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Abstract We investigate the structure of the minimal left-
right symmetric model that enables precise predictions in
the gauge, scalar and neutrino sector. We revisit the com-
plete set of mass spectra and mixings for the charged and
neutral gauge bosons, would-be-Goldstones and gauge fix-
ing, together with the ghost Lagrangian. In the scalar sector,
we analytically re-derive all the massive states with mix-
ings and devise a non-trivial physical input scheme, express-
ing the model couplings in terms of masses and mixing
angles. Fermion couplings are also determined in closed
form, including the Dirac mixing in the neutrino sector, eval-
uated explicitly using the Cayley—Hamilton theorem. These
analytic developments are implemented in a comprehensive
FeynRules model file. We calculate the one loop QCD cor-
rections and provide a complete UFO file for NLO studies,
demonstrated on relevant hadron-collider benchmarks. We
provide various restricted variants of the model file with dif-
ferent gauges, massless states, neutrino hierarchies and parity
violating g7 # gr gauge couplings.

1 Introduction

Understanding the microscopic nature of forces and the spon-
taneous origin of mass are the two core attributes of the
Standard Model (SM) [1]. Neutrino oscillations have now
firmly established that neutrinos are massive, in contrast to
the SM, and recent significant experimental progress deter-

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1140/epjc/
$10052-024-13614-8.

#e-mail: jonathan.kriewald @ijs.si
b e-mail: miha.nemevsek @ijs.si (corresponding author)

¢ e-mail: fabrizio.nesti @aquila.infn.it

Published online: 20 December 2024

mined their mixing properties to unprecedented precision.
Still, the nature of neutrino mass (Dirac vs. Majorana) and
even more importantly its origin, remain an unsolved mys-
tery of particle physics. Contrary to charged fermions, whose
origin is tightly connected to the Higgs mechanism, as the
LHC data keeps confirming [2,3], we do not know which
theoretical framework is responsible for neutrino mass gen-
eration. Another unsolved puzzle in the SM is the glaring
parity asymmetry of weak interactions. With the enduring
SM experimental success, we got used to the chiral nature
of weak interactions and are taking it for given, but the rea-
son behind it remains as unclear as it was at the time of its
discovery.

Left-right (LR) symmetry addresses both of these short-
comings within a single framework by postulating par-
ity invariance of weak interactions via interchangeable
SUQ2)r x SU(Q2)g local symmetries, featuring new right-
handed gauge bosons Wgr and Zg. The need for anomaly
cancellation automatically brings in three right-handed neu-
trinos N;=1 2,3, whose mass is tied to the spontaneous break-
ing scale of SU (2) g. Moreover, the U (1) charge assignment
becomes very simple and parity symmetric (or vector-like)
and is given by U(1)p_.

Gauging lepton number indicates that the Higgs sector
may (and in fact does) lead to lepton number violation
(LNV), if neutrinos couple to the Higgs with a Majorana-type
Yukawa coupling. The original works addressed the issue of
parity restoration [4,5] with soft breaking, but it was soon
realized that spontaneous breaking works with both doublets
[6] and Ay g triplets [7-10]. The latter option allows for
Majorana mass terms for heavy and light neutrinos, which
led to the celebrated seesaw mechanism [11,12] and features
LNV. We shall refer to it as the minimal left-right symmet-
ric model (LRSM). Unlike GUT-inspired seesaw scenarios
[13,14], the LRSM scale need not be much above the elec-
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troweak scale, since the interactions do not mediate proton
decay.

Indeed, prior to the advent of LHC, the most stringent con-
straints on the LRSM scale came from flavor physics. The
point here is that, as usual in gauge theories, flavor asym-
metry comes from the Yukawa sector when the bi-doublet
¢ couples to quark doublets Q7 r. When LR symmetry, in
either P or C form, is imposed on the Lagrangian, Yukawa
couplings are constrained to be nearly hermitian or symmet-
ric. This implies similar flavor mixings in the quark sector
VA ~ V{ and has led to significant constraints since the
Tevatron era [10,15-17] that pushed the scale beyond direct
detection capabilities of colliders for some time. The increase
of center-of-mass energy at the LHC suffices to probe the
scales beyond the flavor constraints [18-26], which spurred
a number of collider studies, see reviews in [27-30].

Arguably the most fundamental signal one can look for is
the Keung—Senjanovi¢(KS) [31] production of heavy Majo-
rana neutrinos through Wpg-mediated gauge interactions.
With even a tiny amount of data, the recast of leptoquark
searches led to a significant bound [32] that was extensively
characterized across the My, — my plane [33] from well
separated £¥¢*j;j to boosted neutrino jets [34,35] with a
displaced vertex [33,36] and finally invisible N [33]. (Some
of these bounds are relaxed if CKM is different in left-
and right-handed interactions [37-39].) With enough data
it may be possible to characterize the chirality [40,41], dis-
ambiguate production channels [42], look for CP phases in
case of degeneracy [43] and include top final states [44]. At
even smaller masses, decays of hadrons and mesons become
important when a significant amount of decaying states is
available [45-47]. At very high Wx masses, off-shell produc-
tion takes place [48]. Looking into the future, the reach of an
FCC-hh was estimated to be around 30 TeV [49], in agree-
ment with other studies [48,50-52]. Similarly, the potential
sensitivity of displaced vertices at lepton collider can probe
the M, up to ~ 26 TeV at FCC-ee and ~ 70 TeV for a
muon collider [53].

At present, many experimental searches by CMS and
ATLAS are targeting W’ and Z' resonances. Here we focus on
Wg, which is lighter than Z g and thus sets the most stringent
constraint on the LR breaking scale and we only review the
most recent experimental updates. The KS channel [54,55]
searches are looking for resolved as well as boosted (but
prompt) topologies of N decays. In the low m y regime, the
Wpg — N channel is equivalent to W — £v, because N
becomes long-lived enough to decay outside of the detector.
One can then recast both leptonic (e, w) [56,57] as well as T
final states [5S8—60]. In the LR symmetric case, the CKM in
the left and right-handed sectors are similar and one has direct
limits from dijet [61,62] and ¢ resonance [63,64] searches.
The final state topologies here are clearly independent of m
and so is the resulting limit on My, apart from the slight
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suppression of the Br when N channels open up. Finally, Wg
can decay to SM gauge bosons W, Z and Higgs &, leading
to further dedicated searches [65,66].

The imposition of LR-symmetry has important ramifica-
tions in the leptonic sector, such as u — ey, which was
the original motivation for seesaw [11]. When the triplet
Yukawa couplings are restricted to a near-hermitian or sym-
metric form, Dirac and Majorana couplings become directly
related. In the case of C [67] this connection allows one to
calculate the Dirac mass in terms of Majorana masses, via a
square root of a matrix. The new analytic solution found in
this work gives a direct insight into the Dirac-Majorana con-
nection from colliders, where Majorana masses may be mea-
sured, and connect it to any Dirac-mediated process. These
processes appear either at colliders [67-70], nuclear Ov2p
[12,71-74], electron EDMs or radiative decays, and may be
relevant for dark matter searches [75-77]. The connection
becomes rather involved in the case of P [78,79] and one
can resort to numerical algorithms [80] to invert it.

The primary focus of LHC studies has been on the
gauge sector, looking for a massive TeV scale Wg reso-
nance in the s-channel and the associated Majorana neu-
trino [20,28,32,33,42]. On the other hand, the Higgs sector
is of fundamental importance for experimentally establish-
ing the spontaneous mass origin of heavy neutrinos from
AR Yukawa coupling to N. The scalar sector was intro-
duced in [6,7] and analyzed in follow-up studies [81-85]
to the more recent works [86—89] with emphasis on pertur-
bativity [90-92], vacuum stability [93-95] and gravitational
waves [96,97]. Our approach is to start from physical quanti-
ties, masses and mixing angles and use them to compute the
potential couplings. We therefore revisit and re-derive the
minimization conditions and compute the spectrum to give a
closed form solution for the potential parameters in terms of
physical inputs.

There are two simplifying assumptions that we make in
the entire analysis. The first regards the vev of Ay, which
has to be small for phenomenological reasons, limited to
vy, S GeV by the p parameter. For the most part of our dis-
cussion we set vy, = 0, which simplifies the diagonalization
of the scalar mass spectra without a significant impact on
the eigenvalues and phenomenology. The other assumption
regards the two quartic couplings of the bi-doublet, which
we take to be related by Ap = 2A3. This removes a part
of the mixing between the scalar and pseudo-scalar compo-
nents and drastically simplifies the neutral mass matrix, thus
allowing for analytic diagonalization without significant phe-
nomenological impact of additional CP violation in the heavy
scalar sector.

The most fundamental conceptual goal in the Higgs sec-
tor, at least in relation to neutrino mass origin, is to prove the
spontaneous origin of the heavy N masses. In this mechanism
the decay rate of Ag — NN is proportional to my, which



Eur. Phys. J. C (2024) 84:1306

Page 3 of 25 1306

can be measured kinematically, justlike I')_, 7 X m? in the
SM, where m y are already known. The two scalars 4 and Ag
can mix and we get both 4 — NN from the 125 GeV reso-
nance [98] and/or a sizeable production of Ag — NN at the
unknown m a [93]. Such signals of Majorana Higgses would
finalize the program of determining the neutrino mass origin
and complete the microscopic picture of massive neutrinos.

The rest of the Higgs sector is also conceptually interesting
but phenomenologically challenging [89,90]. The scalar H,
pseudoscalar A and singly charged H from the bi-doublet ¢
can all mediate FCNC:s at tree level and therefore have to be
quite above the TeV scale. They are unlikely to be accessible
at the LHC but might be visible at future colliders [92]. If Wg
were light enough to be seen at the LHC, the entire A would
be somewhat split [90] and would appear mainly in cascade
decays [99]. The doubly charged A};J’ may be produced in
association with Wg [100] and would lead to additional LNV
final states [101,102] or long-lived dE /dx signatures [103].

Clearly, there is plenty of rich and conceptually relevant
phenomenology to be studied in the context of the LRSM, at
colliders, low energies (T2K [47], SHiP [104] and FASER
[105]) and in cosmology. To ease such studies it is desir-
able to have a complete analytical model solution and pos-
sibly a consistent implementation in a model file. This is
precisely the purpose of this work, where we solve analyti-
cally the model and provide an implementation within Feyn-
Rules (FR) [106,107] and related UniversalFeynmanOut-
put (UFO) versions [108, 109].

We collect and re-derive all the parts of the LRSM,
starting from covariant derivatives and gauge eigen-states,
together with would-be-Goldstones and ghosts, implement-
ing a switch between the Feynman and unitary gauge. A study
of renormalization was performed in the gauge sector [110]
and in the Higgs sector [88] at one loop. An earlier tree-level
implementation of the LRSM can be found in [111] with
arbitrary Yukawa couplings and no mixing in the scalar sec-
tor. In the context of seesaw, there are available model files
at NLO for type I seesaw/singlets [112], type II [113] and
type III [114], as well as effective W’/Z' model [115,116]
and the Weinberg operator [117].

In this work we pay special attention to the scalar sector
and derive anew analytic expressions for masses and mixings,
providing a new physical input scheme and perturbativity
constraints. We take into account the symmetry-imposed fla-
vor structure in the quark sector, leading to symmetric CKM
mixings and calculable Yukawa matrices of the extended
Higgs sector to fermions. In the neutrino sector we focus in
detail on the Majorana—Dirac connection and implement the
heavy-light neutrino mixing by devising an explicit closed
form solution for the root(s) using the Cayley—Hamilton the-
orem. This is the first time that a complete and calculable
heavy-light neutrino mixing is implemented in a model file,
including the current neutrino oscillation data.

Finally, we obtain the QCD one loop counter-terms and
provide, for the first time, the complete LRSM at NLO, which
enhances and simplify future collider studies. We demon-
strate the use of the model file on anumber of benchmarks that
exemplify these developments and quantify, in some cases for
the first time, the reduction of uncertainties in LNV signals
at the LHC and beyond.

The paper is organized as follows: in Sect. 2 we intro-
duce the minimal LRSM with the relevant fields. We dis-
cuss each of its sectors in a separate sub-section, going
from gauge bosons and would-be-Goldstones in Sect. 2.1
to scalars Sect.2.2 (including the inversion of couplings
Sect.2.3), fermions Sect.2.4 and finishing with ghosts in
Sect.2.5. The Sect. 3 is dedicated to the variant of the model
with different gauge couplings. The core of the implementa-
tion of the model file is laid out in Sect. 4 and the QCD NLO
corrections are computed in Sect. 4.2. Some phenomenolog-
ically relevant benchmarks are given in Sect. 5, while the
summary and outlook is done in Sect. 6. The Appendix A
explains the Cayley—Hamilton approach used to obtain an
analytic closed form of the square root of a matrix.

2 The minimal left-right symmetric model

The minimal left-right symmetric model is based on a parity
symmetric gauge group

Grr=SUB)®@SUQ2)L®SUR)r @ U()p-1, ey

where some discrete symmetry interconnects the two
SU(2)r r gauge groups. These two groups are assumed to
have the same gauge couplings at some energy scale. We shall
be somewhat agnostic about this and first take g; = gr = g
for simplicity. Later on we generalize to g; # ggr, which
turns out not to be a very drastic change. The gauge coupling
of the remaining U (1)g_g is g'.

In the minimal LRSM, parity and the gauge symmetry
are broken spontaneously in the scalar sector, featuring a bi-
doublet ¢ = (1, 2, 2, 0) and two triplets Ay = (1,3, 1, 2),
Agr =(1,1,3,2) under GR,

0% 4+ AT A+
¢=(f; ﬁ%) AL,R=<X% _A_+) SNE)
b2 V27 LR

The spontaneous symmetry breaking, which leaves unbroken
only the electric charge generator

B—-L
2 b
follows from the vevs of the neutral components,

(v O (00
<¢>>—<0 _emvz), <AL,R>—( ) 4)

VUL,R 0

Q=T +T3r + 3)
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where where i = L, R and the gauge and Lorentz indices are
v suppressed. The gauge bosons fields in the flavor basis are

v = v12 + v% and O<tanp=—<1, () A = Af0c%/2, A?E = (A} F iAf)/ﬁ, with implied sum

Lt

and we assumed v > vy without loss of generality.

These vevs are quite hierarchical
v < GeV, v=174 GeV, vg 2= TeV, (6)
and generate the masses of all the states: the gauge and Higgs
bosons as well as fermions. The SM-like gauge bosons Wy, Z
are on the order of v and so is the Higgs boson /. The RH
gauge bosons Wg, Z1 g are heavy, on the order of vg and
so are most of the remaining scalars in Ay r and the mass
eigenstates H, A, H % from the bi-doublet. Of course, the
photon remains massless, while the Goldstones are initially
massless and then get their unphysical masses from gauge
fixing.

The fermions come in LR symmetric doublet representa-

tions
v
Lpr= <E> , @)
L,R

u
QLR = ( ) ,
d), r

with the usual three family copies. The appealing feature of
this setup is that the three RH neutrinos vg are required by
anomaly cancellation. In the LRSM, all the fermion masses
come from spontaneous breaking of the two SU(2) groups,
meaning their masses are a product of Yukawa couplings and
vevs. For O(1) Yukawa couplings, the Dirac masses are on
the order of v, the Majorana mass for vg is O(vg), while the
light neutrinos vy, get their Majorana mass as a combination
of v2/vg and vy terms (combination of type I and type II
seesaw).

In the following Sect. 2.1 we compute the gauge boson
masses and mixings and derive the required gauge fixing
terms. Then we focus on the scalar sector, which includes
the Goldstones and the physical states. We shall calculate
the mass spectra, define an input scheme and compute the
parameters of the potential in terms of masses and mixings.

2.1 Gauge sector
Gauge boson masses and mixings. Let us begin with the cal-

culation of the gauge boson mass spectrum in the LRSM.
The canonical kinetic terms for complex scalar fields are

Liin = |DI* + IDALI* + IDAR|*, (8)
with

D¢ =93¢ —ig(ALp — pAR) , )
DA; = 0A; —iglA;, Al —ig BA;, (10)

@ Springer

over the repeated indices a = 1, 2, 3.

The signs of the gauge coupling terms in the covariant
derivatives (9) and (10) are not uniquely defined, as is the case
for the SM [118]. The convention above is chosen to match
the SM-like decoupling limit, such that when tan — 0,
the ¢; takes on the role of the SM Higgs and has the usual
covariant derivative. One also has to keep a consistent choice
of signs between the bi-doublet ¢ and Ag. None of these
considerations affect the gauge boson mass calculation, they
only come into play when we consider the gauge fixing that
has to remove the mixed generic V d¢ terms.

Gauge boson masses and mixings. Covariant derivatives
in (9) and (10) generate the gauge boson mass matrices for
charged and neutral gauge bosons

a2 (AT
(AL AR) MWLR (A;)
2
M3 0

11
= (W, Wy) Wi "
=W (To" ez, ) \wie )

The hermitian mass matrix M ‘%VLR in the gauge basis is
2 2 —ia 2
g € e 'Ye’sy
M3, = Sk < : ﬁ) : (12)

61“62325 2+ €2

with the short-hands s, = sin(x), ¢y = cos(x) and f, =
tan(x). We introduced the dimensionless ratio of vevs

€=—, (13)
UR

which needs to be small on phenomenological grounds.
We compute the eigenvalues and expand them in €

2
gv €
MWL"_\‘E, MWR’_\‘g'UR (1—’-1) (14)

We drop higher order corrections of the order of €* in both
the M‘%VL and M%VR. Specifically, the €Z term in M%VR is of
the same order as M %VL'

To get from the gauge/flavor to the mass basis

Af w
()= (i)

we have the following 2D unitary rotation matrix

Uw=< S5 ) (16)

—sge'®  c
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with the mixing angle given by

2 M3
€ 143
Sg X —8S)p $28 . 17
§ 2 b M‘ZA,R 26 a7

The W™ states get rotated with U7, such that

M: 0
Uy Miy,  Uw = ( 0" a2, ) (18)
R

‘We move on to neutral gauge bosons between the follow-
ing bases

Azp
(AsL Asg B) M3, | Asr
B
00 © A £
=(Az,zg)[OM; O Z |,
00 Mz ) \Zk

where the symmetric mass matrix in the gauge basis is given
by

g2 2 -2 0 g
My = 71)%3 —e2d+et—4r], r==. (20
0 —4r 452

This is a real matrix (no CP phases) that does not depend on
15, and its eigenvalues can be expanded in €

gv
1 9
VIt
2
€
Mz, , >~ gvrv2(1 +r2) <1 + —2) . (22)

8(1+7r2)

My=0, My~ 1)

One way to define the weak mixing angle is through the ratio
of gauge boson masses at leading order in €

_ Mw,

= 23
My, (23)

Cy

O(€Y)

which in turn determines the ratio

2
Sw MWL

r= ~
2M%VL — M%L

~ — 1 >~0.63. (24)
v C2w

From (22) one then recovers the prediction

M 202 2.2
Zir ~ | Zw [ + 6_62_4’” ~ 1.67. (25)
My, Cow 8 ¢

w

With these definitions, the real orthogonal matrix Oz that
takes us from the flavor to the mass basis,

Az A
A | =0z | Z. |, (26)
B Zr

is found at second order in € to be

Sw —Cy 0
Oz =| sw Swtw — ”0‘2"’
w
VC2w A/ Cowlw  Tw
32
o
00 F
2
€ 2 3/2.2
c )t
+ Z 0 —% ——23’3 wol. 27
w w
3/2 2
o tw Sptw
0 Sl Sy

w w

This concludes the analysis of the gauge boson spectrum.

Goldstones and gauge fixing. To complete the descrip-
tion of massive gauge bosons with spontaneous symmetry
breaking, we need to address the would-be-Goldstone (wbG)
boson sector. Prior to gauge fixing, these appear as massless
states of the scalar mass matrices. In the SM there is only one
neutral and one charged wbG, however in theories with an
extended scalar sector, like the LRSM, there are more such
states and they typically mix. Thus we get degenerate zeroes
and additional freedom of rotation between massless states.

In the case of the LRSM, we are dealing with two charged
wbG modes for the Wy, r and two neutral ones for Z, Z g
gauge bosons, thus this freedom comes as one mixing angle
for each sector. These angles are not arbitrary, because the
proper wbG mode has to couple derivatively and in propor-
tion to the corresponding gauge boson mass, i.e. My (Vd¢).
In other words, one needs to isolate the proper wbG mode for
each gauge boson. Eventually, we will add the gauge fixing
terms in the mass basis, which cancel the derivative mixed
terms and generate the usual gauge dependent propagators
for vectors and wbGs.

We discuss first the singly charged states and derive their
mass matrix. It comes from the mixed second derivatives of
the potential >V / (d(;bl.+ dd:;), evaluated at its minimum. The
minimization is described in the scalar sector section below.
We use the following basis

2 ¢fr
(61 62 Ag) M3 | 67
Ak (28)
0 0 0\ (¢
= (¢ H™ ¢g) (Ompy O [ HT [,
0 0 0/ \¢p

where we dropped the Af, because of the negligible vy .

@ Springer
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The singly charged mass matrix and its only nonzero
eigenvalue are given by

2
5B _pialB  —ia 3B
cp R 2 V2
M_%_ = 0{31)% _eiat2_ﬁ ‘B cfL > (29
vy H Y2
_Eela_ﬂ G_ﬂ € ﬁ
V2 V2 2
A2
[0 %] 2
my+ ~ | —vp1+e22 ). (30)
Czﬁ 4

As expected, there are two zero modes in (28) that are eaten
up by the SM-like W and the new Wg.

One can diagonalize M}r in (29) by two subsequent rota-
tions. However, this is not enough: after this diagonaliza-
tion and after performing the Uw rotation among Wy, g, the
mixed derivative terms, coming from (9) and (10), are still
off-diagonal. In particular, while both W, ,dH * terms van-
ish as they should, the other four combinations WI: Rafp; R
between incompletely rotated <p2‘  are all there. We need to
perform one final rotation between wbGs to get rid off the
two off-diagonal terms, which finally extracts the canonical
would-be-Goldstone modes.

Combining all the rotations, we get the complete transfor-
mation of the charged scalars

o o;
¢21 = Uy H++ , 31
Ag PR

where the unitary matrix Uy is given by three subsequent
rotations and can also be expanded in €,

cp —eia sg 0 1 0 0
. ’ 1,22 €2p
Uy = (e""s,g cp O) 0 —1+ ze%czg 72

0 R U B
1-1e22 0 24 —ia
1€7528 72 cp e g 0
X 0 1 0 ~ (e“"s,g —cg 0
_ €52 _ 122 _
7 01— ze 528 0 0 1
(1 g
+— cp
V2 eiaszﬂ —c2p 0
2 —493s24 —eii“;,gc%ﬂ 0
+7 74€laSﬂCﬂ i 01, (32)
0 0 1

which is unitary up to O(e?).

After performing all the rotations with Uy and U, we
end up with canonical wbGs that have derivative couplings
proportional to the corresponding gauge boson masses

Liin>—i Y Mw,W dg;. (33)
i=L,R

@ Springer

The final step is to add the gauge fixing terms, which come
in the usual form, written in the mass basis

1

Lg>— g—FﬁF;, (34)
i=L.r Wi
Ft =W +igw, Mw,¢;" . (35)

After expanding all the terms in Lgf and integrating by parts,
the mixed Vd¢ terms in (33) cancel away. The remaining
terms in (34) give the standard Rg propagators for the W’s
and wbGs.

In the neutral sector, the procedure of setting up the wbG
rotations and fixing the gauge goes along the same lines. The
major additional complication is that there are more neutral
states that mix and computing their eigenvalues and mixings
becomes a bit more tedious. However, it is fairly simple to
isolate the wbG modes away from the massive scalars and
complete all the rotations in the gauge-wbG sector. The fol-
lowing field substitution in (2) gets the job done

1 .
$10 =v1 + E (CWIO + Sﬁe_mﬁﬁzo) ) (36)
: 1 ,
$20 = —v2e'* + —= (cpp20 — spe’“p10) - (37
/2 B B

With this rotation, the J(¢19) and S(A%) decouple from the
other neutral scalars and they both have a zero eigenvalue.
However, their derivative couplings are still off-diagonal, so
we need to perform one final 2 D rotation to get to the diagonal
neutral wbG states

s(gom) <¢2>
=0 , 38
(Reap) - (% o
ion I 2
O, =1 — €— €. (39)
Y 2(1+72)  g(1+,2)°

Here, I, is the 2D identity matrix and o> is the usual Pauli
matrix. The resulting mixed derivative terms are now diago-
nal and proportional to the neutral gauge boson masses

Liin>— Y Mz Zidg). (40)
i=L,R

Again, they get cancelled by the terms that complete the
gauge fixing

1
Lus— Y S

Fz, =0Zi +E7,Mz¢0, (41)
i=L R §2;

which also give the canonical Rg propagators for the neutral
gauge bosons and wbGs.
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2.2 Scalar sector

The scalar potential of the LRSM comprises all possible bi-
linear and quartic terms of the scalar fields, obeying the gauge
symmetry, and one discrete LR symmetry, either P or C:

09| - i3 ([60'] + [0'9])
siai] +[3hs3)
#'0] + 1 ([W]z + [&*«»]2)

so'|[#]+n[s'e] (o9']+[56])

potALAT] + :¢T¢A2A}:)

J+fostost)

[q@A}&A*L] n [&A;M}])
+

+ s ([eagdar ]+ [e'aldar]). “2)

where ¢ = 02¢™0» and the square brackets imply the trace
over field components. In the following, we set for simplicity
Bi =~ 0, which sets v;, = 0 and remains small; this is a
technically natural assumption.

The P or C discrete symmetries further constrain the cou-
pling constants.

The case of P. With this choice, the scalars transform as
P:p— o, AL < Ag, (43)
and all the couplings in the potential must be real except for
oo, which carries a phase /%2,

The minimization conditions can be interpreted as deter-
mining the u; in terms of the vevs and quartic couplings:

2
S
13 =2 (A1 + s2pcars) V2 + (al - asi) Vk (44)
13 = (528 2c20h2 + A3) + Ag) v
1 g\ 2
+ E (20a+52012 + a3 Z) VR, (45)

M% = (oq + (20a+52a2szﬁ + a3s§)> v: 4+ 2,011)12{,. (46)

where vy, is neglected, since vy, < v < vg. In fact, one has

62UR

(1 + t,%) (2p1 — p3)

v =

(—ﬁltﬂ cos(a — 6r)
47)

+ B> cos(0r) + ﬂ3t§ cosQa — GL)>.

The derivative with respect to « connects it to the only CP
phase &3:

S
ass, = Za <a3t25 +4 (A3 —243) szlgez) . (48)

The case of C. This acts as

C:p— o7, AL A% (49)

This choice allows for additional complex phases in the
potential. In particular, the couplings u2, A2, A4, p4 and B; are
now complex, introducing seven new CP violating phases.
The minimization conditions described above also change
accordingly.

However, for collider studies, these additional phases do
not lead to relevant new features, while spoiling the exact
solvability of the scalar spectrum that we achieve below.
Therefore, in the present work we retain the single CP phase
87 as in the case of P. Similarly, we can consider the limit of
vanishing vy, and accordingly we set 8; — O.

2.2.1 Doubly charged A;"’_ and the entire A triplet

In the vz, — 0 limit, the doubly charged A‘IEJ“ and Ay, triplet
of states do not mix with other scalars, and their mass matrix
is diagonal to begin with. The simplest is

2
m2A++ = U%e <4,02 + _4/30!362) s (50)
R cp

and the Ay triplet masses are given by

mio = vi| P —2p1 + a3 52p12p Si} =myo. 6D

)
mi ., =vg| 3 — 201 + € <S2ﬁf2ﬂ sa + 7ﬂ> ] » (32

my s = vk| 03 — 201 + €23 (Szﬁlzﬁ 52+ Cz,s) ] (53)

where clearly the four states within the Ay triplet are degen-
erate up to €> corrections. These relations can be readily
solved for e.g. pp and p3 in terms of two masses, 1 ++,
ma, , as we do below. The remaining three masses within
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the Ay triplet are then predicted and follow the known sum
rule [99]

2 _ .2 2 _ .2 ©p

> (54)

2.2.2 Singly charged states (H™ and the Goldstones of
WL.r)

From the three singly charged states o7, CD;', A‘Ig, one finds
two Goldstones relative to WLF and W;‘, and only one mas-
sive singly charged state, with mass

o3 C%ﬂ

2 2 2
my. =vp—— 14+ ==¢- .
Ht RC2ﬂ< > )

(55)
The unitary rotation from the unphysical to the physical basis
was described in (28) and (32).

2.2.3 Neutral states (h, A, H, A plus the two Goldstones of
Z1, ZR)-restriction A3 = 2A;

After the 75 demixing in (36), the neutral goldstone bosons
are decoupled from the neutral massive states {Rg1o, RAR,
NRe20, Jpa0}. Their mass matrix is then diagonalized to yield
the mass eigenstates {h, A, H, A}.

It is convenient to restrict to A3 = 2A,, which removes a
tiny and phenomenologically irrelevant CP-violating mixing
between the H and A states, and allows for almost exact
diagonalization. The 4 x 4 squared mass matrix becomes, in
units of v%e,

4€2(r2coa—1) (ha(12+1)+822tcq) 41262520 (Ma(t241)+82tcy)

The diagonalization proceeds in two steps.

e We first notice that the 2-1 entry, driving the mixing 6
of the SM higgs with the unphysical A (i.e. --RAR) is
constrained by exotic and invisible Higgs decay searches
to be phenomenologically small: |sinf| < 20% [119].
The two lower entries are also small, ~ €2. Thus, all three
entries can be cleaned with rotations at leading order. This
isolates the Higgs eigenvalue, which can be expressed in
terms of the ~—N A g mixing angle 0 (reported below)

64)»2t2C§
(2 +1)°

- Y§2> , (57)

where we use the shorthand 6 = 0 /e S 0().

e Then, remarkably thanks to the A3 = 2A; restriction, the
remaining 3 x 3 block is diagonalized exactly by two
rotations, in the 3 — 4 and 2 — 3 planes, instead of three.
This isolates the last three mass eigenvalues, in terms of
the 3 — 4 rotation.

The simplest eigenvalue belongs to the pseudoscalar,
which we used to compactify the notation

1412

2 2 —
my =vp X, X=1_t2a3.

(58)

It is clearly degenerate with H™, see (55), up to €2 terms.

, 2 , 3o
4¢2 ()\1 i dtcy (M4t +1)+4A21ca)) 2e (Oll _1X(P+1=2mca)

(2+1)° (2+1)° (2+1)° (2+1)°
2¢ (o) — tX(t3+t—2nzca) y 2Xe(t2c'2a—l)nz 212 Xesrqm
(+1)° (+1)° (P+1)° (56)
462(Perg—1) (ra (1P 41)+8021c4) 2Xe(Perg—1)nn X+ 160262 (2c2,—1)° 16A212€252 (2c2q—1)
(P+1)* (P+1)* (P+1)* (?+1)*
4122550 (ha (1241)+822tcq) 202X esramn 162122500 (2020 —1) 1621%€2s3,
(12+1)° (12+1)° (2+1)° (2+1)°
5 . . L
where for compactness we defined X = tiz s, Y = 4p), The remaining states, after this and the SM Higgs in (57),

t =tg,and np =t sin(a + §2)/ sin &5.
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are the neutral triplet and the heavy scalar
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m2A = v% |:Y + sec(2n) |:(Y — X)s,? + €2 <Y§2C% —

4 2
161 (14 — 2c201 +1)55)H, (59)

1)

m%{ = v% |:X — sec(2n) |:(Y — X)s,2] + €2 <Y§2s,2] —

4 2
1632 (1* — 2c341 +1)C$)ﬂ. (60)

1y

Here we list the subsequent orthogonal rotations, comple-
menting the neutral GB rotations defined in (39):

t 21 ca
2a; —2Xt <1+7 - —(tzjl)z>

9565592126 (61)
Y —4€2 (1) + 160, 5% 4 45, L
—4e ( 1+ zm-i- 4,2_“)
2 2
- t°cog — 1) [321coro +424(t* + 1) ~
¢562¢5931=e2((t211)2)[ — ~20m |, (62)
2 2
b =2 U0 [Rreadatdr@ 4D o T 63)
(t2+1)2 X g
1°82¢
034 = tan™! : 64
24 = tan (tzcz(,—1> (64)
4 X e/th — 2004?24+ 1
n=6x —~tan”! € Coul” + 112 (65)

(IZ + 1)2 <Y ézez _ 16(t4—262a12+1))»262 — X+ Y)

(2+1)°

The combined rotation for neutral scalars that relates the
unphysical to the mass basis is thus

NRoe10 h
NAR A
o Oy ol (66)
Se20 A

with Oy = 031031 041 034073, where each

0;j = (O % (67)
N 56ij  C6ij

acts in the (7, j) subspace, with angle 6;; from (61)—(65).

The first angle has to be small by Higgs decay constraints.
This implies e.g. a small 1. In case one considers a light m o
to the EW scale or below, ¥ < €2, the €2 correction in the
denominator of Eq. (61) becomes important. The numerator
has clearly to be even smaller.

The last angle 7 instead can be O(1), provided X — Y are
degenerate to O(e), which corresponds to a H — A degener-
acy of the order of 500GeV or less.

In the next section all previous expressions for mixings
and for masses are inverted so that couplings are expressed
in terms of chosen physical quantities.

In particular, with the above convention, the interesting
angles can be defined as

hpartof RAg : 0 =602 =~ —(ON)2,1, (68)
H partof RAg : 1 = 63 = arcsin[(On)2.3/co], (69)
h part of N : ¢ =031 =~ —(OnN)3.1, (70)

which we will use as physical inputs. Notice thatif A, H, A
are left around the scale of vg, one has the following scalings
n~1,0~¢, ¢~ e

It is nice to check the case of vanishing g — 0: in this
limit, A, governs the A-H mass splitting, A4 governs the ¢
mixing and «; sets the 6§ mixing. On the other hand, the
CP-violating (A-h and A-H) mixings 641 and 034 vanish as
expected. The mixing 7 is governed by 7>, which in this limit
can remain nonzero, see below.

Finally, comparing the heavy scalar masses in Egs. (58)
and (55), we find another sum rule like the one in (54):

m%, —m} = vzoz3C27ﬂ ~ 0(150GeV)? . (71)
It implies, recalling that A, H have to be as heavy as

20TeV[18-26], and also that the splitting with H* becomes
rather tiny, 1-10GeV.
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2.3 Inversion: couplings in terms of physical masses and
mixings

Equations (57-58) together with (61), (62) and (65) can be
solved for the relevant couplings of the potential, in terms of
four masses (m%l, m2A, m%{ mi) and the three mixings 6, n

and ¢. Collecting all the previous expressions one finds:

1 [2 2
+2a35x—>m—;‘, (72)
1—1¢ Vg
2 2 2 2
m45 + (m3, —mi)s
4py =Y - 2 ( z 3) 1 (73)
VR
2 2
m 2 2
ATT e“X (17 —1
P2 —> —5— — ( 2) (74)
4vg 4(l2+])
2 2y 422
ma Y 4de Xtos
03—~ == —— (75)
vy 2 (12 +1)
2
Y ~ A Atcgh
o L 152 g, [ 2 “2 ) a6
402 4 2 +1 (ﬂ_+1)2
2 2 2 2\ 2 2
N mH_mA_(mH_mA)sn (" +1)
16 v2 (t* = 200012 + 1)
(77)
A3 — 2hp, (78)
- X (2+1) - X teqhn
g — + 6 -8 79
e - 2+ tery
2 .
(m%, —m%) (1> + 1) sin(2n)
mn — H . A ( ) (80)
4m5€e/1* — 20991 + 1
t
5 — tan"! (;> , (81)
N2 —Itcy
Yo t X Y — X)cgt
m D (S TNl ) g
2 "+ 1 2e/t* —2cp012 + 1

X (12 — tcg) 1252
oy —> — +1. (83)
2 (12+1) V(2 —tca)?

These expressions have been written by ensuring that no
singularity develops for + — 0 and/or ¢ — 0.

On the other hand, a few comments are in order about the
perturbativity of the couplings obtained, while referring to
[90] for a thorough study of perturbativity limits, including
loop corrections. Raising the scalar masses too much beyond
VR, like for instance m 4 in (72), produces couplings that enter
in a non-perturbative regime. But also, a few couplings are
sensitive to scalar mass splittings in relation to mixing angles.
In particular, A, becomes large in case |m§_1 —mi | > 16v2, or
in case |m%{ —mzA | is similarly large while demanding large n
mixing. Similar considerations apply to o1, if (m%{ - mZA)/e
becomes too large. Next, it is obviously difficult to have a

@ Springer

large i — A mixing 6 near its phenomenological limit 0.2, if
m A becomes too large. One runs towards non-perturbativity
inoy ~ 0Y/2e ~ mp /10 v. Namely, one expectedly can not
have a large h-A mixing if A is heavier than circa 1-2TeV.

For all these reasons, a check on couplings shall be per-
formed while varying input parameters, to avoid unphysical
situations.

For testing purposes, a function that performs the inversion
along with this check is provided along with the model pack-
age. The inversion above together with the other coupling
constants solved previously, is implemented as a Mathemat-
ica function LRSMEVAL [expr, inputs], and provided
as additional material [120,121]. Here, inputs is a set of
rules for the relevant needed input parameters, where input
masses are to be expressed in TeV (or as a function of other
known masses). For instance,

inputs = {MWR — 10, mH — 1.1 MWR,
mA — 1.1 MWR + 0.1 MW, mA — MWR,
mARpp — 1.5 MWR, mAL — 2.5 MWR,
6 — 0.05, n — 0.01, ¢ — 0.0001,

t - 0.01, « — 0.1, p4 — 0.5}.
(84)

The function LRSMEVAL evaluates the given expr, function
of couplings and masses, for the given physical inputs, while
checking for perturbativity. It prints out a warning for each
scalar coupling that may turn out to be larger than 3. The
function was checked against exact numerical diagonaliza-
tion of the relevant mass matrices. A further implementation
in Python is also provided, see below.

2.4 Fermion sector

The LRSM fermions transform (in the interaction basis)
under SUQ2)r x SUR)g x U(1)p_r as

r u N 1
()02
r u' - 1
on=(if),~ (+23), ®

/

L= (EL> ~@2.1,-1), (87)
L/ i

r_ V;e .

Lgi=\, ) ~@.2-D, (88)
R/ i

and gauge invariant Yukawa terms are written as

£l =0, (Yq b+7, ¢3) Ok +He., (89)
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Ly =10, (Yzqﬁ—i—f’zcl;)L/R

_ _ (90)
+ LYioaALYM L, + Lisioa ARYY Ly +He..

All fermions thus get their masses exclusively from sponta-
neous symmetry breaking.

2.4.1 Quarks: Yukawa terms, masses and mixings

After the bi-doublet acquires its vevs, see Eq. (4), the mass
matrices of the quarks can be written as

M, =Y, v — 17[1 e %y, 1)
My =Y, e+ Y, vy. (92)

In general, these are arbitrary complex 3 x 3 mass matrices
that can be diagonalised with a bi-unitary transformation

My =Uym, U, g, My =UsymqUle,  (93)
where m,, and m, are diagonal with positive eigenvalues and
Uy U; = 1. What enters into the physical charged current
interactions are the usual CKM matrix VXM = UJL U,y and
its right-handed analog Vx = U ,j rUdr, which in principle
has different angles and five extra phases. The additional CP
phases can be extracted as

Ve = K VE*™M Ky, (94)
where VgKM is the right-handed analog of the CKM matrix
and K, 4 are diagonal matrices of complex phases

K, = diag (eie”’, el e'p’) , (95)
K, = diag (ei‘gd, el eie”) , (96)
out of which only five are physical. The quark Yukawa cou-

plings that enter in the Lagrangian can be re-written in terms
of the physical masses and mixings:

1 .
Yy = 5 (Mu v+ My e_“"v2> , 97)
vy — U
1 2
~ 1 .
¥y = -5 (Md v+ M, e“"v2> . (98)
vy — VU
1 2

Already from the third generation, one understands from here
that the region of 7g < 0.5 leads to large non-perturbative
couplings and should be excluded, see Eq. (2.14) in [77] and
the Appendix A of [20] for details.

2.4.2 Leptons: Yukawa terms, Dirac and Majorana masses
and mixings

In the lepton sector, after the bi-doublet and the scalar triplets
acquire their respective vevs, we have the usual Dirac mass
for the charged leptons and a type I + I seesaw mechanism in
the neutrino sector. The charged lepton masses and the Dirac-
Yukawa term between the left- and right-handed neutrinos
can be cast as

Mp = Yeu1 — Yee 0y, 99)
My = —Ype'%vy + Yyvy . (100)

In the same way, we can also rewrite the lepton Yukawa
couplings in terms of the charged lepton masses and the Dirac
mass term for the neutrinos

_ 1 —ia
Y, = 3 3 Mpvy+Mpe “vr),
V7 — U
! 12 (101)
?@:— 5 Z(Mgv1+MDe’°‘v2>.
vy — U
1 2

Similarly to the quark masses, the charged lepton mass term
can be diagonalised via a bi-unitary transformation

My =UpmeUJy . (102)

In the neutrino sector on the other hand, one has to write
the mass-matrix as

1
Ly mass = _EnLMn”/LC
Lo (ML MD> (%f)
v, v + Hec.,
7) ME Mg) \vi

inwhichn, = (v} V) and M = v Y and Mg = vgY}.
This 6 x 6 Majorana mass matrix is by construction (complex)
symmetric and can be diagonalised via an Autonne-Takagi
factorisation.

The full mass-matrix can be perturbatively (block-) diag-
onalised with a unitary rotation

(103)

I

|

N
—_

~

WM, W = (’”“gm 0 ) , (104)
0 Mheavy
in which the rotation matrix can be defined as
W= V1 — BB B (105)
=\ -s" vi—BB)

The light and heavy mass eigenstates are up to leading order
in M;l given by

M, =~ M, — MpMz'MF, My ~ Mg. (106)
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The light and heavy mass matrices are then diagonalised via
unitary rotations as

(107)
(108)

VUTMV V, = diag(n’lUI, nty, , mvg) ’

VAT/MNV;\“, = diag(my,, mp,, mpn,) ,

in which the light states are identified with mostly active
neutrinos. The full rotation matrix can be written as

oV, 0
W‘W<®v;e)'

We can further expand the unitary matrix W (and the matrix
B) in inverse powers of Mg, resulting in

" Bpi~1_lppt_1 i i
VL= BB ~1--BB] — 2 (BiB; + BaB).  (110)

(109)

which is valid up to O(M g™, with

Bi=MiMe" . By=MiMIMZTMEY, (111)
see [122] for further details of the perturbative expansion.
Up to leading order in M El, the full neutrino mixing matrix

is then given by

W — («/]l—BBTVV BV} )
-B'V, V1-BTBV} 112
o BV
“ai )

The higher order corrections to the blocks of W become
numerically relevant for the “off-diagonal” blocks, i.e. for the
“light-heavy” mixing terms. With the neutrino and charged
lepton mixing matrices we can now write the charged current
interactions in the physical basis

Clo= TEDy U WY + 2L ley Upna Wy . (13)

V2 V2

where the physical neutrino mass eigenstates are n =
(v1, v2, v3, N1, Ny, N3)T, and where we defined the semi-
unitary 3 x 6 matrices

3
UL)ai = Z(VJL)akai ’
k=1

(114)

3
UR)ai =Y (Vi ek Wiks3)i-
k=1

(115)

The first 3 x 3 block of U7, can be identified as the “would-
be” PMNS matrix (which is in general no longer exactly
unitary) and the second 3 x 3 block of U as its right-handed

@ Springer

analog that can be directly accessed by experiments sensitive
to right-handed currents.

Parametrising Mp in the case of C. In the case of C-
invariance as the manifest LR symmetry, the scalars trans-
form as ¢ < ¢ and Ay < A%, leading to convenient
relations of the Yukawa couplings

Yo=Y/, Ye=v!, YM=v¥, (116)
and consequently for the mass matrices
T VL

Mp =My, M, =—Mg. (117)
UR

This allows us to invert Eq. (106) in order to obtain an expres-
sion of M p, fully determined by physical parameters, in con-
trast to the additional freedom present in the general case. The
Dirac mass matrix is then given by

UL -1
Mp =My |—=1—My'M,.
UR

The square root of a matrix is in general quite a complicated
expression, however it can be simplified to a relatively simple
form

(118)

VA=col+ci A+ AA, (119)

which holds for any (also non-symmetric) complex 3 x 3
matrix A. The ¢; coefficients are calculated in terms of the
three invariants of A and are given in appendix A below.!

2.5 Ghost sector

To complete the Faddeev—Popov gauge fixing procedure we
have to deal with the ghosts, as in the case of the SM [118,124,
125]. In the LRSM we are dealing with an extended gauge
group and gauge bosons that mix, therefore the procedure is
slightly more involved. We need to introduce a set of ghost
fields ¢; that are associated with the gauge parameters «; in
the following way

+

ci={cf. el ch cp ez, czqcals (120)
o ={af oy, af, ap, az,, az,, aa}. (121)

' In the case of no manifest left-right symmetry, Mp may still be
parametrised via an analogue of the Casas-Ibarra parametrisation,
uncovering the additional free parameters (see e.g. [123]). In the case of
‘P as the manifest left-right symmetry, additional relations and restric-
tions apply and the parametrisation of the lepton sector becomes sig-
nificantly more complicated (see e.g. [80]).
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These ghosts are written in the mass basis and enter the ghost
Lagrangian in the usual way

06F)

Cghost—zct cj, (122)
oo

Fi:{FZ_’FL’FR’FRvFZL’FZR,FA}, (123)

where the sums run over the gauge parameters in the mass
basis. The variations of the F's are given by

SF = 38W." +ikw, Mw, ¢, (124)
8Fz, = 08Zi + £2,Mz,8¢] . (125)
6Fy = 0d5A, (126)

and depend on the variations of the wbGs §¢ and the gauge
fields § V. We get those by considering an infinitesimal expan-
sion of the gauge transformations

¢»—>Up=¢+5¢,
D¢ — U(D¢) = D¢ +5(Dg) .

(127)
(128)

The first term gives us the variations of the wbG and Higgs
fields with respect to «;. The second term gives the variation
of the gauge fields, needed to restore gauge invariance of
covariant derivatives. The bi-doublet and the triplet transform
in the following way
¢ —> ULpUpj,

Ar — URAR U Up_p, (129)

UL,R = eigaagT UB—L = eingLo‘7 . (130)
The o matrices in Uy g run over their respective group
indices, settinga = 1,2,3 (a = 4,5, 6) for the SU(2)(r)
group parameters in the gauge basis; o’ parametrizes the
U (1)p—r Abelian part. The field variations from (2) are

+
SAL

5 0*8 + — 0
R ™ /2

where we focus only on the variations of the wbG, i.e.
8 goit, R0 gog r- We can ignore variations of all the other fields
(A multiplet, SA;J“, SHT, as well as the variations of
the neutral scalars) which do not enter in F;. Expanding the
gauge transformations for small &' and multiplying the gen-
erator and field matrices, we get the following variations for
the bi-doublet and the triplet

5 =i% (S1— %), (132)
aAR=i§(zRAR—AR2R)+ig’ARa7. (133)

3 1_ .2
o a —ia
Y =
L (otl +ia?  —a’ ) ’
6 4 _ ;.5
o at —ia
Yr= .
R <a4 +ie®  —ab )
We now perform all the rotations of the fields using U4
and O, to go to the mass basis. We then define the o; and

¢; as the gauge parameters and ghost fields in the same mass
basis as the gauge bosons. Specifically, we use the following

relations
~ 4 +
19 a
OR R

to reparametrize the ’charged’ gauge parameters (and the
same for ghosts when ¢! — cf r)- Likewise, we utilize the
neutral gauge rotations for the remaining

(134)

«/E&Li = q! :Fia2,

ﬁ&f =a* Fia’ (135)

o3 A
a® | =0z |az (136)
057 XZr

To get the gauge variations § V; in the mass basis, we pro-
ceed along similar lines. We start by deriving § V; in the flavor
basis by demanding that the covariant derivatives, defined
in (9) and (10), transform like the corresponding fields ¢ and
AR

D¢ — Uy (D¢) Uy,
DAg — Ur (DAR) U} Up_1 .

(137)
(138)

We use the same expansions in « of the gauge transformations
UL r.p—1 as above and apply the same rotations Uw and Oz
for W, §Z, as we did for the W and Z. With both §¢ and
8V, we now have all the § F; written as linear functions of
the o . It is thus trivial to take the derivatives 38 F; /da’ over
the group parameters and plug them into (122) to finalize the
ghost Lagrangian.

3 Left-right asymmetric case

In the previous sections we assumed that parity is manifestly
respected in the gauge sector by imposing g7 = gg. Such an
equality should hold at the scale of parity restoration, which
may happen at a high scale, such that the two couplings g, r
run differently and g; # gg at a low scale. Although the
running leads to a quite small splitting of gauge couplings,
other extensions of the LRSM may lead to different g7 g
with no other appreciable variations. It is thus interesting to
generalize the results to this possibility.
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Letusthenset gy = g, gr = Cgand g’ = rgg = rig.
This change only affects the various covariant derivatives and
does not enter in the potential, such that the expressions for
scalar masses and mixing (including the Goldstones) remain
the same.

Charged gauge bosons. The mass matrix for charged
gauge bosons now becomes

(139)

2
> _ &
Wir =™ 9

2 € eiiaezszﬂé'
R eiaEZSZ,BC (2+€2)§2

The light eigenvalue remains the same My, >~ gv/ V2, but
the heavier one gets multiplied with ¢, such that My, =~
gUR (1 + 62/4) ¢. The mixing angle is also different and is
given by

2
S =~ isM ~ MWL
2007 T M2
Wgr

5268 . (140)

Up to the relevant order O(€?), the Goldstone rotations in
Eq. (32) are not affected by a change in gg, such that U,
remains the same as in the parity conserving case. Of course
the ¢ dependence enters in the actual terms, but the solution
for the rotation angle is ¢ independent. The same holds for the
gauge fixing FI-jE terms, once the ¢ dependence is absorbed
in My,.

Neutral gauge bosons. With explicit parity breaking, the
neutral gauge boson mass matrix is

2 €2 -2 0
M3, = %v% —2r (4+€2) ¢ —4r¢ (141)
0 —4re 42
and the modified eigenvalues are
242
gv r=¢
My ~="— 14+ ——"—, 142
AV T2t (142

62;4

Mas :gwm[l + —} a4
8(¢2+r2)

The definition of the weak mixing angle also impacts the
r-parameter

—1 Sw

r

t
= —= , (144)
VeE—12 Cow

and the gauge boson rotation matrix gets updated to

Sw —Cw 0

N
¢

Sw tw _
fa ¢

cum/;z—t% sum/;‘z—t% tw
¢ ¢ ¢

Sw

Oz =
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Table 1 FeynRules files included in the mLRSM package

mLRSM. fr
mLRSM_UG. fr

Main file (full)

Main file (unitary gauge)
LRSM_all_parameters.fr
LRSM_potential.fr

External inputs (w/o masses)
Scalar Potential

LRSM_lepton_vyukawa.fr Lepton Yukawa definitions
LRSM_quark_vyukawa.fr Quark Yukawa definitions
LRSM _matrices. fr Matrix utilities
LRSM_ONdef. fr

LRSM_Massless_5f.rst

Scalar mixing matrix
Restriction my, q.5.¢,p,e,p = 0

LRSM_Massless_5f nu.rst Restriction my 45 .¢pepy; =0

3
2_.2\3
0 0 (¢ ZW)
62 2_2\2 2 Z2 213
+5 o —({C_é?) (s {—Srw)2 . (145)
0 wl@=2) w(-i)
3¢ IS

As with the singly charged Goldstones, also the neutral
ones are rotated with the same matrix like in the parity con-
serving case at the €2 order. In particular, the O, remains the
same as it was in (38). All the other parts of the Lagrangian
(fermions, scalars) remain the same, except for the ghosts.
The Lagrangian terms of the ghost sector are updated with
gL = g,8r — (g and g — rg, and their rotations are
¢-dependent, being the same as those of the gauge bosons.

As a final notice, the argument inside the square roots in
the last expressions should always be positive, correspond-
ing to the physical constraint, stemming from the symmetry
breaking relations,

SR _ ¢ =1, ~0.535.

8L

(146)

4 The FeynRules implementation

The model file is split for cleanliness into a main model
file plus various auxiliary files, reported in Table 1. In
particular, the file LRSM_all_parameters. fr contains
all external parameter definitions, as well all the expres-
sions for the internal parameters calculated from the inver-
sion described in Sect. 2.3. The lepton mass and mix-
ing computations and the extraction of the square root
are included in the files LRSM_lepton_yukawa . fr and
LRSM matrices. fr, and similarly for the quark matri-
ces. The quite lengthy expression of the neutral scalars mix-
ings (66) are included in LRSM_ONdef . fr.

In the full model mLRSM. fr we implemented both the
Feynman and the Unitary gauge (Table 2). Either option
can be adopted (e.g. before UFO generation) by defining
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the switch variable FeynmanGauge=True(False). For
usual unitary gauge studies, a simplified model file without
ghosts and wbGs is provided as mLRSM_UG. fr. On the
other hand, Feynman-gauge models are highly convenient
for CalcHEP/CompHEP [126], where computations can
become 10-100 times faster.

In Table 3 we list all the particles with their chosen masses
for the benchmark point. Widths are also reported, as calcu-
lated from the leading decay diagrams, with the chosen mass
spectrum. In case one or more masses are changed, the rele-
vant widths have clearly to be recalculated for consistency.

Table 4 lists the other external parameters, including ini-
tial benchmark values, with the LHA blocks and counters.
They include the important dimensionless parameters like
tg, o and scalar field mixings, as well as the mixing matrices
for quarks (CKM) and leptons (PMNS). Finally, the light-
neutrino mass parameters are defined as inputs, including
the unknown lightest-neutrino mass and the binary choice
between normal and inverted hierarchy.

Inside the model file a number of unphysical fields are
defined, in order to hold fields in gauge multiplets, flavor
multiplets, collection of Majorana neutrino fields, collec-
tions of neutral or charged scalars. The triplet fields Az g
are arranged in two index (2, i) representations, and the
covariant derivative definition in FeynRules were general-
ized accordingly for them to work on reducible representa-
tions.

For collider studies, the “light” (dynamic) quarks u, d, s, c,
b and leptons e, 1, as well as the light neutrinos v; can usually
be considered massless for all kinematical purposes. Setting
to zero also the Dirac neutrino couplings leads to a consid-
erable reduction of the complexity of model parameters and
interactions, especially welcome at NLO order. Thus, along
with the full model file, we provide two restriction files for
such purpose, see Table 1.

4.1 UFO, parallelization and speedup

The FR model file can be used to produce the UFO pack-
age by using FeynRules; in this work we used the ver-
sion Feynrules-2.3.49. The complexity of the present model
largely exceeds that of previous ones and requires the highest
possible level of parallelization. This was not fully present
in the current version of FeynRules, where a number of
issues prevents optimal running in parallel. A patched ver-
sion is then provided as Feynrules-2.3.49_fne. With this
patched version the time required to generate the LO UFO
decreases from circa 1 week to O (1) hour on 10 cores. Similar
speedup patches had to be applied to the MOGRe package
[127], which is also provided as MoGRe_v1.1_fne.m, as
well as to the Feynarts interface within FR. These speedup
patches are essential for the generation of the NLO version,
even with no neutrino Dirac parameters, see next subsection.

Table 2 UFOs included in the mLRSM package, with various restric-
tions. Here, the first three lines list UFO models in Feynman gauge; the
last three instead list models (-ug) where unitary gauge was enforced,
stripping off ghosts and wbGs. While e, i are always massless, we pro-
vide -4 f and -5 £ massless flavor schemes, and -nu stands for further
simplifications with zero light neutrino masses and Dirac couplings. On
the other hand, -ful1l stands for models where all fermions are mas-
sive. Finally, -1oop stands for NLO, requiring massless light quarks.
(*) Notice that unitary gauge NLO UFOs are not correctly supported
by Madgraph at the moment

UFO @ LO UFO @ NLO
mlrsm mlrsm-loop
mlrsm-nu mlrsm-nu-loop

mlrsm-full
mlrsm-ug mlrsm-ug-loop (¥)
mlrsm-ug-nu mlrsm-ug-nu-loop (*)

mlrsm-ug-full

The Mathematica notebooks used to generate the UFOs
as well as the patched packages are available along with the
model files as supplementary material, and uploaded to [120,
121].

4.2 NLO and restrictions

UFO packages at NLO in the QCD coupling can be gen-
erated from the above model files, by feeding first the rel-
evant (QCD) subset of the Lagrangian into MoGRe [127].
The MoGRe package calculates the needed one-loop QCD
couterterms, which are then processed with FeynArts [128]
and NLOCT [129] to generate the one loop amplitudes, and
these are used into FeynRules to generate the UFO at NLO.
We generated UFOs for a number of relevant model
restrictions and cases, as listed in Table 2. The first three
lines list models in the Feynman gauge, and the last three
lines the models in the unitary gauge, devoid of ghosts and
wbGs. The UG models should be sufficient for collider event
generation at LO, while at NLO only Feynman gauge should
be used with Madgraph, because loop diagrams are not cor-
rectly evaluated in the unitary gauge, at the moment [130].
Also, at NLO the u, d, s, ¢, b quarks are always restricted
to be massless, which is required for numerical stability of the
renormalization procedure. In case the light neutrino masses,
as well as the Dirac couplings, are not needed, one may
use the mlrsm-nu-loop model, where they were set to
zero, retaining only masses for heavy N;. Themlrsm-loop
NLO model permits otherwise nonzero neutrino masses,
parametrized by mixing and oscillation parameters, as well
as lightest neutrino mass scale MNUO and neutrino hierar-
chy NUH. We recall that in the model neutrino masses drive
the Dirac mass matrix and Yukawa couplings, via Egs. (118)

@ Springer
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Table 3 Physical particle fields in the LRSM, with their masses, widths, and PDG IDs
Name Spin Self-Conj. FR name FR mass Value [GeV] FR width Value [GeV] PDG ID
G 1 Yes g MG 0 0 21
A 1 Yes A MA 0 0 22
Zr 1 Yes z MZ 91.19 W2 2.495 23
wiE 1 No W+ /- MW 80.4 ww 2.085 24
Zr 1 Yes ZR MZR internal WZR 334.0 33
Wi 1 No WR+/WR- MWR 6000 WWR 190.5 34
h 0 Yes H MH 125.1 WH 0.004115 25
A 0 Yes DD MDD 500 WDD 0.011 45
H 0 Yes HH MHH 20000 WHH 2667.9 35
A 0 Yes AA MAA 20010 WAA 2019.2 55
HY 0 No H+/H- MHP internal WHP 2012.4 37
ARt 0 No DR + +/DR- MDRPP 500 WDRPP 25.4 9000001
AT 0 No DL + +/DL- MDLPP internal WDLPP 32.4 9000002
AZ’ 0 No DL+ /DL~ MDLP internal WDLP 28.8 9000003
AY 0 Yes DLO MDL 500 WDL 255 9000004
xP 0 Yes CHILO MCHILO internal WCHILO 25.5 9000005
d 3 No a/a~ MD 0.00504 0 1
u 3 No u/u”™ MU 0.00255 0 2
s 3 No s/s” MS 0.101 0 3
3 No c/c”™ MC 1.27 0 4
b 3 No b/~ MB 4.7 0 5
t 3 No £/t MT 172 WT 1.508 6
e 3 No e-/e+ ME 0.511 x 1073 0 11
“ 3 No mu-/mu+ MMU 0.1057 0 13
T 3 No ta-/ta+ MTA 1.777 0 15
vy 3 Yes ve MNU1 L. x 10712 0 12
v 3 Yes v MNU2 8.9 x 10712 0 14
V3 i Yes vt MNU3 50.4 x 10712 0 16
N 3 Yes N1 MN1 100 WN1 3.4 x 10710 9900012
N> i Yes N2 MN2 2000 WN2 54 %1074 9900014
N3 i Yes N3 MN3 10000 WN3 85.9 9900016

and (101). Finally, in the NLO UFOs we removed the four-
scalars interactions.

4.3 Use in Madgraph

The models were tested in Madgraph 3.5.3 both at LO
and NLO order, and results for benchmark processes were
obtained as reported in the next section. As a basic example

one can generate the KS process at the NLO level:

import model mlrsm-loop

define 1

define n

generate

@ Springer

b

1+ 1-
nl n2 n3
p>1n

[QCD].

A few technical notes are useful:

This generates pp — £N events, including processes medi-
ated by Wg, by LR gauge boson mixing, and Dirac couplings,
at NLO order in QCD.

e Incase the chosen physical inputs lead to non-perturbative
couplings, Madgraph may issue aWARNING: Failed
to update dependent parameter. andresults
will probably be invalid. We recommend checking the
ranges of chose physical inputs with the LRSMEVAL
function described above, or with the equivalent Python
code. The python code is shipped with a jupyter
notebook in which its usage is explained. Apart from
providing input parameters in the form of a dictionary,
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Table 4 All external parameters (other than particle masses)

FR Name Default LHA block LHA code Description

tb 0.1 LRSMINPUTS 1 Bidoublet VEVs ratio #g
alp 0.1 LRSMINPUTS 2 Bidoublet VEV v; phase «
thetamix 0.01 LRSMINPUTS 3 h — N AR mixing angle 0
etamix 0.00001 LRSMINPUTS 4 H — M Ag mixing angle n
phimix 0 LRSMINPUTS 5 h — Ny mixing angle ¢
rd 0 LRSMINPUTS 6 04 scalar coupling

zetalR 1 LRSMINPUTS 7 Ratio of Left/Right gauge couplings
as 0.1184 SMINPUTS 1 Strong coupling

aw 0.65 SMINPUTS 2 Weak coupling g1,

aEWM1 127.9 SMINPUTS 3 Inverse of electromagnetic coupling
GE 11.66/TeV? SMINPUTS 4 Fermi coupling

MU_R 91.19 GeV LOOP 1 NLO renormalization scale
CKMlam 0.2245 CKMBLOCK 1

CKMA 0.836 CKMBLOCK 2 Left CKM mixing entries
CKMrho 0.122 CKMBLOCK 3

CKMeta 0.355 CKMBLOCK 4

CKMRs12 0.2245 CKMBLOCK 5

CKMRs13 0.0036 CKMBLOCK 6 Right CKM mixing entries
CKMRs23 0.0421 CKMBLOCK 7

CKMRdel 1.2404 CKMBLOCK 8

PMNSLs12 0.544 PMNSBLOCK 1

PMNSLs23 0.756 PMNSBLOCK 2 Left PMNS mixing entries
PMNSLs13 0.148 PMNSBLOCK 3

PMNSLdel 3.437 PMNSBLOCK 4

PMNSRs12 0.544 PMNSBLOCK 11

PMNSRs23 0.756 PMNSBLOCK 12 Right PMNS mixing entries
PMNSRs13 0.148 PMNSBLOCK 13

PMNSRdel 3.437 PMNSBLOCK 14

PMNSLphil 0 PMNSBLOCK 15 Left Majorana CP phases
PMNSLphi2 0 PMNSBLOCK 16

PMNSRphil 0 PMNSBLOCK 17

PMNSRphi2 0 PMNSBLOCK 18 Right Majorana CP phases
PMNSRphi3 0 PMNSBLOCK 19

MNUO 0.05 eV PMNSBLOCK 20 Lightest neutrino mass
DMsol 7.41 x 1075 eV? PMNSBLOCK 21 Am?,

DMatm 2.51 x 1073 eV? PMNSBLOCK 22 Am2,.

NUH 1 PMNSBLOCK 23 Neutrino Hierarchy (> 0 Normal, < 0 Inverted)

it also includes a “param_card reader” that automat-
ically converts the parameters stored in a Madgraph
param_card.dat to the internal syntax.

e For the full model files at NLO, or if neutrinos masses and
Dirac couplings are not restricted to zero, update of card
parameters in Madgraph hits a time constraint and the
following warning is issued: WARNING: The model
takes too long to load so we bypass
the updating of dependent parameter

. . ... In this case the user should insert an “update
dependent” command just after card edition, before
event generation.

e The coupling orders of all interactions are just QED or
QCD, with usual hierarchy QED=2, QCD=1.

@ Springer
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My, | Te My, | TeV My, | TeV
9 10 12 10 15 20 25 20 40 60 80
1074 " 10°+ = Wi, LO
10 pp— Wi, NLO
1074 10-2 P~ Zp, LO
1075 =14 TeV 104 S8 pp — Zg, NLO

 pp — Wi, LO

E) )
21070 pp — Wi, NLO Q.
~ ~
S pp = Zr, LO o 10
10774 W pp — Zg, NLO
10784 10-54
10794
10710

/5 = 27 TeV
. pp - Wi, LO

pp — Zr, LO
. pp— Zp, NLO
T

pp— Wi, NLO

/5 = 100 TeV

5?0 515 610 6?5 7?0 7?5
My [ TeV

Fig. 1 Production cross-sections for Wy and Zg at LO and NLO for
ﬁ = 14, 27 and 100 TeV. The lower part shows the K -factor, in which
the shaded regions denote the scale- and pdf-uncertainties added in

My / TeV

My [ TeV

quadrature. Note that Mz, is shown on the top x axis and explains the
kinematic suppression of pp — Zp for large Mz,

Z e Z, e 7, e
M - T A% My, | TeV Mg, | TeV
100 125 150 175 200 225 250 20 40 60 80
1004
1073 4 s e pp > N, LO e pp > (N, LO
1077 pp > N, NLO 10714 pp > (£N, NLO
pp> NN, LO ) pp> NN, LO
- —pp > NN.NLO 10724 ms pp > NN, NLO
107" pp > 5N, LO Ve =27 TeV 1074
2 2 2
= pp > (*N, NLO o e
N pp> NN, LO o N 107
m= pp > NN, NLO .
10-5 4 Vs =14TeV 1074
10-6 Jv/5 = 100 TeV

107" 4
| \ 1076 4
H |

5.0 55 6.0 65 7.0 5 8.0
My, | TeV

My, | TeV

My, | TeV

Fig. 2 Inclusive production cross-sections for pp — N (IZ:t = et /Li, £, N = N1, N2, N3) and pp — NN at LO and NLO for /s =
14,27, 100 TeV. The lower part shows the K -factor in which the shaded regions denote the scale- and pdf-uncertainties added in quadrature

5 Benchmarks

In this section we give an overview of a few example pro-
cesses that can be consistently studied at NLO in QCD with
the new model file. For all processes considered we use the
following computational setup:

e We use the mlrsm-nu-1loop version of the model file
(5 dynamical flavours, charged lepton and light neutrino
masses/yukawas have been set to zero).

e All parameters are fixed to their default values as shown
in Table 4 unless otherwise indicated.

e We only compute the fixed-order cross sections without
hadron shower at LO and NLO.

e Weuse MadGraph5_aMC_v3.5.3[130] with LHAPDF
6.5.4 [131] with default settings.

e The pdfsets are NNPDF40_nlo_as_01190 [132]
(lhaid=334100).

@ Springer

e For the factorization and renormalization scales we use
the default dynamical scale scheme, e.g. for leading order
processes dynamical scale scheme #4 (ur = ug = \/§);
pdf and scale uncertainties are added in quadrature.

In order to estimate the impact of NLO QCD corrections,
we define the K-factor as

o * o

OLO

K = , (147)
in which 6o denotes the uncertainty due to pdf uncertainties
(estimated from the pdf replicas) and scale variation. The
factorization scale ur and the renormalization scale p g are
taken dynamical as ur g = Sr, R«/?, where § is the partonic
center of mass energy and S g is a scale factor. The residual
scale dependence is estimated by varying the scale factors
Sr.r independently on the interval [%, 1, 2] leading to 9 dif-
ferent values of the cross-section. As the central value one
takes SF = Sg = 1, while the scale variation is quoted as
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1074 4 pp — H, A, LO
pp — H, A, NLO
pp — H*E(t), LO
pp — H*L(t), NLO

o 1075 4
%
~
&
1076 4
S 1.00
s
~
B 0.75

16 18 20 22 24
MH:MANMHi/TCV

Fig. 3 Production cross-sections for H, A and H* (together with a
(anti-)top quark) for /s = 100 TeV. The lower part shows the K -factor
in which the shaded regions denote the pdf and scale uncertainties added
in quadrature

the envelope of the largest negative/positive deviation. Gener-
ally, one can expect that NLO corrections lead to a decrease
of this residual scale dependence due to an order-by-order
absorption of the involved scale-dependent terms.

Let us begin by studying the Drell-Yan production cross
sections of the new massive gauge bosons. In Fig. 1 we show
the 2 — 1 cross-sections of pp — W;et and pp — Zp for
/s = 14, 27 and 100 TeV for a wide range of masses MW;
and Mz, ~ 1.67TM wik (cf. Equation (25)). Note that the mass
Mz, is given in secondary x-axis on top. In the lower parts
of the plots we show the LO and NLO K -factors in which the
shaded regions denote the uncertainty due to pdf uncertainties
and scale variation. The NLO corrections lead to an increase
of the cross-section of order O(10-20%) (except for Mz,
close to the kinematic threshold) and lead to a reduction of the
scale dependence from O(10-15%) to O(2-5%). For larger
masses Mz, close to the kinematic threshold, the Zg pro-
duction cross-section strongly decreases while the size of the
NLO corrections (and therefore the k-factors) and also scale
dependence strongly increase. The production cross section
strongly increases with center of mass energy by three orders
of magnitude between /s = 14 TeV and /s = 100 TeV.

In Fig.2 we show our results for the inclusive produc-
tion cross sections pp — TN and pp — NN, in which
£ = oF, ui and £, while N = Nip, Ny and N3 (except
for pp — NN at \/s = 14 TeV, since only N and N3
are kinematically accessible). Since the £*N (NN) pro-
duction is dominantly mediated via the Drell-Yan process

99 = A §
99 — AA SN
99— hA N
1077 — /5= 14TeV
- [s=27TeV
----- /5 =100 TeV

1079

10°
A/[A / GeV

Fig. 4 Production cross-sections for gg — A (blue), gg — AA
(orange) and gg — hA (green) for /s = 14, 27, 100 TeV (solid,
dashed and dotted boundaries respectively). The shaded region denotes

the pdf and scale uncertainty added in quadrature, while the vertical red

lines denote the Higgs mass threshold (M = %) and the top mass

threshold (M = 2M,). All cross sections are calculated for 6 = 0.1

pp — W;et(ZR) — (EN(NN), we observe a very similar
impact of the NLO corrections as for the pp — W;et, ZR
production cross-sections for most values of My, and Mz,.
For larger Mz,, such that the on-shell production of Zy as
aresonance is suppressed (see also Fig. 1), the cross-section
is dominated by non-resonant N N-production, leading to a
different behavior of the cross-sections. With our choice of
the heavy neutrino masses (cf. Table 4), both cross sections
are dominated by having N in the final state.

The Drell-Yan production cross-sections for heavy (pseudo-
) scalars A and H as well as the heavy charged scalar H*
(with an additional (anti-) top quark in the final state) pro-
ceeds mostly via initial state b-quarks and a gluon, while
gluon initiated processes give a 2-3 order of magnitude
smaller contribution. In Fig.3 we show our results for the
pp — HTi(t) production cross-sections for /s = 100 TeV.
The masses My and M4 are set equal, while the mass M g+
is degenerate with M 4 up to order € corrections.

Firstly, we notice that for pp — A, H the NLO correc-
tions lead to a significant decrease of the cross section by
30—40%, due to reduced high scale top Yukawa, while the
scale dependence slightly increases. The NLO corrections
pp — H*i(t) lead to a mild increase of the cross section
and a significant reduction of the scale variation from O (15—
20%) to O(1-2%).

Lastly, we consider several production mechanisms of
the neutral scalar A. Since A mostly comes from the real
part of the neutral component of the right-handed triplet
AR, it couples to quarks only through mixing with with the
SM-like scalar h. Therefore, its largest quark coupling is to
the top quark, making different type of gluon fusion pro-
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Table 5 Example cross sections for the set of input parameters given in Table 4. The (super)sub-scripts denote the (upper)lower envelope due to

pdf and scale uncertainties. We also quote the central K -factor

Process oLo [fb] onLo [fb] K Vs [TeV]
0.636715% 0.806744% 1.27 14
pp— Wi 38.21% L% 46.07%5% 1.20 27
157213 5% 1791713% 1.14 100
7.0135% x 107> 10.6710% x 1073 1.52 14
pp — Zg 0.1615% 0.20133% 1.25 27
59.9137% 68.61 20 115 100
0.29139% 0.3412:3% 1.17 14
pp — LEN 2791317 3.22) 8% 1.15 27
271.013:0% 303.31}% 112 100
3.72739% x 1073 4.241 1% 5« 1073 1.14 14
pp — NN 6.75% x 1072 77513 8% %1072 115 27
6.8735% 7.59T 1% 111 100
pp— H 8.1131% x 10712 7.2%23% % 10712 0.89 27
L11739% x 1072 7.0120% x 1073 0.63 100
pp— A 8.01 e x 10712 7.1735% x 10712 0.89 27
1.10739% x 1072 7.020%1073 0.63 100
pp — HFi(1) 8.013%% x 10713 L.0F[% x 10712 1.35 27
3.8118% x 1073 4.0733% %1073 1.06 100
0.19135% - - 14
g — A 0.84131% - - 27
8.620% - - 100
37530 % %1070 - - 14
gg — AA 2.7138% 108 - - 27
5.117% %1077 - - 100
3.2130% x 107 - - 14
8¢ — Ah L7555 x 1073 - - 27
2.41730% % 1072 - - 100

—16%

cesses the dominant production mechanisms. Since gluon
fusion is a loop-induced process, we can only consider the
leading order cross-sections within the scope of Madgraph
and this model file. In particular, we consider single- and
pair production via gluon fusion gg — A, AA as well as
“Higgs-A-strahlung” gg — hA which proceeds both via
gg — h — hA, as well as gg —> A — hA in addi-
tion to box-topologies. In Fig.4 we show our results for
these production mechanisms for ma € (50,3000) GeV
for /s 14,27 and 100 TeV. In addition, we set here
6 = 0.1 to attain sizeable production cross sections. Firstly,
we notice that for Mp =~ 2m; (denoted by the right vertical
red line) the gg — A cross section increases due to threshold
effects in the corresponding “top-triangle”, before it drops
off for larger masses. Next, for Ma < M}, /2 (denoted by the
left vertical red line), the gg — AA production cross sec-
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tion becomes large due to an on-shell intermediate Higgs in
g8 — h — AA.Abovethreshold, the cross-section strongly
decreases and becomes somewhat subdominant. Lastly, the
process gg — hA has a sizeable cross section for a wide
range of masses M € (M /2, ~ 500) GeV, competing with
gg — A for larger masses.

In addition to the aforementioned “benchmark processes”,
we also checked several SM processes with the LRSM model
file, such as pp — tf and gg — h — tf production cross-
sections, as well as pp — VV (V = W*, Z), finding per-
fect agreement with the built-in Madgraph models. Finally,
in Table 5 we summarize our results for the choice of param-
eters given in Table 4 as a representative benchmark point.
This phenomenological study is by no means complete and
rather serves as a proof of concept. We would like to empha-
size that with our model file fully consistent collider stud-
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ies (cross-section calculation and event generation) are now
possible with NLO QCD corrections as well as the study of
loop-induced processes at LO. The NLO corrections gener-
ally lead to a significant decrease of the scale dependence
and therefore to a significant reduction of signal modelling
uncertainties for collider studies.

6 Summary and outlook

The main purpose of this work was to provide an implemen-
tation of the LRSM, which is as complete as possible and can
be used for a variety of collider and other phenomenological
studies. The collider frontier in the near future will mostly be
focused on the HL-LHC, but in the less near future we may
expect to see lepton colliders FCC-ee, ILC, CLIC or muon
colliders, and finally high energetic scatterings of protons in
FCC-eh or FCC-hh at few tens of TeV (30 or 100 TeV). With
the present model file, the NLO QCD corrections can be reli-
ably calculated for any process within the LRSM, properly
including the mixings of scalars, gauge bosons and fermions
in different gauges, too. Not all the parts of the model are
necessarily needed for simulations, even very precise ones,
therefore we provide a number of restricted versions, which
may be faster and easier to use.

Perhaps the most significant analytical developments in
this work are the explicit calculation of heavy-light neutrino
mixing and the solution of the scalar spectrum. For neutri-
nos, the Majorana-Dirac connection was found some time
ago [67], but with the help of the Cayley—Hamilton theorem,
we managed to come up with a closed form solution for a
general complex matrix in terms of its invariants. This rela-
tion may become very useful to clarify the flavor relations in
the leptonic sector, e.g. how the Dirac induced transitions (in
eEDMs, 0v28, collider of N — vy ) are related to the fla-
vor structure of Vg and the my mass spectrum. The explicit
result allows for a direct insight by taking certain expansions
(small angles or masses) or correction to limits, like type II
(sub)dominance.

In the scalar sector, the mass spectrum was derived for
the first time without extra assumptions of small mixing
angles, thus performing an exact diagonalization. The only
phenomenologically required assumption was that the Higgs
field & has a limited admixture with heavy scalars. Remark-
ably, we were able to derive exact expressions for the model
couplings in terms of scalar masses and mixings, which can
cover both the standard regime of heavy scalars as well as
the regime of light A. The latter case is relevant for the
Majorana—Higgs program, but the provided solution covers
the regimes of quasi-degeneracy, too. Criteria for perturba-
tivity of the chosen inputs were explicitly identified, and pro-
vided as an implemented routine.

The model capabilities were demonstrated with a num-
ber of benchmarks concerning the single production of
heavy resonances, pp — Wg, Zg, various scalars pp —
A, H, A, HF and production of heavy neutrinos pp — ¢N,
pp — NN, calculated at the NLO level in QCD.

Another foreseeable improvement might be the inclusion
of electroweak corrections. These could be used to autom-
atize the computation of electroweak precision observables
and calculate one-loop processes, like radiative production
and decays at one loop. Such an analysis may not be impos-
sible but it would require going beyond the current state of the
art, given the complexity of the model. We shall leave it for a
future study. The payoff might be having precise and autom-
atized control over rare processes that might be possible to
explore at future colliders.
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Appendix A: Square root(s) of a 3 x 3 matrix

We calculate the closed form analytic expression for the 8
square roots of a general complex 3 x 3 matrix using the
Cayley—Hamilton theorem. For some of the previous work,
see [133-135].
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We start by writing the invariants of A and v/A

T=trA, Tip=tr VA, (A1)
T=trA.A, Dup=tuvAVA=T, (A2)
A =detA, Arjp=detvVA = VA, (A3)

where the trace of the square of \/Z and its determinant
are trivially related to the invariants of A. Cayley—Hamilton
theorem states that matrices themselves are solutions to their
characteristic polynomial equations, which can be written in
terms of invariants

ol <T2 —_ Tg). (A4)

AS—TA*+TA-—A1=0, 5

The same holds for the square root that obeys a polynomial
with its own invariants (two of which are directly related to
the invariants of A)

(«/X)3—Tl/2 (JX)2+T1/2JZ—JZ1=0, (AS)
1

Tip=3 (TE/2 - T) , (A6)

AVA = TipA+TipVA—VA1=0. (A7)

We can get to a linear equation for /A by multiplying (A7)
with v/A

A% — T1/2A\/Z+ ’fl/2A —VAVA = 0, (AS8)
A% — T2 (T1/2A - f1/2\/z+ \/Kll) +
+TipA—vAVA=0, (A9
which finally gives
AZ 4+ (Tl/z — T122> A— «/ZT]/Q 1
VA =+ / (A10)

VA -TipTip

This is already a striking result, where we know the off-
diagonal flavor structure of the root directly from a power
expansion of A, terminating at the second order (as expected
for 3 x 3 matrices from the Cayley—Hamilton theorem).

All the non-linearity is hidden in the equation for the
remaining invariant 77,2, which we get by taking the trace
of (A9) and using (A6), such that

Tiy = 2T T, — 8V ATy + 2T —~ T* = 0. (A1)

This is a depressed quartic with four possible solutions

s +5x

NCER 5=+, (A12)

T\ =

@ Springer

which in turn give four corresponding T /2 via (A6).
The shorthands &, x, n+, are only functions of the invari-
ants of A and are found from these expressions:

£ =3 (ST3 _9TT, — 54A)

+ 96\/3 (T2 = 2T3) (T2 = T»)* + 12T (9T — 5T2) A

+324A%, (A13)
x> =—16V2T?+48 2T, + 8TE + V4E>, (Al4)
2 =162 <T2 - 3T2>

+§(16T—€/Zsi96\/6;<—hms), (A15)

where one assumes positive roots only. Together with the
overall sign in (A10), we get the total of 8 matrix roots.

With an explicit expression for /A, it is also easy to get
the inverse root, by multiplying (A7) with A=1/2,

A-TipVA+Tipl—v/AA2 =0, (A16)
so that the inverse root is found as

-1 1 ~
(JZ) - = (A—T1/2ﬁ+ Tip 1). (A17)

Again, there are eight possible branches and also the form of
this solution is a matrix power expansion up to A2.
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