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1 Introduction

U(1) extensions of the standard model (SM) are ubiquitous in various approaches to beyond
the standard model (BSM) physics. Many top-down models contain Z’ particles that are
expected to be heavy (TeV scale or higher) and mixed with the ordinary Z boson via mass
mixing [1, 2]. Another set of models that have been widely explored over the past decade are
the so called dark photon (DP) models [3], motivated to provide novel candidate dark matter
(DM) models [4]. DPs can be much lighter than the traditional Z’ particles from top-down
models, as long as their couplings are small [4-6]. In the most commonly considered DP
scenarios, the DP mixes with the ordinary gauge bosons via the kinetic mixing term [3, 5-§]

X
EKinetic D *EX;WBW/v (11)

where X, and B, are the DP and hypercharge field strengths, and x is the kinetic mixing
parameter [9], which is related to the DP-ordinary photon mixing term by x = €/ cos fy [3].

The aim of this paper is to explore the simplest scenario where the DP has both kinetic
and mass mixings with the neutral SM gauge bosons. In particular, our goal is to establish
the bounds on such models from electroweak precision observables (EWPOs) as well as
bounds from Higgs physics, as it was also suggested in [8]. We want to understand whether
the addition of the mass mixing changes drastically the experimental limits on the model.
The spirit of the analysis is similar to the one presented in [10, 11], in which it was shown
that small deformations to the DP model (via the addition of higher dimensional operators



of the dark Higgs responsible for the DP mass generation) lead to major changes in the
experimental limits.

In order to find a model with both kinetic and mass mixings, the scalar sector of the
theory has to be extended. DP models always need to include an additional complex scalar
S to break the U(1)x gauge symmetry and give a mass to the DP [5, 7]. If we tried to use
this minimal setup with a single Higgs doublet H and single scalar S to generate both mass
and kinetic mixings, we could proceed along the following routes: (i) allowing the complex
scalar to have a non-vanishing hypercharge Ys # 0 or (ii) giving a non-vanishing U(1)x
charge to the Higgs doublet H. In the first case, the electric charge generator is modified
to Q@ = Qsm — Ys(x/xg), with Qgas the usual SM generator and x (xg) the U(1)x charge
of the particle under consideration (singlet). However, this relation implies that, in general,
the electric charge will not be quantized. In the second scenario, SM fermion masses can be
generated only if the SM fermions have a non-vanishing U(1)x charge. While in principle
these options are possible, they both lead to somewhat unsatisfactory scenarios.

A simple way to generate both a mass and a kinetic mixing without giving up on charge
quantization or being forced to give U(1)x charges to the SM fermions is to further extend
the scalar sector, by adding a second Higgs doublet to the theory [12-16]. Hence we will
have three scalars: a complex singlet S charged under U(1)x and two SM doublets H 2,
with H; having the quantum numbers of the SM Higgs but uncharged under U(1)x and Hs
being charged under the new Abelian group. It is the vacuum expectation value (vev) of this
second doublet that will generate the DP-Z mixing we are interested in, while the vev of
H; will give masses to the SM fermions just as in the SM. Although this model proposes a
scalar sector similar to the one in singlet extensions of the minimal supersymmetric standard
model (MSSM) and Ejg supersymmetric Grand Unified Theories (SUSY GUTs) [1, 17-19],
we expect it to be phenomenologically different since SM fermions remain uncharged under
the extra U(1). Therefore, such simple model will be the focus of our paper.

The paper is organized as follows. In section 2 we present the basic structure of our
proposed model for DP with kinetic and mass mixing, which is a simple variation of the
next-to-minimal two Higgs doublet model (N2HDM) [20]. In section 3 we show how the
expressions for the input parameters of the SM («, Gr and Mz) are modified due to the new
interactions with the DP, and provide an expression of the (modified) Z and Z’ interactions
in terms of the input parameters. Using these results we present expressions for the tree-level
corrections to the EWPOs due to the Z’. Results from our global fit to the EWPOs can
be found in section 4. Here we first restrict our parameter space to regions where the
contribution of the extended Higgs sector to the S, T', U oblique parameters is negligible,
and find the electroweak precision constraints for this restricted region. We show that the
experimental bounds depend crucially on the ratios of vacuum expectation values (H;)/(Hs)
and (S)/(Hs). More precisely, for moderate values of these ratios (< 15 — 20) a DP mass in
the (40 GeV, 1 TeV) range is excluded. For larger ratios, the contribution to EWPOs coming
from the mass mixing is very small and the experimental limits are virtually indistinguishable
from those of the usual DP model. Our conclusions are presented in section 5. Further
details about the diagonalization of the gauge Lagrangian and the scalar potential can be



found in appendix A. Finally, appendix B contains both SM predictions and experimental
values of the observables used in our analysis.

2 Next-to-minimal 2HDM with a U(1)x symmetry

As explained in the introduction, we will be considering a model with SU(2) x U(1)y x U(1) x
gauge group, where U(1)x will give rise to the DP. Our extended Higgs sector will contain
three scalars, with quantum numbers [12-15]

Hl ~ 21/270, H2 ~ 2_1/27_QX’ S ~ 107(1X‘ (21)

H; will play the role of the usual SM Higgs doublet, providing all fermion masses and most
of the SM gauge boson masses. Hy will be responsible for the mass mixing between the Z
and Z’, while S is the standard scalar needed to generate the Z’ mass when a Stiickelberg
term is not simply postulated.

With the particle content just described, we will consider the Lagrangian

1

L=Lsm+ |DMH2|2 + |DMS|2 — 1

X, X1 — gfgwéw —V(Hy, Hy,S),  (2.2)

where we use a hat to denote gauge fields before kinetic and mass diagonalization. The
scalar potential is given by [14, 16]

V(Hy, H, S) = —p1|H1 > + M [Hy[* — po| Ho|* 4+ Nao| Ho|* — ps|S)? + Ass|S|*
+ Ao Hy 2| Ha|? + Azl(HlTHz)(H;le) + \ig|H1|?|S)? (2.3)
+ Xaos|Ho|?[S)? + (ikH{ 0?HaS + h.c).

We assume that the potential parameters are such that all scalar fields acquire a vev,

V1.2 -
(Hig) = ok (S) =

In eq. (2.1) we have chosen opposite U(1)x charges for Hy and S in order to allow for the

(2.4)

cubic term proportional to x in the potential. In its absence, the scalar potential would be
invariant under a global U(1) under which all scalar fields transform with the same phase,
spontaneously broken by the scalar vevs. A Nambu-Goldstone boson (NGB) would thus
appear in the spectrum. An explicit k£ # 0 avoids this massless state in the theory.

The presence of such cubic term in eq. (2.3) can have other important phenomenological
consequences. Generally, contributions from an enlarged scalar sector to EWPOs are negligible
as long as: (i) the lightest CP-even boson is almost indistinguishable from the SM Higgs; and
(ii) all other eigenstates become considerably heavier and degenerate in mass [21]. However,
since k in fact contributes to the mass of all six physical scalar states in our model, it might
lead to significant corrections to the S, T, U oblique parameters.

For future reference, we introduce two combinations of vevs that will be useful in what
follows [16]:

tg =tanf = —, tnztannzg. (2.5)



We now turn to the gauge sector. Details on the diagonalization are presented in
appendix A.l. It is useful to write the physical states (unhatted fields) in terms of the
unmixed field Z = ¢y W3 — & B and A = 8y W3 + ¢ B, with & and 8y the cosine and
sine of the tree-level weak mixing angle (defined in the usual manner). We obtain

A éW Shf 5

A=A X

+ ch¢
Z—cos&Z—i—Tg(smH—sWshf cosf) X, (2.6)

Z'=—sin0Z + Tf (cos 0 + &y sheé sin6) X,
where, following [5], we parameterize the kinetic mixing by a hyperbolic sine and cosine as
X 1

sh¢ = and ch¢ = (2.7)

/1 — X2’ /1 — X2’
respectively. The mixing angle 6 between the Z and Z’ bosons is

2 8y shé — 2ch§cﬁc
tan 20 = Tty : (2.8)

1 — (8 shé)® — (chg%) + 28y shé ché cg oy %;{

with cg,, defined as the cosine of the angles corresponding to eq. (2.5) and

oL ’ / 2g9xqx | 1+1t]
My = -\/g?>+g¢?v, Mx= w? 4+ v3 = M 2.9

As usual, we have defined v? = v} + v3. Note that the combination ¢, My is independent

of t,. The physical masses of the Z and Z’ bosons are easily computed diagonalizing the
Lagrangian as shown in appendix A.1. In the small mixing angle limit they read

M2 1 M
M2 — M3 tgty My

1 M2 1 M
1+ she&? — 5 — =t swsf———x .
(tgty)? MZ - M% tg ty My

M2 ~ M2

(2.10)

M2, ~ M%

It is clear from egs. (2.6)—(2.10) that the Z boson mass and couplings are modified with
respect to their SM values. Moreover, the Z’ boson interacts with SM fermions via 6 # 0.
All this will have important consequences when analyzing the limits that EWPOs can put on
the parameter space. We also stress that, as apparent from eq. (2.8), the mixing angle has
the usual kinetic mixing contribution proportional to sh, but there are now additional terms
that depend on tg and t,. It is the effect of these terms that we will study in the following.
The usual DP model is recovered in the vy — 0 limit (equivalently, g, — 00). We will call
“generalized DP” the case in which tg, are finite, and simply “DP” the tg, — oo limit.



Finally, we briefly discuss the scalar sector of the model. More details can be found in
appendix A.2. Out of the total 10 scalar degrees of freedom, 4 are eaten by the massive vectors
and we are thus left with 6 physical scalar states. We have two charged Higgses H* with mass

t
M. =12 ()\217) n \/in”> , (2.11)
2 Sg
one pseudoscalar A° with mass
kv [(sg  ty
Mo = —= ( + ) , (2.12)
V2 \ty s

and, finally, three CP-even scalars that we will denote h°, H? and s°. Before diagonalization,
their mass matrix is

t t
2)\1185%4—% /\1285—% Mg sptn — A~

M(%P-even = 1)2 Cs A12 Sp — \’;%ZI 2M22 cg+ H\t/%zn A2s Cp t77 o % ’ (213>

o t t
A1s sgty — Wor Aascgty — % 2Ass ca t% + \/;vﬁtn

A few comments are in order. First of all, we see explicitly from eq. (2.12) that, in the kK — 0
limit, A° becomes a massless NGB. This is related to the global U(1) symmetry under which
the scalar potential is symmetric in this limit, as discussed above. The parameter k also
plays other roles: together with tg and t,), it controls the charged scalar mass, as well as the
mixing between the CP-even scalars. This has important consequences for the parameter
space that we will consider in the following sections. First of all, as already stressed, we want
to study the region tg, ~ 5 — 10 to avoid to reduce the gauge sector of the model to the
usual DP one. On the other hand, we need h; (the radial excitation of Hy) to be SM-like,
i.e. a relatively small mixing in eq. (2.13). This points to small-to-moderate values of k/v,
that in turn imply that H* and A° cannot be too heavy. We will explore in section 4.1 the
values of the scalar sector parameters that are experimentally allowed.

3 Z’ contribution to electroweak precision observables

In order to compute the limits that EWPOs impose on the parameter space of the generalized
DP, we will follow the standard procedure: we first express the Lagrangian parameters in
terms of input parameters and then use this information to compute all the observables
that can be compared with experimental data.

3.1 Shifting to physical parameters

From eq. (2.6) we see that the interactions between the Z boson and SM fermions are
modified as [5, 22]

Lz = %Zﬂ G (951 + 0gur) wr + ory" (95K + dgur) Y] (3.1)




where G, = é /47r ng LR are the usual SM couplings and dgy,r g their deviations due to
new physics,

Sgur = (cos0 — 1) (T3 = 8 Qy) + sw she sin¢ (T3 - Qy) ,

(3.2)
5gyr = — (cos 0 — 1) 8%, Qy — Sy she sin 6 Q.
For future reference, we also report the Z’ interactions
vV fi¥ 4o Qe / - ! - V4
Lz = Sl Z, (¢L’Y”9¢L¢L + ¢R’Y”9¢R¢R) ) (3.3)
with couplings given by
gilL = —sinf (Tw — SWQ¢) + 8y sh€ cos @ ( Q¢> (3.4)

gi}% = (sin 08 — 8w sh¢ cos ) Q.

We now need to eliminate the (¢, M 7, éw) parameters that appear in the tree-level Lagrangian
in favor of reference measured quantities [23]. For this purpose, we follow the standard choice
and consider the best-measured observables as input: ae, Mz, and G [22, 23]. All expressions
can be linearized in terms of the extra contributions given that they are expected to be
small [22].

e Fine-structure constant. The anomalous magnetic moment of the electron [24] still
remains the most reliable way of extracting a, for the purpose of electroweak physics.
Since the photon coupling to fermions is not modified by the presence of the DP, the
main modification to the g — 2 of any lepton comes from a triangle one-loop diagram
with exchange of a virtual Z’ boson, with couplings given by eq. (3.3). At leading order
in the Z’' corrections the loop gives

b = Oée(O) (35)

m ae(0 d (95)°
AQ AQ <

with geZ‘l/ A= gezL/ + geZI% the vector and axial couplings, respectively. Although it may

2(1—2)% - (ger;)2 2(1—2)(z+3) + 2(1 — 2)3-¢
Z/
(1 —2)2m2 + zM?2, ’

seem that the DP correction diverges in the Mz — 0 limit, in reality this divergence
is compensated by the fact that, for light Z’, geZA o My, so that G, is always finite.
This is consistent with the fact that a massless gauge boson must couple to a conserved
current.

The value of the electromagnetic coupling extracted from the g — 2 of the electron is
taken near the Thomson limit [25]. For precision electroweak physics, however, most
observables are measured at and beyond the Z resonance, so that it would be convenient
to use ae(Myz)~! =127.951(9) [25] as input parameter. This can be done by including
radiative corrections directly into &. and substituting a.(0) — a.(Mz) in eq. (3.5).



e Z boson mass. As we saw in eq. (2.10), in our model the physical Z boson mass,
My = 91.1876(21) GeV [25], differs from the SM prediction. It is useful to parametrize
the difference as [5, 22]

(M — M)

Mz

z (3.6)

This is one of the important quantities to appear in the calculation of observables.

Moreover, in order to completely eliminate M in favor of the observable Z mass, we
must invert the mass eigenvalue expressions of eq. (2.10). In the limit of small mixing,
it is then straightforward to obtain the parameter z exclusively in terms of the physical

1 My \~
tg ty M, '

masses as
2
My
2 2
M7 — M7,

zZ =

(éw shé — (3.7)

e Fermi constant. The most precise experimental determination of the Fermi constant
to date has been through the measurement of the muon lifetime: Gp = 1.1663788(6) x
107° GeV [25]. Since our model does not alter the charged gauge sector, the Fermi
constant is simply given by the usual formula,

e (0)

Grp=—7—7"—.
P V2, M2

(3.8)

Plugging egs. (3.5) and (3.6) into the expression above and comparing it with the SM
tree-level prediction, we can infer how the weak mixing angle is modified in the presence
of a DP. In terms of only observable quantities, the result is given by

2
R C
SIQ/V = SIQ/V l1+(§_%(—Aae+Z)
w w

Y

(3.9)

Y

2
" S
CIQ/V = C%/V [1 — WM/SZM/) (—Aae + Z)

where we have parameterized the correction to the fine-structure constant as a.(0) =
Ge(1 4+ Acae). Once more, when considering precision tests it is convenient to connect
eq. (3.8) to a.(Mz) by the running of the electromagnetic coupling [23]. The same
can be done for the weak mixing angle, so that we will use s, = s, (M) ~ 0.23 [25]
including radiative corrections in Sy and éyy.

We can finally re-express the interactions of egs. (3.1) and (3.3) in terms of the standard
electroweak parameters. For the Z boson couplings we write

\/47Tae(Mz)
Ly;=Y""217,

p— WLV“ (gig + Ang) YL + YrY* (gi% + Ag¢R> z,z)R} . (3.10)

The shifts to the SM couplings are now given by

1 s?c?
Agyr.R = 09yL.R — % [293%3 + QWWQCM] : (3.11)
(e — siv)



with the SM couplings themselves given in terms of unhatted quantities. In addition, the
Lagrangian that describes the Z’ boson interactions now becomes

47TO(6(MZ) ’ - VA - !
Lz = WZM (¢L7u9¢L1/)L + ¢R7”9¢RZZ)R) . (3.12)

Since they are already small, the direct couplings between the DP and the SM fermions
remain the same as in eq. (3.4).

3.2 Calculation of observables

According to the usual global analysis performed to derive constraints on distinct DP
models [1, 5, 7, 13-15, 26, 27], we consider the following observables: (i) EWPOs measured at
the Z-peak by LEP1 and SLC [28], (ii) differential cross sections measured by LEP2 at center
of mass energies above My [29], (iii) the W mass determined by the ATLAS collaboration [30],
(iv) low-energy neutrino-electron scattering measured by the CHARM-II collaboration [31],
and (v) electron and muon g — 2 [5, 6]. Experimental values and SM predictions for the
variables considered can be found in appendix B.

Since we anticipate new physics effects to be small, in all the expressions derived below
they can be considered only at leading order. Moreover, for observables measured at the Z
peak, we expect the DP contribution and the Z — Z' interference to give just subdominant
contributions — unless Mz ~ My, which is a case that we already know must be excluded.

We can further show that at both Z resonance and beyond the shift to the Z boson
mass dominates over the correction to the fine-structure constant, meaning that Ac. is only
relevant for low-energy processes. As a consequence, we neglect the contribution from Ac,
to eq. (3.9) when deriving high-energy constraints, and directly use the accuracy of g — 2

measurements to impose bounds on our model.

e High-energy observables. We start with a set of observables measured at the Z
peak by LEP1 and SLC, which can be related to the Z boson partial widths into
fermion-antifermion pairs ¢1. Using eq. (3.10), this width can be written as

2gSM 92 gSM
L Agyr + JuR Agyr
(92112 + (95 %) (97012 + (955)? (3.13)
=T5M(1 4 0Ty)
¥ v);

Iy =T |1+

where the correction 6I'y, is defined to be dimensionless. The observables that we will
consider are (i) the total Z decay width 'y = 3°,, I'y, (ii) the total annihilation cross
section into hadrons opaq = 1270 Thaa/(M2T'%) (with Thaq the total decay width into
quarks), (iii) the ratio of partial widths into leptons R; = I'j,q/T; and into quarks



R, =Ty /Thaa [32]. In terms of the various 0I'y, they read
2
ry;=T3M 43 <3r§M5ru + M0, + TM6T, + FfMél“,,) ,

SM
Ohad = Ohad
had

1 2 SM SM
1+ (FSM - FSM) (20561, + 305 o1,
Z

P P (3.14)
+ 1—6F§M 5Fe—61§—M6FV,
2r;Mor, + 305MTy
Ry =RM |14 = ?Eﬂg d — 8Ty,
au
205MT,, + 305M 6T
=y |1 B LS g
11had

Important constraints also follow from asymmetry parameters at the Z pole. We will
focus on four such observables: the electron polarization (or left-right) asymmetry
¢ r = Ae, the forward-backward asymmetry for quarks and leptons A%’% =3A.A4,,/4,
the forward-backward polarization asymmetry for 7 leptons in the final state A.(P;) =
Ae, and the average final-state 7 polarization A, (P;) = A..! These observables are
computed in terms of
9oL~ IR
Ay = 35— = ATM 4 54, (3.15)
9pL + 9yR
where, using eq. (3.10) once more, the NP contribution can be written as

4971 90w
OAs = SM S 2 (g{g%Agsz - gig/[AgwR) . (3.16)
((ng )2+ (95R )2>

Linearizing in the d.Ay’s, we find

Cp=Aer(Pr) =AM £ G A,

3
Ao = (ATMAPM 4 245V 5.4,) (3.17)
3 o}
q _ = _ =s SM 4SM SM SM
Abp=> (1 ka ﬂ) A ASM 4 (ASM5A, + ASMSA)]

where the factor 1 — k4% ~ 0.93 comes from QCD radiative corrections [22].

We also consider observables measured above the Z pole by LEP2, with energies from
130 GeV to around 209 GeV. In particular, we focus on the total production cross section
of fermion-antifermion pairs for ¢» = pu, 7, and ¢ (hadrons) [25], for which we have

msa(Mg)

U(6+6_ - 151#) = Ne 3

|ArLl? + |ALr|® + |ArL|> + |Arr|?|, (3.18)

!Given that our model respects lepton universality, the expressions for Ae - (P;) are the same as the one
for A7 . However, since they were measured independently at LEP, we include all three observables in our
analysis.



where N, = 1(3) for leptons (quarks), /s is the center-of-mass energy, and |A7,|?
(I,J = L, R) is the square of the helicity amplitude, defined as
Ay ? = (A77")?

247M (s — M3) gezllgij] (951 Agys + 935 Ager) (3.19)
S%/VC%/V (S — M%,)2 + (FZ/MZ’)2 s — M% ’

with the SM helicity amplitude given by

ASM () — QeQu 1 9o )y
1J (S) - + 5 9 M2 . (320)

These expressions have been derived in the /s > m,, limit. Moreover, we have
neglected the term resulting from the axial coupling of the Z’ to fermions. This term
would be proportional to (memy/M %,)gezggi;l and, apparently, could be enhanced
in the me /My > 1 limit. This however does not happen: as we have seen in our
discussion of eq. (3.5), for small Z’ masses the axial coupling is proportional to My
and this term ends up being negligible.

The final non-Z pole observable we consider is the W boson mass. Although the charged
gauge Lagrangian is not directly modified in the presence of the extra gauge boson, the
SM mixing with the Z’ modifies the prediction for the W mass. At lowest order in
the electroweak theory, My, can be expressed solely as a function of the Z boson mass
and the weak mixing angle. Thus, the expression we must use in our analysis is easily
determined by plugging egs. (3.6) and (3.9) into the SM prediction M3, = ¢, M2:

2 2

2
My = MSM [1 - W 3.21
v v [ 2(CW_5W)z ’ (3:21)

where MI;QVM can be computed at any desired loop order in the SM interactions [22].

Intermediate-energy observables. In order to impose constraints on lighter Z’
bosons, we extend our analysis by including low-energy scattering of muon-neutrinos
with electrons [5]. While studying the differential cross section of such process, the
CHARM-II collaboration at CERN was able to precisely determine 5124/ through the
measurement of the cross section ratio [31]

o(vue” = vue7)

R= (3.22)

o(ve” = vue”)
However, since the direct extraction of this quantity in our model is not trivial, we
reconstructed the scattering cross section (and, consequently, the ratio R) using the
effective vector and axial coupling constants measured by the collaboration, as well as
the SM predictions given by PDG — see table 5 in appendix B.

Since both v,e” and p,e” scattering can now be mediated by a DP, their total
cross section is also substantially modified. Considering only left-handed neutrinos
and remembering that the Z boson mass is much greater than the invariant energy

,10,



exchanged in the process (v/t < Myz), we can easily determine an expression for the
differential cross section which accounts for the exchange of a Z’ boson. In the case of
neutrinos with a mean energy of F,, = 23.8 GeV in the LAB frame [33], after integration
over phase space we obtain

_ ZG%meEl,

N (3.23)
X {(9554)2 [3(952")% + (954")?] + Ao? + Ac” } :

o(vue” = vue)

3

where the corrections AcZ and AcZ’ indicate the contributions due to changes in the
Z boson couplings and Z — Z' interference, respectively. Their explicit expressions are

AO’Z—8 SM

- ggyL
x {6gur, [3(952")? + (95R"?| + 9ot (3051 09er + 957" 090 )
AO’Z/ _ M% SM , 7z SM  Z' (324)

meEu 9L 9vL YeR YeR

SM 7' 4
el YeL 2meE, ) [ ( Mz, )
X § 455z log +1)—2|log +3
{ 92k 92r ( M3, (2mcE, + M%,)?
2M7, M7, M3, M2,
- log 53 | + 1| — =525 log ~ .
meEz/ (2meEV + M /) meEV 2meEu + M ,

We have kept only terms to the lower order in the NP parameters. The cross section for

the scattering of antineutrinos can be found by substituting gfLA,/[R gff{lL in egs. (3.23)
and (3.24), and using Ey = 19.3 GeV [33].

Low-energy observables. As discussed in section 3.1, measurements from low-energy
processes like (¢ — 2). can be used to impose stringent constraints on extra gauge
bosons with sub-GeV masses [5, 6]. The next most precise way of determining the
electron’s anomalous magnetic moment comes from atomic physics results, which leads
to a bound on the Z’ correction of da, < 1.59 x 10719 [5, 6], where we have defined
Sa. = (g—2)? ' /2. The measurement of the muon g— 2 provides an additional constraint
on the parameters of a DP. Following the analysis of [6], the Z’ correction can be further
limited to satisfy da, < 7.4 x 107%. As it can be read off from eq. (3.5), the two
observables depend on m; /My (with [ = e, ), such that we expect the two observables
to limit complementary regions of parameter space.

4 Constraints on the parameter space

As we have seen in section 2, the model we are considering not only modifies the gauge

sector, but also introduces new scalar fields. Except for the SM-like Higgs boson h°, the

additional scalars will have suppressed couplings to fermions (this coupling is proportional

to the mixing with the SM-like state, which we know must be small). However, they can

have unsuppressed couplings to gauge bosons. This is the case for the states that emerge

mainly from the doublet Hy, i.e. the pseudoscalar A°, the charged Higgs H*, and one of the
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Figure 1. Scalar parameter space excluded by S (light gray region) and Ap (dark gray region).
The constraints have been computed requiring the scalar contributions to S (Ap) to be smaller than
1072 (10=%). Small values of x are excluded because in this region the scalar spectrum is highly
non-degenerate. Large values of k are excluded because the SM-like Higgs mass deviates from the
current experimental value.

CP-even scalars, denoted here by H. In the limit of small scalar mixing, we can easily verify
that couplings involving the singlet-like Higgs s can be orders of magnitude smaller than all
other gauge-scalar couplings. Consider, for example, the Higgs-vector-vector couplings. In
order to avoid reducing our gauge sector to the usual DP model, we are interested in the
region of moderate tg,t, for which H 0 would have somewhat enhanced couplings. Since in
models with more complicated Higgs sectors the CP-even bosons satisfy sum rules as [21]

gi210VV + Q%JOVV + 9§0VV = g,%SMVV, (4.1)

it follows that s° must have the most suppressed couplings. On the other hand, in the
limit of small gauge mixing, couplings to the DP will also be highly suppressed, regardless
of the scalar state involved.

The states emerging from the extra doublet can, therefore, contribute to the gauge boson
vacuum polarizations and affect observables in a way that is not captured by our discussion
in section 3.2, which focused on the Z’ contributions. Before analyzing the limits on the
7' parameter space, we will further determine whether a region in parameter space exists
where the contributions of the NP scalars to observables can be neglected. We will contend
ourselves with a simplified analysis in which we will consider bounds coming from oblique
parameters. Since, as already mentioned, the only states that can significantly contribute
are those coming from the additional doublet, we will use the results for 2HDMs described
in [34, 35]. One crucial point is that large contributions to the oblique parameters appear
when the scalar masses are very different.

4.1 Bounds on the scalar sector

Electroweak data allows us to determine the oblique parameters [25]

S = —0.5+0.07, Ap = a,T = 1.0000 % 0.0005, (4.2)
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where U = 0 was fixed. To be conservative, we will require the contributions from the scalar
sector alone to be smaller than the uncertainties. More precisely we will impose the NP
contributions to satisfy Syp < 1072 and Apyp < 1074

Our results are shown in figure 1. We focus on the \o; versus k plane since \oj is directly
related to the Charged-Higgs mass, while x controls the masses and mixing of all scalar states
(see section 2). Given that the parameter space in the scalar sector is rather large, we fix
the remaining parameters to the following benchmarks:

® A2 = Ags =37, Aiz = A\is = Aos = 1073, and 15, = 5;
e Mo =Ags =1, Aja = Mg = Aog = 1073, tg = 5, and t,, = 15.

With these choices, the singlet-like CP-even scalar has a mass around 1TeV and is thus
decoupled.? As in 2HDMs, electroweak observables do not provide any information on the
absolute mass scale of the additional scalar bosons in our model [36]. However, they can
constrain their relative masses — this follows from the one-loop vacuum polarization diagrams
contributing to the oblique parameters [21, 34]. It has been shown that, as a consequence, a
highly non-degenerate scalar spectrum can lead to large corrections to S, T, U [35]. Figure 1
therefore illustrates regions of the As;1-x parameter space in which the charged-Higgs, the
pseudoscalar, and one of the extra CP-even states are nearly degenerate in mass, even though
the overall mass scale remains undetermined.

The regions excluded by the S (Ap) parameter are shaded in light (dark) gray. As we can
see from figure 1, only the region 50 GeV < k < 1TeV is still allowed — unless A1 2 0.2, in
which case the lower bound gradually increases to about 120 GeV. This region corresponds to
pseudoscalar masses between a few and a few hundred GeV. Both S and Ap exclude regions
with small and large k. The region with large x is excluded because the mass of the SM-like
scalar deviates substantially from 125 GeV — see eq. (2.13). Since both S and Ap measure
deviations from the SM, this effect turns out to be important. As for the lower bounds,
they come from regions in which the spectrum of scalars heavier than the Z boson is not
degenerate. More precisely, S excludes regions with large mass gaps between the second
heaviest CP-even state and either pseudoscalar or charged Higgs, while Ap excludes regions
in which the large mass gap is between the pseudoscalar and charged states.

We thus conclude that, at least for the slice of parameter space shown, large regions
in A9 and k are still allowed. Although a complete scan of the scalar parameter space is
beyond the scope of this paper, we have analyzed a few benchmarks to understand whether
this property persists for other choices of parameters. Since the ratio of the vevs controls
important features of both scalar and gauge sectors, we have chosen benchmarks with fixed
values of \;; and &, and varying tg and t,. We find that, typically, the region tg 2 2 is

2Such large quartic self-couplings were chosen to guarantee that the singlet-like Higgs is heavy compared
to the electroweak scale, and the CP-even scalar coming from the extra doublet is heavier than the SM-like
one. However, they also imply a Landau pole close to O(TeV), yielding a theory that quickly becomes
non-perturbative. In order for the Landau pole to appear at higher energies, we must either consider smaller
values of \;;, or larger values of t,,. Since we want to avoid reducing the gauge sector in our model to the
usual DP one, we would need to further decrease the quartic self-couplings and, consequently, have lighter
CP-even scalars in the spectrum. In this scenario, it is not clear whether we can use the 2HDM approximation
and, for that reason, one would have to fully analyze the loop contributions of the scalar sector to S, T, U.
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open for any value of t,, almost independently from the choice of the other parameters. The
bound essentially comes from the requirement that the coupling between the SM-like scalar
and fermions is close to its SM value. As in the type I 2HDM, the Yukawa coupling scales
as 1/sg, so that requiring it to be within about 10% of the SM value implies tg 2 2. A
similar conclusion was reached in [12]. It is also interesting to understand what happens
in the tg,t; — oo limit in which we recover the usual DP model. In this limit, the lightest
scalar aligns with the SM-like Higgs boson, while all the remaining scalars become heavy
and almost degenerate [37]. The contributions to EWPOs are negligible and no relevant
bound emerges, in accordance with the results of [7].

Finally, we have analyzed whether collider limits can bound the parameter space in
the scalar sector. We have considered searches for charged Higgs bosons produced in VBF
processes and decaying into WZ pairs [38], and searches for pseudoscalars produced via
gluon-gluon fusion [39]. To compare with data, we have computed the appropriate cross-
sections and decay rates, finding that in our model they are orders of magnitude below the
experimental bound, so that no limit emerges.

4.2 Bounds on the gauge sector from EWPOs

We now turn to the gauge sector of the model. Before discussing our main results, we ask
in which regions of parameter space we may expect major differences between the limits
of the generalized and usual DP (shown in the upper panel of figure 3). We quantify the
modifications using the relative variations of the mixing angle and Z’ couplings between the
generalized DP (denoted by 6, gi ") and the usual DP (6pp, gijDP), defined as

AO 60— 0pp Agd,l . 95 - 95:]313

= ) = : (4.3)
0 Oop 97 97.pp

The results are shown in figure 2 for t3 = t,, = 5 (left panel) and 15 (right panel). In the dark
gray region, we have || > 1072, such that modifications to EWPOs are expected. Below the
dashed line we find |A6/6| > 0.5, which corresponds to O(1) deformations in the Z couplings
of the generalized DP with respect to the usual DP. If the two regions intersect, we expect
the EWPOs bounds to be different between the generalized and usual DP. We also show
the lines below which the Z’ couplings to electrons (dot-dashed) and neutrinos (continuous)
have O(1) differences with respect to the DP case. We do not show the same line for quarks
since it is similar to the electron one. Finally, the vertical dotted line corresponds to the
maximum allowed value for M7/, only reached when gxqgx ~ 4m.

As we see from figure 2, for relatively small tg = t,, = 5, the dark gray region extends
below the dashed line, so that major modifications are expected in the limits coming from
EWPOs. For larger values tg = t,, = 15, this does not happen and we expect the limits
to be essentially the same as in the usual DP model. Concerning the modifications to the
Z' couplings to electrons and quarks, they are expected for a relatively heavy Z’ and small
sh¢. The case of neutrinos is different, since major modifications are expected in most of
the parameter space, especially for relatively light Z’. This is not surprising: in the usual
case, a light DP couples to the electromagnetic current, i.e. there is no coupling between
neutrinos and the Z’. This can be easily seen comparing eq. (3.4) with eq. (2.8): the neutrino
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Figure 2. Regions in which major deformations with respect to the usual DP physics (tg,, — c0)
are expected, fixing tg = t, = 5 (left panel) and 15 (right panel). In the dark gray region, § > 102
(i.e., we expect to have effects on EWPOs). Below the dashed line we have A8/6 > 0.5, while below
the dot-dashed (continuous) line we have AgeZL/ / geZLI > 0.5 (AgfL/ / gfL/ > 0.5). The vertical dotted line
shows the maximum allowed value for M/, reached when gxqx ~ 4.

coupling is g,/ZL' = (8w sh{ cos — sinf)/2, while in the tg, — oo limit the mixing angle is
approximately 6 ~ Sy sh€, resulting in 951: ~ ( to leading order in the angle. In our case,
the correlation that leads to the cancellation breaks down due to the generalized mixing,
so that even a light Z’ couples to neutrinos.

We now turn to the actual excluded regions in parameter space. Our main results are
summarized in figure 3, in which we show the region excluded by EWPOs (shaded in dark
gray), as well as the regions excluded by the low energy measurements of (g — 2),, (medium
gray) and (g — 2). (light gray). To draw the limits, we have used the procedure outlined in
appendix B. The different panels refer to different choices of tg,, taken to satisfy tg = t,
for simplicity: tg, — oo (usual DP case, upper panel), tg3 = t, = 15 (lower left), and
tg = t, = 5 (lower right). Concerning the usual DP case (upper panel), we recover the known
results [6, 7, 40]. As we can see, the kinetic mixing is more strongly constrained by EWPOs
when Mz ~ Mz or when Mz approaches any of the LEP2 center of mass energies. Moreover,
strong limits emerge from (g — 2).,, for a light Z’. As anticipated in section 3.2, the difference
in mass between electrons and muons ensures that the two limits are complementary.

We now move to the two lower panels in which the generalized mass mixing is turned
on (i.e., tg, are finite). In addition to the excluded regions (same color code as in the
upper panel), and in order to make easier the comparison with figure 2, we show where O(1)
modifications to the mixing angle are expected (below the dashed line), as well as where
modifications to the Z’ coupling to neutrinos will appear (below the continuous line). We
further show a vertical dotted line corresponding to gxgx =~ 4m — this is the point in which
the naive perturbative limit of our theory and the Z’ mass cannot be pushed to larger values.
Such vertical line is the same for both tg = t,;, = 5 and 15. This can be understood from
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Figure 3. Current 68% CL bounds on both kinetic mixing and DP mass. Constraints are derived
from the fit to EWPOs (darkest gray shaded region) and lepton g — 2 (electron bound is shown in
light gray, while muon bound is shown in dark gray). The upper panel corresponds to the standard
DP framework (tg,, — oo in our model). The lower panels present the excluded regions for a DP with
generalized mixing: tg = t,, = 15 (left) and tg = t,, = 5 (right).

egs. (2.9)—(2.10): apart from relatively small corrections, we have

9x qx 1+t2

Mz,
Ve A\

so that for tg = t,, the dependence on the vevs ratios largely cancels and the maximum

MZIEMX:2 (44)

allowed value for My is set solely by gxqx.

Turning to the results, we observe that both panels follow exactly our discussion of figure 2.
For tg =t,, = 15 (left), 0 is so small in the region where the mass mixing dominates that no
measurable effects on EWPOs are generated, and the exclusion is virtually undistinguishable
from the usual DP case. On the other hand, for tg = t,, = 5 (right), the generalized mass
mixing excludes more parameter space with respect to the usual DP model. This happens
precisely in the region where the mass mixing dominates and € is sufficiently large to give an
effect on EWPOs. In the right panel, we can also see a “bump” in the exclusion appearing
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Figure 4. As in figure 2 but for tg = 5, t,, = 15 (left panel), and tg = 5, t, = 60 (right panel).

for My ~ (0.1 — 0.2) GeV. This is due to an enhancement of the Z’ contribution to v — e
scattering that happens for Mz ~ \/m.E,. This bump is not present in the usual DP model
because, as discussed above, a light DP does not couple to neutrinos. It is also not present in
the lower left panel because, for tg = t, = 15, the Z’ contribution to o(re — ve) is about
one order of magnitude smaller than the experimental uncertainty, so that no signal appears.
For tg = t,, = 5, the exclusion coming from EWPOs extends up to Mz ~ 1TeV, the
maximum allowed value for the Z’' mass. This is a consequence of the choice tg = t,.
What happens if we relax this choice? As it is clear from eq. (4.4), when t, > tg, we
have My > My ~ My, and some form of decoupling is to be expected. We can make this
statement more precise inspecting eq. (2.8). Observing that the combination ¢, My does not
depend on t,, we see that in the t, 2 tz regime, the main contribution to the generalized
mixing is given by the second term in the numerator of tan(26), which only depends on tg.
As we increase t,, and go into the t,, > tg regime, the term proportional to (Mx /Myz)? in
the denominator starts to dominate, so that we expect | tan 20| t, 2 corresponding to the
expected decoupling. This point is quantified in figure 4, the analog of figure 2 in which we
keep fixed tg = 5 and increase t, to 15 (left panel) and 60 (right panel). In the left panel, t,
is still sufficiently moderate that the mixing angle is dominated by the tg contribution and
we still exclude masses in the 40 GeV < Mz < 1TeV range. We start, however, to see some
decoupling, since the region 1 TeV < My < 10TeV in unconstrained. On the other hand, for
t;, = 60 we are deep into the t,, > tg regime and the mixing angle is so small that there is no
limit from EWPOs. In this case we expect to be, once more, back to the usual DP case.

5 Conclusions

U(1) x models are among the simplest extensions of the SM of particle physics and have
the nice property that they can be searched for in a plethora of different experiments, from
colliders to beam dumps to precision low energy experiments. Among the most robust limits
are those coming from EWPOs, expected to be significant since, in general, the gauge sector
of the SM is modified in U(1)x models. DP models are particularly simple because, under
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the assumption that the only portal with the SM is given by the kinetic mixing and that
the vector mass is of Stiickelberg type, the phenomenology is completely fixed by only two
parameters: the DP mass and the kinetic mixing itself. An interesting question that can
be asked is: how robust are the DP limits to small deformations to this scenario? Steps in
this direction have been taken in [10, 11], in which the effects due to the addition of higher
dimensional operators or of a dark Higgs boson have been studied.

In this paper, we take a further step in the same direction: we study a situation where,
in addition to the kinetic mixing parameter, a mass mixing between the DP and the Z boson
is also considered. First we identified a suitable model in which such a generalized mixing
emerges (section 2). This turns out to require the addition of one singlet and one doublet to
the scalar sector, both charged under U(1)x. The gauge sector of the model is completely
described by four parameters: the kinetic mixing, two ratios of vevs (that we call tg and t,),
and the U(1)x gauge coupling. One combination of the latter three parameters controls the
Z' mass, while another combination controls the additional source of mass mixing. Since
any mass mixing between the Z and Z’ modifies the electroweak sector of the SM, we have
then focused on the limits arising from EWPOs, described in section 3.

Our results are presented in section 4. Concerning the scalar sector, we identify regions in
the parameter space allowed by current data for some given benchmarks. Concerning instead
the gauge sector, the main conclusion is that, for moderate values of tg and t,, EWPOs
exclude a much larger region in parameter space with respect to the usual DP with only
kinetic mixing. However, as soon as tg and/or t,, become larger, the model becomes virtually
indistinguishable from the usual DP model, at least for what concerns EWPOs.

Of course, this does not mean that in this region of parameter space there are no differences
between generalized and usual DP. As can be seen from figures 2 and 4, large modifications to
the Z' coupling to SM particles are expected even when there are no modification to EWPOs,
given that the latter are mainly driven by the Z coupling and mixing angle 6. A simple
computation shows that, for the total Z’ decay width Iz, we can have I'yy = O(10)T'z pp
(with I'z pp the total Z’ decay width for the usual DP) right below the dashed lines in
figures 2—4. In such region, we thus expect major modifications to the limits coming from
experiments in which the Z’ is directly produced and further decays to generate a signal.
Comparing with figure 3.3 of [3], we see that modifications can be expected in the limits
coming from hadronic and electronic beam dumps (nu-Cal, CHARM, E137), colliders (Babar,
CMS, Atlas), and also in supernova bounds. We expect the modifications to the limits to
be particularly important for beam dumps and supernova. In these cases, the Z’ should
decay at a macroscopic distance from the production point, and our model predicts a lifetime
which is much shorter than the usual one in a large part of the parameter space where
such bounds apply.

Consider, for example, beam-dump experiments in which a DP is searched for as a displaced
vertex [3]. It has been shown that, in the usual DP scenario, beam-dump experiments give
the best sensitivity for a kinetic mixing in the 10~7 — 1073 range [41]. Moreover, in the
1MeV — 1GeV mass range, the decay length is such that more decays should fall inside
the experiment’s fiducial region, providing a stringent exclusion in the usual DP parameter
space [3, 41]. In our model, however, a very long-lived DP (i.e., very small kinetic mixing),
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for which most decays would typically happen past the detector, now presents a much
shorter decay length. As a consequence, the number of decays in the detector might increase,
leading to even stronger constraints. On the other hand, as the kinetic mixing increases, the
shortening of the decay length might instead move decays closer to the interaction point,
reducing the decay probability in the fiducial volume. The effect could be a gain of parameter
space when compared to the usual DP model.

Since a case-by-case analysis is needed to asses quantitatively how these bounds are
modified, we defer such study to future work.
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A Diagonalizing the gauge and scalar sectors

A.1 Gauge sector
We present here more details about the diagonalization of the gauge boson Lagrangian.
Starting from eq. (2.2), the terms involving the gauge bosons are

1.~ N 1. .
EKinetic D) _ZV‘LZZKVHU + §V“TM2VH, (Al)

with fields before diagonalization defined as VvV = (Z VAL X )T and VW the corresponding
field-strength tensor. The kinetic matrix receives contributions from the kinetic mixing
parameter x and is given by

1 0 —Swyx
K= 0 1 ewx | (A.2)

—Swxcwx 1

while the mass matrix is

1@+ ) Wi +v3) 0 —359xax/ (g% + g?)v3
M? = 0 0 0 : (A.3)

—29xaxV(Z+ d%)v3 0 (gxqx)*(w? + v3)
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To diagonalize this Lagrangian, we first diagonalize the kinetic terms applying the trans-
formation [5]

10 8y she Z
V=LV=|01-¢yshe||A (A.4)
00 ch¢ X

The mass matrix in the tilded basis is simply given by M? = LT M?2L and can be diagonalized
by a rotation R defined as

cosf 0 —sin6 A
V=RV=| 01 0 Al, (A.5)
sinf 0 cosf A

with the rotation angle 6 shown in eq. (2.8) and physical masses given by

1 . M3 - -
M2 5 = 3 [Tr M? =+ sign (1 - M);) \/(Tr M?2)2 — 4 det M21 : (A.6)
Z
where, for simplicity, we have defined

N 2 N

- . M M

Te M? = M% |1+ <Ch§ X> — 28y shé ché cg e~ + (3 shé)?|

MZ MZ (A7>

det M? = [1 — (cp Cn)2] (ch§ MXMZ)Z.

The function sign(x) is used to ensure that My — My and My — Mx in the limit of

no kinetic and mass mixing.

A.2 Scalar sector

We now turn to the diagonalization of the scalar Lagrangian. We parametrize the scalar

fields as
v h2+i¢0 .
o7 el w+ s +i¢%
Hy = (v1+f\L/1§-i¢(1) ’ Hy = g ) S = T? (A8)

where the vevs are determined minimizing the scalar potential of eq. (2.3):

A A K vow
2 2 122 1S 9 2
= A1v] + vy + —w' =,
251 117 5 2 D) \/§ ™
2yl M2 Ao 0 K BIW
Ha 22U 5 U1 B /2 v )
A A K Vv
2 2 1S 2 25 9 102
= Agsw” + —=v] + —v5 + —(=—.
These equations can be used to eliminate the mass parameters p?, allowing to express the
mass matrices in terms of the vevs. In the charged scalar sector we obtain

v? (/\21054-\[';:;; A1 85 + V2 Bt )

Mparged = =3 (A.10)
e 2 A218g + V25, tg(Aa1ss + V2 Ety)
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Observable Experiment SM
Tz [GeV] | 2.4952+0.0023 | 2.4942
Ohad [0b] 41.540 +£0.037 | 41.481

R 20.767 +0.025 | 20.739
Al 0.0171 4 0.0010 | 0.01642
A (Pr) 0.1439 +0.0043 | 0.1469
Ac(Pr) 0.1498 +0.0049 | 0.1469
¢ 0.15138 4 0.00216 | 0.1469

R, 0.21629 + 0.00066 | 0.21582
R, 0.1721 +0.0030 | 0.17221
AL 0.0992 4 0.0016 | 0.01030
¢ s 0.0707 £ 0.0035 | 0.0735

Table 1. Main electroweak observables measured at the Z pole [28] and their SM predictions [25].

in the CP-odd sector we have

ty On 1
2 RvU s
MCP-odd:ﬁcﬁ ty taty tg | (A.11)
1 ts s

and in the CP-even sector we have the matrix of eq. (2.13). Diagonalization can be performed
with standard techniques (see, for instance, [20] whose notation we follow). In the charged
and CP-odd sectors, the rotation to the mass basis is simply given by

H:t . Cg SB Qﬁt
e —sg cg gz%t ’

Al ) ty OSB c3 Sp 0 ¢(1) (A'12)
Gll=—F7=—=| 0 10|]|-s5c50]| ]3],

\/sh+t2
a9 B \—sgot, )\ 0 01)\6

where H* and A° are the physical states with masses shown in eqs. (2.11)—(2.12), and the
states G* and G?’Q are the would-be NGBs eaten up by the gauge bosons. Diagonalization
of the CP-even mass matrix must instead be done numerically.

B SM predictions, experimental values of observables, and statistical
analysis

For completeness, in this appendix we present the experimental data and SM predictions
we have used to produce figure 3. Table 1 summarizes the experimental measurements and
SM predictions for observables measured at the Z peak, while in table 2 we show the same
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Obs. Vs [GeV] Exp. [pb] SM [pb] | v/s [GeV] Exp. [pb] SM [pb]
o(qq) 130 82.1+2.2 82.8 192 22.05 £ 0.53 21.24
o(ptu™) 130 8.62 + 0.68 8.44 192 2.92+0.18 3.10
o(tt77) 130 9.02£0.93 8.44 192 2.81£0.23 3.10
o(qq) 136 66.7 £ 2.0 66.6 196 20.53 £ 0.34 20.13
o(ptp™) 136 8.27 +£0.67 7.28 196 2.94+0.11 2.96
o(tt77) 136 7.078 + 0.820 7.279 196 294+£0.14 2.96
o(qq) 161 37.0+1.1 35.2 200 19.25 £ 0.32 19.09
o(ptp™) 161 4.61 £0.36 4.61 200 3.02+0.11 2.83
o(tT77) 161 5.67 £0.54 4.61 200 2.90£0.14 2.83
o(qq) 172 29.23 £0.99 28.74 202 19.07 £0.44 18.57
o(ptp™) 172 3.57£0.32 3.95 202 2.58£0.14 2.77
o(tt77) 172 4.01£045 3.95 202 2.79£0.20 2.77
o(qq) 183 24.59 £ 0.42 24.20 205 18.17£0.31 17.81
o(ptp™) 183 3.49 £0.15 3.45 205 2.45£0.10 2.67
o(ttr7) 183 3.37+£0.17 3.45 205 2.78+£0.14 2.67
o(qq) 189 22474+ 0.24 22.156 207 17.49 £ 0.26 17.42
o(ptu™) 189 3.123 £ 0.076 3.207 207 2.595 £ 0.088 2.623
o(tt77) 189 3.20£0.10 3.20 207 2.53£0.11 2.62
Table 2. Cross sections for ete™ — 1) (with ¢ = ¢, u, 7) measured above the Z resonance and

their SM predictions [29].

Iz Ohad R Abp
'y 1.000
Ohad | —0.297 1.000
R; 0.004 0.183  1.000
Al | 0003  0.006 —0.056 1.000

Ry R, AL, ASp
R, | 1.00
R. | —0.18 1.00
A, | =010 0.04  1.00
A%p | 007 —0.06 0.15 1.00

Table 3. Correlation matrices among observables measured at the Z peak [28].

information for the measurement of the cross-section for the process eTe™

— Yt (with

¥ = q,pu,7) performed above the Z peak. Since for our statistical analysis we need the

correlations between observables, we present them in tables 3 and 4 for the observables at and

above the Z peak, respectively. In table 5 we show the values of the vector and axial couplings

derived from neutrino-electron scattering measured at the CHARM II experiment [31],

together with their SM prediction extracted from [25]. Finally, in our analysis we also use
the W mass obtained by the ATLAS collaboration, My, = (80.370 £ 0.019) GeV [30], with
SM prediction of 80.358 GeV [25].
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Vs | 130 136 161 172 183 189 192 196 200 202 205 207
130 | 1.000

1361 0.071 1.000

161 0.080 0.075 1.000

17210.072 0.067 0.077 1.000

18310.114 0.106 0.120 0.108 1.000

18910.146 0.135 0.153 0.137 0.223 1.000

19210.077 0.071 0.080 0.072 0.117 0.151 1.000

196 {0.105 0.097 0.110 0.099 0.158 0.206 0.109 1.000

200{0.120 0.110 0.125 0.112 0.182 0.235 0.126 0.169 1.000

20210.086 0.079 0.090 0.081 0.129 0.168 0.090 0.122 0.140 1.000

205(0.117 0.109 0.124 0.111 0.176 0.226 0.118 0.162 0.184 0.132 1.000
20710.138 0.128 0.145 0.130 0.208 0.268 0.138 0.190 0.215 0.153 0.213 1.000

Table 4. Correlation matrix among the hadronic cross sections o(gq) measured above the Z peak
for different energies [29].

Observable Experiment Standard Model
gev —0.025 £ 0.020 —0.0398
JeA —0.503 £ 0.017 —0.5064

Table 5. Effective vector and axial coupling constants from neutrino-electron scattering measured
by the CHARM II collaboration [31]. The SM prediction for such couplings is given by PDG [25].

To draw the exclusion region showed in figure 3, we proceed as follows. The gauge sector
of our model depends on four parameters, (My/, shé, tg, t,). Assuming the measurements
to be normally distributed, we can define the chi-square as [7]

XQ(MZ’a Shg) tﬁv tn)

) (B.1)
= [xexp - :L‘theo(MZ’a Shg, tﬁa tfi)]@ <COU l)m [xe:pp - :L'theo(MZ’a Sh£7 tﬂa tn)]] )

with covariance matrix given by (cov);; = o; (cor),; 0, where o is the standard deviation of

j
each measurement and cor the correlation matrix presented in tables 3 and 4. The exclusion

region is obtained requiring [36] that
AX* (M1, $hE, b5, ty) = x* (M, ShE, £, t) = Xiuin 2 4.7, (B.2)

which corresponds to an exclusion at the 68% C.L. for four degrees of freedom. The quantity
X2, denotes the absolute minimum value of the x? function, obtained by comparing the
SM predictions to the corresponding measurements.

Data Availability Statement. This article has no associated data or the data will not
be deposited.
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