLab [1,2],
the tau neutrino in 2000 [3] and, finally, the responsible of the mass of all particles as well as the only
scalar in the SM, namely the Higgs boson discovered for the first time in 2012 at LHC [4, 5].
However, the fact that we discovered all the particles predicted by the SM sounds bittersweet: on
one side we have a full self-consistent! quantum field theory that provides us all the computational
tools to explain (almost) all elementary processes and theoretically evaluate them with great precision,
on the other hand it is not a complete model, that is, it cannot explain everything we observe. For
example, it does not include a quantum version of gravity, it does not explain why the electroweak scale
v ~ 102GeV and the Plank scale Ap; ~ 10GeV are so different, leading to the so-called hierarchy
problem. It also lacks particle content to explain dark matter and dark energy in the ACDM model
of cosmology.

As a consequence of increasingly precise experiments, the SM has difficulties to explain also some
properties of its own particles. In this thesis we will focus our attention on two of them, namely the
muon and the W-boson. This choice is dictated by the results obtained by two recent experiments: the
My measurement by CDF-II collaboration in 2022 [31] and the g—2 muon magnetic moment at FNAL-
E989 at FermiLab in 2021 [43]. In particular, they draw our attention because both experimental
outcomes are significantly in tension with the SM prediction, confirming a long-standing discrepancy
of about 4o for the muon g—2, but also highlighting a surprising 8¢ incompatibility for the My, which
results not only incompatible with the SM calculation, but also with the PDG world average [6].
The purpose of this thesis is to investigate these anomalies, understanding their origin and try to
give them a reasonable explanation. To do so, we need to extend the SM in order to generate new
possible corrections both at classical and quantum level, bearing in mind that whatever modification
we generate must be punctually confronted with related experimental data, in order to discard any
completion that would justify My, and g —2 but would also generate new tension in other observables.
The present work is structured as follows: in Sec. 2 we introduce the My and (g —2), anomalies from
a historical viewpoint. We will briefly discuss the main results (both theoretical and experimental)
obtained in the second half of the 20th century, eventually introducing the today state-of-the-art. At
first, these anomalies will be studied individually in Sec. 3 and Sec. 4 respectively, within a model-
independent theoretical framework, adopting effective field theory techniques such as SMEFT up to
dimension-six operators. Possible UV completions of the SM that can account for both discrepancies
will be outlined in Sec. 5. In particular, we will analyze three new physics scenarios: the first two
assuming the existence of only one new (heavy) particle, the last one is the already known two-Higgs-
doublet model, but implemented in a novel way to address both issues at the same time.

Finally, conclusions are drawn in Sec. 6.

I There are still long-standing mathematical issues at the foundations of the SM, e.g., its regularity once we remove
regulators in correlation functions of fields or the legitimacy of using perturbation techniques in an interacting theory
even if the interacting picture is not well defined. Despite this, the methods conventionally applied to extract observable
estimates are self-consistent.
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2 Precision test of the SM: state-of-the-art

Understanding the origin of an anomaly or, equivalently in our case, the deviation of an experimental
quantity w.r.t. the theoretical expected one is as important as trying to solve the anomaly itself.
Therefore, before explaining how to tackle My, and (g — 2), theoretically (the main topics of our
work), it is crucial to see how they arise from experimental evidences and which is the historical
intercourse that brought us to discuss the results we find today in literature. This will be the very
purpose of this section.

2.1 EWPO and the role of My,

The birth of the Electro Weak (EW) sector of the Standard Model in the broken phase can be dated
back to 1967 when Weinberg and Salam applied the Higgs mechanism to the unified SU(2)r, x U(1)y
model made by Glashow [7] retrieving the physical carriers of the weak and electromagnetic interac-
tions. The EW theory was further studied by t’Hooft and Veltman whose proved its renormalizability
in 1972 [8]. In the same decade, experiments of electrons and neutrinos scattering were performed
at Tevatron, Fermilab and CERN [9] aimed to investigate the neutral current sector and weak in-
teractions mediated by massive vector bosons, but not yet able to produce them on-shell. Only in
the 1980s, experiments as UA1 and UA2 [10, 11] performed using the CERN SppS (Super Proton
Anti-Proton Synchrotron) with /s ~ 540GeV had enough energy in the centre of mass of the collision
to produce W and Z boson on-shell, thus their discovery in 1983 and the experimental confirm of
Glashow-Weinberg-Salam theory.

From this point onwards, several experiment were made to further invastigate the EW sector. Among
them, we remember the Large Electron-positron Collider LEP, where in its first run from 1989 to 1995,
it allowed the systematic study of Z-boson properties near its resonance thanks to the energy of the
colliding beams /s ~ 90GeV; while its second run from 1995 to 2000 probed the non-abelianity of
the EW gauge group by testing triple gauge couplings through on-shell production of W bosons pairs
(v/s € [161,209]GeV) [12]. We also want to cite the Standford Linear Collider (SLC) that started to
operate in 1989 with the aim to measure properties of the EW sector depending on the polarization
status of the initial states such as the left-right asymmetry Apg, by using polarized e*e™ colliding
beams. Finally, in the last decade, we remember the measurement of EW observables (among which,
Myy) obtained in the Large Hadron Collider (LHC) using ATLAS detector in 2016 and further elab-
orated in 2017-2018 [16] with an energy in the proton center of mass of /s ~ 7TeV.

All the above mentioned experiments (and others) measured several quantities related to the EW
sector of the SM. One may wonder if all those results: (i) were used to fix the SM free parameters
(e.g., gauge couplings, masses of bosons) or, if not, (ii) to check SM predictions against experimental
outcomes. To answer these questions, we must introduce the so-called electro-weak precision observ-
ables (EWPO) and the general electro-weak fit.

Let us return to the EW sector of the SM Lagrangian and its interactions with leptons. Neglecting
vector boson self couplings, we know that it can be written in the form:

Lsn D My, WiHw* + %M%ZMZ“ — % (Jy W+ Jiwr) — %JQCZ“ , (1)
with the notation used in Appendix A.2. My and My are related by the Weinberg mixing angle Oy
which, in turn, can be expressed as a function of g and ¢’, namely the SU(2) and U(1) gauge couplings.
The only dimensional quantity in the SM is the quadratic coefficient i of the scalar potential that can
be expressed in terms of the Higgs vev v = 246GeV. Therefore, every coefficient in Eq. 1 is a function
— at tree level — of three fundamental parameters: g,¢’ and v. As a consequence, every observable
O depending purely on the EW sector can be written as a function O(g, ¢’,v), thus we need to know
only three observables to become predictive. Now, it is clear that in order to have precise theoretical
estimates of the EW observable O we must be very precise in knowing the values of the parameters
it depends by, thus the suggestion to trade the set (g, ¢’,v) for another one (01,02, 03) made up by
EWPO measured with very high precision. Those observables (called also fiducial quantities or input
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Figure 1: (Left): Evolution of the world average of My, and its uncertainties vs. time. (Right): History of My,
measurements from different experiments. Both panels are taken from Ref. [14].

parameters) are the following:

01 =a_L(0) = 137.035 999 180(10) [6] ;

Oy =Gp = 1.1663788(6) x 107°(GeV) 2 [6] ;
O3 =M, = 91.1875(21)GeV [35] ;

where ., is measured through the giromagnetic factor of the electron, Gg is the Fermi constant
measured by the decay of the muon and My is the Z-pole mass measured in its resonance.

To see that we can indeed express other EWPOs in terms of O1__ 3, let us take My, as an example. From
SM relation we know that My = gv/2. On the other hand, we know that at tree-level V2Gp =v72,
g = e/sw and Mz = ev/(2swew) are valid relations. Thus, by rewriting ¢ and v using the last
identities, we obtain:

M V8T em
MW(O[emgGF7MZ):7§ 1+ ].—W . (2)
Z

If one replaces in Eq. 2 the values of o, Gr, Mz given before, then it is found My =~ 80.94GeV, to be
compared with the world average My, = (80.3545 4 0.0057)GeV. This huge disagreement stands from
the fact that tree-level relations are not enough to be compared with the extremely precise experimental
data and therefore we need to improve the theoretical estimates by including loop effects. In particular,
Eq. 2 can be corrected at loop order by introducing a parameter Ar [13] that takes into account the
EW radiative corrections to the muon decay (that is, to Gr), leading to [14]:

M?2 V8T aem (1 + A
Mz 14 f1- ¥ (j D (3)
2 GpM3E

M3, =

where Ar can be written as a function of SM parameters (among them, there is My so Eq. 3 can be
solved iteratively [59]).

But if we need to introduce loop corrections in order to account for the experimental precision, then,
even if we focus only on EWPO, we can no longer ignore the presence of other sectors in the SM other
than the EW one, in particular the scalar and the strong ones since Higgs and quarks (especially the
top) couple to the EW bosons, so they may modify significantly the theoretical estimates. As a result,
other than 01, 09, O3, we need to introduce other 4 observables measured at high precision [35]:

9

GeV ;
GeV ;

Os = ay(Mz) = 0.1177(10)
Os =m; = 171.79(38)

O = My = 125.21(12)

07 = Aal®) (Mz) = 0.0276(10)

)
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with as(Mz) being the SU(3) strong coupling evaluated at the Z-pole, m; and My the top and
Higgs masses respectively and Aozflz)d(M 7) the five-flavour hadronic contribution (coming from non-
perturbative QCD of u, d, s, ¢, b quarks in the photon propagator) to the running of the electromagnetic
coupling aer, .

Given the base {O;};—=1.7 of input parameters, then it is possible to perform a global EW fit, i.e., it is
possible to make theoretical prediction within the SM about the values of all other EW observables at
the desired loop-level precision (obviously if the task is computationally feasible) and finally compare
the prediction with the experimental result [15]. As far as My is concerned, Fig. 1 reports a short
history of the experimental outcomes obtained in the last decades. To this chronology, one should
also add the recent CDF-II M%DF measurement [31] which results incompatible both with the world
average in Fig. 1 and with the SM prediction through EW global fit [27,32,35]. The only explanation
to this discrepancy (assuming that M‘?VDF will be confirmed) is that the SM cannot account for all
the corrections to the W propagator, thus the need for a new treatment to solve this issue as we are
going to see in the following sections.

2.2 The muon g —2

In quantum mechanics (QM), the total angular momentum of a particle is given by J=L+8?2 with
L the orbital angular momentum and S = (h/2)d is the spin operator for spin 1/2 particles (with
& = (01,09,03) where o; are the Pauli matrices). Analogously to the the magnetic dipole moment
generated by a charged particle with orbital momentum Z, one can write the magnetic moment jig
associated to its intrinsic angular momentum, that is, the spin:

. eh = c

Hs = 9%5 = 9#35 )
where pup ~ 8.39 x 1078 (eV)_1 is known as the Bohr magneton and g is the gyromagnetic factor of
the particle.
From a purely QM viewpoint, a charged lepton is described by a doublet |¢)? and, once interacting
with an external magnetic field B, it obeys at the following Schrodinger-like equation:

ip= |50+ V@) + 5B (L+¢)| ¢, (4)
which, with minor modifications, is also known as Pauli equation written in 1927 [17]. The g-factor
appearing in Eq. 4 was a free parameter until Dirac presented his relativistic equation for the electron
in 1928 (and later in 1932) [18] that fixed ¢ = 2. This conclusion was afterward confirmed by
experiment aimed to analyze the fine structure of atomic emission spectra and the Zeeman effect.
The first hint for possible deviations from g = 2 dates back to 1948, when Kush and Foley [19] found
the value of g = 2.00238(10) for the electron while studying the hyperfine structure of atomic spectra.
This tension with the Dirac prediction was solved in the same year thanks to the famous Schwinger,

Feynman and Tomonaga 1-loop computation [20] in a quantum field theory (QFT) context (namely,
the QED), leading to the result:

ge =2 (1 + O;m) ~ 2(1 + 0.00116) . (5)
T

Other than explaining the anomaly, this calculation was fundamental for other two reasons: (i) it

proved the success of QED as QFT in predicting observables and (ii) loop effects (i.e., pure quantum

effects) have measurable physical consequences.

2We remember that in QM observables are operators acting on an Hilbert space H. In particular, the angular
momentum L acts on the space of equivalence classes of functions modulo square integrable Lqo(R3 d3x) while S on
a disjoint Hilbert space 3, ~ C?**!, thus the proper writing of J acting on Hy ~ L2(R® d3z) ® Hs should be J=
L®l,+1I,®S. For simplicity, we will use the notation as in the main text.

3In QM there is no antimatter counterpart since we are working in the non-relativistic limit. Thus, from what will
be the fermionic field ¢(x) = (¢, x)” (z) in quantum field theory, we must select only the matter part and write it as an
element of a suitable Hilbert space H.
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Figure 2: Experimental values of a,, = (g, — 2)/2 from BNL E821, FNAL-E989, and the combined average of
the experiments. The inner tick marks indicate the statistical contribution to the total uncertainties. With a
green band it is reported the SM prediction +10 by Aoyama et al. [42]. Figure taken from Ref. [43].

For the muon g-factor, we need to wait until end 1950s — early 1960s, in particular after the discovery
of parity violation in 1957, when it was understood how to use decaying pions at rest to generate
polarized muons through the decay 7+ — pu* + v (7). In fact, the process conserves the total
angular momentum and, since neutrinos (resp. antineutrinos) are always left (resp. right) handed,
muons have only one way to arrange their helicity in order to have null total angular momentum in
the pion rest frame. By this means, an experiment made by Garwin et al. permitted to measure the
g — 2 of the muon, finding g, = 2 with a 10% precision [21]. This measurement was further improved
in the same year by Cassels et al. finding g, = (2.004 & 0.014) [22] and again in 1960 by Garwin
leading to [23]:
g = 2 (1001135000018)

that can be explained thanks to the Schwinger correction (notice that Eq. 5 does not depend on any
masses or flavour-specific coefficients, hence it is valid for all leptons).

Several other experiments were performed since then (for an overview, see Ref. [25]) every time im-
proving their resolution, hence the necessity to include in the (g —2), theoretical prediction even more
loop contributions from the EW, scalar, quark sectors of the SM (for a review, see Refs. [40,42]; we
will return on this in Sec.4.1). The most recent measurements on this topic have achieved a resolution
of 0.54 part per million (ppm) as relative error in the BNL-E821 experiment at Brookhaven and 0.46
ppm at FermiLab-E989 [43] and it may be further reduced in new experiments as E34 at J-PARC [24].
This great precision calls for adequate theoretical estimates of the (g —2),: as it can be seen in Fig. 2
(and as we will see in this work), the SM cannot reproduce the E821 and E989 experimental results,
showing a tension of 4.2¢, thus the need for SM extensions in which this discrepancy can be accounted
for.



3 My WITHIN AN EFT FRAMEWORK

3 My within an EFT framework

First, we will focus on the My, anomaly. Assuming a New Physics scale much above the electro-weak
scale, we can employ the model-independent approach of Effective Field Therories (EFTs). In general,
in order to define a EFT, one needs to:

(i) Define the dynamical fields at the given energy scale. They will be the particle content in our
theory and the ones that will appear in all the effective operators.

(ii) Define the global and/or local symmetry group and how the fields transform under it. This step
will influence the form taken by the operators (e.g., if we do not impose Lorentz invariance, we
can have effective operators with not all Lorentz indexes contracted among themselves).

(iii) Define the possible symmetry breaking pattern of our EFT at the energy scale below A (or
cut-off scale) at which we suppose some new physics may happen.

(iv) Define the expansion parameter related to the cut-off A. If we conduct experiments or make
computations for energies & < A, then we can re-express our results with a series expansion
around e = E/A — 0.

To see point (iv) more concretely, one can use the path integral formalism. Let us suppose that an
UV theory is described by a Lagrangian £(¢, ®,gnp), with ¢ being light fields (Mg < €), ® heavy
fields (Mg > &) and gnp some generic new physics coupling. Then the generating functional of such
a theory would be:

—+00

Zyv]J, K] = D¢D® exp (iSUV(¢, @, gnp) +i </ dz(Jp + K<I>)>> , (6)

E=0

where J, K generic external sources and Syy = [ d*zL(¢,®, gxp). Now, according to (iv) if we work
at &€ < A ~ Mg then we cannot generate ® as final states, and they would appear only as internal
propagators. However, no external legs for ® implies no possible coupling with the external source K.
Thus, in the infrared (IR) limit, one has:

+0o0
ZrlJ] = Zuv[J,0] = /8<A D<Z5< . D@ exp (iSuv (e, @, gnp)) exp (i/d4$J¢))

~A

= Doexp (iSIR(¢, geff) +1 (/ d433<](;5>) , (7)
e<A

where now geg are effective couplings that are related to gyy through the integration of the heavy
fields. Now, the problem is to find a Lir(¢, ger) such that gives Sig in Eq. 7. In general, this is a
very hard task, but exploiting the fact that ¢ < 1 one can express Sig trough a (potentially) infinite
series of operators weighted by powers of 1/A. Notice that the matching done in Eq. 7, assuming
that Lig is perturbative, is consistent only if the UV theory holds perturbativity in the IR limit (e.g.,
if one wants an EFT for QCD for energies below the GeV, then a simple expansion around € is not
sufficient).

We will focus on a particular EFT: the so-called Standard Model Effective Field Theory (or SMEFT).
Sec.3.1 will be dedicated to the introduction of the SMEFT as well as its impact on the definition
of SM input parameters. Finally, in Sec.3.2 we provide the corrections to SM predictions of physical
observables induced by the SMEFT (with special attention to My ).

3.1 SMEFT general overview and results

The SMEFT is an effective field theory characterized by: (i) the same particle content of the SM;
(i) the same SU(3)c x SU(2)r, x U(1)y internal symmetry group and invariance under the Poincaré
group. All the fields transforms as in the SM under those symmetries. Our expansion parameter will
be always written in the form e = v?/A2, where A is the cut-off scale, when our effective treatment
would break down. Through our work we will assume A ~ O(10TeV) since no new particles have been
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observed at LHC so far.
Following Ref. [26], let us write the effective SMEFT Lagrangian up to dimension 6 operators?:

Q;
L=Lsy+ Y 550 (8)

where «; (sometimes we will call them ¢;) are dimensionless coefficients called Wilson coefficients
related to the effective operator O;.

3.1.1 EW gauge sector

As a first example, let us consider the electro-weak (EW) gauge bosons that will be relevant in the
following sections. In the SM, the kinetic terms and masses of gauge bosons arise, after spontaneous
symmetry breaking (SSB), from the following Lagrangian:

1I/VI WI#V - %B,LWBW/ + (D#¢)T<DN¢> ? (9)

LSM9_4 n

where ¢ is the Higgs SU(2) doublet. To compare our findings with the ones reported in [26], in
this subsection we adopt the same conventions, namely the Higgs vev v ~ 174GeV, the covariant
derivative reads D, = 0, — igs’\TAGZ‘ — zg%Wlf —1g'Y B,, (where A4 and 77 are the Gell-Mann and
Pauli matrices respectively), the field strength tensor can be written as X = 8[#X;‘} + g« fabCXZX,S

where X € {B,W, G}, a, b, ¢ are suitable group indexes, f%¢ and g, the structure constants and the
coupling respectively of the gauge symmetry group related to the specified gauge bosons.

Now, in the spirit of Eq. 8, we add dim-6 operators to Eq. 9. To do so, we first need to specify
an operator base. In literature several bases have been proposed, adequately selected to simplify the
study at hand (e.g., see the redundant Buchmiiller and Wyler basis of Ref. [26], the Warsaw basis of
Misiak et al. in Ref. [34] or the Strongly-Interacting Light Higgs basis of Ref. [47]): they are related by
different ways to remove redundant operators by using the leading order Equations of Motions (EOMs)
and integration by parts. For convenience, in this subsection the Buchmiiller basis is adopted, while
in the rest of the work the Warsaw one is preferred. Again, eventual changes in notation will be made
explicit.

The dimension-six operators that modify Eq. 9 are the following;:

Opw = LB OWLWE 5 Opp = L6'0)BuWB™ 3 Ows = (i)W, B ;
Op1 = (610)(DuoTD¢) ; Og3 = (¢'D*9)(Dyole) .
If we are interested in the mass modifications of the EW gauge bosons but not in the Higgs-Boson-

Boson vertices, effectively the operators in Eq. 10 should be evaluated on the Higgs vev, i.e. ¢ —
() = v(0,1)T. Remembering that:

_ v (g (W —iWR)
Dp, <¢> - 2 < g/Bu _ QWS 9

(10)

one finally obtains:

1 1 ,02 U29/2 ,0299/
ot = Lsnt+Legp = =7 Wi WIY = 7BuB" + g*Wiwi + —-B,B" - 2L wi'B,
1 a¢Wv2 7 Y a¢3v2 P g wie? Qg g
| o W, Wi+ By B — awpo Wy, B + =22 —W, W+ — Bu.B"
Oé¢,1v499,

4
Qg 3V
o B+ ¢T (9B B" + ¢ W2W} — 299'B,WE) |

4Notice that we did not include the dimension-five Weinberg operator since it will not be relevant for our purposes.
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which can be rewritten as:

1 2 1 '1)2 '02
Liot = 4 <1 — 204¢WA2> W/{VWIMV — Z (1 — 2a¢BA2> B,LWBMV _ OéWBpWSVBHV
1 § il 2 py o 1 v 3)2
+4 (1—|—a¢7 A2>( W, Wi +g BB“—QggBW)+ oz¢3A2( u—gWH)

(11)

From Eq. 11 we notice the presence of mass mizing WS’B“ and current mizing WSVBW . As in the SM,
B,, and W/i)’ are not mass eigenstates, therefore we have to find the physical fields Z,, and A, which
cancel out the mixing terms. Before doing that, however, we also notice that the kinetic terms are
not canonically normalized: we must perform a field redefinition in order to get back to the canonical
form —%X,, X*. The correct choice, up to O(A~*) contributions is:

v -1/2 2 1/2 2 —1/2
I 1 I I
W# — (1 — 2a¢WA2> Wu ;g — (1 — 2a¢WA2> g W/w — (1 — 2oz¢WA2> W;w

—1/2 9\ 1/2 —-1/2
v , v , v
(13)

Notice that one needs to normalize also the coupling constants since we want the field strength tensors
X, to rescale as the fields X,,. From now on, in order to distinguish renormalized fields and couplings
from unrenormalized ones, we will denote the latter with the subscript SM 5.

Once one performs the shifts in Egs. 12-13 and keeps terms linear in the Wilson coefficients, one gets:

L, 1 1 2
Liot = 4W/{VW“ 1BW,B aWBA W3 BH 4 §v2g§M <1 + (04¢>,1 + 2a¢w) AQ) W+WM
2 2
+EU2Q§M <1 + (Oéd) 1tags+ 2a¢W) A2> WiWéL + U29552M <1 + (a¢ 1+ags+ 2a¢3) A2> BMB“
1, , v? "
—5v gsmYsar |1+ (ag1 +ags + agw + agp) 45 | BuWs' (14)

where Wﬁt = \% (Wﬁ F zWi) and the field redefinition of W:E is the same of Wlf because of linearity.

From Eq. 14 it is easy to read the new mass of the charged vector bosons:

2

1 02
51}29?5,]\/[ <1 + (a¢71 + 204¢W) A2> W*W“ = M2 W*W“ — MW MWSM <1 + (a¢71 + 204¢W) A2> ,

(15)
where MVQVSM = (g2,,v%)/2 is the usual SM mass of the charged vector bosons.

As anticipated, we cannot read so easily the masses of photon and Z because of the mixing terms. In
order to pass to the physical base, one should perform a diagonalization procedure similar to the one
explained in Ref. [28] (see also Appendix C.2 for our general approach). Here, we report only the final
results, but the full diagonalization procedure is explained in some detail in Appendix A.1. Keeping
only linear terms in the Wilson coeflicients, the mass eigenstates can be written as:

M, = 0;
v

1 1 2
My = Mzsu (1 + <2a¢71 + §a¢73 + 02wOé¢W + sfua@g + QCwaaWB) A2> , (16)

5In literature one can find different conventions, for example SMEFT fields and couplings are sometimes written with
a bar whereas SM ones without it. See Ref. [30] as example.
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where M%st = ”—;(g%M + g2,) is the pure SM Z-boson mass; ¢y, (sy) is the cosine (sine) of the SM
Weinberg angle. Notice that the photon stay massless as it should be. Finally, B, W? and Z, A are
related through the following relations®:

3 v? v? v?
WM = Sy (1 + aAAA2> AM + (Cw (1 + aZZA2> — SwaAZAZ) ZM ; (17)
v? v? v?
B, = ¢y <1+aAAA2> A, — (sw <1+aZZA2> +CwOéAZA2> Zy (18)
with:
A = S?an&W + c?ua(w — 28wCw QAW B ;
azy = cfuad,w + si,c%B 4 28w CwOWB ;
asz = 2(swewlagn — agw) + (¢, — sp)awn)

3.1.2 (GpF constant

2
Another quantity which is worth analysing is the Fermi constant G = ﬁMgZ%. In our effective
W,SM

treatment, G receives corrections in 3 different ways: (i) gsas is modified due to the new coupling
between the W boson and fermionic currents (the complete analysis is reported in Appendix A.2),
(i) My changes as described in Eq. 15 and (%) there are new 4-fermion operators which directly
contribute to processes were G is involved. In particular, the following four-fermion operator should
be considered:

1 _ _
Op3 = 5 (EL’)/MTIEL) (EL’y“T[KL) = 2 (vryuer) (epy*vr) + neutral current , (19)

where we omitted neutral currents of the kind (%L’y,ﬂ/JL)(X’ Y"x 1) since they are not relevant for Gp.
The SM tree-level Feynman amplitude M for the decay p~ — e~ v.v, reads:

Menr = =27 Waryupn) (ry"ve) - (20)

In order to obtain the SMEFT expression, the redefinitions that one should apply are:
1 v? _ _
Myw.sy — Mwsu |1+ | cgw + 291 | 43 ) (vryuer) = (ryper)n(ve) ,

and add also the contribution from Eq. 19. Finally one gets:

2 2 2
9sm n(ve) v . _ v 4Gp _
M= + 5203 | (Vurvupr) (€py've) = —= (Vurvuir) (€Y ve) -
QM%/,SM 1+ (Ct¢1 + 2a¢W) %22 A2 12 1 e \/§ 1% 12 e

(21)
Notice that the contribution arising from O3 is multiplied by G s since this is already a O(A72)
term. By linearizing in the Wilson coefficients «;, the last equality of Eq. 21 leads us to the corrected
definition of Gp:

2

2 2
9sm v v
Gp = 1+ 4o g1 + 2« >—G (1+ 4o ag1 + 2« >, 22

F 202 7SM< 5 (davgrs #1 03) F,.SM 5 (dages ¢l 03) (22)

where we replaced n(vz) = (1 + (g + 2a¢g3)X—22> as found at the end of Appendix A.2.

6To check that they hold, replace them in Eq. 14 and see that there are no mixed terms A,Z* and no terms Ai
while the coefficient in front of Z; is M7 /2 from Eq. 16.
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3.1.3 The dipole Lagrangian L,

Finally, we would like to conclude with another important result that, although not directly related
to My, it is connected to modifications to anomalous magnetic moments that will be our main topic
for the whole Sec.4.

Anomalies in the magnetic couplings are possible within the SM theory thanks to loop contributions
(see e.g. the g—2 factor of the electron which receives corrections in the QED 1-loop vertex). However,
in the effective theory, new dimension-six operators (the so called dipole operators) may affect the
magnetic couplings already at tree level. The operators we are interested in are the following (h.c. are
understood):

O = (fro"7reR) SWL, ; O = (0" er) ¢Byuy ; Ouc = (qr0"" Aaur) i)Gﬁv
Ouw = (qLo*" Trur) oWy, ; Oun = (4Lo™ ur) ¢ By ; Odc = (qLo™ Aadr) $G,
Oaw = (qLo™ 71dR) oW}, ; OaB = (qLo"dR) ¢Buw ,

where o#¥ = %['y“,’y” | is completely antisymmetric in its indexes (one should remember this in order
to simplify a lot the calculations).

In order to write the dipole Lagrangian, we need to expand the previous operators around (¢) = v.
Notice that, since O;; (i € {{,u,d} and j € {W, B,G}) are already dim-6 operators, i.e., they are
already weighted by A=2, we can neglect differences between the new Higgs vev v and the SM one
vgy since they would contribute as another O(A~2) factor. Similarly, one can use the SM definitions
for B, and Wg’ to relate with Z, and A, since differences are O(A~?2) as one can see in Egs. 17-18.
The same applies also for the gauge couplings. Hence, one gets:

0w = ((U_La d_L) UMV)\AUR) <(1]> Gﬁy = U(u_Lo-”")\AuR)GﬁV ;

Oac = v(dpo™ Aadr)G}, ;

Ou = 2v(urc"’ur)0.B, = 2v(urc" uR)(cwiu Ay — 5w0u2Zy) ;
Oup = QU(d_LU“VdR)(CwauA,, — SwOuZy) ;
Org = 2v(ero"er)(cwiuAy — 50w0uZy) ;

Ouwwv = 2v(urc"ug)(swiuAy + cwOuZ, + ZgW;W;)
+2V20(dpo ug) (0, W, —ig(swW,, Ay + coW,, Z,)) ;

Oaw = —20(dpo"dR)(swOuA, + cwOuZy +igW, W)
+2V20(up o™ dg) (0, W, +ig(swW, Ay + coW, [ Z,)) ;
Oy = —2v(ero"er)(swiudy + cwOuZy, + ZgW;Wj)
+2V2u(vp, 0" er) (0, W, + ig(stJAl, + clefZl,)) . (23)

The effective dipole Lagrangian comes only from Eqgs. 23 because the SM Lagrangian cannot have
dipole operators because are not renormalizable. By multiplying each contribution by its Wilson
coefficient «;; and suitable gauge coupling (according to which gauge group we are considering) and
by dividing each term by A? (for dimensional analysis), one finally obtains the following Lagrangian:

v B _
Lv = 953 (quciiLo™ Aaug + cagdLo™ Aadg) Gy,

v —
—G—er [(ozuB + ayw)urotur + (g — agw)drot’dr + (aup — ozgw)e_La“”eR] (OuAy — tan,0,2,)

v = . —
+29p [owwizLo™ ug — agwdpo™dg — agweroer) (0,2, + igew W, W)

+2\/§g% [agwurc™dg + aywurotdr, + apwvroteg) (O#Wj —ieA, W5 — igch#Wj) +h.c. .

The presentation we gave in this subsection is far from describing all the possible influences of dim-6
operators to the SM: we mainly focused on topics we will treat in some detail in this work. However,

10
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we made other computations on other sectors of the SM Lagrangian (especially concerning the Higgs
boson) and all the results can be found in Appendix from A.2 to A.4 where we adopted the same
notation as above.

3.2 My anomaly within SMEFT

We saw in general how to generate deviations from SM results by adding non-renormalizable effective
operators. Now we want to exploit this methodology to bridge the gap between the SM prediction
coming from the electroweak fit [14,35]:

MM = (80.3545 4 0.0057)GeV |
and the latest measurement made by CDF-II collaboration [31]:
MGPY = (80.4435 + 0.0094)GeV |

that leads to AMy = MGPY — MM = (89 £ 11)MeV (errors are added in quadrature) which exhibit
a discrepancy at ~ 8c0. To tackle this problem, we choose Ref. [27] as a guide, therefore we will
use its notation in this context, namely the Higgs vev v =~ 246GeV, the covariant derivative reads
Dy = 9,1 +igs0 Gt +igaF W, +igiY By, the field strength tensor is X, = 9, X7 — g, [ X} X
with X € {B,W,G}. These modifications do not alter the results found in the previous subsection,
up to factors 1/v/2 due to the different Higgs vev. Furthermore, although physical results are basis
independent, we will use the Warsaw basis that is still related to the one used in the previous subsection
as highlighted in Sec.4 of [34].

In this section we write the SMEFT Lagrangian as:

L=Lsu+ a0

where ¢; are dimensionful Wilson coefficients, as one can see by dimensional analysis [¢;] = —2 and
not considering the dim-5 Weinberg operator as previously mentioned.

3.2.1 AMy/(S,T,U)

First, we would like to express A Myy in terms of universal quantities in order not to rely to any explicit
UV completion of the SM. In particular, it turns out that a convenient way to take into account new
physics deviation from SM predictions in the global electro-weak fit is to consider the so-called Peskin-
Takeuchi (or oblique) parameters S, T, U, W,Y, X which are vanishing in the SM, therefore accounting
for pure new physics effects. As far as AMyy is concerned, the following relation holds [60]:

M2 — M2 oy = AME, = GemCly_ M?2 —15 2T Gy — sy U 25
W,CDF W,SM = W= "3 5~ Mz +ewd + ) . (25)
‘w~ Sw 2 sy

There is also another notation in the literature (e.g., see Refs. [27,32,33]) for the oblique parameters,
where they are denoted by a hat and related to the ones in Eq. 25 by a normalization factor S =
48%‘/5/0467”, T = T/Ozem and U = —48WU/046m

Now, our first step is to explicitly evaluate S T U and write them as linear combination of SMEFT
Wilson coefficients ¢;. They are defined as [32,33].

8= yp(0) ;T = 50 (T (0) ~ Mw-(0)) 5 0= —g3 (T (0) — My (0)

Sw 2
(26)

To understand the meaning of the terms II;;(0) with ¢,5 € {Ws3, B,W,,W_}, one should recall the
general expression for a vector boson propagator:

I} (¢*) = Wi (¢*)n™” + Aij(a*)a"a” (27)

11
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5‘—parameter h— vy, Zy
Onwa
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Figure 3: Tree-level Feynman diagrams of processes mediated by the effective operators Ogwp and Ogp, in
particular, how they can generate corrections to vector boson propagators (left) and genuine new interactions
that modify observables as the Higgs decay rate in different vector bosons (right). Picture taken from Ref. [27].

where ¢* is the 4-momentum of the (virtual) propagating boson. Since S , T and U are generated
by oblique corrections, they do not depend on the particular choice of initial and final states of the
process that gives rise to their contribution, but only on kinematic parameters such as ¢> ~ m? the
masses of the initial state particles. Usually, light fermion scattering processes are studied (e.g., eTe™
scattering at LEP), therefore one can set ¢> — 0 and Taylor expand” the (Lorentz) scalar term I1;;(¢%)
in Eq. 27 while neglecting the ¢*¢” contribution. The final structure of the propagator is:

v 1
Y (¢* — 0) ~ <Hij(0) +1;(0)g” + ST175(0)g" + O(q6)> ", (28)
and the coefficients of the Taylor expansion in the r.h.s. are just the ones used in Eq. 26.

Now, we should compute the SMEFT corrections to the W3B and W W_ propagators. The former
is influenced by Ogwp = (HJYTIH) WiVB“” and the latter by Ogp = (HTDHH) ((D“H)TH). Since
now we are not interested in the Higgs-gauge boson coupling, we evaluate these operators in the Higgs

vev H — (H) = %(O, 1)T. With a little bit of algebra, one finds:

7 v? 1 0 0 3 v? 4
(HTT]H> Wl,B"™  — 5 ((0’ 1) (0 _1) (1>> W3,B" = _?WWBW ; (29)
v

=~

(#' D) (D' HY'H) — = (@B — W) (30)

As one can see from Fig. 3, SMEFT contributions arise at tree-level, so the leading order correction
to the amplitude is simply given by the Feynman rules of the operators Ogwp and Ogp.

e Computing S: the amplitude related to Eq. 29 is:

Iy 5(¢%) = venws(@n™ — ¢"q") . (31)

"II;;(¢?) is analytical in ¢*> — 0 because we are considering only tree level contribution in SMEFT theory, while po-
tential loop contributions may spoil the low-momentum regularity since poles coming from light particles that contribute
to the loop must be considered. See also [33].

12
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Notice that Ogwp 2 WEV contains a self-coupling between W, and W_ because SU(2) is a non-abelian
group. However, we did not consider this term since it would give rise to a BW,W ™ vertex which do
not contribute to Ily,p. Comparing Eq. 31 with Eq. 28, it is easy to see that Iy, 5(0) = viepws,
thus: .
S =2v’cawn . (32)
Sw

e Computing T: the procedure is similar to S. From Eq. 30 one retrieves the following intermediate
expression:
4
, v
—ieHp g (650" BuBy, — 291920" B,W,S + gsn/ Wi W)
where we intentionally left explicit the fields in order to better visualize how the first term would

contribute to Izp(0); the second term to Iy, p(0) (and not to Iy, 5(0) so it does not affect S); the

third term to ITy,w,(0) which is of our interest since it appears in the definition of T. Therefore,
focusing only on the third term, one realizes that:
4

v
My,w, (0) = —CHD§Q§ ;

where we multiplied the above expression with a symmetry factor of 2. Hence:

- 1 vt
T = _M7£CHD§92 .

Notice that T depends only by a dimension-six operator, so we can use as values of v, My and go the
SM ones as done many times in Sec.3.1. We can rewrite the previous result as:

2

T = — 5 CHD - (33)

Finally, we want to explicitly show that S and T are vanishing in the SM, as previously stated. As a
fact, only (D, H )1(D*H) (evaluated at the Higgs vev) may contribute to the gauge boson propagators,
but its contribution is vanishing for T and it does not influence S. To see this, we can compute:

,02

(D,H)'(D"H) ey = T QW WE + (1B — 92 W5)) -
2
By selecting only the terms which may contribute to the propagators in Eq. 26, one finds the following

amplitudes:

1}2

4 2y
HW+W7 (¢°) = 4

hence S does not receive contributions since there is no dependence in ¢? while T goes to zero because
1_IW.FW_ (0) = Ilw,w, (0)

g™ =Ty . (d%)

e Computing U: concerning the case of U, we remark that U depends on the same propagator
[Ty (0) as T but with an additional ¢2. Such an extra ¢ can be obtained by the same operators
generating T by adding two additional derivatives. Therefore, effectively, adding two derivatives to
Opp would generate a dim-8 operator which we systematically neglect. Thus, hereafter, we can safely
neglect U in Eq. 25. One may question if this approach, that is theoretically consistent, is also ex-
perimentally justified. It turns out that this is indeed the case, as one can see in Ref. [32]: the global
EW fit after the CDF-II measurement imposing U = 0 or U # 0 does not significantly alter the x? of
the global fit.

Finally, replacing Eqgs. 32-33 in Eq. 25, one has the AMyy dependence written in terms of SMEFT
Wilson coefficients. For completeness, we also computed W and Y oblique parameters at tree-level
using the same strategy as here. Because they will not be useful in the following discussion, we leave
the results in Appendix A.5.

13



3.2 My anomaly within SMEFT 3 My WITHIN AN EFT FRAMEWORK

322 Sand T dependent observables

In the previous subsection we outlined the definitions of the S and T parameters as well as their
dependence on the SMEFT Wilson coefficients. However, we would like to find a correlation between
those parameters and experimental quantities which may give bounds on their values. First, let us
write the effective interaction Lagrangian in the EW broken phase [27]:

1mn 2 1 2 v v
L8 3 9w AW W 4 g AW EW™ g\ h 7,20+ 6\ hZ T + G h Fy, F*
—i—gthhFWZ“ + ghhhh + (gheheLeR + ghuhurugr + gnahdrdr + h.C.) +..., (34)

where the dots denote the presence of other interactions that we will not use. Using Z,ll/ P =14
(cHD — %CH D) v? as Higgs field renormalization, we get the following coefficients:

2M2 v2
gé%w = W (1 — —(cup — 4CHD)> ;
v 4
g,(fv)vw = 2cawv;
M2 'U2
9;(LIZ)Z = - <1 + — 1 (cup + 4CHD)> ;
2 2
2  _ [ < > <MZ _MW> < 9192 )] _
g = CHW +cyp| —5— | tcawnB ;
s M} gt + 93
9n = [CHW < M2 > +cuB <MVQV> — CHWB < J192 >] ;
= M3 gi+a/)]
Gz = 20 [CHW ( 9192 > P < 9192 ) T CHWB <g% —g%)] .
7 g +g3 a3+a9 2 \gi+g3/]’
MIQ_I 02 204
= ——H(1_— 4 ki ;
9hhh S ( 4 (CHD CHD) M%I CH | ;
2 (1 e — deno) ) + (3)
— — —|(C C —=C
Ghy v 1 HD — 2CHO ﬂ Hvy

with ¢ € {f,u,d}. A comprehensive study of all the coefficients appearing in Eq. 34 with all the
calculations needed to arrive at Eqs. 35 is reported in Appendix B and also in Appendix C with a
more general approach and a new Higgs field renormalization.

The most relevant processes to be considered are h — vy, h - vZ, h - ZZ and h — W, W_ as
shown in the r.h.s. of Fig. 3. Concerning h — ZZ, h — v and h — vZ, we note that they are all
proportional to S which depends on the W3B propagator by definition. Indeed, expanding around
the Higgs vev, one obtains the coupling hW3B which gives rise, in the physical basis, to the hZZ,
h~yy and hyZ vertices. Now, we should remember that S is written in terms of HW g 50 we need two
derivative couplings in order to get a term of order ¢2, hence the Higgs should couple not to the gauge
bosons but to their field strengths. In particular:

- hyy stems from L oor as hEF,, F*” which leads the decay h — 7,
- hvZ stems from LISHMEFT as hZ,, 'V which leads the decay h — vZ,
- hZZ stems from Lénl\t/[EFT as hZ,, Z"” which leads the decay h — ZZ.

T is defined through the W3 B and W W_ propagators and expanding as done for S around the Higgs
vev, one finds the vertices hyvy, hvZ, hZZ, hWW. Now we recall that T depends on the leading term
of Iy, p and Iy, w_ so we must not consider derivative couplings which would otherwise give rise to
contributions in ¢2. In particular:

- h~vy7y cannot contribute to T since in USHI\BIEFT there is not the hA,A* term because the photon
is massless. The h — v decay depends on S only,

- hyZ cannot contribute to T as there is no hA,Z" term. The h — vZ decay depends on S only,

14
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- hW,W_ stems from the Lagrangian as hW, W which contributes to the decay h — WW.
Since there is no S contribution, this decay is mainly related to T,
- hZZ stems from the Lagrangian as hZ,Z" which contributes to the decay h — ZZ. We saw

that also S contributes to this process but only at the next-to-leading order in the ¢? expansion
of Ty, 5(¢?), so the leading contribution is given by T

and this justifies our initial claim.

To study deviations from the pure SM prediction, we define the Higgs signal strength as:

_ T(h=VV)
BV = o > vy o

where V, V' € {v,Z, Wy, W_}, I'(...) is the decay rate predicted by the SMEFT Lagrangian while
Lsar(...) is the one predicted by the Standard Model only.

Before proceeding with the calculations, we notice that Eq. 36 can be simplified: in fact, we can write
in full generality the decay rate as:

(36)

D(h— VV') =& |M?

with ® containing all the phase-space and kinematic contributions and M is the (unpolarized) Feynman
amplitude of the process. Since py v is a ratio between processes with identical initial and final states,
the ® factor is the same and simplifies, leading to:

2 (37)

Py = |
‘ Mg

The SMEFT amplitude is M = Mgy + Myp, where Myp denotes the contribution of tree level
dimension-six operators. Performing a linear expansion on the Wilson coefficients, one gets:

e[
€ Y

(38)

so we do not need to compute all the decay rates, but only the Feynman amplitudes of the process.

® [tyy: to compute M(h — yv)np, we write the Feynman rule associated with the term gphF, 31,,
which is the only dim-6 operator that contributes to the process:

IhyyhEpyy — 4ighny (1P — PPY)

where p}” pz are the 4-momenta of the two outgoing photons in the final state. Then, the complete
Feynman amplitude reads:

M(h = ¥Y)NP = 4ighn (D1D20w — Pppy )€ (p1, M1)€’ (P2, Aa) (39)

with €”(p;, A;) being the polarization vector of the i-th photon and A; its helicity. Now, we must
compute M(h — v7)sa which is loop-induced. In particular, the result of the loop integral is given
by:

M(h = vy)sm = AL pren(P1, M)ew(p2, Xo) (prpan™ — phpY) | (40)
with:
192, SMO
Asyy = Alsu + A s = My sa Ly
A _ ig2sMQ e MIQJ,SM o)
W,SM WMWSM w 4M5VSM7 )
192, SMQ H SM
Al = I2SME N I 0,
h mMw.sar ZQf ( My sur )

15
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in agreement with Ref. [29]. Replacing everything in Eq. 40 and computing the ratio as in Eq. 38
one gets:

47TMW,SMgh7fy> (41)

Py =1+ 2 (
'7’7 gQ,SMa['y

Now we recall gj, from Eq. 35: being already a linear combination of ¢;, we can use as gauge boson
mass values and as Higgs vev the SM ones, so we can write:

2 2
Jhyy = USM (CHWSw + CHBCYy — CHWBSwa) )

and remembering that My gy = “M251  one gets from Eq. 41:
4o’ 9 9
fyy =1+ (CHWSw + cuBCy, — CHWBSwa) .

al,

Since, as a first estimate, we want to highlight the dependence on S, we set all the Wilson coefficients
to zero, but cywp. Thus:

‘ n 47
MW”/ c ~
HW B

aly

47 .
(—cawBSwCw) =1 + JSS?U . (42)
v

® pz: the procedure is analogous the the p.,, case, so we will omit some steps. The Feynman rule
for gnyzhZ,, F* reads:
Iy zhZy F" — 2ighy z(prpanu — ipy)

thus the Feynman amplitude reads:
M(h = vZ)np = 2ighyz (P12 — pipllj)ﬁu(pl, M1)€’ (p2; A2) (43)

where €*(p1, A1) is the polarization vector associated with the photon, while €”(pa, A2) is the one
associated with the Z-boson. The SM process is loop induced, and the loop integral is:

M(h = vZ)sm = Azep(p1, M)ew(p2, A2) (pipant™ — phpY) | (44)
with:
92,5 M O
Ay = AZ 4 AL = 2220 1z ;
f TMw,sm
Az 192, SMO 7 MIQtI,SM M%,SM _
w mMwsy " \AME, g AME, g0y )
. M2 M2
192,SM H,SM Z,5M
A7 = =22 Qugp(0)1 = ,
f My, sm ; 195 (0)1; <4m?c,SM 4m?¢,SM>

in agreement with Ref. [29]. Replacing the above expressions into Eq. 44 and computing Eq. 38, one
gets:

2
drvg,y,

ArMw sm9myz Ba_145 n

z=1+
o 92,5maly alz

1 2 9
CHW SwCw — CHBSwCw — §CHWB(Cw —sa)| -

As we did for fiy., we keep only linear terms in cgw p, obtaining:

2 -
:LL'YZ|CHWB ~1-— @S(Ci - S’%U)ta’n O - (45)

o :‘ifv : by linearizing in the Wilson coefficients, we can rewrite the ratio as:

Hzz M(h%ZZ)NP M(hﬁWW)NP
~ 1+ 2Re — . 46
HW W Mh—ZZ) sy M(h— WW)sm (46)
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Figure 4: Global fit of the universal S , T , W, Y electroweak parameters. The yellow regions show the analogous
results computed without including the new LHC bounds on W, Y. Picture taken from [32].

This time, the leading order contributions in the SM amplitudes are already given at tree level since
the Z and W bosons are massive, so they can couple directly with the Higgs. Therefore, for our
estimate we will consider only tree level contributions. The ratio of the Feynman amplitudes is given
by the ratio of the effective couplings g,(}V%,W, g}(ZQV%,W (resp. gSZ)Z, g}(fZ)Z) with the tree level SM coupling
between Higgs and massive vector bosons. In particular, we remember that:

2MV2V,SM M%,SM

gnw,SM = — 5 Y9hzZ,SM = —
VsMm VSM

while gi(llv)vw’ g}(Lzm)/W and g}(}Z)Z, g}(fZ)Z were given in Eq. 35. Notice that we explicitly wrote the “SM”
subscript whenever the Standard Model relations hold: we remember that in general, the effective
couplings do not contain the SM masses and couplings due to their normalization. However, in order
to highlight the T dependence of :W%, we keep only linear terms in cyp neglecting all the others.
Doing so, one arrives at:

gl’cHD = 0g1,5M ; g2’CHD = g2,5M ; ’U’CHD = Vg ;
'U2
MW|CHD = MW,SM ; MZ|CHD = MZ,SM (1 + 4CHD> ,

so we need to pay attention only to M. Notice also that, keeping only cyp, the contributions arising

from g,SQV)VW and g,(fz)z vanish. We can now compute all the needed Feynman amplitudes:

M2 ../ 3
M(h— ZZ)NPlo,, ~ —2i Z’SMchDv?quuE“(pl,)\1)6V(p27>\2) ;
vy 4
M3 s
Mh—=ZZ)sy = —2i———nue"(p1, )€’ (p2, A2) ;
VSM
2M2 v2
M(h = WW)npl,, ~ —i—2H (— SMCHD) Nuve” (p1, A1)€” (p2, A2) 5
VSM 4
My s
M(h — WW)SM = —QiWnuyeu(pl,Al)ey(pg, )\2) . (47)
Then, by replacing Eq. 47 into Eq. 46 one gets:
3 2 ) R
Hzz ~1+2 (UZCHD - <—UCHD>> =1+ 2U2CHD Eq:% 1—47T . (48)
BWW ey 4 4
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3.2 My anomaly within SMEFT 3 My WITHIN AN EFT FRAMEWORK

In order to justify the My value as measured at CDF, we need T" = (0.84 £0.14) x 1072 and a less
constrained S ~ 1073 [35] (see Fig.4). From Eqs. 42, 45 and 48 this means that:

(1) pyy = 1.2 for S ~ 1073, which is a remarkable modification and eventually measurable at LHC
thanks to its present 10% experimental resolution.

(i1) pyz ~ 1.08 for S ~ 1073, which is similar to the experimental resolution so, at present, no
conclusive results may be drawn by the h — vZ decay.

(iii) pzz/pwww =~ 0.997 for T = 0.84 x 1073 that is far below the experimental resolution, thus this
ratio cannot provide useful constraints at present.
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4 MUON G-2 ANOMALY

4 Muon g-2 anomaly

In this section, we will address the muon g — 2 anomaly by means of new physics contributions within
an EFT approach. First, let us briefly review the SM prediction for the muon g — 2.
4.1 The SM prediction for the muon g-2

In general, given a lepton ¢ interacting with a photon, one can write the vertex amplitude as:

M = —ieQeu(p")I*(p, p)u(p)eu(a) , (49)

where @y is the electric charge of the lepton and the 4-momenta are assigned as in Fig. 5. All the
information concerning the vertex structure as well as the magnetic dipole moment contributions are
inside the T'#(p,p’) expression which, in full generality, can be written as (we use the notation of
Ref. [39)):

u , N el 5 ,uz/ q zyll — qﬂg
Mep)= Eel@n”  +ig—afu(@) + 75F (@) +——5—"wFald®) . (50)
—_—— my 2m me
standard vertex term -~
magnetic dipole term  electric dipole term removed by EOMs

with my being the mass of the considered lepton. For the purposes of our work, we will consider only
the form factor Fjs(q?> — 0) since the anomalous magnetic moment a, is defined in the limit of no
momentum transfer as:

1
where gy is the spin g-factor of the considered lepton. From now on, we will focus only on the muon
case (£ = p).

Within the SM, it is possible to compute perturbatively the EW contributions to a, with a high
resolution. On the other hand, the hadronic contributions to a, can be evaluated either through first
principle based techniques, such as lattice QCD, or by means of a dispersive approach which exploits
the ete™ — hadrons experimental data [40].

The QED contribution arise from diagrams involving the three charged leptons (e, u, 7) interacting
with the photon. Since the a, is dimensionless, the lepton-mass dependence appears in the form of
the ratio between lepton masses. Thus, the QED contribution can be written as [42]:

QPP — A1+A2( >+A< >+A3< m“), (51)
Me m, Me My

where the A4; (i = 1,2,3) can be written as a perturbative expansion in powers of the fine-structure
constant « ~ 1/137.035 as:

L (DA QA (@A @A
p

Figure 5: (left): Generic Feynman diagram for a lepton-lepton-photon vertex. (right): Z-boson contribution to
EW

a;’.
“w
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4.1 The SM prediction for the muon g-2 4 MUON G-2 ANOMALY

(n)

where each A, is computed in the renormalized perturbation theory. All the contributions related
to the L loop-order are proportional to (a/ 7T)L. Therefore, using Eqs. 51-52, we can rewrite:

af™ = Z&() , (53)

o A0 () a0 () g0 (e )
me mr me Mt

Notice that in Eq. 53 we considered corrections up to five loops since this is the highest fully-evaluated
order. The coefficients £, (L =1...5) are known and read:

1
& o= B (Schwinger computation) ,

& = 0.765857423(16) ,
€3 = 24.05050982(28) ,
& = 130.8734(60) ,
& = 751.917(932) .

where

Replacing in Eq. 53 one gets the final result:
a "D =116 584 718.842(34) x 107" . (54)

The SM weak contribution to a, is known up to two-loop precision and it can be written as:
EW 2) EW 4) EW

a, " = aEL) + ag) . (55)
The one-loop contribution a,(f) EW is given by triangular-shaped Feynman diagrams where one of the
EW bosons or the Higgs runs in the loop. As an example, we illustrate how to compute the Z-boson
correction to the (g — 2), since this result will be helpful in the following Sec.5.1.1. The Feynman
diagram illustrating the process is shown in Fig. 5. In the dimensional regularization approach, we
can write the vertex function as:

d%k iguc i i g
r, = Pr+grPr)———— - Pr, + grP
" / o) 7a2(gL L+ 9R R)m iy (ep )’Yu%+p/ —— =—%Ya1(9LPL + grPR) %
i kalka2

X al,a2 o ) 56

K2 — M2 (” M2 ) (56)

where Py, g are the chirality projectors, g is the SU(2), gauge coupling, ¢, is the cosine of the Weinberg
angle, € = 42d, gr, = —1/2 + 52 and gr = s2. First, we observe that we are just interested in the

terms of I';, of the form o#”q, since only the latter contribute to Fjs. To solve Eq. 56, we use the
public Mathematica package Package-X [41] and, by expanding for m, /My < 1, we get the leading
term:

926 m# X |
_gm(cos@@w) + (sin(26w))?) = mFM(q —0) .

Using Gp/v2 = 8M2 and Mzc,, = My we finally find:

@ EW, o Grv2 (1 —-4s3)° =5

Fy(0) = af; (2) = S5z ™ 3 ~ —193.89(2) x 10711 . (57)

Similarly, it can be computed the one-loop W-boson contribution a,& ) EW(W) = 388.70(0) x 10~ and

the Higgs contribution aEL) EW(H ) ~ 10~ (negligible, because suppressed by the Yukawa coupling
Yy, ~ my/v). Thus, the one loop EW correction is [40]:

alP) BV = o@ BV (W) + o EV(Z) + a2 BV(H) = (194.82 £ 0.02) x 107 . (58)
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(4) EW

The two-loop EW contribution a,, arises from QED corrections or fermionic loop insertions in
the one-loop diagrams. The latter contains also hadronic contributions from charged pions and kaons
that are treated non perturbatively. The final two-loop contribution is known [42]:

al) BW = (—42.08 & 1.5[my, my] + 1.0[had.]) x 107", (59)

where the first error is due to uncertainties on Higgs and top masses, while the second to hadronic
uncertainties. Therefore, the total EW contribution to a, reads:

a;, ¥ = (150.7 & 1.5[my, m;] £ 1.0[had.]) x 107" . (60)

Finally, the hadronic contribution azad stems from QED diagrams with the insertion of light quark

loops. From data-driven evaluations [40,42] at the next-to leading order, it is found:
ald = 6845(40) x 107" . (61)
Finally, we need also to include an additional hadronic light-by-light contribution which reads:
a; " = 78.7(30.6)stat (17.7)syst x 10711 (62)
Now, we can compute the full SM contribution to the muon anomalous magnetic moment:

aM = a@P 4+ oV + ap? 4 a Pt = 116 591 810(43) x 107" . (63)
Notice that the aEM error comes mostly from the hadronic contribution. On the other hand, the recent
E989 experiment at Fermilab confirmed the previous E821 experiment at BNL, with a combined final
result of [43]:

a, P =116 592 061(41) x 107" . (64)

Hence, defining Aa,, = aEXP —QEM = 251(59)x 107! (the errors are summed in quadrature), it is found

a discrepancy at 4.20 level. In order to account for this tension, one can invoke New Physics (NP)
contributions, provided they do not spoil the agreement between several experimental data with SM
predictions. For example, one can notice that Aa, ~ 3 x 1077 is of the same order as aEW ~2x1077.
If the NP sector is weakly coupled and Aaﬁp scales with lepton masses as the SM weak contribution,
then by Naive Dimensional Analysis (NDA):

NP GRe ™

# 1672 A%p

Here, the experimental value of Aa, can be reproduced, being gnp ~ 1, only if Axp ~ v. For such low
NP energy scale the SMEFT approach cannot be used since v/Ayp < 1 does not hold. Moreover,
the lack for new particles at LHC further disfavours this scenario. As a result, there are only two
possibilities to solve the g — 2: (i) Axp < v and NP particles are very weakly coupled to the SM
(gnp < 1), or (i) Anp > v and strongly coupled to the SM (gnp ~ 47). In the following, we choose
the latter possibility.

4.2 SMEFT approach to the muon g-2

Our ansatz is that Axp is in the multi-TeV range. At this scale, only few SMEFT operators contribute
significantly to the g—2: the dipole operators 05 = (€0 pur)HB", O, = (Lropr)T' HWI" and
the four fermion operator O57 = (€70, 1r)€k(q5 0" ur) (with j,k € {1,2} being the SU(2),, group
indexes). Thus, we need to account for only three out of 59 Warsaw basis operators, and their leading
contributions to Aa, are graphically given in Fig. 6. From the Buchmiiller and Wyler magnetic
Lagrangian given in Eq. 24 we need to select only the following terms (we switch to the Warsaw basis
and add the O4):

1q
‘r

iy [
Ly > ¢ OZB—F £ OZW+A2

A? A2

0% +hee. (65)
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o,

o () tr (b)

Figure 6: Feynman diagrams contributing to the leptonic g-2 up to one-loop order in the SMEFT. Effective
interactions are depicted as a solid black square and to get correction to the muon just replace ¢ = u. Picture
taken from Ref. [44].

which is the same Lagrangian considered in [44] but a minor difference: in there, results are expressed
entirely on the physical gauge bosons A, and Z,,. To solve the issue, we can expand the operators
around the Higgs vev and rewrite the gauge states in the physical basis using the SM relations, since
Eq. 65 is already at O(A~2) order. Thus:
- 2(v+h -
dp(lpo™ ur)HB,, = (\[Q)CZB(KLUWMR)(%@;AV — $wOuZy) ;
2(v+h)

V2

and collecting terms in the same gauge field and where the Higgs takes the vev v = 246GeV, we get:

cﬁW(ZLa“”uR)nHW,fV = ch(ZLUW,uR)(sw@#AV + cwOuZy, + ngu_W,jr) :

V20 - v
Lyv 2 _ﬁw/’ﬁu 1r) [(hpcw — chysw) Oudy — (chyycw + chpsw) 0uZ,]
V20, - _
—zgﬁcgw(ﬁLUWﬂR)Wu W5 +h.c. . (66)
. - I _p _u " I _ o p - . .
By imposing ¢/ zc, — ¢y Sw = Cey and ¢y, ¢y + LSy = —c,, one obtains the notation used in [44].

Actually, in the second line of Eq. 66 it appears a uuW =W ™ vertex which is not considered in Fig.
6. The reason is that it would not be chirally enhanced: as we will see computing explicitly the a,

contributions, they scale as "}(;” whereas the uuWW vertex would contribute as T—; (it would be a
correction to the EW Standard Model contribution to the g — 2 where charged bosons run in the
loop, thus the final mass dependence should be the same, but the replacement MI%V — A?) with a
suppression factor of % ~ 1073,

Before computing the diagrams in Fig. 6, we would like to better address the Aa, dependence. The
fact that Aa, depends mainly on O%,, 0%, and 0% in the multi-TeV scale is also due to loop induced
contributions. In fact:

(i) They create new (w.r.t. the SM) loop Feynman diagrams contributing to Aa, as in Fig.6
diagrams (b) and (c),

(ii) They modify couplings at tree-level because of new processes induced by dim-6 operators (e.g.,
see Eq. 116 for the electric charge or Eq. 22 for GF), but also at loop-level because of the
Renormalization Group Equations (RGEs). In fact, a generic SM coupling or Wilson coefficient
¢; obeys at the following equation:

dei(p)
1655 = & =5 (67)

where ;5 is the anomalous matrix element related to the coupling ¢;, which is usually computed
in perturbation theory at the desired order (in this section we consider always 1-loop corrections
if not stated differently). It is straightforward to see that the y-running of the generic ¢; coupling
is correlated to (potentially all) other couplings ¢;, and to solve Eq. 67 one must compute the
full anomalous dimension matrix.
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The most complex part of the work is keeping track of (ii). To do so, we use some known results in the
literature concerning the analytic form of the RGEs (as in Refs. [36,45,46]), the anomalous dimension
matrix elements linearized in the Wilson coefficients as in Ref. [47] and Mathematica computational
packages as DSixTools [48] to solve numerically the RGEs up to 1-loop order. In our multi-TeV
scenario, we must evolve the couplings and Wilson coefficients up to Axp = 10TeV®. In order to solve
the RGEs we must give a starting value to all SMEFT Wilson coefficients, and to do so we must define
the matching procedure, i.e., an energy scale pimatch at which both SM and SMEFT are valid theories
and fix the unknown Wilson coefficients in such a way that they yield the same low-energy Feynman

amplitudes: ngﬁ’/lv L MIS‘MEFT. Doing so, we obtain the Wilson coefficients ¢;(1 = fimatch) evaluated
at the matching scale, which we can finally evolve at the desired A = 10TeV. Fortunately, DSixTools
automatically perform the matching procedure (we choose the default ppaten = Mz ~ 91.18GeV)
given the SM input parameters evolved at the Z-pole scale. Since trying to solve even numerically the
RGE:s for all the Wilson coefficients is a very long computational task (for the non-redundant Warsaw
basis it requires to solve 2499 x 2499 coupled differential equations, considering the multiplicity of
flavour-index two- and four-fermion operators), we refer to Ref. [39] and take the result:

(10TeV)?

10TeV
Aa# ~ i

(L7x 1075, — 9.2 x 107 7cly, —2.2x 10774+ 0(107%)) ,  (68)
where ¢; = ¢;(n = 10TeV) are the real (dimensionless) Wilson coefficients of the respective dim-6
operator O;. Eq. 68 justifies also from a RG viewpoint the operator choice made in Eq. 65.

Now, we perform the computation of the Feynman amplitudes of the diagrams in Fig. 6 and take only
the part concerning the a, correction. We report briefly some results, where we adopted the same
strategy as the one used to get to Eq. 57 and the same software Package-X.

e OL: its contribution is shown in Fig. 6(a). Let be p; the 4-momentum of the incoming muon, py
the one of the outgoing muon and ¢ the one of the ingoing photon. The Feynman rule related to the
SMEFT ppuH-y interaction (with H evaluated at its vev v = 174GeV) reads:

—ct o Prq, . (69)

Other than the diagram in Fig.6(a) one should also consider its hermitian conjugate. The tree-level
amplitudes are:

2v
Ma = 5Ceyulp2)o" Pru(p1)ay ;
2v
M}A’C’ = Pcevﬁ(pg)a"”PLu(pl)qy )
Therefore:
tot h.c. 2v o= Ny ! € A = uv
My = Ma+My~ = Fceyu(pQ)U (Pr + Pr)u(p1)qy = 5 Fir(0)u(p2)o™ quu(pr)
o
from which it can be easily read:
4vm,, ck
F0) = i 70
(o) = =g (70)

e OY_: its contribution is shown in Fig.6(b). The choice of the external momenta is the same as in
the previous case. Let be k the virtual 4-momentum of the Z boson in the loop. The Feynman rule
related to the SMEFT puuHZ vertex (again with H evaluated at v = 174GeV) is:

2v
pCeZUWPRqV . (71)
8Notice that the NP energy scale, in general, is not equivalent to the mass of the heavy NP particle Myp. In fact
Mnp would be a dimensionful parameter of a UV completion of the SM and it would be radiatively corrected by RGEs
as the one in Eq. 67 after being matched at low-energy with the SM.
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In this case there are 4 topologically equivalent Feynman diagrams which contribute: the one in
Fig.6(b) and its h.c., the one where the effective interaction is in the lower external fermion line and
its h.c. We omit the explicit form of h.c. diagrams since it is the similar as done before. Using the
dimensional regularization, the loop integral takes the form:

" ige 2u o [ A% _,  va2(9rPr+ 9rPL) e — K+ mulvulph — F +myloar k"
My = i7052“4 / 7u(p2) 2 Hz “2 : 1712 2 = u(p1) x
cw A (2) [(p2 — k)? = m][(p1 — k)* — m][k* — M7]
wla kalka2
><<n Ry )6"((1);
z
ypdown  _ _igie@cﬂ 45/ d’k 4 p2)‘7a2,uky[7?§ —F+mulvlpn — F+mplya (9o P + gRPR)u(pl)
B cw 274 (2m)d [(p2 — k)2 = m2][(p1 — k)% — m2][k? — M7]
y ala2 kalkaQ i
n ez )e () ,

with the label up or down indicating the position of the puH Z vertex. Summing up the two contri-
bution and selecting o#”q, type terms, we get:

2

e QU CgZ A2 2 ! e B
O 2 ez g (2 ) (m144sh) = ——FB(0
swew A2 1672 0 <M§ (FL+dsi) = 5 Fi(0)

where we evolve the contribution at the energy scale A ~ 10TeV. By making explicit the magnetic
form factor, we finally arrive at:

dvm,, ', a 3s%, — 3 A
FB _ uCez & ISy W q N 9
M(O) e A2 27 SWwew 0og MZ ) (7 )

with o = €2 /(47).

e Of%: its contribution is shown in Fig.6(c). External momenta are taken as the previous ones. Let
be k the virtual 4-momentum of the up-type quark in the loop. The Feynman rule related to the
SMEFT 047 operator is:

Z'C%q g

e P (73)
and its h.c. is obtained by replacing P — P (remember that we assumed real Wilson coefficients,
so there is no need to take its complex conjugate). Also in this case there are 4 Feynman diagrams
which contributes to Fi;(0): one where the Higgs vev v is taken before the interaction with the photon
(following the fermion line in Fig.6) and its h.c, one where v is taken after the photon interaction (and
its h.c.). Notice that, from a computational point of view, the Higgs vev insertion is equivalent to
a mass insertion of the quark in the loop (modulo the v/2 normalization factor). Using dimensional
regularization, we find the following amplitude:

2 c d'k ﬂ(pQ)Ual,aZUal’azu(pl)Tr[(% +4q+ mq)@é + mq)'Yu(% + mq)]
Me = = Nege ggmap® / (2m)d [ [(k + q)? — mZ|[k? — m3][k* — mg]
N U(p2)0a1,a20"* (P4 Pr)Te[(k + ¢ + mg) v, (F + mq) (k + mg)]u(p:)

[(k + q)? = m][k? — m][k? —m{]

¢(q)

with N. = 3 being the quarks color number. Now, we sum up all these contributions (for ¢ = ¢, ¢ even
if we know that the dominant contribution is typically from the top quark) and take the magnetic
moment related terms, obtaining:

)

) A FC
0%72 1Og () L M(O)
=, A7 my 2my,
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Figure 7: Feynman diagrams describing SMEFT interactions coming from operators used to correct the (g—2),
anomaly (see text for details). To get correction to the muon just replace ¢ = u. Picture edited from Ref. [44].

from which we get:

il 4m,m A
F$(0) = %#Iog <m) . (74)
q=c,t q

Before proceeding, a few comments are in order. Notice that the 1-loop contributions to F)j; are
log-dependent on the cut-off energy scale A of our theory. This should not be surprising, since the
scale dependence of the Wilson coefficients is captured by the RGEs which, at the leading order, are
governed by the anomalous dimensions +;; as exposed in Eq. 67. A leading order solution to these
RGEs (which is enough for our purposes) leads to the following result [49]:

1 A
i(n) = ci(A) — log { — ) vije;i(A)
)~ ) = ooz oe () () (75)
tree-level o
-loop

which is exactly the kind of dependence we found in our calculations. Finally, the final result is
obtained by the sum Aa,, = F{;(0) + FZ(0) + F§;(0) which explicitly reads:

4m,v a 3s3, — 2 A A Am,m A
Aag, = — P2 [ ot W W B el _ T el =) 76
U eA? <Ce'y + 2T Swew ez 08\ 3r =z = A2 g2 % mg (76)

4.3 Linking the muon g-2 to high-energy observables

As stated in Sec.4.1, introducing new interactions to solve Aa, may modify also other observables. In
this case we require that such a modification is not in tension with experimental results. In particular,
from the interactions used in Fig.6 we may expect to have also effective Higgs couplings with fermions
and vector bosons, as depicted in Fig.7 which may modify scattering cross-sections.

The aim of this subsection is to analytically evaluate the leading order contributions of the diagrams
in Fig.7 to cross-sections of the kind g™y~ — X in a hypothetical muon collider with /s >TeV and
then compare our findings with the ones in Ref. [44].

e upp — h~y: the process puji — hy arise from the diagram in Fig. 7(a) and its differential cross
section can be written in the CM (center-of-mass) reference frame as:

<dg> _ 1 Il [M[Zs

A ) oy 6472 |p1| s

Since we are working in the ultra-relativistic (UR) limit, then we can take m, ~ 0 ~ mpy < /s. Then
the previous formula is further simplified as:

2
do _ 1 | M| & . (77)
dcos(0)dd ) oy 6472 s

The 4-momenta choice is exposed in Fig.7 and the Feynman rule related to the O, operator is the
one in Eq. 69 without v (since here the Higgs field is an on-shell particle) and with a factor 1/v/2
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because we used the Higgs field expansion: H = v + % where v = 174GeV. The Feynman amplitude

reads: Y
2cey _
M = A2e’yv(p2)0-ﬂa(PR + PL)u(pl)pZ[eu‘(pllv )\) )
where A is the photon polarization versor. Thus, the unpolarized modulus square is:
5 2|cey ’ 1
MPP = =50 5 T [oaunpoa] pipd Y € (b Ne (pa, A) - (78)
~—
p polariz. =—nHv

Using the following CM 4-momenta:

b1 = (8787070) ; b2 = (87 787070) ;
p3 = (€, —Ecosh,—Esinh,0) ; ps = (€,Ecos0,Esinh,0) ,

and the usual Mandelstam invariants s, t,u, we get:

1 |ce
|M\QCM 2|CA1| > (1—cos?0) .

Replacing everything in Eq. 77, we obtain:

do 1 |c’;7|2
dcos@  64m2 A4

‘Ce'y|
s(1—cos?0) — o(up — hy) = pr A4 . (79)
Notice that uu — hy is already generated at tree level within the SM, however, the Higgs coupling to
the muon scales as the Yukawa y, ~ %, thus is very suppressed. As a fact, the SM leading contribu-
tion is due to top-quark loop where the loop suppression factor 1/(1672) ~ 1072 is subdominant w.r.t.
the top to muon mass ratio my/m,, ~ yi/y, ~ 103. We remark also that the result in Eq. 79 would
be the same if we computed o(upp — vZ). In fact, since we are working in the UR limit where all the
SM masses could be set to zero, we can use the Goldostone Boson Equivalence Theorem (GBET) [50]
which states that we can replace the massive vector bosons with their longitudinal degree of freedom,
that is, the (massless) boson eaten from the Higgs doublet after the EWSB. But before the symmetry
breaking, the Higgs SU(2) doublet is H = (¢4,v + hffbo) and ¢¢ (the Z-boson longitudinal mode)

couples exactly with the same coefficient of h.

e puip — hZ: the process puji — hZ is shown in the Feynman diagram Fig.7(b). The computational
procedure is similar to the previous case, so we will skip some intermediate steps. The relevant
Feynman rule is related to Eq. 71 with the caveats mentioned above. Remembering that the sum over
all the Z-boson polarizations is:

P4,uP4,v
> eulpa, ey (pa A) = — (Wu - 4&;) ;
Z

the unpolarized amplitude square reads:

“w
‘ pappay\ 1,7, )
IM[E = Tr [phosuppoan] Pipd (n,w B ) = 122l (1 — cos®f) .
A4 M2 2 A4
By replacing this result in Eq. 77 we get:
do 1 ‘ng‘z Cez Zi

s(1— cos? 0) — o(up — hZ) = (80)

dcosf 6472 A4 481 A4

Notice that this is exactly the same result of Eq. 79 but the replacement ¢ty — cf,: this is also a
consequence of GBET at high energies.
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(i) (b)

Figure 8: (a): Tree-level Feynman diagram of the decay process h — £T¢~~ using pure SM interactions.
Another possibility for the photon is to couple with the other fermion (see text). (b): Tree-level contribution
of the SMEFT operator Oﬁv to h — £7¢~~ decay (its h.c. is understood). Effective interactions are denoted by
a solid square.

e uix — qq: the process i — qq is shown in the Feynman diagram of Fig. 7(c). We report the result
for the generic up-type quark ¢ = u, ¢, t: it is clear that for our purposes, the top quark would be the
leading contribution followed by the charm. Starting from the Feynman rule in Eq. 73, we compute
the unpolarized amplitude square in the CM reference frame:

2 2
‘M’2 _ ‘c%q‘ ETI' [ ] Tr af wl — g ‘c%q 2 2 0
CM ~ A4 4 MOapP20 Pho ot | = pa S cosTO

Thus:

do N !c‘:ﬁq‘z

dcosf  4m A4

Notice that Egs. 79-81 lead to cross sections linearly growing with the center of mass energy squared
s, therefore spoiling the unitarity bounds at high energies. Actually, this is exactly what happens
in EFT, as one can easily see from cross-sections computed in the Fermi effective theory of weak
interactions, where o G%s: in our case the Fermi constant is replaced by the Wilson coeflicient
¢; of interest and the information of heavy new particles is hidden in the NP scale A. At tree-level,
when no RGE applies, we can safely assume A ~ Myp and thus o MI\_HQL which is the contribution
coming from the (NP) virtual heavy particle propagating between initial and final states. At leading
order the interaction is punctual® (a Dirac delta in the 4-coordinates), so the effective representa-
tions in Fig.7 are justified; at next-to-leading order the heavy particle propagator can be expanded
around s /Ml%P < 1 generating a series of derivative operators whose mass-dimension is greater than
6 (and so we neglect them, since we are considering dim-6 SMEFT theory). Therefore the unitar-
ity is not broken since o s/ Mf\ﬁp only for s <« MI%P otherwise the effective approach is not applicable.

_ N 2 8
scos? 0 — o(ufi — qq) = 677: [E~3 A (81)

e h — £T¢~: we want to highlight how the operator Og = (ZLa“"eR)HFW not only contributes
to cross-sections as in Fig.7 but also to decay width as in Fig.8. To do so, we analytically compute
the new physics contribution to the partial decay width I'(h — ¢T¢~ ) coming from Fig.8(b) and the
interference between Fig.8(a) and Fig.8(b). However, remind that the SM one-loop top contribution
is not subleading thanks to the enhancement factor of 103 given by the top-to-muon mass ratio.

The Feynman amplitudes read:

+pi+my

MM = ey 2 v Hpg, N) 5

A ” (pz)’m(pQer)g_m% (p3)€" (pa; A)
\/icﬁ

Mp" = =5 u(p2)ouav(ps)pfe (pa; A) -

9To see this, given a UV theory, one can integrate out the heavy fields through the EOM method and then write the
Wilsonian effective action: the heavy propagator will naturally emerge since, by definition, is the Green function of the
free-theory operator which we use to get rid of the field. Alternatively, one can consider the indetermination principle
AEAL < h: for a process with € < Mnp the allowed excitation of the heavy field must last ¢ — 0. Therefore it cannot
propagate since the maximum speed is limited by ¢, thus the punctual interaction in the Minkowski spacetime.

27



4.3 Linking the muon g-2 to high-energy observables 4 MUON G-2 ANOMALY

In order to get the decay width, we must compute the unpolarized amplitude square |J\/[]tot =
M4 + Mp|?, which can be expressed as:

M = | M \ +\MNP\ + 2Re (MJ°MEM) |

hence, to get the NP contributions, we need to compute the second and third terms of equation which

give rise to the following differential decay rate:

IME"? 4 2Re (MEY MEM)
2Mr

dr = d¢® = dry +dry | (82)

where d¢®) is the 3-body phase space. In the UR limit for the final states (which is a good assumption
since My > my) it can be written as:

4 4B '
do® = (2m)46@ <p1 - Zpi> H sze- : (83)
i=2 ¢

=2

Focusing on dI'y, the NP unpolarized amplitude square evaluated in the Higgs rest reference frame
reads:
et | et |

Tr [phosutfsoon] P2pS = 321 (paps) (p3pa)
]7/2 ﬁ,ugé ap| PyPy = A4 b2p4)\P3p4)

T = -

and

4
9 z

|2
ey
dl'y = m(mm)(mm b1 — sz H

To integrate the 3-body phase space, we use the integral scalar decomposition method. First, we
consider the CM reference frame of the leptons in the final state. Let use define:

1(g) = [ @iy BB 50 ) (54)

with ¢ = p1 — p2. We can decompose the previous integral, in full generality, as:

N v q"q”
I"(q) = A(g)n"" + B(q) 2

so that

Li(q) = nuwlI"(q) =4A(q) + B(q) ;
L(q) = qual™(q) = ¢°[Alq) + B(q)]

are Lorentz scalar integrals, so they does not depend on the chosen reference frame. Applying those
definitions in Eq. 84 led us to:

T
Il(q) = 71'(]2 y IQ(Q) = §q4 )
thus:
JHY 2y ,u,z/ 2
(q7) = 6 - 3q q”
Finally we can compute dI';:
0 12
Ceo a3
dl'y = (integrate out po,p3) = 15 |5A4M Py pﬁ 8p4Ia5( 2)
ol ¢ e ds, 2 © 16l ) esge
= 16m5ALMy, 40C4 [q p4 +2(p1q) (p1q)] = 193N H 45

=O
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Process NP contribution [ab] pure SM contribution [ab]
o(ufi — hy)  0.07 (IOQV)Z (331‘5@9)2 2 % 1073 (%)2
o(uii — hZ) 38 (wgv)z <3fl‘gﬂg>z 122 <103§V)22
oun— 1) 58 (wv) (50) 1700 (1072

Table 1: Comparison of the contribution between SMEFT operators and pure SM prediction to different muon
scattering processes. The NP contributions are extrapolated from the results found (see text), setting A ~
10TeV; the SM ones are given in [44].

where in the step (x) we used the kinematics in the Higgs rest frame (psq) ~ M€, = Mgy and
we integrate out the photon angular distribution [ d, = 47. Now we need to integrate over all the
possible photon energies in the final state. It is straightforward to see that the minimum energy is
E4,min = 0 and the maximum €4 max = My /2 for 4-momentum conservation. Thus:

L2 Mg /2 £ 12005
C C
T, = | ey MH/ Eid£4 — |W|7H . (85)
0

1273 A4 768m3 A4

To compute dI'y; we adopt the same strategy and notation as for dI'; so we will skip some intermediate
steps. First, notice that Fig.8(a) depicts only one SM contribution: the other one is when the photon
propagator is attached to the other external fermion line. The sum of these two contributions is (we
also take the complex conjugate since it appears in Eq. 82):

MG = ie%f)(m) [w (ﬁ:ﬁ)g N (zfiﬁ)m u(p2)e” (pa, A) 5

hence the interference between SM and SMEFT amplitudes:

SMxn\ (NP _ _i\/iemgCé Tr[g@(gé+9/4)%maw]_TrMVM(%+H4)95‘7va] o
YA = A2[ (72 + p2)? )

= 8/2 GZW Cw[(mm)+(p3p4)+(192p4)}-

The differential decay rate reads:

V2 emy Relcl ] 4 : & .
by = o5+ My A2 [(p2p3) + (p3pa) + (papa))0@ | p1 — ;pi };[2 g scalar integrals
V2 emy Relcl)] paq | d*ps V2 emy Relcg]
= I I == M
3275 uMy A2 [l(q )+ h(@) 2/2} By 8w A2 Mutadts,

thus:
Iy =

0
f €mg Re[ e'y] MH /MH/2 84d84 _ \/iemgM;} Re[ce’y]
0

873w A2 647m3v A2 (86)

where v = 246GeV has been used (just replace v — 1/2v in the final equation to get the result with
v = 176GeV). Finally T'(h — ¢T¢~ ) is given by adding together Eqs. 85-86. Notice that the final
expression depends only on the cﬁW coefficient. Therefore, we can relate cty with Aa,, by using Eq.
70. Let us now suppose that the anomalous magnetic moment of the muon is entirely corrected by
OF,. Then we can re-express the new-physics contribution to the decay width as:

aMI%AaM

L(h— 70 y)np = Mj; +1
VINP = 22 48m2, '

Now, setting o = 1/137, v = 174GeV, My = 125GeV, Aa, = 250 x 10~ and m, = 0.105GeV,
we get: I'np ~ 2 x 107°MeV. Remembering the total Higgs decay width experimentally measured
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['(h — X) ~ 3MeV we get a branching ratio of the NP contribution of O(10~?) which is at least 4
order of magnitude less than the today experimental resolution [6]: as for now, this rare decay mode
cannot be used to significantly constrain the SMEFT parameter space. Following the same logic, we
can also re-write the cross-sections found in Eqs. 79-81 as a function of Aa, to see if NP effects are
nowadays detectable. The main results are reported in Table 1. Also in this case we notice that all
the NP contributions are too small to be detected: they are of order O(10)ab while the integrated
luminosity of LHC runs (aimed to discover new heavy particles and rare events) is only O(10)fb~L.
New multi-TeV muon colliders seem to be the most promising way in the foreseeable future to increase
the luminosity and the available energy in the CM of collisions [51].
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5 New Physics scenarios

Until now, we worked only in a model-independent way through the systematic use of SMEFT to see
which effective operators may explain My, anomaly and Aa, individually. Now, we want to identify
a common scenario which potentially can explain both the discrepancies (this will be the heart of our
work) starting from the results found in previous sections, and then implementing them in a concrete
UV completion of the SM: the two-Higgs doublet model (2HDM).

5.1 BSM heavy particles

UV completions of a model are mainly characterized by two factors: (i) the (eventual) extension
of the symmetry group of the theory and (i) the number and properties of the new field content,
especially how they transform under the symmetries identified in (7). For our purposes, we will not
extend the SM symmetry group nor the Lorentz one, so our UV completion will be invariant under
(SUB3)exSU2)L, xU)y)® CPL 10 There are several reviews which classify the new particle content
according to their transformation properties (e.g., see Ref. [52]): in Table 2 we report only few cases
which will be useful for our discussion.

Particle | P| SU(3)e x SU(2), x U(1)y | SMEFT ops.
w1 scalar (3,1,-1/3) O

I1; scalar (3,2,7/6) (O

Aq Dirac fermion (1,2,-1/2) 0Ly, 08,
E Dirac fermion (1,1,-1) oy

b3 Dirac fermion (1,3,-1) 0w

B vector (1,1,0) -

L1 vector (1,2,1/2) 0Ly, O

Table 2: List of some possible new particles in a extension of the SM. The first column uses the same notation
of [52], the second indicates the transformation property under the proper orthocronous Poincaré group, the
third, using the notation (A, B, ('), describes the transformation under SU(3), SU(2), U(1) respectively (in
particular, given a SU(N) group, transforming as N [resp. N? — 1] is equivalent to the fundamental [resp.
adjoint] representation) and the fourth lists the SMEFT operators generated at tree-level and significant at
high-energies for Aa,,.

Let us start by considering (g—2),. From Eq. 68 and Eq. 76 we saw that only 3 operators significantly
contribute to the muon anomaly. To get a first idea of viable NP scenarios, we look for heavy particles
which may generate already at tree-level the above mentioned operators!!. Those particles are listed
in Table 2. By looking at how they transform under the gauge group, we expect that the operator 047
is generated by wy or II; since they non-trivially transform under SU(3).. The other four particles
(B is excluded) contribute both to 0L and 0%y, fact that does not emerge immediately but only
integrating out these fields using leading order EOMs (see Ref. [52], Appendix D). Now, we wonder
how many of the particles listed in Table 2 generate also the S, T oblique parameters introduced
in Sec.3.2.1 in order to justify the CDF-II measurement too. To answer this question, we need to
find those particle that at tree-level can generate the Wilson coefficients cywp and/or cyp related
to Ogwp = (HTTIH) WIL,B“V and Ogp = (HTD#H) ((D“H)TH) respectively, since those are the

10The direct sum is a consequence of the Coleman-Mandula theorem which states that the generators of the internal
symmetry group and the Poincaré group must commute. Only supersymmetric scenarios, with the introduction of
Grassman-odd generators Q, - namely supercharges - provide a non-trivial enlargement of the symmetry group, but this
is beyond the scope of the present work.

"Notice that this approach is valid only for rough estimates but not for precise results since (g —2), was computed at
loop-level precision and inferences using only this tree-level matching would be inconsistent in our perturbative treatment.
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leading contributions to S, T as saw in Eq. 32 and Eq. 33. From the tree-level dictionary, we read:

B 99 (Ve ) E(ve)r 9GE es(re )i (ve)s (98 rs(vey )i (Ve )s
ZyCowp = Zucgwp = — - -

4M211,T 4M21,7‘Mgl,5 4M21YTM21Y5
L[ (GE) (e s 1 (GE) 0 o] -
f 2M7 2M? o

where g, ¢’ refer to the SM gauge couplings for SU(2) and U(1) respectively, f is an effective energy
scale for dimension-five operator contributions in the UV theory and all the other couplings of the kind
g] or ~; refers to NP couplings of new particles between themselves or the SM ones (we will explicit
later only the couplings we need). The dots indicate the presence of other terms generated by particles
that are not listed in Table 2. Notice that, together with the Wilson coefficient we also considered the
renormalization of the Higgs field Zg. This is similar to what done in Appendix B.1 and C.1 for the
Higgs sector: this time, its kinetic term is not canonically normalized because of interactions with NP
particles, therefore a field shift H — ZIZ,I/ ?H is in order. Similarly, we read the cyp coefficient:

B )esCre )i 0e)s (), (ei0e)s 2Re (W) (o)1)

Z£C¢D =Z%cgp =

Mgl,T‘Mgl,s ML21,TML21,S Mgl,ngl,s
_Re ((95):(95)r) (@87 (o8)r (58)
M%T M%r cee

with the same notation as before. From the equations above, we expect that £1 contributes both to
S and T while B contributes only to T'. At this point, we still cannot conclude how they contribute
to the My, anomaly, so further considerations are carried out in the next two subsections.

5.1.1 B~ (1,1,0) vector-like particle

Let us assume in our scenario that B is the only NP particle. We add to the SM Lagrangian also the
following terms:

Lnp = L9 4+ £ixt 5 % (D,B,) DB — (D,B,) DB + M%BL‘B“]
—g8 BMHiD, H — B [(95)ijCrivule,; + (95)ierivuers] +hec. , (89)

where in the fist line we wrote the quadratic terms, in the second line the interactions of our interest
(i.e., the ones that appear in Eq. 88 and the one relevant for the (¢ — 2) as we will see in a moment).
If B is the only new particle, then cygp can be written as:

2
ey — —oRe(95)
-7‘ (‘% Y
hence 9
2 HY2 2
S Eq. 33 U Re (g8) v
T = _— = —_——— .
5 CHD M% >0 (90)

Therefore, B provides a positive deformation of the 7' parameter which is exactly what we need to
justify the CDF-II measurement (remember that S is preferred positive, but also T>0and S=0
can justify the My, anomaly). What about Aa,? B do not generate at tree-level operators in Eq. 68,
however we notice that its transformation properties are very similar to the Z-boson ones. In particular
B is a color and SU(2)[, singlet and its hypercharge is zero, meaning that it is also electrically neutral.
Moreover, from the second line of Eq. 89 we notice that its couplings with SM fermions are really
similar to the Z-boson ones (just replace ggi Jew — gk and gg{% Jew — ¢5). Therefore we can expect
that B gives a 1-loop level contribution to Aa, with a diagram analogous to Fig.5 where instead of
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Z there is a B propagating in the loop. Hence, the result previously found in Eq. 56 turns out to be
applicable also in this context with few changes. The loop Amplitude reads:

(e +K)+mi  (h +K) +my
(p2 + k)2 —m2 " (py + k)2 — m?

(2 3

€ ddk — e
M= - Y | (e ()P + (95),aP) Yat X
1=e,u,T

al j.a2
al,a2 Kk
2
M3,

(P + 68)5aP) v = (o )ean. (o1)

Let us assume for simplicity that (gé)ij, (9%)ij € R. By expanding the previous integral around
m; /Mg < 1 and selecting only terms contributing to (¢ — 2), (we use again Package-X) we find:

B m L 2 LN\2
Aa, = Z m [3(9%) i (93) i — ((95) 5 + (98)5) M| - (92)
i:€7uv7—
Notice that, in general, gg may not be diagonal in the lepton flavour space, hence in Fig.5 it is possible
for electrons and taus to run in the virtual fermion lines inside the loop. This has consequences in
flavour physics since already at tree-level the coupling B#1¢5 can lead to lepton number violation. To
solve the issue, one may set gs to be diagonal so that only the muon can run in the loop, simplifying

the previous result in:

m2

Ad;, = ———E— ((95%)* — 39595 + (95)?) |
a 1272 M3

where the subscript pu in gg is understood. Assuming all the couplings of O(1), we have that to get
Aa, ~ 250 x 107, we need Mg ~ 200GeV. Replacing this estimate in Eq. 90, we obtain T ~ 1
which is too large: we would require an higher mass for B in the multi-TeV scale. Hence, using this
simplified model, is hard to accommodate both (g — 2),, and AMyy .

5.1.2 L; ~ (1,2,1/2) vector-like particle

Now, let us assume that £; is the only NP particle (in this subsection we will call it £ for simplicity).
We add to the SM Lagrangian the following terms:

txe = L0+ Lo 3k [(DuL,) DL — (D,L,) DR + MELLL) +
— (oL, D"H +hee) —igBLlL, B —igl ol o, Wi — h$ ol HH ok
1 - _ - _

—(h(gg) (LLH)? +he)— 7 (ULT [(QZDZ)ijeR,iDMEL,j + (ggd)ijDueR,iEL.j] + h-C-> ,(93)
with £ = 1/2 if £ is real, £ = 1 if complex. Notice that £ couples to the Higgs through derivative
couplings, so the renormalization Zy must depend also on ;. This is possible because £ transforms
under the SM gauge group as the Higgs doublet, so we can replace H — £ in some SM interactions

without breaking gauge invariance (obviously H is a scalar while £ is a vector, so one needs to contract
properly all the Lorentz indexes). From Eqgs. 87-88, we read the following corrections:

1 2 3
enn = 3z (o9E el = el + 2R (H202))
hence
2 2
~ Eq. 33 v v
TRy =~ (gl = 0P)he - 2Re (0P ))) - (09
2 2M;
Analogously
\7@\2 B 1%
CHWB = —M (QQI +99;¢ "‘Q,QL ) )
therefore
& Ea 32 Cw o _ _%\%\21}2 / B 1 W
§ P Wlepyp = 2 Y (99' + 992 +9'92) - (95)
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We notice that, differently from Sec.5.1.1, in this case we generate both positive or negative T (however,
to explain A My, we must select the positive case) and also we get non-vanishing S contribution. As
far as (g — 2), is concerned, £ generates O.p and O.y. From the tree-level matching, we read that:

/
Zl/2 M — 9 ~Del\x _ (~eDl\* .
H ceB SfMg ((gﬂ ) (gL ) )ﬂyﬁ )
1/2 g ~Del\x ~eD{\x
ZH/ o = SFM2 ((913 O — 3" )’YL . (96)

To see where we stand, let us do a quick estimate. We notice that all Eqs. 94-96 depend by ~.,
so through this parameter we can correlate directly AMy, and Aa,. Let us start from Eq. 68 and
consider only 5 and cng we can replace them using the tree-level dictionary (again, this is only for
rough estimates, remember that Aa, was computed using 1-loop RGEs). For simplicity, let us assume
the coefficients to be real. Then:

10TeV)?
AaLOTeV - ( ) <(

B (P - ~“D“) 1.7x 1075 —9 x 1077
i\ )= (G ")) (L7 x107%g" =9 x 107 "g) ,

and assuming a £ weakly interacting (all the coefficients of O(1)), we arrive at:

Aa, ~3x1077
Aay, ~ 107008 2020 T8 g

f f

10TeV ~
Aay ~ 10-9 < e ) Ve Mp~10TeV

My, f

Analogously, we can estimate cyp as:

2 2 2
YL f% qe/f~3 f 1
~ — ~Y .
cHD ( f) M CHD <1OTeV> 10TeV?

To explain AMy, we require cygp ~ (0.2/TeV)?, hence f ~ 6TeV, which is reasonable since f is an
energy scale which is related to the NP scale A and we found them to be of the same order. In our
case, the contribution of £ to the (g — 2), is depicted in Fig. 9. Notice that, from the second line
of Eq. 93 one may expect that couplings as £,0"H are possible, hence eventual mixing between £
and H. However, this is not the case since we applied the canonical normalization Zg, thus derivative
couplings of the (normalized) Higgs would not emerge.

L Hi

Figure 9: Feynman diagram of the (¢ — 2),, correction coming from the new particle £ at 1-loop level (its h.c.
is understood). The £ propagator is shown in red, while NP interactions with a solid black square.

To conclude, we recognise that both B and £ have the potential to explain AMy, and Aa,. However,
the former gives rise to a too small correction to Aa, while the latter, even if do account for both
anomalies, it requires a non-renormalizable UV completion which is still not satisfactory, since it would
only be a different instance of EFT of a more complex UV theory, conceptually not too far from the
SMEFT treatment done in previous sections. We conclude also that the tree-level matching used so
far may be too rough to explain anomalies that can receive sizable loop-level corrections. Therefore,
our study will be focused on a precise, renormalizable extension of the SM, whose contribution to My
and (g — 2), will be considered systematically at loop level precision: the 2HDM.
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5.2 Two-Higgs Doublet Model (2HDM)

Before exposing the computations we have done, we briefly summarize some features of the 2HDM
that we will use in our analysis and also some results that can be found in literature.

5.2.1 General overview

The 2HDM is an extension of the SM: while the latter has only one Higgs SU(2) doublet, in the former
we add another SU(2)z, doublet that transforms as (1,2,1/2) under the SM gauge group. For now, let
us call ®1 and @5 those doublets keeping in mind that, in general, neither ®; nor ®, are identifiable as
the SM SU(2) one (we will shortly see this). The general form of the scalar potential in the unbroken
phase, is given by the following expression [53]:

Vo= m}®l®) + mi®idy — [my® @y + hc]
A 2 )\ 2
+5 (@}@Q + 2 (@5@) T (@{@1) (@Q%) Y (@}%) (cpgcbl)
A 2
+ [25 (of@2) + [ (@f@1) + 27 (@f@2) ] (of@s) + h.c.] , (97)
where {m11, ma2, A4} € R and {m2, A5 7} € C. However, since we will focus on CP-conserving

models, we can take {mi2, A1 7} € R. The doublets can be written in the unbroken phase similarly
to the SM one:

ot
bi=12 = <\}§(Uj £+ iaj)) ’ 58)

and similarly the vev of the doublets can be written as:

0= () o= k)

where £ is a complex phase that we can set to zero if there are no complex parameter in Eq. 97 as we
assumed. We define v; = vcos 3, vg = vsin 8 so that (246GeV)? = v? = v? + v3 and tan 8 = vy /v) =
(®2) / (®1), with 8 conventionally chosen to be in the interval [0, 7/2].

In general, a relevant problem in 2HDMs is the possibility of tree-level flavour-changing neutral current
processes (FCNC). In fact, SM fermions can interact with two scalar doublet, thus a generic Yukawa
interaction can be written as:

Lyuk 2 yilj{biw]'q)l + ?/gj%i%@? , (99)

with 4,5 € {1,2,3} flavour indexes. Given the previous form of the doublet vevs, interactions in Eq.
99 generates fermion mass terms of the kind:

1 V1 2 U2
mij = y@'jﬁ +yijﬁ :

Now, if we use the same strategy as in the SM, namely rotate the fields in such a way that m;; is
diagonal, we immediately notice that in 2HDMs with at least two Higgs doublets (as in our case) not
all the Yukawa matrices may be diagonalized simultaneously thus, the possibility for flavour violation
once we use the mass basis. Since FCNC are phenomenologically strictly constrained, Yukawa matrices
as in Eq. 99 would require some sort of fine tuning in their elements which may be deemed to be a
non-natural solution. To solve this issue, one can relate to the Glashow-Weinberg theorem [56] which
states that tree-level FCNC are absent in any theory where a given fermion does not couple to more
than one Higgs doublet. To do so, it is usually introduced a Z5 symmetry where to each right-handed
fermion is associated a Zy charge (+ or —). Depending on the combination with which these charges
are assigned, several scenarios take form: they are reported in Table 3. It is clear that with this
(conventional) choice of Zy charges, right-handed singlets can only couple with one Higgs doublet,
thus each fermion mass matrix will depend only by one Yukawa matrix and their diagonalization
is possible and analogous to the SM one. Actually, from the potential in Eq. 97, we notice that
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Model P 1 (I)Q UR d R €ER
Typel | — + + + +
Typell | — + + — -
Type-X | — + + + -
Type-Y | — + + — +

Table 3: Zs charge assignment for right-handed SM fermions and definition of four 2HDM models. All other
fields are assumed to be even under Z5 symmetry. Type-X is also known as lepton specific model and Type-Y
as flipped model.

m%Q, X¢ and A7 terms violate this discrete symmetry. However, while Ag, A7 hardly violate Zy (the
symmetry cannot be restored), it is only softly broken by m?, meaning that it can be restored in the
UV limit [57]. Therefore, we impose A\g = A7 = 0 while keeping m3, # 0 in general.

So far, we introduced two complex doublet with a total of 8 real degrees of freedom (dof). After
the ElectroWeak symmetry breaking, 3 of them will be eaten by the Z and W bosons through the
Higgs mechanism, one dof will represent the Higgs h with mj; = 125GeV discovered at LHC, one will
represent another CP-even scalar H while another one a CP-odd scalar A. The remaining two dof
represent two charged Higgs that we will denote as H*. To pass from the gauge base to the physical
one, it is needed to rewrite the potential in Eq. 97 (with Ag = A7 = 0) using the notation in Eq. 98
and then diagonalize the 2 x 2 matrices of the terms quadratic in the fields. The procedure is fully
reported in Sec.2.1 of Ref. [53]: we only highlight the introduction of the mixing angle « to disentangle
the two CP-even mass eigenstates h and H such that:

H = cos(a)pr + sin(a)ps ,
h = —sin(a)g; + cos(a)ps .

Now, we can finally rewrite the generic Yukawa Lagrangian of Eq. 99 in a more complete form, in the
mass basis and applying the Z, discrete symmetry [55]:

Lo =-QE;J?«$%M+GWWH—%%%w@
(Y

l
VA e HY 4|, (100)
v

muEAPL +ma€hPr) diHT +

where Vokw is the Cabibbo-Kobayashi-Maskawa matrix and Pp, g the chiral projectors. All the cou-

plings modifier 5}1/’, 5}2, fﬁ with ¢ € {u,d, ¢} are related to the type of 2HDM since they depend on
the Zs charge assignment (i.e., which lepton couples to which doublet): for completeness, they are
reported in Table 4, using the same « and [ angles previously defined. As far as doublets-gauge fields
couplings are concerned, they would come from the following gauge-kinetic Lagrangian:

Lyi = (D'®1)1(Dyu®1) + (D"@2)' (D, @) |

with D, the SM covariant derivative. By writing ®1 5 in terms of their physical states, one arrives at:

24+ g7 2h 2H
Lok > %&Z#Z“ <1 + " sin(f — a) + o cos(B — a)>
2p? 2h 2H
+%W;Wﬁ (1 + = sin( — ) + = cos(5 - a)> . (101)

Notice that they are nothing but the SM couplings modified by a factor sin(8 — «) or cos(f8 — «).
Since gauge fields trivially transform under Zs, these couplings are the same in all 2HDM scenarios.
In particular, one realizes that in the limit sin(8 — o) — 1 [resp. cos( — ) — 1] vector bosons only
couple with h [resp. H] through the same coupling of the SM Higgs. This is not a case, because those
CP-even scalars are related to the SM Higgs field by:

hsv = sin(8 — a)h + cos(f — a)H . (102)
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Modifier | Type-I Type-I1 Type-X Type-Y
& cosa/sin 3 cosa/sin 3 cosa/sin 3 cos o/ sin 3
f;‘f cosa/sinf —sina/cosfB cosa/sinf —sina/ cos 3
34 cosa/sinfS —sina/cosff —sina/cosf cosa/sinf
3 sina/sinf  sina/sin g sina/ sin sina/sin
&4 sina/sin 8 cosa/ cos 3 sin o/ sin 3 cos a/ cos 3
¢ sina/sinf8  cosa/cos cos a/ cos 8 sina/sin
&Y cot 8 cot 3 cot 3 cot 3
£ff1 —cot 3 tan 3 —cot 3 tan 8
fﬁl —cot 3 tan 3 tan 3 —cot 3

Table 4: Yukawa modifiers of SM fermions to the 2HDM neutral fields h, H, A in the four scenarios of Table 3.
The couplings to H* are not reported since they follow the relation in Eq. 100.

Only in the alignment condition hgy corresponds to one of the CP-even scalars, making 8 — « an
interesting parameter for our model'?. From Eq. 101, notice also that AW W~ and AZZ vertexes
are absent (and obviously h, H, A being neutral, cannot couple to the photon).

5.2.2 Constraints and results in the literature

Let us start again from Eq. 97 where Ag = A7 = 0 and m?, € R is understood. The model presents
8 real parameter, hence identifying R® as its natural parameter space. However, not all of those
parameters are independent: in particular we can relate mi1; and mso to the other couplings through
the following relations [53]:

2

iy = mitan 8 — (A cos? 8+ (g + Aa + Ag) sin? )
2
miy = miycot— %()\2 sin? B+ (A3 + Mg + A5) cos? B) ,

thus reducing the number of independent dof to 7: {m?2,, A1 _5,tan3}. One can further manipulate
this base by rewriting the quartic couplings in terms of h, H, A, H¥ masses, getting [58]:

1
)\1 = m (COS2 CYM% + Sil’l2 OZM]% - tan(ﬁ)m%Q) 3
1
Xy = ——— (sin® aMf + cos® aMj, — cot(B)miy) ;
v?sin” 3
1 sin(2a) , - 2 mi,
A3 = — (2M? Mg — Mj)) — ——=— | ;
3 ) < T sin(26)( H W) sinfcosf) ’
1 mi
)\ _ L M2 o 2M2 # .
4 v2< A Hi+ginﬁcosﬂ '
1 m?
N o= A (™M e 103
5 v2 (sinﬁcosﬁ 4 1

In our analysis, we will use the following non-redundant base: B = {Mp,, Mg, Mg, Mp+, A\, sin(f —
a),tan }. However, we must identify h (or H) as the Higgs found at LHC, thus setting M} (or M)
to 125GeV: this is defined as normal (or inverted) scenario. Eventually, our parameter space will be
a subset of R®, but we can still do some work to further reduce it. In fact, before comparing our
model with experimental results, it must be theoretically consistent, meaning that it should satisfy
three important constraints:

(a) Perturbativity: couplings in Eq. 97 must be always < 47 both at tree and loop-level when
running by RGEs (the cut-off scale A can be set in the multi-TeV scale for our purposes),

otherwise the perturbative treatment does not apply,

12 A1l the couplings in Table 4 can be rewritten in terms of sin(8 — ), cos(8 — a) and tan 3 using goniometric relations
(e.g., see Ref. [53]).
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(b) Vacuum stability: the scalar potential must be bounded from below in all field space directions
and also for asymptotically large values of the fields. For |®;—; 2| — 400 the potential is lead
by the quartic couplings, meaning that the stability is asymptotically given by [59]:

A >0 Ao >0 )\3+)\4—|/\5’>—\/)\1)\2;
miy(miy — miy/ A /X2 (tan B — (A1/A2)*) > 0. (104)

(¢) Unitarity: at high energies, the probability to have a two-body scattering process 1+2 — 1/ +2
must be normalizable to 1. In perturbation theory, unitarity is usually imposed order by order:
for our purposes we implement tree-level unitarity, which is given by the following relations [53]:

3 9 1/2
8t > 5()\1 + )\2) + <4()\1 — )\2)2 + (2/\3 + /\4)2> ;
1 1 1/2
1 1 1/2
&r > |)\3 + 2\ £ 3)\5’ ;
8t > Azt A\ ;
81 > gt As| . (105)

Next step is to implement the constraints coming from the My measured by CDF collaboration and
the Aa, from FermiLab:

(d) (S,T) check. In Sec.3.2 we always related the My, anomaly to S and T because are connected
through the relation in Eq. 25, where we already explained that the U dependence is negligible.
Hence, fixing U = 0, S and T (notice, without hat) are experimentally constrained as follows

[32,61]:
S8  ETP ) ST gy o)

with R? ~ 2.3, 4.61, 5.99, 9.21, 11.83 at 68.3%, 90%, 95%, 99% and 99.7% confidence level
respectively. We remember also that the central values measured are: (Sp £ og) = (0.15+0.08)
and (Tp £ o) = (0.27 £ 0.06) with a correlation of pgr = 0.93. To implement the bound in
Eq. 106 we need to see how S and T are corrected by 2HDMs. Their full analytic expressions
are quite long, but they are known (e.g., see Eq.38 and Eq.45 of Ref. [54] or Eqs.3.27-3.28 of
Ref. [53]) and they carry an important information: in order to generate a non-vanishing 7', the
CP-even scalars and the CP-odd one must not be degenerate in mass with the charged Higgs
(but h, H and A may be degenerate in mass between themselves). This result is independent by
the type of scenario considered, since 7" is an oblique correction, then flavour-blind by definition,
therefore it does not depend by the explicit choice of Yukawa modifiers specified in Table 4.

(e) Aay check. 2HDMs provide at loop level corrections to the muon anomaly through the new
fields H, A, H*. The kind of diagrams contributing to the process at 1-loop are shown in Fig.10
and its correction is given by [59]:

Gpm? )
AaiHDM(l loop) = 1 2\/% Z (ff)%;’“FJ(:cj“) , (107)
TN 2 hH A H*
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(a) - (b) -

T v T

Figure 10: Feynman diagrams of contributing to AaiHDM(l loop). (a): To get the result in Eq. 107, 4 of
this kind must be considered: two where a muon mass insertion is in one of the external p propagators; two
with a muon mass insertion in one of the internal propagators. (b): Analogously, 2 diagrams of this kind must
be considered, each one with a muon mass insertion in the external propagators. 2HDM new interactions are

denoted by a solid square.

< by (k,p)
<
( >wa 0
hr’H”-llp \‘Fr’ Z q’ V
. . .
‘ t(—q) ¢

Figure 11: Barr-Zee diagram contributing to AaiHDM(Q loop). 2HDM new interactions are denoted by a solid
square. Picture taken and re-edited from [62].

where §§-’“ are the couplings listed in Table 4; x? =my, /M 2: and the functions Fj(z ) are:

V22—t
Fue) = [

1 _t3
Fy(x) = —_—,
Al@) /0 1—t+ at?
1
—t(1—1t)
Fy+(z) = —_—.
() /0 1—(1-t)
However, because of the suppression in (m,,/v)* for z < 1 (to see this, just compute the integrals
for z — 0 and then take the limit outside the sum in Eq. 107'3), heavy fermion loops may become

no more sub-dominant contribution at 2-loop level, describing Barr-Zee diagrams of the kind
Fig.11. Their contribution is also analytically known and reads [59]:

Grmy, aep,
AaiHDM(Q loops) = 2\/‘1 - Z gwawfu d’G( ) (108)
’w

with j € {h, H, A} and Qy, Ng the electric charge and the color number of the fermion ¥ in
the loop (typically ¢ € {t,b, 7} is enough for our purposes). The function Gj(a:}ﬁ) is defined as:

G;(x) = /01 t(ljifig)_ log (t(lx— t)) dt |

where Ny, () = 2t(1 —t) — 1 and Ny(t) = 1. By adding together the contributions in Egs.
107-108 one gets the desired A(LZHDM to confront with the data.

13No mathematical problems arise here because of the sum convergence.

39



5.2 Two-Higgs Doublet Model (2HDM) 5 NEW PHYSICS SCENARIOS
Reference | Issue addressed Scenario-Type | Mg+ [GeV] My [GeV] My [GeV]
[58] My NS [87,1091]  [130, 1092] [22, 1098]
[5] My, NS-II (598, 1138]  [419, 1128] [450, 1125]
(5] My NS-X 99,1091 [132,1092]  [30, 1098]
[5] My, NS-Y (595, 1139]  [419, 1128] [453, 1125]
[5] My IS [144, 455] [16,120]  [38, 429
[58] My IS-11 impossible impossible impossible
[5] My IS-X (166, 446]  [62.5,120]  [16, 420]
[58] My IS-Y impossible impossible impossible
[61] My NST < 1000 < 1000 < 1000
[63] My, NS-I [100, 1000]  [150, 1000] [200, 1000]
[63] My NS-II (600, 1500]  [500, 1500]  [600, 1500]
[64] My IS [160, 600]  [20, 120] <600
[64] My IS-X 160, 600] (60, 120] < 600
[65]() My, NS-I (320, 440] 200, 500]  [200, 500]
[65] (1) My NS-II impossible impossible impossible
[66] g — 2 and My NS-X Mp+ [50, 80] > 300 [10, 60]
67] | g—2and My NS-X 280, 600]  [250, 600]  [10, 40]

Table 5: Mass range estimates found in literature for the new scalars in 2HDM in different scenarios-type
combinations. In normal scenario (NS) H is the heavy CP-even neutral scalar so My > 125GeV; in the
inverted scenario (IS) H is the lighter CP-even scalar so My < 125GeV. Except for Ref. [58], other mass ranges
estimates were extrapolated by the graphs present in their respective papers. Since masses are correlated
between themselves, please refer to the paper of interest for further information.

() Here a scale-invariant 2HDM is considered, where the mass of the scalars are only radiatively generated
through a Coleman-Weinberg like potential: at tree-level all the scalars are massless.

Because of the recent My, result from CDF collaboration and the confirmed BNL measurement of
Aay,, several recent papers can be found in the literature discussing how different models (among
which the 2HDM) can account for the observed discrepancies. In particular, we found different papers
analysing thoroughly only one of those anomalies at once, but very few addressing both the issues. All
of them applied the theoretical constraints described at points (a), (b), (c¢) of this subsection and, under
different assumptions and scenarios, tried to find reasonable mass ranges for the new scalars, taking
into account other experimental data as (i) Higgs precision data implemented in codes as HiggsSig-
nals [69], (i) Higgs direct search bounds coming from Tevatron, LHC, LEP experiments implemented
in HiggsBounds [70] and (74) constraints from flavour physics, in particular flavour changing processes
as the decay of the meson B — X¢v. We summed up the main results of the references we took into
consideration in Table 5 (they are mainly related to My since this is the latest discovery). We did not
consider Ref. [60] for the final results since it assumed lepton flavour violating processes at tree-level
that we would like to avoid. On the other hand, we considered Ref. [59] addressing the (g — 2),
anomaly even if it is not listed in Table 5.

5.2.3 Owur computation

Our way to proceed is inspired by Ref. [58]: we would like to systematically analyze each of the 8
possible 2HDM scenarios considering all the constraints from (a) to (e) of Sec.5.2.2; then we confront
our findings with references at our disposal and finally guess possible regions of the parameter space
that satisfy all the given bounds. To perform the calculations, we use the doublet-Higgs-model cal-
culator 2HDMC v.1.8.0 [54] (last compiled 5 Aug 2022) and interface it with a C++ program that
realise graphics through ROOT v.6.22/02 [68] (last compiled 12 Nov 2020).

In Sec.5.2.2 we identified a base B of 6 independent coefficients, however scanning over all the param-
eter space would take a very long computational time. To overcome the problem, we decided to fix
a priori three of the six parameters (namely A, tan 3,sin(8 — «)) and let only the physical masses
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ID | tanf8 sin(f—a) M\
1 |50 1 1
2 150 0.999 1
3 130 1 1
4 130 0.001 1

Table 6: Different set of input parameters used in our computations. The sequential number associated to each
set is only for clarity.

RUN | Scenario-Type InputID | M4 [GeV] incr. | My [GeV] incr. | My+ [GeV] incr.
1 NS 1 [10, 100]  2GeV | [130, 160] 1GeV | [80, 300] 5GeV
2 NS-X 1 (10, 50] 1GeV | [130, 160] 1GeV | [80, 300] 5GeV
3 NS-X 2 (10, 50] 1GeV | [130, 160]  1GeV | [80, 300] 5GeV
4 IS-X 3 [5, 20] 0.5GeV | [10, 120] 2GeV | [80, 350] 5GeV
5 IS-X 4 [5, 20] 0.5GeV | [10,120]  2GeV | [80, 300] 5GeV

Table 7: Different set of mass intervals used in our computations. The sequential number associated to each
set in the first column is only for clarity; the ID in the second column refers to the set in Table 6; incr. is what
we called incremental step in point (i) (see text).

Mg, Ma, Mg+ to vary. The choice of our input parameters is not random, but an educated guess
coming from the results of Refs. [58,66,67] and they are reported in Table 6. Also the mass intervals
we used in our program take into account the findings in all references in Table 5. For each scenario
(normal (NS) or inverted (IS)) and type of Yukawa couplings, our flow chart can be summarized as:

(i) Initialize the kind of 2HDM to study: choose a set of input parameters from Table 6; set the
Yukawa type; set the NS (M}, < My) or IS (Mg < M},) condition.

(ii) First scanning strategy: in order to have a general overview of the behaviour of our model, we
scan through a large region of the mass space but with a lower resolution to save computational
time. In particular, for NS we used:

M4 € [10,800]GeV incremental step: 10GeV ;
Mpy € [130,800]GeV incremental step: 10GeV ;
Mpy+ € [80,800]GeV incremental step: 10GeV
and for IS:
M4 € [10,800]GeV incremental step: 10GeV ;
My € [10,120]GeV incremental step: 2GeV ;
Mpy+ € [80,800]GeV incremental step: 10GeV .

(#4i) Implementation of all the constraints from (a) to (e) described in Sec.5.2.2. We accepted points
in the parameter space that generate the experimental AMy and Aa,, at 99.7% C.L.

(iv) Second scanning strategy: for those scenario-type combinations that have points in the mass
space that pass all the constraints, we re-launched the program, setting mass intervals near the
allowed region and with an higher resolution than the first scan (see Table 7 for more details).
Step (ii1) is applied again.

From Table 7 we see that, besides RUN-1, every other scenario that passes all the tests has the
pseudoscalar mass My < M}, /2 ~ 63GeV. According to Ref. [66] this is troublesome, since the decay
h — AA (with h here we denote the Higgs discovered at LHC) is kinematically possible, but there is
an experimental upper bound for its branching ratio Br(h — AA) < 5% valid almost in general for
light pseudoscalars with M4 > 10GeV. A possible solution is to set to zero the hAA coupling as done
n [67], further correlating the six free parameters of our model, but this is not the way we like to
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take, since h — AA may receive important contributions at loop level by fermion loops (notice from
Table 4 that for Type-X Yukawas, the coupling A¢¢ scales as tan 3 which is relevant considered our
input parameters) and also because the fine tuning of free coefficients such that hAA is vanishing at
tree level could be deemed as ad hoc solution. We prefer to compute the branching ratio. Fortunately,
2HDMC provides the theoretical estimates of all the main decay modes for the new scalars and the
full decay width of the particles (see Sec.2.4 of Ref. [54] for further details about its implementation).
Thus, the final step of our program is:

(v) For each point in the mass space that passes step (iv), check if Br(h — AA) < 5%: if yes, accept
the point otherwise reject it.

Finally, we confront our final output list of points in the parameter space and confront it with results
known in literature. As far as our choice of initial coefficients'* is concerned, we conclude the following:

NS-I : Do not provide any valid point because of Aa,, constraint. In particular, the contributions are
either too low or with the wrong sign (we require Aa, > 0).

NS-IT : There are points that pass all the steps of our algorithm and are restricted in the region:
My € [220,280]GeV , My € [20,70]GeV My € [270,320]GeV

with input parameter ID = 2. However, from Ref. [59], it is clear that Mg+ < 380GeV is
forbidden because of FCNC bounds, in particular from B — X+, and that this constraint holds
V3. This is because quarks couple to the charged Higgs according to the Yukawa interactions
in Eq. 100 and they depends on 4 and 51%. However, from Table 4 one can easily read that
for Type-II scenarios €% = (£4)™1 = cot 3, hence they simplify once they are inserted in the
Feynman amplitude of the FCNC process. Hence, the final decay rate I'(B — X4v) would surely
depend on My+ propagating in the loop, but not on (3, therefore the constraint coming from
this decay is valid V(5 as previously claimed. Everything considered, we can conclude that this
scenario is not viable.

NS-X : If we consider the perfect alignment case with input parameter ID = 1, then there is a region
of the mass space that pass the point (iv) of our algorithm, but none of them pass the branching
ratio check (this result is confirmed by Ref. [67]). On the other hand, using the input ID = 2
we found some good intervals that pass all the tests. In particular:

My € [270,280]GeV , My € [20,30]GeV , M+ € [300,320]GeV |

that seems reasonable considering NS-X results from Table 5.
NS-Y : There are no valid points for reasons similar to NS-I.
IS-1 : There are no valid points for reasons similar to NS-I, NS-Y.

IS-IT : It is impossible to justify Myy in this case, because of theoretical constraints. In particular,
because of the heavy charged Higgs masses required, the perturbativity of quartic couplings is
spoiled once one consider the RGEs [58]. Hence, IS-II has not been considered in our work in
the first place.

IS-X : Both RUN = 4,5 gave similar results. In particular there is a very narrow region in the mass
space that satisfies all the constraints, namely for:

Mpy ~ 90GeV , My € [7,15]GeV | M € [160,165]GeV .

Comparing with Ref. [58] and Table 5, we conclude that IS-X is possible, but less likely than
NS-X because of the (too) light pseudoscalar.

IS-Y : Impossible for the same reasons of IS-II.

14VWe are aware that we analyzed only a subspace of null measure of the initial 6-dim parameter space, nonetheless,
we are also convinced that our analysis helped at least to identify more viable scenarios than others.
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We conclude that NS-X in the non-alignment condition and with a light pseudoscalar is the most
viable scenario-type combination to explain My, Aa,, given both theoretical and experimental bounds
and we would like to further investigate it.

First, we report in Fig. 12 how the mass space restricts after different bounds are subsequently
implemented. In particular, the up-right panel shows the possibility for the charged Higgs to be
the lightest particle of the model and yet satisfying the AMy bounds. This is possible because the
necessary S, T parameters depend significantly on the difference of new scalar masses, i.e., Mg — ME
and My — Mﬁ rather than their absolute values (e.g., see Fig.1 of Ref. [59]). Thus, light neutral
states and heavy charged ones are as acceptable as heavy neutrals with light H*, as the region with
My > 550GeV highlights. Notice also that, at this stage, H and A can still be degenerate in mass, as
stated in point (d) of Sec.5.2.2. By adding the (g — 2),, constraint, we obtain the upper-right panel in
Fig.12: there, most of the previous accepted points are no longer present (notice the different scale in
the y-axis) and only light pseudoscalars are selected. The fact that lepton-specific models can generate
such a correction is evident from Eqgs. 107-108: loop corrections to Aa, depend on the modifiers 5;/)
and 55 both at 1- and 2-loops. Reading Table 4, one can see that type-1I and type-X have ffil boosted
by tan 8 > 1 and, since type-II has been rejected, only type-X can give sizeable contributions. But the
most drastic cut of the parameter space is in the bottom panel of Fig.12 because of the Br(h — AA)
test. In fact, as stated in Ref. [66] the hAA vertex must be suppressed in order to avoid a great
branching fraction. Thus, only a narrow region of the parameter space has the right combination of
coefficients to satisfy this requirement.

To better visualize it, we decided to plot Br(h — AA) by varying tan 3 and one mass or sin( — «)
at a time. The plots are given in Fig. 13. From the up-left and bottom-left panels, we realize that
there is little dependence on M4 (as far as it is sufficiently distant from Mj,/2) and on My+. On the
other hand, My and sin( — «) influence significantly the branching ratio. In particular, considering
Fig. 3 of [66], we notice that for fixed values of My and M4, to have Br(h — AA) < 5% we need the
coupling modifier 5}‘; to be almost constant. For example, given the input parameters of bottom-right
panel of Fig.13, we need {fL ~ 1.2. But this is all what we need in order to theoretically predict the
locus of low branching ratio in the (sin(5 — «), tan 8) plane. In fact, with a few goniometric relations,
one gets:

) 1 sin(f — «) sin?(8 — a)
- - ¢ i A B
S = tan? B cos 3 + anﬂ\/ cos? 3 +tan®f )

where we express all the dependences in § and sin(f — «). If 5}{ ~ const. = k, then it translates in the
(sin(B — «), tan 8) = (x,y) plane as the implicit curve:

x x?
— oy 1 —
cos(arctan(y)) cos?(arctan(y))

Just setting k ~ 1.22 adequately interpolate the narrow blue region in Fig.13 bottom-right panel.
Finally, for completeness, in Fig.14 it is reported the plot in the (Aa,, AMy ) of the points in mass
space that satisfied all the constraints imposed by our algorithm (namely, the one in bottom panel

of Fig. 12). Please, be aware that in the figure AMy, # MVCVDF — M%,M but AMy = 1/AM§V =

(1 + y?) cos(arctan(y)) - k ~ — +y?. (109)

\/ MVQV,CDF - MI%V,SM = (3.78£0.23)GeV. It seems there is no particular correlation left between those

two quantities once all the constraints have been applied.
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Figure 12: Plots of accepted points in the mass space after that different constraints are imposed in the NS-X
scenario. The input parameters are shown in each graph and M+ is shown in color code. (up-left): Parameter
space after points (a) to (d) of Sec.5.2.2 are implemented. (up-right): Parameter space after points (a) to (e)
of Sec.5.2.2 are implemented. (down): Parameter space after point (v) of our algorithm.
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Figure 14: Plot in the (Aa,, AMy ) of the points in mass space that satisfied all the constraints imposed
by our algorithm (namely, the one in bottom panel of Fig. 12) in NS-X scenario. Gray and green dashed

bands illustrate the lo regions around the central value of Aa, and AMy,

respectively.



CONCLUSIONS

6 Conclusions

The recent My, value measured by CDF-II as well as the muon anomalous magnetic moment (g —2),
measured at BNL and FNAL-E989 show remarkable discrepancies with their experimental predictions,
thus they may call for BSM physics. Following a bottom-up approach, we considered Effective Field
Theory extensions of the Standard Model (SMEFT) which allowed us to provide model-independent
predictions without relying on any specific UV complete model. We considered all the SMEFT
dimension-six operators that modify the theoretical predictions of (g — 2), and My up to next-to
leading order corrections.

New physics contributions to My, can be accounted for by the so-called oblique corrections that are
well described by the S, T', U Peskin-Takeuchi parameters. Within SMEFT, S and 7' can be generated
at tree level by the Ogwp and Ogp operators, respectively, while U can be neglected as it arises from
dim-8 operators. Interestingly enough, new contributions to My unavoidably affect the Higgs boson
properties. In particular, we proved that S modifies the decay rate of h — v and h — ~Z while T
contributes to h — ZZ and h — WTW~. We found that an explanation of the My, anomaly through
S is associated with large effects in h — vy that are already challenged by the current experimental
resolution at LHC. On the other hand, if the My, anomaly is dominantly accounted for by T, the
modifications to the h — ZZ and h — WTW ™ decay rates are well below the current experimental
bounds.

Then, we proceeded to analyze the (¢ — 2), in a similar fashion. First, we identified those SMEFT
operators which may contribute sizeably to the (g — 2), even for a new physics scale in the multi-
TeV, that are 0%, 0%, and 047, An explanation of the muon g — 2 anomaly in terms of the above
operators, would unavoidably induce non standard effects for up — hy/hZ/qq and h — £Y0~~. We
computed the NP contributions to all these processes, leading us to the conclusion that visible effects
in pii — hy/hZ/qq would require a muon collider running at energies /s ~ 10 TeV with an integrated
luminosity of order L ~ 10ab™!.

Finally, we analyzed specific extensions of the SM that may account for both AMy, and Aa,,. As a first
approach, we considered heavy NP particles generating the operators 0%, 0f,, and Of7 at tree level.
We found that only two vector-like particles, namely B ~ (1,1,0) and £ ~ (1,2,1/2), may contribute
simultaneously to My, and g — 2. However, the corrections to Aa,, are always too small even in the
regions of the parameter space where the My, anomaly is accomodated. Hence, we moved to consider
a fully renormalizable UV model, the 2HDM. By imposing a softly broken Z, discrete symmetry to
avoid FCNC at tree-level, we found eight viable models containing six parameters each. We systemat-
ically analyzed the allowed parameter space by imposing all the theoretical and experimental bounds
stemming from low- and high-energy data. Eventually, we found that only the lepton specific scenario
can satisfy all these constraints while simultaneously explaining the AMy, and Aa,, anomalies. In par-
ticular, we found that the relevant parameter space is such that the heavy Higgs sector of our 2HDM
includes a scalar boson with mass My € [270,280]GeV, a light pseudoscalar with M4 € [20,30]GeV
and charged Higgses with My+ € [300,320]GeV. We found that one of the most stringent bound
on our 2HDM parameter space is given by the searches h - AA — 47 and h - AA — 2u27. An
improvement of the current resolution on the branching fractions of h — 47/2u27 could probe or
falsify the analyzed scenario.
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A SMEFT USEFUL RESULTS

A  SMEFT useful results

A.1 EW gauge and mass states: the diagonalization procedure

Here, we explicit some steps similar to what done in Ref. [28] in order to pass from the gauge states

Wg’ , B, to the Z and ~ mass eigenstates, and to retrieve their masses.

The main idea is to rewrite the terms in Eq. 14 containing B and W3 fields in the following form:
Liot D — 4<1>ZVK<I>W + <I>TM2<I>“ (110)

where K, M? are 2 x 2 matrices, ¢, = (WW,B ) and ¢, = (Wﬁ’,Bu)T. In our case, K and M?

read:

?
K = 1 2 QOZWB A2 ;
QQWBF 1
2 2
e gar (1+ (ao1 + ap3 + 200w) 7 —gsugsas (1+ (@ + s + agw + aop) 37)
= ;v 2 2
—9sMYsu (1 +(ap1 +ags + agw + agp) %) 95 (1 + (091 + a3+ 2008) %)

Now, following Ref. [28], we need to find a 2 x 2 matrix D such that DK DT =T,. One can show that,
according to the structure of our K, the following matrix do the job:

1 _ 2awB 13 Li . 1 20 v2
- - - inearize —20W B*3
D= \/14063‘/3[1 \/1416%3;1 = <O 1 A2> : (111)

and the eigenvalues of DM?D™ are the masses of the physical particles while the respective normalized
eigenvectors written as row-vectors give the orthogonal matrix R which diagonalize DM?D™ hence

the normalized physical gauge bosons A, and Z, written in terms of B, and Wl‘:’ . First, we compute
DM?DT (notice that it is symmetric) and keep only linear terms in the o’s:

2
papT — 102 <9§M(1 + Asw) + 29s5m 951 Aws  —9smggar(1 "2‘A13WB + g{qQM2onB}(2)> ’
2 g (1 + Aizp)

where:
v? v?
Aisw =1+ (a1 +ags + 204¢W)F ; Aswp =1+ (ap1 + g3 + agw + %B)p ;
02

AlgB =1+ (a¢71 + Qg3 + 20[¢B)p .

Then the eigenvalues are given by the characteristic polynomial det (DM 2pT — )\]I) =0
v? 2 2 / v? !
MA= 5 (95m (L + Aw) +ggu (1 + Awsp) + dgsmgspowsys | ) =0 (112)

Keeping only terms linear in the Wilson coefficients, Eq. 112 provides the masses of the physical
particles written in Eq. 16.

A.2 Coupling of W and Z to fermions

We start by considering the SM Lagrangian concerning the coupling of vector bosons to fermionic

currents:

gsm gsm

Lrsm = (J Wi+ J*W“) ==Jcz", (113)
\[ Cuw
where we remember that, for the SM:
Jif =dryur + epvr Jy, = upydn + vryuer ; I = grbvu, L + grUYRY

g1 = Ta, — s2Q ; gr = —55Q,
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A.2 Coupling of W and Z to fermions A SMEFT USEFUL RESULTS

where T3;, is weak isospin quantum number, ) the EM charge of the particle.

Similarly to what done for My, Mz in Sec.3.1, we must consider all the dimension-six operators
that may modify the coupling between the weak gauge bosons and a fermionic current. Hence, the
following operators should be included:

Oger =1 (quD#gb) ([LVMEL) i Ogez =1 (ngDMTIQf)) ([L’y‘u‘T[fL) i Oge =1 (QZ)TDMQS) (erY"'eRr) ;
Ot =i (61D,40) (617"01) i Opgs =i (6'Du70) (@7 7100) 3 Opu =i (61D, iy ur)

Opa =i (6'D,0) (dry"d) i Opo =i (0'€D,0) (uiydr) |

where € = ¢;; with ¢,5 € {1,2} is the Levi-Civita tensor, {1, = (vp,er)! and qr = (ur,dr)”. Since
Eq. 113 is written in terms of physical fields, we should rewrite the previous operators accordingly.
In particular, since we are interested in the boson-current coupling and not in boson-Higgs or Higgs-
current coupling, we can evaluate the previous operators in the Higgs vev (¢) = (0,v)T. Then, using
the results from Eqgs. 17-18 and remembering the normalizations from Eqs. 12-13 we get:

2 2
/) (ngDHgb) = _UQQSM (1 +aZZXQ> ZH
Cw
92 2 ~ 02 v2
Opez = j;M (1 + agw A2> w, (ezy"vr) + v 9sm (1 + OéZZA2> Z, (v — erpfer)
w
2 2
UV gsmMm v _
Ogp = T W, <1 + %WM) (upy*dR) - (114)

Operators containing quarks instead of leptons can be obtained by replacing ¢y — qr, e — dg,
VR — up in the expressions in Eq. 114.

Notice that we canonically normalized the vector bosons but not the fermions. This is because the
covariant derivative is invariant under the rescaling in Eqs. 12-13, so the quadratic part in the fermions
is not changed and their kinetic term is still canonically normalized.

Before summing the dimension-six contributions, we should rewrite the SM fields in Eq. 113 using
the new normalizations, finding:

2

SM n
5 ( + agw A2> (S W+ JEWE) + gsaJy© (W4 — tan 6, B*) . (115)

V2
The neutral current sector can be expanded as:

L; 2 gsuTsL(Wry" )Wy + gonr (QUyut — Tabryutpr) B*

*

2 - 02 02 -
= gsmAusw <1 +aaa A2> Q (V")) + gsmZy |:<Cw <1 + aZZA2> - swaAZAQ) T3 (Yry"r)

Lr=

—
N

S%l) ’U2 2
— < (1 —i—aZZA2> + Stz ) (Quru — T3L¢L7M¢L)}

Cw
2

= Qa0 - 20z, (4 (1 +aze gy ) +suenaarss ) (5170)

2
gsMZ W3 (YLt (1 + aszQ) ; (116)

where in the step (x) we substitute B, and W, by the expressions given in Eqgs. 17-18. Notice
that in the final expression the EM coupling is not denoted with the subscript SM: this is because

€ = gsMSw (1 + ay A/”TZ;) is the new EM coupling corrected with the dimension-six contributions (if

one neglects corrections of O(A~2) then he gets the usual esy; = gsarsw)-
According to Ref. [26], the final Lagrangian can be written as:

Loty = L+ Lig) = 9\5}” (Jy Wi +he) + S grezn (117)
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A.3 The fermion-Higgs coupling A SMEFT USEFUL RESULTS

where now the charged currents receive corrections from Eq. 115, neutral currents from Eq. 116 and
both from dimension-six operators. Exploiting the results from Eq. 114 and summing up, we get the
following results (over the arrow we denote which dim-6 operator(s) should be considered):

'U2
(VL yuer) (VLyuer) (1 + (cgw + 200g¢3) A2> = (VLyuer)n(ve) ;

. U2
(uryudr)  ——  (urvudr) <1 + (agw + 20p43) A2> = (upvudr)n(ur) ;

_ Ogs _ v? _
(urYudr)  — —(umde)ﬁaw = (urYudr)n(uR) ;
_ Opr1,0p¢3 _ 1 1 v? o )
(VL) —— (VL’YMVL)i + (azz — agn + %zs)p = (W yuvrn)e(ve) ;
B Ope ~ v? 1 ~
(€ERYueR) N (€ErYu€ER) <sfv + 2 (SwaOéAZ + sfuozzz — 2a¢e>> = (ervuer)e(er) ;
(i) 225 ) (2 5 (B - 2200, - 92 ) = (inun)elun)
_ Opa - s2 vt (s SuwCuw Qgd =
(dryudr)  —  (drVudRr) 3 T\ gazzt —graaz - 7)) = (drYudr)e(dRr) ;
_ 04e1,0¢3 1 9 v? 2 _
(eLyuer) —— (eL%eL)g —1+2s;, + P(stcwaAz — gz + 25077 — Qe — Qe3) | =
= (eruer)eler) ;
B 091,043 1 2, 2/ 2, 2 1 1 1 B
(upypur) ———  (upyurL) 3~ 3% t 2 —35w0zZ ~ gSuluiaz + 5022 = 50q1 + 503 | | =
= (uryuur)e(ur)

1, 2 (1, 1 1 1 1
+ 35w T 5 | 350227 T F5wCwAz — ;0zZ — 5%oq1 — 53 | | =

_ Opa1 003, ~
(deypdr) ———= (dpvudr) ( 3 3 > 5

= (diL’deL)G(dL) .

By replacing these expressions inside J,, JJ and J;¢ of Eq. 117 one finally gets the correct W-
current, Z-current couplings. Notice that, thanks to Oy there is a genuine new interaction between
the W boson and a right-handed quark current (there is no lepton counterpart because right handed
neutrinos are needed and in our approach we use only SM fields).

A.3 The fermion-Higgs coupling

Dimension-six operators that contribute to Yukawa-type interactions are (h.c. operators are under-
stood):

0w = (0'0) (rerd) . Opp=(010) (Grund) . Oup = (6'0) (@rdre) . (118)
where ¢ = ito¢*. The SM Yukawa interactions read:

Lsnr 2 Yelpepe + Yudrurd + Yagrdrd + hec. (119)

where Y; are 3 x 3 Yukawa matrices. If we want to write Higgs-fermion interactions considering also
dim-6 operators, then we simply add to Eq. 119 the terms in Eq. 118, and then we expand around
the Higgs vev (¢) = (v + h)(0,1)T. Notice that in this case we consider also the fluctuations around
the minimum since we are interested in terms like hip1). Hence:

v? v? v? v?
Ly, = v (Ye + /\2a5¢) €rer + <Y}3 + 3A2ae¢> herer +v (Yu + A2a“¢) Jrupr + <Yu + 3A2au¢> hqrur
v? v? -
+v (Yd + Mad(b) qrdpr + <Yd + 3A204d¢> hqrdr + h.c. + O(hzl/nb) , (120)
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A.4 The Higgs mass and self-interactions A SMEFT USEFUL RESULTS

where we omitted interactions between 2 fermions and 2 or 3 Higgs (they come entirely from dimension-
six operators). From Eq. 120 it is easy to read the corrected mass m; of fermions (assuming mass basis,
i.e. the Yukawa matrices are diagonal) and the new couplings g;7 between Higgs and 2 fermions!®:

2 2
v
m; = v <Y + 1 OZ@) girn =Yi+ 3550

where i € {e,u,d}. Notice that now the fermion masses are no longer directly proportional to the
Higgs vev and that the Higgs-fermion-fermion interactions may be no longer diagonal in the mass
basis since, if it is true that Y; matrices are diagonal, the 3 x 3 matrices in flavour space a;4 may be
not, leading to the possibility to couple the Higgs boson to different generations of fermions (unless
Y; and o4 are simultaneously diagonalized, but a priori this would be a particular case).

A.4 The Higgs mass and self-interactions
According to the SM Lagrangian, the scalar potential reads:

V(ple) = m?¢ip+ = (M)

The only dimension-six operator containing only Higgs doublets and without derivatives contributing
to the previous potential is Oy = %(nggb)?’. Then the SMEFT scalar potential is:

V(6T d)tor = m*6To + 5 (@W)) “(ole) . (121)

3A2

The modified Higgs vev is given by minimization of Eq. 121. Once we set |¢|> = v2 = z, the solution

is:
A2 / 4m2ay
A A2 — .
v 2a¢ ( + A2

As already done several times in this part of the Appendix, we consider only linear terms in the Wilson
coefficients, obtaining the modified Higgs vev:

2 2 2
2 M m 2 _ 2 Qo UV

where the two relations can be obtained one from the other by inversion.
We focus now on the Higgs quartic coupling. The SMEFT terms we are interested in are:
2
4 v 1 AH Ly
(123)
where in the (%) step we kept only h* terms. From the last equality it is clear that the effective quartic

pto=(v+h)2 A [ON
)P ———— =(

L3 <¢>T¢> (00 St G+ )

3A2 3A2

coupling reads Ay = A + 10a¢}{—2.
We proceed in a similar way also for the Higgs mass. Starting from Eq. 121, expanding around the
Higgs vev and keeping quadratic terms in the Higgs field, we obtain:

4
h? <m2 + 3002 + 5%;{2) . (124)

Now we should remember that v (equivalently m) is modified as described in Eq. 122, thus by inserting
in Eq. 124 and keeping only linear terms in «;, one obtains:

4 4
v 11 v

= B
Y Here flavour indexes are understood.

50



A.5 W and Y parameters A SMEFT USEFUL RESULTS

A.5 W and Y parameters

The approach is analogous to Sec.3.2 so we will skip some steps.
The W and Y parameters are defined as [32]:

1 1
W= §MI%V Waws (0) ; Y = 5M3v B5(0) . (126)

W receives SMEFT corrections by Oww = %(Dlefy)Q. By expanding it, one finds:
Oww 3 (0,0,W; — 0,0,W3)(0PO* Wy — 9P " W) |

where we selected only the terms which contributes to H%SWS(qz) and ignored all the vertices of the
kind WWW or higher order. The propagator corrected by Oy reads:

0, (6°) = —2cwwa nt™” — Ty, (0) = —deww (127)
By replacing Eq. 127 in the definition of W, one gets W = —%Q%UZCW{/V.

The procedure for Y is the same: one should replace W3 — B and cyyw — c¢gp in Eq. 127, obtaining
Y = —%QQUQCBB.
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B THE EFFECTIVE L\ pr

B The effective L3 por

In this part of the Appendix we want to explicit some calculations made in order to arrive to the
coeflicients in Eq. 35 and make some discussion about them. The way to proceed is similar to what
explained in Sec.3.1 and explicit in Appendix A. All the notation used in this section is related to the
Lagrangian written in Eq. 34 and Sec. 3.2 in the main body of this work.

B.1 The effective Higgs sector

Other than the SM terms, in our effective approach we must consider also these dimension-six opera-
tors:

2
Oy = (H'H)? Ono = (HH)OHTH) ; Onp = ‘HTDMH‘
Summing up SM and dimension-six operators, the effective Lagrangian of the Higgs sector is:

Ly = (D H) (DMH) +m*(H H) — %(HTH)Z Veg(HTH) + cpn(HTH)O(HTH) + egp ‘HTDMH‘Q

(128)
First, we need to find the new Higgs vev. Similarly to what done in Appendix A.4, we rewrite the
scalar potential:

A
Va(HTH) = m?(HTH) — 5(JLNH)? +ey(HTH)?
Next we find its mlmmum through a minimization procedure. The condition to have absolute minimum

is (set (HTH) =% = z):
Vg 1

=0 — m?=\x — 3cyx?
O
Solving the second degree equation in = and keeping only linear terms in cy one obtains'®:
2m? cgm? 2m?2 3 m?
2 _ H _ 3
v X +6—5— SR y —1—\/5)\5/201{. (129)

2 .
On the other hand, one remembers ’U?g M= 2%, hence one can rewrite Eq. 129 as:

3
02:v§M< +§CTH 2) . (130)

Differently from what we did from Appendix A.1 to A.4, we would like to compute not only new Higgs
vev, the normalized couplings and fields etc. but also the effective couplings between Higgs and other
particles and Higgs self-interactions. To do so, we can no longer evaluate the operators in (H) but we

need to explicit the physical field too, i.e. H — ”\'}h(() 1)T where h is the fluctuation around the vev

(we are using the unitary gauge to simplify our calculations). Thus, expanding the operators in Eq.
128, one has:

(131)

1 2.2 2 2 h 2
(D H) (D'H) = 2(8Mh)2+WW*W“%—UQthWJW“JriQhQWjW“Jr(UJFS)(g1BH—g2W3)2
A2 3¢
2/ 17t _ _77H 2
m?(H' H) 4( o )(+h>
4
Sty = I
2 2 4
en(HUH? = (v +h)°
crn(HTH)O(H'H) = —cpp(v+ h)*(0,h)?
2 c v+ h)?
CHD]HTD#H‘ = ZD( v+ h) (8#h)2+cHDu(ngﬂ—g2W3)2.

16

Y5Cfr. Sec.3 of Ref. [30].
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B.2  The effective EW gauge boson sector B THE EFFECTIVE LIS%%FT

Notice that, because of the covariant derivatives, there already appear the EW gauge bosons and their
couplings with the Higgs. We will not use them now, since they will be treated separately in the next
subsection. Focusing only on the Higgs terms, we notice that Oyg and Oy p contribute to the Higgs
kinetic term 1(8,h?) making it not canonical. To make it canonical, we should redefine h — Zi/ ’h
with Zj, such that:

1 1 1 1
5(8ﬂh)2 |:1 + <20HD — QCHD> U2:| Zy L 5(Quh)Q — Z}ll/2 =1+ <CHD — 4CHD> v? . (132)

By applying this shift in all the operators in Eq. 131 and linearizing in the Wilson coefficients, we
obtain:

1 1 1 2h  h?
Ly > 5(3uh)2+§(3uh)2 (CHD - 2CHD> <v + 1}2> 02+ gnh+gnnh* +gnnnh> +ganh* +gsnh’ +genh®

2
(133)
where g; are given by (cfr. Sec.5 of Ref. [36]):
g = 03
1 A2 1 CH
grh = 5 = 5 (1 +v° <20HD ~ 5CHD — 3)\>> ;
MI21 v? 20t
— _TH(q1_Z _4 _“v )
Ghhh 50 < 1 (cup — 4cun) g cH | s
A c
gan = —= (1 + (4CHD — CHD) — 15£U2) ;
8 A
3
= —cyv;
95h 4 HU ,
CH
goh = o - (134)

e About Jhhh
We briefly focus on how we computed gpps. If one groups all the terms in A3, he should find:

Av 3 5 5v?
SN —depn) — ey )
Ghhh 5 < 27 (cap — 4cun) 3 CH>

Then, we exploited the gy, coefficient, i.e., the new Higgs mass, in order to rewrite \v? as:

1
\v? = MI% <1 —? <26H|:| — icHD — 30;?)) ,

and finally get gppn in Eq. 134 (the same that appears in Eq. 35). Notice that M?I at denominator
of ¢y can be replaced by M%I M= )\v% s since distinguishing the new Higgs mass with the SM one
(equivalently v? from v%,,) would be a higher order correction O(A™%).

B.2 The effective EW gauge boson sector

This subsection is similar to Sec.3.1 and computations done in Appendix A.1 so we will skip some
explanations. The dimension-six operators involved are:

Opw = (H H)WL,WH Owxp = (H'H)B,, B" ; Opws = (H'r H)W,,B"
and Ogp defined in the previous subsection. The effective EW gauge boson Lagrangian reads:

1 1
Lpw = —ZWJ,,W}“’ - ZBWBW + (D, H)(D'H) + cgwOnw + capOup + cawpOnws +capOup -

(135)
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First, we expand every operator around H = 2(0,1)7 obtaining:

V2
(DMH)T(D“H) = see Eq. 131 ;

cyp(H'H)BWB" = %CHBU2 (1 + 27]1 + zz) B, B"
CHD ‘HTD;LHF = see Eq. 131 . (136)

Now we notice that due to Ogw (resp. Opp) the kinetic term for Wlf (resp. B,) is no longer
canonically normalized. Analogously to what done for the Higgs, we would like to redefine WJV —

W}, Z{? and By, — B Zy” so that:

4W,{VW*‘”Q — 2epw) 2y = ZW,{VW“” — ZP =1+ cpw® ; (137)
1 1
— 1 BuwB" (1 = 2er50) Zp = —BuB" — 7% =1+ cupo® . (138)

Now we remember that only fields can be rescaled, not the field strengths, thus, if we want Egs.
137-138 to hold, then we must redefine also the couplings (see Eq. 12 and Eq. 13) as:

ge — ZV_V1/292 ; g —Zg Y24

By replacing Eq. 136 into Eq. 135 and rescaling the fields (also the Higgs), one obtains the full
Lagrangian:

UQQ% VAL “93 1/2 1AL (v+h)* 312
Lepw = 1 WM wWr + TZH th wr + CHDT(ngM — ggWM)
1 1 1 1 2h  h?
= WiWI" = BB = Senw W, B + Scnw? <U = > WL, WE
1 2h h2 1 2h h2
+=epwn B, B" — —cywp VV3 B* . (139)
2 ) v 2 v v

As expected, we see mixing terms WSVB“” and WSB“ as in Eq. 14. To get rid of them, we should
apply the same procedure as did in Appendix A.1, namely the diagonalization procedure. Adopting
the same notation of Eq. 110, we have:

2,2
< 1 CHWBUQ) 2 v492 (1 + %CHD) o 9192 (1 + 5 CHD)
CHW BV 1 (1 4 U CHD)

The matrix D such that DM2DT =1, is:

1 a . .
_D = <\/10(l2 - Via2> Llne:arlze ((::l) _]-a> Where a = CHWB'U2

Next we compute DM2D” whose eigenvalues are the physical masses of Z-boson and photon:

DARDT — (92 +v ( CHDY3 + 2CHWBngz)) —§ (9192 + v? (1CHD9192 + CHWBQ%))
a (91 + CHDgl) ‘
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The characteristic polynomial:

2
v 1 9192 !
AMA= (g2 + 42 <1+v2<c + 2egw )))_—0,
( 4(91 95) 5 CHD H Bg% 2

hence the masses:

2 2

M2=0: M2="(2+) 1+ 4 9192 . 140
5 =03 z= "yl +g2) 1+ (enp+ CHWB 5 2 (140)

From Ref. [30] one can rewrite Wi’ and By, in terms of A,, Z, and the corrected Weinberg angle 6
(let be ¢ = cosf and 5 = sinf) as:

1 1
Wi’ = ZM (C + QSCHWBU2> + AM (S - 2CCHWBU2>
= Zycy (1 + sinEW) + Ausw (1 — C?UUQ&/V) with &w = cgw — ey + tan Owegws ;
(141)
1 2 _ 1 2
B, = —Z,(5+ icwCHWBv +A,(c— §swcHWBv
= —Z,5u (1 + cfuv2£,4) + Aucy (1 — sfuv2£,4) with €4 = cyp — cgw + cot Owegwn
(142)

where we can relate goniometric functions of 6 to the SM ones ¢,, and s,, through the following relations
(they are retrieved by using trigonometric identities and linear expansion in the Wilson coefficients):

2 9 1 93 50 — 915
S | 1+c,v° | cup —cuw + zcawB—"—"——" ;

g pu—
2 91,5M 92,5 M
2 2
_ 9 9 1 92,5 — 91,5Mm _
¢ = cw|l=s,v" | cup—caw + §CHWBﬁ ;
1,SMY2,SM

- 1 R oars — g2
tanf = tanfy |1+ | cyn —CHW-F*CHWBM '
2 91,5M92,5M

Before proceeding any further, we can do a consistency check of our calculations. If they are right,
then we should expect that by expanding the terms (g8, — 92W3)2 in Eq. 139 linearly in the Wilson
coefficients and by applying the redefinitions in Eqgs. 137-138, we should retrieve the masses of the
photon the Z-boson and, hopefully, there should be no mixed term Z, A*. In particular, the general
form is:

2
v C
Lew > o (1 + =5 112) (91By — 92W2)? = a1 A2 + A, 2V + a3 22 .

By computing the coefficients «;, one gets:

a1 = 0 (correct, photons are massless) ;
az = 0 (correct, we are in the mass basis) ;
2
v 9192 CHD . .
az = <1 + 2cywBv — 2) (91 +93) (1 + Tv2> = (linearize)
91 92

v’y v? 9192 1,
= —(9i1+9) |1+ - (cup+4cuwp———5 | | = M7 (correct, as in Eq. 140) .
8 2 97 + 95 2
Now we express the field strength tensors Wlfy and B,,, in terms of the physical fields strength tensors

Fuy = 0 Ay, Zuw = 9, 2,) and lef, = 8[MW3]E. With some algebra, one should obtain the following
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results:

1 2
WW,W{W + WLWWZMV

W, WH + dgs (WIWH(Ws)? —
+4igs (0, W5 (WEWY —

3 31V
WEWEWIWY)

WAWE) + 0, (WIWE — WEW)

v 1 1 ? a2
W[Z’,,Wé‘ = ((c + 2SCHWB1)2> Zyw + <s - 2ccHWBv2> FW> — g3 (WJWZ, -Ww, w5
. _ 8 _ C
+2ig3 ((C + §CHWBUQ) Zy + (8 - §CHWBUZ) F,uu) (WAWY — WEWY) ;
BB — ((—s5—Se %)z e’ 2 F, C
ww = 5 HW BV w | € 2CHWB’U w | s
_92 _92 =2 =2
WEVBuV = (—65 ¢ _58 CHWBU2> Z,?w + (52 — 52)ZMVF‘LW + <§5 _2 te CHWBU2) Fiu
—l—ng(W/j_WV_ — WJW:_) <<—§ — gCHWBU2> ZM 4 (E — gCHWBUQ) F’W) .
(143)

Finally, replacing everything into Eq. 139 and keeping only kinetic terms and Higgs-Boson-Boson
interactions, one has:

2.2
Low = —2WIW:4 “92 Z,PhWI W + 032,20 + (2, + cpv)h(g1 By — g2 W)
1 1
—§W;VW“” = 12w 2" = L FM A 2ewoh W W
_ 1_ 2 — 1— 2 ?

+cgwvh c+ ESCHWBU Zw+|5— §CCHWBU EF.
_ s 2 2

+cgpvh (( *CHWB'U ) ZHV + (C — QCHWBU > FN”)

—cpwpvh (— csZ +csF2 + (2 -5 )ZWF“”) : (144)

2,2
Notice that the new mass of the W-boson is M3, = Z 492 with v and g2 the new vev and normalized

coupling respectively (they do not coincide with the SM ones).
From Eq. 144 one can read all the Higgs-boson-boson interaction coefficients.
write (using the same notation of Eq. 34):

Low 3 gy Wi W gl W E W g 82, 29 46\) s h 2,y 27+ Gy h Fpys ¥+ gy 21

In particular, if we

then by matching (and using Eq. 140) we get:

1 2M2 1)2
9;(114)/14/ = UW <1 — Z(CHD - 4CHD)> ;
9;(121%/14/ = 2cpwv ;
M2 v2
gl(le)Z = TZ (1 + Z(CHD + 401{5)) ;

M2

2 2
@  _ My, Mz
Ghzz = U [CHW (M%) +cyp ( M2

>+CHWB< 9192 ﬂ )
g+g)]

M%—M%) <M5V> ( 9192 ﬂ
gh = v|cgw | ———5— | tcuaB | —5 | —cHWB ;
g [ ( M2 M2 gt + 93
2 2
9192 g192 CHWB ([ 91 — 95
7 9+ g3 92 + g3 2 \gi+9

that is, coefficients in Eq. 35. Notice that all the masses and couplings are not written with the SM
. o o (2) (2)

subscript, hence they assume values corrected with dimension-six operators. In g;\vw» 95725 Jhyy
and gz such values can be replaced with the SM ones since their difference would be a higher order

correction.
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B.3 The effective fermion-Higgs coupling

This subsection is identical to Appendix A.3, but the coefficients name. The effective dimension-six
operators which influence the Yukawa couplings are (hermitian conjugated are understood):

Ope = (H H)lperH ; Opru = (H H)grurH ; Opg = (H'H)q drH .

By expanding these operators around the Higgs vev (keeping also the physical scalar h) and summing
to the SM Higgs-fermions interactions, the effective Yukawa Lagrangian reads:

v+ 2, "h
S
GRS Z3%h)3

22

Ly = (erYeer +urYy ur + diLYddR + h.c.)

(cHee_LeR + cyyurur + CHdd_LdR + h.C.) R (146)

where we remembered to add the Higgs field normalization Z}ll/ % while the fermions do not need it
because they remain canonically normalized.

The following calculations are identical for the quarks and the charged leptons, so let be ¢ € {e,u,d}
and work in generality with .

The fermion mass receives correction from O, so, considering only quadratic terms of the kind )
in Eq. 146, one gets:

3

(—U\% + ;ijiCHw) VLR = —mythrr — U\% = my + ;WcHw ; (147)
hence Eq. 146 can be rewritten as:
Ly = —my¥rir+ (—WZ}/ 2+ 3v2cH¢,> hpLR + h.c. + O(R*Yp)
V2 2V2
Fa_t —mytprR + [—ﬂ:;/) (1 - i(CHD - 4CH|ZI)> + :)/2561{4 Mg + h.c. + O(R*Yp) |

(148)

from which one can easily read the Higgs-fermion coupling g (appearing in Eq. 35):

My v? v?

JHy = — (1 — Z(CHD — 4CH|])> + ﬁcm’b . (149)
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C Generalization of the EFT treatment

In Appendix A, B but also in all Sec.3, we made a specific choice of dim-6 operator bases and wrote
our results (couplings, masses etc.) accordingly. Now we want to generalize the procedure and perform
the calculations without choosing a specific base of operators: deviations from the SM will be denoted
as a dimensionless quantity J; where the subscript ¢ will indicate the coupling we are referring to. In
general, the structure of 4; is a linear combination of Wilson coefficients c; as:

2

0; = Zci,j% ;

J

and its explicit form will depend on the explicit 6-dim operator basis choice that one makes.

C.1 Higgs sector

In general, we can write the Higgs sector of the SMEFT Lagrangian in the EW broken phase, using
the unitary gauge, as:

1 1 h 1 h?
Ly = 5(8@)2(1 +0n +0mp) + 58h3§(8uh)2; + 58h4§(8uh)2ﬁ
Av? A A
—%(1 + On)B? — 7”(1 +0u3)h® = S(L+ )k + O(R) . (150)

Usually, one normalises the Higgs field in order to have a canonical kinetic term. By redefining
h — Z}IZ/Qh, one should impose:

1 1
5/(0ul)*(1 404+ 8110) Z, < 5@uh)” — Zn = (1= 6, — 3up) - (151)

By using this normalisation and keeping only linear terms in the Wilson coefficients (equivalently,
linear terms in ¢;), we get:

1 h h? \v?
Ly = 5(3uh)2 <1 + 5ah3; + 5ah4v2) - 7(1 + Gyh — Op — S p)h?
Av 3 3 A 4 5
5 1+ dp3 — 5(5h + 5HD) h® — g(l + Opa — 2(5h + 5HD))h + O(h ) . (152)
Notice that the §; are not necessarily independent, i.e., chosen a base of non-redundant dim-6 operators,
it is possible to rewrite some deltas in function of other deltas. For example, if dgp comes from the
modification induced by the operator O, = (H'H)|D,H |2, then after expanding it around H =

%(0, )T, it becomes clear that it will contribute to dgn3 and dpps. On the other hand, derivative

couplings also arise from the operator which contributes to &y, e.g., Ogo = (H'H)O(HTH). So
On, 0HD, 0an3 and dgps can be expressed as linear combination of two Wilson coefficients cyp and ¢,
therefore these deltas are not independent.
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C.2 Gauge sector

As done for the Higgs sector, we start by looking at the general form of the EW gauge Lagrangian in
the SMEFT framework:

h2

1
02

h
Lepw = 4W;{VWFV(1 + ow) + 5WhW‘L{,,W#V; + 5Wh2W;qu;W
2

1 h h
— 1 BB (1+05) + OpnByuB" 4 dpraBu B 5

h2

1 h
— W3 B"wpg + 5WBhW3,,B'“VE + 5WBh2W3VB“Vﬁ + (DMH)T(DHH) (1 +duD (1 + "

D)

2 H

h2

v2

_ Ly

v l/h v
-3 LW+ 0w) + 5WthVWf — 5Wh2W/f,,W}‘

1 h h?
*ZBMVB#V(l + 63) + 5BhBl“,B'uV; + 5Bh2-B,U,Z/B#VU72

h2

1 h
—*I/V3 BMV5WB + 5WBhW3VBMV* + 5WBh2W3VBMV 5
v v

2 M
+(146mp (14+2) | E2wiwe (14227
v 4 H v

+% (1 +dup (1 + v) ) (ngM — gng’)z <1 + Z}ll/2> + (Lg terms) .

v

Notice that the gauge bosons kinetic terms are not canonical and we will not renormalize them in
order to keep track how dy and ép affect the explicit form of the physical fields and their masses.
Note also the last two lines of Eq. 153: modifications to the gauge bosons masses and couplings with
the Higgs are both dependent by §p and Zi/ 2. This is not the most general form we could write this
terms: for example, we could write %WIW’_L (1 + O + (1 + 5mWh)% +(1+ 5mWh2)Zé + O(h3)).
However, doing so, we cannot see explicitly how the Higgs field renormalization and the SMEFT
contributions to |D, H \2 modify the gauge bosons masses and couplings because they would be hidden
in the definition of 0,44, dmwh, Omwne. Therefore, we prefer the notation as in Eq. 153.

In order to rewrite the fields Wi’ and B, in terms of Z,, and A, we must perform the diagonalization

procedure of the kinetic and mass terms as described in [28]. Using the same notation of Eq. 110, we
have:

1+dw Oows ) 5, V7 < 95 —9192>
< owB 1+ 6B 4 ( HD) —g192 g%

We now have to find a matrix D such that DM?DT =1,. A convenient choice is:

(1+5B)1/2 _ 5WB . i 1 o 1(5 _5
D — | Gop+0m)72Z  ~ (1435)172(1+o5+6w)1/2 | Lincarize < 7 10, )
! .

1
0 o7 0 1-a0s

Next we compute DM?D7T and retrieve its eingenvalues which are the physical masses of Z-boson and
photon. We get:
2 , v, 2 2 2
M’Y =0; M7 = Z(gl +93) (1+(6HD_5BSU;_5W6w+25wcw5WB)) , (154)

with s,, = sin Ay and ¢,, = cos fy where fy is the SM Weinberg angle. The eigenvectors of DM2DT
can be written as:

vy = (g1 (1+ 350w —08) , g2(1+tan, bwp)) ;
vz = (g92(1+tany, dwp), —g1 (14 500w —6p))) ;
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where we did not name them as A or Z since they still need to be properly normalized. To do so,
we construct the matrix R defined by v, and vz used as row vectors and then we impose that R is a
orthogonal matrix. If we want RT R = I to hold, then we have to choose:

\/‘ZT (1 + 102 - (0w —d0B) — 3w0w5WB) \/ZZT (1 és%v((sw dp) + dw p(tan, —chw))
R= 91+95 93
2+ (1 + 5WB(tanw chw) — %S%U((SW — (53)) 2+ > (1 —I— (SW (53) chw6WB>

92

At this stage, one may compute RDM?2DTRT as consistency check. If the calculations are correct,
then one has to find a diagonal matrix with the eigenvalues of Eq. 154 on the diagonal (this is our
case). Finally, it is possible to write the physical states as:

() = oo (22).

obtaining:
g2 1 1
Wi = ——=—7z, (1 26p — S+t 25
m g%—}—g% ( +2 w < +2C ) W+ Ay, Sy, WB)
+971A 1 1c2 0B — 152 ow — SwCwown | ; (155)
1 1,
B, = —LZ!L 1—-90p c —1——8 + - w(5W+Cotwc owB
9i +95 2" 2
g2 1, 1,
+—=A4, <1 — —c2 g — =82 0w — swcwcSWB) . (156)
Vi +gs 2" 72"

We can perform the same consistency check done in Appendix B.2 to see if Eqs. 155-156 are correct.
We know that in the mass basis there are no terms of the kind A% and no mixing 4, Z*. From the
Lagrangian in Eq. 153 those terms may arise from (¢g15, — gng)Q, but if we compute it using the
previous decomposition in physical fields, we find:

(1B — g2W2)? = X4 A2 + Xp A, ZM + X3Z)  with:

X1=0 correct ;

Xo=0 correct ;

X3=¢(1—06p) +g5(1 — 0w) + 291920wp  correct, it leads to M3 .

Now, using the following algebraic results:

W;VW{W + Wjuwg“” = 2WE W + digy(WEWHIWY — W, WEWY)
+GI(WIWS = WEIW2)? + (WEW, — WaW2)?]

WEVW;V = (§W3ZZMV + gw?)aF;w)Q + 4192 (§w3ZZ,U,l/ + fw?;aF,uy)WiLWz
o3 (W WS — WiW,)?
B,uuBlW = (szZ;w + £baF,u1/)2 )
WEVBMV = (gw&zZ/,w + gw?;aF,uu)(gszMV + gbaFuy) + 2i92(£sz,ul/ + gbaF/U/)WﬁWZ ;
where:
Wir+w, i
1 _ H H o 2 _ + = .
W, = W_i(VVp,_Wp,)7

WE = ngzZ,u + £w3aAu ; B,LL = szZ,u + fbaA,u ;

we can finally rewrite the Lagrangian in Eq. 153 as (we omit 4-vertex gauge coupling O(W*) and
higher order couplings between Higgs and gauge fields, but they can be retrieved from the original
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Lagrangian by applying the decomposition in Eqs. 155-156):

1 , 1 1 Jh , h?
Low = 5L+ Sw)WE W — CFu P — 22, 2" 4 20w W, W 4 28w W, W4

h h?
+F51,; (¢26Bh + swewdwBh + Spdwn) + Fil,vfg (¢26Bh2 + SwCwdwBh2 + Sadwh2)

h h?
+Z,2W5 (52,681 — SwCwdOwBh + Chdwn) + Zﬁyﬁ (55,6Bh2 — SwCwdw BR2 + Codwn2)
2

h h
—l—FMVZF”’ [U ((6121) — 3121;)5WBh — 28y Cw(0pn — 5Wh)) + 2 ((C2w — S,%U)(sWBhQ — 28y Cw(0pn — 5Wh))

2 2 9 2
1
+ | 14+ dup 14 ) gy (44 0 1—=(6n+6uD)
v 4 K v 2

v (g7 + 95

h 2
n - ) (1 +38up (1 + v) > Zi(1 = sp0p — Coybw + 25wCw0wB)

2
X <1+Z <1 - ;(5h+5HD))> +TGC + O(W*) ;

with TGC the following triple gauge couplings:

—1 1 1
TGC = NP2 Fu,WEWY (1 — =265 + = (1 + c2,)dw + coty codwp
g% + 93 2 2

1 1
+AM (W;rWﬁV _ W;W_’:V) (1 — 562053 + 5(1 + C2w)5w — chw5WB>:|

—ig3 1 1
% [ZWWﬁWE (1 + 533,53 + 20w — swcw5WB>
Vit 93
1 1
+Z, (W WH — W W) (1 + 553}53 + 50121;5W + tan,, 315W3>] ; (158)

where X, = 0, X,). Notice that F 3,/ and ZEV are canonically normalized as a consequence of the
diagonalization procedure, but the fact that both W!f and B, were not normalized is still reminiscent
in the Zﬁ terms and in Eqgs. 155-156. Notice also that we can normalize the charged boson kinetic

term by applying ch — Z%QW;,F with Zyw = (1 — éw) and, if we want the field strength tensor to

transform as W;f, — Z%QW;/ then also the coupling go must be redefined as go — Z 1/ 292 (hence
the combination gng is unchanged). Obviously, other than the TGC terms in Eq. 158, one can also
add new genuine triple gauge bosons vertices, coming from SU(2); x U(1)y invariant dim-6 operators
written in the EW broken phase.

As final check, let us match the result from Eq. 157 with a coefficient from Eqs. 35 (namely one
of those used in the main body of this work, where we made an explicit base operator choice), for

example the hZ,, Z" coupling. For this exercise, we can take dgp = % and 0, = —2v%cynt’. We

are interested in the terms of the last two lines of Eq. 157 and, by keeping only terms proportional to
hZi we get:

v*(g? + g3) 2h 1 1
Mf <1 — 5511 +dgp + 26HD> (1 — 812”(53 — 012051/1/ + QSwa(SWB)Zi

8 v
02(2 + g2 1 h
— (914 92) (1+0yp — 82053 — cfvéw + 28y Cuwown) <1 - 5(5;1 — 5HD)> 52/3

=M% (see Eq. 154)
M2 1 h s
= —Z(1—-=-(on— —Z, .
» ( 5 (O 5HD)> i

1" This result comes from the mathcing between Eq. 151 of this subsection with Eq. 132 from Appendix B.1.
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Now, by replacing dgp and 9§, as suggested before, we get:

M2 2
. <1+ 1 (4CH[|+CHD)> h22 ' ;LZ)ZhZ2

as in Eq. 35.

C.3 Another 7, for the Higgs field

In the previous subsections we used as Higgs field renormalizarion Z, /2 _ =1+ (cHD — icH D) v?, but
this is only a possible choice. In particular, thanks to the S-matrix equwalence theorem, the physical
results (e.g., cross sections, decay rates) that one can compute from a Lagrangian are independent
from the particular choice of field renormalization ¢ — F'(¢), provided that the function F'(¢) is local.
This does not mean that also the couplings and the Feynman rules are written in the same way as we
are going to see.

The purpose of this subsection is to review briefly the results from Appendix B.1 to Appendix B.3
using the same notation, but a different normalization for the Higgs field, namely the one proposed in
Ref. [38] where not only the Higgs kinetic term results canonically normalized, but also the derivative
Higgs couplings are vanishing. The Higgs redefinition is:

h—n(1+ E 1+h+h—2 (159)
CHO — 4 CHD | v 52 ))

By using this shift, the terms proportional to (8Mh)2 in Eq. 133 become:

1 n\? 1 h\?
14+2(cygo— -cup v? 14— 1+U2 —CcHD — 2CHO 14+ —
4 v 2 v

where there are no derivative couplings as claimed before. Notice that the redefinition in Eq. 159 is
identical to our redefinition in Eq. 132 if we keep only linear terms in the Higgs field. As a consequence,
we expect that the new renormalization will not modify the couplings involving the lowest power of
the Higgs fields'®, namely h? terms for the scalar potential; hX pXH and h X, Y* terms for the gauge
sector, where we named as X, (X,,) a generic EW boson (field-strength).

Now, we can re-compute the coefficients of Eq. 134 by using the new redefinition and we get:

1 1
5 (Ouh)” = 5(0.h)?

gn = 0;
1 Av? 1 CH
= ——M2=-""(1+0*(2cun— -3+
9hh 5 5 ( +v ( CHO 2CHD h\ )) ;
M? 302 20t
= 1—-— 4 ;
9hhh S ( 1 (cwp — 4enn) — M;% CH) ;
A 14 , 1504
gan = ~3 <1 + EU (4cgn — cup) — M}%CH> )
M} sen 4 3
e _— C — 4C —FC 5
gsh dv HD HO M]% H 3
M? 3v?
genh = m <CHD - 4CHE| + M2 ) . (160)

In a similar way, we start from the first line of Eq. 144 and use the new Higgs redefinition. We are not
interested in the other terms because Z; does not appear since there are already first order corrections
in the Wilson coefficients and we want to keep only linear terms in ¢; according to our perturbative
expansion. This statement implies, together with the fact that couplings with at least two Higgs fields
in the gauge sector (analogously the Higgs-fermion sector) are modified, that none of the coefficients

8We exclude in this discussion terms without Higgs fields because they are trivially left invariant since there are no
Higgs to redefine.
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in Eq. 145 and Eq. 149 change.
For completeness, we report some higher order Higgs-gauge couplings with the new redefinition:

O(h?) :

(1B — g2W3)? + 2g5WFWH)

| —

2
4 ((QCHD + CHD)(ng ggW3)2 + (4CHD — CHD)g%W:Wﬁ) h? ;
v

8 [((2cun + cap)(91By — 92W,3)? + (demn — cup)gaWi WE) | b

1

1 ( 2cyn + CHD)(ng# — g2W3)2 (4CHD — CHD)g W+W”)] h* (161)

[\

63



REFERENCES REFERENCES

References

[1] F. ABe et al. (CDF Collaboration), Observation of Top Quark Production in pp Collisions
with the Collider Detector at Fermilab, Phys. Rev. Lett. 74, 2626 (1995). DOI: 10.1103/Phys-
RevLett.74.2626, URL: https://1link.aps.org/doi/10.1103/PhysRevLett.74.2626

[2] Abachi, S. et al. (DO collaboration), Observation of the Top Quark, Phys. Rev. Lett. 74,
2632 (1995). DOIL: 10.1103/PhysRevLett.74.2632, URL: https://link.aps.org/doi/10.1103/
PhysRevLett.74.2632

[3] Kodama, K. et al. (DONUT collaboration), Observation of tau neutrino interactions, Phys.
Lett. B 504 (3), 218-224. DOI: 10.1016/s0370-2693(01)00307-0, URL: https://doi.org/10.1016Y%
2Fs0370-2693%2801%2900307-0

[4] ATLAS Collaboration (G. Aad et al.), Phys. Lett. B716, 1 (2012), https://doi.org/10.1016%
2Fj.physletb.2012.08.020

[5] CMS Collaboration (S. Chatrchyan et al.), Phys. Lett. B716, 30 (2012), https://doi.org/10.
1016%2Fj . physletb.2012.08.021

6] R.L. Workman et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2022, 083C01 (2022)
7] S. L. Glashow, Nucl. Phys. 22, 579 (1961).
]
]

[

[

[8] G.’t Hooft and M. J. G. Veltman, Nucl. Phys. B44, 189 (1972)

[9] Gaby Réade and Rolf Beyer, Neutrino Electron Scattering. European Organization for Nuclear
Research, CERN-PPE/93-65.

[10] UA1 Collaboration (G. Arnison et al.), Phys. Lett. B122, 103 (1983).
[11] UA2 Collaboration (M. Banner et al.), Phys. Lett. B122, 476 (1983).

[12] LEP Electroweak Working Group, SLD Electroweak and Heavy Flavour Groups, ALEPH, DEL-
PHI, L3, OPAL and SLD Collaborations (S. Schael et al.), Phys. Rept. 427, 257 (2006). URL:
https://doi.org/10.1016%2Fj.physrep.2005.12.006

[13] A. Sirlin and A. Ferroglia, Radiative Corrections in Precision FElectroweak Physics: a His-
torical Perspective, Rev.Mod.Phys. 85 (2013), no. 1 263-297. URL: https://doi.org/10.1103}
2Frevmodphys.85.263

[14] Jens Erler and Matthias Schott, Electroweak precision tests of the Standard Model after the dis-
covery of the Higgs boson. DOIL: 10.1016/j.ppnp.2019.02.007, URL: https://doi.org/10.1016Y%
2Fj.ppnp.2019.02.007

[15] M. Baak and and M. Goebel and J. Haller and A. Hoecker and D. Kennedy and K. Monig
and M. Schott and J. Stelzer, Updated status of the global electroweak fit and constraints on
new physics. DOIL: 10.1140/epjc/s10052-012-2003-4. URL: https://doi.org/10.1140%2Fepjc
2Fs10052-012-2003-4

[16] ATLAS Collaboration (M. Aaboud et al.), Eur. Phys. J. C78, 110 (2018),
DOI: 10.1140/epjc/s10052-017-5475-4, URL: https://doi.org/10.1140%2Fepjch
2Fs10052-017-5475-4

[17] Pauli, W., Zur Quantenmechanik des magnetischen Elektrons. Zeits. Phys. 43, 601-623 (1927).
URL: https://doi.org/10.1007/BF01397326

[18] P. A. M. Dirac, The Quantum Theory of the Electron. Proc. Roy. Soc. A 117, 610-624 (1928),
URL: https://doi.org/10.1098/rspa.1928.0023

[19] Kusch, P. and Foley, H. M., The Magnetic Moment of the Electron, Phys. Rev. 74 (1948) 250,
URL: https://1link.aps.org/doi/10.1103/PhysRev.74.250

64


https://link.aps.org/doi/10.1103/PhysRevLett.74.2626
https://link.aps.org/doi/10.1103/PhysRevLett.74.2632
https://link.aps.org/doi/10.1103/PhysRevLett.74.2632
https://doi.org/10.1016%2Fs0370-2693%2801%2900307-0
https://doi.org/10.1016%2Fs0370-2693%2801%2900307-0
https://doi.org/10.1016%2Fj.physletb.2012.08.020
https://doi.org/10.1016%2Fj.physletb.2012.08.020
https://doi.org/10.1016%2Fj.physletb.2012.08.021
https://doi.org/10.1016%2Fj.physletb.2012.08.021
https://doi.org/10.1016%2Fj.physrep.2005.12.006
https://doi.org/10.1103%2Frevmodphys.85.263
https://doi.org/10.1103%2Frevmodphys.85.263
https://doi.org/10.1016%2Fj.ppnp.2019.02.007
https://doi.org/10.1016%2Fj.ppnp.2019.02.007
https://doi.org/10.1140%2Fepjc%2Fs10052-012-2003-4
https://doi.org/10.1140%2Fepjc%2Fs10052-012-2003-4
https://doi.org/10.1140%2Fepjc%2Fs10052-017-5475-4
https://doi.org/10.1140%2Fepjc%2Fs10052-017-5475-4
https://doi.org/10.1007/BF01397326
https://doi.org/10.1098/rspa.1928.0023
https://link.aps.org/doi/10.1103/PhysRev.74.250

REFERENCES REFERENCES

[20] Schwinger, Julian, On Quantum-Electrodynamics and the Magnetic Moment of the Electron, Phys.
Rev. 73 (1948) 416, URL: https://link.aps.org/doi/10.1103/PhysRev.73.416

[21] Garwin, Richard L. and Lederman, Leon M. and Weinrich, Marcel, Observations of the Failure
of Conservation of Parity and Charge Conjugation in Meson Decays: the Magnetic Moment of the
Free Muon, Phys. Rev. 105, 1415 (1957), URL: https://link.aps.org/doi/10.1103/PhysRev.
105.1415

[22] J M Cassels and T W O'Keeffe and M Rigby and A M Wetherell and J R Wormald, Ezperiments
with a Polarized Muon Beam, Proc. Phys. Soc. A 70 7 (1957), URL: https://doi.org/10.1088/
0370-1298/70/7/412

[23] Garwin, R. L. and Hutchinson, D. P. and Penman, S. and Shapiro, G., Accurate Determination
of the u* Magnetic Moment, Phys. Rev. 118, 271 (1960), URL: https://link.aps.org/doi/10.
1103/PhysRev.118.271

[24] M. Abe et al., PTEP 2019 (2019) no.5, 053C02

[25] Roberts, B. Lee, The History of the Muon (g-2) Experiments. DOIL: 10.48550/ARXIV.1811.06974,
URL: https://arxiv.org/abs/1811.06974

[26] W. Buchmiiller, D. Wyler, Effective lagrangian analysis of new interactions and flavour conser-
vation. Nuclear Physics B (1986), Volume 268, Issues 3—4, pp.621-653

[27] Di Luzio Luca, Grober Ramona and Paradisi Paride, Higgs physics confronts the My, anomaly.
DOLI: 10.1016/j.physletb.2022.137250, URL: https://arxiv.org/abs/2204.05284

[28] R. Kogerler and D. Schildknecht, On electroweak interactions within subconstituent models. CERN
preprint TH. 3231 (1982)

[29] C. Grojean, E. E. Jenkins, A. V. Manohar, and M. Trott, Renormalization group scaling of Higgs
operators and h — vy decay. URL: https://doi.org/10.1007%2F jhep047,282013%29016

[30] A. Dedes, W. Materkowska, M. Paraskevas, J. Rosiek, and K. Suxho, Feynman rules for the Stan-
dard Model Effective Field Theory in R¢-gauges. https://doi.org/10.1007%2F jhep06%2820177%
29143

[31] CDF Collaboration, T. Aaltonen et al., High-precision measurement of the W boson mass with
the CDF' II detector. Science 376 no. 6589, (2022) 170-176.

[32] A. Strumia, Interpreting electroweak precision data including the W-mass CDF anomaly. https:
//doi .org/10.1007%2F jhep08%282022%29248

[33] Riccardo Barbieri, Alex Pomarol, Riccardo Rattazzi, Alessandro Strumia, Electroweak symmetry
breaking after LEP1 and LEP2. https://doi.org/10.1016%2Fj.nuclphysb.2004.10.014

[34] B. Grzadkowski, M. Iskrzyniski, M. Misiak and J. Rosiek, Dimension-Siz Terms in the Standard
Model Lagrangian. https://doi.org/10.1007%2F jhep10%282010%29085

[35] de Blas, J. and Pierini, M. and Reina, L. and Silvestrini, L., Impact of the recent measurements of
the top-quark and W-boson masses on electroweak precision fits. DOIL: 10.48550/ ARXIV.2204.04204,
URL: https://arxiv.org/abs/2204.04204

[36] Rodrigo Alonso, Elizabeth E. Jenkins, Aneesh V. Manohar, Michael Trott, Renormalization
Group Evolution of the Standard Model Dimension Six Operators III: Gauge Coupling Dependence
and Phenomenology. DOI: 10.1007/jhep04(2014)159, URL: https://doi.org/10.1007%2F jhep04Y
282014%29159.

[37] L. Bergstrom and G. Hulth, Induced Higgs couplings to neutral bosons in eTe™ collisions. Nucl.
Phys. B 259 (1985) 137

65


https://link.aps.org/doi/10.1103/PhysRev.73.416
https://link.aps.org/doi/10.1103/PhysRev.105.1415
https://link.aps.org/doi/10.1103/PhysRev.105.1415
https://doi.org/10.1088/0370-1298/70/7/412
https://doi.org/10.1088/0370-1298/70/7/412
https://link.aps.org/doi/10.1103/PhysRev.118.271
https://link.aps.org/doi/10.1103/PhysRev.118.271
https://arxiv.org/abs/1811.06974
https://arxiv.org/abs/2204.05284
https://doi.org/10.1007%2Fjhep04%282013%29016
https://doi.org/10.1007%2Fjhep06%282017%29143
https://doi.org/10.1007%2Fjhep06%282017%29143
https://doi.org/10.1007%2Fjhep08%282022%29248
https://doi.org/10.1007%2Fjhep08%282022%29248
https://doi.org/10.1016%2Fj.nuclphysb.2004.10.014
https://doi.org/10.1007%2Fjhep10%282010%29085
https://arxiv.org/abs/2204.04204
https://doi.org/10.1007%2Fjhep04%282014%29159
https://doi.org/10.1007%2Fjhep04%282014%29159

REFERENCES REFERENCES

[38] Ilaria Brivio and Michael Trott, The Standard Model as an Effective Field Theory. DOI:
10.1016/j.physrep.2018.11.002, URL: https://doi.org/10.1016%2Fj.physrep.2018.11.002

[39] J. Aebischer, W. Dekens, A. V. Manohar, D. Sengupta and P. Stoffer, Effective field theory
interpretation of lepton magnetic and electric dipole moments. DOI: 10.1007 /jhep07(2021)107, URL:
https://doi.org/10.1007%2F jhep07%282021%29107

[40] Fred Jegerlehner and Andreas Nyffeler, The muon g-2, DOI: 10.1016/j.physrep.2009.04.003, URL:
https://doi.org/10.1016%2Fj.physrep.2009.04.003

[41] Hiren H. Patel, Package -X 2.0: A Mathematica package for the analytic calculation of one-
loop integrals, DOIL: 10.1016/j.cpc.2017.04.015, URL: https://doi.org/10.1016%2Fj.cpc.2017.
04.015

[42] T. Aoyama et al., The anomalous magnetic moment of the muon in the Standard Model, DOLI:
10.1016/j.physrep.2020.07.006, URL: https://doi.org/10.1016%2Fj.physrep.2020.07.006

[43] Muon g-2 Collaboration, B. Abi et al., Measurement of the Positive Muon Anomalous Magnetic
Moment to 0.46 ppm, Phys. Rev. Lett. 126 (2021), DOI: 10.1103/physrevlett.126.141801, URL:
https://doi.org/10.1103%2Fphysreviett.126.141801

[44] Dario Buttazzo and Paride Paradisi, Probing the muon g¢-2 anomaly with the Higgs bo-
son at a Muon Collider, DOI: 10.1103/physrevd.104.075021, URL: https://doi.org/10.1103}
2Fphysrevd.104.075021

[45] Elizabeth E. Jenkins and Aneesh V. Manohar and Michael Trott, Renormalization group evo-
lution of the standard model dimension six operators. I: formalism and A dependence, DOI:
10.1007/jhep10(2013)087, URL: https://doi.org/10.1007%2F jhep10%282013%29087

[46] Elizabeth E. Jenkins and Aneesh V. Manohar and Michael Trott, Renormalization group
evolution of the Standard Model dimension siz operators II: Yukawa dependence, DOI:
10.1007/jhep01(2014)035, URL: https://doi.org/10.1007%2F jhep01%282014729035

[47] Joan Elias-Mir6 and Christophe Grojean and Rick S. Gupta and David Marzocca, Scaling and
tuning of EW and Higgs observables, DOI: 10.1007/jhep05(2014)019, URL: https://doi.org/10.
1007%2F jhep05%282014%29019

[48] Javier Fuentes-Martin and Pedro Ruiz-Femenia and Avelino Vicente and Javier Virto, DsizTools
2.0: the effective field theory toolkit, DOI: 10.1140/epjc/s10052-020-08778-y, URL: https://doi.
org/10.1140%2Fepjc%2Fs10052-020-08778-y

[49] James D. Wells and Zhengkang Zhang, Renormalization group evolution of the universal theories
EFT, DOI: 10.1007/jhep06(2016)122, URL: https://doi.org/10.1007%2F jhep06%282016%29122

[50] Valencia, G, and Willenbrock, S. Goldstone-boson equivalence theorem and the Higgs resonance.
Phys. Rev. D 42 853 (1990)

[51] C. Aime et al., Muon Collider Physics Summary, DOI: 10.48550/ARXIV.2203.07256, URL:
https://arxiv.org/abs/2203.07256

[52] J. de Blas and J. C. Criado and M. Pérez-Victoria and J. Santiago, Effective description of general
extensions of the Standard Model: the complete tree-level dictionary. DOI: 10.1007 /jhep03(2018)109,
URL: https://doi.org/10.1007%2F jhep037%282018%29109

[53] Lei Wang and Jin Min Yang and Yang Zhang, Two-Higgs-doublet models in light of current
experiments: a brief review. DOI: 10.1088/1572-9494 /ac7fe9, URL: https://doi.org/10.1088%
2F1572-9494%,2Fac7fe9

[54] David Eriksson and Johan Rathsman and Oscar Stal, 2HDMC - two-Higgs-doublet model calcu-
lator. DOI: 10.1016/j.cpc.2009.09.011, URL: https://doi.org/10.1016%2Fj.cpc.2009.09.011

66


https://doi.org/10.1016%2Fj.physrep.2018.11.002
https://doi.org/10.1007%2Fjhep07%282021%29107
https://doi.org/10.1016%2Fj.physrep.2009.04.003
https://doi.org/10.1016%2Fj.cpc.2017.04.015
https://doi.org/10.1016%2Fj.cpc.2017.04.015
https://doi.org/10.1016%2Fj.physrep.2020.07.006
https://doi.org/10.1103%2Fphysrevlett.126.141801
https://doi.org/10.1103%2Fphysrevd.104.075021
https://doi.org/10.1103%2Fphysrevd.104.075021
https://doi.org/10.1007%2Fjhep10%282013%29087
https://doi.org/10.1007%2Fjhep01%282014%29035
https://doi.org/10.1007%2Fjhep05%282014%29019
https://doi.org/10.1007%2Fjhep05%282014%29019
https://doi.org/10.1140%2Fepjc%2Fs10052-020-08778-y
https://doi.org/10.1140%2Fepjc%2Fs10052-020-08778-y
https://doi.org/10.1007%2Fjhep06%282016%29122
https://arxiv.org/abs/2203.07256
https://doi.org/10.1007%2Fjhep03%282018%29109
https://doi.org/10.1088%2F1572-9494%2Fac7fe9
https://doi.org/10.1088%2F1572-9494%2Fac7fe9
https://doi.org/10.1016%2Fj.cpc.2009.09.011

REFERENCES REFERENCES

[55] G.C. Branco and P.M. Ferreira and L. Lavoura and M.N. Rebelo and Marc Sher and Joao P. Silva,
Theory and phenomenology of two-Higgs-doublet models. DOI: 10.1016/j.physrep.2012.02.002, URL:
https://doi.org/10.1016%2Fj.physrep.2012.02.002

[56] S. L. Glashow and S. Weinberg Phys. Rev. D15 (1977) 1958.

[57] I. F. Ginzburg and M. Krawczyk Phys. Rev. D72 (2005) 115013, http://xxx.lanl.gov/abs/
hep-ph/0207010

[58] Lee, Soojin and Cheung, Kingman and Kim, Jinheung and Lu, Chih-Ting and Song,
Jeonghyeon, Status of the two-Higgs-doublet model in light of the CDF my measurement. DOIL:
10.48550/ARXIV.2204.10338, URL: https://arxiv.org/abs/2204.10338

[59] Alessandro Broggio and Eung Jin Chun and Massimo Passera and Ketan M. Patel and Sudhir K.
Vempati, Limiting two-Higgs-doublet models, DOI: 10.1007/jhep11(2014)058, URL: arXiv:1409.
3199 [hep-ph]

[60] Xiao-Fang Han and Fei Wang and Lei Wang and Jin Min Yang and Zhang Yang, A joint ex-
planation of W-mass and muon g¢-2 in 2HDM. DOI: 10.1088/1674-1137/ac7c63, URL: arXiv:
2204 .06505v3 [hep-ph]

[61] Yongtae Heo and Dong-Won Jung and Jae Sik Lee, Impact of the CDF W-mass anomaly on
two Higgs doublet model. DOI: 10.1016/j.physletb.2022.137274, URL: https://doi.org/10.48550/
arXiv.2204.05728

[62] Darwin Chang and We-Fu Chang and Chung-Hsien Chou and Wai-Yee Keung, Large Two-Loop
Contributions to g-2 from a Generic Pseudoscalar Boson, DOL: 10.1103 /physrevd.63.091301, URL:
arXiv:hep-ph/0009292v3 [hep-ph]

[63] Ahn, Yang Hwan and Kang, Sin Kyu and Ramos, Raymundo, Implications of New CDF-II
W' Boson Mass on Two Higgs Doublet Model. DOI: 10.48550/ARXIV.2204.06485, URL: https:
//arxiv.org/abs/2204.06485

[64] Abouabid, H. and Arhrib, A. and Benbrik, R. and Krab, M. and Ouchemhou, M., Is the new CDF
My measurement consistent with the two higgs doublet model?. DOI: 10.48550/ARXIV.2204.12018,
URL: https://arxiv.org/abs/2204.12018.

[65] Ghorbani, Karim and Ghorbani, Parsa, W-Boson Mass Anomaly from Scale Invariant 2HDM.
DOLI: 10.48550/ARXIV.2204.09001, URL: https://arxiv.org/abs/2204.09001

[66] Jongkuk Kim, Compatibility of muon g-2, W mass anomaly in type-X 2HDM. DOL:
10.1016/j.physletb.2022.137220, URL: https://doi.org/10.1016%2Fj.physletb.2022.137220

[67] Jinheung Kim and Soojin Lee and Prasenjit Sanyal and Jeonghyeon Song, CDF W boson mass
and muon g-2 in type-X two-Higgs-doublet model with a Higgs-phobic light pseudoscalar. DOI:
10.1103/physrevd.106.035002, URL: https://doi.org/10.1103}2Fphysrevd. 106.035002

[68] Rene Brun and Fons Rademakers, ROOT - An Object Oriented Data Analysis Framework, Pro-
ceedings ATHENP’96 Workshop, Lausanne, Sep. 1996, Nucl. Inst. & Meth. in Phys. Res. A 389
(1997) 81-86.

[69] Philip Bechtle and Sven Heinemeyer and Tobias Klingl and Tim Stefaniak and Georg Weiglein
and Jonas Wittbrodt, HiggsSignals-2: probing new physics with precision Higgs measurements in
the LHC 13 TeV era. DOI: 10.1140/epjc/s10052-021-08942-y, URL: https://doi.org/10.1140%
2Fepjc%2Fs10052-021-08942-y.

[70] Philip Bechtle and Daniel Dercks and Sven Heinemeyer and Tobias Klingl and Tim Stefaniak
and Georg Weiglein and Jonas Wittbrodt, HiggsBounds-5: testing Higgs sectors in the LHC
13 TeV Era. DOI: 10.1140/epjc/s10052-020-08557-9, URL: https://doi.org/10.1140%2Fepjcl
2Fs10052-020-08557-9

67


https://doi.org/10.1016%2Fj.physrep.2012.02.002
http://xxx.lanl.gov/abs/hep-ph/0207010
http://xxx.lanl.gov/abs/hep-ph/0207010
https://arxiv.org/abs/2204.10338
arXiv:1409.3199
arXiv:1409.3199
arXiv:2204.06505v3
arXiv:2204.06505v3
https://doi.org/10.48550/arXiv.2204.05728
https://doi.org/10.48550/arXiv.2204.05728
arXiv:hep-ph/0009292v3
https://arxiv.org/abs/2204.06485
https://arxiv.org/abs/2204.06485
https://arxiv.org/abs/2204.12018
https://arxiv.org/abs/2204.09001
https://doi.org/10.1016%2Fj.physletb.2022.137220
https://doi.org/10.1103%2Fphysrevd.106.035002
https://doi.org/10.1140%2Fepjc%2Fs10052-021-08942-y
https://doi.org/10.1140%2Fepjc%2Fs10052-021-08942-y
https://doi.org/10.1140%2Fepjc%2Fs10052-020-08557-9
https://doi.org/10.1140%2Fepjc%2Fs10052-020-08557-9

	Introduction
	Precision test of the SM: state-of-the-art
	EWPO and the role of MW
	The muon g-2

	MW within an EFT framework
	SMEFT general overview and results
	EW gauge sector
	GF constant
	The dipole Lagrangian LM

	MW anomaly within SMEFT
	ΔMW(S,T,U)
	S=SSSS and T=TTTT dependent observables


	Muon g-2 anomaly
	The SM prediction for the muon g-2
	SMEFT approach to the muon g-2
	Linking the muon g-2 to high-energy observables

	New Physics scenarios
	BSM heavy particles
	B ∼(1,1,0) vector-like particle
	L1∼(1,2,1/2) vector-like particle

	Two-Higgs Doublet Model (2HDM)
	General overview
	Constraints and results in the literature
	Our computation


	Conclusions
	SMEFT useful results
	EW gauge and mass states: the diagonalization procedure
	Coupling of W and Z to fermions
	The fermion-Higgs coupling
	The Higgs mass and self-interactions
	W and Y parameters

	The effective LSMEFTint
	The effective Higgs sector
	The effective EW gauge boson sector
	The effective fermion-Higgs coupling

	Generalization of the EFT treatment
	Higgs sector
	Gauge sector
	Another Zh for the Higgs field


