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1 Introduction

The standard model of particle physics is the model used by physicists to describe three of the four
fundamental forces at the microscopic level. These interactions are the electromagnetism, the weak and
the strong interactions. It predicts also the existence of elementary particles, the most fundamental
pieces of nature. Initially postulated by the Nobel Prize laureates Sheldon Lee Glashow, Abdus Salam
and Steven Weinberg, the W boson is one of them. Responsible for the radioactive decay, it has
been observed for the first time at CERN by Carlo Rubbia and Simon van der Meer also awarded by
the Nobel Prize. Since, its discovery, physicists continued to measure with precision its mass. Until
recently, every measurement was in accord with the standard model prediction. But in April 2022,
an experimental collaboration (CDF II) published in Science Magazine a high precision measurement
that appeared to be in tension with the standard model.

It is well known by the scientific community that the standard model is not complete. Besides
the gravitational force, one can quote the dark matter, dark energy, neutrino masses that are not
explained by the standard model. This has led physicists to investigate extensions of the latter. In
collider physics, it is commonly assumed that new physics takes place at higher energy. In this case,
one uses effective field theories to model the effect of high energy physics at smallest scales. The first
possibility is to assume that the predicted mass of the W-boson is modified by new physics contribution.
This approach has been investigated in the literature, for example in Ref.[21]. The second possibility
is to assume that the mass is not changed. The main idea of the collaboration is to use distributions
to fit the mass. One may assume that new physics, one way or another, changes the distributions
used to determine the W-mass. Therefore, in this master thesis, we numerically investigate the effect
of a effective field theory approach related to the new mass measurement of the W boson. We also
investigate the possibility to deceive a mass fit.

The first section focuses on the theoretical aspects. We present the Standard model of particle
physics. Then we talk about the effective field theories and the standard model effective field theory.
We also give an historical example, the Fermi’s theory. We continue with a presentation of the Tevatron
and the CDF II collaboration. We also give an historical overview of the W boson, its measurement
and its keystone position in the standard model and possible new physics extensions. We conclude
with the presentation of the model used in this master thesis and the motivations to perform this
analysis.

The second section describes the methodology followed in this work. We begin with the construction
of the model. Then we generate the standard model distributions and the new physics distributions.
We verify whether or not distributions are modified when new physics is turned on. We continue
with the fitting strategy used to fit the mass. This fit allows us to find the best fitted mass of the
distribution and its corresponding confidence interval.

The last section is devoted to the presentation and the discussion of the results. We generate different
distributions for increasing contribution of new physics and for each of them we perform a fit. We
then try to use the linearity of the new physics contribution. This allows to quantify the value of this
contribution needed to give the shift observed by the CDF II collaboration. We check if this value is
in agreement with some analysis performed in the literature. We finally discuss the effect of this new
physics contribution on other parameters of the standard model related to the W-mass prediction.



2 Theory

2.1 Standard Model

At the beginning of the 20th century, mechanics and gravity were described by Newton’s and Galileo’s
laws, electromagnetism by Maxwell, statistical theories by Boltzmann and Van der Waals and thermo-
dynamics by Carnot and Clausius. Legend tells that Lord Kelvin would have said, "In the clear blue
sky of physics there remained on the horizon just two small clouds of incomprehension that obscured
the beauty and clearness". It seemed that studying physics became useless, since the resolution of
those two problems was supposed to be a matter of time. Fortunately, these two small clouds led to
two revolutions: quantum mechanics and relativity (special and general).

These revolutions built the theoretical pillars of the modern physics. In parallel to theoretical
discoveries, experiments where conducted to probe the atom, seeking the elementary pieces of nature.
In addition to the already known interactions, electromagnetism and gravitation, these experiments
showed the existence of two new interactions. The first one, the weak interaction, responsible of
radioactive decays, was discovered by Pauli. The second, the strong interaction, responsible of nucleous
cohesion, was postulated by Hideki Yukawa, a Japanese physicist. He introduced a new massive particle
as the messenger of the strong interaction: the meson. This idea of a massive particle mediating the
strong interaction to explain its short-ranged property is a key idea of the so-called Standard Model
(SM). The latter is the results of decades and thousands of scientists working to build a model which
explains three fundamental interactions, strong, weak and electromagnetism. Only the gravitational
interaction escapes this model.

The standard model is built on Quantum Field Theories (QFT’s), that are the quantum mechanics of
infinitely many degrees of freedom objects. They are characterized by three pillars, quantum mechanics,
Poincaré group and gauge symmetries. From Poincaré group we know that nature is composed of two
types of particles, fermions and bosons (see Fig. 1). Fermions are the particles of matter and are
subdivided into two classes, quarks and leptons. Quarks are coloured particles, since we don’t observe
any large coloured object, they have to be confined. There are six quarks’ flavours (up, down, charm,
strange, top and bottom) and three colours (blue, red, green). In addition, they have non integer
electric charges, meaning that they form either mesons or hadrons with respectively two and three
quarks . In opposition, leptons are not coloured, so they can be observed alone. Like quarks, there are
six flavours of fermions, three charged (electron, muon, tau) and three neutral (electronic neutrino,
muonic neutrino, tauic neutrino). Fermions are separated into three generations, the first one is the
generation of the ordinary matter, proton and neutron being composed of up and down quarks. Note
that the hierarchy of these generations is still a mystery. Finally, every particle comes in two different
chirality, left-handed and right-handed, except neutrinos because they are massless in the standard
model. Each particle has also an antimatter correspondent [36] [32].

From the third pillar of QFT’s, in particle physics we implement interactions by imposing gauge
symmetries. Therefore, forces are no longer mediated by something immaterial but by gauge bosons,
in other words by the exchange of virtual particles. These particles interact with fermions via their
charges. The mediator of the electromagnetic interaction, the photon (), interacts with all electrically
charged particles. The mediators of strong interaction are the gluons (g). They are coloured charged
and interact with coloured particles. The last 3 gauge bosons ( W* and Z°) are responsible for the
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Figure 1: Standard Model [35]

weak interaction and interact with flavoured particles because of their weak charge. For example, as
shown in Fig.2a, when a neutron decays, an up quark turns into a down by the producing a W boson
which decays into an electron and its corresponding neutrino. Another example, the muon decay is
also shown in Fig.2b [36] [32].

(a) Neutron decay (b) Muon decay

Figure 2: Examples of processes in the standard model involving the W boson

From a group theory point of view, one can associate to each interaction a gauge group, U(1) for
electromagnetism, SU(2) and SU(3) for the weak and strong interaction respectively. By identifying
this group, one can find every of their properties. Nevertheless, one problem arises from these gauge
symmetries. It prevents the existence of explicit masses in the Lagrangian, the mathematical expression
that describes the model. However, we observe masses for almost all fermions. In addition, since weak
and strong forces are short-ranged, in the Yukawa picture, one can assume that their gauge bosons are
massive. Hence, physicists have developed two mechanisms that solved this problem. First, for the
strong interaction by postulating the confinement of colours. The second is the Brout-Englert-Higgs
(BEH) mechanism, which uses spontaneous symmetry breaking (SSB) to give masses to fermions as
well as weak bosons. Wu’s experiment shows that the weak interaction do not talk to right-handed
particles and left-handed antiparticles. Chien-Shiung Wu studied the beta decay of the nickel, $9 Co
— 89 Ni + e~ + . + 2v and in particular the emission of the electron in a magnetic field. Changing



the field direction changes the parity, she observed an asymmetry in the electron’s production when
changing the magnetic field direction. This means that the emission of left-handed particle is preferred
by the weak interaction [36] [32].

We can now describe the standard model by paying attention to all the problems listed above. We
begin with its gauge group,
SUB).@SU2)L@U(1)y.

SU(3) is for the QCD part and it has height generators (g;, a =1,..., 8). The two others are for the
electroweak (EW) part. The QED-like group, U(1)y, with the hypercharge (Y), has one generator
(ay). SU(2) has three generators (b,, i = 1,2,3) . Following the Wu’s experiment results, we can now
write left-handed particles as doublet and right-handed particles as singlet, so they cannot interact

weakly, (Z>L7 @L@L (gg)L,@’i)Lv (Tyi>L,

UuRr, dr, Cr, SR, tr, bR, €, UR, Tg-

The first row has a weak charge because these particles are interacting with weak bosons, Iég) =

+(—)1/2 for the top (bottom) position. The second row has a weak null charge, Iég) = 0. The
hypercharge assignment is Y, = —1, Y,, = 0 and Y., = —2. The Table 1 gives the content of the
standard model and their charges under different gauge groups. The electric charge is determined by

the Gell-Mann—Nishijima formula,
Y
Q=15"+3. (1)

In order to generate masses, we need to implement BEH mechanism which leaves the gluons and the
photon massless,

SU3). ® SU(2)L @ U(1)y — SU(3)e @ U(1) gas-

The Higgs mechanism is characterized by two complex scalar fields,

v=7z () =7 (1), >

In the broken phase, the doublet becomes,

- 5()

where v = 4/ 77“2 We can rewrite the real part of the neutral component of the Higgs doublet in terms
of v and a field without expectation value,

1 b1 + i
(I)_\/i(v+H+i¢4>’ )



where ¢1, ¢ and ¢4 are the Goldstone bosons related to each symmetry broken in the broken phase.
In the unitary gauge, Goldstones are not explicit but hidden in the longitudinal polarization of massive
gauge bosons, we say that they have been "eaten" by gauge fields. In this gauge, the Higgs doublet is

@':\}5(@310’ (5)

at the end we are left with a degree of freedom that hasn’t been absorbed by gauge bosons, this is a
physical particle, known as the Higgs boson [36] [32].

We write now the Lagrangian of the standard model, that can be subdivided in sectors, QCD, EW,
Higgs and Yukawa,
Lsyv =Locp + Lew + Lu + Ly (6)
Note that we are using natural units where & = ¢ = 1 and every units are expressed in term of energy.
The fist term of Eq.6, Quantum Chromodynamics, describes the strong interaction,

Laon = ~7GL,G + QU@ + i (1Bl + A (D), ™)
where 1 is for fermions’ generations. We can find the dynamics of the gauge fields, the kinetics of
the quarks, the interaction of the gauge fields with themselves. To implement interactions between
quarks and gauge fields we choose the form of D, the covariant derivative for the QCD part, as
D,=0,+g3X\- 7;“ where A are the Gell-Mann matrices and Tr(AgAp) = 2d45. The second term of
Eq.6, the electroweak sector, unifies the electromagnetic and weak interaction,

11 S o o
Low = =3 Wi Bl = 1B B" + LD L' + ep(iB)ely + 7 (D)
+ QuiD)Q' + ur (iP)uf + dr(iD)dg,
ﬁ
where 1 is for the fermions’ generation and D, = 9, + 1972? - b, +i%Yya, with g; and gs coupling
constants of U(1)y and SU(2)y respectively and Tr(7,7) = 2045. The two first term are kinetics

terms for gauge fields and the three last terms are for the kinetics of fermions and their interaction
with gauge fields. The third term of Eq.6 is the Lagrangian of the higgs doublet,

L= (0,9)"(0"9) — V(¢)? 9)

where V(¢) = pu2¢'¢ + M(#T¢)? the Higgs potential. If we develop the Higgs Lagrangian with the
expression of ¢’ in (5) we find that,

(8)

bl Fib?
V[/lil: _ “\/E W ;
Z0 = % and  mz =+/g7 + 935 .
A0 — 9204910},
® Vai+93
The model predicts the existence of three massive gauge vectors, two charged and one neutral, and one
massless, the photon. Since no mechanism fixes the value of the coupling constant, the standard model
do not predict the value of masses. Note that mz > myy and Z and A are mixing of b and a. The
mixing angle is given by Tn—"z" = cos(fw ), where Oy is called the Weinberg angle. The electric charge
is now determined by Oy, g1cos(Ow) = gasin(Ow) = e. The existence of a massive scalar boson is also
predicted with the free mass my, and the muon decay fixes the vacuum expectation value (vev),

and my = &°

and my =0



= 2\v? d = L =246 GeV
myg v an v T e
where G = 1.16638 x 107°GeV =2 is the Fermi constant. The last sector, the Yukawa sector gives
mass to fermions, - - o
Ly = —ylL'pel — Vi, Q'ody — Y, Q'dul + hc., (10)

where 1, m are generation indices, Y;* and Y% are Yukawa couplings for up and down component

U
m ~
respectively, y; are Yukawa couplings for charged leptons and ¢ = i02¢*. In the broken phase, this
Lagrangian generates mass for fermions. In order to get physical state for quarks, we need to diagonalize

Yukawa couplings matrices Y* and Y?,
M, = VY vEt  and My = VEAYVavE

This unitary transformation defines the quark mixing matrix, the CKM matrix, which gives the cou-
pling constants of mass eigenstate with charged-current,

dl Vud Vus Vub d
Vern =VVE = S| = Vea Ves Vao| [s
b’ Vie Vis Vw b

where d, s, b are the mass eigenstates and d’, s’, b’ are the flavour eingenstates. We should also
note that every coupling constant with the Higgs is, in fact, proportional to the mass of the particle
interacting for fermions and proportional to the square of the mass for gauge bosons,

2 2
gerr = 2=, gwwn = "% and  gzzp = £,
We focus now on the 19 parameters of the standard model. First, we have the 9 coupling constants of
fermions’ masses. Then we have the gauge couplings g1, go determined by my, mz. The parameters
of higgs potential (), ) are given by mj; and v (vev). The CKM matrix has 4 parameters, 3 angles
and one phase. Finally, the last two parameters are given by the strong sector, g3 the coupling of the
gauge field and fgcp that control the CP violation [36] [32].

Fields SUB). | SU@), [ UQ)y | SOF(31)
Q; = (ut,d;)T 3 2 1/6 (1/2,0)
ui:uR,cR,tR 3 1 2/3 (0,1/2)
diidR,SR,bR 3 1 71/3 (0,1/2)
Li = (Wi, 10)T 1 2 —-1/2 (1/2,0)
li:eR,uR,TR 1 2 -1 (0,1/2)
H 1 2 1/2 (0,0)

G 8 1 0 (1,00 @ (0,1)

W, 1 3 0 (1,0) @ (0, 1)

B, 1 1 0 | (1,00®(0,1)

Table 1: Group representation of the SM content
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In this section, we have developed the standard model and showed its success. Despite the tremen-
dous number of discoveries and the strongness of this model, scientific community is far from having
eluded all mysteries of the nature. For example, dark matter and dark energy escape our under-
standing. Some attempts to explain dark matter use particle physics like WIMP’s (Weakly Interactive
Massive Particles) or axions. One can quote the neutrino mass that is zero in the SM but nonzero from
experiment, since they oscillate. However the most compelling argument is the gravity at the quantum
level. In the quest of explanation, one can consider some specific models to solve this problem. One
can also consider a more humble approach: Effective Fields Theories.

2.2 Effective Field Theory

Effective Theories are used to capture the relevant information to describe a problem instead of
using the full /exact theory (UV theory). For example, we don’t need to describe precisely the motion
of quarks inside the nucleons to explain the spectrum of emission of an atom. The main feature of
effective theories is the "separation of scales". It says that " if physics takes place at a given scale,
then, it should be possible to describe it without the necessity of physics at a very different scale". In
particles physics, Effective Field Theory (EFT) is widely used to simplify the calculus or to investigate
new physics. It consists of an expansion parameter § = p/A such that if we perform a calculation at
the order n of d, the associated error is at n+1 and A a is a heavy scale. There are two types of EFT’s
regarding the information on the UV theory, Top-down or Bottom-up. The Lagrangian is therefore
given by,

Lerr =Y CYV (O (), (11)

K2

where CYV (11) are Wilson coefficients, O % (1) are operators and p a given energy. Wilson coefficients
are related to microscopic physics and consequently universals [33].

In the first type, Top-down (see Fig. 3), we know the UV theory and we "integrate out" the heavy
degree of freedom to get the low-energy description. This integration out is a Taylor expansion of
the propagator provided by the fact that the energy is smaller than the mass. It is used to simplify
calculations, while Wilson coefficients are obtained by the UV theory. For example, we can quote
the "Theory Quark Effective Theory (HEQT)" or the "Soft Collinear Effective Theory" (SCET). In
the second type, Bottom-up (see Fig. 3), we don’t know the UV theory. The construction of the
Lagrangian is based on low-energy symmetries and relevant degrees of freedom. The values of Wilson
coefficients are extracted from the experiment’s data. This is the case for Standard Model Effective
Fields Theory (SMEFT), that we will talk later, and Chiral Perturbation Theory (xPT) [33].

2.2.1 Fermi’s theory

One interesting example of Effective Field Theory is the Fermi’s theory of the weak interaction.
Originally formulated to explain the beta decay of the neurton or the muon decay, it corresponds to
the bottom-up approach since the underlying theory (i.e. the standard model) was not formulated and
the W boson not discovered (see Fig.2a-2b),

n—-p+e + or puo e+ e+,

11
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Figure 3: EFT approach, Top-down and Bottom-up

In the case of the neutron decay, the Lagrangian is composed of 4 fermions: electron, neutrino, proton
and neutron, all considered as elementary,

Gr
L ermi — =
" V2

Firstly, the dimensional analysis in the natural units (A = ¢ = 1), implies that [Gr] = —2, because
[] = 3/2 and [S] = 0. Even if we don’t know the underlying theory, as soon as the constant is fixed
by the experiment’s data, the Fermi theory is fully predictable. Secondly, a look at the scattering of
electron and neutrino, v + e~ — v + e, tells that it growths with energy,

(e (1 = 75) ) (" (1 = 75)p) (12)

2
__Gis

™

(13)

with § = E%M. This cross section breaks unitary and therefore informs us that the theory is not
complete. The unitary requirement informs us that an underlying theory must exists before an energy
of 300 GeV. In addition, UV theory is nothing but the standard model, so we can understand the
principle of the Top-down approach. Indeed, in the standard model, we can compute the cross section
of the above process,
B G5 1
o 1+ 85/m,

(14)

2 2
where the behaviour at high energy is regularized, if £ >> myy then o ~ GF# and at low energy we
G%S
s

find the previous result, o ~ . Finally, we can proceed to the "matching procedure" to find the
value of the Wilson coefficient (Gr) by integrating out the heavy degree of freedom (i.e. W boson).
So we need to compute the amplitude of the process in both Fermi’s theory and standard model. The
Fermi’s one is proportional to Gg

-AFermi X GF; (15)
while proportional to the W propagator in the standard model,
2

12
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Figure 4: Neutrino scattering in SM and Fermi’s theory

In the region of validity of the Fermi’s theory, FF << myy, the two amplitude must be identical, so we
find that the matching condition is
2
Gr o v (17)
myy
where the Wilson coefficient is expressed in term of a coupling constant and the mass of the integrated
out degree of freedom of the standard model. As shown in Fig. 4, the SM diagram reduces to a 4-point

interaction since the momenta of the W is too small and therefore almost not propagate (28] [32] [33].

2.2.2 Standard Model Effective Field Theory

We expect that the standard model may not be valid above a few TeV so we will build an effective
theory to seek the UV theory, the Standard Model Effective Field Theory (SMEFT). First we need to
specify the expansion parameter and therefore demand the cut-off to at A >> my, much bigger than
the weak scale. Secondly, we need to specify the matter content of the theory, which is chosen to be
the same as the standard model (see Tab. 1). We also need to specify the symmetries of the theory,
we assume that SMEFT is invariant under gauge group of the standard model,

Gsmuerr = SU@3).®SU(2)L @ U(l)y

as well as Lorentz group. Nevertheless, we can also assume other symmetries such as baryon and
lepton number conservation. Finally, we should write the most general Lagrangian that respect these
symmetries,

@

Na

C

Lsyvprr = Lsm + E E = o, (18)
d>4 i=1

where ¢; are the Wilson coefficient and O; operators of SM fields. Operators have the following
expression, -

Oi ~ (Yip) N DN FNF e, (19)
where 1 are spinors, D derivatives, F' fields strength tensors and ¢ scalars. For example, in dimension-
six,

3
[Oi]=§N¢+2NF—|—ND+N¢:6. (20)
So there are only 3 types of operators, purely bosonic (X?, HS, H*D? H?X?), mixed (v?H?, > XH,
¥?H?2D) and purely fermionic (1)*). Note that X is related to F' and H related to ¢. The total number

of operators increases quickly with the number of dimensions. For example, there are 2499 operators
of dimension-six.

13



Finally, whereas the SMEFT only contains dimension-six operators, the cross section take the fol-
lowing expression,

Nop Nop Nop
i iCj
Otot = OSM + E pffﬂr E E A T (21)
i=1 i=1 j=1

where the o; are interferences between SM and dimension-six operators and o; ; are the contribution
of product of operators. Phenomenologically, the main contribution arises at A~2 if the interference
term is nonzero and is linear in the Wilson coefficient.

2.3 W Boson
2.3.1 W boson in the standard model

The W boson was postulated by Glashow, Salam and Weinberg in electroweak unification theory
formulated in the 1960s. This theory predicted the existence of three massive gauge fields as medi-
ators of the weak interaction, W* and Z°. These particles were discovered at CERN by UA1 and
UA2 experiments. Indeed, in 1983, experiments were conducted under the supervision of Carlo Rub-
bia and Simon Van der Meer at the "Super Proton—Antiproton Synchrotron" (SppS) and led to the
measurement of these masses.

In addition the W boson is unstable, its world average width is T'yy = 2.091 & 0.001 GeV [30], its
lifetime is 7 ~ 1072%s. It means that we cannot directly observe a W boson in the detector. We then
need to look at its decay channel by summing particles’ energy. In the case of the W, the preferred
channel is pp — WT — It v and pp — W~ — [~ . Because of neutrinos that are not observed in the
detectors due to their very weak interaction, we need to reconstruct the quadri-vector of all observed
particles. Then we sum up for momenta of each particle, if we have detected all of them, this sum
should be equal to zero. If not, the missing quantity is related to missing energy. We should also
note that, depending on the collision nature, the production of W+ and W~ could be different. For
example, at SppS or at Tevatron, the collision is proton/antiproton and therefore there is no difference
between W’s. At the LHC, the collision is proton/proton, so the production of W is enhanced.

The standard model value of the W-mass is fixed by analytical combination of, on one hand, a set
of high-precision experimental data (mz, mmg, m:, agy and muon’s lifetime), and on the other hand,
higher order correction in the perturbative expansion,

2 (1im12/V

m2, )= TEEM (1 4 Ap), (22)

 V2Gp

where Ar are radiative corrections within SM and its extension [12]. For the SM, this term depends
on the Higgs and top mass. The standard model contribution to these radiative corrections are mostly
releted to the Higgs mass and the top mass. In some extension of the standard model, it could depend
on new particles and interactions. Consequently, the W-Boson mass prediction is really sensitive to
Beyond Standard Model (BSM) physics. The SM value is my = 80.357 & 0.006 GeV (see Fig.6).
Combining measurements from Tevatron and LHC, the world average is given by my = 80.379 £+
0.012 GeV [26].

2
my
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Figure 5: Tevatron acceleration chain [25]

2.3.2 CDF II results

The Tevatron was a synchrotron particle accelerator at Fermilab in Illinois. It was accelerating proton
and antiprotons at 99.999954 % of the speed of light. It finished its activities in 2011. Before that is
was the second most powerful accelerator after the LHC at CERN, by reaching an v/S = 1.96 TeV.
Just like at CERN, a serie of accelerators was used to reach the desired energy (see Fig.5). First,
negative hydrogen ions were produced and sent in a linear accelerator (LINAC) to reach 400 MeV .
Then, they passed through carbon foil to remove their electrons. Protons produced were accelerated
by the "booster" to an energy of 8 GeV. Then they were stored in the "Main injector". Some of these
protons were used to produce antiprotons by colliding with a nickel target. Antiprotons were harvested
and sent to the main injector that was accelerating both protons and antiprotons and injecting them
in the Tevatron. The latter had two detector, CDF (Collider Detector at Fermilab) and D0. It has
been used for example to detect for the first time the production of a top quark [25].

On 8 April 2022, the CDF collaboration published, in Science, a paper (see Ref. [26]) where they
have measured a mass for the W in tension with the SM prediction (7 sigmas), as shown in the Fig. 6.
Indeed they measured a mass of myy = 80.43344+0.0094 GeV from a sample of 4 million W candidates.
To fit the data gained by the experiment, they generated a template with Monte Carlos (MC) method
for different my, and different observables. These distributions are just standard model distributions
with different W masses. Then they fit this template with the sample’s distribution.

2.3.3 W boson as a gate to new physics

A W-mass shift could be a probe of new physics. For example, it could be the sign that the Higgs
is a composite particle of the existence of a "dark photon" [26]. On one hand, many have investigated
an SMEFT approach by looking at operators that gives an positive mass shift. However, on the other
hand, one can also consider a SMEFT approach but without modifying the mass of the W itself.

Indeed, if we consider the following effective operator,

O = (prur"l) (07" " ar), (23)
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where [ and ¢ are fermions and quarks, respectively, 7/ are Pauli matrices. This operator contribute
to the production of the neutrinos and leptons that are used to measure the my (see Fig. 7). Conse-
quently, the Lagrangian has now the following expression,

(3)

C
Lsverr =Ly + /{‘; Ol(s)‘ (24)

From the section 2.2.2, we can write the total cross section for this model,
(3) (3)y2
C (Cy' )"

Zla_ Tl 7
A2 Ulq"‘ A4 Ulq?

This cross-section has the interference as next leading contribution (A~2), if nonzero. This means
that it will modify the shape of the distributions themselves. Also, if we neglect the term in A*, the
contribution of new physics is linear in the Wilson coefficient.

Otot — OSM + (25)

Therefore, the new physics modify the distributions used to fit the mass of the W-boson. The idea
of the work is to investigate the effect of this 4-fermion operator on the shape of distributions and its
implication in a mass fit. Indeed, if the W boson is heavier than expected, the distributions should
be mostly shifted to the right. But if the Wilson coefficient is nonzero, could this modification be
interpreted as a mass shift while the mass of the W remains unchanged ? If possible, what would be

the required value of the Wilson coefficient to get the mass shift obtained by the CDF II collaboration
?

et

Ul
ISY
a®

+

u Ve u Ve

Figure 7: Example of diagrams SM (left) and SMEFT (right)
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3 Methodology

In this section, we describe the methodology followed during this work. First, we show how we
built the model expanding the standard model with the four-fermion operator. Second, we describe
the generation of distributions of standard model and new physics. Finally, we talk about the fitting
strategy.

3.1 Model construction

The model is built with the package for Mathematica [37], Feynrules [2] [10]. This allows us to
compute the Feynman rules of our model. First we need to specify the parameters. In addition to
those present in the standard model, we introduce two new parameters: the Wilson coefficient called
Cl(;) and the scale of new physics, A, set to 1 TeV. The Lagrangian considered is defined by Eq.24.
We apply the massless restriction where all fermion’s mass is set to zero except for the bottom quark,
top quark and tau lepton. We finally export this model in UFO to be used in Madgraph |[3].

We can also check that the model is working properly inside Madgraph by generating its interference
with the standard model. It corresponds to the second term of Eq.25 and so it is proportional to the
Wilson coefficient. We have computed the cross section of the process. We have checked that the
interference vary linearly with the Wilson coefficient for a few values.

3.2 Distributions
3.2.1 Standard Model

In this section, we develop the procedure to generate the standard model distributions. Following [1],

we want to plot transverse momentum (p}.) and transverse mass (mg) distributions for both electrons
and muons as well as transverse momentum for the missing energy (p%). We use madgraph to generate
the following processes, pp — It v and pp — [~ v [3].
We generate events at leading order with only one jet and the pdf set "nn23lol" (with C’l(q3 ) = 0).
Since the W-mass is an internal parameter in Madgraph, its value is fixed by myz, agy and Gg in
Tab.2. With these parameters, the W-mass is 80 418.23 MeV, and will be the value for this analysis.
In Table 3, one can find the cuts for all runs performed in this section.

Parameter inside Madgraph Values
myg 91.18760 GeV
OEM (1320570)71
Gp 1.166370 x 1075 GeV 2
o 1.18400 x 101
'w 2.0850000 GeV

Table 2: Table of parameters inside Madgraph

In order to lower the impact of the numerical noise, we generate 20 runs and average over it. The
average is given by,
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Description of the cuts Values

Minimum jet's pr 20 GeV

Minimum lepton’s pr 10 GeV

Minimum missing energy 0 GeV
Mazximum jet's rapidity 5.0
Mazximum charged lepton’s rapidity 2.5
Minimum charged lepton’s rapidity 0.0

Minimum distace between jet and lepton (drjl) | 0.4 GeV 1!
Minimum invariant mass for all leptons 0.0 GeV

Table 3: Table of cuts for the runs

p(i) = % > ylin, (26)

where i stands for the index over bins and y(i); is value of the bin for the I*" distribution averaged.
The numerical noise is quantified by the standard deviation,

., X
S%(i) = N_1 Z(y(z‘)l — (@))% (27)
=1

We present these distributions at parton level (see Fig.8a, 8c and 8e) displayed with Madanalysis

5 with the following expression [19],
pr =\/P: + 1, (28)

mr = (3. Br)? (3 pr)? (20)

The bounds of the plots are chosen following [1]. These are characterized by a quick increasing slope
and then a sharp edge around 40 GeV and 80 GeV for transverse momentum and transverse mass
respectively. After that, we perform the parton shower with Pythia 8 [34]. We are a bit more restrictive
with the cuts applied during the plots. Indeed, we select all pp > 30 GeV and all |  |< 1, where
7n is the pseudo-rapidity. As shown on Fig.8b, 8d and 8f, on one hand, we find that the transverse
momentum distribution is close to ones shown in [1] and [26]. On the other hand, the transverse mass
distribution is modified compared to the parton level but is still different from what we are expecting.
These distributions are slightly increasing to the maximum like expected but the peak is too big and
the right edge too sharp. This difference can be partially explained by the definition of the missing
transverse energy of Madanalysis. It corresponds to every neutrino produced during the process. Since
we have not performed a detector simulation, some missed energy might no be taken into account. For
example, if a particle with very small momentum is emitted, it will spin along the beam direction.

3.2.2 New Physics

In this section, we describe the methodology to generate SMEFT distributions. We are following
the same steps as in section 3.2.1 (cuts, parameter value, pdf, ...) but with non-zero values of C’l(j).
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mw (GGV) apEM
79.4 124.921 || 80.6 | 134.026
79.6 126.292 || 80.7 | 134.890
79.8 127.717 || 80.8 | 135.773
80.0 129.199 || 80.9 | 136.675
80.1 129.963 || 81.0 | 137.596
80.2 130.743 || 81.1 | 138.537
80.3 131.539 || 81.3 | 139.498
80.4 132.351 || 81.4 | 141.486
80.5 133.180 || 81.6 | 143.564

Table 4: Structure fine constant for various my,

A closer look at the distributions, when Cl(; ) is increasing, shows an important contribution at the
tails from third term of Eq.25. Hence, when we renormalize to unity the distributions, to compare
them, ones with higher C’l(j ) will be shifted to lower values. This is shown on Fig.9a-9f for curves
on red or on blue. This causes problems when we perform the fit. Therefore, we apply restrictive
cuts on distributions by choosing pr < 60 GeV for all particles. We can note that similar restrictions
have been chosen in [1| and [26]. Indeed, the following cuts were applied to obtain their "high purity
sample" 30 < pr < 55 GeV for electrons, muons and missing energy as well as 60 < mp < 100 GeV
for the transverse mass.

3.3 Fitting strategy

In this section, we describe the fitting strategy used. We want to generate a "template", in other
words, a set of distributions for different observables (my, p, and p4) with different masses of W.
Since the W-mass is an internal parameter in Madgraph with the following expression,

2 4 2

my myz QAEMTIM S,
mw = | =2+ —% + ———=, 30
where my is the Z boson mass, agys is the fine-structure constant and G the Fermi’s constant. To
modify my, we should modify one of these quantities. For example if we modify mz, we will modify
Ow because cos(fw ) = % and the coupling constant gicos(fw) = ga2sin(fyw) = e and therefore we
will modify the interaction between the W boson and fermions,

Lw —Leptons = —F[7y"(1 = 73)eW,S +ey(1 — v )v W]

ﬁW—Quarks = 7%[,&7”(1 - 75)dW;2L + d/-yl‘«(]_ - 75)UW;;] .
In addition, if we modify agy; we are also modifying e since o = % in natural units. However, it
will only change globally the distributions, so if we normalize all distributions to unity, it will not
contribute. Hence we choose to modify agys to modify the W-mass (see Table 4) and are obtained by
inverting the equation (30) with Mathematica. The distributions are plotted with Madanalysis for the
cuts mentioned before.
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The fit is performed by calculating x? for masses in the Table 4 for 32 < pr < 48 GeV and

65 < mpr < 90 GeV,
2

~ [ z(i) — p(i)
) _
Xn—l ~ Z 52 Sﬁ ) (31)
ANV A

where n is the number of bins fitted, N, and N, the number of distributions averaged, S, and S,
the sample variance and x and p the bins’ value of interest and of template distributions respectively.
Then, we fit the x? obtained by a parabola where the minimum gives the best fitted mass () and
the 1-sigma confidence intervals by x2(mw % 0y ) = X2, + 1 [6]. This is valid in the Gaussian limit
and with only one parameter fitted. In addition, we will use another method to compute confidence
intervals. They are defined to be the abscissa of the intersection between the fitted curve and the
value of the x? Cumulative Distribution Function for a given confidence level. We also shall discuss
the degree of freedom. Strictly speaking, if we were fitting on every bin it should be n — 2 since the
distributions are normalized to unity. Nevertheless, we are not fitting on all bins so we are between
n — 1 and n — 2. We choose n — 1 because it corresponds to the most conservative option. Indeed, for
the second method, the number of degrees of freedom will be bigger than in the first method and so
will be the confidence intervals. We also compute the R? to quantify the quality of the parabolic fit,
RZ—1_ D (i — 9:)?
> (Wi —9)?
where the y; is the ith fitted quantity, g; is the predicted value by the fit and § the mean of fitted

quantities. On plots are given the x2 . ., the related fitted mass, the associated mass uncertainty (at
1 sigma) and the RZ.

(32)

Finally, to verify its quality, we perform a fit with SM distributions at the theoretical W-mass of
80.418 GeV. We use the first method to compute the confidence intervals. On Fig.10a-10b, we present
first a fit of distribution at parton level. We can see that the best fitted mass and its confidence interval
at 5-sigmas contains the theoretical mass cited above. However, we note that the theoretical mass is
contained within the 1-sigma interval for m%. and 3-sigma for p%. Moreover, if x?/dof ~ 1 the fit is
considered as good while if x?/dof >> 1 is considered as bad. Here the x?/dof ~ 1, which means that
the fit is good and we can trust its results. If we check it also at hadron level, we can see that it works
for the two transverse masses, muonic (see Fig.10d) and electronic, but not for transverse momentum
(see Fig.10c). Therefore, we will focus the analysis on the transverse momentum and transverse mass
at parton level and only transverse mass at hadron level.

We also show at parton and hadron level the second method to compute the confidence intervals (see
Fig.10e). In this case, the 1-sigma confidence interval is 3 times bigger than the previous method but
depends on the quality of the fit (x2,;,) and the shape of the parabola.
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4 Results and Discussion

In this section, we present results of the fits at both partonic and hadronic level. We will discuss
the possible mass shift depending on the Wilson coefficient. We restrict the analysis to a model
linear in Cl(;). The idea is to extrapolate its value to find the mass deviation observed at the CDF
IT collaboration. In addition, we will discuss the impact of this new physics on the parameters that
determine the mass of the W-mass in the standard model. Finally, then we will discuss the different
constraints on this coefficient.

4.1 Parton Level

In this section, we present and discuss the results at parton level for 10 000 events per run. Here
we neglect the term on A™%, to be linear in the Wilson coefficient. First, we generate distributions for
different values of the Wilson coefficient and we perform a fit. On Fig.11a-11f, we have the results of
6 fits for C’l(q3) equal to -10, 10, -20, 20 and -40, 40 respectively. This fit gives the best fitted mass and
the 5-sigma confidence interval associated. We can see that, with the p% as an example, the minimum
of the x? is being shifted to the right for positives Wilson coefficients (see Fig.11b, 11d and 11f) and
shifted to the left for negative values (see Fig.11a, 11c and 11le). It means that to have a positive shift
W-mass in accord to the CDF II results we need to take a positive value of the Wilson coefficient.
Then we observe that for C’S’) = 40, the mass shift obtained by the fit excludes the theoretical value
of the W-Boson mass, 80.418 GeV'. So we have shown that the new physics contribution can deceive
a mass fit and gives a new mass to the W-boson while its value is not changed in the model. It is the
modification of the distributions’ shape that are interpreted by the fit as a mass shift.

We also observe, on Fig.11, that the x2 . /dof is increasing. This is also shown on Fig.12a-12b,
where we have plotted the x2,., /dof for different values of Cl(; ) for p5 and mf.. On these figures we
have fitted the points with a parabola and computed the R? factor. As we can see, the R? are close to
one so it means that the evolution of Cl(s) follows a x? law. Hence as much as the Wilson coefficient
increases, the further we are from the SM hypothesis. This really shows that the contribution of
new physics is not a "simple" mass shift but a complete modification of the distributions’ shape.
Nevertheless, the x2 . should also have followed a global x? law in the case of a simple mass shift.
To illustrate thist two cases, one can plot on Fig.15, the difference between NP distribution and
SM model distribution at my = 80.418 GeV (see Fig.15a and 15c¢) and between SM at the best
fitted mass and SM model my, = 80.418 GeV (see Fig.15b and 15d). As we can see, the shapes of
these distributions are totally different where, if it was just a mass shift, it should be roughly the
same. Another argument is developed by computing the confidence intervals with the second method
explained in the "methodology" section. As shown on Fig.14a, we can see that the confidence interval
computed at 5-sigma has decreased compared to Fig.10e. We also note that the 1-sigma interval is no
longer computable because x?2,;,, is bigger than x? Cumulative Distribution Function at 1-sigma. For
Cl(; ) = 30, it is not possible to compute the 5-sigma confidence interval (see Fig.14b). This witnesses
that the template distributions and NP distributions are not generated under the same hypothesis.
Moreover, we can see on Fig.12a-12b that for values of Cl(q?’) bigger, in absolute value, than 50 we
cannot longer really trust the fit, because x2,;, /dof >> 1. This condition is less restrictive than the
one coming from the second method.
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Figure 12: Evolution of the x?2,;, for increasing values of Cl(;) at parton level

In other to extrapolate the value of the Wilson coefficient that would be needed to get the mass
shift observed by the CDF II collaboration, we have restricted the analysis to a model linear in C’l(;).
We need to verify the linearity of the mass deviation fitted (mpg;;) in terms of the Wilson coefficient,

(mpit — 80418)
80.418

On Fig.13, one can find the deviation to the theoretical W-mass in function of the Wilson coefficient
and their confidence intervals. We can see that the linearity is valid up to 3-sigma for all distributions.

deviation(%) = x 100. (33)

The only value of C’l(;’) = —100 that is not crossing the fitted curve within 3-sigma is the transverse
momentum for the missing energy (see Fig.13b). It corresponds to a value of the Wilson coefficient
that is bigger, in absolute value, than 60 and where the results of the fit should be considered with
caution.

We have also performed this analysis at parton level with runs of 100 000 events. This allowed us
to reduce the numerical noise by roughly a factor 3 (see Tab.5). In this table, we have computed the
average standard deviation over bins and over the distributions of the template and the new physics
distributions. One can find that the needed Wilson coefficient to exclude at five sigmas the theoretical
W-mass is C’l(qg) = 15. We also observed the increase of the x2 ;. /dof with respect to Cl(;’). And finally,
we have computed the deviation to the theoretical W-mass for the five observables and the slope of
the fitted lines (see Tab.6).

4.2 Hadron Level

In this section we present the results of the fit for different values of the Wilson coefficient at the
hadron level. Again, we stay linear in the Wilson coefficient. We focus on the two transverse masses
since the fit for the transverse momentum is not working properly. As we can see on Fig.16, the 2

fitted parabola is shifting to the right while Cz(; ) is increasing. Nevertheless, the numerical noise is
bigger so the confidence intervals are wider. Consequently, the theoretical W-mass is now excluded

from the 5-sigma interval for C’l(;’ ) = 60 while it was for C’l(q3 ) = 40 at the parton level.
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Figure 13: Computed mass deviation for increasing values of Cl(j ) at parton level
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Figure 14: Evolution of the y?(my) and the fitted parabola for increasing values of Cl(s ) at parton
level for the second method

27



0.004 0.008

0.003
c _ 0006
g 0.002 s
c §' 0.004
P [T
o I £ 0.002
g 0.000 - II 2 I

~0.001 © 0.000 -—.-—..II e

—0.002 -0.002 I

30 35 40 45 50 55 60 30 35 40 45 50 55 60
Pte [GeV] Pte [GeV]
(a) NP(C{Y = 60) vs SM(80.418 GeV) (b) SM(80.418 GeV') vs SM(mpit)
at parton level [pF] at parton level [pF]
0.006

0.0025

0.0020

0.005

0.004
0.0010
0.0000 I II : I

- am- ___ . _
~0.0005 IIIII IIIIIII 0.000 = llll.-lnll
~0.0010
60 65 70

o
=}
S
=t
v

Difference bin per bin
Difference bin per bin
o o o
o o o
o o o
= N w

—0.001

—0.0015 —0.002

75 80 8 90 95 100 60 65 70 75 80 8 90 95 100
Mtmu [GeV] Mtmu [GeV]
(c) NP(C{? = 60) vs SM(80.418 GeV') (d) SM(80.418 GeV') vs SM(mpit)
at parton level [mf] at parton level [m4]

0.004

0.003

0.003

0.002
0.002

0.001
| |||I L, 1L
u_En - -
0.000
[ ][] niili.

: mpr rm
I I| || .
—0.001
—0.001 k
—0.002 —0.002
30 3 40

Difference bin per bin
Difference bin per bin

-0.003 —0.003
5 45 50 55 60 30 35 40 45 50 55 60
Pte [GeV] Pte [GeV]
(e) NP(C) = 80) vs SM(80.418 GeV') (f) SM(80.418 GeV) vs SM(mpsr)
at hadron level [p7] at hadron level [p7]

Figure 15: Difference between SM distribution at my = 80.418 GeV and NP distribution (left) and
SM distributions at mg;; (right)

28



X2 for Cqqglvl = 20 (MTmu) x? for Cqqglvl = 40 (MTmu)

e cChi? e chi
- Errorbar at 5 sigmas 1200 === Errorbar at 5 sigmas
—— fit: mp=80.53 GeV, A= 0.04 GeV, x,,=69.137, R?=0.992 —— fit: mp=80.61 GeV, A= 0.04 GeV, x2,,=112.234, R?=0.985
800
1000
600 800 o (]
< <
400 , 600
L]
400
200 °
200
N1 ® 1
79.50 79.75 80.00 80.25 80.50 80.75 81.00 81.25 81.50 79.5 80.0 80.5 81.0 815
Mass of W boson (Fit parameter) [GeV] Mass of W boson (Fit parameter) [GeV]
2 (3) 2 (3)
(a) x* for C}7 =20 (b) x* for C},” = 40
X2 for Cqqlvl = 60 (MTmu) X2 for Cqqlvl = 80 (MTmu)
1400
\ e chi? 1200 \ e Chi?
-~ Errorbar at 5 sigmas --- Errorbar at 5 sigmas
12001 —— fit: mpr=80.69 GeV, Ay= 0.04 GeV, x3,=140.359, R?=0.993 —— fit: mp=80.76 GeV, A= 0.04 GeV, x2,,=167.751, R?=0.992
1000
1000
800
. 800 N
) <
600 600
o
400
400 ° Q
200
S 200 ——
79.5 80.0 80.5 81.0 815 79.5 80.0 80.5 81.0 815
Mass of W boson (Fit parameter) [GeV] Mass of W boson (Fit parameter) [GeV]
2 3) _ (d) 2 (3) _
(c) x* for C},” =60 d) x* for C},” =80
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level
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Figure 17: Evolution of the x?2,,;,, for increasing values of C’l(q3 ) at hadron level
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Figure 18: Computed mass deviation for increasing values of Cl(j ) at hadron level

Numerical noise | Numerical noise | Numerical noise
Observables | at parton level at parton level at hadron level
(10 000 events) | (100 000 events) | (10 000 events)

s 0.0413 0.0131 0.0522

D 0.0399 0.0123 0.0446

me 0.0441 0.0136 0.0508

P 0.0440 0.0134 0.0508

ml, 0.0460 0.0141 0.0530

Table 5: Table of standard deviation averaged over bins and the distributions with different mass

Similarly than at parton level, we also observe an increase of the x2,;, /dof which tells us that we
are further and further from the standard model hypothesis. When the C’l(j) > 60|, the results of the
fit should be taken with caution. In addition, R? further from one than at parton level informs us
that the fit is less effective. Especially for the muonic transverse mass that is just at the limit of what
is usually assumed to be a good fit, R? > 0.85. This is mostly due to the numerical noise that has
increased for the hadron level (see Tab.5) combined with the slowest variation of these distributions.
On Fig.15e-15f, we show SM vs NP and SM vs SM at hadron level. The difference is less marked
due to bigger fluctuations compared to parton level. The transverse mass is not shown because it is
very similar to the parton level case. We also observe on Fig.15f that there is not the clear shape of
the parton level for the case SM vs SM. This may be a part of the explanation of the impossibility
to fit the transverse momentum distributions at hadron level. Since the distributions at hadron level
are barely distinguishable, the fit is not working properly.

Moreover, one can check the linearity of the mass deviation in the Wilson coefficient. The graph of

the deviation, computed with Eq.33, shows a linear progression with respect to C’l(;’). The fitted lines
have a R? close to 1. Note that, like at parton level, we need to go to the 5-sigma confidence interval.
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Observables Slope at parton level | Slope at parton level | Slope at hadron level
(10 000 events) (100 000 events) (10 000 events)
DT 149.043 174.835 -
s 157.022 162.971 -
me 170.461 204.792 149.850
péﬂ 139.160 158.538 -
mb, 195.963 191.303 170.817
O extrapolated 15.43 16.99 15.24

Table 6: Table of fitted slopes for different observable and the corresponding C’l(; )

4.3 Extrapolation of the Wilson coefficient

In the two last sections, we have shown the possibility to deceive a mass fit when the news physics
coefficient is turned on. Now we will use the linear relations obtained to extrapolate the value of
the Wilson coefficient that would be required to give the mass deviation obtained at the CDF II
collaboration.

In the Tab. 6, we show the different slopes fitted for the five observables of interest. This is done for
our 3 situations, parton level at 10 000 and 100 000 events as well as hadron level for 10 000 events. The
deviation to the standard model prediction obtained at the Tevatron is 0.095 %. So we will determine
the value of the coefficient needed by multiplying the deviation with the average of slopes for the three
situations. We limit the analysis on deviation given by coefficient with x2 not too big. Hence, we

choose C’l(j’ ) < |60 at both parton level and hadron level. The extrapolated Wilson coefficients are
given in Tab. 6. We can see that the three results are close to each other and Cl(;) ~ 15. We note that

we need C’l(q3 ) ~ 10 to have a deviation of 0.001. Yet, by dimensional analysis, the modification should
be around m¥, /A% ~ 0.01. Therefore, there is roughly a factor of 100 between the two computations.
We check that this is not related to the bounds of fit. Indeed, one can see on Fig.15 that for NP the
shape is more spread than SM. However extending the fitting bounds does not increase significantly
the sensitivity of the fit. One may argue that it could be related to the shape of the distribution. The
variation of the SM vs SM case is more perky that the case SM vs NP and may be a part of the
explanation. This should be another evidence that we are not working with the same hypothesis.

4.4 Constraints on the Wilson coefficient

In this section we compile different constraints at low and high energy on the Wilson coefficient.
We check whether the extrapolated value matches with the different fit performed in the literature.
We also discuss the possible effect of C’l(; ) on some Electroweak Precision Observable that would be
modified by this Wilson coefficient. Indeed, if it modifies myz, my, agy, Gg or my it will modify the
standard model prediction of the W-mass.

A From the [9], we can look at the computed deviations given in the literature,

1 2 2U/4\/m/ ariny
M= —-% 4+ ¥ 2 : 34
N Te Gyr .
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As we can see, the C’S’) is not involved in Eq.34-36 and therefore not modified the parameters used to
determine the W-mass in the standard model. We should also check that the mass of the Higgs and
the mass of the top are not changed since it is involved in the radiative corrections (see Eq.22).
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and the modification of the top Yukawa coupling is given as followed,

Yf _ CYHD 5GF ,172 *
Ognfs = NG [U% (OHD - 4> - \/5} - 726}117 (39)

where Yf = 23/%“/@ and 0v3 = 0% — 0% = %. Here again the C’l(s) is not involved in the shift
F

of the parameters of interest in the precise determination of the W-mass in the standard model.

Even if the Wilson coefficient does not modify the parameters discussed above, we should verify
whether this coefficient could affect the distributions used to determine their values. We begin with
the Higgs mass, my = 125.094+0.21+£0.11 GeV, the channels considered when measuring its mass are
pp — H — vy and pp - H — ZZ — 11l [4]. Here the possible modification is logarithmic and plays
a role in the radiative corrections, so it should be negligible [5]. We now focus on the determination of
sin?(f). Tts value has been determined with precision by measuring the forward-backward asymmetry
of the polar-angle distribution at the Tevatron by the CDF and DO collaboration [14]. The procedure is
similar to the one used to measure the mass of the W. These collaborations have generated a template
of distributions by varying the value of sm2(é) and they have fitted with the experimental distributions.
The expression of the forward-backward asymmetry is given by

_ op(M) — oy(M)

Arpp(M) = (M) £ op(M)’ (40)

where oy (03) is forward (backward) Drell-Yan cross-section for the lepton pair and M the invariant
mass for pp — v* — 171" and pp — Z — [71T. In this case, the Wilson coefficient has an impact on
the determination of the sinZ(é) and so the fine structure constant. However, there are other methods
to determine its value without taking into account this contribution. An example is the absorption
of photon by a rubidium atom. The measurement of the velocity recoil of the atoms can be used
to determined with high precision the value of « [29]. The next parameter is the Fermi’s constant,
Gr =1.16637 - 1075 GeV 2, based on the muons decay,

_ (GR)*my,

r,= ;
. 19273

(1+ Ag), (41)
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where m,, is the muon’s mass and Ag are phase space, QED and hadronic radiative corrections [20].
Since it is an interaction between lepton only, it is not affected by the Wilson coefficient. The 4th
parameter is the Z mass, it has been precisely determined by process such as eTe™ — Z — ff where
ff are ete™, utu~, 777~ and ¢ [16]. The coefficient is not involved in fully leptonic channels.
Nevertheless, it should contribute to the last one, the production of ¢q.

We now discuss the possible contributions of the Wilson coefficient to the mass of the top quark. It
has been measured for three processes, pp — tt — hadronic [15], pp — ¢t — lv; + jets [18] and
pp — tt — WWbb — IT1-1pbb [13] [17]. The distributions for the first process are not modified
because it is only hadronic. For the second process, both tops decay into bottoms and W-bosons. One
W decays into lepton and neutrino and the other decays into gg. Finally, we look at the di-lepton
channel. In this channel two tops are created and decay to a W boson and a b quark. The W’s
will finally decay into charged leptons and their corresponding neutrinos. The C’l(q3) interfere with the
standard model contribution as shown on Fig.19a-19b where an example of diagrams is shown. The top
mass is determined by reconstructing the invariant mass of the lepton and the b-tagged jet. However,
one can consider some symmetries that decouple the 3rd generation to the others. Nevertheless, it is
possible to draw Feynman diagrams that produce the final state used to determine the mass of the top,
as shown on Fig.19c. On this figure, we have shown the possible top pair-like event in the dilepton or
lepton + jet channel but with no tops produced.

We now move on the comparison with data. The first constraints, are obtained in [7], by looking at
the following 4-fermion operators in order to parameterize di-lepton observables at LHC, di-electron and
di-muon. The analysis is limited to the first generation of quarks and by imposing that the couplings
in the lepton sector are universal among flavours and diagonal among generations. Madgraph is used
to generate events and Pythia 6 and Delphes are in charge of hardronization and detector simulation
respectively. The observable of interest is the lepton invariant mass and the analysis is performed
up to A*. They used the ATLAS and CMS di-lepton search at /s = 8 TeV for four bins' between
0.9 — 3 TeV. The bounds are obtained by turning on one operator at(:? time and by comparing the

3
expected number of events in each bin to the data. The 95 % C.L. at Cj\—g [TeV—2] is given by [-0.106,
0.019], where A% ~ 3 TeV.

The second constraints come from the electroweak constraints, it consists of the same analysis as

above but with electroweak precision data. This includes data coming from LEP2. The bounds at
NG
95 % for <% [T'eV 2] are given by [-0.006, 0.012]. Therefore the combined bounds for both LHC and

electroweak are [-0.006, 0.011] for 95 %.

Let’s now consider another analysis given in [8] to set bounds on the Wilson coefficient. In this
analysis, the authors have included NNLO (Next to Next Leading Order) QCD and NLO EW as well
as A% and A* corrections. The A% is composed of squared of dimension-six operators and dimension-
eight operators. The observable of interest is again the invariant mass and the new physics scale is
set at 4 TeV. The fit is performed for bins? between 116 GeV and 1.5 TeV with the LHC pp collision
data at /s = 8 TeV. As shown on Fig.20 , the bounds are obtained at A? in blue and A* in red. The
bounds at A% are —(0.028 £ 0.028) TeV =2 at 95 %.

IBins: 0.9 — 1.3 TeV, 1.3 - 1.8 TeV, 1.8 — 3 TeV for CMS and 1.2 — 3 TeV for Atlas
2Bins : 116—130 GeV, 130—150 GeV, 150—175 GeV, 175—200 GeV, 200—230 GeV, 230—260 GeV, 260—300 GeV,
300 — 380 GeV, 380 — 500 GeV, 500 — 700 GeV, 700 — 1000 GeV, 1000 — 1500 GeV
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b

(c) Wrongly interpreted top pair production

Figure 19: Example of top pair-like events at the LHC with and without effective operator
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Figure 20: 95 % CL intervals up to A~2 and A~* for four-fermion operators

In the previous paragraph, we have discussed the limit on the Wilson coefficient at high energy.
We move now on constraints coming from bounds at low energy. If we look at the 8 decay we can
determine the value of the Fermi’s constant and compare it to the one determined by the muons decay.
In the universal limit, where the dimension-six operator are invariant under U(3), x U(3), x U(3)q X
U(3); x U(3)e, the deviation to the CKM unitarity is given by,

V2
Vol = % (~c +cn+ iy - ) (42)
F

Compared to the deviation resumed in Eq.35-39, the deviation depends now on the value of the Cl(j’).
In [11], the authors include the beta decay data to the EWPO fit and derived bounds on this coefficient.

The bounds on C’l(;’) are now given by —(0.082 & 0.045) TeV ~2.

Moreover, one may finaly look at the "oblique" parameters. These parameters, firstly introduced
by M. Peskin and T. Takeuchi in 1992 [31], parameterised the effect of new physics in the vacuum
polarization energy of the gauge bosons. Up to order p?, for the SMEFT there are three parameters
(S, T, U) that are not related to the Wilson coefficient. At p* order, there are 4 other parameters (X,

Y, V, W), where one could be related to Cl(q3) in the U(3)® symmetric case,

O = —aw. (43)
where « is the fine structure constant [23]. In [22], one can find a constraint at low energy on

W and therefore the Wilson coefficient. The scale of new physics is given by A = v and W =
(—0.01 £ 0.08) TeV 2.

35



0.05
0.07
006 —
[ () 0.04
=4 c
S S
o 0.05 o
S S
el el
2 E 0.03
© 0.04 ©
193 193
2 2
@ 003 9 002
s —
<] <]
Z 002 z
0.01
0.01
0.00 0.00
30 35 40 45 50 55 60 60 65 70 75 80 85 920 95 100
pr [mu] (GeV/c) My [mu] (GeV/c)
M ( ) M
(a) ph b) m4.

Figure 21: Distributions at hadron level after the detector simulation

As we have seen above, the constraints on the Wilson coefficient are, at least, two orders lower than
the value requested to give the right deviation observed at CDF II collaboration. This implies that
even if we have shown that the presence of an effective operator can deceive a mass fit, its coefficient
is far too big to be responsible of it. Indeed, if we take the biggest upper bound and inverses the
analysis to find the mass shift, it should be in the order of the keV. In other words, it is supposed
to sit three orders below that the standard deviation of the measured and predicted W-mass. Finally,
Atlas collaboration at CERN published a note on a similar analysis of there data obtained at the LHC
with pp collisions at /s = 7 TeV ~2. They measured a mass of my = 80.360 £ 0.016 GeV which is
consistent with the standard model prediction [27].

Finally, we discuss the transverse mass distributions at hadron level that we have used. The shape
of distributions does not really look like the ones given in the ATLAS and CDF II papers (Ref.[1], [26]
and [27]). The definition of the missing transverse energy of Madanalysis is just the different neutrinos.
Whereas in those references the definition is different,

prY =—pr' +d (44)

where # is the hadronic recoil and pr” the missing transverse energy. The definition of the transverse
mass is also different from the Madanalysis one,

! v RN
mr = \ 203 — priprv). (45)

We have performed a detector simulation with DELPHES 3 [24] and plotted the computed distributions
on Fig.21. As we can see on Fig2la, the distributions of transverse momentum are not modified

compared to the one given on Fig.9f. However, the distribution for transverse mass is modified (see
Fig.21b).
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5 Conclusion

In April 2022, the CDF II collaboration has published, a new measurement of the W mass performed
at Tevatron. This measurement turned out to be in tension with the standard model prediction. This
has raised a lot of concern from the scientific community since the W boson mass is an important
parameter in the standard model. Indeed, the W mass prediction is highly sensitive to new physics.
Despite discussions on the validity of the result itself, we have studied the effect of new physics on the
determination of this mass.

Firstly, we have talked about the standard model of particle physics that explained three of the four

fundamental interactions at the microscopic level. Despite its successful story, it is well known that
it is not complete. In colliders physics, one commonly assume that new physics takes place at higher
energy. The effect at low energy of new physics can be inferred by Effective Field Theories. Hence, we
have developed the concepts of EFT’s, the Fermi’s theory as an historical example and the Standard
Model Effective Field Theory.
We have continued with an historical recap of the W boson and its mass measurement and prediction.
The following section was devoted to a presentation of the Tevatron and the CDF II collaboration as
well as the presentation of the new mass measurement. Then, we have talked about the theoretical
effect of a semileptonic four-fermion operator on standard model distributions used to determine the
mass of the W boson.

Secondly, we have built the model by expanding the standard model with only one semileptonic four-
fermion operator. We have implemented the model into madgraph and generated standard model and
new physics distributions. The observables chosen where transverse momentum for electrons, muons
and missing energy as well as transverse mass for muons and electrons. In order to fit distributions
together, we applied restrictive cuts on the transverse momentum. This fit takes the same idea as the
one used by the CDF II collaboration, the "template" method. This fit allowed us to determine the
best fitted mass and its corresponding confidence interval at parton level for all observables and at
hadron level for transverse masses.

Thirdly, we have presented the results at both parton and hadron level. In the first case, we have
seen an increase of the fitted mass as the Wilson coefficient was increasing. We have noted that the
theoretical mass of the W boson was excluded by five sigmas when Cl(j) was bigger than 40. We have
observed an increase of the x2,;, which denoted that the fit was less efficient. This was expected since
we are further and further from the standard model hypothesis. We have also illustrated the clear
modification of shape of the new physics distribution compare to the standard model ones with modified
myw . After neglecting A* contribution, we have verified the linearity of the model. To conclude with
the parton level, we have performed the analysis with 10 times the number of events simulated. We
have got the same results as above and have reduced the numerical noise by approximately three. In
the second case, the hadron level, we have performed the same analysis as at parton level but for only
transverse masses. We have observed this increasing of the fitted mass as C’l(;’ ) but have excluded the

theoretical mass for Cl(q3 ) = 60. The increasing of the x2 . has been noted and the linearity verified.

Finally, we have investigated the possible effect on the measurement of parameters used to predict
the mass of the W boson. No deviation of these parameters depends on C’l(; ). Nevertheless, the only
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measurement not affected by the operator is the Fermi’s constant. The others have been discussed
separately. We have computed the value of the Wilson coefficient needed to get the deviation observed
by the CDF II collaboration. We have checked the validity of this Wilson coefficient by looking at
the constants given in the literature. All constraints considered are at least two orders of magnitude
smaller than the coefficient needed. This means that the required Wilson coefficient are excluded by
data. Consequently, in this analysis, we have not been able to prove that the mass anomaly could be
related to new physics contribution.
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