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Abstract

Despite its incredible success in describing physics in a wide range of energies up to the elec-
troweak (EW) scale, the Standard Model (SM) cannot explain many observed phenomena,
such as the presence of dark matter, the matter-antimatter asymmetry or neutrino masses.
Furthermore, theoretical issues like the Higgs hierarchy or the flavor problem suggest the
existence of physic beyond the Standard Model (BSM). Therefore a huge effort has been
dedicated to the formulation of BSM models capable of explaining such deviations, and
at the same time to the analysis of their signatures at present and future experiments, to
constrain the options and to find ways to potentially discover new physics.

The first part of this thesis is mainly related to muon colliders (MuC), which represent
one of the most promising option to explore the high-energy frontier. These machines,
operating at the TeV scale, can test short-distance physics with the potential of discov-
ering new particles, reaching at the same time high precision in the measurement of EW
observables. We present one of the main novelties in the analysis of TeV-scale EW pro-
cesses at lepton colliders, i.e. the partonic description of lepton collisions. This allows
to systematically study processes involving collinear initial state radiation (ISR), whose
cross sections dominate over those for lepton annihilation at high energies. We show the
calculation of the parton distribution functions (PDFs) and discuss their features, with
explicit applications to MuC processes. In particular, the impact of the muon neutrino
PDF is studied and compared with the expected experimental precision of muon colliders.
We also consider signatures relevant for B—meson decays, exploring the potential of MuC
to discover new physics in some benchmark models. The latter analysis is extended to
the complementary hadronic proposal, namely FCC-hh, and a comparison between the
prospects at the two machines is presented.

The second part of the thesis focuses instead on the use of present measurements of a
large set of low-energy observables to constrain new physics in a model-independent way;,
within the framework of the Standard Model Effective Field Theory (SMEFT). Bounds
on Wilson coefficients of top-quark operators are derived through a global analysis, and

implications for explicit new physics models are discussed.
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Chapter 1

Introduction

At present, the Large Hadron Collider (LHC) at CERN is our only tool for direct ex-
ploration of physics at the electroweak scale and above, and the high-luminosity phase
is planned to last until the early 2040s. It proved to be a formidable machine for both
searches of new heavy particles as well as precision studies at the electroweak scale, of
which the Higgs boson discovery by the ATLAS and CMS collaborations |1} 2] is a prime
example. The precision Higgs measurements which followed all agree quite well with the
Standard Model predictions. In the meantime, the two collaborations have searched for
many hypothetical new particles at the energy frontier. This effort was so far unsuccessful,
confirming the SM in spite of naturalness arguments that suggested the presence of new
physics at (or below) the TeV scale. However, some observed phenomena, like the pres-
ence of dark matter, the matter-antimatter asymmetry of the universe or neutrino masses,
cannot be explained within the SM, meaning that new physics must be there. Due to the
absence of deviations from the SM at the current experiments, to find signatures of BSM
physics is therefore necessary to increase the precision and the energy of the experiments.
Deviations from the SM may appear in more precise measurements, while the increase of
the energy may offer the potential to discover new heavy particles, or at least to exclude
their presence. In light of this, discussions about building new colliders are taking place [3],
with the 100 TeV future circular hadron collider (FCC-hh) [4H6] as the natural successor of
LHC. Nevertheless, the next large-scale experiment in high-energy physics is likely to be a
lepton collider. The proposed options include circular or linear electron-positron colliders
(FCC-ee [7] and CEPC [8] for the former, ILC [9], CLIC [10] and CCC [11] for the latter)
as well as uTu~ colliders [12-17]. Among these, the linear e™e™ colliders and the muon
colliders could achieve multi-TeV center-of-mass energies. In particular, muon colliders
represent with FCC-hh the most promising option in the energy frontier, while the next
generation of EW and Higgs factories will explore the precision frontier, with FCC-ee, ILC,

and CLIC as the most promising proposals in this regard.

An interesting feature of lepton colliders is that TeV-scale processes involving vector

boson fusion and soft-collinear radiation dominate over lepton annihilation [18]. This is
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why it is commonly said that a muon collider is a vector boson collider. It turns out
that, while leptons are elementary particles in the SM, the process of collinear emission of
initial state radiation, with transverse momentum p; much smaller than the energy of the
hard scattering process, can be factorized and a description in terms of parton distribution
functions can be introduced, similarly to what is done in the case of proton colliders and
the parton content of a proton. A precise calculation of lepton PDFs (LePDFs) is then
needed for a proper study of some MuC processes.

Opposite to the high-energy searches, a crucial role is still played by low-energy ob-
servables, whose precise determination may constrain the parameter space on new physics
scenarios. A model-independent analysis can be performed through the SMEF T, describing
the contribution of new physics through the coefficients of higher dimensional operators.
Bounds on such coefficients can be derived starting from the experimental measurements,
and information on the scale of new physics can be extracted consequently.

The thesis is structured as follows. In Chapter 2| we recall some fundamental concepts
that are needed for the rest of the thesis. We start with a review of the Standard Model,
focusing on the fermion sector and highlighting the role of the third family. Then we
introduce the concept of factorization and PDF's for lepton collisions, showing their role
in MuC analyses. We conclude the Chapter with the presentation of the Standard Model
Effective Field Theory, of which we review some selected topics, such as 4-fermion operators
and the procedure of integrating out heavy fields.

In Chapter |3| we focus on PDFs for lepton colliders, showing our numerical computa-
tion, discussing their main features, and comparing them with the results present in the
literature. The Chapter ends with the study of the impact of muon neutrino PDF on
processes at muon colliders.

Chapter |4 is dedicated to the comparison between MuC and FCC-hh sensitivity to
signatures of new physics relevant for B—meson decays, showing the potential of new
physics discovery of such machines in some benchmark models. Such models were mainly
motivated by the Ry flavor anomalies present at the time of our work [19, 20|, and in
December 2022 the LHCb collaboration announced that they were due to experimental
systematics [21]. Even though the prospects for the models explicitly addressing the past
anomalies are no longer relevant, we show them anyway, since the same strategy may be
used in the future if new discrepancies will show up.

Finally in Chapter [5 we derive bounds on Wilson coefficients of top-quark effective
operators through a global analysis. We also compare our results with direct LHC bounds

and show applications to specific new physics models.
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Chapter 2

Fundamentals

2.1 The Standard Model

We start with a brief review of the Standard Model [22-26], in order to introduce all the
ingredients we will use and to set the notation. SM is the most general renormalizable
gauge theory with gauge group Ggy = SU(3). x SU(2)L x U(1)y. We denote the cor-
responding gauge fields as G4 (A = {1,...,8}), W, (a = {1,2,3}) and B. The matter
fields with their quantum numbers under Ggy; are reported in Table 2.1 the fermions f;,
f=A{q,l,ur,dg, er} come in three copies, called families, while the Higgs field is a complex

scalar.

The SM Lagrangian can be split in pure gauge, fermions, Higgs and Yukawa parts as

follows:
Lsn :£G+£f+£H+£Y,
1 L1
La= —ZGqui 1
Ly=iY [Bf,
f

a 4 1 v
Wi Wi = BB,

(2.1)

2\ 2
Ly =|DH>—V(H'H) = |D,H> — A (HTH - %) :

Ly = ~YiquhH - YIg§dpH — Yil'eh H + hec.,

where the indices i and j label the families of the fermions and we refer to them as flavor

indices. The conjugate Higgs field is defined as H = eH".

The potential V (HTH) has a minimum away from the origin, so H develops a non zero

vacuum expectation value (vev) (H). We parametrize the vev and the fluctuations H’

w-(2). ()
V2 V2
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Field SU3). | SU(2), | U(1)y | Lorentz

, i 1
Left-handed quark doublets | ¢* = (Zf) 3 2 g (%, 0)
L
, [ 1
Left-handed lepton doublets | [* = <VZL> 1 2 3 (%, 0)
€L
. ; 2 1
Right-handed up quarks up 3 1 3 (0, 5)
) ; 1 1
Right-handed down quarks dy 3 1 —3 (0,2)
Right-handed leptons et 1 1 -1 (0,2)
. 1
Higgs doublet H 1 2 5 (0,0)

Table 2.1: SM matter fields and their quantum numbers. Left-handed up and down quarks
form doublets of SU(2)y, as well as neutrinos and left-handed leptons, while right-handed

fermions are singlets. ¢ is the flavor index.

with v = 246 GeV, so that

H = (H) + H' = (h) - (h ) - (23
]’LO Tg

The covariant derivative D, is defined as
Dy = 0, — igsGyTa — igaWita — ig1Y By, (2.4)

where Y is the hypercharge, T4 = A\/2 and t, = 0%/2 are SU(3) and SU(2) generators
respectively, while A* and ¢¢ are the Gell-Man and Pauli matrices. {gi, g2, g3} are the
gauge couplings.
The Higgs vev (H) breaks spontaneously SU(2), x U(1)y to U(1)em, generated by the
electric charge:
Q=t:+Y. (2.5)

2.1.1 Gauge and Higgs sectors

Due to the symmetry breaking, we end up with a massless gauge boson associated to
U(1)em, i-e. the photon (A), and three massive ones, of which two are charged (W*) and
one is neutral (Z). W* are complex combinations of W o:
Wl iw?
W:E = Lj (2.6)
V2
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while Z and A are obtained rotating W3 and B by an angle 0y, known as the Weinberg

ZN . Cw —Sw Wi
(o) ()G
92 g1

V@ -+ VaE+a

In terms of these new fields, the covariant derivative can be written as

angle:

Here we defined

cy = cos Oy = sw = sinfy = (2.8)

. A . g2 _ . . g2
DH = a/i — Zg3GMTA — ZE(WJt+ + WN t7> — ZQQAH — Za (tg — QSI%V) Zl“ (29)
where t, = t; & ity and the electromagnetic coupling e is given by

€ = gaSw = giCw - (2.10)
To shorten the notation, we also define

Q% =t3 — Qsiy. (2.11)

Expanding | D, H|* we can read the gauge bosons’ masses:

2,2 1(a2 + a2)0?
D, H|?> = %WJW“* + 5(914_%)”2“2” + interactions, (2.12)
- 2 gav® o (gi+g3)v*  miy 2
W

Then from the Higgs potential V (HTH) we obtain the mass of the scalar particles. h is the
physical Higgs boson, while 2% and hs are the Goldstone bosons associated to the breaking:

V(H'H) = M?h? + interactions, (2.14)

which means
m; = 2%, mie = mig =0. (2.15)
Summing up, h is the physical, massive Higgs boson, while ~* and hs are the Goldstone
bosons associated to the breaking. They are eaten up by W= and Z, which acquire mass
and longitudinal component. Finally the photon A, the gauge boson associated to the
unbroken group U(1)em, remains massless. Note that the SU(3). sector is unaffected by
the symmetry breaking, being the Higgs field neutral under it, and so the corresponding
gauge bosons, called gluons, remain massless. This sector is often studied alone and the
resulting theory is called Quantum Chromodynamics (QCD).
The interactions within the gauge and Higgs sectors can be found expanding the SM

Lagrangian, including also the gauge fixing terms:
1
L, = % > (0V" + (gvEH'T (H) + h.c.))’, (2.16)
%

where V' = {G4,W,, B}. We do not report here the expanded Lagrangian, see Ap-
pendix for the cubic part.
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2.1.2 Fermionic sector

We are left with the fermionic sector. Being it one of the most intriguing pieces of the
SM, this time we focus both on the spectrum and the interactions with the Higgs and the

gauge bosons. The latter come from Ly:

Lr =" ify"0.f + gsGiljlly + Aty + f—;Zujﬁf + %(Wjj“ +hee), (2.17)
f

where we introduced the strong, electromagnetic, neutral and charged currents js, jem, Jn

and ji, defined as (flavor indices are omitted):
3y = Uy Tau + dy"Tad,
e =D QsIA"f,
f
_ (2.18)
W= QIS
f
gt = (jﬁi)T = uy'dy +vpyter.
The mass matrices are obtained from the term of the Yukawa Lagrangian proportional to
the Higgs vev

Ly = —L(Yzz‘ﬂzuﬁ + Yi?(ﬁdﬁ + ngéie%) + h.c. + interactions, (2.19)

V2

le.
v
mij = EY;T (2.20)

To find the mass eigenstates, we diagonalize each Yukawa matrix Y, X = {u,d, e}, with
two unitary matrices
YX = U[)/(Tyd)i;gUl){Cv
Yiiag = diag (yu, Yo, ve)
Yitag = diag (ya, ys, 1)
Yiing = diag (ye, yu, y7) ,

(2.21)

and redefine the fermion fields through the same unitary rotations, which can be performed

safely since they leave the kinetic term invariant:
/ u
Ur.r = UL,RUL,Ra
U _77d
/ _ (&
GL’R — UL7R€L7R'

After the rotations we obtain diagonal Yukawa matrices and so the primed fields are mass

eigenstates, with mass
v

Eyz‘,
18

(2.23)

m; =



where y; are the eigenvalues of the Yukawa matrices, as in Eq. .

Clearly this redefinition does not affect the strong, electromagnetic and neutral currents,
since the matrices U cancel out, and therefore at tree-level there are no flavor-changing
processes mediated by a neutral particle at tree-level. Processes of this kind are known as
flavor-changing neutral currents (FCNC) and they appear in the SM only at loop-level.

Moving to the charged currents, the leptonic part can be left invariant through a re-
definition of the neutrino fields:

vy, =Usvr. (2.24)

This is possible because in the SM neutrinos are massless and we can use the same rotation
for ey, and v,. For the quarks we are instead forced to use different matrices and the charged

currents are modified as
ugyrd, = iAPURUSR A, = why"V d,, (2.25)

where V' = UrUS" is the Cabibbo-Kobayashi-Maskawa (CKM) matrix [27]. In the rest
of this work, if not explicitly stated, we will use diagonal Yukawa matrices and the mass
eigenstates, omitting the ’.

All of this can be seen in terms of global symmetries. Neglecting Yukawa interactions,
the SM Lagrangian is invariant under five independent U(3) rotations, acting on each one

of the fermionic fields:
Gr=U@B); xU3)y xU(3)a x U(3); x U(3)e, (2.26)

fi—= [l =(U)f; (2.27)

Yukawa interactions break this flavor degeneracy inducing a mixing between families. The
only residual symmetries are the baryon number U(1)p and the three individual lepton
numbers U(1). x U(1), x U(1),. We see that Eqgs. and look like G trans-
formations, except for the fact that u; and dj, rotations are different, with the appearance
of the CKM matrix in the quark charged currents. Using only G transformations we can

just choose a flavor basis in which only one of the Yukawa matrices Y% is diagonal:
V" = diag (yu, Yo ye), Y = Vdiag (Ya, Ys, %) » (2.28)

Y = Vidiag (Yur Yer Yt) Y? = diag (Yds Yss Up) - (2.29)

We refer to the two options as up-quark and down-quark basis respectively. Note that in

the absence of Yukawa interactions V' is just the identity and no mixing occurs.

2.1.3 Flavor problem

From the discussion above, we end up with 13 flavor parameters: the 9 fermion masses

and the 4 parameters of the CKM matrix, that being unitary is characterized by 3 angles
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and a phase. These parameters show a huge hierarchy. For the most recent experimental
values, we refer to the Review of Particle Physics 2024 by the Particle Data Group col-
laboration 28] and the references therein. Using Eq. (2.23) and the measured masses, we

obtain the following values for the Yukawa couplings:

(yuvycvyt> ~ (10_5,7 X 10_3, 1) s
(Y Yso ) = (3 x 107°,5 x 1074,2.4 x 1072) (2.30)
(Yer Y yr) = (3% 107%,6 x 1074,1072)..

For the CKM, it is convenient to use the Wolfenstein parametrisation:

V=|Vu Vi Val|= —A -2 AN? +0NY,  (231)
Viae Vie Vi A)\g(l —p— Zﬁ) —AN? 1

where the parameters take the following values:

A = 0.22501 + 0.00068,
A = 0.8261001,

p = 0.1591 4 0.0094,

7 = 0.352370:0073

(2.32)

A is related to the Cabibbo angle 6+ describing the mixing between the first two generations:
A = sinfc. The most precise determination of this parameter comes from nuclear beta
decays (i.e. through the determination of V,4 ~ cosf¢), but it shows some tensions with
the other measurements. These tensions are known as Cabibbo angle anomalies, see for
instance [29] for a quick review and possible explanations.

Back to the Yukawas, we see from Eq. that the third family is always much
heavier than the first two. Clearly the same holds in other bases: for instance in the
down-quark basis of Eq. , where Y¢ is diagonal, Y* takes the following form (in
modulus):

107 2x107% 9x1073
Y¢x= [3x107% 7x107% 4x1072 (2.33)
5x107% 3x 1074 1

We see that the 2 x 2 block corresponding to the first two families contains negligible values
with respect to the O(1) top Yukawa. This pattern of parameters does not look accidental
and in particular we observe an approximate U(2)° symmetry, under which the first two
families transform as a doublet and the third one is a singlet. All of this leads to the
so called SM flavor problem, hinting at a deeper explanation of the observed structures.
For instance we may think of new physics models that respect the approximate U(2)°

symmetry [30-32]. We will see some examples of this kind in Chapter .
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2.1.4 Running couplings

We conclude this short SM review with the running couplings. Due to renormalization

the coupling constants acquire a dependence on the energy scale (), encoded in the beta

functions: J
Blos) = Q% = —fha? + O(a?), (2:34)
dQ
where we explicitly wrote only the one-loop coefficient £y and «, is defined as
2
9z
.= ==, 2.35
= (2.35)

where g, is a coupling constant. In the SM gauge sector, g, = {g1, g2, g3, €}
For a SU(N) gauge theory with ng scalar fields and ny chiral fermions in the funda-
mental representation, as the SU(3). and SU(2), sectors of the SM, fy is given by

suny _ 1 s
B = — (11N ny - ) , (2.36)

while in case of a U(1) theory it becomes

By = —6% (2262? +ZQ§), (2.37)
f s

where f runs over the chiral fermions, s over the scalars and )y is the corresponding
electric charge. Integrating Eq. (2.34) starting from the scale Qg one gets the one-loop

running of the couplings:

1 _ a(Qo)
@) = 1+ 6004(@0)111(%)'

For the three SM couplings, applying Egs. (2.36]) and (2.37)), we obtain that the one-loop
coefficients of the beta functions are

(2.38)

vy _ 4 su@. _ 19 SU@e _ 1 939
b 127" 0 o D o (2:39)
For the Yukawa couplings the running is different, since it receives contributions also from

QCD. Focusing on the top Yukawa and defining o, = y?/4m, its renormalization group

equation (RGE) is [33]
do
d_ty = Byozz — Bsoyas, (2.40)

with 8, = 9/4m and ; = 4/7. The one-loop solution of this equation is

(Q) = (zai@ ~sm@y @ (Z(%))))S/?)_ - @)

We report in Table the numerical boundary conditions a(Q) at @@ = 200 GeV, as
in [34].
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Parameter Q3 oo oy Qy,
Value 0.1057 | 0.03329 | 0.01025 | 0.0679

Table 2.2: Numerical inputs for the SM parameters at a scale @ = 200 GeV from [34].

Vs [TeV]

Figure 2.1: Example of typical annihilation (upper-left) and vector boson fusion (upper

right) processes at MuC and their cross sections [18] (bottom).

2.2 Factorization for high-energy lepton colliders

In this Section we recall the basics of factorization, introducing the concepts of splitting
functions and DGLAP equations that will be used in the rest of this thesis. This formalism
has a direct application to high-energy lepton colliders, since TeV-scale processes involv-

ing vector boson fusion (VBF) and ISR dominate over lepton annihilation, as shown in

Figure 2.7]

2.2.1 Derivation of the DGLAP equations

The case of collinear photon emission from an electron is known since almost a century and

at leading order can be described using the effective photon approximation (EPA)[35-H3§]
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X

Figure 2.2: Diagram of a process AX — C'Y with an initial-state splitting A — BC.

with a photon PDF given by

EPA o E?
[ (@) = ﬁPA,e(x) logm , (2.42)

e

—1 (1-2)° i< the splitting function,

where E is the energy of the initial electron and P..(z) =
that describes the probability of an electron to emit a photon Wlth a fraction x of its energy
and virtuality —p%/(1 — ).

When E > m, the large logarithms can be resummed in order to improve the pertur-
bative expansion, and the factorization scale @) is introduced. Invariance of the physics
under the factorization scale leads to the DGLAP equations [39-41]. We show a simple
derivation in what follows.

Consider a generic parton-level splitting A — B + C' followed by the hard scattering
B+ X — Y, as in Figure 2.2] Defining z as the fraction of the energy of A carried by B,

the kinematics, up to quadratic order in the transverse momentum pr, is the following:

i = (Ba00 /B0, (243
= | 2E4,pr,0,4/ F3 — m? — \/22E% — mZ + ), (2.44)
< 22E2 — m%

2

TR ~9 172 2 br
e = | ZEA, —p7,0,1/ Z?E5 — mg, — ) 2.45
¢ ( Ao 4 “ 9 Z2E% — mi, (2:45)

where Z = 1 — z. In this way, neglecting O(p%) terms, the emitted particle C' is correctly

on-shell (p% = mZ,), while for the particle B we have

~ - E?% —m?
Py =m% +mé — 22E% + 2\/(E?4 —m?)(Z2E4 —m?) — ((252—‘42)])%. (2.46)
ZEy —mg)

Since we are working with high-energy initial beams, we can expand p% neglecting terms

of order m/FE and py/E or higher, so that we obtain for the virtuality of the particle B

2 2 L, 2 | =2 = 2 m? pczr ]3%
mB—pB:E(pT+sz+sz—zzmA)+(’) )= (2.47)
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The cross section of the process A+ X — C'+Y is given by

2m)*6D(p +px — k — py) B

’MA+XHC+Y‘27
(I)Z'n4EAEX (27T) 2EC

doax—oy = dIy, (2.48)

where ®;, is the incoming flux and Ily is Y phase space. When the energy of the hard
scattering v/5 is much larger than the masses of the particles and the pr of the radiation

emitted, the total amplitude M factorizes, see [42] for a recent review:

1

Mauxsoy = Maspe———5 Mpxoy. (2.49)
q= —Mmp

After the integration over the final state phase space, the cross section of the process can

be written as

dedz
Tasx—sovy = [ 7o 167257 IMuapel* 2201 x5y

(2.50)
dPA—>B+C 2
dzdp 2 —————(2,p7)0B+x Y,
where op x_,y is the cross section of the hard scattering and we defined
dPaspic 2 1 _ 2
L ATSHC - i 2.51
dzdp% (Z,pT) 167T2p4T ZZ’MA—>B+C| ( )

Now consider the initial lepton beam (electron or muon): its parton content can be de-
scribed using the PDFs fa(x, Q?), that represent the probability of finding a particle A in
the beam at the factorization scale ) with fraction x of its energy. Then a cross section

involving the initial lepton can be written as

1
Orp Xy = Z/ drfa(x)oa,+x5y (2.52)
A 0

where 04,4 x_,y represents the partonic cross section, with the parton A carrying a fraction
x of the beam energy. When we consider the emission of soft radiation we must add to

this process the ones with the splitting of the parton A, whose cross section is reported in
Eq. (2.50). The total cross section with ISR reads

oTOT = Z/ dx [fB + Z/ de/ 2 d’];zng—’—C ( )fA ( 7pT>] OB, +X—Y
T
=3 /0 A (2, QP)op, v

(2.53)

Invariance of the cross section on the factorization scale (Q, that we choose to be the pr of

the emitted parton, gives

dfp(r, Q%) dz dPAﬁB dPaspic T
R A IC
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Standard matrix elements, present in massless theories, are typically parametrized as

2
|MA—>B+C|2 = SWaABC%PgA(Z) s (255)

where PS,(2) is the splitting function associated to A — B + C and apc is the cor-
responding coupling. In presence of massive partons the so-called ultra-collinear matrix
elements appear, proportional to m? instead of p2. In the SM, where all the masses of
elementary particles are proportional to the Higgs vev v, they can be parametrized with

new splitting functions U§ , as

2
v
\Maspicl|’ = gUgA(z) . (2.56)

The evolution equation for a parton B in the SM is then given by

dfp(z,t) QABC 55

where P and U are the splitting functions for massive partons. They include the modified
propagator of the particle B and are obtained from those for massless ones with just a

rescaling:

¢ Q) = (f—) PEL(2) (2.5%)

T
where pr is the one defined in Eq. (2.47) with pr — @. To shorten the notation, we used

the symbol ® to indicate the convolution:

Pof= /xl %P(z)f (g) . (2.59)

We defined the evolution variable t as

t=log (Q*/mf) , (2.60)

where /,, is the valence lepton, i.e. the electron or the muon depending on the type of beam

considered.

2.2.2 Virtual corrections

Eq. (2.57)) is not complete: some of the dP terms are divergent in the soft limit z — 1
and we must add virtual corrections to cancel the divergences. These corrections do not
modify the nature of the parton and lead to the full form of the DGLAP equations:

dfg(z,Q ) P (2. Q%) f5(x +Z/ dZQQdPA—)B+C ( ,QZ) a <§,Q2) . (2.61)

2
¢ dQ? dzdp?.

where P} represents the virtual corrections. The full set of splitting functions and DGLAP
equations in the SM are reported in Appendix [A]
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Virtual corrections can be easily computed using momentum conservation, i.e. the sum
of the momenta of the partons must be equal to the total momentum of the beam. Each

parton carries a fraction z of the total momentum and weighting with the PDF's we get

Z/O dxxfi(x,t):Zfi@)(t):l vt (2.62)

where fi(2) represents the n = 2 Mellin transform of the PDF:

) = /01 d?mx"f(x) . (2.63)
Deriving in ¢ and using Eq. we obtain for each particle A
v QABC 5C(2) v? ~C(2)

o _BZ,G ( or B4 T g B ) ' .

To deal with divergences in the computation of the Mellin transforms, we use the + dis-

tribution, defined as

Lo fE) @ =) v dz
/xdz(l—z)Jr_/de 1—=2 f(l)/o 1—2
_ / =AW 4y 10g(1 - ).

1—2

(2.65)

2.2.3 Features of lepton PDF's

In case of a proton, due to its non-perturbative nature, the initial conditions for the system
must be fitted from collider data. For a lepton, instead, the initial conditions can be
computed perturbatively and the system can be solved from first principles. The initial

condition for the valence lepton is
fo,(x,m}) =6(1—2)+O(a), (2.66)

for initially unpolarized beams, while all other PDFs vanish for Q* = mj at this order.
These initial conditions just represent the fact that at leading order all the energy is stored
in the valence lepton at its mass scale. Next-to-leading order (NLO) corrections to the
initial conditions have also been computed [43] and become relevant when next-to-leading
log (NLL) evolution is considered [44, 45].

In case of multi-TeV lepton colliders one can be interested in factorization scales much
higher than the electroweak scale. In this case all SM interactions and fields should be
considered [46]. In this aspect, lepton colliders differ qualitatively from hadron colliders.
For the latter, QCD interactions are the dominant contributions to the DGLAP evolution
in the whole energy range (see however e.g. Refs. [47-51] about the photon and lepton
content of the proton). In the case of lepton colliders, instead, EW interactions are the

leading ones, with QCD playing an important but not dominant role.
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Furthermore, the facts that the SM gauge group is non abelian, that it is spontaneously
broken at the electroweak scale, and that interactions are chiral have several crucial im-
plications for the evaluation of collinear radiation in this regime. The non abelian nature
of EW interactions imply a lack of cancellation of infrared (IR) divergencies between vir-
tual corrections and real emission, which generates Sudakov double logarithms [52-54].
Electroweak symmetry breaking effects have been shown to provide important contribu-
tions and to be the dominant ones in case of longitudinal polarizations of electroweak gauge
bosons [55]. Finally, since the SM interactions are chiral, PDFs become polarized above the
EW scale [56]. See Chapter |3|for a detailed discussion of these effects and the computation
of lepton PDFs.

2.3 The Standard Model Effective Field Theory

Supposing that new physics is heavier than the electroweak scale, we can integrate out
the new heavy fields and effectively describe their impact at low energies through higher
dimensional operators. The resulting effective field theory (EFT) is the SMEFT [57, 58],
whose Lagrangian is obtained dropping the condition of renormalizability, i.e. adding to
the SM Lagrangian the full set of higher dimensional operators that are G gy, singlets and
are built with SM fields:

(d)
c:
Lsverr = Lo + Z Z A;_‘l 0. (2.67)

d>4 1

Here the quantities A; represent the characteristic scales at which the operators (’)Z(d) are
generated, and the smallest of them acts as a cut-off above which the SMEFT description
breaks down. The coefficients ¢; are dimensionless and the combinations C; = cgd) JAS are
called Wilson coefficients. If the ultraviolet (UV) theory is known, they can be determined
integrating out the new heavy fields or matching the results for amplitudes obtained using
the effective and the full descriptions. Otherwise we can put bounds on them using the
present experimental data. Note that the contribution of higher dimensional operators to
any amplitude will be suppressed wrt the SM by a factor (E/A;)?*, meaning that only
the first terms of the series will be important at low energies.

The only operator appearing at dimension 5 is
. ~ \T _ /~
O = (Hm) C (HUJ-) , (2.68)

where C = i7+? is the charge conjugation matrix. Oy is called Weinberg operator and it
generates non-zero neutrino masses, producing a Majorana mass term once the Higgs gets
a vev. In the rest of this thesis we will not be interested in the effects of this operator and
we will focus on dimension-6 operators only. They are reported in Tables 2.3] 2.4 and

in the Warsaw basis |58|, for a total of 63 operators, neglecting the flavor structure. Note
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X? fPH? HS and H*D?
O | [ACGIGEGSH | O | (HH) (quil) | Oy (HH)?
Og | FAPCGIGEGSr | Oy (H'H) (gdH) | Oy | (H'H)O(H'H)
Ow | eWewhwe | O.g (H'H) (leH) | Oup | (H'D*H)' (H'D,H)
O | ebeWabeyen

fPHX H?*X? DH? f?

Ouv | (lo™e) " HWy, | Oug | (HH)GAGY | O | (HYD,H) (i)
O | (o) HB, | Oy | (H'H)GAGE | O <HuBZH) (Fryhi)
Ou | (a0 T*) HG}, | Ouw | (HUHYWo,W | On. | (HUD,H) (eyte)
Our | (a0 ru) HW, | Oy | (HUH) W, Wi | O | (HUD.H) (%)
Ouws | (qo™u) HBy | Ous | (H'H) BB | OF (HTZ-BZH) (@)
Ou | (@0 T4d) HGA, | Oys | (H'H) BuB™ | O, (HU‘BNH) ()
Oaw | (ao™rd) HWp, | Omwp | (HIT"H)We,B* | Ona | ( HYiD, H) (d#d)
O | o in | Oy | (M Tam | Ou | (Do)

Table 2.3: SMEFT operators in the Warsaw basis excluding the 4-fermion. Flavor indices

and the subscript R for u, d and e are omitted. The left-right covariant derivatives are
<> ~a
defined as HTD“H = HTDMH — DMHTH and HTD#H = HTTaD#H — DHHTTGH.
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Four leptons Semi-leptonic Four quarks
Ou | () (1) | O | (ud) (@'a) | O | (@) (@r"0)
Oce | (Eue) (877e) | O | (Iyr®l) (Gyoq) | OF | (@v.mq) (@7"°q)
O | (Ivul) (ey*e) | Ocu | (Evue) (iy*u) | Ou (@yuu) (@y*u)
Ot | (evue) (dy*d) | Oua (dv,.d) (dy*d)
O | () (aymu) | OF) (@) (dy*d)
O (_’Vul) (_’Y“d) Ofd) (UWTA )( TAd)
Op | (avua)(@r'e) | Ou) | (@) (@)
Oledq (le) (dq) O | (9.T*q) (1" T*u)
O | (Iue) e @y u) | O (qVuq) (dr*d)
O, | (Towe) € (@ouu) | O | (a3,Tq) (dyTd)
O (qu)  (qd)
O | (@) ¢ (aTd)

Table 2.4: SMEFT 4-fermion operators in the Warsaw basis. Flavor indices and the

subscript R for u, d and e are omitted.

Oduql (dTCU> ((]TCZ)
Ogque | (4" Cq) (u"Ce)
quql 6imejkz (qZTCQJ) (qlzc[m)

O due (dTCu) (uTCe)

Table 2.5: SMEFT baryon and lepton number violating operators in the Warsaw basis.

Flavor indices and the subscript R for u, d and e are omitted.
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Figure 2.3: Feynman diagrams for kaon mixing.

that 4 of these 63 operators violate baryon number: their presence is due to the fact that
it can be broken by new physics, being it just an accidental symmetry of the SM.
These operators form a basis in the sense that we cannot obtain one of them with linear

combinations of the others, field redefinitions or addition of total derivatives.

2.3.1 4-fermion operators and minimal flavor violation

Now we focus on 4-fermion operators, which introduce additional interactions between
fermions. Being not forbidden by symmetries, they receive a SM contribution at loop
level, once heavy fields (Higgs, W, Z and the top quark) have been integrated out. The
corresponding Wilson coefficients can be computed by matching with the SM amplitudes.
Processes of this kind become excellent probes of new physics when the SM amplitude is
small enough and therefore can be compared with the contributions coming from the heavy
fields. This is, for instance, the case of lepton flavor universality violating processes, as we
will see in Chapter [4]

Here we just show, as an example, the case of meson mixing, which we will also use
in Chapter |5 in the global analysis of the effects of top-quark operators. Meson mixing is
a so called AF = 2 process, in which flavor changes by two units. For concreteness, let
us consider neutral kaons, K° = (d,3) and K° = (d, s). The transition between the two
mesons occurs at one loop in the SM via the box diagrams in Figure 2.3l Computing the
amplitude and taking the limit of heavy top-quark and W, one gets the following result:
GEmiy

472
where we defined \; = V;4Vit and x; = m;/myy, while so(z) ~ 2* and so(z,y) ~ zy are
loop functions. Using the Wolfenstein parametrization of the CKM matrix, Eq. (2.31]), we
obtain that the Wilson coefficient of the generated operator (3§ Lv“d,;)2 C (’)é? is roughly

M(K® + K°) = (§L7“dL)2 P\?So(il?t) + AcAiso(Te, T4) + )\330(%)] ; (2.69)

given by

G2
Cyq ~ 4—}; (ANm7 + Xomym, + X’m?) (2.70)
s

that corresponds to A ~ 103 TeV for ¢,g ~ O(1). This is an example of the GIM mecha-
nism [59]: AF = 2 transitions, and FCNC processes in general, are suppressed due to the

peculiar flavor structure (i.e. the values of the CKM matrix and of the quark masses).
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The presence of tight bounds above the TeV scale predicted by naturalness arguments
leads to the so-called new physics flavor problem, since such bounds can be lowered only
making hypothesis on the flavor structure of new physics. The strongest possible assump-
tion is the so called minimal flavor violation (MFV) [60]: in this scenario Yukawa matrices
are generated at an inaccessible scale as vev of some heavy fields and they are the only
source of breaking of the global accidental symmetry group G'r defined in Eq. . To
find how Yukawa matrices enter in the Wilson coefficients of higher-dimensional operators,
we promote them to spurions in order to have Gy formally restored. From the Yukawa
Lagrangian in Eq. , we see that these spurions must transform in the following repre-

sentations of Gf:
Y*~(3,3,1,1,1), Y%~ (3,1,3,1,1), Y°~(1,1,1,3,3). (2.71)

For instance, the operator (95,}}, responsible for meson mixing, can be made G singlet in

the following way:
g 2
™™ (Giyts) (@ am) = @ (VY™ 03] (2.72)

In the down quark basis in Eq. (2.29)), this corresponds to a Wilson coefficient of O(10~7),
i.e. the scale reduces to few TeV.

2.3.2 Integrating out heavy fields

We conclude this short SMEFT review with an explicit example of how to integrate out
heavy fields. Let us consider a new physics scenario in which an additional vector boson

7' is present, interacting with fermions with the following Lagrangianﬂ:

M%’//H 1zl — E_u = _M%’//M 1zl sl
TZ“Z -97Z, [—,wy u—l—g(byy sp, + 81y bL)} = TZMZ -9'Z,j". (2.73)

We can integrate out Z’ solving the corresponding equation of motion and plugging back

Ly D

the result into the Lagrangian. Neglecting derivatives, that give rise to higher dimensional

operators, we get

_5£Z’ 2 1 12 o g .,
O—M—WDM/ZM—g]uiZM—M%IJM. (274)
Plugging back this result in Eq. (2.73)) we obtain
TR | (iyum) (be*sp + h.c.) (2.75)
2M2, 7 3MZ, "

We see that integrating out the Z’ we generate a dimension-6 4-fermion operator, known

in the literature as Q9" [61]:

O™ = (dyy"dy) (Ee') . (2.76)

'Here we write only the terms that we need in order to show how to integrate out Z’. In Chapter [4] we

will discuss more in details Z’ models and study the possibilities of future colliders to discover or exclude

such scenarios.
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where in this specific case 1 = j = 2,3 and k,l = 2. The corresponding Wilson coefficient
is ,
€g

Co = —=-. 2,77

P 3ME, (2.77)

Note that this operator does not appear in the Warsaw basis, being it a linear combi-

nation of O, and (’)l(ql):

Ol(ql)kl,ij + OIM — (gyq7) (e*y,e!) D oM. (2.78)
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Chapter 3

Parton distribution functions of

leptons

In this Chapter we show our numerical solution of the DGLAP equations for lepton parton
distribution functions from the valence lepton mass scale, with the LO initial conditions
in Eq. , up to multi-TeV scales, taking into account all SM interactions, including
the effects mentioned in Section [2.2.3] For concreteness, we consider the muon as the
initial lepton, since muon colliders could achieve higher energies, for which the discussion
is more relevant. However, all results can be equally applied to ete™ colliders with suitable
substitutions. A similar study has already been performed in the literature, specifically
in Refs. [62, 63], and we compare our results with the plots presented in those works.
We also compare against approximate solutions obtained by solving iteratively, at fixed-
order, the DGLAP equations, which provide the analogous of the Effective Vector Boson
Approximation (EVA) [18, 64, 65]. As a direct application of LePDFs, we investigate
processes at the muon collider that are sensitive to the muon neutrino PDF, offering a
potential cross-check for theoretical predictions.

The Chapter is organized as follows. We start in Section presenting the evolution
below the EW scale, where only QED and QCD interactions are relevant. In Section [3.2] we
discuss the main aspects of the evolution above the EW scale, focusing on EW effects. Our
results are collected in Section , where we show several notable features of LePDFs, and
a comparison with the EVA is presented. Section [3.4]is dedicated to the study of the impact
of muon neutrino PDF at MuC to the processes pji — e v, and pji — Wy, where p (i)
represents the muon (antimuon) beam with its full parton content. Similarly, in Section
we study the impact of neutrino PDF on single Higgs production at MuC, comparing our
results with the expected experimental sensitivity. We summarize in Section while
many details of the computations, the numerical implementation and the formatting of
LePDF files are collected in Appendices [A[BHC|

IThe numerical results for the LePDFs can be downloaded from GitHub at the link:
https://github.com/DavidMarzocca/LePDF.
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3.1 QED and QCD evolution

For factorization scales below the EW scale the relevant degrees of freedom are light quarks
and charged leptons, with vectorlike QED and QCD interactions. Neutrinos, while having
negligible masses, become relevant only above the EW scale where the W boson can go
on-shell | Because the initial condition and the evolution equations are vectorlike, in this
regime no polarization effects are induced, i.e. PDFs will be the same for both fermion
chiralities or gauge boson polarizations.

In the DGLAP evolution from the muon mass up to the EW scale one encounters several
mass thresholds for each fermion species as well as at the QCD scale Qqcp. The latter
sets the onset of QCD interactions, which become relevant after the v — ¢qg splitting.
This can be interpreted as the QCD structure of a photon, and can be divided into a
perturbative and a non-perturbative component, mainly due to the photon mixing with
QCD vector mesons [69-73|. The latter one will be power-suppressed at the large scales we
are eventually interested in, so we neglect it. The choice of ()qcp depends on how many
resonances are included in the non-perturbative component and a value close to m, has
been argued to provide a good benchmark [71-73]. In practice, we follow the prescription
of Refs. [63, [71] with Qqcp = 0.7 GeV f]

At each threshold a matching should be performed. Therefore, from m, to Qqcp we
consider only QED interactions, including only the light fermions (e, i, u, d, s). At Qqcp
we match the PDFs and continue the evolution up to the charm mass scale adding also
QCD interactions and setting the initial condition for the gluon PDF as f,(x, Qqcp) = 0.
At QQ = m, we perform another matching and we do the same at m, and my, including at
each threshold the corresponding fermion and setting f;(xz,m;) = f;(x,m;) = 0 as initial
conditions (i = {c, 7,b}). We finally continue the evolution up to the EW scale Qgw.
Given the C' and P symmetries of QED and QCD, and the fact that some particles share

2A possible effect of neutrinos even below the EW scale is due to neutrinos from muon decay p~ —
e~ U.v, which present IR singularities in the physical region when scattering with the incoming p* (or
viceversa) [66]. In case of muon colliders such singularities are cutoff by the finite width of the muon
beam [67, [68]. We neglect such effects with our PDF formalism, assuming that it can be described

independently of PDFs.
3We study the dependence of our results on Qqcp by running the evolution also for values Qqep =

0.52(1.0) GeV and interpreting the differences as theory uncertainty on our final results due to non-
perturbative QCD dynamics, see the dedicated discussion in Section E
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the same evolution equations and initial conditions, below Qgw several PDF's are related:

Je=Je=Ja\
fT = f‘? ’
fu = fﬁ ) (31>
fc - fE )
fa=ti=Ffs=1s,
fo=1s -
The DGLAP equations, according to Eq. , are then given by
dfe a,(t)
L=Pfe+ 2 |Phefi+ Phoef)
e 1 a,(t)
S =Pyt TEQL P © S + NPy @ £,
t
+ O‘;( ) [OFPJYf ® fou + TrPly ® fg} :
dfgr _ ( )
s 03[y oo o ] »
as(t)
+ [CFP}? ® foa + TFPfV ® fg} ,
dfy oy, (1)
d_Z:P7f7+ > 2ijxt'f®(ff+ff)>
d as(t
g =P)f, + ;(T) CAPW®fg+CFP$f®Z(fq+fq) :
q

where ¢ = {e,u, 7}, ¢* = {u,c}, ¢ = {d,s,b}. The evolution variable t is defined in
Eq. (2.60), the splitting functions are listed in Appendix , and the group factors CF,
Ca and T are reported in Appendix [A.3]

The virtual coefficients P{, P’ and P are computed using Eq. (2.64) applied to
fermions, photon and gluon respectively:

v V(2) @)\ [(Qy 2 O3 3oy 5 Q3
P == (i + P7) (5703 + 55Cr0sa) = 5 (525 + 57Cria)
1 NQED pf(2) _ 20y QED
F= —Q%Nf Pt = =35 (33)
11 2
Py = <2T N,PI? 4 ¢ PV(2>) _as (L 2y
9= T on F v T 0a 5 \ g Ca— 31PN |

where d;, is one for quarks and zero otherwise. N; QD — N,Q2 + N,(N,Q2 + NyQ2) is
the effective number of fermions in QED and N, is the number of quarks. Notice that the
number of leptons (N;), up and down quarks (N, and Ny) are not constant due to the
thresholds. We also have to take into account the renormalization group (RG) evolution

of the couplings: in particular we evaluate the QCD coupling using the 3-loop result [74]
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Figure 3.1: PDFs of a muon evaluated at the EW scale Qgw = myy .

with mass thresholds for the charm, bottom, and top quarks, while for QED we just use
the one-loop formula in Eq. (2.38)), that in the variable ¢t becomes

a(to)

"1+ 160alte)(t — to) (34)

aW(t)

Since we use this setup only up to the EW scale, we take the boundary condition at that
scale: a.(ty) = a,(tgw) = 0.00783581. At each threshold a matching is performed, since
the beta function coefficient is not fixed: using Eq. (2.37)) we obtain

— <t
2 32y <t<t
v 2 NQED _ gr ¢ = T 3.5
—39 t, < tpw

In Figure [3.1) we show our numerical results for a muon, at the EW scale Qgw = my. As
can be seen, at small x the gluon PDF becomes rather important, while quark PDFs have

a size similar to the muon itself or sea leptonﬁ, as already shown in Refs. |62, |63].

3.1.1 Iterative solution for QED

By solving iteratively the DGLAP equations order by order in o, one gets approximate
solutions for the PDFs. The LO contribution for the photon PDF is given by Eq. (2.42)
with the crucial substitution £ — (). Neglecting the 7 mass threshold and including terms

4We call sea leptons all the leptons that are not the muon. As shown in Eq. (3.1]), electron, positron
and antimuon PDFs are the same due to CP and initial conditions, while the threshold makes 7 and 7
PDFs different. Neglecting the threshold, all sea leptons PDFs are equal.
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Solid lines correspond to the numerical results, while dotted and dashed lines represent the

LO and NLO approximated solutions respectively.

up to O(a?t?) we get

f( )(.:1: t)y=956(1—x)+ ﬁt (25(1 —x)+ P};(x))

+% (g; t>2 |:1915(1_x>+3PJ§/}<5C>+IfVVf(x)+[ffff<:C)} , (3 6)
1 .
2

fi) (1) = <2—t> Lyyvi(z)
£, 1) = S0 Pl + 5 (S20) Kg - §N§ED> P (2) + Jvfff(x)} ,

where the Iappco(z) = fl L pX(2) Pyo(x/2) integrals are collected in Eq. (A.7). We report
the comparison between these expressions and our numerical results in Figure for the
photon we find excellent agreement already at LO, while going up to O(a?t?) is required
in order to describe the low-z behavior of valence and sea lepton PDFs, that is dominated
by the v — ¢*¢~ splitting (i.e. the Ipyvs(z) term above).

Gluon PDF starts formally at O(aZa,t®). However, due to the large value of o, at low
energies and the importance of a careful treatment of the matching at Qqcp, a fixed-order
solution would not be a good approximation for the correct result. For the same reason
we do not consider here quark PDFs, even if they formally arise already at O(agtz), since
they receive a large QCD contribution from gluon splitting into gG. A correct description
of the quark and gluon PDF's in a lepton therefore motivates a complete numerical solution
of the DGLAP equations.

3.2 DGLAP evolution in the SM

For energies above the EW scale, the splitting processes in the initial states can involve all
SM interactions and fields, which must then be included in the DGLAP equations. The
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Leptons €L,R MLR TLR Ve Vyu VU (bR TLrR U r
Quarks ur,r drr cLr St tor brr + hec

Gauge Bosons | v+  Zy  Z/ye WF gs
Scalars h  Z, h/Z, Wi

Table 3.1: Independent degrees of freedom for our DGLAP evolution above the EW scale.

chiral nature of EW interactions induces polarization effects on PDFs, so in this region all
gauge bosons and fermions polarizations are treated separately. Splitting functions for SM
interactions in the unbroken phase have been computed in Refs. [33, |46} 55, |56} 75|, with
which we agree. Another well known effect in EW PDFs is the interference between photon
and transverse Zp, which must be described with a Z/y mixed PDF, as well as between
the Higgs boson and the longitudinal Z;, which induces a h/Z; mixed PDF [33, |46, 55].
Also, the non-abelian nature of EW interactions induces Sudakov double logarithms, which
must be resummed when one is interested in high energies [52-54].

Due to the fermion thresholds, only a few PDFs are related:

fZL = féL = fﬂL )
fZR = féR = fﬂR ) (3.7)
ff/z = fo. = fDM )

Jaw = fsp o Jap = fon

The fact that PDFs for right-handed fermions and their conjugate are different is due to
the induced polarization effects in the gluon, photon, and Z boson PDFs. The independent
degrees of freedom are given in Table [3.1] the final count is 54 independent PDFs. Note
that, differently from the first phase of the evolution and from the right-handed counter-
parts, fs, # fa, due to charged current interaction s;c;,W. Regarding the mass thresholds,

we include each degrees of freedom (W, Z and h) right at the corresponding mass scale.

3.2.1 Electroweak symmetry breaking effects

EW symmetry breaking effects can be classified as either due to non-vanishing parton
masses or as new contributions to the splitting functions that vanish in the limit of unbroken
symmetry [55]. The latter are the so-called ultra-collinear splittings, which are particularly
relevant for the longitudinal polarizations of EW gauge bosons |42, |55, providing the
leading contributions for their PDFs even when ) > Qgw. In order to easily keep track
of all these effects near the EW scale it is convenient to work in the broken phase and with
the mass eigenstates. Then, as the DGLAP equations remain the same also for higher
energies, we remain in the broken phase for any () > Qgw-.

In case any of the particles involved in the splitting A — B+C'is massive, the kinematics
of the process and the ensuing splitting functions are modified. As shown in Eq. (2.47),
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the relation between the pr and the virtuality of the parton B entering the hard scattering
process becomes

2 2
_ = = _ m- pr

Py = zZ(m% — py) = pp + 2mg + z2my — zZm5 + O (ﬁ’ ﬁ) , (3.8)

and m?/E? or p%/E? terms can be neglected in the regime where factorization can be

applied. In the DGLAP equations, this modified propagator of the virtual parton B effec-

tively corresponds to a rescaling of the splitting functions as [55]

2\ 2
P o Baeah) = (2 P (39
Mass effects in matrix elements that are also present in the unbroken (i.e. massless) theory
are instead suppressed by powers of m/E, therefore negligible.

Regarding the ultra-collinear splitting functions, the main feature of these contributions
is that they do not scale logarithmically with Q? but at large factorization scales are
suppressed as v?/Q? . Nevertheless, they provide important contributions that accumulate
during the DGLAP evolution in the region () ~ Qgw and then remain almost constant at
higher scales, see for instance the W;, PDF in the right panel of Figure [3.3] We report the
full set of splitting functions in Appendix , while the list of SM DGLAP equations can
be found in Appendix [A.3]

In principle, with massive partons we should care of kinematics bounds: the splittings
described by DGLAP equations involve partons A, B and C' with energies zF, ©FE and
(z — x) E respectively, all fractions of the energy of the beam E. Since the particle C' is
emitted on-shell, we need Ec > mc, that is 2 > z + “&. This means that the lower
extreme of integration in Eq. should be modified. However, as in Eq. , m/E

terms can be neglected and we can safely start the integration from x.

3.2.2 Electroweak double logarithms

The fact that the initial and final states are EW non-singlets has important implications,
even for inclusive processes. The Bloch-Nordsieck theorem [76], that guarantees cancella-
tion of IR divergencies between real emission and virtual corrections in such processes, is
violated for non-abelian symmetries, implying the presence of Sudakov double logarithms.
While in the QCD case this effect vanishes upon averaging over color of the initial states,
for SU(2),, we do not take such average and the initial state breaks explicitly the symme-
try, hence double logs do appear also in inclusive processes [52-54) 77}, [78]. In our context

they can be seen appearing in the terms of the DGLAP equations containing a 1/(1 — 2)

5The ultra-collinear splitting functions have been calculated in Refs. [55] and [42]. The former used the
Goldstone equivalence gauge, while in the latter the theory is formulated in a standard R¢-gauge, with
5-dimensional polarization vectors of the gauge bosons to take into account the Goldstone contribution to
the longitudinal component. We checked the results with both methods and we agree with them.
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pole and can be made explicit by introducing an IR cutoff in the integral, which allows
also to resum the Sudakov double logs related to ISR [33] |75, 79781]ﬁ We implement this
following Ref. [33], by modifying the boundaries of the integral in Eq. (2.61)) as

aABc / _PBA (;C?z) N %82—67;(@/;@0@)% gA(z)fA (%,Q? 7 |
3.10

ABC() plays the role of an explicit IR cutoff for the 1/(1 — z) poles, and is set

max

equal to 1 — Qew/Q for the cases where the soft divergence is not cancelled between real

where z

emission and virtual corrections. This modifies the computation of the virtual corrections,

that becomes

Zinin (Q)
Pi(Q) D — Z CYABQ—C(Q) / dz z PS ,(z) + ultra-collinear . (3.11)
B,C T 0

The mismatch of IR divergencies between real and virtual contributions takes place in
processes where the emitted radiation (e.g. a W* boson) changes the SU(2);, component
of the initial state, and is always proportional to the amount of explicit breaking of the
SU(2)r, symmetry. In fact, the physical effect of these double logs is to restore SU(2),
invariance at high scales. As an explicit example for leptons, let us consider the DGLAP

equations for the p;, and the corresponding SU(2),, partner v,
df O{Q 1 Zmax(Q) V 1 l‘ 2 2
TogQ® ~ 272 / AP (o (5@) = 2hum. QD)+

B anl (@1 2
o =aa ), P (L (500) <2 @) 4o

where the ellipses include other finite contributions to the integral, as well as other interac-

(3.12)

tions. The first term in brackets is due to real emission of a transverse W boson, while the
second one is the corresponding virtual correction. The fact that the muon and neutrino
PDFs are different is an explicit breaking of SU(2);, and implies a non-cancellation of the
pole for z — 1 inside P%f(z), which in turn generates the double log. To see this explicitly,
let us isolate on the right-hand side only the terms that are singular in z — 1, fixing z = 1

everywhere else:

o /zm@) 2 v, @
—PE o —ZA d o~ ——log——A
df,, fa% 2max(Q) 2 Qg Q2 '
P~ —Z=A d - —l — A o
dlog@Q? 4w uz (a:)/o =7 ® . AW IS

where Afr, = f,, — f,,. Upon integration in @2, a log® Q*/Q%yy contribution is generated,
that tends to deplete the muon PDF and enhance the neutrino one. This example also

6A complete description of all double logarithms in a full process requires, however, the inclusion of
further contributions (e.g. virtual corrections, soft radiation, fragmentation, etc.), see for instance |52}
31H86].
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clearly shows how no such double log is generated for photon or Zr emission from a
fermion or W, since the real and virtual contribution would be proportional to the PDF
of the same parton. A Sudakov double log is instead expected for splittings such that
the splitting function is divergent in the soft limit, z — 1, and the A and B partons are

different:
Qrw

Q
otherwise we put zy.x = 1 and employ the + distribution, Eq. (2.65]), to regulate the z — 1

divergence, for a more stable numerical evaluation of the DGLAP equations.

H50(Q) =1~

max

1
if PS,, US, o mdA#B, (3.14)

In practice, this happens for W;F emission off any parton (in correspondence to the poles
in the P}/f, PY,,, and PY, splittings) and for Zr boson emission from an initial longitudinal
Zy, or Higgs (due to the P}, splitting), since Z emission changes Z; <— h. Analogously,
for ultra-collinear splittings this takes place for any W emission and for Z; emission off
an initial Higgs or 7.

This procedure amounts to a double-logarithmic (DL) approximation to the Sudakov
factor for initial-state radiation. This could be further improved to LL or NLL resummation
by suitably modifying the scale at which the coupling constant as(Q) is evaluated, as
discussed in Refs. [56}[87]. Since we are interested in energies where o, log® Q%/Q3yw ~ O(1)
but aslog Q?/Q%w < 1, we limit ourselves to the DL approximation for electroweak

corrections in the present work.

3.2.3 Top quark as parton

When the energy of the hard process () is much larger than the top mass, processes with
a collinearly emitted top quark can develop a logarithmic enhancement proportional to
log Q?/m?. Tt can therefore become useful to resum these logarithms by including the top
quark among the other partons |88} 89]. The question of whether or not one should include
it as a parton depends on the process considered and on the optimal way to rearrange the
perturbative series [90, 91]. With this in mind, we provide two versions of our PDFs of
leptons, one in the 5-flavor-scheme (5FS) and one in a 6FS, where the top quark is added
in the DGLAP evolution for scales above m;. While codes that include the top quark
in proton PDFs assume it is massless, in our approach we keep a finite top mass in the
same spirit in which we keep finite W and Z masses for the weak bosons PDFs. This
is justified by the fact that in our case, contrary to proton PDFs, EW interactions and
EW symmetry breaking effects are crucial, and the top mass is one of such effects. For
a detailed discussion of different schemes for the top mass in the computation of hadron
collider observables with a top quark PDF see [91].

The DGLAP equations for the ¢z, 1, tgr, tg are reported explicitly in Eqs. (A.41]
1A.42 [A.49] [A.50). We checked numerically that the dominant contributions are those

from initial transverse gauge bosons, with electroweak bosons, photon and gluon terms

being approximately of similar size. Instead, ultra-collinear contributions are practically
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Figure 3.3: Integrand functions (left) and resulting PDFs (right) for the computation of
the EW PDF's for transverse and longitudinal W boson of Egs. (3.15}|3.16]).

negligible. Nevertheless, in our numerical evaluation we keep all terms.

3.2.4 Effective Vector Boson Approximation

The EPA has been generalized to describe EW gauge bosons in high-energy collisions since
the '80s [92-95], in what is now known as the Effective Vector Boson Approximation [18|
64, 65, |96-98].

One can compute the EW gauge bosons PDFs by evaluating the DGLAP equations at
fixed order, similarly to what we did in Section for QED, using f,s(;)(:c) = ,S(])?) (x) =
20(1 — z) for the muon PDF. Taking the DGLAP equations for the transverse and longi-
tudinal W~ boson, Egs. (A.63] |A.64] |A.68)), one gets the leading order results

(@) 2y 2 ldplb—ﬂ/vw 2\ _ o X2 Pr f .
gl @) = | Wy gy D = e G g e Ve )
g Q% + (1 — x)myy Q°
= 1 —
8 VElr (z) ( o8 m2 + (1 — r)ymy, Q>+ (1 —xz)mi,
2 2
~ g—zP‘fifL(a:) (log Q—2 —log(l —xz) — 1) +0 (m_vzv) : (3.15)
T w
2 2 2

@ 1dP @ a m (1—z)?
() 2y 2 YWy 2\ _ 2 G2 w _
fwg(xaQ) = /O deiTQL(IapT) —/0 deE 5 5 =




and analogously for the Z and Z/~ PDFs:

0@ = 25 (Rl @@L + Pl (0(QL))

<1Og 321(53% ) Q2+(1Q - x>m2z> ’ (3.17)
0. @) = G (P (1G], + Rl ()00, ) ok e o 31
@) = 2 (P @A) g (3.19)

The muon mass here serves as an IR cutoff for the logarithm in the transverse case to
cure the x — 1 limit, while we neglect it in the other terms. Notably, the W has no
contribution at this order.

In Figure we show the dependence in \/ﬁ of the integrands (left), and the resulting
PDFs (right), fixing a value x = 0.3 and showing separately the two polarization of the
transverse W . One can see that the integrands are peaked before the EW scale and, while
in the case of Wy it decreases as ~ 1/p2. inducing the logarithmic growth of the PDF, for
the longitudinal W polarization the contribution to the integral is localised in p% before
the EW scale and the PDF tends to a constant at large scales.

In our numerical integration of DGLAP equations, the effects due to EW interactions
are introduced only above the Q)gw matching scale. Since we employ pr as factorization
scale, this effectively corresponds to performing the integration in Eqs. only
for p2 > Q%, missing the region 0 < p% < Q%w. To address this issue we match the
gauge bosons PDFs at Qgw to the analytically computed one for the same scale and use

it as boundary conditions:

falz, Qhw) = £ (2, Qhw)  for A=Wi ., Zs, Z/ys, (3.20)

and then continue the integration numerically to higher scales. The boundary conditions
for the PDFs of other heavy states (h, h/Zy, top quark) are instead set to zero at the

corresponding mass scales.

3.3 Results

Here we discuss several aspects of our LePDFs. The details of our numerical implementa-
tion of the DGLAP equations are reported in Appendix [B]

Figure (left panel) collects, as an example, a set of PDFs evaluated at a scale
@ = 3 TeV. One first thing to notice is that, as expected, for z 2 0.5 the muon PDF
dominates, while for smaller x the largest PDF is the photon one. However, the transverse
W, PDF is only a factor ~ 2 smaller and the transverse Zr boson is another factor of 2

smaller than that: they both receive contributions from the emission off an initial muon.
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Figure 3.4: (Left panel): Sample of PDFs evaluated at a scale @) = 3 TeV for a muon. For
this plot we sum over polarizations and ¢ represents the sum of all quark PDF's except for
the top. (Right panel): PDFs for the scalar degrees of freedom in the SM. Solid (dashed)
lines are evaluated at a scale of @ = 3(30) TeV.

Analogously, the muon neutrino v, has a large PDF at large x values due to the emission
off a p;, which has also a Sudakov double-log enhancement. The transverse W, PDF is
instead more suppressed because its leading contribution arises from the emission off the
muon neutrino and off another gauge boson. The importance of EW gauge bosons PDF's
reflects the common lore that a high-energy lepton collider is also a weak boson collider.

In the right panel of Figure [3.4] we show the PDF's for the longitudinal polarizations
of EW gauge bosons and the Higgs, evaluated at scales of 3 TeV (solid lines) and 30 TeV
(dashed lines). The PDFs for W, and Zj, are mostly scale independent, since they receive
the dominant contribution from the ultra-collinear splitting off a muon. On the other hand,
the ultra-collinear contribution to the W;" PDF comes mostly from the muon neutrino,
which has a PDF suppressed with respect to the muon one. Therefore, other contributions
from standard splitting functions (e.g. from P, and PY,) are sizeable and induce a scale
dependence. In case of the Higgs boson there is no ultra-collinear contribution from mass-
less fermions, so one does not expect ultra-collinear terms to dominate and indeed its PDF
shows a large scale dependence.

The fraction of the momentum carried by each of the partonic components is given
by the n = 2 Mellin transform of the PDF, Eq. , and it can be used to evaluate
the relevant role of the various individual components at different scales. To this end, in
Table we give three examples at scales 3 TeV, 10 TeV, and 30 TeV.E] We observe that
as the energy of the hard process is increased the percentages of both the left- and right-
handed muon components are decreased and those of all other partons increased, which
illustrates the importance of electroweak interactions at higher energies.

In Figure [3.5] we show some examples of parton luminosities for a 3 and 10 TeV muon

"The numerical integrals needed for the Mellin transform are performed with the rectangles method.
Due to the rapid growth of the muon PDF for z — 1, numerical routines such as NIntegrate on Mathematica

fail to reproduce the correct result, see Appendix |E| for details.
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field || @ =3TeV | Q =10 TeV | Q = 30 TeV
1L 48.03% A7.78% 47.26%
IR 45.54% 43.15% 40.57%
v, 1.75% 3.58% 5.89%
Vgea 0.0075% 0.015% 0.024%
lgen 0.073% 0.096% 0.119%
q 0.125% 0.18% 0.24%
t 0.026% 0.0401% 0.054%
7 3% 3.22% 3.39%
| 1.28% 1.61% 1.89%
w+ 0.096% 0.201% 0.339%
A 0.416% 0.57% 0.724%
g 0.019% 0.027% 0.036%
h 0.003% 0.006% 0.009%
Total 100.37% 100.47% 100.54%

Table 3.2: Fraction of the momentum carried by each parton at ¢Q = 3,10,30 TeV. The

muon is the valence lepton.

colliders where, unless specified, we sum over polarizations. Parton luminosities can be
useful for computing cross sections integrated over angular variables. In case of a muon
collider they are defined from the convolution of the PDFs of parton ¢ from the muon and

parton j from the anti-muon, as follows:

where /sq is the collider center of mass energy and V/§ is the invariant mass of the two-
parton system. From Figure we can notice that, even at small invariant masses, the
pfv luminosity is much larger than the W/~ luminosity (also the charged-current pzv,
luminosity is sizeable). The impact of this channel in VBF studies at muon colliders should
therefore be studied in more details. It is also interesting to point out that the QCD-related
luminosities (gluons and quarks) are very small, and therefore QCD-induced backgrounds

in electroweak processes are strongly suppressed.
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Figure 3.5: Examples of parton luminosities at a 3 TeV (left) and 10 TeV (right) MuC.

Unless specified, for this plot we sum over polarizations.

3.3.1 Threshold effects

Removing the fermion mass thresholds, the number of independent degrees of freedom is
reduced. Concerning the first phase of the evolution, Eq. (3.1)) becomes

f@seazfe:fé:fﬂ:ffzf?a
fu:fﬂ:fc:féa (322)
fa=ti=f=f=h=1,
since now all fermions of the same kind, except the muon, have the same PDF evolu-

tion equations and initial conditions at ¢) = m,. Analogously, PDFs for the particles in
Table [3.1] are related as follows:

Jern = From s
féL,R = fﬂL,R = f‘T'L,R )
Joe = fo
fﬁe = fﬁu = I,
Jurr = fern s (3.23)
faL,R = fEL,R )
fa, = fs s
fJL = fs?L )
fap = fsp = Jor 5
Jan = Jfsn = Jop -

The final count is therefore 6 independent PDFs in the first phase and 40 in the second
one.

In Figure [3.6] we report the differences between the PDF's computed with and without
thresholds, normalized with the latter. While many PDFs are practically unaffected by the
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Figure 3.6: Difference between PDFs computed with and without mass thresholds at the
scale Q = my (top) and @ = 1TeV (bottom).

thresholds, with differences of O(1%) at most (right panels), the effect becomes significant
for ¢,7 and b. This is due to the smaller amount of time of evolution in presence of the
thresholds, with differences of O(10%) at the EW scale. The effect is progressively washed

out increasing the scale, since at high energies the ¢, 7 and b mass scales become negligible.

3.3.2 Polarizations

The chiral structure of SM interactions above the EW scale induces polarization effects
for the PDFs [56]. In Figure we show polarization ratios for several PDFs at a scale
@ = 3 TeV. The observed behavior can be easily understood as follows. The W, W,
and Zr PDFs receive the dominant contribution from the emission off uy p or v,. Since
the P‘Z 7, Splitting function goes to zero for z — 1, while P‘J/i s, tends to a constant, the
positive helicity of the EW gauge bosons will be suppressed for x — 1. In case of the
photon, the leading contribution comes from the muon splitting and it is vector-like at
leading order, so the polarization effect will be suppressed.

In case of fermions, left-handed chiralities (and their conjugate) receive contributions
from W bosons splitting to 1.1, therefore their PDF is expected to be larger than the
right-handed counterparts. The tendency increases with x in the case of the leptons (except
for the muon) and down-type quarks as opposed to antileptons and up-type quarks, since

the left-handed parts of the former receive contributions from Wy, while the latter from
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Figure 3.7: Polarization ratios for the PDFs of leptons (left), quarks (center), and gauge
bosons (right) at a scale @ = 3 TeV. Dashed lines in the central panel are for the corre-

sponding anti-quarks.

Wi, and the W, PDF falls faster than the W, PDF at high x (see Figure This effect
can be of O(1), since the W~ PDF is comparable in size to the photon one. The b, PDF
is further enhanced compared to by due to the W, — bty splitting proportional to y;.

3.3.3 Comparison with the Effective Vector Boson Approxima-
tion

In Figure [3.8 we show our results for EW gauge bosons PDF's, compared with the LO EVA
discussed in Section . We use the non approximated results in Egs. and we
show the sum of transverse polarizations, to reduce the number of lines plotted. Several
things can be noticed.

For Z/~, the EVA result is two orders of magnitude smaller than what we find with the
numerical evolution. This is due to the fact that QfL +Q5R = —% +2s%, < 1is accidentally
suppressed (indeed, it becomes zero when evolving the Weinberg angle at a scale of about
3.6 TeV). This cancellation takes place because in EVA it is assumed that the initial-state
muon is not polarized. However, in the evolution from the EW scale upward, electroweak
interactions induce a polarization of the muon PDF, which becomes up to ~ 40% at a
scale of 3 TeV, as can be seen in Figure (left panel). Therefore, in the full numerical
evolution there is no such tuned cancellation in the Z/+ PDF. This clearly shows that the
EVA result is not reliable for this PDF.

For the longitudinal polarizations, the EVA provides a good description of the PDF's,
to within ~ 10% accuracy. In case of the transverse W and Z polarizations, instead,
there is a noticeable discrepancy which grows even up to O(50%) at multi-TeV scales
for small = values. This is dominantly due to the missing contributions from V' — VV
splittings, that start at NLO. Such contributions become important due to two effects:
the PDF of the initial-state gauge boson at small x is much larger than the muon PDF
and they include IR Sudakov corrections. We perform two checks to verify this. First, we
do a run of our numerical code setting to zero the Py splitting functions (both in real

emission and radiative corrections): the resulting EW gauge bosons PDF's agree well with
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Figure 3.9: Relative difference between the numerical result for the W, PDF and the LO
(dashed) or NLO (dot-dashed) EVA expression for a fixed scale @ = 3 TeV (left) and for
fixed x = 0.001 (right).

LO EVA. Second, focusing only on the W, PDF for simplicity, we compute iteratively
the O(a?) contributions to the weak bosons PDFs, adding the real emissions from P,
and P‘J/cf splittings, and the corresponding virtual corrections. In practice, we take the
DGLAP equations for transverse EW gauge bosons in Section and use the O(«)
results for the gauge bosons PDF's of Eqs and the muon. For simplicity, at

term, which makes our NLO EVA result reliable only for @) > my and z < 1. We also
neglect contributions from longitudinal modes and ultra-collinear ones. We then perform

analytically the convolution with the splitting functions and finally the integral from my,
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up to the factorization scale Q:
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It can be noted that Sudakov double logs appear here in the virtual contributions to f,ﬁ%)
and to fl(;i), as well as in the Py, v, terms from the neutral gauge bosons.

In Figure we show the relative deviation of the LO (dashed) and NLO (dot-dashed)
EVA results from the complete numerical PDF as function of z (left panel) and as function
of the scale (right panel). We observe that the NLO EVA result improves substantially the
agreement with the full numerical result, while the LO EVA has large deviations at small
2. The missing terms in the LO EVA become more and more important with larger scales,
confirming the argument made above.

In Figure , instead, we plot the W W= (left panel) and W, W, (right panel)
parton luminosities for a 10 TeV MuC. We show a comparison between the LePDF result
(solid lines) and the LO EVA expression in the @ > my approximationﬁ (dot-dashed),
or with the complete W mass dependence as in Eq. (dashed). We see that, at
the level of luminosity, the LO EVA with the complete mass dependence provides a good
approximation of the resummed LePDF result up to ~ 15% deviations for the transverse
modes. This means that the much larger deviations we observe at the PDF level for
small = are diluted when the luminosities are calculated. On the other hand, the massless
approximation deviates up to O(1) even at the luminosity level and in particular at partonic
center of mass energies of few hundreds of GeV, where the weak-boson fusion process cross

sections are the largest.

3.3.4 Muon neutrino PDF

The leading contribution to the muon neutrino PDF arises already at O(as) from the
pr, — Wy, splitting, which presents an IR soft divergence that is cutoff by the W mass.
As already discussed in Sec. [3.2.2] the missing counterpart of this divergence in the virtual
correction is at the origin of the Sudakov double log. In the same spirit as done for the

EVA, we can compute the neutrino PDF by iteratively solving the DGLAP equations up

8For transverse polarizations we also neglect the @-independent terms of Eq. (3.15), keeping only
log(Q?/m3,). This corresponds effectively to use the virtuality of the parton as factorization scale, see
Ref. [65] for details.
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Figure 3.10: Parton luminosities for W WX (left) and W, W (right) at a 10 TeV muon
collider. We show a comparison with luminosities obtained with the LO EVA result in
Eq. (3.15) (dashed) and with the @ > my approximation, implemented in [65] (dot-
dashed).

to O(«), using the zeroth-order expression for the p PDF:

dflsa) l-mw/Q 7, Q* ar 02 . ] .
oo — oo | oL ——— U,k “5(1=2
dlog Q* /x 2 (Q* 4 zm3)? |4r 113)F g Ui ()] 5 ( )

4 2 _
=@ (1 R f”) (g_;p 19(0) + Sgmagalint W)

The Heaviside theta is the result of the IR cutoff 2. = 1— %V in the integral. Integrating

this differential equation from m3, up to Q* we get:

2 9 n 9
fzsj)(xa QZ) = g_j_ 9(@2 — %) |:P}/j'c(x> (lOg C?an—i_

(1—=x 2
(1—z)? am?, 2(1 — z)?
+log 1+z(1—z)2  Q+am? 1+az(l- $)2> (3.26)
- 207 (1—2)°Q* — miy }
= (1 +a(l— 2P)(@ + om},)

We observe here the single logarithm due to the standard collinear divergence, while the
Sudakov log is absent because the initial muon PDF at zeroth order is just a delta function.
It will appear, however, in the computation of an inclusive cross section upon integration
of the PDF, due to the x — 1 divergence inside P}?([E), that is not cancelled by a virtual
correction at the same order but is instead cut off at the W mass by the theta function.
In Figure we show a comparison between this O(a) approximation of the muon
neutrino PDF (dashed gray line) with the one from LePDF (solid gray), at a scale Q) =
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3TeV. We observe a very good agreement at large = values, i.e. where the pu;, — W~y
splitting dominates. At smaller x values the O(a?) contribution from Z — v, will instead
dominate. Comparing to the results of Refs. |62, |63], we observe a different behavior of
the v, PDF for x — 1: while both our analytic result described above and LePDF show a
cutoff (due to the IR my cutoff) at = < 1, in their result the v, PDF increases similarly
to the muon PDF up to z = 1.

3.3.5 Mass effects

We showed in Section that massive particles modify the virtuality of the particle B
as in Eq. (3.8)). As already discussed in [55] [64], the impact of the latter effect is important
since, due to the presence of the masses in the denominators of the DGLAP equations, the
PDFs are lowered or enhanced when mp ¢ # 0 and my4 # 0 respectively. In Figure m
we show the PDFs computed keeping and neglecting the masses in pp, still starting the
evolution of a given massive parton at the scale corresponding to its mass.

For instance, in case of EW gauge bosons (both transverse and longitudinal) one can
expect that mass effects lower their PDFs, with the biggest effects at small  due to the
(1 —2) factor appearing in front of the mass corrections. This can also be verified from the
LO EVA in Egs. . In case of the Higgs, its interactions have the form A — h+ A,
with A = W, Z,t, which implies (5]2,T = x?m?% + (1 — z)m? > 0, which explains why the
Higgs PDF is bigger when masses are neglected.

3.3.6 Top quark PDF

In Figure 3.12] we compare the results between the 5FS and the 6FS showing the top
PDFs together with the PDFs mostly affected by the inclusion of the top. As already
mentioned in Section the top PDFs are mainly driven by the collinear emission off
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Figure 3.12: Comparison between 5-flavor-scheme (dashed) and 6-flavor-schemes (solid)
at a scale Q = 3 TeV.

the transverse gauge bosons and the differences are more noticeable in high energies (we
use the benchmark @) = 3 TeV). Since the PDFs of W and W, are large compared to the
Z and W, we expect a larger PDF for {1, and g than ¢y, or tg. Also, the same splittings
Wy — bty and W, — brtg will induce a large enhancement of the b, PDF compared to
bgr in the 6FS.

Additionally, we observe that the PDFs of the EW transverse gauge bosons themselves
are almost unaffected, since they are dominated by splitting off a muon. The gluon PDF,
instead, receives a noticeable further contribution. Shifts of comparable size are also in-
duced in the PDF's of the longitudinal gauge bosons (and even smaller for the Higgs), but
in this case the PDFs are decreased due to a mass effect similar to the ones discussed in

the previous Section |3.3.5]

3.3.7 Uncertainties

Here we discuss several sources of uncertainties in our computation. Some are physical, such
as the choice of Qqcp or missing higher orders, while others are intrinsic in the numerical
implementation of the DGLAP equations and can be improved simply by dedicating more

computational time to the task.

QCD matching scale

As already discussed in Section the QCD scale Qqcp is not clearly determined and
different choices of this parameter can have a non negligible impact on the PDF, in partic-
ular for the colored particles. To study the dependence of our results on (Qqcp we repeat

the evolution for Qqcp = 0.52 GeV and Qqcp = 1 GeV and we compute the relative
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Figure 3.14: Effects of N, on the PDFs at the EW scale () = my,. The relative differences
correspond to N, = {300;600} (left) and to N, = {600; 1000} (right).

differences with respect to the chosen value of 0.7 GeV

_ fA(CUaQ”QQCD - fA(ny)|0.7 GeV
fA(maQ)’0.7 GeV ’

0Qqep Lfa(z, Q)] Qacp = {0.52 GeV,1 GeV}.

(3.27)
In Figure|3.13| we show the results for the colored particles, which are the most affected by
the choice of the QCD scale, while for the photon and the leptons the relative differences
are smaller than 107°. We report the results at Q = myy after the QED+QCD evolution,
since this is the phase in which these effects are stronger.

Discretization

The second source of uncertainty we take into account is the discretization, that is the
number of grid bins N,. Again we focus for simplicity on the first phase of the evolution,

since these effects do not change much with the energy scaleﬂ. As for Qqcp we repeat

9We checked that this is actually the case computing the PDFs in the full SM both with N, = 600 and
N, = 1000: for instance at a scale Q = 3TeV the relative differences are smaller than 2%.
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the evolution for different values of N, and compute the relative differences of the PDF's
obtained. The results at the EW scale my,, obtained varying N, from 300 to 600 and
then to 1000, are reported in Figure [3.14; it is clear that as we increase N, the relative
differences are reduced, as expected since in this way we are approaching the continuum
limit. Being the relative difference between N, = 600 and N, = 1000 already of O(1072),
we take the latter as reference value, since a further increase will introduce even smaller

corrections.

Integration step

Numerical uncertainties also arise due to the discretization in ¢, depending on the choice
of the integration step dt, as shown in Eq. . As for the previous cases, we compute
the relative differences of the PDF's obtained for two different values of dt, in particular we
choose dt = t(mw)/N;, with N; = {100;200}: this means that we consider NV, steps in the
first phase of the evolution. We do not report any plot, since we checked that the relative

differences are at most of O(107?), both at @Q = my and at higher scales.

Higher orders

The largest theoretical uncertainties in our results originate from neglecting higher order
corrections. In particular, in the DL approximation terms of O(aglog(Q/Qrw)) are not
consistently resummed [87]. For example, at Q = 3 TeV, these terms already amount
to 10%, while at Q = 10 TeV to 14%. We notice that promoting our approximation to
the full LL result does not improve the situation [87], since single-log terms of the same
size from the NLL expansion are still present. However, performing the NLO matching as
prescribed in Refs. [80] can reduce the uncertainties to 4% for @@ = 3 TeV. Extending our
formalism to NLL order would eventually correspond to < 3% accuracy regardless of the
energy scale.

An estimate of the PDF uncertainties due to missing higher orders is typically obtained
by varying the factorization scale. In Figure we show with colored bands the envelope,
for each PDF, obtained by varying the factorization scale @) by a factor of 1/2 and 2 around
the central value of 500 GeV. We see that these uncertainties are small for the photon, the
muon and the longitudinal polarization of EW bosons, while they are much larger for the
transverse polarizations of W and Z, and for the muon neutrino. This can be understood
as follows. The longitudinal W; and Z; PDFs receive the dominant contribution from
ultra-collinear emission off the valence muon. As discussed in Section [3.2.1] such terms
have no logarithmic scaling with ) and approach instead a constant value at large scales,
hence the very small scale dependence. The different scale dependence between the photon
and muon on the one hand, and Wy, Z7, and muon neutrino on the other, is due to the

fact that the former have a leading contribution from QED interactions starting from the

2

5., while the latter evolve approximately as log Q*/mi.

m,, scale, Le. scaling as log Q*/m
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Figure 3.15: PDFs of a muon for a factorization scale () = 500 GeV. The uncertainty
bands correspond to the envelope obtained changing the factorization scale by a factor of
1/2 and 2. The dashed gray line is the result for the muon neutrino PDF obtained with

the O(a) expression in Eq. (3.26).

A variation of scale by a factor of 2 around 500 GeV gives a relative ~ 8% effect in the
case of QED contributions, compared to a ~ 38% change for EW ones. It is clear that in
order to obtain precise SM predictions such uncertainties should be reduced by deriving
higher order EW PDFs. Some discussions on possible extensions to NLL and NNLL can
be found in Ref. [56].

3.3.8 PDFs for electron beams

Our numerical code, with obvious substitutions, can also be used to derive LePDFs for

electron beams. While most future projects for ete™ colliders are focused on EW-scale
energies to perform high-precision studies of EW gauge bosons, the Higgs, and top quark,
linear collider projects also envisage later stages with TeV-scale center of mass energies.
In this case our SM PDFs can provide a useful tool. We therefore provide public PDF's
for electron/positron beams alongside those for muons and anti-muons. In Figure
we show only an example plot for some PDFs of an electron. As for the muon case, in
case of EW gauge bosons PDFs we did a comparison with the EVA approximation at LO
and NLO, obtaining similar results as shown above for the muon. The main difference
in the PDFs of an electron compared to those of a muon is that photon, charged leptons
and quarks PDF's are larger. This is due to the longer QED evolution from m,. to m,,.
A consequence of larger quarks PDF is also a larger gluon one, even if Qqcp > m,. On
the other hand, EW gauge boson PDF's are very similar since, at first order, their PDF is

insensitive on physics at scales below the EW one.
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electron beam. For this plot we sum over polarizations and ¢ represents the sum of all

quark PDFs except for the top.

3.4 Assessing the neutrino PDF at a Muon Colliders

In this Section we study processes that show a strong dependence of the neutrino PDF.
They could be used as an experimental probe for this contribution, under the assumption
that new physics does not introduce a sizeable effect. Specifically, we study pp — e 7,
and pp — W™y, emphasizing the influence of the v-induced contribution. These straight-
forward cases enable us to demonstrate qualitatively and quantitatively the significance of
the neutrino PDF.

3.4.1 Single electron production

The main process which could be used as a probe of the muon neutrino PDF is upi — e~ 7,

where the partonic process we are interested in is
W, — € D, (3.28)

which proceeds via s-channel W exchange. We refer to this as the signal. The irreducible

background arises via vector boson fusion:
W™y — e i,
(3.29)
W~Z — e v,.

The Feynman diagrams for these processes are depicted in Figure [3.17, The calculation
of the background cross section includes the effect of interference between the photon and

transverse Z processes, which is then convoluted with the mixed Z/~ PDFH We neglect

10A dedicated study on the effects due to to the Zy PDF at muon colliders is the focus on an upcoming
paper [99].
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Figure 3.17: Leading partonic diagrams, in the unitary gauge, contributing to e~ 7, pro-

duction at a muon collider. (a) is the signal, the others represent the background.

other background processes such as e" v, — e U, T Uy — € U, and d;u; — € U, since

their effects are further suppressed by small parton luminosities, as discussed in Section [3.3]

As stated above, in order to employ this process to study the neutrino PDF one must
assume that new physics is not introducing large effects. A complete evaluation of this
question goes beyond our purpose, however we can provide some arguments for why this
assumption is reasonable. Possible new physics affecting the signal would also enter the
muon decay and leptonic W decays, both of which are tested at the per-mil level or better.
The background, on the other hand, could be affected by anomalous triple gauge couplings

of EW bosons, which at present are constrained at the percent level [28].

We can start to understand the relative weights of signal and background processes
with simple estimates. The partonic cross section of both processes, for partonic invariant
masses above the EW scale § > myy, follows the same scaling 6,5 ~ Gygr ~ O‘%w /8.
The physical cross section is obtained by convoluting these with the corresponding parton
luminosities in Figure [3.15 Since the p7, luminosity dominates over the V'V ones at
large invariant masses, we can expect that the signal will dominate the cross section in
the high-energy region. This makes the e~ 7, process particularly sensitive to the neutrino
PDF.

The physical triple differential cross sections for both the signal and backgrounds are
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Figure 3.18: Single electron production differential distributions in pr and . for the signal
(left) and the background (right) at /s = 3TeV. The gray regions are kinematically

forbidden, see Eq. (C.7)).

obtained by convoluting the partonic ones with the PDFs of the initial-state partonsﬂ

30. 7 e U, = T§ o, .. ——\(a $
Lo =B D) S oo () T v 30

dye dyu de S0

We refer to Appendix for the expressions of the kinematical variables in terms of
the rapidities ¥, of the final-state particles and their py. Since the neutrino cannot be
detected, we integrate in y, to obtain the double differential cross section in y. and pr.
In Figure |3.18 we show the results for the signal and the background for a 3 TeV muon
collider. We limit the pr of the electron to values bigger than 500 GeV in order to ensure
the validity of the collinear approximation for EW PDFs: mpw < Epaa ~ p7. Electron
rapidity is considered in the [-2,2] interval, motivated by the geometrical acceptance of the
detector [100].

To get quantitative information on the impact of neutrino PDF on this process, we bin
pr and y. and integrate to obtain the total cross section in each bin, for both the signal
and the background. We also define the following ratio

o(p v, — eve)

Ry = : (3.31)

Opg
where ofy is the background cross section. This ratio quantifies in each bin how much the

neutrino induced partonic process contributes to the total cross section and it can be used

U The formula is exact when the two partons and the final states are all massless. The generalization to
massive partons, which is the case for the background, is straightforward and we checked that differences
are negligible in the kinematical regime when collinear factorization can be applied, i.e. pr > my .
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Figure 3.19: Top: Binned cross section for uu — e~ v, at a 3 TeV Muon Collider, showing
only the signal (left panel) or the background cross section (right panel). Bottom: Ratio

of the signal cross section over the VBF background.

to establish the ideal place to look for neutrino PDF contributions, i.e. in bins where both
the Ry, and the signal cross section are big enough. The results are shown in Figure [3.19
We observe that for the central y. bins the signal cross section increases with the pr of the
electron, while it decreases in the last bin, meaning that the 1/3 suppression of the par-
tonic process starts dominating over the luminosity enhancemenﬂ The background cross
section instead always decreases with pr and, as a result, the ratio Rfy largely increases.
The growth of the signal with v, is instead due to the form of the partonic cross section,

do /dcos® ~ (1 + cos6)?, which favors the emission of forward electrons.

12In the highest and lowest 3, bins the behaviour is different due to the kinematically suppressed regions.
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Figure 3.20: Leading partonic diagrams, in the unitary gauge, contributing to W~ produc-

tion at a muon collider, for both the signal (upper line) and the background (lower line).

3.4.2 W~ production

The associated production of a photon and a W, uji — W=, follows the same lines as the
single electron production: at the parton level we have a neutrino induced signal and the

background proceeding via vector boson fusion:
W, — Wy,
W=y = W™, (3.32)
W=Z = W™r.

The relevant Feynman diagrams are reported in Figure As for single electron pro-

duction, we neglect electron, tau and quark induced background processes due to parton

luminosity suppression.

For the same reasons discussed in Section [3.4.1] we assume negligible new physics
contribution and we employ this process to study the impact of neutrino PDF. Note that
this process is less sensitive to neutrino PDF, since the background partonic cross section
ovpr is constant at large energies, while as before ¢,; ~ O‘%w /8.

The analysis is similar to the previous one, but this time, being also the rapidity of
the W measurable, we can study distributions at the level of the triple differential cross
section. We use again the formula in Eq. , since factorization holds when the invariant
mass of the hard scattering is much bigger than the electroweak scale and we can therefore
neglect the masses in our analysis.

We define RY” as the ratio between the contribution to the triple differential cross
section due to the muon neutrino PDF and the total:
oy, — W) (dga(uﬁ — W‘v)>_1

RV =
s dyw dy.dpr dyw dy,dpr

(3.33)

Iso-lines of the Ry 7 are reported in Figure for a 3 TeV muon collider.
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Figure 3.21: Iso-lines of the R};V”Y ratio, in percent, as function of the W and photon
rapidities, for pr = 300 GeV (left) and 600 GeV (right), at a 3 TeV muon collider. The
gray regions are kinematically forbidden, see Eq. (C.6]).

Finally, as we did for the single electron production, we integrate over the W rapidity
and then compute the total cross sections in bins of ¥, and pTEl The results are reported in
Figure , where Ry, is defined as in Eq. . The behaviour in pr is analogous to the
case of single electron production, both for the signal and the background cross sections.
However, as expected, the latter decreases less rapidly due to the constant partonic cross
section and therefore the ratio Ry, takes smaller values wrt the previous case, making this

process less efficient to measure the impact of muon neutrino PDF.

3.5 Impact of neutrino PDF on Higgs physics at muon

colliders

A MuC has the capability to reach very high energies and luminosities, functioning as a
Higgs factory [14] [16] [17, 101). It has been shown that a 3 TeV MuC could reach a
precision of O(1%) on several Higgs couplings, while a 10 TeV MuC could improve this
to O(.1%) [102H104]. At this level of precision it will be crucial to provide accurate SM
predictions. In this Section we study the impact of the neutrino PDF on the most relevant
Higgs production channel at a MuC, that is single Higgs production, occurring through
vector boson fusion as shown in Figure |3.23|

If ISR is not considered, the only processes are with initial state g~ p*. The dominant

13We choose to use the photon rapidity being it easier to measure, without the need to reconstruct the
W from the decay products.
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Figure 3.22: Top: Binned cross section for uji — W~y at a 3 TeV Muon Collider, showing
only the signal (left panel) or the background (right panel). Bottom: Ratio of the signal
cross section over the VBF background.

contribution comes from the charged current (CC) channel, p~p* — v,v,H, followed by
the neutral current (NC) one, p~p* — p~p™ H, which is approximately ten times smaller

in magnitude:
o(p n" — v, H)(s) ~ 498 fb‘\/§=3TeV , 843fb’\/§:10Tev ,

(3.34)
o(p p' — pptH)(s) ~ 50'8fb|\/§:3TeV ’ 87‘4fb|\/§:10TeV :

As can be seen, the event rate of these two hard scattering processes increases with the
total invariant mass. As this is much above the EW scale we are justified in employing the
PDF approach to describe the effect of collinear ISR.

Since the partonic hard cross section for single Higgs production increases with the
energy, the only relevant partons are the muon and muon neutrino for the muon beam,

and their corresponding antiparticles for the anti-muon beam. Being the muon neutrino
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Figure 3.23: Leading partonic diagrams contributing to single Higgs production at a muon

collider.
Partonic process | Channel | 0(3TeV) [fb] | o(10TeV) [fb]
popt — v, H CC 480.310%8 820.979
popt — pptH | NC 47,7198 80.5t12
@, = o, H | NC 2.411% 1073
v, — -t H CC 0.197042 24739
VT, — v, 0, H NC 0.08*9-47 1t

Table 3.3: Contributions of the main partonic processes to single Higgs production total
cross sections at 3 and 10 TeV MuCs. Uncertainties are obtained varying the factorization

scale from §/2 to § and §/4.

PDF always smaller than the muon one, see Figure |3.4) we expect that processes initiated
by p~ " dominate, followed by those induced by p~ v, and v,u™*, while the ones induced
by v,, will be further suppressed. This is confirmed by our numerical results, which
include the effects of PDF's by convoluting the partonic total cross sections for single Higgs
production with the corresponding PDF pairs, as in Eq. . Final results for each
channel are shown in Table for a collider invariant mass of either 3 or 10 TeV. We
also report an uncertainty obtained by varying the PDF factorization scales, as discussed
in Section [3.3.7

When using such Higgs production processes to set constraints on Higgs couplings, a
framework commonly employed is the one of kappa-factors, that corresponds to multiplying
the tree-level Higgs coupling to Z and W bosons by a k7 and ky factor respectively. The
SM prediction is recovered, by definition, for k; = Ky = 1. Using this framework we can

put together the various contributions to the single Higgs production cross section for 3
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Cross sections [fb] | No PDFs | Only ¢ PDF | Both p and v, PDF
oV 4983 480 (-3.6%) 480 (+0.04%)
a3y 50.8 47.7 (-6.1%) 52.6 (+10%)
a;gV)VTeV 842 821 (-2.6%) 823 (+0.3%)
9TV 87.4 | 80.5 (-7.9%) 102 (+27%)

Table 3.4: Coefficients of x%, and k% in single Higgs production cross sections at 3 and
10 TeV MuC. The second column shows the result obtained without considering ISR effects.
The third column includes the muon PDF while the fourth column also adds the muon

neutrino PDF. In parenthesis we show the relative change from the previous column.

and 10 TeV muon colliders. The results, in fb, are shown in Table |3.4] where we separate

the coefficients multiplying %, and k%:

NV NIV NIV 2 (3.35)
We observe that the coefficient of x%, is affected mainly by the muon PDF. The change
is negative since collinear radiation takes energy away from the valence muon, amounting
to a reduction in cross section since the partonic cross section grows with the energy. The
effect is approximately 3% at both 3 and 10 TeV muon colliders. The neutrino PDF instead
has negligible impact, since the only contribution to U,Ij%;fev requires neutrino PDF's in both
initial legs, amounting to a large suppression. In case of £% we see a similar depletion due
to the muon PDF, now of about 6% (8%) at 3 (10) TeV MuC. The neutrino PDF, that in
this case can enter only in one of the two initial legs (via v, — pv, H plus the conjugate
process), gives a large and positive contribution of about 10% (27%) at 3 (10) TeV MuC.

We can conclude that a proper inclusion of both ISR from the valence muon and the
contributions arising from muon neutrino PDF should be included in the SM prediction
since the corresponding effects are much larger than the expected statistical precision

attainable in these measurements [104].

3.6 Summary

In this Chapter we showed our solution for the set of DGLAP equations for an initial-state
lepton, evolving the complete set of PDFs from the infrared up to multi-TeV scales. Our
computation is performed with LO splitting functions, keeping into account all relevant
mass thresholds, EW symmetry breaking terms, masses of all EW states, and resumming
EW Sudakov logs at the double-logarithmic level. The residual uncertainty is dominated
by the incomplete single-log EW resummation and can be estimated to be of O(10%),
while we show that other systematic uncertainties are fully under control.

Polarization effects, due to the chiral nature of SM interactions, are shown to be of
O(1) in Figure 3.7 or even larger than that in case of the b quark. This last effect is due to
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the interaction with the top quark via the large top Yukawa coupling, and becomes much
smaller in the 5FS, where the top is not included in the evolution. As already observed
in previous studies, we confirm that the inclusion of EW states’ masses in the propagators
gives sizeable correction to the PDF's, even for large factorization scales.

Furthermore, we performed a detailed comparison of our results for the EW gauge
bosons PDFs with the widely used Effective Vector Approximation. This comparison,
presented in Figure [3.8] illustrates how the EVA fails to describe correctly the transverse
EW gauge bosons PDFs at small x values, with deviations reaching even O(50%) for ijf
and Zp at large scales, or even missing the target by more than one order of magnitude in
case of the off-diagonal Z/ PDF. The cause of the latter large deviation is the well-known
accidental cancellation in the vector-like coupling of a lepton to the Z boson, which does
not take place in the full result since the muon gains a strong polarization. The smaller,
but still substantial deviations in the PDFs of transverse EW gauge bosons are due to
the fact that the EVA, treated at LO, does not include contributions from gauge boson
splitting off an initial gauge boson. Such terms, while being formally of higher order,
become enhanced due to the large v, W, Z PDFs and the fact that these splittings come
with associated Sudakov double logs. In fact, by extending iteratively the EVA up to
O(ca?) we obtain a much better agreement with the complete numerical result, as shown in
Figure[3.9] In light of this, we recommend the use of LePDF to derive precision predictions
for SM and BSM processes at high-energy electron or muon colliders (they could also be
used for lepton-hadron collisions), when one is interested in being inclusive on radiation
emitted at small pr compared to the typical energy of the hard scattering, £ > pSllrad.
and when F > my,, which are the conditions for factorization to be valid.

As a direct application, we studied the impact of muon neutrino PDF at muon colliders.
In particular we showed how it contributes to the two processes pji — e~ v, and pug — W=y,
identifying the kinematical regions in which it is more relevant. Finally the analysis of
single Higgs production showed that both muon and neutrino PDFs have to be taken into
account in the SM predictions, since its contribution exceeds the expected sensitivity of

muon colliders, especially in processes mediated by the Z boson.
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Chapter 4

New physics in b0 — sup: MuC vs
FCC-hh

In this Chapter we explore a few motivated new physics scenarios relevant for (semi)leptonic
B-meson decays. We will assess and compare the prospects at the colliders listed in Ta-
ble 4.1} The main goal is to compare FCC-hh versus the MuC in the leftover parameter
space. The reason for choosing diverse benchmark models is to broadly cover the BSM
space. There have already been several prospect studies for some of these models at the
FCC-hh [105H111], MuC [111H118|, and HL(HE)-LHC [105} |106|, 119, 120]. Throughout
the Chapter we comment on the similarities and differences between our study and some

of the previous ones, being the use of LePDFs one of the main novelties of our analysis.

We start in Section with a brief recap on flavor anomalies, showing the status
before and after the LHCDb update of December 2022, and discussing possible new physics
explanations. The relevant physics at the MuC is discussed in Section and Section
reviews the complementary signatures at hadron colliders. In Section we consider the
most pessimistic scenario, where the new physics states are too massive to be produced on-
shell, and then look for the correlated effect of the new semileptonic contact interactions in
the high-energy tails. Then we study explicit mediator models, focusing only on tree-level
mediators. In Section we study two representative examples of the Z' models, where
the mediator is a massive gauge boson of a spontaneously broken U(1) gauge symmetry,
while in Section [4.6] we consider separately two single-leptoquark simplified models: a scalar
weak triplet S5 and a vector weak singlet U;, where we use the nomenclature of Ref. [121].
In all the cases we examine scenarios in which the flavor anomalies are either neglected or
addressed. Conclusions are given in Section In Appendices and [D] we report some

analytic results for cross sections at MuC and details of our analysis.
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Collider C.o.m. Energy | Luminosity | Label

LHC Run-2 13 TeV 140 fb~1 LHC
HL-LHC 14 TeV 6 ab~! HL-LHC
FCC-hh 100 TeV 30 ab~! FCC-hh
Muon Collider 3 TeV 1 ab™! MuC3
Muon Collider 10 TeV 10 ab~! MuC10
Muon Collider 14 TeV 20 ab~! MuC14

Table 4.1: The energy and the luminosity of benchmark colliders. The detector specifica-
tions for FCC-hh and MuC are discussed in Appendix The last column shows the
short-hand label for each collider, used for all the sensitivity plots in the Chapter.

4.1 Flavor anomalies

Here we recall the past status of flavor anomalies, i.e. the discrepancies between the SM
predictions and the experimental measures in some observables related to B—meson decays.
These include many angular distributions and branching ratios |[122-133] in channels as
B — KU, By — ¢l and By — ¢ll, and two lepton flavor universality violating ratios Ry«
[19, 20, |134-136] and Ry [137], defined as

B(B = KWyt u)

R *) —
K9 ™ BB = K®ete)

(4.1)

B(B — DYrv)
B(B — D®{y)

In the following we will focus on Ry[] They are measured for GeV-scale invariant
mass of the lepton pairs, ¢ € [1.1,6] GeV?, allowing for an extremely clean theoretical
prediction: QCD resonances, like the p and the .J/1, lie outside the considered ¢? bin and
the branching ratios are therefore dominated by short-distance contributions. The SM
result is very simple, Ry = 1, since interactions are flavor universal and both electrons
and muons are effectively massless at these energy scales. The uncertainty is O(1%) and
it is due to QED [138], while the QCD background is cancelled in the ratio. Any deviation
from unity is then a measurement of LFU violation. At the time of our work [139], the

measured values [20]
Ry = 084670051, Ry = 0.6970¢5, (4.3)

combined with the other observables, showed a deviation from the SM. The global signifi-
cance of the new physics hypothesis, including the look-elsewhere effect, was conservatively
estimated to be 4.3 ¢ |140].

!The combined measure from BaBar, Belle and LHCb for Rp(.) show a discrepancy of ~ 30 with the
SM.
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As already stated, the discrepancies were due to systematics effects, and the values
after the recent LHCDb update are [21]

Ri =0.949 £0.047, RS =1.02775057%. (4.4)

In the rest of the Chapter we will report anyway the analyses performed with the wrong
old values in Eq. (4.3)): even though the results are now meaningless, they still represent a
good example of analysis at future colliders and similar strategies may be adopted in the

future if new discrepancies with the SM will show up.

4.1.1 Mediators for Ry

The anomalies could be coherently explained by a short-distance new physics contribution
in the underlying quark-level transition b — sy~ (we refer to this as bsuu anomalies in
what follows), leading to the existence of a new super-weak Fermi force of O(107°) Gg. In
analogy with the prediction of the weak scale from G, this gave us information about the
scale where new mediator states are integrated out. The violation of perturbative unitarity
in 2 — 2 scattering implied a new state with mass below (roughly) 100 TeV |141]. In other
words, there was empirical evidence for a new mass threshold in the vicinity of our present
and planned colliders.

When interpreting all of the data in a low-energy effective field theory, a consistent

picture of new physics emerged. Using the following effective Hamiltonian [61]

4G o
NP F x
vt —
Heg O \/5 tb Vs An
the global fits identified two preferred scenarios: ACYH = —0.73 + 0.15 (vectorial muon
current), or ACY = —ACY, = —0.39 + 0.07 (left-handed muon current).

There is a finite number of tree-level mediators that can produce a semileptonic four-

[ACH (5.vabr) (1 1) + ACT(517vabr) (i ysp)] +hoe. . (4.5)

fermion interaction at low energies. These are bosons, either color singlets or triplets. We
restrict our discussion to the Z’ (color-singlet vectors) and leptoquarks (color-triplet scalars
or vectors).

Heavy neutral vectors are obvious candidates for mediating b — supu transitions at
the tree-level [142/{164]. The relevant couplings are the ones to the muon current, g,
and to the flavor-violating sb current, gy, since the contribution to b — suu transitions is
proportional to the product gsg,,. The same heavy vector mediates also By — B, mixing,
proportional to g%, thus gs < g,,, was needed for phenomenologically viable models aiming
at addressing the flavor anomalies. Furthermore there is a contribution to neutrino trident
processes, which gives an upper bound on g,,. As shown in Section [2.3.2] integrating out
the Z’ we recover the vectorial muon current scenario.

On the other hand, leptoquarks [121] are hypothetical particles that can couple quarks
to leptons at the renormalizable level. They are motivated by the idea of quark-lepton

unification hinted by the hypercharge quantization in the SM. Interesting examples are
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Figure 4.1: Feynman diagrams for the partonic processes relevant for our MuC phe-

nomenology. For the scalar leptoquark S3 one should exchange ¢ <+ ¢.

the scalar Ss, with SM quantum numbers (3, 3,1/3), and the vector U; ~ (3,1,2/3), that
represented a viable single-mediator solution of the bsup anomalies [165]. They reproduce

the left-hand muon current scenario once integrated out.

4.2 Signatures at a muon collider

Muon colliders combine the advantages of both proton-proton and electron-positron col-
liders: high energy reach, where all the collider energy is accessible in putpu~ collisions,
with high precision measurements, thanks to the low QCD background and clean initial
state |14} 15|, 64, [166].

In the evaluation of the physics potential of MuC we take into account LePDF of muons,
and again we denote the muon (anti-muon) beam as u (@), while the individual partons
are ut, 0, v;, qi, G, v, W, Z, etc.

For the Z’ and leptoquark benchmark models, the relevant MuC processes are: di-jet
and di-tau production from muon annihilation (u*p~ — jj,7777), Bhabha scattering
of muons (u*p~ — ptp~), muon-quark scattering (utq — pFq, that includes single
production of leptoquark), and pair production of leptoquarks (u*u~ — LQLQ). Except
for ug — pq, all the other processes we study are initiated by p~p™, i.e. the valence
partons inside the muonic and anti-muonic beam, respectively. As shown in the left panel
of F igure the p~p™ luminosity £,,,(m,,,) grows when m,,, — 0 due to the contribution
arising from the splitting of photons and EW gauge bosons, as well as when going closer
to the collider energy my,, — ./So, with a minimum in the intermediate energies. This
behavior is completely different than ¢ — ¢ luminosities in proton-proton colliders, where

the luminosity monotonously decreases going to higher energies and becomes negligible

70



] 0.100¢ 3

i \ _#LEL
[\ 1rbr ]

: ] 0.010 \ —ufER
0.10+} 0.001F S #rbL

L 0,051 Ly 1074 T
‘\\ _:“L/ZL 10_5» ~~~~~~~~~ R ~~‘-\ 3
HRE - ~_\
—#LEJI: 100 N
0.01¢ ) . . . . HRHL 10°7¢ ‘ ‘ ‘ ‘ ‘ \]
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000
m [GeV] m [GeV]

Figure 4.2: Parton luminosities, for /sy = 3 TeV, involving two muons (left) or a muon
and a b (right).

well before the kinematical limit of the collider. This difference is important to understand
our numerical results. In a MuC, if the new physics has a mass below the collider energy
one can look for its effect both in the shape of the cross section (a resonance peak or a
t(u)-channel exchange) for m,, < /so as well as in the very precise measurement of the
cross section at the highest invariant mass bin, m,, ~ /so. The latter method works much
better at MuC compared to similar methods at hadron colliders, see e.g. [167, |168|, thanks
to the large parton luminosity, lower theory uncertainties, and cleaner collider environment.
For new physics states heavier than /s, instead, the sensitivity arises only from the latter
strategy.

In the following we provide more details for each of the MuC processes we studied.
The differential cross sections are derived after computing analytically the partonic cross
sections of the 2 — 2 processes (see Appendix and convoluting them with the parton
luminosities of the initial state.

4.2.1 Di-jet

This process is dominated by the inverted Drell-Yan (IDY) channel p*u~ — jj shown
in Figure . Due to the non-negligible muon neutrino PDF in the muon beam (see
Figure , a sub-leading but relevant contribution is induced by the charged-current
channel v,u* — jj and its conjugate, while the purely neutrino-induced channel v, v, — jj
is suppressed by the v,7, luminosity, that is always a factor of at least ~ 10 smaller than
the u™ = one. In light of this, in our analysis of the di-jet channel we include both pp — jj
and v,p — jj, but neglect the purely neutrino-induced process. On the other hand, the
QCD contribution ¢(¢)G(g) — jj is always negligible due to the quark and gluon PDF
suppression.

Muonic IDY is very sensitive to new physics coupled to muons and quarks, as in our
benchmark models. After integrating over angular distributions, we construct the di-jet
invariant mass bins following the hadronic calorimeter resolution described in Appendix

D.2] In Figure (left) we show the SM IDY cross section for a 3 TeV MuC (orange)
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Figure 4.3: Differential cross sections for inclusive IDY ppi — jj (left) and p™p~ — ptp~
(right) for a 3 TeV MuC, taking into account muon PDFs. The SM cross section is shown in
orange, while the prediction for a Z’ resonance in the U(1)p,_r, model with mz = 2 TeV

and coupling gz = 0.3 is shown in blue.

as well as the contribution from a Z’ resonance (blue) (for details on the specific model
see Section . We observe that, due to the g™~ PDF luminosity and the shape of
the SM partonic cross section, the convoluted SM cross section decreases above the Z
boson invariant mass, to then increase again when the m;; invariant mass approaches the
collider energy ,/so. This behaviour of the SM cross section has important implications
for the new physics searches. In case of a four-fermion contact interaction, the strongest
sensitivity is obtained from the last few bins, where both the cross section and the energy
are largest. For s-channel resonance searches, instead, the peak typically provides the
dominant sensitivity. In particular, the bulk of the sensitivity is given not so much from
the shape of the (possibly narrow) peak as from its integrated contribution to the cross
section. Finally, a non-negligible contribution comes from the precision measurement of
the cross section in the highest-energy bin. In Figure |4.4] we compare the constraints on
a Z' resonance from a gauged U(1)p,_r, model (see Section for details) at MuC3
from pp — jj. The solid red line is obtained employing the full calorimeter resolution, the
dot-dashed green prospect instead uses a few bins much larger than the resonance width
([0.15-0.3-0.7-2-3] TeV), and finally the dashed blue prospect is obtained by considering
only the very last invariant mass bin ([2.9-3] TeV). This also shows that the specific choice

we employ for the calorimeter resolution does not affect much our results.

In case of leptoquark exchanged in the t-channel, since no sharp resonance or feature is
present, as can be seen from the differential cross section in Figure (left), the dominant
contribution to the sensitivity comes from the precise cross section measurement in the
last bins. In Ref. [115] it was shown that studying the rapidity distribution of the final
state jets could provide additional handles to increase the signal to background ratio for

leptoquarks.
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Figure 4.4: Comparison of 50 discovery prospects for a Z’ in a gauged U(1)p,—z, model
(see Section [4.5.1) at MuC3 from pfi — jj using the full di-jet resolution (solid red), a few

large bins (dot-dashed green), and only the last invariant mass bin (dashed blue).

4.2.2 Di-tau

This process is sensitive to the s-channel exchange of a Z’ vector boson coupled to both
muon and tau leptons. It is particularly relevant for the baryophobic models such as the
U(1)p,-r, detailed in Section . A proper analysis of this channel is complicated by
the fact that tau leptons decay into neutrinos, implying that the total invariant mass can
not be properly reconstructed. Other kinematical variables, such as the transverse mass
mr, are therefore typically considered. These, however, can only be obtained by letting
the tau leptons decay and performing a full-fledged collider analysis (see e.g. [169]). This
is well beyond our scope. Instead, to estimate conservatively the reach in this channel we
consider directly the di-tau invariant mass as our kinematical variable but, to take into
account the reconstruction issues due to the neutrinos in the final state, we consider only
very wide m., bins: [0.15-0.5-2-3] TeV and [0.15-0.5-2-5-10] TeV for the MuC3 and MuC10,
respectively. We checked that modifying these bins does not affect substantially the result,
as expected in light of the result shown in Figure for p*pu~ — jj. Furthermore, we

assume conservatively the efficiency for the di-tau detection to be 70%, see [113].

4.2.3 Di-muon

The partonic-level process which by far dominates the di-muon production cross section
is the Bhabha scattering u*u~ — u*u~, see Figure 4.1l This signature is employed in
the context of our U(1)z,_r, detailed in Section m The SM differential cross section
(orange) as well as a benchmark Z’ contribution (blue) are shown in Figure (right).
We impose a cut on the lab-frame rapidity |y,+| < 2 by integrating numerically the triple
differential cross section from Eq. . The di-muon invariant mass bins are constructed
following the muon pr resolution described in Appendix [D.2]

As in the IDY channel, the SM cross section first decreases and then increases again
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Figure 4.5: Differential cross sections for inclusive ptpu~ — jj (left) and p=q¢ — p=j
(right) for a 3 TeV MuC. The SM cross section is shown in orange, while the prediction

for the S3 resonance with mg, = 2 TeV and coupling Ay, = 0.3 is shown in blue.

when approaching the collider energy. Similarly to the exchange of the SM neutral elec-
troweak bosons, a Z’ can be exchanged both in the s and ¢ channels, inducing the typical
interference pattern exhibited in Figure . For masses M < ,/sg, the sensitivity is ob-
tained by a combination of the resonance peak and the precise measurement of the cross
section in the last bin, similarly to what is seen in the di-jet channel. We note that, if the
Z' mass is sufficiently small (M < /5g), the cross section measurement in the last bin
depends only on the resonance coupling gz:. On the other hand, if M > /s, then the new
physics effect can be described as a four-muon contact interaction and the sensitivity is
dominated by the precision measurement of the cross section in the highest invariant mass
bins.

This final state, as well as the 777~ one, have been already studied in Refs. [113]
116} |170] in the context of a U(1)r,—r, model. However, the previous literature does not
employ muon PDFs. Instead, the PDF effect is approximated by the real soft photon
emission process putpu~ — £07~, where the photon is not detected. On the other hand,
the production process of a Z’ in association with a hard photon improves the sensitivity
for low masses and could offer additional handles to detect the resonance. Since, as we will
see, up — up covers a large portions of the parameter space already at the 3 TeV MuC,

we will not consider the Z’~ processes in this work.

4.2.4 Mono-lepton plus jet

This channel offers the unique possibility of producing, in a 2 — 2 process, an s-channel
resonance that couples directly to quarks and leptons, i.e. a leptoquark. See the relevant
diagrams in Figure for the partonic process g — pg. When the mass of a leptoquark
is lower than /s of the MuC, the dominant signal would appear as a peak in the invariant
17 mass distribution, m,;. As an example, we show in Figure (right) the S3 leptoquark
resonance (blue) over the SM background for a 3 TeV MuC (orange). An analogous peak
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appears in the U; leptoquark s-channel exchange. For more details about the leptoquark
models see Section [4.6] Due to the absence of additional hard leptons or jets in the
final state, this process is different than the more typical on-shell single-production of

leptoquarks (see e.g. Ref. |115]).

Notice that the parton luminosities involving a muon and a quark are rapidly decreasing
for higher m,; (see Figure 4.2), because the quark content of the lepton vanishes in the
limit # — 1. As a result, the sensitivity to the resonance peak is stronger at values of m,,;

lower than the collider energy /so.

Lastly, if the mass of a new physics mediator is larger than the collider energy, the
induced contact interaction mostly manifests in the highest energy bins available, compat-
ibly with the luminosity decrease. Yet, the sensitivity reach in this case is considerably
weaker than in the case of the t-channel exchange in pu*u~ — 77, as it can be seen from
the derived limits in Section [4.0l

4.2.5 Leptoquark pair production

This channel is dominated by the partonic process = — LQLQ for M q close to /s0/2,
where all the PDFs except the muon one (and muon neutrino, to a lesser extent) are
completely negligible. We thus compute analytically the partonic cross section considering
the Z/~ exchange in the s-channel, the quark exchange in u-channel and their interference,
see the diagrams in Figure and then convolute with muon PDFs to obtain the total
cross section. We consider only the case of on-shell leptoquarks. In order to estimate
the MuC reach on this channel we requiring that at least 100 events of pair-produced
leptoquarks are generated. This number is compatible with the one obtained by the more
detailed analysis of [112, [115], assuming a Br(LGQ — bu) ~ O(1). As one might expect,
we find that the leptoquark mass reach from pair production is approximately given by

Mfeéwh ~ \/S0/2, and this is fairly independent on the precise number of events required.

A full collider simulation of this process and its backgrounds is beyond the purpose of
this paper, and we refer to [112, [115] for a more detailed study of both leptoquark pair

and single production at muon colliders.

4.3 Signatures at a hadron collider

In this Section, we highlight the processes at hadron colliders subject to our numerical
studies. We use the current LHC data from CMS and ATLAS collaborations to set the
95% CL limits that define the targeted parameter space for all considered models to be

explored at future colliders.
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Figure 4.6: Sample Feynman diagrams for the partonic processes relevant at hadron

colliders. For the scalar leptoquark S5 one should exchange q <> ¢.

4.3.1 Di-muon

Following Ref. [171], a short-distance new physics above the electroweak scale contribut-
ing to the (semi)leptonic B-meson decays generically predicts a correlated effect in the
Drell-Yan (DY) process (pp — pp~). In particular, a Z’ would show up as an s-channel
resonance, while a leptoquark would lead to a non-resonant effect via a t-channel contri-
bution, see Figure for the respective Feynman diagrams. Should the mass of these
mediators be above the accessible di-muon invariant mass spectrum, their impact would
be described by a four-fermion quark-lepton interaction considered in Section .4l Such
interactions modify the high-invariant mass tails of the DY process [169, |1715196]. After
specifying the quark flavor structure for a given operator, the sensitivity in the tails can

be compared to those from the low-energy flavor physics.

The production cross section depends crucially on the quark flavors involved in the
initial state. For example, quark-flavor universal Z’' models with B/L, ~ O(1) and MFV
in the quark sector are already very well tested by current DY data at LHC. The dominant
production channel in these models is due to the valence quarks, and it is enhanced because
of their large PDFs. Here, we only consider models in which the dominant couplings are
with the heavy flavors, so that they can evade LHC searches thanks to the suppression
from the sea quark PDFs. In Section we investigate the U(1)p,_1, gauge extension
of the SM where the Z’ primarily interacts with the third generation of quarks and second
generation of leptons. The dominant DY channel in this model is the bb fusion. In Sec-
tion [4.6], we derive the DY limits on the leptoquark models. While the main results are
summarised in the aforementioned sections, the technical details of the numerical studies

are discussed in Appendix [D.3]
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4.3.2 Multilepton

The multilepton production at hadron colliders is relevant for a class of Z’ models in which
the coupling to leptons is considerably larger than the coupling to quarks. The case study
example is the U(1),_r, gauge model considered in Section The Drell-Yan channels
correlated with the b — su®u~ decays (bb, s3, sb and b3) are not only PDF-suppressed
but are induced from a relatively small coupling in comparison with the muonic coupling.
As we will show later, even the FCC-hh will have difficulties discovering such a scenario
in pp — . On the other hand, a Z’ can be emitted from a muon in the charged or
neutral current Drell-Yan leading to three or four muons in the final state after Z’ decays.
A representative Feynman diagram for pp — pu"u~2" — 4p is shown in Figure [4.6] In
this work, we calculate the HL-LHC and the FCC-hh discovery projections (the technical
details are left for the Appendix . A qualitative comparison is made with Ref. [170]
which derives the 95% CL limits at the HL-LHC setting up a different analysis strategy.

4.3.3 Leptoquark pair production

Leptoquarks are colored particles and therefore they can be easily produced in hadron
colliders thanks to the QCD interactions [197-204]. The representative Feynman diagram
is shown in Figure The production cross section is set by a, and by the leptoquark
mass and its spinE] When a leptoquark coupling to a quark and a lepton (¢/-LQ) is large,
there is an additional contribution to the pair production coming from the t-channel lepton
exchange [203]. This contribution is numerically relevant only in the parameter space where

the Drell-Yan already provides better constraints.

While the ¢f-LQ coupling can be neglected in the production of leptoquark pairs which
is mainly due to QCD, it is very important for the decay channels. In our model examples,
a leptoquark decay to pj has a sizeable branching ratio, see Section [£.6] The FCC-hh
projections for the scalar leptoquark pair production in p*p~jj final state have been
derived in Ref. [107]. We translate these bounds for the vector leptoquark using the
toolbox of Ref. [201] based only on the total cross section and neglecting the differences
in the kinematics. Other on-shell leptoquark production mechanisms at hadron colliders,
such as the single [201} 205 [206] and the resonant |51} 207-209] production, are left for
future studies. A common expectation is that for leptoquarks dominantly coupled to heavy
quarks, the phenomenology at hadron colliders is charted mainly by the pair production
and the non-resonant contributions to the Drell-Yan, see [182, [201} 208].

2The cross section for the vector leptoquark U; also depends on another model-dependent coupling, see
Eq. (4.26). For concreteness, we will assume that U is a massive gauge boson of a Yang-Mills theory.
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4.4 Contact interactions

New physics states heavier than the energies accessible for on-shell production can still
leave a trace in higher-dimensional operators of the SMEFT. Discovering a new contact
interaction, albeit at high energies, would still provide a valuable piece of information
about the new physics. In particular, two effective operators in the SMEFT that match at
tree-level to the low-energy operators relevant for bsuu anomalies (and semileptonic decays

in general) are
Lovirr D [Chy 12y (P1al)(@°¢") + [} 1o (P B) @y o) . (46)

where ¢* and [° are the SM left-handed quark and lepton weak doublets and 7,5 = 1,2,3
are flavor indices. The flavor alignment is to the down-quark mass basis, ¢* = (Vﬁui, di)T,
I = (vi,et)T, where ub, di, e fields are already the mass-eigenstates and the neutrinos
are assumed to be massless.

At the LHC and the FCC-hh, these operators give a correction to the high invariant
mass neutral-current DY tails pp — p ™ [171] as well as to charged-current DY pp — pv.
For the latter we adapt the prospects derived in Ref. [179sz At muon colliders these
operators contribute to the high invariant mass di-jet production from both the neutral-

current (" p~ — jj) and charged-current processes (v, — jj + h.c.).

4.4.1 MFYV scenario

To begin with, we first study the MFV scenario (see Section for details) in the quark
sector. We assume the U(3)q flavor symmetry in Eq. (4.6)), leaving us with two universal
and real parameters: [Cl(ql)]22ij = C'l(ql)éij and [Ol(;)]ggij = C’l(;)éij. Breaking the symmetry
by the insertions of the quark Yukawa matrices does not impact the Drell-Yan bound,
however it induces contributions to mesonic decays [171].

In Figure[4.7we show the projected 95% CL limits for various future colliders, compared
with the present exclusion from the recast of the CMS search [211] (solid black line), see
Appendix for details. Shown in the right plot is a zoom-in view around the origin of
the left plot.

Interestingly, MuC and FCC-hh probe complementary directions in the parameter
space. While the MuC3 shows just slightly better sensitivity than the HL-LHC, the MuC10
is comparable with the FCC-hh. One of the reason for this is that at hadron colliders the
production cross section is enhanced by the valence quarks. As we show in the next Sec-
tion, when the dominant interaction is to heavy quark flavors, already MuC3 is comparable

with the FCC-hh.

3We translate [Cés)]ijkl = W/(2v?)d;;011, where W is the oblique EW parameter defined in Ref. [210],
and rescale the bound by factor 1/ V2 to account for the fact that we have no contribution to the electron

channel.
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Figure 4.7: Sensitivity reach (95% CL) for the quark flavor-universal scenario on the two
EFT coefficients C’l(ql) and CY

lg
in version near the origin of the left plot. For the future prospects at hadron colliders, we

in TeV~2, for different colliders. The right plot is a zoomed-

also include the sensitivity on C’l(;’ ) from the charged-current channel pp — pv (dashed
lines), adapting the bound from Ref. [179]. The dotted orange lines are the solutions of
|C'l(q1 )+ C'l(; )| = |V, (39TeV)~2 and illustrate an expectation from the bsuu anomalies
assuming MFV, see Eq. .

4.4.2 Addressing b anomalies

Matching Eq. (4.6]) to the low-energy EFT at tree-level gives the relevant operator control-
ling the b — sptp~ decays,

Clabpp = ([Cé;)]ms + [@?]2223) : (4.7)

In realistic models the sbup interaction is rarely generated alone: it comes along with
the flavor-diagonal interactions, such as bbupu. In motivated flavor scenarios that aim at
addressing the flavor puzzle and providing sufficient protection for approximate accidental
symmetries, such as the U(2)% flavor symmetry in the quark sector (see Section ,
the bbuy contact interaction is expected to be enhanced with respect to the sbuu. For
this reason, in the following we consider two scenarios: only sbuu contact interaction and
only the bbup one (where sbup is assumed to be ~ |Vis| suppressed with respect to the
flavor diagonal one and thus negligible). Assuming the Cé;) = Ce(;’) alignment, we study

high-energy constraints on the following effective Lagrangian:

‘CEFT = Cbbup, (BL’YabL)(ﬂL’Ya,uL) + (Csbuu (gL’YQbL)(,uL’YaML) + hC) . (48)

This choice of contact interactions is just the left-handed muon current scenario de-
scribed in Section [4.1.1] The best-fit point from [61] corresponds to

Cotunlpest s = (39 TeV) ™2 . (4.9)
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Figure 4.8: Sensitivity reach (95%CL) for the (5.7.br)(fLy*ur) contact interaction as
function of the upper cut on the final-state invariant mass, compared to the value required

to fit bsup anomalies (dashed orange line).

Since at high energies (in the massless limit), the amplitudes with different muon chi-
ralities do not interfere, we do not expect a big difference between this scenario and the
one with the vectorial muon current. Therefore we consider only the left-handed muon
current, while the effective operator with the vectorial muon current is instead explicitly
realized in the two Z’ models studied in the next section.

In Figures and we show the expected 95% CL sensitivity on the EFT coefficients
in Eq. for the future colliders listed in Table , as well as the observed bound from
the recast of the CMS search [211]. The constraints are shown as lower limits on the
effective scale Ax = |Cx|~'/? in TeV, as a function of the upper cut on the invariant mass
of the final state, M\‘;lgt We recall that in order for the EFT to be valid, the new physics
scale should be higher than the maximal experimental energy, in this case MY, hence:
Myp > M. Parametrising the EFT coefficients as €' = g%/ MZp, where g, describes
the interaction strength between the new physics and the SM, the loosest EFT validity
constraint is derived for strongly coupled theories, g? ~ 4, from which we get the bound
|IC|7Y2 > ]\4\%t /v/4m. The region that does not satisfy this condition is shaded in gray. This
approximates the perturbative unitarity bound on Myp for a given value of the coefficient
C [141].

As shown in Figures and [1.9, the FCC-hh comes close to the minimal scenario
Coppp = (39 TeV)~2 and can easily cover the more realistic scenario, in which Chbpp =
£|Vis| 7139 TeV) 2] The interference with the SM is negligible in the former case, while

4We neglect the RG effects for the purpose of this comparison since the chosen operators do not
renormalize under QCD [212] 213].
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Figure 4.9: Sensitivity reach (95%CL) for the (byv.br)(jfiry*pz) contact interaction as
function of the upper cut on the final-state invariant mass. Solid (dashed) lines represent
the limit for positive (negative) values of Ciy,,,. The orange dotted and dashed lines shows
reference values in relation to the bspu anomalies fit, with or without a 1/V;, enhancement

of the bb operator compared to the bs one, respectively.

in the latter case it dominates the limit. The solid and the dashed lines in Figure
stand for the positive and the negative sign of Cy,,,, respectively. Finally, our projections
agree with the previous studies for the HL-LHC [171] and for the FCC-hh [108|. The latter
reference also considers the effect of subleading backgrounds.

Similarly to the FCC-hh, the 3 TeV MuC also comes close to the minimal scenario and
can easily cover the more realistic scenario, as already anticipated for the case involving
heavy flavors and suppressed production at hadron colliders (see also Ref. [114] for similar
results). Both MuC10 and MuC14, instead, are able to completely test both scenarios.

At the MuC, the EFT limits for the highest invariant mass cut = /s, can be easily
estimated by looking just at the partonic cross section o(pu*tpu~ — jj)(my,). For energies

My, > My we have:
‘AT(/ﬁ/f = 33) (M) =

2 2 2 4 2\ o
487rm2 (Z Z ‘g%xgéy — e +mwc‘1X‘!Xw| +2mw|08”““‘ ) -

qx Y=L,R

624 tb

~ G JTV)E (14 2.35Cy,um2, +12.4C5, , ms,, + 24.8|Cayul*my,,) ,  (4.10)

up to relative corrections of O (m%/m?,), where the sum over gx runs on all quarks
with both left and right chiralities, except for the top. For instance, assuming 1 ab™!

of luminosity and a 2% systematic uncertainty, for the 3 TeV muon collider one gets a
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95% CL bound |Cpyy| S (15 TeV) ™2, very similar to the one shown in Figure |4.§| following
from a full numerical study detailed in the Appendices. In case of the flavor-diagonal Chp,,
contact interaction in Figure [4.9] given the energy and precision of the measurements, the
MuC limits are dominated by the interference with the SM, as can be quickly derived from
Eq. , hence the limits are essentially symmetric between positive and negative values.

4.5 7' models

In this Section we discuss explicit Z’ models. We consider couplings to the muon current,
9uu, to flavor-conserving quark currents, g,q, and to the flavor-violating sb current, gg,
with g << guu. The effect of flavor diagonal couplings g4, is typically the most relevant
in the high-pr processes, due to the interference with the SM amplitude. In the case of a
hadron collider, it is particularly important to identify the size of g,, for each quark flavor
q, since couplings to the first generation induce larger signals due to the PDF enhancement
of valence quarks. There is no such distinction at a MuC in the inclusive di-jet searches,
however, employing b-tagging would enhance the sensitivity to g, with respect to other
light flavors.

The quark flavor-universal case with gy, ~ g,, was explored in Ref. [171], which con-
cluded that the current LHC data already provide stringent constraints. Therefore, we
expect future hadron colliders to perform better compared to MuCs in such scenarios. In
light of this, we consider models in which the dominant quark coupling is to heavy fla-
vors. There are two qualitatively different scenarios that still need to be studied. Either
9sb < gop ~ Guu, in which case the flavor-conserving couplings to quarks and to muons
are of the same order and the flavor symmetry protects against excessive flavor violation,
or gsp, ~ gry < Guu, in which case all couplings to quarks are suppressed with respect to
couplings to leptons. These two setups predict different phenomenologies and are therefore
worth studying separately. The first scenario is naturally realised, for instance, by gauging
X = B3y — L, (Section . The second scenario instead can be obtained by gauging
X =L, — L. (Section [4.5.2)). Both models are free of chiral anomalies with the fermionic
content minimally extended to include right-handed neutrinos. In the following we con-
sider the two models separately. In both cases, the Z’ coupling to sb can be generated,
for instance, via quark mixing with some vectorlike fermions after spontaneous breaking

of the U(1)x gauge symmetry.

4.5.1 U(1)p,-r, model

Let us consider an extension of the SM gauge symmetry where the anomaly-free charge
X = B3 — L, is gauged. Similar models have been proposed as a way to address the
past bsup anomalies in Refs. [151) [156] [161], to which we refer for more details. In the

unbroken phase, the U(1)p,—z, gauge boson Z’ has a vectorial coupling to third-generation
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quarks and second-generations leptons. A small coupling to the second-generation quark
doublet is induced after spontaneous symmetry breaking with a scalar field ¢, charged
only under U(1)p,_r,. The gauge-invariant operators (¢'D,¢)(7*v"¢*) and ¢*Hbg get
generated after integrating out, for example, heavy vectorlike quarks. In particular, the
latter operator is anyhow required by the CKM elements V;; and V;; which are absent in
the renormalizable model with the minimal matter content. The smallness of the 1-3 and
2-3 mixing in the quark sector is explained by the higher-dimensional operator breaking
the accidental flavor symmetry of the renormalizable Lagrangian. In addition, the same
operator indirectly induces the Z’sb coupling in the broken phase after the rotation to
the mass basis of the left-handed down quarks by a small angle 6. Thus, the model
naturally predicts an approximate U(2)3 flavor symmetry allowing for a TeV-scale new
physics compatible with flavor bounds.
Assuming only the rotations for left-handed fermions and 6, < 1, the leading Z’

couplings to SM fermions are

int S R £ L. . 2072 - o«

Z, =—9zZ, [—q VUt bRy bR + StRY R — DY = Ry it

B3—Lpu 3 3
(4.11)

1
+ (gesbdgvaf - h-C-) + O(Egb)} :

where for convenience we introduced ey = %sin 204,. Thus, the total decay width to the
SM fermions for the Z’ is

M’ 2/
Iy _ Mz9z

1 2
T {3—1——(4—1—4\651)\ )1 , (4.12)

3
where the top mass is neglected (in the numerical study we keep finite m; effects). We
consider I/ /M < 0.25 as a qualitative perturbative criterion for the modelﬂ We neglect
the muon-flavored right-handed neutrino assuming my > mgz/ /2. Otherwise, it would
contribute to the total Z’ decay width slightly changing the numerical results.

The measurement of neutrino trident production cross section sets an upper limit on

the coupling to muons as a function of the mass [143],

gz <2.0—2 (4.13)

No-mixing scenario

By assuming €4, = 0 in Eq. (4.11)) we study the discovery potential of future machines
for a Z’ coupled only to muons (and muon neutrinos) and third generation quarks. We
consider the signatures discussed in Section [£.2] (for a MuC) and in Section [4.3| (for a hadron

5By the optical theorem, the decay width of the resonance is related to the imaginary part of the
two-point function starting at the one-loop level. Therefore, when the width becomes of the order of the

mass, the loop corrections are comparable with the tree level, which indicates a loss of perturbativity.
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Figure 4.10: Discovery reach at 5o for the Bs — L, model with ey = 0, for different final
states at each collider (as indicated by the labels). The region excluded at 95% CL by
LHC is above the black line while in the dark gray region the Z’' has a large width,
signaling a loss of perturbativity.

collider). Shown in Figure are the present 95% CL exclusion bounds from the recast
of the CMS Drell-Yan analysis (thick black line) and neutrino trident production (red
region), as well as the 5o discovery prospects for various future colliders. The dark gray
region corresponds to I'z/ /My > 0.25, which signals a loss of perturbativity.

We observe that MuC3 improves substantially from the HL-LHC prospects for all
masses and MuC10 provides the best potential sensitivity (MuC14 would further improve

on this). In this model FCC-hh shows a sensitivity comparable, albeit somewhat weaker,
than MuC10.

Addressing bsup anomalies

Now we turn to a more specific study for bsup anomalies. For given values of gz and My,

the mixing parameter required to fit the bsup anomalies is

My \? [ ACH
=—-1.7x 1073 9 ) . 4.14
b 10 (gZ/TeV) (—0.73) (4.14)

The same coupling (Z'sb) induces B, — B, mixing:

(QZ' %Esb) ?

cL =
Bs Mz,

(4.15)

which is constrained by |C | < [V V;i?/(9.2 TeV)? 215], implying a lower value for
gz > 0125 ACY /(—0.73)(Myz /TeV), if Eq. (4.14]) is imposed. This also ensures that the
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Figure 4.11: Discovery reach at 5o for the B3 — L, model. The fit to bsuy anomalies is
imposed everywhere, Eq. (4.14). The region excluded at 95% CL by LHC is above
the black line, while the one excluded by B, mixing is colored in light blue. The light
gray region cannot provide a successful fit to b — sup anomalies for values of sin 26, < 1,
while in the dark gray region the Z’ has a large width, signaling a loss of perturbativity.
The discoverable region at future colliders is the one on the side of the line where the

corresponding label has been drawn.

condition 0y < 1 is always satisfied in the acceptable region. In this model the contribu-
tions to D%-mixing is suppressed by (€4 VesVip)? or (€%, VesVis)?, making the corresponding
bound much less stringent than the By-mixing one.

We impose Eq. assuming the best fit value for ACY¥ in order to address the bspuu
anomalies in every point of the (M, gz/) plane shown in Figure The difference with
the previous result is that, for a given mass, decreasing gz requires larger values of eg,
(i.e. Og). The By — B, constraint is shown as a light-blue region. The light gray region
corresponds to values of masses and coupling that would require sin 264, > 1 in order to fit
the bsup anomaliesﬂ

Our recast of the present CMS Drell-Yan search excludes at 95% CL the region above
the thick black line, which includes all viable couplings in the mass range 200 GeV <
My < 2TeV (we do not study the model for masses below 200 GeV). Instead, for the
future colliders listed in Table [4.1] we show the 5o discovery reach, where the region in
parameter space above the corresponding line is discoverable. Regarding hadron colliders,
the HL-LHC projected bounds will only be slightly improved, while the FCC-hh will be

SWhile this is not possible in the model of Ref. [161], it could in principle be achieved by having some
vectorlike quarks with large charges. However, it is likely that in this case couplings to b and ¢ quarks also
receive O(1) corrections from the mixing. In any case, this region is excluded by Bs-mixing.
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able to completely test this scenario via resonance searches in pp — p*p~. The 3 TeV
MuC is also able to completely cover the viable parameter space not already excluded by
the existing constraints. For masses below 3 TeV, a resonance could be observed directly
in both di-muon (dashed red) and di-jet channels (solid red), while a heavier Z’ would
show-up as a smooth deviation from the SM in the highest invariant mass bins. A 10
TeV MuC would further improve the sensitivity allowing for resonance searches even for a

heavier Z’, up to the region allowed by perturbativity and meson mixing.

4.5.2 U(1)r,-r, model

We next consider a heavy Z’ arising from a spontaneously broken U(1).,_r, gauge symme-
try. In the limit of a vanishing kinetic mixing with the hypercharge (X, B""), the Z’ does
not couple to quarks at the renormalizable level when only the minimal matter content is
present. For instance, those couplings can be generated, after the spontaneous symmetry
breaking, via mixing with heavy vectorlike quarks charged under L, — L,. Therefore, the
quark couplings (including b quarks) are expected to be much smaller than couplings to
muons and taus. Let ¢, and e, be some small mixings with vectorlike quarks of the cor-
responding left-handed quark doublets in the down-quark mass basis of third and second

generation, respectively. The relevant SU(2), invariant Z’ interactions are
Ly = — 92 Z, [P0 + figy* g — Py°1 — Try“ TR+

e (4.16)
+Heol’ v + e + (aveiqd®y¢® + he) + .. .

The total decay width of the Z’ is

M/ 2/
FZ, NZ—gZ

4 2 2 4
Lu—Lr 247 [6+3(2|65| +4|€5| |€b| +2|€b| )] ’ (417)

where the top mass is neglected (in the numerical study we keep the physical m;). Similarly
to Section we impose I'/M < 0.25 as the perturbative limit and neglect the right-

handed neutrinos in Z’ decays. The constraint on gz from neutrino trident production is

the same as in Eq. (4.13).

Quark-phobic 7’

We first focus on a scenario where the Z’ is quark-phobic (¢; = ¢, = 0) and derive the
present 95% CL exclusion bounds as well as the future discovery projections. The results
are reported in Figure 4.12] where we show the 5o sensitivity reach for various future
colliders. The shaded regions are analogous to the ones from the previous Section.

This case (not surprisingly) illustrates a situation in which even the MuC3 outperforms
the FCC-hh, since the Z’ is both quark-phobic and leptophilic. Our limits for MuC3 agree
well with those obtained in Ref. [113].
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Figure 4.12: Discovery reach at 5o for the L, — L; model with ¢; = ¢, = 0 in Eq. (4.16).
In the dark gray region the Z’' has a large width, signaling a loss of perturbativity.

Addressing bsupu anomalies

In order to address the bsup anomalies, the product of the mixing parameters is set to

My \* [ ACY
F=-57x107" o). 4.18
€b€s x (gZ/TeV) <—0.73> (4.18)
Even after imposing ACY = —0.73, we are left with other free parameters besides Mz and

gz. Our goal here is to study the case where |es/¢,| ~ O(1) which is qualitatively different
from the model in Section [4.5.1] For concreteness, in our numerical analysis we assume
€, = —€5 and Ime, = 0. With this simplification, we are able to plot our results in the
(Mz, gz) plane.

Analogously to Section [1.5.1] the B, mixing, C} = —(gz€ie,)?/MZ,, together with
Eq. , imply the lower limit gz > 0.125Mz /TeV. The D° — D’ mixing gives another
constraint on the parameters: Chy = (92 Vi Vis|es|?)? /M3, < 2.5 x 10713GeV > [214,
215|, corresponding to gz > 0.25Mz /TeV. Interestingly, D° mixing provides stronger
constraints than Bg-mixing in this model.

Our main results are shown in Figure m The present CMS pp — putu~ data
exclude at 95% CL the region inside the thick black lines. For the future colliders listed in
Table[d.1] the parameter space discoverable at 5o is the one on the side of the corresponding
line where the label is shown. Note that, in the case of pp — p™p~ at hadron colliders or
wp~ — 77 at MuCs, the only accessible region is for intermediate values of gz. According
to Eq. , for a given Z’ mass the couplings to quarks are inversely proportional to
gz. Since too large gz values imply too small couplings to quarks, and vice versa, there

is always a suppression in ¢ x B for the two processes. The di-muon searches at FCC-hh
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Figure 4.13: Discovery reach at 50 for the L, — L, model. The fit to bsuu anomalies
is imposed, Eq. . The regions excluded by B, and D° mixings and neutrino trident
production are colored in light blue, green and red, respectively. The light gray region
requires € > 1 to fit b — sup anomalies, while the dark gray region has I'z//Myz > 0.25.
Our recast of the present LHC search excludes at 95% CL the region inside the thick
black lines. The discoverable region at future colliders is the one on the side of the line

where the corresponding label has been drawn.

and the di-jet searches at MuC can cover a much larger parameter space than the one
accessible at (HL-)LHC but are still unable to cover the viable parameter space for the
bsup anomalies. In this respect, the most optimal channels at MuCs are pup — pp and
pp — 77, that even at a 3 TeV MuC are enough to completely cover the leftover parameter
space. At hadron colliders, the most promising channel is pp — 4u. Let us emphasize that
even the HL-LHC can make significant progress, while the FCC-hh would fully cover the

viable parameter space.

4.6 Leptoquark models

In this Section, we investigate the discovery prospects at future colliders for the S3 and U,
leptoquarks introduced in Section We extend the SM minimally with a single heavy
field (ignoring the UV origin of its mass) and focus on the renormalizable interactions with
the left-handed SM fermions. We consider two different cases regarding the flavor structure
of such interactions. First, we assume an exact U(2), quark-flavor symmetry under which
the first two generations ¢* (i = 1,2) form a doublet, while the third-generation ¢* is a

singlet. In addition, we assume an exact U(1),_ro symmetry under which [* and the
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leptoquark are oppositely charged. This can be achieved by gauging one out of many
possible anomaly-free lepton flavor non-universal U(1) extensions of the SM, see [216]. In
this case, the only allowed coupling will be to ¢® and /2. In the second scenario, we aim at

addressing the bspu anomalies by minimally adding a direct leptoquark coupling to ¢.

4.6.1 Scalar leptoquark

We start with the leptoquark S3 ~ (3,3,1/3) [121]. The interaction Lagrangian reads

W= Ny ¢ €0"?S§ + he. (4.19)

T

where € = ioy and ¢¢ = C(gq)". We assume a real coupling matrix for simplicity. The

leptoquark triplet can be written as

1/3 4/3
SgO'a = Sé(/;/d) \/55(1%1/;) y (420)

where the superscript indicates the electric charge of each S3 component. We assume
a degenerate mass spectrum for the components, as expected from the SU(2); gauge

symmetry. In the mass basis of SM fermions, the interaction Lagrangian (4.19)) becomes
= N SS (VA Ay, V2, (V;;Sé_wg)afyﬂ - s§4/3)J§CML> +he. . (4.21)
The total decay width of S3, in the limit of vanishing fermion masses, is given by

ol + Dl
= e M

I's (4.22)

assuming only Ay, (i = 3) and Ay, (i = 2) different from zero. The perturbative limit

s, /Mg, < 0.25 is considered, as previously.

U(2)? symmetric case

Imposing an unbroken U(2)3 quark flavor symmetry, and assuming Ss to be charged under
the muon number, only the Ay, coupling is allowed. This symmetry is broken in the SM
by light quark masses and by the mixing of third-generation quarks with the first two via
the CKM matrix. This is an approximate symmetry of the SM Yukawa sector, where the
largest symmetry-breaking term is |Vi| ~ 0.04. Assuming the minimal U(2)? breaking
and no breaking of U(1), as in the SM, the expected sizes of other non-zero leptoquark
couplings are |Ag,| ~ |[VisApu| and |[Agu| ~ |ViaApu|, see Refs. [217-220]. Those can be
neglected in our collider study.

In Figure we show the present 95% CL limits from LHC searches (thick black)
and the 50 discovery prospects for future colliders (various colored lines), considering only
Aoy 7 0, as motivated by the aforementioned approximate flavor symmetry of the SM. The

leptoquark pair production at the LHC sets a robust lower limit on the mass even for small
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Figure 4.14: The 50 discovery prospects at future colliders for the S3 leptoquark assuming
the U(2)? quark flavor symmetry and the exclusive leptoquark coupling to muons. The
present LHC exclusions at 95% CL are shown as a thick black line. The perturbative limit
I's, /Mg, < 0.25 is violated in the grey region. The labels for various colliders and processes

are on the discoverable side of a curve.

couplings, while the Drell-Yan process excludes a region with the large coupling even for
higher masses. Interestingly, the HL-LHC 50 discovery region is only marginally larger
than the present 95% CL exclusions. Nevertheless, the FCC-hh will drastically improve
both the Drell-Yan and the leptoquark pair production reach.

Regarding muon colliders, we find that a 3 TeV MuC would have a comparable reach
from the IDY process as the FCC-hh from the DY, while the MuC10 would easily sur-
pass the FCC-hh. On the other hand, the FCC-hh provides a far superior prospects on
pair-production, being able to discover on-shell leptoquarks with masses of almost 10 TeV,
compared to only 5 TeV for the MuC10. The resonant leptoquark production at the MuC10
could probe a unique region in the parameter space compared with other production mech-

anisms at muon colliders. However, this region can easily be covered at the FCC-hh.

Addressing the bspp anomalies

As shown by the extensive literature [165, 218, 220-237], S is the only scalar leptoquark
that can accommodate bsup anomalies at the tree level. After integrating out Ss, we find

the following contribution to the relevant effective operators

™ >‘bu>‘su

ACH = —ACH, =
’ Y VRGRaVEV, M,

(4.23)
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Figure 4.15: The 50 discovery prospects for the S; leptoquark behind to bsup anomalies,
i.e. imposing Eq. . The present LHC exclusions at 95% CL are shown as a thick black
line. The dotted gray line corresponds to Ay, = Ay,. The perturbative limit I's, /Mg, < 0.25
is violated in the grey region. For future colliders, the discoverable region is on the side of

the line where the corresponding label is.

The fit to the bsup anomalies then implies

Ms. \2 [ AC*
Ao dsy = 6.6 x 1074 3 9 ), 4.24
s = 0.6 10 <TeV> (—0.39) (4.24)

In Figure we perform the collider sensitivity study in the Mg, — Ay, plane, while fixing
Asu by Eq. ([4.24), where ACH = —ACY, = —0.39. We do not show any complementary
flavor physics constraints (such as the By mixing) since those are loop suppressed in the
leptoquark models and do not put limits on the parameter space of interest to this analysis
(for a global fit with the S3 see Ref. and with the U; see Ref. [238]).

The present LHC bounds at 95% CL from the DY process and the leptoquark pair
production are shown with thick black lines. The 5o discovery prospects for future colliders
are depicted with various colored lines. The corresponding label for a collider and a process
is always on the excluded (or discoverable) side. The HL-LHC can not discover much more
of the parameter space that is not already excluded. However, the FCC-hh will explore
all but a fraction of the parameter space in between the dashed purple (DY) lines and the
vertical solid purple line (pair-production). This region of parameter space corresponds
to Ay = Ay, which minimizes the contribution to pp — up once Eq. is imposed
and is also beyond the pair production reach for higher masses. Note that this region of
parameter space strongly violates the U(2)? flavor symmetry in the quark sector.

Moving on to muon colliders, a 3 TeV MuC discovery reach in the IDY channel is
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Figure 4.16: Discovery reach at 50 for the U; leptoquark in the U(2)? symmetric case.
The present 95%CL exclusion by LHC is shown as a thick black line. In the grey region,
the perturbative limit I'y, /My, < 0.25 is violated.

comparable to the one of the FCC-hh. However, the leptoquark pair production prospects
are substantially lower, stopping at Mg, ~ ,/s9/2 = 1.5 TeV which is even below the
present LHC exclusion. On the other hand, the MuC10 will test the whole parameter
space by combining different channels: IDY, pair production, and pug — pj. Interestingly,
both a 3TeV and a 10 TeV MuC might directly observe an s-channel resonance in the

png — pj (see Section |4.2.4) for masses up to approximately ,/so. In other words, this
seems to be the most promising on-shell process at muon colliders.

4.6.2 Vector leptoquark

Let us consider an extension of the SM with a heavy vector leptoquark U; ~ (3,1,2/3) [121].
Assuming only left-handed couplings, the interaction Lagrangian with fermions is

int _

M= N @ 7alPUY + hee. = N UP (Vi) Yoty + diyapir) + hec. (4.25)
while interactions with the SM gauge bosons are described by

1 2
LE = —SULU™ — igun UL, T U G™ —ig Shy U, Un B" (4.26)

where Uy, = D,U;, — D,U;,. The dimensionless parameters r,y depend on the specific

UV completion of the model. We assume that U;, arises from a spontaneously broken
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Figure 4.17: Discovery reach at 5o for the U; leptoquark. The fit to bspp anomalies is
imposed everywhere via Eq. . The present 95%CL exclusion by LHC is shown as a
thick black line. The dotted gray line corresponds to Ay, = A,. In the grey region, the
perturbative limit 'y, /My, < 0.25 is violated. The limit for the pujii — jj channel at 10
TeV MuC covers the whole plane. For future colliders, the discoverable region is the one

on the side of the line where the corresponding label has been drawn.

Yang-Mills theory, that is ksy = lﬂ The U; decay width is

_ |)‘lw|2 + |/\su|2MU

r
U 127 Lo

(4.27)

where we take only A, (i = 3) and Ay, (¢ = 2) couplings to be non-zero. Analogously to

the S3 case, we consider two different scenarios for the A, coupling.

U(2)? symmetric case

The minimally broken U(2)? quark flavor symmetry predicts |As,| ~ [VisAp.| and even
smaller |Ag,| ~ |[VigAy,|, making all leptoquark couplings but Ay, irrelevant for high-pr
processes. On the leptonic side, we again assume an exclusive coupling to muons.

The present LHC constraints, as well as future 50 discovery prospects are presented in
the My, — Ay, plane in Figure The resulting picture is qualitatively similar to the
one for the S3 leptoquark in Section to which we refer for a detailed discussion. The

extra interaction term with gluons increases the reach at FCC-hh from the pair production

"We note that the for the benchmark sy = 0 our phenomenological analysis remains identical, since
the main production and decay channels are dominated by the QCD and ¢¢-LQ couplings. Instead, ks = 0
lowers the pair production cross section, reducing the U;U; limits from hadron colliders by about 30% on

the mass, see e.g. .
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up to My, ~ 12.9TeV, while the reach at MuC is limited to /so/2 by kinematics. Note
also the suppression in reach from the pj final state at MuC, compared to the scalar case.
This is due to a factor of 1/2 from the branching ratio of U, — d’u and a factor of v/2 less
in the coupling to du. As before, the MuC10 sensitivity prospect in the IDY channel is
almost an order of magnitude better than at FCC-hh, while the MuC3 is comparable.

Addressing bsupu anomalies

The U; vector leptoquark has attracted a great deal of attention in the context of the
B-meson anomalies [165] 218, 239-258]. Regarding the contribution to ACY = —ACY,
the expressions in Egs. and hold identically with a replacement Mg, — My, .
In the following, we focus on the parameter space that can address the bsup anomalies. In
particular, Ay, is fixed by the best-fit point from the bspyu analysis, see Eq. (4.24)), leaving
only two input parameters My, and Ay,.

The results of our collider studies are summarised in Figure|4.17, where the color coding
is the same as before. The prospects at the hadron colliders are similar to the S3 case,
see Section for a detailed discussion. At MuCs, the IDY channel provides somewhat
higher sensitivity, unlike the resonant production in pug — pj. The MuC10 can discover
at 5o the entire viable parameter space by the IDY process alone, while the MuC3 can
exclude it at 95% CL. However, it is important to stress that this is only an indirect effect:
the leptoquark is exchanged in the t-channel and therefore a smooth distortion is predicted
(see Figure . This is to be compared with FCC-hh, where the vector leptoquark can be

discovered as an on-shell resonance in the pair production process up to My, ~ 12.9 TeV.

4.7 Summary

In this Chapter, we considered short-distance new physics relevant for rare (semi)leptonic
B meson decays and investigated the complementary discovery prospects at the future
colliders specified in Table Our set of benchmarks includes heavy Z’ and leptoquark
mediators as well as semileptonic four-fermion interactions.

Our MuC studies focus on two-body final states sensitive to such new physics, the most
relevant being di-jet, di-muon, di-tau, and muon plus jet (see Figure. For each topology
we computed the leading SM background as well as the expected new physics signal. We
identified an intriguing interplay between resonant and non-resonant signal shapes relevant
to the discovery prospects (see Figure . The complementary processes considered at
hadron colliders are summarised in Figure and include di-muon and four-muon final
states. Furthermore, for both muon and hadron colliders we also study the sensitivity from
leptoquark pair production.

In our first analysis we assumed that the new mediators are too heavy for on-shell

production even at future colliders and study the deviations in the high-energy tails due
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Figure 4.18: Comparison of the discovery reach of future colliders for the different models
discussed in this Chapter. The corresponding couplings (g or \y,) are set to 1. We denote
with an asterisk cases where the reach exceeds the perturbative limit or meet any other

relevant bound (e.g. from meson mixing).

to new semileptonic four-fermion interactions. For example, in Figure we compare the
projections from the di-jet final state at muon colliders to the di-muon and muon plus
neutrino final states at hadron colliders, on operators involving left-handed doublets with
different SU(2),, contractions, assuming flavor universality in the quark-sector. Interest-
ingly, in this case a 3 TeV MuC only slightly improves upon the HL-LHC, while the FCC-hh
probes substantially more parameter space, that can only be matched by a 14 TeV MuC.
We then studied similar operators but with a different flavor structure: bsup and bbupu.
The corresponding results are shown in Figures and 4.9 In this case, even a 3TeV
MuC provides comparable sensitivity to the FCC-hh, while 10 TeV and 14 TeV MuCs are
considerably better. This is due to the suppression from the sea quark parton distribution

functions at hadron colliders.

Then we focused on models of Z" associated with the gauging of the U(1)p,_1, or the
U(1)r,-r. group. For both models we considered two scenarios: ¢) the set of renormalizable
couplings predicted by the corresponding U(1)x and i) a minimal extension needed to
address the bsup anomalies. Our main findings are presented in Figures and for
Bs — L,, and Figures and for L, — L;. In the scenario ¢), the FCC-hh compares
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to the MuC10 for the first model, while in the second model (which is quark-phobic), even
a 3TeV MuC is better than the FCC-hh. When the bsppu anomalies are addressed, we
found that the whole viable parameter space in both models can be fully explored at the
MuC3 as well as the FCC-hh. Our results are also summarized in Figure [£.18] where one
can directly compare the Z’ mass reach of the future colliders for a benchmark value of
the coupling g = 1.

Finally, we studied both scalar and vector leptoquarks, with couplings only to the second
generation lepton doublet. In both cases, we considered two possible flavor structures for
the couplings to quarks: ) one dictated by an exact U(2), flavor symmetry and i) a
minimal scenario required to address the bsup anomalies. The main results are given
in Figures [.14] and [4.15] for the scalar, and Figures [4.16] and [£.17| for the vector, with
similar conclusions. Moreover, Figure [4.1§ offers again a simplified overview of the results
for a choice of coupling A\, = 1. Both MuC3 and FCC-hh have the potential to cover

large portions of the parameter space, with similar sensitivity on the leptoquark coupling

while the FCC-hh has a much better prospect for on-shell leptoquark discovery via pair-

production.
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Chapter 5

Global analysis of top-quark SMEFT

operators

In this Chapter we study the indirect constraints that can be obtained on the Wilson coef-
ficients of effective operators involving the top quark by considering the effects they have
on a large set of low energy observables, comparing these to the direct constraints that
have been obtained by studying top quark processes at the LHC. Several groups studied
indirect constraints on top anomalous interactions or top quark operators. Refs. [259-263]
analyzed anomalous top couplings to W and Z bosons, and top-quark flavor violation,
considering rare meson decays and electroweak precision data. Dipole and scalar SMEFT
operators with top quarks have been considered in Refs. [264, 265], where indirect bounds
from b — sv and electric dipole moments have been derived after the RG evolution down
to the low scale. More recently, Ref. [266] performed a more global analysis, where sev-
eral top quark operators have been considered and the indirect constraints from B-meson
observables and Z — bb have been derived and compared with direct limits from LHC. In
our work we go beyond these previous analyses by considering a much larger set of top
quark operators (all the ones that involve top quarks) and by substantially enlarging the

scope of the observables considered.

The Chapter is structured as follows. In Section we discuss the special role of the
top quark both in SM and for new physics, while in Section we present the setup of
our analysis, describing in general terms how we build the global likelihood. Section
contains an overview of all the observables we take into account, divided into different
classes. In Section we employ the global likelihood to derive fits in some simplified
scenarios and discuss the results: one coefficient at a time, interesting pairs of coefficients,
and a Gaussian fit with all coefficients except those of semileptonic operators. To showcase
some other applications of this analysis, in Section we study two specific UV models
that we match to the SMEFT. The first contains a scalar leptoquark coupled only to the
third generation quark and lepton doublets. The second simplified model, inspired by

the Cabibbo anomaly, contains a scalar and a vector leptoquark. Finally, we conclude
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in Section [5.6, Details on all the observables included in our analysis can be found in
Appendix [E]

5.1 Why the top quark

The top quark plays a special role both in the SM and beyond, due to its large mass or,
in other terms, to its O(1) Yukawa coupling. In the SM, due to the GIM mechanism,
it generates the dominant loop contribution in many low-energy flavor-changing neutral-
current processes. It also induces some of the leading radiative corrections in the EW
sector, it is the main driver of the RG evolution of the quartic Higgs coupling, and it is the
main culprit of the (meta-)stability of the Higgs potential. The top quark also generates
the largest corrections to the Higgs mass, therefore it is a crucial actor in all new physics
scenarios that aim at addressing the naturalness problem of the EW scale. For instance,
the so-called top partners are expected to be some of the lightest new particles in such
scenarios, both in supersymmetric (stops) and in composite Higgs (vectorlike top partners)
models. This expectation is reinforced by the fact that experimental constraints from direct
searches of these particles are generally weaker than for the partners of the lighter quarks.
Furthermore, due to the large top mass, its couplings to EW gauge bosons are still not
so strongly constrained and large new physics effects could still hide there. Therefore, in
many BSM scenarios the new states couple most strongly to the top quark. See Ref. [267]
for a recent review.

Therefore, considering heavy new physics, it is reasonable to assume that at a UV scale
A (we fix A = 1TeV for concreteness) only effective operators involving the top quark are

generated at the tree level.

5.2 Methodology

We assume that new physics is heavy, so that we can work in the SMEFT, which we intro-
duced in Section 2.3 We choose the Warsaw basis of dimension-six operators, restricted
to the ones that among quarks involve only the third generation quark doublet ¢ and
right-handed top u?, assuming that all the others vanish. The lepton sector is instead
left completely general, since we want to consider also tests of lepton flavor universality.
The set of SMEFT operators is then reduced to the list in Table . In the rest of the
Chapter, the superscripts ‘3’ for quark indices in SMEFT coefficients are omitted, as they

(6)
are in the Table. We work with the rescaled coefficients C; = %5 in TeV ™2 units. Since we

want to describe also the mixing with light generations via the CKM matrix, we consider
all quark masses. In this case, the flavor basis at the scale A is in general different than

the quark mass basis, and we are forced to make a flavor assumption at the high scale. We

'We assume baryon and lepton number conservation at the scale A.
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Table 5.1: The 19 dimension-six operators considered in this work. They can be split in
four classes, depending on the fields coupled to the top quark. We keep the lepton flavor

structure arbitrary.

are assuming that new physics is mostly coupled to the top quark, so it is logical to work
in the up-quark mass basis, Eq. , which corresponds to ¢' = (u?, V;jd%). This will
induce CKM-suppressed operators involving first and second generation left-handed down
quarks. If only the operators listed in Table are considered, then the results of the fit
will of course depend on this choice.

The EFT approach represents a suitable framework to derive bounds on TeV-scale top-
philic scenarios from a large set of low-energy observables, as it allows us to consistently
study and keep track of the scale dependence of the operators in a multi-step procedure.
In practice, renormalization group equations (RGEs) connect different energy scales within
the range of validity of the EFT, while matching procedures allow us to integrate out heavy
degrees of freedom, linking EFTs valid above or below the threshold.

The description of low energy observables below the electroweak scale relies on the
LEFT Lagrangian [268]:

Ligrr = Lqepsqep + Y LY0Y + > Lo, (5.1)
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Figure 5.1: Sketch of the EFT analysis procedure. g is the scale relevant to the low

energy observable under consideration.

where the Higgs, W and Z bosons and the top quark have been integrated out, leaving
the QCD sector with only two up-type quarks. Higher dimensional non-renormalizable
operators are generated both by the SM heavy particles and by SMEFT contributions,
again in a model-independent EFT framework. The complete list of LEFT operators is
provided in Table [E.3

We consider a large set of low-energy observables in a global analysis, including rare
B-meson and kaon decays, meson mixing observables, all the processes used to measure
the Cabibbo angle, anomalous magnetic moments of the electron and muon, lepton flavor
universality tests in charged-current lepton decays, charged lepton flavor-violating pro-
cesses, and precision electroweak and Higgs measurements. To obtain the dependence of

low-energy observables on our SMEFT coefficients, we perform the following steps.

e We evolve the SMEFT coefficients C; from A down to the electroweak matching
scale, that we fix to ugw = mz =~ 91.2 GeV. We perform this running procedure
numerically using the DSixTools package [269, |270], which implements the RGEs
provided in [212, 271, [272].

e As discussed in Ref. [273], we combine the one-loop matching with one-loop RG
evolution. For the matching between the SMEFT and the LEFT we use the results
computed in Ref. [274] and refer to its ancillary files for the complete expressions
(see also Ref. [275]).

e The LEFT coefficients [276] are then evolved from the electroweak scale down to the
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energy scales ug relevant to the specific observable, e.g. ur = 4.2 GeV for B decays,

again using the DSixTools numerical routines.

e We express the low-energy observables in terms of the LEFT Wilson coefficients

generated by the previous steps.

The whole process is sketched in Figure where the main steps and the corresponding
energy scales are outlined. QCD effects are known to be relevant, especially at low energies,
and a resummation beyond the leading order is required. So, as an exception, we use the
five-loop QCD correction for quark Yukawas and the gauge coupling from Refs. [277-279]
and the four-loop strong coupling beta function and quark mass anomalous dimension from
Ref. [280]. These QCD corrections are implemented in DSixTools as well as the three-loop
SM RGEs from Refs. [281-284].

The procedure depicted in Figure does not apply to the observables defined above/at
the EW scale, when running the SMEFT coefficients up to Ayy is the only necessary step.
In some cases, previous studies and results in the literature allowed us to partially or
completely skip some steps. These cases will be mentioned and discussed in the following.

Once we have expressed the low energy observables and pseudo-observables in terms of
SMEFT Wilson coefficients, we build the log-likelihood:

~210gL(Cy) = X*(Ck) = Y (O:(C) — 1) ()5 (O4(Ch) = 1) 4 (5.2)
isj

where O; are the observables, C) are the Wilson coefficients defined at the TeV scale,
i are the experimental values and (0?);; is the corresponding covariance matrix. The
likelihood is maximized by looking at the minimum of the chi-square, 2, so that the
quantity Ax? = x? — x2 allows to define the 68% or 95% CL regions. We use our global
likelihood to perform individual, pairwise and global fits on Wilson coefficients. In practice,
we allow only one, two or a subset of parameters in the global x?(C;) to vary and set to
zero all the remaining ones. Results and applications are discussed in Sections [5.4] and [5.5]

5.3 Observables

The up quark basis we employ for the left-handed quark doublet makes several top quark
operators, such as the ones from Table , contribute to FCNC d — di transitions even
at tree-level, only suppressed by ViV; factors. Very strong bounds to such BSM contri-
butions can be obtained from rare B and K decays as well as meson mixing observables.
Operators with top quarks are also expected to give relevant contributions, via loop effects,
to anomalous magnetic moments of leptons, tau decays, electroweak precision data, Higgs
measurements and precision measurements entering in Cabibbo-angle analyses. Finally,
operators that violate lepton flavor are constrained by lepton flavor violation (LFV) tests
in lepton and meson decays. In the following subsections we provide some more details on

these observables, postponing more detailed discussions to Appendix
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5.3.1 B physics

SM-suppressed FCNC b — s transitions are powerful channels to probe new physics, in
particular in those observables for which the SM prediction is free from poorly-known
long-distance QCD effects. Among these, after the recent update by LHCb [21], the lepton
flavor universality ratios Rx and Rg«, defined in Eq. , provide stringent constraints
on new physics coupled to light leptons, see Eq. .

Other powerful decay channels for testing new physics are the so-called golden-channel

decays, for which it can be useful to define the ratios with the SM predictions as

, _ B(B— KYup)
K™ B(B — KMui)gy

(5.3)

using the updated SM predictions from Ref. [285]. Notably, the Belle-II experiment re-
cently presented the first evidence for a signal in the BT — KTvp channel: B(BT —
KD Bete-n1 = (2.3 £ 0.5759) x 107° [286]. Once combined with previous upper limits,
this becomes B(BT — KTvi)comp, = (1.3 & 0.4) x 107°, to be compared with the SM
prediction B(B* — K*vi)gn = (0.444 & 0.030) x 107° | The corresponding value for R
is reported in Table On the other hand, the strongest upper limit on the K* mode
comes from Belle, with RY. < 3.21 at 95%CL [287] after combining the different modes.
Several new physics models affect these decay modes as a rescaling of the SM short-distance
amplitude, that involves only V' — A currents, in such a way that R% = RY.. In this case

it is interesting to combine the two modes, obtaining
ey = 2.16 £0.70 , (5.4)

compatible with the SM value of 1 at 1.70. We emphasize that, since we are not assuming
lepton flavor number conservation, the inclusive sum on neutrino final states takes into

account LFV cases:

3
B(B — K¥vp) = >~ B(B — K"vas). (5.5)

a,f=1

We conclude the list of B decays by including B, — X, the leptonic By — ¢,{3 decays as
well as semileptonic and leptonic LE'V modes. The complete list of B-physics observables
we consider is displayed Table [5.2] together with measurements provided by the LHCb,
Belle(-1T) and BaBar experiments.

Theoretical predictions are extensively discussed in Appendix [E] where branching ratios
expressed in terms of low energy EFT coefficients are given. Here, we limit ourselves to
show, in Table[5.3] a comprehensive sketch of SMEFT contributions to the observables we

considered. We briefly discuss WC'’s relevance and interplay in the rest of this Section.

2This is the SM prediction with the long-distance Bt — .77 — KT ¥.v, removed, since the experi-

mental collaboration treats this as background.
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Observable Experimental value Observable Experimental value

B— X,y | (34940.19) x 107* [74] | | B(Bs = ee) <11.2 x 1079 [291]

Ry 2.03 % 0.90 [285, 286) B(B, = ppp) | (3.0140.35) x 107 [132]
Ry <321 psslsy | [ BBi—r) | <68x107 [292
Ri[1.1,6] 0.949 + 0.047 [21] B(B. = en) < 6.3 x 107" [293]
Rye-[1.1,6] 1.027 4+ 0.077 [21] B(B, = p7) <4.2x107° [294]
B(B4 — ee) < 3.0 x 107 [291]

B(B — Kep) < 4.5 x 1078 [288)

B 2.6 x 1010 [132

B(B — Ker) | <3.6x 107 [289)] BBa = ) | <26x 1077 {13
B 2.1 x 1072 202

BB — Kur) | < 4.5 x 107% [290] B(Ba = 77) <2.1x 107 29
B(Bg — ep) < 1.3 x 1079 [293]

B(Bg — pur) < 1.4 x 107° [294]

Table 5.2: Experimental values for B-physics observables included in this work. Bounds
are given at 95% CL.

The semileptonic C. and the combination (Cl(ql ) —i—Cl(; )) contribute at tree level to b(d) —
slolg processes, getting constrained by both rare meson B;,; — (,{s and semileptonic
B — K{l,l3 decays. Within these cases, the recent analysis of Ry« provides strong
constraints on light lepton operators (see discussion in Section and figures therein)
up to the |C;] < 1072 TeV 2 level. These bounds on semileptonic current-current operators
are completed and complemented by dineutrino modes B — Kvv, which are sensitive at
tree level to the combination (Cz(ql ) — C’l(;’ )) and to the Higgs-top operators Cg; and C’g);.

In general, contributions from 4-quark operators arise in radiative corrections, from
both the one-loop matching and the RG evolution. Similarly, the up-type dipole oper-
ators Cyq,Cy,p and Cy, enter the one-loop matching expression for down-type dipoles,
contributing then to the B — X v decays. Inclusive radiative decays and rare B — {,{z
decays also constrain the C’S;g) coefficients, making B physics bounds almost comparable
to the EW precision tests (see Figure .

Remarkably, the lack of direct limits on semileptonic dimension-six operators from top-
quark measurements, such as inclusive ¢t and single top productions, makes indirect bounds
from B mesons crucial in interpreting top-philic BSM scenarios. At the same time, these
flavor observables provide competitive or stronger constraints on 4-quark and Higgs-top

operators, testing the robustness of global fits.

5.3.2 Kaon physics

Analogously to B physics, several operators in Table induce s — d transitions, driv-
ing FCNC decays of kaons. The list of observables we considered in this work and the
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Tree level matching | RG and 1-loop matching

B — Xy Y, Cup, Cuw, Cuc
?((*) ) Cgf), Cl(ql’s)’aﬁ CHu,lcS*)ééij’ Cl‘z‘f’ Co‘ﬂ
K — mvv Csi®, Cus Cuy
B — K(*)gaﬁg
Bs,d — fagﬁ Cl(q ,af Cgf; C};q3) Clu : Cgf; C (1,3)
K — Wgagﬁ
K — fafg
Ryt CODE it o

Table 5.3: Most relevant WC to B and K physics observables. The operators that con-
tribute at tree level are displayed in the left column, while operators generated by radiative
corrections are listed in the right column. The indices take values «a, /=1,2,3 and ¢ = e, p.
Transpose conjugate operators are not listed since related to the already mentioned ones,

1),8a 1),a0 *
e.g. Cl(q)ﬁ :Cl(q) B '

corresponding experimental measurements are reported in Table [5.4] while more details
can be found in Appendix [E] The discussion for kaon physics follows the same lines as
the one above for B decays: the relevant coefficients constrained by each observables are
reported in Table 5.3 Bounds on WC from rare kaon decays involving leptons are less
relevant then the corresponding ones of B mesons, mainly due to the strong constraints

(1/3),33

from Ry and Bs — ppu, while K — i gives competitive bounds on €, , see the

relevant discussions in Section [5.4]

5.3.3 AF =2

Meson mixing observables offer some of the most stringent constraints for several BSM sce-
narios. Among the top quark operators we consider, (9((1[11’3) induce tree-level contributions
to these processes, while many more contribute at the loop level.

Model-independent expressions of new physics contributions to AF = 2 amplitudes
in terms of SMEFT coefficients have been derived in Ref. [306]. The authors considered
hadronic matrix elements of the various LEFT operators at the low scale, the RG evolution
to the electroweak scale, the matching to SMEFT coefficients in the Warsaw basis (and the
up quark mass basis), and finally the SMEFT RG evolution up to a scale A = 5TeV. We
neglect the small mismatch in the RG evolution between this scale and the scale at which we
define our coefficients, 1 TeV, as this can be well included among the theory uncertainties
of working with the LL. RG evolution. For the predictions of the SM contribution to meson
mixing we use the results of Ref. [305], specifically the values obtained with the exclusive
V. measurements and the inclusive Vi, one (the so-called hybrid scenario). Finally, we
take the experimental values for ex, AM,, and AM, from the PDG combination [74]. In
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Observable

Experimental value

B(Kt — ntvp)

(1.14%93,) x 10710 [295] [296]

B(KL — 7TOI/D)

< 3.6 x 1079 [297]

B(Ks— ptu™)

< 2.5 x 10710 [298]

B(Kp — p* 1™ )sp

< 2.5 x 1079 [299]

B(Kj — pte¥)

< 5.6 x 10712 [300]

< 4.5 x 10710 [301]

< 3.3 %1071 [302]

< 9.1 x 1071 [303]

< 7.9 % 1071 [304]

Table 5.4: Experimental values for kaon physics observables included in this work. Bounds
are given at 95% CL.

Observable | Experimental value SM prediction
€K (2.228 £0.011) x 1073 | (2.14 £ 0.12) x 1073
AM, (17.765 4+ 0.006) ps~* (17.3540.94) ps~!
AM, (0.5065 4 0.0019) ps~! | (0.502 4 0.031) ps~!

Table 5.5: Experimental values [74] and SM predictions [305] for meson mixing observables.

Table [5.5] we collect the values employed in our analysis, where experimental and theory

uncertainties are added in quadrature.

5.3.4 Cabibbo angle decays

Nuclear beta, baryon, pion, kaon decay and semileptonic tau decay data are also precise
new physics probes. Since the studied decay modes in the SM are suppressed by O (U%),
new physics contributions to the observables are only suppressed with respect to the SM by
@ (X—i) Taking into account the per-mil level precision reached in some of the observables,
potential new physics beyond the TeV scale is probed by these decays. Within the SM
picture, this sector leads to the Cabibbo anomalies introduced in Section [2.1.3] It is then
interesting to incorporate it to the analysis and to check whether, within our BSM set-up,
constraints from other observables leave room for potential new physics explanations of
these anomalies.

We make use the global analysis to those observables made in Ref. [307] in terms of
low-energy EFT coefficients €;, which updates the EFT analyses made in Refs. [174] 308]
and incorporates hadronic tau decays. Consistently with the assumptions of that analysis,
we match the ¢ to the LEFT and then to the SMEFT at tree-level (see Appendix .
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Experimental value

l=e l=p

Observable

Aay (2.8 7.4) x 10713 | (20.0 +8.4) x 10710
gr/9e—1 | (27414) x107% | (0.9+1.4) x 1073

Table 5.6: BSM contributions to anomalous magnetic moment of the leptons, Aa, =
exp

ay® —ai™, and LFU in 7 decays [309], g./g; — 1. The correlation between the g,/g. and
the g, /g, values is 51 %.

The leading contributions induced by the studied top operators appear through leading
logs in the SMEFT running proportionally to the top Yukawa squared.
In our BSM set-up, the combined fit to this set of observables translates into O(TeV)

sensitivity to C’l(;’ s

. At least part of the Cabibbo tension can in principle be alleviated
by a nonzero Cz(; )22 value, which can play an important role in the unitarity relation. In
Section we discuss a UV model inspired by this anomaly. Currently, efforts in the
area are focused in understanding whether the so-called Cabibbo anomalies are genuine
new physics hints or due to underestimated uncertainties. Overall one may not expect any
major improvement in the sensitivity to new physics with respect to the quoted precision

from this sector in the short term.

5.3.5 Magnetic moments and LFU in 7 decays

The anomalous magnetic moments of electrons and muons, a, = (g, — 2)/2, are among the

most precisely measured quantities in experimental physics:

a®™P = (11596521807.3 £ 2.8) x 107,
a®™ = (11659205.9 +2.2) x 1071,

y

(5.6)

Remarkably, the theoretical precision of the corresponding SM predictions is similar, mak-
ing them stringent SM tests. In practice, some tensions in the associated evaluations using
different inputs slightly limit the current precision. Namely, as pointed out in Ref. [310],
the value of a™ is sensitive to the input value of the fine-structure constant, aqgp, and
the two most precise determinations, based on Cesium and Rubidium atomic recoils [311}
312|, differ by more than 5. Similarly, the SM leading-order hadronic vacuum polariza-
tion (HVP) prediction quoted in the muon g — 2 Theory White Paper (WP) [313-333],
which constitutes the dominant source of uncertainty for aiM, is 20 below the lattice BMW
value [334] and new results on related observables [334-347] suggest that the source of the
difference may go beyond a mere statistical fluctuation. We then take the weighted average
of the a;™ result obtained from oGy and adpp and the weighted average of the aj™ one

HVP,LO HVP,LO __ . . - .
using @, gy and @, wp - as inputs, but adding half their differences as additional sources
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of systematic uncertainties. The corresponding values of Aa, = a;® — a™ are reported in

Table (.61

The main way to generate an extra a, contribution in our BSM set-up is through the
O®

lequ OPeErator, since top-antitop annihilation will generate, through mixing, the dipole

operator associated to the anomalous magnetic moment. The process has been recently
studied within the LEFT-SMEFT framework in Ref. [310]. Using the results from that

reference, running up to A = 1TeV and keeping only the studied operators we find

Aae = —4.8 x 108 CEM 4 71 x 1071 ¢!

s o s (5.7)
Aa, =—1.0x 107°Cl* + 1.5 x 1078 C1%

Thus, barring some bizarre cancellation mechanism, |C’l(§’q)qfl| > 107*TeV~% and |C’l(27;22\ 2
1073 TeV~2 at A = 1 TeV can already be excluded by current g-2 measurements.

Ratios of leptonic decays of 7 and p provide very clean tests of lepton flavor univer-
sality [309, 348|. Deviation from the SM predictions are often parameterized by ratios of
effective charges, g¢/gp, which in the SM limit are equal to 1, and whose experimental

values are given in Table [5.6] In the LEFT one has

o (),

Ge peep T T
gr v? V,LL V,LL (5:8)
——1=— (L% —L%e .
g# 2 peep Teer
In our set-up this translates, for A = 1 TeV, into
I _1=0.0038 (CP — P,
gj (3),33 (3),22 (5‘9)
——1:0.0038(C’lq’ =Gy ),
Iu

where the Cj, coefficients are in TeV 2 units.

5.3.6 Charged lepton flavor violating decay modes

Experimental searches of neutrinoless lepton flavor violating decay modes of leptons are
suitable to test potential BSM scenarios at energy scales beyond the reach of searches at
high-energy colliders.

The very stringent limits on u — ey, u — 3e transitions and pu — e conversion in nuclei,
currently coming respectively from MEG at PSI and SINDRUM [349-351], constitute a
BSM probe of scales of up to Aggy ~ 10° — 10 TeV [358]. They were studied within the
LEFT in Ref. [359]. For our specific SMEFT set-up, the corresponding limits translate
into limits on linear combinations of Wilson coefficients involving semileptonic operators
that violate lepton flavor. They are the only operators that at the same time contain the
needed BSM LFV insertion and satisfy the assumed top-philic condition. If only one (but
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Observable Experimental limit Observable Experimental limit |
B(u — ev) 5.0 x 10713 [34gr B(r — entn™) 2.7%x 1078 [355L
By — 3¢) 1.2 x 10712 [350] | B(r— eKYK") | 41x 107 [355) |
B(uAu— eAun) | 83 x 10~ [351] | B(r — i) 5.0 x 1075 [356]
B(r—ey) | 39x10- 352 | B(r — 3u) 2.5 x 10 [353] |
B(r — 3¢) 32 % 10~ [353] | B(t — pee) 2.1 x 107" [353] |
B(r — e jip) 32 % 10~ [353] | B(r — pn?) 1.3 x 1077 [357) |
B(r — en®) 9.5 % 10~ [354] | B(T — pn) 7.7 107" [354] |
B(r — en) 1.1x 107 [354] | B(r— ) | 15x107 [354 |

B(r — en) 1.9 x 107 [354] | B(r — prtn-) | 2.5x 10°% [355)
- B(r — uK+*K-) | 52x 10— 355 |

Table 5.7: Current 95% CL limits on studied LFV branching ratios.

any) parameter is switched on, one is able to constrain it at the |C;] < 107 TeV~? level.
Studies at PSI, MEG II [360], Mu2e [361] and Mu3e [362], are expected to significantly
improve these limits in the near future. We collect the present bounds in Table |5.7]

While the EFT description at the SMEFT-LEFT level of the tau decays is qualita-
tively equivalent, leading to bounds on Wilson coefficients of the same kind of semilep-
tonic operators for our case, the underlying LFV studies are different [363-366]. With
the existing and future probes one does not expect to test new physics much higher than
Apsm ~ 10TeV [358]. However, many more potential decay channels can be experimen-
tally accessed, as a consequence of a tau mass that is large enough to produce hadrons.
In this sense, if charged LFV were discovered in the tau sector, the information from the
different decay channels would unlock the full power of the EFT approach to stringently
discriminate among different BSM scenarios, by having direct experimental access to the
values of the different Wilson Coefficients. In the meantime we can use the existing limits
to set bounds on different combinations of them. Current limits, coming from Belle and
BaBar [74], are expected to be improved by Belle-II [367]. In Figure we show the
sensitivity of the different decay modes to the different studied operators.

5.3.7 Electroweak and Higgs data

Electroweak precision data (Z and W decays) and Higgs measurements provide strong
indirect constraints on new physics involving the top quark, via loop effects. The authors of
Ref. [368] performed a global SMEFT analysis of Z and W pole data, WW pair production
data at LEP2, and Higgs signal strength measurements from ATLAS and CMS. SMEFT

contributions in the Warsaw basis are included at the tree-level except for observables that
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Figure 5.2: Sensitivity of the different 7 — e decay modes (similar hierarchy is observed for
the 7 — 1 ones) to the different studied Wilson coefficients using the current experimental
bounds. Red, blue and purple lines correspond, respectively, to upper bounds to the
coefficient below 0.4, 4 x 1073 and 4 x 10~* (TeV~? units), assuming one parameter is

present at a time.

Cw oc, Co Cgg Cory Csz Cary
[592/6]015 [59?]04/3 [591€€]aﬁ [5gfd]aoz [59}22d]aa [5gfu]aa [5ggu]aa

[CUH]33 [CdH]33 [CeH]QZ [CeH]?)S [Oll] 1221

Table 5.8: List of Wilson coefficients used in the fit of Ref. [368]. The ones with capital C are
already in the Warsaw basis, while the definition of the others is reported in Appendix .

are loop-generated in the SM (such as h — ~v, Zv and gg — h), in which case one-loop
contributions are included as well. For our numerical analysis we use updated results for
the global fit (including correlations), kindly provided by the authors of Ref. [368]. The
constraints on LFV Z couplings to charged leptons are taken from the fit in Ref. [369],
while LFV couplings to neutrinos are constrained via the measurement of the effective
number of neutrinos N, updated in Ref. [370]. The fit is performed in terms of specific

combinations of Wilson coeflicients of the Warsaw basis evaluated at the weak scale shown

in Table [5.8f Their definition is reported in Appendix [E.9

We interpret the resulting likelihood for SMEFT coefficients as evaluated at the EW
scale, and then include the RG evolution up to 1 TeV to obtain the final likelihood for our
analysis, in terms of the coefficients of the operators listed in Table 5.1} The coefficients

that provide relevant constraints to our analysis are listed here, together with the TeV-scale
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coefficients that contribute the most to each one:

EW /Higgs coeft. TeV-scale coefficient
5g7°  «—  Cup, Cuw,Clhiu, C;q?’), oVt o L
3g¥*  +—  Cup, Cuw, Cius C47, c<3> ‘o
392" +—  Cup, Cuw, Cru, O, C C2, ..
S O G O,
392 +—  Of). Cuuy CI. Cup, Cuw, .. (5.10)
Cyy  —  Cup, Cuw, Cuc
cgqg < Cua
Conlaa  +— Gl
(Curtlzs  +—  Cunr, Cug, C3Y), CID, L

5.3.8 Direct bounds from LHC

SMEFT interpretations of top quark production and decay measurements at LHC have
been discussed in several works [263] 265, 371-384], providing direct bounds on 4-quark,
dipole and Higgs-top operators.

The analysis by the SMEFIT collaboration [377] includes observables from the LHC
Run-1II dataset and studies connections with Higgs and diboson data. The SMEFiT fitting
framework has been released as a Python open source package [382]. We exploit the flex-
ibility of this toolbox to perform a SMEFT analysis of Higgs, top quark and electroweak
production data (see Section 3 of Ref. [377] for details) including our operators of Ta-
ble with exception of the semi-leptonic ones. The resulting constraints are reported in
Appendix [E.I0] In the next section we compare these with the indirect constraints derived

from our global analysis.

5.4 Global analysis

The observables described in the previous section, except for the direct constraints from
LHC of Section , are used to build the log-likelihood as in Eq. . This provides
global indirect constraints on top quark operators, that we can compare with the direct
ones from measurements at LHC. In the following we present examples of fits derived
using our global likelihood. For simplicity we assume all Wilson coefficients to be real in

the following.

5.4.1 Omne-parameter fits

First, we perform one-parameter fits setting all the Wilson coefficients to zero except one.

While such one-parameter set-up is not a realistic low-energy description of typical UV
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Wilson | Global fit [TeV™2] | Dominant

Ci | (=1.9+23)x 1073 | AM,

Cly) | (=2.0£1.0) x 107! | By — pp

ciy (13+£1.0) x 1071 | AM,

C® | (—17+44) x 1071 | AM,

Cuw | (=3.0£1.7)x 107 | 875,

Ct) | (18.7+88) x 1073 | By — up

O | (5.8£45)x 1072 | dg7s,

Chu 43+£23)x 1072 | 6979,

Cup 0.6 +2.0) x 102 c

CuH

Co 0.1+3.1) x 1072

(_
(_
Cuc | (—0.1£2.0) x 1072 Cqq
(_
(_

0.3+ 52) x 1071 CuH,33
)

Table 5.9: Combined fit for one at a time Wilson coefficients for non-leptonic operators.

The dominant observable giving the most precise bound is also displayed.

scenarios, it can provide meaningful information about the new physics scale that can be
probed if that operator is generated. It also provides a way to compare the sensitivity of
different observables or, alternatively, which observables/sectors one should look at first if

a specific operator is induced by the studied UV model.

The results associated to the different operators, respectively non-leptonic, semilep-
tonic lepton flavor conserving and semileptonic lepton flavor violating, are shown in Ta-
bles 5.9 [5.10] and [p.11] together with which (isolated) single observable currently gives
the most precise determination of the associated Wilson coefficient. We have defined
CZ-(;E ) = C’i(q1 ) 4 Cg) Vfori = H ,q, 1. As shown in Section , these linear combinations are

typically the ones appearing at leading order in the most constraining observables.

We study next the complementarity of the indirect bounds with the direct LHC ones.
In Figure [5.3| we show the results of the individual fits for Higgs-Top, dipoles and 4-quarks
operators, together with corresponding bounds derived through the SMEFiT fitting frame-
work. We stress that, exclusively in this plot, Wilson coefficients are displayed according

to the SMEFiT basis (lower case c4p), whose expression in terms of the Warsaw basis can
be found in Table [E.2]

A few comments are in order concerning the comparison of these bounds. The com-

111



Wilson | Globel fit [TeV™#] | Dominant Wilson | Global fit [TeV~=2] | Dominant
CyM ] (24%385) <107 | Ry cu (5.0+81)x 1072 | AgZey,
Cl(;)zz (—4.0£3.4) x 1073 Ry o2 (48+21)x 107! | AgZey
Cl(;),33 (7.2 +4.4) x 1071 gr/ gi o —2.3+2.5) x 107! AgZess
Cl(q—),n (10.9 £ 7.6) x 1072 RY.( Cz(elq);u (04+1.0)x10°2 | (g—2).
Cl(;),zz (=6.0£7.0) x 1072 RY.. Cl(elq)QfQ (1.8 +1.6) x 102 Cition
Cy)P | (18 10)x 1071 | Ry, b (8.04£9.1) x 1072 | Cemrss

Cli | (17£7.0)x1072 | g7, M| (<06+15) x 107 | (g—2).

Cpz | (—43£1.8) x 107" | 697%,, Rk Cl(eaq)fz (“19.3%8.1) x 107 | (g—2),

33 (0.5+24) x 107" | AgZe, 055253 (=7.0 4 7.8) x 101 Clrras

Cid | (-0.7£3.9) x 1072 R

CZ | (121+92)x1073 | By — pup

cs3 (2.2+2.4) x 107! (5gR 33

Table 5.10: Combined fit for one at a time Wilson coefficients for semileptonic lepton flavor
conserving operators. For reference, we also display the single observable giving the most

precise bound.

Y3) are constrained up to the 1072 level, due to the

binations involving the coefficients C'qq
AF = 2 meson mixing observables that strongly constrain their sum. This result remark-
ably improves the bounds derived by the ATLAS and CMS direct measurements of top
quark cross-sections by 2-3 orders of magnitude. An improvement is also clear for the
combinations of the Higgs-Top operators C’gé?’) and Cpy, (cpy), mostly constrained in this
analysis by the electroweak and Higgs observables discussed in Section [5.3.7 The C,q
(ci) coefficient represents the only exception to the general improvement trend observed
in almost all the cases. However, as discussed in Ref. [377], the numerical fit of C\,¢ per-
formed through the SMEFiIT routine seems to be unstable, so that we do not consider this

direct bound reliable (see Section 5.3 of Ref. [377] for an extended discussion).

5.4.2 Two-parameter fits

In this Section we carry out two-parameter fits, i.e. two Wilson coefficients at a time are
allowed to vary under the assumption that they are generated at the same scale, while all
the others are set to zero. These analyses can provide useful information on the interplay
between pairs of coefficients, highlighting what are the most constrained combinations

and giving thus intuition on their correlations. This is also the first step towards a UV
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= e T = T—e
Wilson

Limit Dominant Limit Dominant Limit Dominant
C’l(fq)u 3.9 x107° 1 —> ey 50x107° | 7 —=puy || 44x107° | 7= ey
C’l(elq)u 3.6 x107° | u—3e,ey ||27x1072| 7—=puy ||24x1072 ] T —ey
C’l(qg) 6.7x107° | pAu—eAu || 71 x 1072 | 7= prw || 74 x 1072 | 7 — enm
G | 40x 1075 | pAu = eAu || L1x 107 | 7= prr || L1 x 1070 | 7 — e
Ca 40x107° | pAu —eAu || 1.0x 107 | 7w purm || L1 x 107 | 7 = enm
Ceu 3.6 x107% | pAu—eAu || 1.0x 107 | 7w purm || 1.1 x 107 | 7 = enm
Cle 3.6 x107% | pAu—eAu || 1.0x 107 | 7 = purm || 1L.OXx 107 | 7 = enm

Table 5.11: Upper limits (68% CL) in TeV~2 for the different LFV Wilson coefficients.

Family superscripts are omitted (in the working approximation bounds on O3 and

lequ
(1,3),5i
Clequ

giving the most precise bound.

are found to be the same). For reference we also display the single observable

interpretation, as WC’s allowed regions can be contrasted with the relations predicted by
specific UV scenarios. Among all the possible pairs we only show some interesting cases,
e.g. when the importance of combining different sectors is highlighted and/or when the

pair can be interesting from a new physics perspective.

The results of two-parameters fits are illustrated in Figures - We display
the 68%CL regions obtained when different subsets of data are taken as input and the
68% and 95%CL regions resulting from the whole set of observables. In order to better
understand the underlying phenomenology, in some plots we also show single-observable 1o
contours. In this way, we can investigate the constraining power of each sector/observable

on coefficients pairs.

To start with, in Figure we show the allowed regions for the C};;) and Oér_q) coef-
ficients. Noteworthy, constraints from the B sector, mostly due to leptonic B — ¢¢ and
radiative decays, are competitive to the EW and Higgs bounds, resulting in a (slightly
more than) 20 deviation from the SM prediction. This pull is mostly due to the Z boson
coupling to right-handed electrons, §g4° = (—7.34+4.4) x 1073 [368], as we show in the plot
with the dot-dashed green line marking the 1o bound. In the right panel, as an example
of dipole operators, we show the C, vs C,p plane. As expected, a strong constraint
is set on the photon direction, whose main responsible is the c,, coefficient discussed in
Section [5.3.7 The dominant constraints on the orthogonal direction are set again by the
electroweak sector, as a combined effect of the deviations in the Z boson coupling to leptons

and other (pseudo-)observables.
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Figure 5.3: Comparison of the indirect constraints derived in this work and the direct
bounds obtained through the SMEFiIT toolbox. We display the 95% CL bounds for Wilson
coefficients in the SMEFiIT basis and notation (see Table for their expression in terms
of the Warsaw basis).

In Figure [5.5| and the left panel of Figure [5.6] we show the two-parameters fits for the
C’l(; /7hee coefficients. The existence of flat directions points out the importance of per-
forming SMEFT analysis using various datasets, exploiting the complementarity between
different physics sectors to constraint the EFT space. Focusing on B-physics, the strong
bound on the positive combinations C’l(; )"m7 with a = 1,2, can be ascribed to the Ry
measurements. In addition, the recently announced measurement of R%., with a pull from
the SM, drives the allowed region for the negative combination, splitting the allowed band
in two regions depending on the interference with the SM. Interestingly, in case of electrons
and muons (Figure the deviation in R} could be compatible with the Cabibbo angle
anomaly but is in some tension with the bounds from EW precision data, which drives
the global fit towards the SM. In case of tau leptons (Figure , instead, the looser EW
bounds and the vanishing contribution to Rg allow the global analysis to overlap with
the preferred region from RY,. This feature is visible also in the right panel of Figure [5.6]
where we display the allowed regions in the plane Cl(_)’33 vs CP3. The semileptonic coeffi-
Cz(ql 33 Wil be further discussed in Section where the scenario of a single scalar

leptoquark S; coupling tau leptons and top quarks is explored. In Figure we show the

cients

fit in the plane of Cj, vs. Cy for both electrons (left panel) and muons (right panel). In
both cases the global fit shows an interesting interplay of B and EW physics.

In Figure , we show the pairwise fits on the LFV coefficients Cl(;l/;) and CZ(JQ/;).
In the first case, the global fit is controlled entirely by the pAu — eAu measurement, as
expected from Table [5.11} In the second case, the sensitivity of the coefficients is mostly
driven by the tau LFV decays discussed in Section [5.3.6, However, LFV decay modes of
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Figure 5.5: Semileptonic Cl(; ) vs )

1, coefficients involving electrons and muons.

B and K mesons, as well as bounds on LFV Z decays, can improve the constraints. This

discussion also applies to the Cl(; 1/3_) coefficients, whose bounds are very similar to the ones

derived for C’l(; 2/3_) :

Regarding four-quark operators, it is clear from the left panel of Figure that the
combinations C’é[; ) and C’,gq_ ) are the relevant degrees of freedom in the EFT space. In
particular, the sum is severely constrained by meson oscillations, while the orthogonal
combination is mainly constrained by B, — u*u~, kaon decays and EW and Higgs ob-
servables. In the right panel we display the C(gi) Vs C(gj{ ) pair. We illustrate the effect of
the dg%° measurement, responsible again for the main discrepancy in the EW sector. The
resulting allowed region shows a tension from the SM value within of slightly more than

two sigmas.
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5.4.3 Gaussian fit with no semileptonic operators

Plots pose a limitation in only allowing fits to pairs of coefficients. There are two main pos-
sibilities to go beyond that: providing the complete likelihood or employing the Gaussian
approximation around the global maximum of the likelihood to derive a multi-dimensional
fit. While the former solution is more general, it is not a fit and the complexity of our
analysis makes the resulting numerical function unwieldy to publish. Therefore, in this
work we opt to perform a multi-dimensional Gaussian fit.
We consider all the operators in Table except the semileptonic onesﬁ
C = (CP,CL), Cous OV, 0 O O Cras Cutr, Cu Cuws Cups) - (5.11)

qq 7 Tqq qu T qu )

The best-fit point improves the x? from the SM value by Ax? = x2\; — XPest_s: ~ 10.9.
This comes mostly from the EW-Higgs sector, however it is a result in mild improvements
in several observables rather than a resolution of a specific large anomaly. The fit presents
some almost flat directions, which imply correlations among some coefficients very close to
+1. For this reason, we report the result in terms of the eigenvectors of the Hessian matrix

around the best-fit minimum:

(Ki B //JKz‘)z
B —

X2 = Xl?)est—ﬁt + (CZ - MCi)(O-Q)i_jl(Cj - /‘LC]') = X2best—ﬁt + (512)

The results for the best-fit values ug, and uncertainties o, are reported in Table [5.12]

3 An analogous Gaussian fit including also semileptonic operators does not provide a physically meaning-
ful result. This is due to the non-gaussianities, that become very important in light of the mild deviations
from the SM expectation present in some observables. In this case, performing a Gaussian expansion

around the global minimum provides a bad approximation to the full likelihood.
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Figure 5.7: Here we show the semileptonic coefficients C, vs. Cy. for electrons (left) and

muons (right).

Coefficient | Gaussian fit [TeV 2] || Coefficient | Gaussian fit [TeV 2]
K, 0.0019 £ 0.0023 K5 0.54 £0.79
Ky 0.0179 £ 0.0083 Ky 0.74 £0.88
K —0.002 £ 0.015 Ky —0.8%+1.3
Ky —0.016 £+ 0.021 Ko —0.7£18
K 0.044 £ 0.029 K 12£13
K —0.30 £0.38 Ky, —11+£16

Table 5.12: Result of our multidimensional gaussian fit of non-leptonic coefficients, in terms

of the eigenvectors of the Hessian matrix.

while the rotation matrix from these coefficients to our Cj is given by K =UgcC , with

—1.00 0.000 0.000 —0.016 —0.004 —0.004 0.021 —0.001 0.000 0.000 0.000 0.000
—0.005 —0.089 —0.015 0.058 0.000 0.984 —0.004 —0.117 0.000 —0.009 0.044 0.063
0.004 0.011 —0.039 0.018 —0.001 —0.1 0.145 —0.28 0.015 —0.494 0.447 0.667
—0.007 —0.013 0.09 —0.053 —0.003 0.081 —0.316 0.64 0.024 —0.673 —0.126 —0.059
0.005 0.007 —0.074 0.042 —0.002 —0.025 0.259 —0.525 0.025 —0.548 —0.213 —0.55
U _ —0.004 —0.041 0.025 0.067 0.006 —0.004 —0.128 0.084 0.006 0.022 0.853 —0.492
KC — —0.006 —0.137 0.078 0.196 0.96 —0.017 0.09 0.047 —0.065 —0.007 —0.017 0.008
0.002 —0.349 —0.006 0.646 —0.248 —0.029 0.545 0.318 0.014 0.001 —0.012 0.006
0.005 0.007 0.028 —0.138 0.077 0.017 0.145 0.06 0.973 0.037 0.017 —0.003
0.023 0.221 0.074 —0.569 0.053 0.092 0.684 0.292 —0.212 —0.002 0.095 —0.057
0.006 —0.798 0.451 —0.364 —0.071 —0.059 —0.038 —0.122 —0.039 0.000 —0.012 0.007
—0.004 0.404 0.876 0.235 —0.058 0.025 0.017 —0.093 0.013 0.000 —0.01 0.006
(5.13)

The last two coefficients, K7; and Kj,, correspond to two flat directions with only very

weak constraints from our observables, given approximately by:

Ky ~ —0.80C.,) + 0.45C,, — 0.36C.) — 0.12Cp, + ... |

X (5.14)
K13 & +0.40C%;) + 0.88C,, + 0.24C%) — 0.09C, + ... .

Using the naive power counting of Ref. [385], one may estimate the allowed EFT

hyper-volume spanned by the studied non-leptonic Wilson coefficients as Vgpr ~
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Figure 5.8: Two-parameters fit for the LF'V semileptonic coefficients C’l(; 1/2_) and C’l(;/g_).

The stronger constraints come from the LF'V decay modes of tau lepton.

3 8
% (T(i@) (%’33) (%’32 ), assuming A = 1TeV. From Table |5.12] experimental con-

straints restrict the potential SMEFT hyperspace to a very tiny fraction of its volume,
~ 1073,

5.5 Applications for UV models

In this Section we apply our global analysis to two UV scenarios of new physics at the TeV
scale, coupled mainly to the top quark. The first is a simple minimal extension of the SM
by one scalar leptoquark Sy ~ (3,1)41/3 coupled only to the third generation quark and
lepton doublets. The second scenario is an application guided by the Cabibbo anomaly,

and it includes the scalar leptoquark Sz ~ (3,3),; s3 as well as the vector leptoquark
U1 ~ (37 1)+2/3.

5.5.1 Single leptoquark 5

Let us consider the scalar leptoquark Sy ~ (3,1)41,3, coupled only to the third generation
of quark and lepton SU(2), doublets:

LD Air (]_C3i0213 S1+ h.c. s (515)

where g3 = (tr,, Vi;d}) and I3 = (vy, 7).
Matching at tree level this Lagrangian to the SMEFT gives [121]

_ el

o033 _ _ ~(3)33 _ _ (5.16)
i ' 4M,

For precision studies of such scenarios, however, the tree level matching is not suffi-

cient since one-loop contributions can be important for some observables, as discussed
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Figure 5.9: Left panel: four-quarks C’(%H(?’) Vs C’é;)_(s) coefficients. AF = 2 processes
constraint the C’é; ) combination up to the 1073 level. The difference is constrained by the
other sectors. Right panel: Cq(}) and C’q(; ),

in Refs. [220, 227229, 387, 388]. For our goal it is sufficient to add the leading contri-

butions to four-quark operators, which induce contributions to meson-mixing observables.

From the complete one-loop matching of this scalar leptoquark to the SMEFT, done in
Ref. [389], we extract the relevant contribution:

R L
Oéq) — 0B —

S v 5.17
W 256m2 M, (5.17)

These coeflicients are generated at the Mg, scale, that we assume to be near 1 TeV, so
that we neglect the RG evolution between Mg, and 1 TeV.

The constraints from the global analysis, as well as from the most relevant observables,
in the plane of the A\, coupling vs. the leptoquark mass, are shown in Figure [5.10, The
shaded gray region is excluded by ATLAS from leptoquark pair-production searches [390].
The regions preferred at 1o and 20 by the R7.., combination, Eq. , are show in
green and yellow, respectively. Interestingly, the intermediate white region is disfavored at
the 95%CL by R%. ., due to the negative interference with the SM, which suppresses the
branching ratio below the 20 level. We observe an interesting interplay of constraints from
different classes of observables: electroweak precision data and 7 physics, meson mixing,

B and kaon rare decays, as well as direct searches from LHC.

5.5.2 Two leptoquarks for the Cabibbo anomaly?

In this Section we illustrate how our combined likelihood may also be used to check whether
experimental results in tension with the SM predictions can be partially accommodated
in top-philic extensions (and which ones), taking into account the restrictions imposed by

experimental results in other sectors. Here we focus on the longstanding tensions within
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above each line is excluded at 95%CL by the corresponding observable, or by our global

while the gray region is excluded at 95%CL from direct searches at LHC. The region

analysis (blue line).

the SM involving the determination of the inputs of the first row of the CKM matrix,
known as Cabibbo anomalies.

Regardless of whether nonzero values are allowed or not for the remaining Wilson
coefficients, the likelihood of the Cabibbo angle observables displays a 3o preference for
a nonzero value of C’l(; )22 at A = 1TeV:

[0(3),22]Cabibbo _ <019 + 006) TeV_2 . (518)

lq

Let us first develop on where this preferred nonzero value comes from. Cl(;’ 12 induces

ax

an unusually large CS’Z) 7 at the EW scale, due to a mixing that involves a double top

Yukawa insertion. The leading log approximation, which one may expect to give a first
approximation for A 2 TeV, is displayed in Eq. . After EWSB C’Sl) “** induces,
at tree level, a re-scaling of the corresponding lepton charged current vertices, modifying
the ratios of muon, beta and kaon decays. As a consequence, the corresponding apparent

unitarity relation iff]

Acion = [V + [VES 2 - 1 a2 =202 ([VoaPO5) " — (Vi (C5) 1 — €l — C5)™)

]VC mf 1 AUV

~ 2 (3),22
~ 2O - 2m2 A2y o8 My

A2 CB22(A2 Y. (5.19)

lq

Experimentally Acky is known beyond the per-mil level and gives the main pull behind

the result of Eq. ((5.18)).

4V.p has a completely negligible numerical role in this relation.
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If we set all the parameters to zero except for C’l(;’ )22 for the EW /Higgs likelihood, we
also obtain a slight preference for nonzero values, but with the opposite sign:

[C(S),22]EW/HiggS = (—0.11 £ 0.06) TeV 2. (5.20)

lg

This is to be expected, since it is well known that explaining Acky through increasing
the muon decay matrix element is in tension with fits in other EWPOs, e.g. see Refs. |29,
391, 1392]. We may yet respect CKM unitarity and decrease the muon decay rate with
respect to the SM expectation by breaking LFU, with 0 < CSI)’QQ < —C’Sl)’n. Let us then
allow for nonzero values at the TeV scale for C’l(s )@ for the first two lepton families and
also for the corresponding Cl(ql )’aa, typically induced in UV models by the same couplings.
The minimum y? follows the expected pattern, plus a preference for Cl(ql)’n ~ C’l(;)’u
and C’l(q1 )22 o SC’Z(; )22 Both these relations and the obtained signs happen to match the
couplings induced by top-philic U; and S3 leptoquarks coupled, respectively, to the first

and the second lepton family:

LD Ay @Yl UL + Asy G5io204ls S5 + hec. (5.21)
giving 121}, [386]
@11 A, [® (3)22 _ M (5.22)
l - Y l - ) ’
q 2M51 a 4M§3

plus the relations with Cz(ql ) above. Imposing them as strict equalities, in this two-parameter
scenario one finds

O = (=019 0.06) TeV 2, ¢ = (0.14 £ 0.04) TeV 2. (5.23)

lq

With respect to the SM, this minimum has a Ax? = 8.0 preference for the Cabibbo sector
and a Ax? = 5.7 for the EW/Higgs one.

It is only when adding constraints from B and K physics observables when this scenario
becomes strongly disfavored. In a generic top-philic set-up defined in any specific flavor
basis in which C’l(ql B are induced, FCNCs are generated when rotating to the mass basis.
In the down sector FCNCs are very strongly constrained by the processes studied in this
work, as we have explicitly shown when defining the top-philic condition in the up quark
basis. Indeed we show in Figure how including those constraints we can rule out this,
and practically any, top-philic explanation to the Cabibbo anomaly.

Let us finish this section by remarking that there is, however, a possible way out to the
strong constraints on FCNCs coming from K and B physics. Assuming that there exists
some, admittedly bizarre from our infra-red perspective, mechanism in the UV theory to
select a top-philic set-up in the only basis where this operator does not induce tree-level
FCNCs in the down sector, i.e. the down-quark basis, the previous constraints from K and
B physics do not hold, while the constraints on Cabibbo angle and EW /Higgs would give,

in a first approximation, the same results, since the leading mechanism to modify the SM,
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Figure 5.11: Allowed regions (95% CL) for the studied leptoquark couplings (see text) from
the Cabibbo and the EW Higgs sector and combined, in black. Masses are in TeV units.
The preferred nonzero values can be ruled out from B-physics and K-physics observables,

unless one defines the top-philic set up in the down-quark basis.

through modifying lepton vertices, is largely independent on quark-basis rotation. In that
scenario, this leptoquark model may still be a feasible (partial) solution to the Cabibbo
anomaly. Complementary constraints on the space of parameters may come from D — D
mixing (since FCNCs are yet induced in the up sector) and direct leptoquark searches,
bounding the possible masses from below. Further studying this scenario is, however, well

beyond the goals and the scope of this work.

5.6 Summary

In this Chapter we provided a global analysis of indirect constraints on SMEFT operators
involving the top quark. In fact, several motivated UV scenarios predict new physics
coupled mostly with the top.

We considered all dimension-6 operators involving the top quark and performed a global
analysis that combines a large number of observables that do not involve directly the top
quark. These include: B, K and 7 decays, meson mixing observables, magnetic moments of
leptons, measurements of the Cabibbo angle, EW precision measurements, Higgs physics,
and LFV tests. Top quark operators contribute to these observables either at the tree-level
via the SU(2), connection with left-handed down quarks or via loop effects. Assuming
that top quark operators are generated at the UV scale A = 1 TeV, we evolved them down
to the scale relevant for each observable using the RG and matching equations. The result
of this process is a global likelihood expressed in terms of the high-scale Wilson coefficients.

Using this likelihood we derived global indirect constraints on single coefficients, com-
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paring the results with the bounds obtained from LHC analyses of processes involving top
quarks. In all cases we found that the indirect constraints are stronger than the direct ones,
often by several orders of magnitude. We then performed several 2D fits to study interest-
ing correlations among coefficients and the complementarity between different observables,
that showcase the importance of performing such global analyses. We also performed a
multi-dimensional Gaussian fit of all the coefficients of non-leptonic operators, that can
be useful to identify the directions in parameter space that have strongest or weakest
constraints. Indeed, among these coefficients we identified two almost-flat directions.
Finally, as examples of possible applications of our analysis we studied the EFT coeffi-
cients generated by two simple UV models. The first includes a scalar singlet leptoquark
coupled only to the third generation of quark and lepton doublets. We showed how the in-
direct constraints one can derive from different sectors combine in providing strong bounds
on the model, and how these are complementary to direct searches at the LHC. As a second
example we studied a two-leptoquark scenario inspired by the Cabibbo anomaly, with only
two free couplings. This model accommodates the anomaly and improves the fit quality for
the rest of EW-Higgs precision observables. However, B and kaon physics constraints are

able to completely rule out this scenario unless a very specific flavor alignment is imposed.
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Chapter 6

Conclusions

The near-term future of particle physics will be charted by precision measurements. The
LHC has (almost) reached its nominal beam energy and is marching towards the high-
luminosity phase. The long-term future of the field crucially depends on the decisions we
make today about the next generation of high-energy colliders. The two most prominent
options on the table are the future proton collider at 100 TeV (FCC-hh) and a multi-TeV
muon collider. It is, therefore, necessary to thoroughly compare the two on a broad set
of new physics hypotheses. Obtaining precise predictions for multi-TeV MuC, and lepton
colliders in general, is a topic of active studies. In fact, while QCD radiation plays a minor
role, in comparison to hadron colliders, electroweak corrections in this energy regime can
become very large due to single and double logarithmic enhancements. Furthermore, the
electroweak sector presents several features that are absent when dealing with QED or QCD
radiation. Within this context, the resummation of a subset of large logarithms related
to the factorisable emission of initial-state radiation can be viewed as an ingredient for a
complete description of collider phenomenology at such machines. Precision measurements,
in addition to setting the path to next generation colliders, can be used to constraint
new physics scenarios. Even without explicit models at hand, they set bounds on the
coefficients of higher-dimensional operators in the SMEFT and consequently on the scale
of BSM particles.

In this thesis we collected some contributions in all these directions.
In Chapter [3] we computed PDFs for lepton colliders, showing the importance of EW
symmetry breaking effects, especially in the gauge sector. In particular ultra-collinear
splittings, proportional to the parton masses and not to the transverse momentum of
the radiation emitted, give the most important contribution to longitudinal gauge bosons
PDFs. We also discussed the importance double logarithms, that appear due to the vi-
olation of the Bloch-Nordsieck theorem. They play a crucial role in some splittings and
represent the main source of deviation of our numerical results from the effective vector
approximation implemented in many MonteCarlo generators, like MadGraph. The use of

the full numerical results in studying the phenomenology at high-energy lepton colliders
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is therefore necessary and the implementation in MonteCarlo generators, when available,
would give a huge help in this sense. As a simple example of application, we concluded the
Chapter studying the role of muon neutrino PDF at muon colliders. Thanks to the pv, W
interaction, the pr and vv parton luminosities grow for invariant mass approaching the
collider energy, offering a better sensitivity to neutrino-induced processes in such regimes.
Indeed we showed that the impact of neutrino PDF can be measured through processes like
ui — e~ v, and pupg — W™~. Furthermore the study of single Higgs production at muon
colliders showed that neutrino-induced contributions must be taken into account when
constraining new physics in the Higgs sector, since they exceed the expected sensitivity.

In Chapter 4 we compared FCC-hh and muon colliders in probing new physics scenarios
relevant for B—meson decays. Motivated by the Ry flavor anomalies present at the time
of our work and now disappeared, we analysed models with Z’ and leptoquarks, that
represented excellent candidate to address such anomalies. We considered scenarios both
neglecting and addressing the Rx anomaly and unfortunately only the former cases are
currently meaningful. The prospects at the two machines are collected in Figures 4.18|
showing that only a 10 TeV (or higher) MuC can cover all the parameter space for the
models considered.

Finally in Chapter |5 we derived bounds on Wilson coefficients of top quark effective
operators through a global analysis, going beyond previous analyses. We also compared our
results with direct LHC bounds and showed applications to specific new physics models.
Our results show how global indirect constraints on top quark operators can be powerful in
constraining new physics scenarios coupled mainly to the top quark. Such constraints are
often much stronger, or in any case complementary, to those derived from high-energy top
quark physics at colliders. Furthermore, several of the observables providing the strongest
indirect constraints are expected to be measured with a substantially better precision in
the future: R7 ., and 7 decays at Belle-II, Ry and B, — pu by LHCb, ATLAS and
CMS, K — wvr by NA62, and several experiments are expected to improve the sensitivity
on u — e LFV by several orders of magnitude. All this will further increase the relevance

of such global analysis of indirect bounds in the future.
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Appendix A

SM interactions, splitting functions
and DGLAP equations

In this Appendix we list the SM cubic interactions, the splitting functions and the SM
DGLAP equations.

A.1 SM cubic interactions

Here we write down the cubic part of the SM Lagrangian. These interactions are the
ones used for the computation of the splitting functions. According to our setup for the

computation of LePDF's, we consider all fermions to be massless except for the top.

2
L8 = —SEhEHh 4+ 1+ 67)
(%

2 2
+ QTZ—WhW;W“+ + %hZ#Z“ + (emw A, — gamzsyy Z,) (WH hT + WHTRT)

<> <> <>
—i(eA, + Y g \ht o — 227, (hdthy) + | —iZ2WH(h — ihy)0"h™ + hec.
2CW 2CW 2 a

— igoew O W, (ZHW ™ — ZVWH) — ied, W} (A*W ™" — AYW ™) + permutations

g v
- 53 anc (0,64 — 9,G2) GG,

+ gsGAGE 4 e At + Cg—;zuj,t; + (Wt he)

g V2
Yt

. . Y, . e
— _(thL +tLtR>h+ZE(thL —tLtR)h3+yttRbLh —i—ytbLtRh .

V2

The fermionic currents are defined in Eq. (2.18)).
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A.2 Splitting functions

Here we list all the splitting functions, including ultra-collinear ones. The z poles are
regulated using the + distribution, defined in Eq. (2.65)). As already discussed, since the
SM is a chiral theory we separate vector polarizations and fermion helicities in the splitting

functions.

A.2.1 Massless splitting functions

We start with the splitting functions of the form in Eq. (2.55)). Here f labels a fermion, V'
a gauge boson and h a scalar. We do not specify the polarization of the particle C, since

in the computation we sum over it.

1+ 22
Vi — pV v
Pr(2) = Prup(2) = Prege(2) = ——
f f z
PV+fL<Z> PV,fR(Z) >
1 (A.2)
Pg_fL (Z) P“Z_f]{ (Z) = ; )
PJ{LV+<Z) P].Cvaf (z) =7 )
PJ{L\L (Z) - PJ{RV+ (Z) =2’ ’
h _ ph h z
Pry(2) = Py, g, (2) = Py, (2) = 5
z
Pliz) = Plj, () = Pl (o) = = (A3
1
Ph(2) = Pl y(2) = Pl (2) = 5
zZ
P\I}ih(z) = ; )
2z
Ply(z) = Px’}m(z) + P (2) ==,
5 (A.4)
z
P}xz<z) = i )
P}}LLV(Z) = Pf’fw(z) = Pf}f\/ (2) =2z,
v v 1 + 24
PV+V+(Z) =Py (Z) = 2z, )
S (A.5)



Since QED and QCD are vectorlike theories, we also define the splitting functions properly

summed over the vector polarizations and fermion helicities:

Pf :P‘J/:—fL( )+P\J/c+f3(z)+P\]/c_fL(Z)+P\J/c_fR(Z) . 1+ 22
Vf(z) = = ’

2 z
2 + Pl (2)+ P} +PL,

P“/ferr(z)—i-P“/iV (Z)+P¥V+(Z)+Px‘//v_(z) (1—2z)?

Pl (z) = - - - =2
vy (2) 5 27,
Finally, we report here the integrals appearing in Eq. (3.6)):
T 4+ 3x — 3x% — 423
Ipvvy(z / <Z> - 3z T2+ o)log,
Ivsps(a / _PVf Pff( z) =
1—2)2x -3
:210g(1—x)P(;f(x)—|— (1-2)@r=3) +(2—x)logz ,

T

Iyprp(z) :/ _Pff Pff( z) =

2(1 —z)? —1—4(1—1—31: J1og(l —z) — (14 32%)logx
l—z '

A.2.2 Ultra-collinear splitting functions

(A7)

The top quark is explicitly written, while for other fermions we write f. s = L, R is the

helicity of the fermion, T' = =+ is a transverse polarization of the gauge bosons. If inside a

splitting we write fsf_s it means that the two fermions have opposite helicity (same for

the gauge bosons). N/ is 1 for leptons and N, for quarks.

Splitting f — f+ Vr (f =t,b):

wZ wi 1 _
UtRbL(Z> = UERI_JL( ) = Eggy? ?

1
Ué[}; bL( ) U;[}/%er ( ) éggyfza

wr w-
UbLZrR(Z> =U;

bLt_R

1
(2) = 593%2222 ,

1
b b _
Upfe(2) = U () = 5950027"

Ui(2) = Ui, (2) = U, (2) = Uj (2) = U, () = Crgiyi

trtr,

Z) UtftL( ) U;itR( ) = UfL_ (Z) = CFg?%th s )

(2)
Uge(2) = Uy, (
Up(2) = U, (2) = Uit (2) = U, (2) = Ui, (2) = Queyi2*
Ul(z) = UIR, (2) = UL, (2) = ULk, (2) = UlF, (2) = QaePy 2"

129

(A.8)

(A.9)



2.2
1
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~ irlp c 2

2
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Splitting V;, — f + f:

_ 2 2
g _
Uft () = Ul ) = N (Tun - 220522
; ; B\
2 _
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Splitting t — ¢t + h:
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Sphttlng Vi, = Vp+V_rp:

1
Uyt (2) = 69322z — 2+ ty)? |
Z_r 1 2 4 9 \9 (A19>
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Splitting h — h + h:
Ul (2) = 18\ 2% . (A.25)

Splitting involving the mixed state hZp:
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A.3 SM DGLAP evolution equations

Here we list the full set of DGLAP equations valid above the EW scale. We use the

following notation for transverse vector polarization:
ngs®f\/;:ng+®fv++PgV_®fv, ; (A.29)

BV5®st_ BV+®fV + Py @ fv, - (A.30)

In the ultra-collinear terms the factor v?/(1672Q(¢)?) appearing in front of each splitting
function is omitted to shorten the notation. The mixed coupling for the Z /v PDF is defined
as

Qg = /005 (A.31)

Several SU(3). group factors, associated to QCD, appear in the equations. They are the
quadratic Casimir in the fundamental and adjoint representations (Cr and C}y), and the

Dynkin index in the fundamental representation (7x). In the general case with N, colors
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they are given by

N2 -1
Cp=—=¢
F=oN,
Ca= N, (A.32)
1
TF - 5

A.3.1 Leptons
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2

ay(t)
2w

’ 2

+ﬁtgt®ftL+ U! s ® for
+U;®ft[,+ ®f7++UthL®ftL+UtRZ+®fZ+ RZ/’y+®fZ/’Y+

~ ~7,
tRbL ® be UtRWi ® JCV[/‘ir
+ U

trtlRr

® fon+ Uiy @ fz, + UR® fin + Ul ® fo + UlF, ) ® iz,
(A.49)

iy _
dt

o (T
Py fen + Vfr)

t =~ ~
%Vi/()t) (QZ)° [P%c ® fin + NPL, ® fzs]
a2 (t)

“2mew (1)
;( ) [CFPJX« ® fin + TrPl,, ® fgs]

(Z1)
oz;(T) ﬁ?f@) <ftLT+be> +Nph® (fh+fz;+thL —i—fWL—)]

3[ﬁ};®ng+Nva ®f%]

+ N,

Qu UR fLVs®fZ'Ys

_|_

_|_

+U® fr, + UL ® f,
+UL® fo, + UL ® fy + Uit @ fi, + Uty @ fz. + Uk, ® fayy.
~wt ~
+0. 7 ® fr, + Uf’LW_ @ fiy-
UtZLt ®ftR Rz ®fZL+Ut};®ftR+ h®fh+ i hZL®thL>
(A.50)

dfar,;
gt~ Diniins

as(t)
2mcd, (t)
ot

()

Qd[Pff®dez+N v®f'y ]

(QdR) [P};(gfdlz,i_'_NPLV ®fZ :|

)
2()

2( ) [(JFPff®de +TpPly, ® f, ]

+ U @ fan, + U;’RZL ® fz,

(A.51)

QdeZRﬁJfLVS ® fZ’st
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df
f;?_ dR dez 2()Qd[Pff®de +NPfV®f%]
27TCW ) ( ) [PXf®fJR,i+NPLV ®fzs}
+N27T <())Q QdR fLVS®fZ'yS (A.52)

« ~
;( ) [CFP}/} ® fJRA + TFPfLVs ® fgs]

+UdZLd ®deZ+UdRZ ® fz, -

_|_

A.3.3 Transverse gauge bosons

d
oo Py gyt ff) [CO Py, © f0.+ CPOPL;, © 2 uwich fai + Foni 4 fin)
+ C V L ® Z (fuR,i + fapi+ fa,i+ fg”-)] + ﬁgtt X (ftR + f{L) ,
z (A.53)
d, t
% =Py fo + a;fr) [C( )va ® fo. + C v 7 ® ; (fu“ + fapi + fagi + fJR,i)
+C V+fL®Z fURZ+deZ+fuLZ+deZ)i| +ﬁ;t®(ftL+ffR) )
(A.54)
d ~ ~
(2:; :Pv f7++a7—7(:)PV+VS (fw++fw ) ;(t)P&rh@(szr +fWL—)
ZQf [ Vifr ffL + ffR) + PV fr (ffR + ff,;)] (A'55)
+Ut (ftR +ftL) +UTWT (fw++ +fW )+UTWL (fWL+ "’fwg) )
d t) ~ t) ~
% =P f'y_ - Oéwfr)P‘Yv ® (fw+ + fw-) + a;—fr)P(}h ® (fiws + fw;)
ZQf [ V- fL ffL + ffR) + V+fL (ffR + ffL)} (A'56>

_'_U');t (ftL _'_ft_R)_'_UZ%/VT (ij' +fW_) U;IZ?/VL (fWZ' _'_fWL_) ’

140



dfz,
dt

dfz_
dt

:P§+fz++

_PZ fZ

+

) o OBy @ (s + fure)

2m
OZQ(t) 1

o2(t) CQWPVM@(fW*"”fW ) + o dc 2 PV+h®(fh+fZL)

2m Ack,

+ 20 [H,, 0 «@ﬁLM;<@émm9+ﬁaﬁ®«QiFhR+«ﬁawﬁﬂ
f

2y,

+ ij;it}{ ® ftR + l:jglit[/ ® fEL
+ Uzfive ® (Fwt + fw:) + Uz, © (fws + fw;)

+(7§TZT ®fZ+ +ﬁZth®fh )

(A.57)

on(t) .
2w

%/V(t)]g\‘/{,vg ® (ij + fW;)

Oéz(t) 1

ag(t)c
2WPV h®(fWL++fWL*>+ o de 2

o 42 PVh®<fh+fZL)

2y,

+ 042(? Z [ V_fr ((QfL) ffL (QfR) ffR) + V+fL (<Q?R)2ffR + (Q?L>2ffL):|
f

+ U1, ® oo + Uy © fi
+ U @ (P + Fiv) + Ui, ® (fwy + Fow)

+ﬁ§TZT ® fz_ +ﬁZZTTh®fh ,

(A.58)
d, t ~ t t
sz:+ - %2275 )2CW“>PVVLVS ® (Fwy + Fwi) + %2275 )CcQVVVVé))P Von ® (fw + fy)
Oé’y227r CW ZQf [ V+fL QfofL + QfRffR) + V fr (QfRffR + QfofL)}
U;I?V tr ® ftR + U;I}fy tr ® ffL
+ Uk we © (s + Furp) + U35, © (s + )
(A.59)
d t ~ t t) ~
f;; - = %2275 )20w(t)P¥,vs ® (fws + fw-) + %2275 )ZVVVé)) Pl ® (fus + fur-)
a?ﬂ Cw ZQf [ V-fL QfofL T QfRffR) V+fL (QfRffR + QfofL)]
U;};’Y tL ® ftL T U;L/VHR ® fER
U‘Z/‘;{‘YTWT (ij + fW_ ) U?;EFYTWL (fwg + fWg) )
(A.60)
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Ay as(t) 5 5 o () ~
dt+ :P‘z/ifWI + e C%ﬁ/(t)P\‘/:_Vs(g(ij—i_st)"i_ ;ﬂ_ P\‘/:_VS(X)(fW;- +f75)
aa(t) 3% a(t) 1, (h) (Z1)
+ T Cw(t)Pst ® fzy, + or vam ® (fu+ fz, + frz, + fWL+ + fWLf )
062<t> 1 ~ ~
+ 27‘( 5 Z |:P‘{:+fL ® (fuL,i + sz) + P“i_fL ® (fCZL,,' + fZL,z>:|
+ UﬁvaR ® fin T UL, © f,

~ ~ ~ ~7
+ (UJVTTWL + UVZVTTWL) ® vaL+ + <UII/11/TWT + UWLTWT) ® fwj_r
W ~w ~
T Uy @ fre + Uppz, ® fz + Uiz, © fzqy
+ UV?//;h ® fn+ UMW//qTZL ® fz, + UIYVVZTML ® frz
(A.61)

dfy+ ot ~ ay(t) 5
o = P fw + %c%v(t)ﬂ‘f_vs ® (fy+ + fz,) + ;ET)PX_VS ® (fws + f5.)

(1 > as(t) 1 ~
i 72275 Dew(OPLy, ® fr, + —;EJZP% ® (fa+ Sz, + fuz + Fgh + Fi )

+ Oé;_;t)% Z [ﬁ{/‘—fL X (fUL'L + fm) + ﬁ‘]/;fL ® (fJLai T fz“)]

+ (fj‘}IJTWL + ﬁV%/?WL> ® fWZ' + <UY5[L/TWT + UI?;WT) ® fo

~ ~ ~ v
+ UWTL’YT ® f’Y* + UW;ZT ® fo + UW#ZVT ® fZ’yf

+ ﬁx//TTh ® fn+ ﬁvvl[//TTzL ® fz, + ﬁVVVV?hZL ® frzy
(A.62)

dfyy - i (t) ~v ay(t) v
dt+ =Py fw: + = i () Pyv, ® (fy- + f2.) + ;W Py v, ® (fw + f5)

(1) = ay(t) 1, (h) (Z1)
4 é_ﬂcw(t)PVﬁVS @ frr + 5 2P0 ® (ot fz, = fazy + £ + )

+ Oz;(Tt) % 3 [ﬁ@ i ® (fag, + fons) ¥ P s, © (fap, + fpi)}

77 177 ~h ~z
(T, + O, ) @ oy + (Tl + O ) © i
W, W, W
+ UW’JL"I'YT ® f’7+ + UWII:ZT ® fZ+ + UWr]Lw/Z'yT ® fZ’Y+
+ U @ o+ Uy @ fz, — Uy, @ faz,

T

(A.63)
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df - a(t) 5 = YU 5
—= = Py fw-+ zs)cw(t)Px‘//_v ® (fwy + fz.) + 2<t)P“//_v ® (fwy + f+.)

dt
Qo (t ~ « 1
+L(>Cw(t)P\‘//_v;®fZ%+£—P\}}h®(fh+fZL—fth+f - f(ZL)
2 2m 4 WL
+a2<t)12 Pl @ (fa,,+ fo.) +PL, ®(fa +ff)]
S rA V_fr, dr; lr, Vi fr UL, v
+ P, ® fo + Py, ®

_ B _
+ (UJVT w, + Uwng) ® fw, + (UélvaT + UWLTWT> ® fr-
+U v%w ® fr + UVVVVTLZT ® fr + UVVVVTLZVT © frr

(A.64)

A.3.4 Higgs and longitudinal gauge bosons

g:z Pt ()i[Phh®<fW++fW )+ By @ (Fus + fuve + fue + Fu-) |

1
+a;§rt)42 [Phh®fZL+PhV®(fZ++fZ )}
ay(t) 1 ~; 3 :
+ =5 5Py @ (fu + fon + fio + fi)

+ U8 ® (fig + fon + foo + fin)
+ Upity @ (fwsr + Sws +fwe + )+ U @ (fz, + fz.)

+ Uit ® (fws + ) + Uik, ® f2, + Up ® fi
(A.65)

de v 0% (t)l ~ =~
dtL =Py fz, + ;—7?1_1 [P,xl ® (fwz’ + fWE) +P;?v & (fwj + fy+ + fW; + fu-)

a;(f)le? [Phh ® fo+ Phy ® (fz, + f2. )]
_|_Oé?2;7<f)% ®(ftL+ftR+ft_L+ft_R)

+Y Uf © fr + ZUglsz ® ftn

77/ _ f _

+ ZUZ];fL ®ffL + ZUZIZfR ®ffR
fL fr

+ szszWT ® (fwr + fws + Sw +fwo)

+ ﬁngL ® fz, + (7Zth ® fn + (7ZLI/VL ® (fwsr + fw-)
(A.66)
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dfy+

dt
as(t) ¢
+ ;;)42‘3/ [P‘;L®fw++th®(fZ++fZ )]
M) 5 P ay(t) cow
o hh®fWZ“+ w @ (e + fr0) T Tor e wy ® (24, + fz.)
ay(t) =
+ g”Pf © (fin + f.)
7 72
+ Z +f(1) ® f (1) + Z W+f(1) ®ff£l>
£ @ FoF®
+ Ui wy © (g + Furt) + Uit © (fz + )
Ui‘//VVLTyT (fwr + fv—) + UVVKfZT ® <fZ+ + fZ—>
+ U0 s ® (F29 + f20)
W W W
+ Uy, @ fn+ Uiz, ® fz, + Uwinz, ® fnz,
+ U‘C[L/LWL ® fWg— + Ug/iWL ® fWE— ?
(A.67)
dfy - as(t) 1 [~
_ pv (h) (ZL) (h) (Z1)
o = Dwyfw 50 [Phh®(fh+fZL+thL)+PV® (fw+—+f =y ﬂ
as(t) c
;Er)ﬂv [Phh®fW + Py @ (fz. + [z )}
(1) > aa(t) cow
;W [PIZL ® fw, + Py @ (fr, + f%)] + %22_31\/ ® (fzvy + [24)
ay(t) ~
* g( )Pf ® (be +ffR)
@
+ Z <1)®ff(1)+ Z 1)®f
o) 7L F2) Wit
+ U e ® (Fwry + fw=) + Uity © (e + fiw)
UMM/{S’YT ® (for + 1) + UV[W/{LTZT ® (fz, + fz_)
+UIE/I‘//ZZWT (va+ +va )
+UWh®fh+UWLLZL®fZL IK/VLhZL®thL
+ Uy, ® fw + Uik w, ® fw,
(A.68)
dfnz,  ay(t) 5
= B @ (fu + fon — frn — a)
042(25)1 ~ ~
+ or 4 Py ® (fW; - fW;) + Py ® (ij; + S — fW; — fw-) (A.69)

as(t) 1 1~ ~
P g + 2O (B @ (ot Fa, — ) + Bl © (70 + 1220 4 110

+ (Aj;beZLtL ® (ftL o ffL) + ij}i%LtR ® (ftR - ffR)
+UnZiw, ® (fwp = fwy) +Upowy ® (fwr + Swr = fwr = fw-)
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Appendix B

Numerical calculation of LePDF

In this Appendix we collect useful information to understand the structure of our code
and of the output files, and some examples on how to use it. We recall our numerical
strategy and we explain in details how the code works and how the results are saved.
For practical reasons the notation used in this Appendix, which is the one present in our
code, may vary wrt Chapter [3] All the files mentioned in the following can be found at
https://github.com/DavidMarzocca/LePDF.

B.1 Using LePDFs

B.1.1 Structure of the PDF's sets

We discretize the z-space from a minimum value xy up to 1 using a grid of NN, points,
z; = {xg,x1,...,xN,—1 = 1}, with spacing dz; = z; — :cj,l.l]
We choose a spacing that is denser near x = 1 and sparser at small values, in practice we

set
z; = 10—6((NT—1—J‘)/(N$—1))2‘57 j=1,...,N, (B.1)

to get values from zy = 107% to zn,_1 = 1. We choose N, = 1001, since the relative differ-
ence with finer grids would be at most of order O(1072), see the discussion in Section[3.3.7]
This discretization allows us to obtain a set of ODEs, where the integrals are computed
using the rectangles method.

We discretize the energy variable ¢ with spacing dt, below the EW scale to = log(mg, /mj ).
dty is then fixed by the number Ny, of grid points needed to reach the electroweak scaleﬂ

to
N, -1

dty = (B.2)

!Notice that here N, is just the length of the grid, while in Chapter [3| we used it to count the number
of bins. We also set dzg = zo.

2Here t = 0 and t = ty are included in the counting. This means that the EW scale is reached with
Ny, — 1 steps of the algorithm.
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We choose N, = 351 for the electron and NV;, = 201 for the muon, in order to have a
similar dty in both cases. In the second phase of the evolution we use N; grid points with
spacing dt, starting from ¢y. In our implementation we set Ny = 150 for the electron and
N; = 200 for the muon, with dt = dt,.

The results are then exported in a format inspired by the LHAPDFG6 one used for proton
PDFs. The structure of the output files is reported below.

e The first three lines just specify the format.

e In the fourth and fifth lines are reported respectively the grids in x and in ). In
order to make lighter files, the grids (and the corresponding values of the PDF's) are
a subset of the ones used in the code: we save 1 every 6 points for the ()-grid and 1
every b points for the z-grid, except for the last 100, that are all reported. We saved
the x-grid with more significant digits than the other outputs in order to properly

reconstruct the grid spacings in the region where the points are denser.

e The next three lines report the particles’ list as in Table B.1} name, PDG ID (for the
Z /v and h/Z interference we join the PDG ID of the two states) and the additional
label specifying the helicity (it is understood that for fermions or transverse vectors
it will be £1/2 or +1, respectively). This last line represents the main difference
with the standard LHAPDF6 format.

e In all the remaining lines we report the quantities x f(x, Q)): each column corresponds
to a particle, following the order of the previous lines. We start at © = xy increasing

@ at each row and repeating for each x, so that the data have the form reported in

Table B2l

B.1.2 Use in Mathematica

LePDFs can be directly used in Mathematica for analytical studies. In
LePDF _examples.nb, that can be found together with the code and the outputs, we show
how this can be done. We load the files with PDFs and use a linear interpolation in z and
Q to get fa(x,Q), which in the example correspond to the function pPDFpart[part,Q][x].

A couple of considerations are in order:

e Due to the sharp growth of the valence lepton PDF around x = 1, to reconstruct it
properly it is important to use many grid points in that region. This is why we used

a denser grid around x = 1 and we reported all the last 100 points in the outputs.

e For the same reason, performing integrals involving the valence PDF with NIntegrate
may give wrong results. We then recommend to use the rectangles method with z-

grid to compute such integrals, or to use zeroth order interpolation around =z = 1 for
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d, dL 1 -
dp dR 1 +
ur, uL 2 -
er, el 11 - ug uR 2 +
g+ gp 21+
eR eR 11 +||s, sL 3 -
g_ gm 21 -
Ve nue 12 - ||sg sR 3 +
Y+ gap 22+
pr  mul 13 - c, «c¢cL 4 -
Y- gam 22 -
pur  muR 13 +||leg cR 4 +
Z, Zp 23+
v, numu 14 - b, bL 5 -
/A Zm 23 -
TL talL 15 - bR bR ) +
Zr ZL 23 0
TR taR 15 —+ ||t tL 6 -
Z/vy Zgap 2223 +
v, nuta 16 - tp tR 6 +
_ - Z/y- Zgam 2223 -
er, elb -11 +||d, dLb -1 + n
_ - Wi Wpp 24+
e eRb -11 - ||dg dRb -1 - L
_ _ W  Wpm 24 -
V. mnueb -12 4+ || ur ulLb -2 + 4+
_ _ w, WpL 24 0
fi, mulb -13 + || ug uRb -2 - .
7 Rb  -13 s, sLb -3 4 || e Wmeoo2dod
m - - -
/fR " _L W- Wmm -24 -
v, numub -14 + || s sRb -3 - B
B B W, WmL -24 0
7, talb -15 4+ || ¢, cLb -4 + L L o5 0
TR taRb -15 - CR cRb -4 -
B _ h/Zp, hZL 2523 0
v, nutab -16 + || by bLb -5 +
bp bRb -5 -
t, tLb -6 +
tp tRb -6 -

Table B.1: Names, PDG IDs and polarizations of the particles. In particular, the second,
third and fourth columns of the tables correspond to the sixth, seventh and eighth lines of
the output file.

consistency. In Table we report an example of this issue in the calculation of the
momentum fraction carried by the various partons at () = 3 TeV: while for other
partons the two methods are compatible, NIntegrate does not work for the valence

lepton.

We provide outputs both for particles and antiparticles, which can be loaded in Mathe-
matica and interpolated as discussed above. Notice that since the PDFs for an antiparticle
as valence lepton are equal to the ones of the corresponding particle with CP conjugated

partons, the former can be obtained directly from the interpolated version of the latter:

pbPDFpart[part,Q|[x] = uPDFpart[CP(part),Q][x].
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IofeL (-CEO,QO)
iEofeL(ilionﬂ

-TOfeL ('TOa QNQfl)
l‘lfeL(l‘l,Qo)
$1feL($17Q1)

$1feL ($1; QNQ—l)

me—lfeL($Nm—1aQ0)

33erfeL($er,Q1)

TN, 1fer (TN, -1, QNQ—l)

20 fn)z, (70, Qo)
l‘ofh/ZL (w0, Q1)

zth/ZL<an QNQA)
1 fnyz, (21, Qo)
$1fh/ZL (xh Ql)

l’1fh/ZL(I1, QNQ—l)

xNz—lfh/ZL (ZENZ—L Qo)

IL’NI—lfh/ZL (TN,—1, Q1)

xNz—lfh/ZL (ZUNI—h QNQ—l)

Table B.2: Structure of our PDF data in the LHAPDFG6 format. The labels for z and @
are referred to the reduced grids reported in the fourth and fifth lines of the output files.

Parton | NIntegrate | Rectangles
153 36.22 48.03
IR 34.03 45.54
v, 1.72 1.75
vy 0.0076 0.0075

l 0.074 0.073
q 0.154 0.152
v 3.01 3.00
W= 1.287 1.281
W 0.098 0.096
A 0.418 0.416
g 0.0192 0.0187
h 0.0032 0.0031

Total 77.04 100.37

Table B.3: Fraction of the momentum carried by each parton at () = 3 TeV, computed

using NIntegrate and the rectangles method. Here the muon is the valence lepton.
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B.1.3 Use in MonteCarlo generators

At the moment there is no implementation of LePDFs into MonteCarlo generators, such
as MadGraphb5_aMC, due to the added difficulty of having polarized PDFs. Work on

preparing such an implementation is in progress.

B.2 DGLAP evolution code

B.2.1 The Runge-Kutta algorithm

Given the differential equation y/(t) = F(t,y) we can solve it numerically with a 4"-order

Runge-Kutta algorithm as follows:

ki(t) = diF(t, y(t))
dt ki (t)

ko(t) = th(t+§,y(t)+ 5 )
kalt) = diF(t + 5 y(r) + k22<t)> (B.3)

ki(t) = dtF(t + dt,y(t) + ks(t))

() | k() k() | Kat)
6 * 3 * 3 * 6

This means that starting with the initial condition y(¢y) we can obtain the solution at any

y(t +dt) = y(t) + + O(dt®) .

t through the proper number of steps in dt.
In the code we solve the DGLAP equations
de(JJ, t) AABC C U2 ~c
T t) fa(x,t) +Z ——Pp ®fA+—QZUBA(t>®fA(t) , (B.4)
where the indices A, B, C' label the N partons we consider and mg is the valence lepton
mass (electron or muon). After the discretization of the z-space, we obtain a set of N x

N, ordinary differential equations for the variables fp;(t) = fg(z;,t). The discretized

equations have the following form:

dfs;(t)

o = Pa(t)fsi(t)
+ (log(1 — ;) AZ [O‘ABC Ga(1) + 16;—;%@ Via(l )] Fai(t) B.5)
+ ]:Vfl O Z {QABC“ PS, (9“") e GW;’;(Q)et Ufa(t) (i—k)} Fa(t)

where D and V' are obtained removing the factor 1 — x at the denominator of the splitting
functions divergent at z — 1

> o ﬁgA I)

R R AOR L (B:6)

(1—=)
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and Xj; is given by

ox 1

2 _
xi 1 .

The first two lines, which we call j-terms, come from the virtual corrections and from the
definition of the plus distribution, Eq. . In particular, X; comes from the discretiza-
tion of the —f(1) part. The last line of Eq. (B.5), which we call k-terms, contains instead
the contribution of all the higher grid points. The number of equations is then reduced

using momentum conservation:

No—1
Z/l drxfa(z,t)=1 = Z Z dxjzifaj(t) =1 Vi, (B.8)
A VY0 A j=0

In the first phase of the evolution, since the initial conditions on PDFs are given by (for

concreteness we consider the muon as the valence lepton)

1

fu0,25) = 6(1 — z;) = Fr—

Ojn,—1,  Jizu(0,2) =0, (B.9)

only f,; will be nonzero for j = N, — 1 (i.e. for z = 1) throughout the evolution. Then we
fix

5L(t) i =p
N1 () = TNy -1 7 B.10
fin,—1(t) 0 i (B.10)

reducing by N the number of variables and solving the remaining equations. The factor

L(t) is computed using Eq. (B.8):

Ny—2
Lty =1=> " baju;fa;(t) . (B.11)

A j=0
For the second phase, the computation of L(t) is analogous, but now both left- and right-
handed muon PDFs are nonzero for z = 1, so we fix f,, ,n,-1 = L(t)/26xy,-1. The
Runge-Kutta coefficients are then computed for all the N x (N, — 1) variables fp; using
Eq. , with the right hand side of Eq. as the function F. This is done with
three different functions (see Section for details): Rj and Rjuc calculate the j terms
for massless and ultra-collinear contributions respectively and RK computes the £ terms.
The coefficients are collected in four (IV; — 1) x N, N matrices, each row corresponding to
a given step of the algorithm. For each row, the first /N, entries correspond to the first

parton and so on until the last one.

B.2.2 File list

The code for the computation of LePDFs consists of the following files:

e Main.cpp: it is the file to be run, containing the calculations.
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e Matrix_alloc.cpp: to allocate and free n x m matrices. When allocated, all the

entries of the matrix are set to zero.

e Couplings_RG.cpp: it contains the one-loop running coupling of o, a; and as.
as instead is obtained through a linear interpolation starting from a matrix with the
scale t in the first column and the corresponding value of the coupling in the second
one. The file ends with functions calculating the running of other couplings starting

from aq, an and as.

e Cuts.cpp: it contains the function to impose the cut zyax | and the definition of

the #—function, which is used to insert the mass thresholds.

e EVA .cpp: here we write the formulas for the PDFs of W~ and Z in Effective Vector

Approximation, which are used at ¢t = ¢, to match between the two phases.

e Prop_corr.cpp: it contains the mass corrections to the splitting functions coming

from the propagators, including the one for the mixed PDFs.

e Massless_splitting.cpp and Uc_splitting.cpp: they collect all the splitting func-

tions.

e QED _QCD.cpp: it contains the functions to implement the Runge-Kutta algorithm
for the first phase of the evolution (the formulas for the coefficients of the algorithm,

the implementation of the step and the imposition of momentum conservation).

e Massless DGLAP.cpp: it contains the recurring massless splittings contributing
to the DGLAP equations.

e Massless_eqs.cpp: it contains the expressions for the k-term massless contributions

to the evolution coefficients for the SM degrees of freedom.
e Uc_eqgs.cpp: same as the one above, but for ultra-collinear contributions.

¢ RK sum.cpp: here is reported the function RK, which is used to update the ma-
trices of the evolution coefficients adding both the massless and ultra-collinear k
contributions (see Section for its usage).

e Massless_virt.cpp and Uc_virtual.cpp: they contain the contributions to the vir-

tual coefficients Py from massless and ultra-collinear terms respectively.

3In the code we use the DGLAP equations with the splitting functions computed in 2/z and the PDFs
in z, while is the opposite in the discussion in Chapter [3| In this way the upper bound zyax becomes a

lower bound, which is the one implemented in the code.
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e RK virtual.cpp and RK _virtual uc.cpp: as in "RK-sum.cpp”, here are reported
the functions to update the matrices with the evolution coefficients adding the j-
terms, massless and ultra-collinear respectively. The former contains also the impo-

sition of momentum conservation.

e Writing.cpp: it contains the functions used to write the results in LHAPDF format,
both for the particle and the antiparticle.

B.2.3 Structure of ”Main.cpp”

”Main.cpp” is the actual code to be run. The structure of the file is as follows.

e In order to be used by all the files in the code, we declare as global variables all
the constants we need: charges, group factors, masses, energy scales, beta function
coefficients, initial conditions for running couplings and discretization constants such
as the number of points in ¢ and x. The constants depending on the choice of the

valence lepton and of the flavor scheme are set through functions.

e We allocate the matrices containing the PDFs, for both phases, with the rows cor-
responding to the energy scale ¢ and the columns to the point of the z-grid. For
QED+QCD the first row contains the initial conditions at ¢ = 0 and in the last one
are reported the PDFs at t = t;. We then use the last row to generate the initial
conditions for the second phase. We then allocate the matrices for the evolution

coefficients.

e The output files are opened with name ”LePDF_¢_nFS_0000.dat” (¢ = e, mu is the
valence lepton and n = 5,6 is the flavor scheme). The code compiles the name

automatically depending on the choice of the valence lepton and of the flavor scheme.
e «, is imported from the file "alphas_NNLO.dat” and interpolated.
e The grid in x is generated through Eq. 1} and the grid spacings are computed.

e We perform the first phase of the evolution, for QED+QCD, with three for-cycles:
the first one spans the scale ¢t through ¢ = 0,..., Ny, — 1 and for each 7 we compute
the (j + nN,)™ entries of the matrices (j = 0,..., N, — 2 and n runs from zero
to the number of partons) with the functions RKj0, and RKO (no ultra-collinear
contributions in this phase). The latter, giving the k terms, is summed over k with
the last cycle (for k > j). The PDFs at the scale i + 1 are then computed summing
the coefficients according to Eq. . We do not consider j = N, —1, since at z = 1

we use momentum conservation, which is imposed through the function Lz0.

4We use a formula to generate the grid, but it can also be imported from a file.
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e After the first phase we match the PDFs of QED+QCD to the full set of SM variables
of the second one, including the EVA, and we repeat the three for-cycles to perform
the Runge-Kutta.

e The PDFs are saved in LHAPDF format. The code generates two files, one with the
PDFs for the lepton (electron or muon) and one with the PDFs for the antiparticle,
obtained through CP conjugation. Notice that the output is different for the two

flavor schemes, since in the 5FS the top is absent and we do not report it.

B.2.4 The choice of the parameters

Most of the parameters used in the code are fixed and must be left unchanged. Here we
list the ones that can be modified.

e Choice of the valence lepton, through the integer variable lepton: 0 corresponds to
the electron, any other value to the muon. The code is exactly the same, with a dif-
ferent value of the valence mass mg (set automatically by the function ”leptonmass”),
since the equations are the same. We use the same notation for both cases, labelling
the valence lepton as the muon: then, when we insert the results in the output files,

we do it accordingly to what the valence lepton actually is.E]

e Choice of the flavor scheme, through the integer variable FS: 5 means 5FS (without
the top quark), while any other integer corresponds to the 6FS. Again the code is
the same and the 5FS is obtained setting the top threshold tt to a value above the

maximum t reached during the evolution: this is done by the function ”ttchoice”.

e oy the strong coupling is loaded from a file, which can be changed if a different order
approximation is needed (one can even insert an analytic formula, without using a
file with points, but in this case the code must be modified accordingly). In case of
modifications in the loaded file, also the variables Na and dta, corresponding to the

number of points in the file and their spacing in ¢, should be modified.

e QCD starts contributing at tQCD. In our implementation it corresponds to 0.7 GeV,
but it can be changed.

e Grid in x: the discretization is arbitrary and it can be chosen by changing the formula
which generates the grid (function xgrid) or loading it from a file. The number of

points Nx must be changed accordingly.

e Evolution steps: the number of steps can be changed modifying the variables NtO
and Nt. This is done through the functions "NtOchoice” and ”Ntchoice”.

5For instance, fml is written in the column corresponding to ey, if lepton = 0 and in the one corre-

sponding to py, otherwise.
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e Finally one can change what is written in the output files: one can print the results
only for a subset of values of (x,t) and also change the value of t at which data start
to be saved (this is done through the variable twrite, we start from 10 GeV, safely
above the non-perturbative regime of QCD). By default, we save the PDFs every 6
values of t and every 5 values of x, with the exception of the last 100, which are all
saved. These parameters can be modified through the variables itSteps, ixStep and

NixLast respectively.
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Appendix C

Partonic and total cross sections

In this Appendix we report the formulas we used to convolute partonic cross sections with

PDFs. We also report two examples of calculations of partonic cross sections.

C.1 Convolution with PDF's

For the production of two final state objects X34, assuming that the energy of the hard-
scattering is much larger than the transverse momentum of the initial state collinear radi-
ation and the masses of all objects, the triple differential cross section is given in terms of

a convolution of the partonic cross section dé/df with the initial state PDF's:

(T x Y 5,1, C.1
i = 2 M ) (1) B )

where s is the collider center-of-mass energy squared, § and ¢ are the partonic Mandelstam
variables and ¢;; is the cross section for the partonic process i + 7 — X3X4. ys34 are the

rapidities of the two outgoing particles, defined as

1 FE
y:—10g< +pz)’ (C.2)

where z is the direction of the beam. A more geometrical quantity is the pseudo-rapidity

7, directly related to the scattering angle 6:

()@ e

The two quantities, for a particle of mass m, are related as follows:

\/m2 + p2 cosh® ) + prsinhp

y = log ,
Vm? + p

that simply reduces to y = n for massless particles.

155



All the kinematical variables can be expressed in terms of the two rapidities y3 4 of the

final state particles and their pr, that is the same for both by momentum conservation:

yEyg_y4’ Y5y3+y4,
2 2
§ = x1228¢ = 4p% cosh?y | t = —2p2Te’y coshy , (C.5)
2 h 2 h
= DT COS yey o DT COS ye_y '

NV

Being z; 2 < 1, the kinematic constraints on pr, y3 and y, are

< Vo e (C.6)

br="5 coshy’

Fixing ys, the two functions at the RHS of Eq. (C.6) intersect at (y4,pr) =
(—y3,/50/2coshys). Then after integration on ys the following region is kinematically
forbidden V(ys, pr):

Vo (C.7)

> —.
br 2 cosh ys

The analogous formula to Eq. (C.1)) in terms of the invariant mass of the products, m = Vs,
is

do ~
= S e len) g o D (©s)

dygdy4dm 23 cosh2 y dt

In absence of divergences at the parton level, one can directly integrate in ¢ and work

with the total cross sections. The convolution of PDF's in this case becomes simply
1 1
o(s0) = Z/ dml/ dzs f; (xl, \/5/2> f; (:@, \/§/2> 5i;(3), (C.9)

where § = x1295¢. Instead of directly use PDF's, one can first compute parton luminosities,
defined in Eq. (3.21), and then perform the convolution with the partonic cross section.

The formula for the total cross section becomes in this case

o(s0) =3 / dm 2 25 (m, 50)635(m?). (C.10)

C.2 Partonic cross sections

We derived analytic expressions for the total polarized partonic cross sections (not averaged
over initial spins) for all the 2 — 2 processes considered in Chapters and . As an example,
we give here the result for ufp; — grgz in the limit of vanishing fermion masses for the

case where the new physics effect is mediated by a Z’, a S5 leptoquark, as well as a contact
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interaction C), 1, 4,4, 0 Eq. (4.8):

+ -G — - qp qJp qrJpL C
o(peny = duaL) 16752 { 3 s * s—m% +il'zmy + s— M2 + Ly My + Chinnana
Q.Q g2g7 M

— 2\’ R ezl a0 IM2 s — s+ 2M2 log | ——22—
|q”| ¢ ( s +s—m2Z+zTZmZ 55— 8+ S5 108 M§3+s
s(2M3, + s) M3,
Aol [ =22 4 202 log | —23— C.11
el (St i e () )| 1)

where the equation above can be used directly for the up quarks with the coupling conven-
tion of Eq. (4.19)), while for the down quarks one should multiply the leptoquark coupling
by a factor of v/2 (see Eq. ([#20]). The cross section for the vector leptoquark is:

2
3 |43 Q,Q gZg*
T s GraT) = 28 1 YeYp q 99
g P R vl el s —m% + il zmy
+ 4| Agu)°Re QqQ“Jr 9, 95 2M7 s + 3s% + 2(M{, + s)*lo Mg,
w s s—m% +il'zmy U U1 & Mp +s
2
4 S My
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Appendix D

Collider analysis

In this Appendix we collect the details of the analysis at future colliders described in
Chapter [, We describe the statistical procedure used, our assumptions on the detectors

and the recast of signatures at hadron colliders.

D.1 Statistical procedure

To derive the expected exclusion or discovery reach we construct our test statistic as
—2log L = =2, log L;, where

(N; — NpPs)?

. obs . _
ENPR 2100 = —2logLi = T
NNbee*Ni (D1>
. obs . _ = i -
if Nz < 100 : 2 10g Li=-2 lOg NiObS! ’

where NPP* () is the observed (expected) number of events in each bin and € is the relative
systematic uncertainty. We assume that our test statistic follows a y? distribution. In case
of exclusion reach the observed number of events is derived assuming the SM, while the
expected one is expressed in the new physics model. For the discovery reach, the expected
number of events is given assuming the SM, while the observed one is derived assuming
new physics.

For the systematic uncertainty we assume an uncorrelated value of € = 2%. This is
increased to 10% in the case of g — uq process, due to our estimation of QCD uncertainties
in quark PDFs inside the muon. The 2% experimental systematic uncertainty is rather
conservative according to some literature. For instance a value of 1% is taken in [64], while

Refs. [113393] assume a systematic uncertainty of only 0.1%.

D.2 Detector performance

A detailed study of the FCC-hh detector system has been collected in the design report [5],

from which we take the expected performances relevant for the processes considered in
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Chapter [d Specifically, for the energy resolution of the hadronic calorimeter we take the
baseline performance of the reference detector (c.f. Table 7.3):

95 _ L% ® 3% , (D.2)

=~ JEGe]

where @ means the two terms are added in quadrature. For the muon p7 resolution we take
the combined resolution from the muon system and the tracker, assuming 25 um position
resolution (c.f. Figure 7.21(a) of Ref. [5]). This is ~ 2% at 1 TeV and ~ 5% at 10 TeV.

For all MuCs considered, we assume that the hadronic calorimeter and muon system
performances are the same as for the FCC-hh. However, when relevant, we limit the
maximum rapidity to |y|max = 2, due to the rapid degradation of tracking efficiency closer
to the beamline [100]. Our tracking and hadronic calorimeter resolutions are conservative
with respect to the ones required for the CLIC detector [394] in the corresponding energy
range.

The LHC performance specifications are detailed in the CMS paper [191]. The jet and
muon triggering, identification, and reconstruction efficiencies are assumed to be 100% in
our analyses for FCC-hh and MuC.

D.3 (HL-)LHC and FCC-hh analyses

pp — T

The analysis of the di-muon signatures at the hadron colliders is based on the recent
CMS search [211]. For each benchmark model, we calculate the leading-order Drell-Yan
cross section analytically on parton level which is then numerically convoluted with the
NNPDF30.nnlo_as_0118 PDF set [395] using Mathematica. The CMS collaboration re-
ported the SM expected number of DY and other background events in the binned m,,,
distribution. Their DY prediction is calculated at NNLO QCD and NLO EW precision.

The present observed 95% CL limits on all benchmark models come from assuming the
number of expected DY events in each bin reported by the CMS collaboration is rescaled
by the ratio of leading-order BSM and SM cross sections [171]. The systematic uncertainty
on the number of DY events is as reported by the CMS collaboration. The statistical
analysis takes into account the number of SM+BSM DY events, as well as events coming
from non-DY backgrounds. We note that neglecting the subleading contribution of non-DY
backgrounds has a negligible effect on the derived bounds.

In order to obtain the projections for the HL-LHC and the FCC-hh, we translated the
m,,, distribution into 7 = mfw /so distribution and rescaled the CMS prediction by the
ratio

?MCMS(S ) UiSMLO(S) L (D.3)

oi(s) =0 0) SMLO (5} T,

160



where the index ¢ labels the bin, sq) is the future (present) center-of-mass energy and
Ly is the future (present) luminosity. The validity of such scaling for DY cross section
was checked at LO using MadGraph5 [396]. The non-DY backgrounds, however, do not
scale in the same way. While ¢ and V'V backgrounds remain subleading at the FCC-hh
(directly checked by MadGraphb), the tW background becomes relevant (less than an order
of magnitude times the SM DY). However, the presence of jets and missing energy in the
final state allows for designing cuts that can easily suppress this background. We therefore
neglect any non-DY backgrounds in the derivation of the future projections.

In all non-resonant searches, as well as resonant search at the LHC and the HL-LHC,
the CMS binning of the 7 distribution was used. On the other hand, similarly to the MuC
searches, the resonant search at FCC-hh uses bins constructed following the hadronic
calorimeter resolution described in Eq. . For HL-LHC and FCC-hh we assign 2%

systematic uncertainty.

pp — 4p

In the case of multilepton signature for L, — L; model, we derive the exclusion limits and

discovery reach by calculating the significance of the signal as

sWMz92) _ 7 9702 (Mz, 1)
\/l_) 0sM
where both cross sections were calculated using MadGraph5 applying the following set of
standard cuts: pf. > 20 GeV (leading muon), p&. > 10 GeV (subleading muon), p%. > 5 GeV
(other muons), |,| < 2.7 and AR, > 0.05. Additionally, in order to suppress the SM
background, we applied the cut m,+,- > min(800 GeV,0.8M /) on any oppositely-charged

Z(Mz,9z/) = (D.4)

muon pair.
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Appendix E

Low-energy observables

In this Appendix we collect all the low-energy observables we used for the global analysis
described in Chapter[5] We also show the direct constraints from LHC on Wilson coefficient
of the top quark effective operators we considered. In Table we report the list of LEFT

operators.

E.1 B — KWyp and K — mvw

The Standard Model prediction and SMEFT parametrization of dineutrino modes B —

K®yp are deeply discussed in Ref. [397]. The effective Hamiltonian for these processes

reads
Hopy = — 08 &Ny (ci0p + e o)
eff \/§4Wz" ti Vtj L L R R
L ) (E.1)
-3 (jesoy + uirope)
Iy afij afij
where

07" = (dinu Prd;)(7ar™(L = 15)vp) . O™ = (dinuPrdy) (' (L = 5)v5) . (E:2)
and L,‘//C’lLL(R) are LEFT coefficients given in Table The ratios
B(B — Kvv) B(B — K*vv)

RY. — RY., = E.3
K B(B — KV&)SM ’ K B(B — K*Vﬁ)SM ’ ( )

can be expressed in terms of two parameters e > 0 and n € [—1/2,1/2] as:

v 1 v 1
RK = Zg(l — 2770[”3)6(215, RK* = Z g(l + Hnna,ﬂ)eiﬁv
af af
ICPbon + CEPP 1 G
Eaﬁ = Sb 9 (E4>
|CEsul

Re [ (CPaudas + €77 (Cit) |

N = - )
T [Cioudes + CEVR HICRP
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where the parameter x, depends on form factors. There are not isospin asymmetries
between the charged and neutral meson decays to neutrinos, so that the only difference
between B(B* — K*®yp) and B(B® — K°®up) is in the lifetime 75+ and 7o, that
cancel in the ratio. Remarkably, in our setup the coefficient Cg is zero at the level of
dimension-six SMEFT contributions, so that 7,3 = 0 and then the theoretical predictions
for Ry and RY%. coincide.

For kaons, we use directly the branching ratios. Since C'r = 0 in our setup, we can just

write them in terms of the SM values rescaling the C';, coefficients

2

Cdsaﬁ
B(K+ — 7T+V17)th = B<K+ — 7T+I/eﬂ€)SM Z 6015 + Cssll
et L,SM
+ + 7 Cped cpee
+B(K" = 1 v )sm | |1+ (/533 + Z ('ds33 * Cds33 ’
L,SM a=1,2 L,sM L,SM
(E.5)
) I[Ny cdof\
B(Kp — 7°vi)y, = - B(Kp — 7°vi)sm Oap + YT
; 2\ o
i I[N C9s53] . Z Tm[ N7 s3] N I[N, Cds3]
(NG CER) S \\ImNETCER ) \ImlVG LRy
(E.6)

where we defined Ny, = (v2G raViiVig /7)™t and the SM values for the branching ratios
and Wilson coefficients are

B(K" — 7t v.0.)sm = 3.06 x 1071,
B(K" — ntv,0)gm = 2.52 x 1071 (E.7)
B(Kp — m°vp)gy = 3.4 x 1071,

dsa 1 ‘/c* ‘/cs o
OL,SI@I - _g Xt + ‘/;g‘/;fs XC 6045 ) (E8>

with X, = 1.481, X¢ = X# = 1.053 x 1073 and X! = 0.711 x 1073,

E2 B,— E;Eg and K¢ — E;é;

The branching ratio for rare leptonic B decays is discussed, for example, in Ref. [398] and
the same description holds also for kaons. In our framework, these processes are induced
by the operators

05 = (diy, Prdy) (Eayls),  OUP = (diy, Prd,) (€ary"v5Ls) (E.9)
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appearing in the effective Hamiltonian

4GF a * Jo ijo
Hepr = 2 in > VeV ciroer. (E.10)
£=9,10

We do not take into account the other possible contributions: the operators Oy 1/, With
P, — Ppg, are identically zero in our setup and we do not consider the usual scalar and
pseudoscalar operators Og and Op (see e.g. in Ref. [398]), since they are generated with
negligible coefficients with respect to Oy and Oyy. The relation between these coefficients
and the LEFT ones is

y Vo
C”aﬁ — Y2 (ViR WLl E.11
000 GraVyVy ( ins o (E.11)

The branching ratio for the leptonic B, decays is given by

B, a*G%

6473 m% V;fbvti:l2>‘1/2(m3sv mwmﬂ)X

B(Bs = £ 05)m = 3,

2

+ (E.12)

2]
)
2

where A(a, b, c) = [a* — (b— ¢)*][a* — (b+ ¢)?]. When comparing the theoretical prediction

sba sba
x| [, = (ma +mg)?] x | (€35 + €3 ma — m)

sba sba
+ [m3, = (ma —mg)?] x| (s + Cit™)ma + mg)

of B decays to untagged experimental data, the sizeable decay width differences in the
BY — BSO system must be taken into account. This is done by using an effective lifetime.
To a good approximation one has 399, 400]

B(Bs = € 05) e =~ B(Bs = €, 03)m (E.13)

1 —ys
with ys = Al'g, /(2I'p,) = 0.064(4), according to the current PDG and HFLAV average [74].
Numerical values for couplings and parameters appearing in the formula can be found in
Refs. |74} 401]. The expression in Eq. (E.12)) can be applied to By — 6;6; with the obvious
s — d replacement.
The leptonic kaon decays are instead given by
TK, OéQG%:

B(Krs) — Lo l})m = — L2V VEPAY2 (mge, M, mg) X
g 12873 mi, K

2
x | [m, — (ma +mg)?] x ‘ (Cgﬁf + Cgflscf\ff + CFF 4 ngaﬁ) ‘ (Mo — mg)*+

2
dsa sda dsa sda
+ [m%{O — (Mo — mﬁ)ﬂ X ‘ (010,8?\)/[ + ClO,S?/I + Co e Cho ﬁ) ) (ma + mﬁ)z

(E.14)
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Notice that for kaons both ds and sd indices appear, since K, g are linear combinations of

K° and K° KO £ | K)
+
K = — . E.15
| KL(s)) 7 (E.15)

In all cases, as one can expect, for ¢, = {g = { the coefficient Cy does not contribute.

E.3 B — KWety-

In Ref. [402], the leading contributions to the decay width of B — K®*)¢*¢{~ are computed.

Under some justified assumptions, the Rx and R~ ratios read

Ri([1.1,6]) 1.00 + 0.24Re[Cy — C1o] + 0.24Re[Cy — C1p] + 0.058Re[Cg Co+
+CoClol +0.029 (|Cof” + [Col* + |Caof* +C1o)?)

Ri+([1.1,6]) ~1.00 + 0.24Re[Cy — C1p] — 0.18Re[CY] + 0.17Re[C},] — 0.042Re[Cy Co+
+ CyClol + 40.029 (|Col* + |Cyl* + |Cuol* + 1C1ol)
where the operators and the Hamiltonian are defined as in Appendix [E.9HE.10l The
numerical coefficients are compatible with the ones computed, for example, in Refs. [232,
403, 404] and with our calculation of Rg«, derived using expressions and form factors
provided in Refs. [405, 406]. The primed coefficients C§ and C7, are displayed for

completeness, but they are anyway set to zero as they are not generated by the operators
in Table 5.1

E4 K; — A

We consider again the Hamiltonian in Eq. (E.10) and we define C/*” = Vi#V,,C/7*". Re-

arranging the formula given in Ref. [407] to fit our notation, we obtain for the branching

ratio
B(KL — 7T0€+€7)th = Qy [(WgV)Q + (wﬁA)z] + bgwgv + Cy, (E16>
where
1 1 . s s
why = 5T oot PoMm(VisVia) + (3 + 5]

E.17
1 1 dee ( )

l S sdil
Wrg = %mlm(cm,w +Co)-
The numerical coefficients a, b and c¢ are given by

a. = 4.62 x 10712 a, =1.09 x 1072,
be = 13.56 x 1072, b, = 3.156 x 10712, (E.18)
ce = 20.88 x 10712, ¢, = 10.0384 x 1072,
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E5 P — Mt}

We consider here the semileptonic decay of a meson P = {B, K;, K} into M = {K®) 7}
and two different leptons. The branching ratios for the decays are |178],398|

2) . (E.19)

Numerical values for the multiplicative coefficients are given in Table [E.Il The indices

2

VLR | 7V.LL _
L+ L7 +ay
ijaf afij

V,LR V,LL
L de L ed
ijaf afij

1
B(P — Mgggg)th = W (OZJ‘;
F

ij correspond to the transition ¢; — qifgfg and for K it is understood the average
(ds + sd) /2.

Process o oy
B — Ketu~ 8.2
B — Ketr™ 5.3
B — Ku*tr~ 5.2

B — K*etr~ 1.4(2

) )
) )
) )
B — K*etp~ | 2.8(5) 2.8(5)
) )
B — K*utr— | 1.5(2) )

K+ s wretum | 0.596(4)  0.598(4)
Ky — %y~ | 2.75(2)  2.76(2)

Table E.1: Values for the factors defined in Eq. (E.19)), for all the possible final states.

Details on their computation can be found in Ref. [178§].

E6 B — X,y

The inclusive radiative B decays can be parametrized in terms of the operators

m(500s Priyb) F?% . Os = —L—my (5005 Pruy T°0) G2 (E.20)

Or = 1672

e
1672
and the effective Hamiltonian

AG
Hepp = —TJW;V;I,ZQO, (E.21)

The branching ratio is given then by [408, 409
B(B — X,7)E,>1.6Gev = 107" x (3.36 £ 0.23 — 8.22C; — 1.99C5) , (E.22)
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where the coefficients are defined at the matching scale py = 160 GeV [408]. In terms of
LEFT coefficients, we have:

Nile N te?
Cr = ;}; X Lgy, Cs = ;;”Lb Ld?7
b sb s E.23
4GF Nem % ( )

E.7 Charged lepton flavor violation

For charged lepton flavor violation processes we employ the expressions from Refs. [359,
364], after translating them to the LEFT basis. In the following we give the explicit
expressions used in this work.

° EH — KL’}/

We may take a reference renormalization scale p = 2 GeV, where the LEFT is yet
well defined. One has 359, [364, |410]

3
m
Losey = 4—;[|L§7€|2 + |L§;|Q] : (E.24)

The (non-perturbative) effect of four-fermion operators involving tensor light-quark

currents can be taken into account by making the following substitutions

s
Le — Le — e + — ZH 0 s E25
e e ( \/§> vr(0) ( )
A
Le — Le +e + — ’lH 0 3 E26
o o ( \/§> vr(0) ( )
with
¢ = L't — LT (E.27)
1511 ij11
ij 1 T,RR T,RR TRR:|
cd = — | L + L7 =217, . E.28
8 \/3 [ tj11 z‘jfl1 ijg2 ( )

As in Ref. [364] we take illy7(0) ~ 0.04 GeV.

o 7 —3e, T — 3u, 4 — 3e

We use the analytic expressions given in Ref. [364], adapting them to the LEFT

normalization of this work. Numerically we find, in GeV units,
B(r — 3€) ~ 1.6 x 108(|LS,’3§§|2 + |LVLR|2 + |LVLR| )
+1.3 % 109(|LVLL|2 + |LVRR| )+ 2.1 x 109(|Lw!2 + \L§g|2)
+ [Ley (—4.5 % 108%’% ~1.1x 108LV;R) +ccl

+ [Lay (=45 x 1053 — 1.1 x 108 L") + c.c]. (E.29)
13 1113 1113
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The analytic expressions trivially generalize for 7 — 3u, p — 3e. Numerically one

finds
B(t — 3u) ~ 1.6 x 108(|L5RR\2 + |LVLR\2 + ]LVLR| )
+1.3x 109(|LVLL|2 + |LVRR|2) +4.4 x 108(|Lw|2 + |Ley|?)
23
+ [Ley(—4.5 X 108LV$L — 1.1 x 108LVLR) +ccl
32 1123 2311
+ [LE(—4.5 x 108157 — 1.1 x 108L%:5%) + c.c], (E.30)
23 1123 1123
and
B(u — 3€) ~ 9.2 x 1o8(yLSRR|2 + \LVLR\Q + LR
1211

+ 7.4 % 109(|L”L|2 + |LVRR|2) +1.9 X 10'2(|Ley |2 + | Ley|?)
21 12
+ [Le»y( 4.2 x 10°LEF — 1.1 x 100 + e
21 1112 1211
+ [L(—4.2 x 101°L%E% — 1.1 x 10"°L%E%) + c.e ], (E.31)
12 1112 1112

o T —elft, T — lUee.
Once again we adapt the analytic results as given in Ref. [364], finding
B(r — efip) ~ 2.5 X 109(|LVLL|2 + |LVRR|2)
+1.6 x 108(|LV$R|2 |LVLR|2) + 1.0 X 103(|Ley|* + |Ley|?)
213 31 13

— 2.1 x 10%[Ley LVet" + c.c]

31 1223
+ [LE(=5.2 x 107L* " — 2.6 x 103LY:E") + c.c], (E.32)
13 1322 1223
and
B(r — pee) = 2.6 x 109(|LVLL|2 + |LV;3§R|2)
1123
+1.6 x 108(]LVLR]2 + \LVLR! ) 4 5.0 X 103(|Ley|* + | Ley|?)
32 23
— 22 % 10%[Ley LViE" + c.c]
32 1123
+ [L&(=5.5 x 107L*VLR — 2.8 x 108LVRR) +ccl. (E.33)
23 2311 1123
e 1Au — eAu.

We adapt the results of Ref. [359], neglecting the power-suppressed contributions from
c and b quarks. In principle they are given at a u = 1 GeV, but within the theoretical

uncertainties the same expressions can also be used at u = 2GeV[| We have also

!The large QCD running of the scalar quark current is fully taken into account by simply taking as
input m,(pu = 2 GeV) instead of my(pn = 1GeV).
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checked that we agree with the adaptation given in Ref. [410]. The numerical result

is rather large. For reference, the first quadratic coefficients are

B(puAu — eAu) ~ 1.1 x 108[(L559)2 4 (L2552 4 (L7592 4 (L5524 (d — )]
1211 2111 2111 1211
(E.34)
o 7 — (1"
We take the numerical result of Ref. [364]. Adapting it to the normalization of this

work we have

B(t — (7°) ~ Bi(1 — {7°) + By(1 — (7°),

with
Bi(r — (n°) ~ 1.3 x 108|L55E — [S0F _ [SER | [S0R)2
311 £311 /311 £311
+5.1 x 107|LV R — LVEE — pVER 4 VLR (E.35)
ed ed ’
3011 3411 3011 3411

and By(T — ¢7°) can be obtained from the B;(r — ¢7°) expression by making the

following substitutions

V,LL V,RR 7V,LR V,LR 7 S,RR S,RR* 1 S,RL S,RL*
L eq _> L eq 9 L eq _> L qe 9 L eq _> L eq 3 L eq _> L eq . (E.36)
3011 3011 3011 113¢ £3qq 34qq £3qq 3lqq

o 7 = Ut~

Once again we use the numerical results from Ref. [364]. We find

B(r — lnm) = By(1 — {nm) + Ba(m — 7).

By (1 — lrm) &~ 9.2 x 108| LR — LTIR12 4.6 5 108|LYEF — L0208 + LVER — LV ER )2
3

3011 011 3011 3011 3%[1 311
2 S,RL S,RL S,RR S,RR|2
+ 5.0 X 10%|Ley|* + 1.6 x 108|175 + L%y~ + L7 + L%y |
3¢ 3011 3011 3011 3011
8| 7 S,RL S,RR |2
+ 1.2 x 10°| L7 + L7, (E.37)
3022 3022

and By (T — {mm) can be obtained from the B; (7 — ¢7m) expression by making the

following substitutions

T,RR T,RR 7V,LL V,RR VLR V,.LR

3011 €311 3¢11 3¢11 3011 113¢
S,RR S,RR* 1 S,RL S,RL*
Le'y _> Le'y 9 L eq _> L eq 9 L eq _> L eq . (E38)
3¢ 3 3lqq £3qq 3lqq £3qq

T = I, — ), 71 = (K,T = (rK,7 — (KK are also included in our x?, adapting
the compilation of Ref. [364]. However they play a marginal phenomenological role in our

analysis and thus we refrain from giving the explicit expressions.
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E.8 Matching relations for the Cabibbo angle observ-

ables

The running of the chirality-flipping low-energy couplings to the My mass is large and
needs to be taken into account. From Ref. [411], which includes higher-order QCD running
effects, one has

€s 1.72 246 x 1076 —0.0242\ [es

ep = | 2.46 x 107 1.72 —0.0242 | | ep . (E.39)
—4 —4

v) ey \T2ITX 1071 —217x 10 0.825 v) i,

At My at tree-level one has

W
U2

e =2 (cf) ~cly-cy +0% )

22 11 1221 1111

Woa av e V.LL V.LL 3 3 3 3 3 3
€L /"t = Lz;edu - Ll/;adu = 2VUd<C§{l) o Cg{g o C(lg + C( l)q ) o 2VU$(_C(Z¢3 + C( l)q ) )

2
v 0011 0011 o o 2011 211 0021 2021
2Vus st' /e
_ 7 V.LL V,LL __ (3) (3) (3) (3) (3) (3)
——€, " =L — Lyg = 2Vus(Cpy — Cp — CYy +C ) +2Via(=CY) +C ),
v 00’21 2021 o0 o 2011 7011 2021 2021
2Vup D _ 7V,LR _ C
75 R~ Lyegqu = “YHud>
v D1 1D

2Vi,a

i _ SRR | 7SRL (1) 1)
5 €s = Luedu + Luedu - Cledq + VUdClequ - VUSClequ )
v 0011 2011 2011 2011 2021

_2Vus st LS,RR

S,RL __ (1) (1)
2 €s vedu + Lyedu - Cledq + Vusclequ + Vudclequ 5 (E.40)
v 0021 2021 2021 2011 2021
2Via
d¢ _ 1S,RR S,RL __ (1) (1)
—— 5 fp = Lyedu - Luedu - _Cledq + VUdClequ - VusClequ )
v 011 2011 211 2011 2021
_2Vus st _ SRR _pSRL _ _ o~ Ly oW +V oW
5 P = Lyedu vedu ~— ledq us™~lequ ud™ lequ
v 021 021 0021 2011 0021
Wil
sl _ 7 T.,RR _ 3) 3)
T T 9 ZET - Luedu - VUdClequ o Vusclequ )
2011 2011 2021
W 1
~sl _ 7 T,RR _ 3) (3)
T 9 ZET - Lyedu - VUSClequ + VUdClequ :
v 2021 2011 2021

The leading mechanism to generate a top operator is through the large mixing of C’S’l)

ax
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with 0(312] through a double top-Yukawa insertion [272]
aa33

2 A N, m? A
20(3) M2 ~ 24Nc my 0(3) A2 1 AUV _ c t 1 uv A2 C(g) A2 .
v gé( 7) R (470)? a(lf?,?)( vv) log M, 472/\%\/ Og_z‘ P uv a(zlq33( V)

(E.41)

E.9 Higgs basis used for EWPT and Higgs fit

The fit performed in Ref. [368] employs a specific combinations of Wilson coefficients of
the Warsaw basis, called Higgs basis. This allows to reduce the correlations between the
directions mostly constrained by EW precision data and those constrained by Higgs data,

which differ strongly in the precision. The combinations used are the following:
691" = Ciif +1(1/2.0) = f(=1/2,-1),
daf! = ~5Ci = 508 + 1(=1/2,-1),
g =~ 5Ch) + F(0.-1),

1 1
501(12 - 5023 + f(1/2,2/3),

dgi" =

sl — _Le® _1ow 1/2,-1/3

gr __5 Hq_§ Hq+f(_/7_/)’
1

1
Sgpt = _§OHd + f(0,-1/3),

1 3 E.42
dc, = Cug — ZOHD - §AGF7 ( )
1
0= —= (C 2A ,
Czo Zg%( up +2A¢,)
4
Cyg = _QOHGU
1 1 1
Coy = 4 <—2(JHW + —Cup — CHWB) ;
91 9y grgy
" (g%CHW + 93 Cup + ngYCHWB)
- (97 + 93)? ’
2_ 2
. Cuw — Cup — gzngg;V Cuws
2y g% _}_g% 9
where
1 1 2
f(T°,Q) = { -Q ZgL_gY2 Crwp — 1 (ZCHD + §AGF> <T3 +Q 29_Y . ) }1 , (B.43)
L — 9y L — 9y

2As in the rest of this work, the DSixTools package has been used to perform the full one-loop running.
We have also checked that the loop-induced top operators in the SMEFT-LEFT matching play a marginal
role in this sector and, in first approximation, can be neglected.
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Class Coefficients Warsaw basis 95% CL Individual | 95% CL Marginalised
G Cuc: 0.01,0.11] [0.01,0.23]
Dipoles cow Cuw [-0.085,0.030] [-0.28,0.13]
iz —s6 Cup + ¢ Cu | [-0.038,0.090] [-0.50,0.14]
o ci :0.39,0.34] [:0.42,0.31]
Higgs Top & C) - C5p) -1.1,1.5] [-2.7,2.7]
cHy Crra -2.8,2.2] [-15,4]
cort Cunt 1.3,0.4] [-0.5,2.9]
cho 208y — 20 2.3,2.0] [-3.7,4.4]
o 8C 6.8,5.9] -13,10]
4 quarks o iy -1.8,1.9] [-1.5,1.4]
ey ¥ [-4.3,3.3] [-3.4,2.5]
ch Cuu [-1.1,1.0] [-0.88,0.81]

Table E.2: The 95% CL bounds from SMEFiIT for individual and global fits obtained
using quadratic EFT calculations. Top quark, Higgs and diboson data have been used, as
discussed in Ref. [377]. Coefficients are expressed in both the SMEFiT and the Warsaw

basis conventions.

and Ag, = [C’SZ)]H + [C’S’Z)]gg — 2[CuJ1221. To these coefficients, the fit in Ref. [368| also adds
those for the dimension-6 Yukawa-like operators of top, bottom, muon and tau fermions,
as well as the one responsible for modifying the muon decay: [Cyuplss, [Canlss, [Cerl22,
[Cerr]s3, [Culi221-

The set of dgy, parametrize the corresponding vertex corrections of Z and W bosons,
and are mostly constrained by electroweak data from LEP. As mentioned, the coefficient
[Cyl1221 enters the EW fit by its impact in the muon decay. Finally, the other coefficients
do not affect EW observables at tree level and are only constrained by Higgs data.

E.10 Direct constraints from LHC

Here we provide the 95% CL bounds on Wilson coefficients, from both individual and
global marginalised fits obtained from SMEFIT [377]. These are illustrated in Table [E.2]
Single parameter fits match the findings of Ref. [377] (see Table 5.4 therein).

Even though it is reasonable to expect that individual bounds are comparable or more
severe than the global ones, we observe the latter to be stronger in the case of the C'q(i/ 8)

and C,,, coefficients. This surprising trend was also observed in Ref. [377], where the global
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analysis involved a larger set of operators.
The direct bounds shown in Table are compared to the indirect limits computed in
this work in Section [5.4]
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vv + h.c. (vv)X 4+ h.c.

(LR)X + h.c.

X3

T T >
OV (VLPCVLT‘) Ou'y (VLPCUHVVLT)‘F;U/ Oe’y eLpo-'uVeRr -F;U/

Owy ﬁLpo-'uVuRr -F;U/
Od'y de ojad dRr EU/

= A A
Ouc ULpU;wT URr G,w

Ouc | dipo™ Tdp, G5,

Oc fABCG;?VGEPGgM

~Av ~B Cu
Oé fABCGfL} GVPGPI

(LL)(TL) (LL)(RR) (LR)(LR) + h.c.
s WLy Vi) PLsyuvse) Oyt (ZLpy*vLr)(ERsVueRt) (o (ELperr)(€Lsert)
ot (eLpy*err)(eLsyuert) Ot (Erpr*err)(@rsyuere) O (eLperr)(ULsure)
Ot (PLpyvee) (rsyuert) O™ (PLp"vie) (URs Y tRt) OLFE | (@rpot epe) (aLsomuny)
O (PLp " Vi) (WLs L) 0" (LY vee)(drsyudne) o5 (erperr)(drsdre)
Oui’* (727" V1) (dLspdne) O™ (erpr*err)(@rsyuure) OFRE N (&1,0M e g, ) (ALs0 Ry
oL (erpy**err)(drsyuure) ot (erpverr)(drsyudnr) (S (Vrperr)(drsurt)
O | enrer)updi) OB | () naen) O | (71 er,) (diacyun)
Outl | (mppyers) (dosyure) + e, OpFF (drp*drr)(Ersyuent) O R (Urpury)(ULsur)
ouil* (@rpy L) (@LsyuuLe) O (Prpy"err)(drsyuure) + hec. OSSR\ (G, TAup,) (n T upy)
O“;‘%LL (dipydir)(drsypdrs) O (@rpy*ury) (URsYuURt) OiévRR (@rpurr)(drsdre)
0" (@rpy* ) (dLsYudre) Ot (urp* T up,) (Grsy T upy) OSSR (G, TAup, ) (dps T dRy)
O ™" | (L' TAury)(dpay T ) O™ (arp*ure)(drsyudre) o (drpdry)(drsdry)

(RR)(RR) O™ | @y Thury)(drsy g O™ | (dipTdre) (T d )
O (erpY"err)(ERsVuERL) O%‘:zz (d1p7" i) (B tr) OZ«?ZZ (tLpdrr)(drsure)

, 7 A _ A : o .

o (Erpr*err) (URrsTutne) O(:l - (de“j“T du)(?ﬁstT URt) O | (UrpTdre)(dLsT upe)
OV.RE (Erpr e (drsindie) O(‘jfdg’LR ] (dLP'Y:dLr)(CiRs'Y/tdit) (ZR)(EL) + h.c.
Ot (@rp Y urr) (WRsVuURL) O(Z’LR (dpyT dLi)(dRSWT dpy) OS5 | (eryen) (ansurs)
OVAR (drpdi) (drsyedre) O:ZQZR (ULP'V:dLr)(dRs'Yuuit) + h.c. 055 | (Ermen) dandse)
0, (arpY"ure)(drsVpdRe) Outi” | (11T rr) ooy ) + e OSBLT (D pery) (dpsurs)
O | @Ry TAupy ) (drs T d )

Table E.3: LEFT operators of dimension three and five, as well as LEFT operators of

dimension six that conserve baryon and lepton number, reproduced from Ref. |268].
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