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LOW-ENERGY THEOREM
IN SOFTLY BROKEN SUPERSYMMETRY

S.G.Kovalenko

We prove a general low-energy theorem recovering a generic relation between the neutrino
Majorana mass and the superpartner sneutrino B-L-violating «Majorana»-like mass term. The
theorem states, if one of these two quantities is nonzero, another one is also nonzero and, vice
versa, if one of them vanishes, another vanishes, too. The theorem is a consequence of the
underlying supersymmetry (SUSY) and valid for any model of weak scale softly broken
SUSY.

The investigation has been performed at the Laboratory of Nuclear Problems, JINR.

Hu3kosHepreruueckas Teopema
B MATKOHAPYIIeHHOW CyNepCHMMETPHH

C.I''Kosanenxo

Ha TeopeMHOM ypoBHE YCTaHORNEHA HH3KOIHEPIETHYECKAS CBA3b MEXIY HEHTPHHHBIM Mail-
OPaHOBCKHM MAacCOBBIM WIEHOM M B—L-HapylnaoiuM MaiiopaHOnogo6HbIM MacCOBBLIM WIEHOM
CHEHTpUHO — CynepnapTHepa HeiTpuHo. Teopema yTBEpXIaeT, YTO €C/IM OOHA M3 3THX ABYX
BEJIMUMH HEHyNeBad, TO OTIMYHA OT HyJs M Apyras, # HaoOOpOT, €CIM OOHA H3 HMX CTPOTO
HyJeBad, TO JOMXKHa 3aHYIATHCA ¥ Apyrasd. 3Ta TeopeMma ABIAETCS OOLUMM CIENCTBHEM CY-
nepcummerpur (SUSY) u cnpasemwmpa s moGoil Monenu ¢ MArkuM Hapyiennem SUSY Ha
thepMueBckoM Macurrabe.

Pabora sbinonueHa B Jlabopatopuu saepubix npobnem OUSH.

Neutrinos are believed to be massive particles. Despite the lack of unambiguous
experimental confirmation of this belief, there are insisting indications for nonzero neutrino
masses from cosmology, the solar and atmospheric neutrino puzzles (for recent review see
[1]) as well as from recent LSND results on possible Ve - V!»l neutrino oscillations [2].

Among the known explanations for the extreme smallness of the neutrino mass
compared to masses of the other fermions the most natural one is based on the see-saw
mechanism [3]. It leads to a B-L-violating Majorana mass term for the neutrino. Various
1-loop contributions to the neutrino self-energy, widely discussed in the literature [4]-[9],
also induce a small Majorana mass for neutrinos. Furthermore, the Grand Unification
paradigm definitely prefers a Majorana mass for neutrinos. Due to these arguments, it has
become a common trend to think of neutrinos as Majorana particles.

In supersymmetric (SUSY) models the neutrino v has its scalar superpartner — the
sneutrino V. Given that they are components of the same superfield, one may suspect a
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certain interplay between the neutrino and sneutrino properties at low energies as a relic of
the underlying supersymmetry.

In the present note we prove a low-energy theorem establishing an intimate relation
between the neutrino Majorana mass term and the B-L-violating as well as B-L-conserving
sneutrino mass terms. Our consideration refers to the general structure of the low-energy
effective Lagrangian assuming weak scale softly broken supersymmetry and stability of the
ground state after electro-weak symmetry breaking. Proof of the low-energy theorem is
based on symmetry arguments and has a general significance.

The effective Lagrangian of a generic model of weak scale supersymmetry contains
after electro-weak symmetry breaking the following terms
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Dots denote other terms which are not essential for further consideration. Here, V. and EL

L

represent scalar superpartners of the left-handed neutrino v, and electron e, fields. The

L
chargino x‘f and neutralino X, are superpositions of the gaugino and the higgsino fields.
Contents of these superpositions depends on the model. Note that the neutralino is a
Majorana field xf=x'.. The explicit form of the coefficients g, ef and Of;.‘R is also

unessential. For the case of the MSSM one can find them, for instance in [10]. Eq.(l)is a
general consequence of the underlying weak scale supersymmetry (softly broken) and the
spontaneously broken electro-weak gauge symmetry.

Now let us assume the neutrino acquires a Majorana mass

L X« = -% leva, )

where v=v, +v|
generating this mass term in the low-energy Lagrangian. For the sake of simplicity and
without any loss of generality we ignore possible intergeneration neutrino mixing.

Let us prove the following statements.

is a Majorana field. The further proof does not depend on the mechanism

Statement 1: If mxl;e 0, then in low-energy Lagrangian also the sneutrino «Majorana»

like B-L-violating mass term is present

w9, - he. ©)

with r'hlzwat 0. Note that fr'z;"” is not a positively defined parameter.
Statement 2 is an inverse to the Statement 1: If in Eq.(3) r'h}zw;to, then in Eq.(2)
v
my #0.
First notice that in the presence of a nonzero Majorana neutrino mass term in Eq.(2)

the «Majorana»-like sneutrino mass term in Eq.(3) is generated at the 1-loop level as shown
in Fig.1(a) with neutrino and neutralino internal lines. An opposite statement based on the
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Fig.1. One-loop contributions (a) to the neutrino Majorana mass
my, and (b) to the sneutrino B-L-violating mass ;h,zw

1-loop diagram in Fig.1(b) is also true. The B-L-violating sneutrino propagator in Fig.1(b)

is proportional to 17112‘4 and explicitly derived below. Here we do not need detailed
calculations and write down schematically
~2 2
my, = 4 (g +g )mMszY +Ag, .4
~2
my, = 4n(g +¢%— i M Pit Ay ®)

Here mp, is a mass parameter explained below, g and g’ are the SU(2) L xU 1y &auge coupling
constants, Mxi are the neutralino masses, and Bi’ Y, are functions depending on neutralino
mixing coefficients and on the masses of particles in the loop. A; and A represent any other

possible contributions. The explicit form of Ai, Bi, Y; is not essential for us. What is

important is just the presence of a correlation between frl}zw and m/\lll which we write down

in general as 2 —f(mM) m = o(m ) Now we are going to prove that

iy = fmy, =0)=0, m =, =0)=0. (6)

One can expect such properties of the functions f and ¢ from Egs.(4)-(5). Indeed, iﬁil =0
in the left-hand side of Eq.(4) strongly disfavors my, # 0. Similarly, my, =0 in the left-hand

side of Eq.(5) strongly disfavors r7:12w$0. This is because vanishing of left-hand sides of

Eqs.(4)-(5) requires either vanishing of both terms in the right-hand sides or their net
cancellation. The latter is unlikely since it implies unnatural fine-tuning of certain
parameters. More serious, it is unstable under radiative corrections. Even if the fine-tuning
was done by hand, it would be spoiled in higher orders of perturbation theory. To guarantee
the cancellation of both terms in the right-hand sides of Egs.(4)-(5) in all orders of
perturbation theory one needs a special unbroken symmetry. The Lagrangian (1) does not
possess any continuous symmetry having nontrivial B-L-transformation properties. How-
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ever, there might be an appropriate discrete symmetry. Let us specify this discrete
symmetry group by the following field transformations

vony, Vvony, e, oTe, EL—>nEEL, (1)

+ +
W, W X, = nxixi, X on

Here n; are phase factors. Since the Lagrangian (1) is assumed to be invariant under these

transformations one obtains the following relations

n;n;nxl_ =1 nnmg=1 ®)
n NN, = 1, nCanm;i =1

This defines the admissible discrete symmetry group of the Lagrangian in Eq.(1).
Solving these equations, one finds

nZ=n. )

This relation proves the statements 1, 2 and the corresponding properties expressed by
Eqgs.(6). To see this we note that the B—L-violating mass terms in Eq.(2) or in Eq.(3) are

forbidden by this symmetry if n\zl:t 1 or n%: 1. Contrary, if n3= 1, this mass term is not

protected by the symmetry and appears in higher orders of perturbation theory, even if it
does not exist at the tree-level. Relation (9) claims that if the neutrino Majorana mass term

in Eq.(2) is forbidden le =0, then the sneutrino Majorana-like mass term in Eq.(3) is also
forbidden r'r'zM=0 and vice versa. If one of them is not forbidden, they are not forbidden
both. Thus, Statements 1,2 and explicit relations in Egs.(6) are proven.

One can derive the following corollary from statements 1,2.

\% ~ .
orm vanishes, then

Corollary: If one of the two B-L-violating masses, either my, 12” s
another one vanishes too.

Let us turn to the last Statement.

Statement 3: In the presence of r’?z,zwatO in Eq.(3) there must exist a «Dirac»-like

B-L-conserving sneutrino mass term
* —~
v (10)

2
Ml
To prove this statement consider the combined sneutrino mass term

L ~2 ~
>
with mp, 2 Im

L iass= L Xl+ L Z and use the real field representation for the complex scalar sneutrino
field V= (V) +iV,)/V2, where ¥, , are real fields. Then

, (11
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> -
12” D x 122 0, otherwise sub

sequent spontaneous symmetry breaking occurs via (vi »# 0. Broken symmetry in this case

where > |m ' Assume the vacuum state is stable. Then m°

is the R-parity. It is a discrete symmetry defined as Rp = (—-1)3B+1‘+25, where S, B and L

are the spin, the baryon and the lepton quantum number.
This completes the proof of the theorem consisting of the above three statements.

From the above consideration it follows that a self-consistent structure of mass terms
of the neutrino-sneutrino sector is

= V =

W 1 1 ~
‘Cmass 2 M V-—2(

~ ~D ko
v +hc.)—mD I

9, (12)

Iz
The Dirac neutrino mass term mB(VLvR + VRV L) can also be introduced but it is not required

by the self-consistency arguments.
It is instructive to derive an explicit form of the above mentioned B-L-violating
sneutrino propagator. It can be done by the use of the real field representation as in eq.(11).

Present for comparison both the B--L-conserving D(;) and the B-L-violating D(V_)

sneutrino propagators

DY -0 =(0l T @WIoN10) =3 (01 76,7, 00 0) + (13)

L, e oo ioe e
+5<01T(v2(x)v2(y)>lo>=—5<D"~,l+D,-,—,2>,

_ ~ i~ 1 ~
DO -2 =(0lTE@TON[0) =2 (01 7@, @¥ 6 [0) - (14)
1 ~ s ]
-5 OlTE,E%,op10)=-7 ©F, D),
where )
dd e—lkx
D (x) = 15)
i, J enyt i -k —ie
is the ordinary propagator for a scalar particle w1th mass m,. Using the definition of r711 5 a8
in Eq.(11) one finds 2
d’k ’"D - -
DPy-0=[ e, (16)
2r ) (m 1~ zt»:)(m2 — k% —ig)
= . - d 4k —ikx
D0 ==, | : (17)

@m)* (i - K — ie) (i — K ~ig) |
It is seen that in the absence of the B-L-violating sneutrino Majorana-like mass term
5112”=0, the B-L-violating propagator vanishes while the B~L-conserving one becomes the
| =my=mp,

In the presence of the B-L-violating sneutrino Majorana-like mass term the complex
scalar sneutrino field splits into two real mass eigenstate fields V, , with different masses

ordinary propagator of a scalar particle with mass m

1,2
m, ,. The square mass splitting is 2fr'112"
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This sneutrino mass splitting parameter can be proved by searching for B-L-violating
exotic processes such as neutrinoless double beta decay. It is obvious from Egs.(4)-(5) that

certain constraints on r'inlzw can be also obtained from the experimental upper bound on the

neutrino mass. We are going to analyse these constraints in a separate paper.
In summary, we have proven a low-energy theorem for weak scale softly broken
supersymmetry relating the B—L-violating mass terms of the neutrino and the sneutrino.
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