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The difference between left- and right-handed particles is perhaps one of the most puzzling
aspects of the Standard Model (SM). In left-right models (LRMs) the symmetry between left-
and right-handed particles can be restored at high energy. Due to this symmetry these models
are quite predictive with regards to experimental observables, making them interesting beyond
the SM candidates. Here we discuss the more symmetric LRMs, the experimental constraints,
and the fine-tuning present in the Higgs sector.

1 Introduction

Left-right (LR) models 2345 extend the SM gauge-group to SU(3). x SU(2); x SU(2)r x
U(1)p—r. These models allow one to interpret the U(1) generator in terms of baryon and lepton
number and naturally incorporate the see-saw mechanism for neutrino masses %7. Furthermore,
in some grand unified theories (GUTSs), such as SO(10) and FEjg, the gauge group of the LRM
can appear as an intermediate step . Perhaps the most attractive feature of LRMs is the
possibility of a symmetry between left- and right-handed particles at high energies. Such LR
symmetric models are invariant under parity (P) and/or charge conjugation (C') at high energies.
Thus, P- (C-)symmetric LRMs account for the asymmetry between left and right in the SM by
spontaneous breaking of P (C).

Here we focus on the more symmetric LRMs which might be the most attractive from a
theoretical standpoint. We introduce the minimal LRM and present the most general Higgs
potential in the next section. Experimental constraints, especially those from B- and K-meson
mixing, and the fine-tuning in the Higgs sector are discussed in section 3.

2 Minimal left-right models

The gauge group of left-right models is given by SU(2)r x SU(2)g x U(1)p—r. The fermions
are assigned to representations of this gauge group as follows,

Qr <Zj> €@211/3), Qr= (Zg) € (1,2,1/3),

L, = (”L> €(2,1,-1), Lp= (”R> € (1,2,-1). (1)

lL lR

Given the above representations, a scalar bidoublet, ¢ € (2,2%,0), is required in order to allow
for fermion mass terms. In addition, the minimal LRM (mLRM) %9510 introduces two scalar
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triplets Ay, r assigned to (3,1,2) and (1,3, 2), respectively
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These scalar fields acquire the following vacuum expectation values (vevs)
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The vev of the right-handed triplet field, vg, defines the high scale of the LRM and breaks its
gauge group down to that of the SM. Instead, x and ' are responsible for electroweak symmetry
breaking, vx2 + k2 = v ~ 246 GeV. Finally, the vev of the left-handed triplet contributes to
the Majorana masses of the neutrinos, such that one would expect it not to exceed the neutrino-
mass scale by much, vy, < 1eV. These vevs are determined by the conditions for a minimum of
the Higgs potential, the most general form of this potential is

Vi = —piTr(¢'e) — p3Te(d1e) — 13 Tr(¢19) — i Tr(ALA) — p3pTe(ARAY)
2 = 2 X 12 = -
1 [Te(019)]” + [MTe(d1)]” + A5 [Te(61)]” + As Te(¢76) Tr(¢' )
+Tr(916) (M Tr(916) + NiTr(616)] + pre [TH(ALA])]” + pir[Tr(ArAR)]”
+por Tr(ALAL)Tr (AL ALY 4 porTr(ARAR) Tr(ALAL)Y 4+ p3Tr(AL AT Tr(ARAL)
+p4LTr(ALAL)Tr(ATRAJILL) + p4RTI‘(ARAR)Tr(ATLAE)
+Te(670) [ar L Tr(ALAD) + a1 g Tr(ARAL)]
+(Tr(¢7¢) [aarTr(ARAL) + agp Tr(ALAT)] + hec.)
+asr Tr($6TALAY) + azrTr(@'$ARAR) + BITH(ARSTA]) + B Tr(6TALGA,)
+B2Tr(PARSTAL) + B3 Te(§TALGAY) + By Te(¢ARSTAL) + B3 Tr(@T ALdAL),  (4)
where all parameters apart from jo, A2 4, aor 2r, and B; are real. Large amounts of fine-tuning
result from the fact that the minimum conditions relate the different vevs, and thereby widely
varying scales, to one another. We will expand on this point in section 3.
One of the most characteristic ways in which LR models affect the observables we will
consider, is through the interactions of the right-handed W]% boson. The charged-current inter-
actions involving the quarks, in the quark-mass basis, are given by

£CC = %ULWVLDLWL + %ﬁR’YuVRDRWEM +h.c., (5)

where V7, and Vg are the SM CKM matrix and its right-handed equivalent, and g r are the
coupling constants of SU(2)r, r. The right-handed current gives rise to additional contributions
to K-K and Bd’s—Bd,s mixing observables, which for symmetric mLRMs are currently the best
probes of the LR scale. These additional contributions depend on Vg, which, in turn, depends on
the choice of LR symmetry. As a result, the constraints on LRSMs depend on the LR symmetry
that is imposed. There are two possible transformations which qualify as symmetries between
left and right

P: Qr +— Qg oo, Ap<— Ap,
C: QL < (Qr)", ¢+ o7, Ap +— A%, (6)

where the superscript ¢ indicates charge conjugation. It turns out that the most symmetric
option, C' and P invariance, is already excluded. There are multiple ways to implement both
symmetries 112, but none of the possible models can simultaneously reproduce the observed C'P
violation in K mixing and the Belle and LHCb measurements of C'P violation in B mixing (¢g4),
and give rise to a realistic Higgs spectrum 1314:15:16 " This conclusion also holds for the minimal
pseudomanisfest 118 LRM, whose P-symmetric and real Yukawa couplings coincide with one of
the C- and P-symmetric models.
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Figure 1 — The figure shows the fine-tuning measure Amax as a function of vgp in TeV for a P-symmetric Vy.
The blue points are randomly generated points and the red line is chosen such that 0.1% of the points are found
below it. Figure la shows Anax in the case where §; and vy, are nonzero, while in Fig. 1b we set 8; = vy, = 0.

3 The P- or C-symmetric LRMs

In the P-invariant case the elements of the right-handed CKM matrix can be solved in terms of
quark masses and Vg, such that it contains no free parameters. The exact solution was recently
derived 1920, which is approximately given by 2! VY ~ £V, Instead, in the C-symmetric
case we have the relation, Vg = K,V Ky, where K, 4 = diag(e?wd, s eii0) are diagonal
matrices of phases. Although in the C-symmetric case Vi contains additional free parameters,
in both the C- and P-symmetric cases the combination of B- and K-mixing constraints result
in a lower limit on the LR scale of roughly My, > 3 TeV 22. In the often considered case of the
minimal manifest ?>'® LRM, which has P-symmetric Yukawa couplings and o = 0, the lower
bound is extended to My, 2> 20TeV % b This limit places the manifest scenario beyond the
reach of future direct searches at the LHC or foreseen LHCD limits. Although the current limits
for the C- and P-symmetric cases are similar, My, 2 3TeV in each case, in principle, B- and
K-mixing observables could distinguish between the two possibilities, as the two scenarios lead
to different right-handed CKM matrices.

In contrast to the CKM matrices the C- and P-invariant Higgs potentials are rather similar
26 As a result, the fine-tuning that is required is very similar in either case and we focus on
the P-invariant case here. We study this issue by solving the minimum equations for as many
parameters, which we will denote by p;, as there are equations. We then consider the dependence
of these p; on the remaining parameters, p;, through the fine-tuning measure, A, often employed
for supersymmetric models 2728,

dInp;

Ai = Man . (7)

dInp;

We calculate this fine-tuning measure for randomly generated points in parameter space, the
results for the P-symmetric case are shown in Fig. 1, where we plot the maximum value of
Anax = Max A; against vg. The huge amount of fine-tuning, ~ v%/v%, in Fig. la arises from
the so-called ‘vev see-saw’ relation®, 2p1 — p3 ~ 3; k' /v vg. This minimum condition calls for
precise cancellations on the right-hand side if the p; parameters are to be O(1). As has been
noted® and can be seen from Fig. 1b, the fine-tuning may be considerably decreased by setting
vr, = B; =0, see e.g. 0. In this case, however, still a fine-tuning of order A = O(vy/k%) 2 100
remains. We note that setting only vy to zero leads to the same reduction in the amount of
fine-tuning 6. It remains to be seen whether these special cases can be justified or not 516:29,

® This limit also holds in the P-symmetric case if one does not incorporate a mechanism to set the QCD
O-term to zero. The neutron EDM limit then stringently constrains o, effectively resulting in the manifest LRM
24 In LRMs with a mechanism to enforce § = 0 the constraint on « is less severe, however, in this case the LRM
predicts a relation between the EDMs of light nuclei ?®, allowing for an experimental test of the model.



4 Conclusions

In summary, LRMs with a LR symmetry are arguably the most attractive of the possible LRMs,
but also the most constrained. The most symmetric models, invariant under P and C, are
already excluded by B- and K-mixing data. The LR scale of LRSMs with a P or a C' symmetry
is currently constrained by B- and K-mixing observables to be in the TeV range, My, 2 3TeV,
while future B-factory and LHCb data is expected to probe this scale up to roughly 8 TeV 22.
In the Higgs sector the potentials of the P-symmetric and C-symmetric LRSMs turn out to be
quite similar, and both require a huge amount of fine-tuning, except in the case vy = 0.
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