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The simplest minimal left-right symmetric extension of the Standard Model is studied in the high
energy limit. Some consequences of the Grand Unification hypothesis are explored assuming that the
parity-breaking scale is the only relevant energy between the electroweak scale and the unification point.
While the model is shown to be compatible with the observed neutrino phenomenology, the parity-
breaking scale and the heavy boson masses are predicted to be above 107 TeV, which is beyond the
reach of present-day experiments. Below that scale, only an almost sterile right-handed neutrino with a
mass M (vr) of ~ 100 TeV is allowed.

IIpocreiiiiee MUHUM JIBHOE JIEBO-IIP BOCUMMeTpUuHOe p ciuupeHue CT HI PTHOH MOJENIH U3yd eTcs
B TIpefiesie BBICOKHUX dHepruil. T Kxke McclemayloTcs HEKOTOpBIe ClIeCTBUS THIoTe3s! Bemukoro oobennne-
HUS B IPEIIOJIOKEHUH, YTO H PYLIEHUE YETHOCTH MOXET IPOUCXOIUTH TONBKO IIPU ®HEPIUdx B AU II -
30HE OT 3JEKTPOCT OBbIX B3 UMOAEHCTBHIA 10 TOUKH 00BbeqrHEHUS. B To BpeMs K K MpeicK 3 HUS MOJETH
H XOJITCS B COOTBETCTBUH C H OJIIOl €MBIMH B HEUTPHHHOI (heHOMEHOIOTHH, MOIENb MPUBOIUT K OPOTY
H pYIIEHHS YEeTHOCTH M M CC M TSXeNbIX 6030HOB Bhiie 107 ToB, T.e. aHEprusM, KOTOPbIE HENOCAT -
eMbl H JEHCTBYIOIIMX B H CTOsIEe BpeMs 9KCIEpUMEHT JIbHBIX YCT HOBK X. Huxe 1 HHoro mopor
IOIMYCTHMO CYILECTBOB HHE TOJBKO YHCTO MP BOBHHTOBOTO HeTpHHO ¢ M ccoit M (vr) ~ 100 TsB.
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An interesting aspect in the phenomenology of neutrinos is the emergence of important
elements of new physics beyond the Standard Model (SM) since there is no doubt that the
experimental results can only be understood if the neutrinos are assumed to have nonvanishing
masses and mixings. Massive neutrinos require the existence of a right-handed neutrino, which
makes the B-L generator free of any triangle anomaly, and the related symmetry gaugeable.
Thus, the most natural extension of the SM gauge group is the left-right (LR) symmetric
group SU(2),®SU(2)r®U (1) g—1,, which breaks to the SM group at some high scale [1-4].
The LR models have been discussed as embedded in larger Grand Unification (GU) models,
like SO(10), and their symmetry-breaking path has been discussed by several authors [5-8].
There has recently [8—11] been a renewed interest in the minimal LR symmetric extension
of the SM [12,13], a model with two scalar doublets and no bidoublets, which predicts the
low-energy phenomenology of the SM at a very modest cost in terms of new particles that
are required to be detected at very high energy.

Despite its simple particle content, the minimal model retains most of the interesting
properties of the more complex LR models; B-L is a gauge symmetry with a triangle-
anomaly-free generator; parity is spontaneously broken; massive neutrinos can be accomodated
by seesaw mechanisms; right-handed neutrinos could in part account for the dark matter.
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Even if the minimal LR model without bidoublets fails to predict a stable broken-symmetry
vacuum [14] at tree-level, a consistent path for symmetry breaking has been predicted by the
inclusion of higher order corrections that become relevant in the Higgs—Top sector [15]. Other
paths towards symmetry breaking have been recently discussed [9,11], and the minimal model
seems to be a first viable step towards new physics beyond the SM.

However, while some results have been obtained on the «standard» LR model [16-19],
the more recent minimal LR model has not been sufficiently studied. Like other non-
supersymmetric (non-SUSY) models, there is evidence that an intermediate high scale is
required prior to unification [20]. Thus, it would be interesting to investigate the issue of
high-energy unification in the framework of the minimal LR model.

In this paper, we present a detailed quantitative analysis of the most simple symmetry-
breaking path for the minimal LR model up to unification in order to pinpoint its predictions
for the breaking scales and neutrino masses. While a similar analysis has been presented for
the more complex SUSY LR models [21,22], we notice that within the framework of the
detailed quantitative analysis the behaviour of gauge couplings depends on a detailed particle
content of the model. It is interesting to study the same problem in a truly minimal LR model
with a minimum particle content.

We show that the simple hypothesis that a single intermediate scale exists between GU and
the weak scale is enough for predicting this intermediate scale and the masses of the heavy
gauge bosons Z’ and Wx. The prediction of a breaking scale of order 10'° GeV — halfway
between the electroweak scale and the GU scale — is encouraging even if that scale seems
to be too large to be detected by present-day experiments. The results are compatible with a
micro-milli-eV mass scenario for neutrinos and show that the non-SUSY minimal LR model
is a valid and natural option as a first step toward understanding new physics beyond the SM.

An interesting point is that the present analysis does not make any use of the details of the
model above GU. It requires neither full knowledge of the symmetry-breaking mechanism nor
the detailed descriptions of the minimal set of Higgs representations; the beta functions depend
only on the actual particle content of the model below unification. This generality makes the
analysis valid for quite a wide range of mechanisms and different unifying groups. On the
other hand, this choice of generality can be regarded as a shortcoming of the present study
merely because no significant details can be provided on the emergence of the low-energy
Lagrangian, the flow of the merged couplings above GU, the proton lifetime prediction, and
the unifying group. Nevertheless, the analysis is very simple, and its generality makes it
worth to be discussed together with its possible effects on the physics of neutrinos.

The minimal LR symmetric model has been described in several papers [12—15]. The LR
symmetric Lagrangian is a sum of a fermionic term Ly, a standard Yang—Mills term Ly for
the gauge bosons, a Higgs term Lz, and eventually the Higgs—fermion interaction term Liyg.
A special feature of the minimal model is its limited particle content. The Higgs sector
contains two scalar doublets but no bidoublets, and is described by the simple Lagrangian

1 1
L = =5IDExL = 5IDRxR + V(XL XR), e
where the covariant derivative D¥ is defined according to

Y
D = (0~ ig,ALT, + 95" ) . oLk @
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T, Tr and Y are the generators of SU(2)r, SU(2)r and U(1)p—_r, respectively, with
couplings g7, = gr = g and §. The electric charge is given by Q = T3 + Trs + Y/2. The
Higgs fields x, are the scalar doublets

+ +
XL = (X§>, Xk = (X§> 3)
XL XR

with the trasformation properties
XL = (27151)7 XR = (17251) (4)

A standard Ly is considered for the seven gauge fields A’,-j, A‘}L, and B*.
Fermions are described by doublets of spinors 17, and g with the transformation pro-
perties
wLE(QvlaB_L)ﬂ wRE(172aB_L) (5)

Their Lagrangian term Ly is
ﬁf = —@L'Y;LDlﬁPL — ZZR'Y;J,D%wR- (6)

The Lagrangian £ = Ly + Lym + Ly is fully symmetric for the LR exchange, if the
Higgs potential V' (x, xr) is assumed to be symmetric for the exchange of x, and xg.

The simplest path for symmetry breaking requires two energy scales [15]; parity is assumed
to be broken at a large energy scale u = A g, where the scalar R-doublet x r takes a broken-
symmetry vacuum expectation value (VEV), (xr) = w, while the L-doublet x, still retains
a vanishing VEV. Below this energy scale, the gauge group is broken down to the SM
gauge group SU(2)r ® U(1). At the electroweak scale, the L-doublet x, takes a broken-
symmetry VEV (xp) = v, breaking the SM gauge group into a simple U(1)e,, group
of electromagnetism. Provided that w > v = 246 GeV, the model predicts the same
phenomenology as of the SM. In unitarity gauge, we set Y = 0 and take X" real with a finite
VEV (x2) =, (x%) = w. Assuming that v < w, the mass matrix for the gauge bosons has
two charged eigenvectors [12], Wf and Wg, which are decoupled with the masses

Mw ) = %7 My r) = %, (7

a vanishing eigenvalue for the electromagnetic unbroken U (1).,, eigenvector, and two massive
neutral eigenvectors with a small mass

2,,2(.2 2‘&2) ’1)2
M2 = 9 (9" + vt
=T O\ ®

for the «light» Z boson and a large mass
g2
M3, = (Miy ) + My () (1 + —g2) - M3 ©)

for the «heavy» boson Z’. All the effects of the heavy Z’ and Wg are certainly suppressed
at low energy [12].
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In an intermediate energy range, above the electroweak scale up to the parity-breaking
scale Ar, the minimal LR model becomes identical to the SM with a SU(2); gauge cou-
pling go = g and a U(1) coupling ¢, which according to Eq. (8), must satisfy the matching
condition 1 1 1

7 o
at the scale 1 = Ag in order to recover the known SM result 2M 2 /v? = g2 + g3.

The GU hypothesis of a single unified gauge symmetry describing all forces and matter at
very short distances is very attractive. According to it, the couplings are expected to merge at a
very high energy scale u = Agur. However, as in other non-SUSY models, an intermediate
high scale is required prior to unification [20]. In this paper, we explore the simplest
hypothesis that the intermediate scale is the parity-breaking scale u = A g, and that above that
scale the gauge couplings of the full gauge group SU(3) ® SU(2), @ SU2)r @ U(1)p_1L
run up to the unification scale p = Agur, where they merge. We show that this simple
hypothesis is sufficient for determining the scales Ar and Agyr by simply using the known
beta functions of the model.

We prefer to use simple one-loop beta functions that are decoupled and allow for a
thorough analytical discussion of the problem. Two-loop beta functions are known for the
Standard Model [23] and would be required for a thorough quantitative discussion, but their
use would not change the qualitative result in any way.

At one-loop, the gauge couplings satisfy the renormalization group (RG) equation

dg; g:
H Bi(g:) 62 (11)
where the coefficient b; is known to be [24]
11 4 1
bi = §CA — g(QngTF) — gTSTLS, (12)

ng is the number of fermion generations, and n is the number of complex scalars.

For the gauge groups SU(2) and SU(3), the running of the couplings is not affected by
symmetry breaking at the scale u = Ag; the coefficients are by = 19/6 for SU(2) (Cy = 2,
Tp=1/2,n=3,T; =1/2and ny = 1) and b3 = 7 for SU(3) (Ca =3, Tr =1/2,n,=3
and ns = 0). In fact, the trace of the square of a generator 7" for both groups reads

Tr (9:T - 9:T) = 4gingTr = 2g7n,. (13)

For the U(1) 51, gauge group, the running of the coupling depends on the particle content
that differs below and above the symmetry-breaking scale. For ;1 > Ag, the LR symmetry is
unbroken, and for each generation there are six left-handed quarks with Y = 1/6, six right-
handed quarks with Y = 1/6, two left-handed leptons with Y = 1/2, and two right-handed
leptons with Y = 1/2. Thus,

4
Tr(gT-gT) = > (3°Y*) = 36°n,, (14)

fermions

which is tantamount to setting 77 = 1/3 in Eq. (12). Since there are two scalars, ny = 2, we
obtain the coefficient b = —3 for the coupling g of U(1)p_1. For u < Ag, the LR symmetry
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is broken, and the coupling g; is determined by the beta function of the SM U(1) gauge
group; for each generation, there are six left-handed quarks with Y = 1/6, three right-handed
quarks with Y = 2/3, three right-handed quarks with Y = —1/3, two left-handed leptons
with Y = —1/2, and one right-handed lepton with Y = —1. Thus,

10
T (T giT) = Y (97Y?) = 5 ging, (15)
fermions
which is tantamount to setting 77 = 5/6 in Eq. (12). Since there is one scalar, ns = 1 (heavy
fields are integrated out), we obtain the SM coefficient b = —41/6 for the coupling ¢;.
It is useful to rescale the couplings in order to make the equivalence of the trace
in Egs. (13)-(15) explicit. Let us define a new set of couplings:

5 91 23
_ 541 _ 29 16
U L g (16)
2 2
g3 g3
_ 9. _ 9 17
(&%) 47T’ (6%} dr ( )

In fact, the GU hypothesis requires the trace in Egs. (13) and (15) to be the same at the GU
scale p = Agur, where SU(3), SU(2)L, SU(2)g, and U(1)p_1, are restored as subgroups
of the same larger group. In terms of the new set of rescaled couplings, the equivalence of
the trace is satisfied whenever the couplings are equal, and the condition for GU is simply
stated as & = ap = 3.

The new set of couplings satisfies the RG equation

doy; a?
pGe = Biles) = 20 (8)

where ¢o = bo, ¢g = b3, ¢ = 3b1/5, and ¢ = 35/2.
Equation (18) can be easily integrated, yielding the linear equations

-1 -1 Ci H
7 (0 = o ) + 51 () (19)
that are reported in the figure. In this scenario, the scale Agur is determined by the crossing
of ay and ag. The inclusion of two-loop corrections would decrease the value of In Agur
by less than 3% [23] and would not affect the order of magnitude of Agyr. Two-loop
corrections are even smaller at the intermediate scale Ar and are completely negligible at the
electroweak scale.

As discussed above, we assume that all the couplings cross at the scale p = Agur,
yielding &(Acur) = az(Acur) = as(Agur). According to the RG Equation (19), we let
the coupling & flow down the parity-breaking scale Agr, where, according to the matching
condition in Eq. (10), it must satisfy the constraint

5042 (AR)d(AR)

o1(Ag) = 202(AR) + 3a&(Ag)’ (20)
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Running of the inverse couplings a; ', a5 *, and az ' for the SM SU(3)® SU(2)r @ U(1) gauge group,
below the parity-breaking scale (1 < Ar, on the left), and of the inverse couplings @', a; !, and ozgl
for the LR symmetric SU(3) @ SU(2)r ® SU(2)r ® U(1) —r, gauge group, above the parity-breaking
scale (4 > AR, on the right)

where according to Eq. (19), a1 (Ag) can be determined by the SM beta function for p < Ap,
starting from the known value at the electroweak scale i (M) and flowing up to the matching
point Ar. The unknown scale Ag is pinpointed by the matching Eq.(20) as shown in the

figure.
The analytical solution is
Agur ay ! —ag! 27, 1
1 =om | —=——— ) =~ — 21
n(MZ T C3 — C2 23 (0&2 0&3), ( )
(AR Zon (Aar! + Bag! + Cagl 22
HE—W(OK1+042+043)7 ()
where «; = a;(Mz) are the couplings evaluated at the electroweak scale = My, and
-1
3 2 5
A= (gCQ-f—gC—Cl) = ﬁ’ (23)
2A ([ ¢c—c3 3 3
B=— ——=—-=c 24
5 ((33 — C2 2) 7’ ( )
2A Cy — c 4
C=— = —. 25
5 (03 - 02) 21 ( )
Inserting the actual phenomenological values [25] a;! = 59.01, a; ' = 29.57, and
oy 1 = 8.33 in Eq.(22), we obtain a parity-breaking scale
A
“R_q12.108 (26)
z

that is halfway between the electroweak scale and the GU scale, which according to Eq. (21)
is predicted to be

A
GUT _ 1.3.10%, 27)

Z
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While a scale Ag =~ 107 TeV and is beyond the rich of present-day experiments, it is in
agreement with the predictions of other «standard» LR models [17-19]. It is quite reasonable
to believe that VEV of the R-scalar xz is w ~ Ag [15] and v/w = 1078, At the LHC
energy /s = 14 TeV, the existence of tiny corrections of order /s/w ~ 1075 would be
hardly detected and once more confirm that the present scenario could only come from the
physics of neutrinos.

In the minimal LR model, the mass generation can be understood in terms of nonrenor-
malizable effective operators that are generated at low energy below the symmetry-breaking
scale. Mass terms can be generated by bilinear fermionic operators that must be coupled with
Higgs bidoublets or triplets for Dirac or Majorana masses, respectively, in order to preserve
gauge invariance. In the minimal model, a Higgs bidoublet can be written as a product x ka
of a SU(2)y, doublet times a SU(2)r doublet, yielding a factor vw in the low-energy limit
and the Dirac mass terms mpir1r = Yp¥rrvw. A triplet can be built up from the two
SU(2)1, doublets (or two SU(2)r doublets), yielding a factor v? (or w?) in the low-energy
limit, and the Majorana mass terms MLQ/_Jg’L/)L = 'yMzZ_JEwLUQ and MRi/_Jgd)R = 'de_)gwaQ.
Here, the couplings vp and ~,; are expected to scale like an inverse of some large energy
scale A.

Thus, for neutrinos, the mass matrix can be written as

v
M, mp yz 1
- , 28
v

where y = ~u/vp and is of order unity, and the Dirac mass mp is expected to fall in
the MeV-GeV range like for other fermions. In fact, for charged fermions, y = 0 and the
mass matrix contains only the Dirac terms. In the present argument, neutrinos are taken into
consideration in a single generation. The discussion of important aspects, like mixing among
light neutrinos, would certainly require a full mass matrix, but the existence of mixing terms
would not significantly change the qualitative nature of the argument. The eigenvalues of the
mass matrix in Eq. (28) show the usual seesaw behaviour of a light neutrino v,

2 _ 1 2
M) =2 . (%) mp + O <%) (29)
and a heavy neutrino vg
M (vr) :y(%) mD+0(%). (30)

Assuming that v/w ~ Mz/Ag ~ 1078, the mass of the light neutrino v;, would be pushed
below the eV scale, while the heavy neutrino vz would be conceivable with a mass of
M(vg) = mp-10® ~ 108 MeV = 100 TeV. At the LHC energy, the ratio v/s/M (vg) ~ 0.1;
however, the heavy neutrino interacts only through the heavy gauge bosons Wg and Z’ with
an effective weak coupling that scales like My, /My, = v*/w® ~ 107'¢ compared to the
light neutrino. Thus, its sterile nature would prevent its detection anyway. Astrophysical
effects could be considered as the large mass of the heavy neutrino would imply important
gravitational effects, and sterile neutrinos could in part account for the dark matter of the
Universe.
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To summarize, the simplest minimal LR extension of the SM has been studied in the high
energy limit. Some consequences of the GU hypothesis have been explored assuming that the
parity-breaking scale A is the only relevant energy above the electroweak scale up to GU.
In this scenario, which is shown to be compatible with the observed neutrino phenomenology,
the parity-breaking scale and the heavy boson masses are pushed up to 107 TeV, which is
beyond the reach of present-day experiments. Only an almost sterile right-handed neutrino
with a mass M (vg) of =~ 100 TeV could exist below that scale.

REFERENCES

. Pati J. C., Salam A. // Phys. Rev. D. 1974. V. 10. P.275.

. Mohapatra R. N., Pati J. C. |/ Phys. Rev. D. 1975. V. 11. P.566.

. Senjanovic G., Mohapatra R. N. // Ibid. V.12. P.1502.

. Senjanovic G. // Nucl. Phys. B. 1979. V.153. P.334.

Babu K. S., Mohapatra R. N. // Phys. Rev. Lett. 1993. V.70. P.2845.

. Caldwell D., Mohapatra R. N. // Phys. Rev. D. 1993. V.48. P.3259; 1994. V.50. P.3477.
. Mohapatra R. N. UMD-PP-94-160. arXiv:hep-ph/9405358v1.

. Esteves J.N. et al. // JHEP. 2012. V. 1201. P.095.

. Gu P.H. /] Phys. Rev. D. 2010. V.81. P.095002.

. Gu P.H., Lindner M. /] Phys. Lett. B. 2011. V. 698. P.40-43.

. Chavez H., Martins Simoes J. A. // Eur. Phys. J. C. 2007. V.50. P.85.

. Siringo F. // Eur. Phys. J. C. 2004. V.32. P.555; arXiv:hep-ph/0307320.

. Brahmachari B., Ma E., Sarkar U. // Phys. Rev. Lett. 2003. V.91. P.011801.
14. Siringo F. // Phys. Rev. Lett. 2004. V.92. P.119101.

15. Siringo F., Marotta L. // Phys. Rev. D. 2006. V.74. P. 115001.

16. Mohapatra R. N. Unification and Supersymmetry. GTP, Springer, 2003.

17. Chang D. et al. // Phys. Rev. D. 1985. V.31. P.1718.

18. Mohapatra R. N., Parida M. K. // Phys. Rev. D. 1993. V.47. P.264.

19. Deshpande N.G., Keith R., Pal P.B. // Phys. Rev. D. 1992. V.46. P.2261.
20. Melfo A., Ramirez A., Senjanovic G. // Phys. Rev. D. 2010. V. 82. P.075014.
21. Patra S., Sarkar A., Sarkar U. // Ibid. P.015010.

22. Borah D., Patra S., Sarkar U. // Phys. Rev. D. 2011. V.83. P.035007.

23. Arason H. et al. // Phys. Rev. D. 1992. V.46. P.3945.

24. Chiu J.Y. et al. /] Phys. Rev. D. 2008. V.77. P.053004.

25. Nakamura K. et al. (Particle Data Group) // J. Phys. G. 2010. V.37. P.075021.

— = =

Received on May 23, 2012.



