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Supersymmetric radiative corrections on x — 7 neutrino refraction including possible R-parity
breaking interactions
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In this paper we investigate the one-loop radiative corrections to the neutrino indices of refraction from

supersymmetric models. We consider the next-to-minimal supersymmetric extension of the standard

model which happens to be a better supersymmetric candidate than the minimal supersymmetric standard
model for both theoretical and experimental reasons. We scan the relevant supersymmetry parameters and
identify regions in the parameter space which yield interesting values for V.. If R-parity is broken there
are significant differences between the minimal supersymmetric standard model and next-to-minimal
supersymmetric extension of the standard model contributions contrary to the R-parity conserved case.

Finally, for a nonzero CP-violating phase, we show analytically that the presence of V. will explicitly
imply CP-violation effects on the supernova electron (anti)neutrino fluxes.
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L. INTRODUCTION

The charged-current interaction between neutrinos and
their associated leptons present in the medium give an
effective matter potential which can lead to a resonant
flavour conversion called the Mikheyev-Smirnov-
Wolfenstein effect [1,2]. Such behavior elegantly solves
the solar neutrino deficit problem first pointed out by
pioneering experiment of R. Davis in the 1960s [3]. This
phenomenon is of crucial importance for the propagation
of neutrinos in the supernova environment whose flux
detection could yield precious information concerning
the dynamics of the density profile or fundamental neutri-
nos properties like the hierarchy or the value of the third
mixing angle 6;5. In supernovae, depending on the mass
hierarchy, the electron neutrino may encounter one or two
resonances via a charged current, while the muon or tau
neutrinos will only interact via a neutral current indistin-
guishable at the tree level in the standard model (SM).
Indeed, due to the absence of a muon or tau particle in such
an environment, coherent forward scattering may only
intervene via neutral current to which all flavors are sensi-
tive. In the case of a neutral medium [4,5], the electromag-
netic corrections [i.e O(«)] were shown to be negligible.
Considering that matter interaction can also be seen as a
neutrino index of refraction [6,7], Botella et al. [8], proved
that differences at one loop in the neutrino index of refrac-

tion could arise for muon and tau neutrinos at order
m;

(77si:20W M3,
in the case of the minimal supersymmetric model (MSSM)
have been partially calculated [9] showing that it could

). Later, supersymmetric radiative corrections,
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give potentially much larger radiative effects than in the
standard model. It is interesting to note that such radiative
corrections have been for a longtime considered as negli-
gible or without observable consequences for the super-
nova environment." Such consideration was probably true
when not taking into account the neutrino-neutrino inter-
action which has dramatically changed the vision we have
of neutrino propagating in an exploding star and which has
gone through an intense investigation [11-35]. Actually
few papers have shown the importance of the one-loop
correction in addition with the neutrino-neutrino interac-
tion. First it has been shown that for early time after post-
bounce when the matter density is very high, neutrinos can
encounter the . — 7 resonance and possibly modify the v,
flux [27,29]. Unfortunately, it has also been shown that in
such a case the high density in addition with a multiangle
neutrino-neutrino interaction would make those effects
vanish [33]. Besides those works, only two papers’
[31,36], have shown the importance of V. via the influ-
ence of the CP-violating phase 6 contained in the Maki-
Nakagawa-Sakata-Pontecorvo (MNSP) matrix and whose
value is still unknown. Such a term induces the effects of a
nonzero CP-violating phase on the electron neutrino fluxes
inside and outside the supernova.

The goal of this paper is to calculate such corrections in
the supersymmetry (SUSY) framework with and without
R-parity breaking interactions. We consider a more general
approach than the one done in [9]. First, we complete the

"Note that in [10] it has been first observed that V., can have
some important effects on the neutrino states if the v, and v,
fluxes are different.

*In [29], it was noted that the CP-violating phase could
sensibly influence the u and 7 neutrino flavor.
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calculations of the possible diagrams present in the MSSM
with respect to [9] where only partial corrections have been
made. Second, we actually consider the next-to-minimal
supersymmetric extension of the standard model
(NMSSM),? which is a more general model and allows
us to solve the w problem of the MSSM. Moreover, the
NMSSM is less constrained experimentally as discussed in
the next section. For all these reasons, it is a more prom-
ising supersymmetric model than the MSSM, and presents
a wider space of parameters which logically imply possible
larger radiative corrections. Finally, our model is self-
consistent insofar as some R-parity breaking terms consid-
ered here provide a scenario able to generate neutrino
masses at the tree level.

The paper is organized as follows: Sec. II introduces the
theoretical framework where we briefly remember how to
calculate radiative corrections in this context and more
importantly where we introduce the supersymmetric
framework. The corrections with R-parity conservation
are calculated in Sec. III and Sec. IV is dedicated to the
case where the R-parity is broken. Before concluding, we
explicitly demonstrate in Sec. V the influence of V. on the
v, flux when the CP-violating phase is nonzero and we
discuss the results in Sec. VI.

II. THEORETICAL FRAMEWORK

A. The calculations of the radiative corrections

Neutrinos interaction through matter can be described
using indices of refraction and in this case, the evolution
equation of neutrinos with matter, omitting the neutrino-
neutrino interaction is

d( 6) 1 Ami, 0 0 ,
i=lv, |=|s—ul 0" 0o o |u
a\ ,, 22v \ 0 0 Amd
An,, 0 O v,
—ol 0 0 o0 (yﬂ), (1)
0 0 Ang v,

where, p, is the neutrino momentum, Amizj =m; —ms,

Angg =n, — n,,, and U is the MNSP matrix

U= TyTsT,

1 0 0 C13 0 S13€7i6
= 0 Cr3 8§23 0 1 0

0 —sp3 23 —sp3¢ 0 €13
a2 s 0
X\ =s2 cp 0, 2
0 0 1

*Note that the NMSSM contains the phenomenology of the
MSSM, as it is going to be described in the following section.
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where ¢;; = cosf;; (s;; = sinf;;) with 6,5, 6,3, and 6,5 the
three neutrino mixing angles. The presence of a Dirac &
phase in Eq. (2) renders U complex and introduces a
difference between matter and antimatter. To size the effect
of such a radiative correction on the neutrino propagation,
we study the one-loop effect on the scattering amplitude
matrix which describes the interaction of neutrinos with
matter:

G
M(vof — vef) = —iTg peyP(1 — ys)ve
X [y,(Chy+ Chpyvs)fo (3)

In the calculations we will use the same approximations as
in [8,9] i.e, neutrinos are propagating though an unpolar-
ized medium at rest. Consequently, the neutrino index of
refraction can be written as

po(n,, —1)=—2G; ¥ CV N, )
f=u.d,e

where Ny is the number density of fermion f in the
medium. Therefore, the interesting parameter to study in
order to size the radiative correction to matter interaction is
C,,; which is defined at the tree level by

C)//[f = T3(fL) - 2Qfsin20W + 8€f’ (5)

with sin®6y, = 1 — m§,/m% = 0.23, while Q; and T5(f,)
are, respectively, the electric charge and the third compo-
nent of the weak isospin of the fermion f; . To parametrize
the loop corrections to C,‘f( p Botella et al. [8] have defined
in some kind of an arbitrary but convenient way a new C Z{ 7
by

Cyp =PI Ts(fL) = 20,47 55 (6)

for f # £ where the p”¢ includes the f-dependent (box)
diagrams’ contributions. Since the A*¢/ are independent of
f,in a electrically neutral medium, they will not contribute
to An,,. Consequently, An,, will only be sensitive to
Ap/ = p"f — p¥u/. Note that we are only interested in
the difference between ny,, and n,_ indices of refraction

because the loop correction to An,,, = -2G rN,/p, will
be negligible since electron neutrinos already encounter
charged-current interactions with matter. In the standard
model, the corrections have been calculated and are found
to be small:

—p,An,, =V, =&V, =54X107%V, 7
where V. is the effective matter potential to tau neutrinos
due to one-loop corrections and € the ratio between the V, .
and V, which yields the size of the loop correction in
comparison with the charged-current matter potential for
electron neutrinos V,.
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B. The supersymmetric framework

The most significant theoretical issues of the standard
model are the hierarchy problem for the Higgs mass and
the nonunification of the gauge couplings. Supersymmetry
allows us to address these problems and is an attractive
candidate for new physics beyond the standard model. In
this theory a supersymmetric particle called LSP (lightest
supersymmetric particle) is a natural candidate for dark
matter. Among various supersymmetric models the most
extensively studied is the MSSM.

The MSSM contains the minimum number of fields to
describe the known standard model particles and their
superpartners. To SM fermionic fields (leptons, quarks),
we have supersymmetric scalar fields (sleptons, squarks)
associated. Concerning SM vector bosons [U(1)y, SU(2),,
SU(3)¢ gauge bosons], fermionic fields called gauginos
(bino, winos, gluinos) are associated to [37]. Finally, we
have fermionic fields called higgsinos associated to Higgs
bosons. Higgsinos and gauginos will mix to generate neu-
tralinos and charginos.

We call superpotential all the renormalizable products of
chiral superfields in a given supersymmetric model where a
chiral superfield is a multiplet which contains a scalar field
and a fermionic field. The MSSM’s superpotential is

Wyissm = Q- H,T% — h,Q - H B — h,L - AL
+ uH, - H, €))

where H,, Q... are chiral superfields. The fermionic part
of the supersymmetric Lagrangian is obtained through a
procedure where the superfields of the superpotential are
expanded in terms of component fields and then the super-
space coordinates of the result are integrated out:

£MSSM = hzlﬁQ : Hul//T; - hbl//Q : HleB;
—hipp Hyppe + piby, - Yp,
+...(+Hc.). 9)

In supersymmetry, we need two Higgs bosons to give

masses to the other particles.

Despite its simplicity, there are two unexplained hierar-

chies, within the MSSM:

(i) the so-called p problem [38]. It arises from the
presence of a mass u term for the Higgs fields in
the superpotential. The only two theoretical natural
values for this parameter are either zero or the Planck
energy scale. However, we need u = 100 GeV to
satisfy LEP constraints on the chargino masses and
M = Mgysy for a destabilization of the Higgs poten-
tial in order to have nonvanishing vacuum expecta-
tion value (v.e.v.) for the scalar Higgs fields
(<H, ;> #0).

(i) The other hierarchy with an unknown origin is the
one existing between the small neutrino masses
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(smaller than the eV scale) and the electroweak
symmetry breaking scale ( ~ 100 GeV).

In this paper, our framework is the NMSSM [39]. This
model provides an elegant solution to the w problem via
the introduction of a new gauge-singlet superfield S that
acquires naturally a v.e.v. x of the order of the supersym-
metry breaking scale, generating an effective p parameter
(Ax = pep) of order of the electroweak scale.
Furthermore, if we break a discrete symmetry called R-
parity we can explain in the NMSSM framework the
second hierarchy by generating two neutrino masses at
the tree level [40] as we will see below.

The NMSSM'’s superpotential is

Wymssm = Q- H, T4 — h, O - HyBg — h,L - AL
A

Then, the fermionic part of the NMSSM Lagrangian is

Lxmssm = hythg - Hythpe — hypg - Hyppe
—hpp - Hyhpe + ASy, - by,
+ kSPsihs + ... (+He). (1)

The NMSSM contains the following particles:

(i) Standard model fermions and their left and right

scalar supersymmetric partners (sfermions)

(i1) Standard model gauge bosons

(iii) 3 neutral scalar Higgs (h,, h,, h3)

(iv) 2 neutral pseudoscalar Higgs (a;, a,)

(v) 1 charged Higgs (H™)

(vi) 2 charginos ( sz) originally from mixing between
charged fermionic superpartners of the gauge bosons
(gauginos) and charged fermionic superpartners of
Higgs bosons (higgsinos)

(vii) 5 neutralinos () 5) of which the lightest, LSP, is
generally stable and is then a natural candidate for
dark matter. They come from the mixing between
neutral gauginos and neutral higgsinos.

The NMSSM phenomenology contains the MSSM phe-
nomenology if we take A — 0, k — 0 by keeping wqs of
the order of My,. However, the NMSSM is less constrained
experimentally than the MSSM. In particular, the theoreti-
cal value of the lightest scalar Higgs mass in the NMSSM
is above the MSSM one. It can go up to 150 GeV for small
values of tanB while the LEP experimental constraints on
the SM-like Higgs mass give m; = 114 GeV.
Furthermore, there exist new decay channels for A, in
two pseudoscalar Higgs which allow us to relax the ex-
perimental lower bound on m, . Consequently, in the
NMSSM, for some regions of the parameters space, this
lower bound can be m;, = 90 GeV.

Experimental limits on supersymmetric particle masses
obviously show that SUSY has to be broken. Thus, the
supersymmetric particle masses will be different from
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standard model particle masses. The soft SUSY breaking
terms in the NMSSM are
(a) mass terms for scalar particles:

my |H, 1>+ my |Hgl* + mg|SI* + mj, |01
+m |Txl? + m3 |Bgl> + mi |Ls|* + m3 |Lgl?

+ ...

where all the fields are scalar fields,
(b) mass terms for gauginos:

%Ml/\l)\l + %Mz/\z * )\2 + %M3/\3 ° A3,

(c) soft terms associated to the superpotential:

M, SH, - H, + gAKS3 + hAQ - HTS — hyAyQ

“H B — h,A,L-H,L$ + ...(+H.c.),
where all fields are scalar fields.

III. R-PARITY CONSERVED SUSY CORRECTIONS

In supersymmetry, one usually considers all sfermions to
be exactly degenerate at the GUT scale, and obtain their
low-energy splittings from the renormalization group evo-
lution of the soft parameters and from terms arising after
the electroweak symmetry breaking. In this way, although
squarks become significantly split from sleptons, the split-
tings among the masses of different slepton generations are
only due to the small 7-Yukawa coupling. This usually
implies that mZ — m7 is O(m3), and hence the radiative
effects on the v, . indices of refraction are, in this case, not
larger than the standard model ones. In the following, we
shall consider a large 7; — 7; mixing. This occurs for
large values of the effective u parameter and tanf3, or for
large values of the parameter A of the trilinear soft terms, in
which case the splitting can be O[m (A, + u.tanB)] as
we can see below. tang is the ratio v, /v, where v, and v,
are the v.e.v. of the scalar Higgs fields H, and H,.

We give here the stau and smuon mass-squared matrices
where we neglect splittings due to D terms among charged
and neutral sleptons or among ¢, and €g. The diagonal
terms are, respectively, the fgand €, mass-squared terms.

For tau sleptons:

( mz + m3,

M mT(AT + Metf tanﬁ)

LIS

mT(AT + Merr tanﬁ) )

m? + m%3

12)

and for muon sleptons:
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my(A, + e tan,B))
2 2 ,
my, + myp,

2 _ mi + mflR
" m;L(A/.L + Moeff tanB)
(13)

where
(i) m3,, m; , m; and mj are of the order of Mg, ~
0.1 — 1 TeV?,
(i) (A; + pertanP), (A, + pe tanB) are of the order
of Mgy»
(iii) m, = 1.8 GeV, m,, = 105 MeV.

In the 2nd generation case, we can neglect the mixing
between (i and fi; because the off-diagonal terms are
negligible with respect to the diagonal terms. But in the
third generation, we have to consider 7, 7, instead of 7,
Tr.

The SUSY contribution to An,, can then be larger than
the standard model one.

In the following, to calculate the loop diagrams contri-
butions we will use the dimensional regularization method
and the vanishing external legs approximation [8,9] which
turns out to be legitimate because of the low masses and
energy of the fermions with respect to the electroweak
(My) and SUSY (Mgygy) breaking scales. When one
does not use this approximation, the loop integrals needed
to perform will have several different mass scales. Such
calculations are much more complicated and need ad-
vanced mathematical methods as in [41]. In this frame-
work, some specific functions will appear:

(i) For the self-energies and the penguin:

xInx
Holw ) = VB

x2 Inx
+ (x — y)]

(xr=y)x—1)

+u~w}

Go(x,y) = [

(i) For the box diagrams:

x Inx
x—y)x—2)x—1)
yIny
OG-0y —-26—-1

zlnz
+@—w@—w@—n}

m@%n=ﬁﬂ(

/ B x? Inx
G'(x,y,2) = x=—yx—2)x—1)
y? Iny
N0 —290 -1
zz Inz

e )
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A. Vertices

Following the notation of [42,43], we denote by N;; by
x) =N,V where ¥ = (B, W3, h,, hy,5), U and V are
the 2 X 2 matrices required for the diagonalization of the
chargino mass matrix.

We see in Figs. 1 and 2 that vertices between chargino
xi, a fermion f, and the right scalar partner fr are
negligible with respect to vertices between chargino y;,
a fermion f, and the left scalar partner f; because 5—‘:/ <1
for f = u, u, d. We will neglect the loops including the
primary vertices below.

The coupling of one neutralino x? (cf. 3) to one fermion

and the associated left (right) scalar partner G}L( ) is
, c{
G, = QssinfyNi + —=—N3,,
fL f Jj1 cosfy J

where f = v, e, u, d,;

f
i . . CR
Gig = mgn(mx?)[Qf sinfyN;; + o6 sz],

where f = e, u, d.
The coupling of left (right) scalar partners to the Z°
boson is

C{(R) = T5(fLx) — Qysin?y,.

Xi //

-
S Ve L UL
N

~ —igVy HEle

. d
i o o omu Vg (1=7)
=9 Sy 2 C
N . 2Myy sin |
v\\ UR
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~ —igU;iFkS #(1—75)

- T - 7L 2
AN
I/l“u
(1—7)
«— N ~ PO —ZgU'71 5 )
\\: ulndL
Yy,
+
Xi ‘v
J =i _MudUh (1+75)
- s lg\/if\'f‘,y cosff 2

. iRrdp
DR

R-parity conserved vertices involving charginos and up fermions.

The coupling of scalar partners in their mass basis to the Z°
boson [44] is

3
C]f{ﬁ/] = T3(f) ZI‘?LF#Z - Qf-sin20W5kh,
i=1

where 7, = ' #,. The coupling of charginos to the Z°
boson [44,45], is

@:5‘ = _Vilvjl - %ViZV;Q + §l-jsin20W,
and

@if = _Uil ;:] - %UIQU;Z + 5l~jsin29W.

We will assume below that all the parameters are real.

B. Self-energy diagrams
The computation of the supersymmetric contribution to
Ap requires the evaluation of the Feynman diagrams.
The self-energy, penguin and box contributions to Ap/
can be written as

Aploy
T5(f1)

We consider here the contributions to neutrino and
antineutrino scattering involving self-energy diagrams.

Ap/ =Ap, +

e,d

Xi //

- <~ s
S~ Ve L UL
N

~ igC*l\/ﬁﬁ—l’.}’))

o mVE ()
= Y A e 2

FIG. 2. R-parity conserved vertices involving charginos and down fermions.
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X ! ~
—< < = igy/ 2GR
Nos Fa

\/ ~ —igy3c) 1)

N7
. f

X; \ //

o fr

~ w\[GJ 1+%

FIG. 3. R-parity conserved vertices involving neutralinos, fermions, and associated sfermions.

The first contribution implies a slepton-chargino loop
[Fig. 5(a)]. We diagonalize the stau mass matrix and use
the vertices of Fig. 1. We neglect the fy contribution;

2 2 2
~ o mi_
Apf(3)=-2 > UJZ.II:Z F’;iz{Go(xwk, 1)+ In ;}
87 = k=1 H
m2
_ {GO(XX; a1+ 1n#”, (14)

. Then, we have a neutralino-sneutrino
loop [Fig. 6(c)]

5
Ap7(%) = =G 3 GG g, )
2
2

+1n M; &, — aw)}. (15)

C. Penguin diagrams

We consider here the contributions to (anti)neutrino
scattering involving penguins. We use the vertices of Fig. 4.

P LE
W\/\/\(‘K::/p" ot CLRP+ 1)
;;\\\ fLr
Ht,
Zwv&{/zf
;\\\ H*

—i9_afn .
va< = T [(ViNis —
O X!

Nj3Nis)(1

Ap p(f) implies a chargino-slepton loop in which the
slepton couples to the Z° boson [Fig. 5(e)]. In Ap,(x*),
the chargino couples to the Z° boson [Fig. 5(c)]. Ap5(P)
implies a neutralino-sneutrino loop in which the sneutrino
couples to the Z° boson [Fig. 6(a)] and in Ap%(x°) the
neutralino couples to the Z° boson [Fig. 6(b)];

2
Ap, () = 4—W Z ,1[ Z F];%LFELCI;]{GO(XM,*’XMT)
= k=1

mi+ m2~
+ ln—"} -t {GO(X e lnﬁ}],
2 L X AL P

(16)
5
Aph(p) = Z {GO(XX% 1)
=1
m%
+ In ,U«ZL (ﬂTL — z”/ML)}, (17)
e
7 e
W: /[; 7(0&.9” CT‘\[(erp)
o
= %L[C{‘R(ijp/)a

—75) = h.q]

ig
NVV\< = Cos 9”
\

—Ar 1 -
Ol/,]L,(l 2%) n Oij( +2%>}

FIG. 4. R-parity conserved vertices with the Z° boson.
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( H*
vy // \\ vy vy ///\\\ vy
I \ I L
Xi i
Z (a) Z (b)
f f ! !
v ( v vy H* v
. © @
Xi X 4 4
f Z f ! 2
vy er vy vy YA vy
~ N N 7/ 7 ~ (e) N N 7/ 7 (f)
Y N Vi H+ N H+

FIG. 5. R-parity conserved penguins and self-energies involv-
ing charginos and the charged Higgs.

1 Ht
vy // \\ vy vy //’\\\ vy
1 1 1 1
Xi ¢
VA (a) A (b)
f f f f
vy ¢ vy vy H* vy
77777 (© < (d)
+
Xi O\ X; ¢ t
f Z f f Z f
v Xi v v ¢ v
RN L (e) N e ()
Vi N Vi H+ N H+

FIG. 6. R-parity conserved penguins and self-energies involv-
ing neutralinos.
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2 2
App 4l Z I:ZFI;n{ @/LHO( T

k=1

X — OR[Gy(X +1 m%k
,\/.;.’7"',() ij 0( X?'Tk’ X; Tk) n,LL

{2 O HyX . Xy )

2

) oo

a @ﬁf(GO(XX i

X/LL

APp(XO) = 4—W Z G, LGVL{N14 - Ni3Nj3}

X |:2H0(XX017 , X0’77L) + {GO(X)(Oﬂ ’X)(OVT )
+ In “} —(p, — b ] (19)
“2 L 1223

We have neglected the loops involving fig.

When we sum all the contributions [Fig. 5(b), 5(d), and
5(f)] involving the charged Higgs boson [9], we find
ay m2 Iny ]
am g, (=2l

Apll" = — 2 [ +
Py b5 Ty

D. Box diagrams

The charge conjugation operators in the vertices of
Fig. 2 imply that all box diagrams involving charginos
induce radiative corrections to neutrino scattering only,
despite the fact that the neutrino fermionic lines of
Fig. 7(a) and Fig. 7(b) are oriented on the left. As we did
before, we diagonalize the stau mass matrix and we neglect
the fi contribution. The box diagrams involving charginos
[respectively, Fig. 7(a)-7(c)] are

a M2 2
Apt (xT) = — 4—W > VitViaUj Uy
V Jk=1
2 ..
X {Zl TE2H (X5, X0 Xz,5,)
s

— H Xy X X)) 20)

Aply (X ") = Apgo (X )P, — iiy), Q1)
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vy X[i) vy Ve vy vy

vy / R

(©)

FIG. 7. R-parity conserved box diagrams.

2
_“WM S 00
Jj1> k1l

d Jik=1

Apt (xT) =

2
X {Z LG X, X0, Xyea,)
— GI(XM d, , X +d , X +dL)} (22)

The box diagrams involving neutralinos with crossed
fermionic lines will only contribute to neurino scattering
because the neutrino fermionic lines are oriented on the
right. Here, fx contributions are non-negligible.

We consider here the box diagrams involving neutrali-
nos for neutrino scattering [Fig. 7(d)]:

(1) with left sfermions (é;, i, JL):

. M2
Aplt (x0) = —O‘W Z Gt, G, Gt Gl
Jk 1 fL
X [Gl(XﬂrfL’ XX?fL’ XX‘/:f;L)
— (7, > 7,)] (23)
(ii) with right sfermions (&g, iig, dg):
Fr (L0 ay < k k MZ
Apng(/\/ ) = Z GVLG LG G
Jk=1 fR
X [H/(XX?-J;R’ Xx‘ifk’ Xﬂrfk)
- (7, = 7,)] (24)

Note that the contributions from all box diagrams in-
volving antineutrino scattering are identical to the previous
contributions, only the forms of the boxes will be different.
For instance if a ladder box was contributing to antineu-
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trinos then the corresponding box for neutrinos will have
crossed fermionic lines and vice-versa.

E. Numerical results

The numerical results given just below have been made
in the NMSSM framework which is a more efficient super-
symmetric model than the MSSM in both theoretical and
experimental ways. Indeed, the MSSM is almost ruled out
by the experimental constraints (e.g. on the lightest scalar
Higgs boson mass) contrary to the NMSSM. Furthermore,
since the parameter space is bigger in the NMSSM, we can
expect possibly larger values of €.

We make here a low-energy study where we take first
generation sleptons degenerate with the second generation
ones, and only allow the third generation sleptons to have a
different mass. It is a possibility that sfermion masses may
dynamically align along the directions, in flavor space, of
the fermion masses, suppressing flavor changing neutral
currents but allowing large mass splittings [46].

We consider two experimentally allowed cases for the
sleptons with a splitting between the third and the second
generation:

(i) mz =300 GeV and m; = 200 GeV (normal super-

symmetric hierarchy)
(ii) mz =200 GeV and m; = 300 GeV
supersymmetric hierarchy)

We also assume that squarks are much heavier than
sleptons: M5 = 1 TeV. These are the effects of gluino
masses in the renormalization group evolution of scalar
masses.

The splitting among the sleptons of the second and third
generations is mainly responsible for the size of Ap.

The purpose of this section is the investigation of the
supersymmetric parameter space in some specific cases. To
this end we made a subroutine to the Fortran code called
NMHDECAY, which is available on the NMSSMTools web
page [43,47,48]. This subroutine computes the different R-
parity conserved supersymmetric contributions to &. Note
that ¢ is the same for antineutrinos, as in the standard
model.

By making scans over the supersymmetric parameter
space, we can obtain, in some regions of the parameter
space, divergences for either m or

(inverted

X\ = Mz, mX+ =My,

m,o = m;,. This is because we assume vanishing external
1

legs.

In supersymmetry, there are many parameters. € does
not depend very much on A and  so we fix them as we
usually do in supersymmetry: A = 0.4 and « = 0.5. We
allow some other parameters to vary: tanf3, M4, and piqg.

M 4 is an effective supersymmetric parameter somewhat
equivalent to the second pseudoscalar Higgs mass in our
regions of the parameter space.

We show two different illustrative situations motivated
by high-energy models for the gaugino masses:

013003-8
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FIG. 8 (color online).
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-0.0005 —

W .0.001 -

-0.0015 — —

0,002 S N U B
300 400 500 600 700 800

u (GeV)

€ as a function of p. We fix A = 0.4 and « = 0.5. M|, = 66 GeV, M, = 133 GeV, and M3 = 500 GeV. The

figure on the left represents the normal supersymmetric hierarchy (m; = 300 GeV and m; = 200 GeV), the figure on the right
represents the inverted supersymmetric hierarchy (m; = 200 GeV and m; = 300 GeV).

(i) M, =66 GeV, M, =133 GeV, and
500 GeV [cf Fig. 8]
(i) M; = 150 GeV, M, = 300 GeV, and M3 = 1 TeV
[cf Fig. 9]

In Fig. 8, tanfB varies between 2 and 15, M, varies
between 579 and 2000 GeV, u varies between 300 and
800 GeV. We see in Fig. 8 that contrary to the SM case, V, .
can be either positive or negative.

In Fig. 9, tan 3 varies between 2 and 18 (for the figure on
the left) and between 2 and 9.6 (for the figure on the right),
M, varies between 500 and 1000 GeV, u varies between
200 and 564 GeV.

On the other hand, as we can see in Fig. 9, € can go up to
2 X 1072 in this region of the parameter space. The sign of
M does not have an important impact on the maximal value
that & can reach.

M3:

0.01 —— : : ; : ;

W .0.01

-0.02 —

1 L 1 L
300 400 500 600

u (Gev)

FIG. 9 (color online).

We finally mention that other extensions of the standard
model may also lead to sizable effects upon An,. In the
next section, we will consider supersymmetric R-parity
violating interactions which can have important effects
on the neutrino indices of refraction already at the tree
level [49].

IV. R-PARITY BREAKING SUSY CORRECTIONS

A. Introduction

The superpotential Wyyssm 1S not the most general
superpotential we wan write because there exist some other
gauge invariant couplings that we did not take into account.
These new couplings break a discrete symmetry called R-
parity. This symmetry requires that an interaction must
have an even number of SUSY particles. If R-parity is

0.03 . ; . . . .
0.02 |- .
W 0.01 - —
0 = —
-0.01 | L | L | L
300 400 500 600
u (Gev)

€ as a function of w. We fix A = 0.4 and k = 0.5. M; = 150 GeV, M, = 300 GeV, and M3 = 1 TeV. The

figure on the left represents the normal supersymmetric hierarchy, the figure on the right represents the inverted supersymmetric

hierarchy.
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broken, the LSP will no longer be stable [50]. R-parity
violating interactions also violate the lepton number (L) or
baryon number (B). To be as general as possible, the
superpotential has to contain the following terms [51]:
L;0,D;

| A
Wy, = Z(E M LiL S + ALy

i,jk
1 A ACB A AoA AA A
+ E)lfljkgaﬁ.yUlcaDjﬁD;’y + I-LiHuLi + AISHML1>
(25)

The Lagrangian Ly, can be derived using the common
procedure [40,52].
If we consider this part of the superpotential:

Winasses = Wxmssm + i, L; + A:SH,L;, (26)

we can generate two neutrino masses at the tree level [40]
by mixing neutrinos and neutralinos. By considering a
seesaw-like mechanism, the mass matrix is

Mymssm €
Moo= R R 27
o ( Ex, 033 @7

where Mymssum 18 the R-parity conserved neutralino mass
matrix and £, is the part of the mass matrix induced by R-
parity violation which mix neutralinos and neutrinos. We
will assume here: v;/v,, <1, |u;/ul <1, and
|A;/Al << 1 in order to reproduce the neutrino phenome-
nology. v; are the v.e.v. of the sneutrinos. This model is
self-consistent because we give here a way to generate the
neutrino masses contrary to many other scenarios of radia-
tive corrections on neutrino indices of refraction.

In the following, v; = N,-j‘i’j where W7 =
(B, Wi, hyhg 3, v v,,v,), i=1...3 and j=1...8.
v,, v, and v, represent the neutrinos in their flavour basis,
v; represent the neutrinos in their mass basis. x? =
N+3);¥; where i =1...5 and j=1...8. x? are the
five NMSSM’s neutralinos.

Note that neutrino masses can be generated at the tree
level in different models such as models with seesaw
mechanisms [53,54] even in the limit of massless neutri-
nos. However, we have chosen here to work in the NMSSM
framework with R-parity breaking. Some specific models
allow us to generate neutrino masses with R-parity break-
ing, the most popular one is the pure bilinear model (with
only w;H,L;) in the MSSM. In this model, only one
neutrino mass is generated at the tree level [55]. In our
model, we consider all R-parity breaking terms in the
NMSSM and two neutrino masses are generated.

B. Tree-level corrections

Because of R-parity breaking, new interactions are pos-
sible between SUSY particles. This yields new one-loop
corrections but also tree-level corrections contrary to the

PHYSICAL REVIEW D 81, 013003 (2010)

R-parity conserved case. Such tree-level corrections in the
supernova context have been partially studied in [49,56].
Since this work focuses on V/”, we only concentrate on
graphs involving u and 7 neutrinos. Moreover, we only
consider neutrinos which do not change flavor after the R-
parity breaking interaction, therefore, we are not concerned
by an off-diagonal term in the matter Hamiltonian.

Here, we give a specific contribution to antineutrino

scattering [Fig. 10(a)] with left sleptons 7 Li

5 3 ()12 _ /\2' ) MZ
Ap,(fy) = = 3 =20 (28)
i=1 8 mgL,i

With left down squarks 3“ [Fig. 10(b)],
Apb(gL,i) = Apa(EL,i)(/\kil - /\gm: EL,[ - 3L,i)- (29)

The right sleptons 7 r.; and the right down squarks d ki do
not contribute.

The following contributions induce corrections to both
neutrino and antineutrino scattering: for the diagram of
Fig. 10(c):

5
Ap.(x") = — Z (N(+38N+3)s = Nij+37Ni+3)7)
=1
X (N(j+3aNGi+34 — Nij+33Ni+3)3) (30)
for the diagram of Fig. 10(d):

Apa(lLi) = Dp,(LLy), 31
for the diagram of Fig. 10(e):
Ap.(dy;) = Ap,(dy,)). (32)

For Fig. 10(d) and 10(e), the right sleptons ¢ r.: and the
right down squarks JRJ do not contribute. Let us now

v - e v ~ d
(R / dr R

@ \ O

v

FIG. 10. R-parity broken tree-level corrections.
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discuss in the relevant cases the values of the R-parity
breaking contributions. In general, except for values of
supersymmetric masses which imply divergences in the
vanishing external legs approximation for the loop func-
tions defined above, the tree-level contributions will domi-
nate all the one-loop R-parity breaking contributions.

As seen in the previous subsection, the R-parity breaking
interactions are controlled by some parameters: w;, A;,
Aijes Aljp> and Ay, The two former ones allow us to
generate two neutrino masses at the tree level, hence they
are constrained by the values of Am?, and Am3;: typically
[l ~ 107 gl and |A;] ~ 1076|A]. This implies that
ING+3)6l INGe3y7]s [N 43)8] = O(1076).

Concerning the parameters A;j, Aj;, and A, apart
from a few isolated cases, the bounds derived under the
so-called single coupling dominance hypothesis, (where a
single Rp coupling is assumed to dominate over all the
others) are in general moderately strong. The typical orders
of magnitude of such couplings, which can be [A; /kl or
|Ajxl or [A,l, are <1072 — 107" [57]. Note that the
constraints on these parameters are independent of the u;
and A; constraints.

For instance, if we assume that the only nonvanishing
parameters are A/, x> We can see from the previous sections
that the Kp contributions for the tree-level order will be
reduced to the contribution of Eq. (30).

Nevertheless, if the nonvanishing parameters are A; . or

; ]k, the Rp contributions will possibly be of the same
order of magnitude or even bigger than the R-parity con-
served contributions. For example, if we assume A; ;. to be
dominant and of the order O(10™"), the contributions of
Egs. (29), (30), and (32) will vanish whereas the contribu-
tions of Egs. (28) and (31) to & will be of the order
O(1073). If we compare these values to the ones of
Fig. 8, we can verify that the Jp, contributions can be
bigger than the R-parity conserved contributions.

On the other hand, if we do not make an hypothesis on
the values of A;j, Al and Af;, one can see that the
strongest constraints on these parameters come from the
single nucleon decay [52,57]: |A;All,,| <[O(10712) —
O(107)] and [Aj;A7,,| < 0(10_9) If we assume the
parameters A, A, and A to be of the same order of
magnitude, apart from very specific cases, the £p contri-
butions will always be negligible.

Note that very strong constraints may come from cos-
mological and astrophysical bounds but they are very
sensitive on the LSP chosen (like neutralino, sneutrino,
gravitino,. ..) [50] and on the model.

C. Self-energy corrections

We willingly leave certain factors not simplified to be
able to compare with other corrections more rapidly. All
the contributions will be equal for neutrino and antineu-
trino scattering.

PHYSICAL REVIEW D 81, 013003 (2010)
For Fig. 11(a):

Apfn(s) = — G 3 P~ Ay)
87 52 8
X{G X, ; l)+ln%}
0 €i€R,_/" 1“2 ’
Apdr(3) = ApeR(E)()‘kij k,j, €R/ CzR,j)~ (33)

For Fig. 11(c):

Apli(3) = ApgR(E)(/\kij — Agjis ER,j - gL,j)’

~ ~ )
Ap(3) = Apr(E)(/\kij - /\iﬁ» Crj—dpL ;)

In the R-parity breaking scenario, there are NMSSM
specific self-energies due to the term A l-.SA’I-AI L in the super-
potential. This term induced one new coupling between a
neutrino, one Higgs (scalar or pseudoscalar), and a neu-
tralino. We present here the contributions for scalar
Higgses and for pseudoscalar Higgses.

For both Fig. 11(b) and 11(d), the contribution from
scalar Higgses:

_a (/\2 /\2)
Ap"(2) = W D Z(N(,+3)5
i=1 j=
mj,
N yS2 ){GO(X D)+ } (35)

from pseudoscalar Higgses:

dpj (r,j hj.as
v !/ \‘ v v ’/ \‘ v
d;, ¢; X3
A A
f f f f
(a) (b)
d’L,j7€LJ hj,a/
v I/ \\ v v ’/ \‘ v
d;, (; Xy
A Z
f [ f f
(c) (d)
FIG. 11. R-parity broken self-energy corrections.
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Z Z(N(1+3)5 Jjl

i=1j=

Ape(s) = 22 “ s

2

m2
+ N(21+3)3P?3){G0(X)(?aj, sz} (36)

Note that the self-energy contributions will always be
negligible with respect to the tree-level ones except for

mio = m%l or mio = mg, which may induce important

values for NMSSM spec1ﬁc contributions of Egs. (35) and
(36), especially in the case where the only nonvanishing
parameters are A[’;.

D. Penguin type diagrams

We consider here the penguin diagrams. All the contri-
butions will be equal for neutrino and antineutrino

scattering.
For the diagram of Fig. 12(a) and 12(c):
()\3 - /\% )
¢ ji ji
( )= 1677' ijZ:I g’
x I:GO(XE D+ ln<—2‘)i|,
Ljvi I'L
APiL(d) = (€)()th1 — Ao l L= 57L,j’ € — d)).
(37)
For the diagram of Fig. 12(b) and 12(d):
~ 3 ; )tz ;)
App(l) = =] 3 Y- A
i,j=1
[G X, . 1)+ ln( ‘e)]
0 € (/ ) ILL »
AP%(&L) = Apg(eL)()‘kji - A;(jp €L,j - &L,J’, t;— d;).
(38)
v gL,R,j v v gi 14
éi \ fzj ZL j N [L,]
(@ (b)
I Z f I 2
v JL Rj v v d; v
dL dz J ,/'\ N /d s
© " Y@
f 2 f 28

FIG. 12. R-parity broken penguin-type diagrams.
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For all the previous penguin diagrams, the right sleptons
7 r,; and the right squarks C?R, ; do not contribute.

We have below NMSSM specific penguins also due to
the term )LiS’I-AI .L; in the superpotential.

For the diagram of Fig. 13(c):

"o ay 53— A o
App(/\/ ) == Ly g Z Z N(l+3)5N(/+3)5Sml
i,j=1 m=1

X (N(j+3)aN i34 — N(j+33N(i+3)3)
X [2H0(X)(?hm’ Xx?hm)

2

S

{GO(X Oh,

For the diagram of Fig. 13(a):
ay - A & <
Aps(x°) = —8—W 23 > Nis3sN3sP
™ g i,j=1n=1

X (N(j+3)4N(i+3)4

— N(j+33N+3)3)

X [2H0(X)(?an’ Xx?an)

mg
+{GO(XXou,XX(>a)+1n 2}] (40)
%, X)la, ”

We have two identical contributions from the diagram of
Fig. 13(b) and 13(d) and we obtain

0 aW A - A2 SRR
Apy = Z D 2 NiiasSmPuAfy
i=1 m=1n=1
miq
X {Go(Xth?’ Xo0) + ln//,—i}’ @D
where A" = S,,1P,1 — S,2P,» following the notation of
[43].
v Qn, v v X(t) v
0 AN ;7
Xi Xj (a) hin, N7 an (b)
f 2 f Z f
14 him v v X? v
0 b N , g
Xi Xj (©) an oo h (d)
f zZ f f ; z f
FIG. 13. R-parity broken NMSSM specific penguin-type dia-
grams.
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Note that the penguin contributions will always be neg-
ligible with respect to the tree-level ones except for mio =

2 2 2
M, OF Mo = Mg,

NMSSM specific contributions of Egs. (39)-(41), espe-

cially in the case where the only nonvanishing parameters

"
are Aj,.

which may induce important values for

E. Box diagrams
1. R-parity broken box diagrams

We present in this section the box diagrams’ corrections.
Each box diagram correction involves Fierz transforma-
tions to obtain a similar form as the standard model tree-
level interaction. The box diagrams with crossed fermions
lines [Fig. 14(b), 14(d), 14(f), 14(h), 14(j), and 14(1)] will
only contribute to neurinos, meanwhile the uncrossed fer-
mion lines [Fig. 14(a), 14(c), 14(e), 14(g), 14(i), and 14(k)]
will contribute to antineutrinos. However, the contributions
to antineutrino scattering will be exactly the same as the
contributions to neutrino scattering. We show below the
contributions to neutrino scattering.

For the diagram of Fig. 14(j) with €, ; — dg :
3 2
- - ay M
Appo by —dp) = —o— > —F
. i‘j’k‘mzl maR,m
« (A3 A3k = A2ij M) N At
g4
X G/(X€jvljk,1n’ X€k’dR,m’ XgL,i,l;R,m)' (42)
v CZL.R i v
S e
d
i (@) (b)
d URm>YLom| d
R R l -
v d~L-,RJ v
—. . _ e
dy; dj  (e) (®
u dPL,mv ZL m|
[ o
v CiL.,B’ ) v
e .
dk d] (1
e Ug,m e
o o -
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For the diagram of Fig. 14(d) with d; ; — €, ,, and the
diagram of Fig. 14(f) with d; ; — i, ,:
box(dL €L) - Apb (€L dR)(/\ - A /\Jlm/\fclm
- Anzlenllk’ €j,k - j k> €L1
- ﬂzL,i, dNR,m - EL mh
Apbox(dL ) = Ap{)%)x(cz’L €L)(/\mlj mlk
- /\llmjAllmk’ €L,m - uL,m)' (43)
For the diagram of Fig. 14(d) with dg; — €, ,, and the
diagram of Fig. 14(f) with JRJ — g
3 2
M
A dp — ;) =-L W
pbox( R L) 477_ ‘Z_ 2
i,j,k,m=1 Cpm
()\SﬂAlSkl /\é,jl/\lzkl)/\mlj mlk
¢
>< Hl(Xd E m’ Xdk gL m’ XJR,[»ELJM )’
Apbox(dR ) Apbox(dR €L)(Amlj mlk
— iMoo Cm = iLm)- (44)

For the diagram of Fig. 14(b) with c?R,,» -

the diagram of Fig. 14(h) with CZR,,» — Dy

Py, and for

v ﬁL,R i v
e T 7
b ) @
e VLm e
I L S
v lLri
. oz
y 4 () (h)
u dR,m u
R I -
v ZL,R i v
e -
0, t; (k)
d Urm | g
G I LS

FIG. 14. R-parity broken box diagrams.
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ay 3 M%/

92 (5 =\ —
Apbox(dR L) - e m%Lm
()‘311/\/% B /\Izufvzzk)/\m]l)‘mkl
¢
XH' X 5,0 Xayo,0 Xy,
Ap{ﬁx({’ ) = Apggx(‘?R - ’7L)()‘;nj1’\£nk1 /\ml])\;nlk
then N — A, d; — €1, dg; — Cr). (45)

For the diagram of Fig. 14(j) with gR,i — &Rym and for the

diagram of Fig. 14(1) with €, ; — i, ,:

~ a 3 M?
Apbox(gR dR) = —W Z 2W

4 i,jk,m=1 mJR,m
_ / /
X(Mﬂ)\ya' A2i Aai) Aty At
4
8

X H/(Xt’,,c?&,,,’ X
Apzéx (ER -

Codpw’ XgRi ka)’
J / /
dR)(/\ /\klm )\]ml)\kml’

Apbox(eL — i) = ilm
(40)

dRym = Upm €R,i - fL,i)-

For the diagram of Fig. 14(d) with d i~ d Rom'

w sy My

l]km 1B,6,y= lmd7

Rm
(/\ A{%tk - )l/2[j)\/21k)A

g4
X EzryéeayﬁH/(Xd;?,J;vm’ X
Xy,

R.m

Apbox a(r( dR)

1
3ij lmj/\lmk

dp.dy,
47)

For the diagram of Fig. 14(b) with d Ri — URm:

3 3 M2
ljkm la,6,y=1 uRm

/ — !/ / "
)‘Skz AZ]Z)\Zkl))‘mjl
4
8

X 60“30- a)’ﬁH (Xd)’ rx ,Xd5 a w

)- (48)

Apbox ﬁg—(dR - ﬁR

()t3ﬂ /\gdcl

7 o
dR,iqu}m

The indices of € denote SU(3) color indices where € is
antisymmetric, €,5, = €gyq = €,4p- For example, for the
diagram of Fig. 14(b) with d; ; — iig,,, the down quark on
the left carries the index B and the down quark on the right
carries the index o
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2 3 ~
Apgox Bg'(dL — iig)
Aglk leAIsz)/\”

3!/ mlj mlk
§: §, 4
1677” m2

km=1a,8,y=1"lig 8

m

)

~a
dL,i»uRvm

!/
X €qos EaB'yI:H (de,ﬁ; W Xdz'ﬁ%,m’ X;

/ ~
_ G (de»ﬁ;sm’ Xdlr’ﬂg,m’ XdL""azv”’)]

> (49)

The diagram of Fig. 14(b) with d ri— P, can be
deducted from the previous one by removing the € factors
and by taking a factor 4 and A" — X, iix — 7;:

Ap{fﬁx(c?L — )
aW > ()\%]A/%k - Aét/Aézk)Amjl mkl

4 .. m2~ gt

i,jk,m=1""Dp,
! ~
x [H (Xd/" Drm’ Xdk’ bpw’ XdL,i, f’L,m)

/ N
_ G (Xd./' VL’ Xdk’f’L,m’ XdL,,-J”'L,m)]
2 .

Finally, for the diagram of Fig. 14(h) with 7 Li~ VL

(50)

Api2 (€, — 7)) = Apl (dy — )N — A djy

(D

The rest of diagrams do not contribute because of a
different form as the correct tree-level standard model
form given in Eq. (3).

In general, the box contributions will be negligible with
respect to the tree-level ones. However, if we assume the
single coupling dominance hypothesis, we will have to
consider three cases:

(a) The only nonvanishing parameters are A;j: if

- €j,k’ dp;— €L,i)*

m: =m2 or m:2 =m? , the contributions
Cri VLm € VLm

Api2 (bp — 7,) or Ap2 (€, — #;) can become

important.

(b) The only nonvanishing parameters are )ll]k if

2 — 2 2 — 2

my = mg, or m; =mg . the contributions
Ap2 (dy — i) or Api2 (dg — i) can become

important.

(c) The only nonvanishing parameters are )tg.k: all the
box contributions vanish.

2. Cancelling diagrams

It is interesting to notice that amongst the possible
radiative corrections induced by the R-parity breaking
interactions, some of them cancel. Contrary to the previous
box diagrams, all box diagrams in Fig. 15 should contrib-
ute equally to neutrinos and antineutrinos because the
fermionic lines do not link the neutrinos to the fermion
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v @[ v v ei v
: : —
gL BE I EL R AN b
Rk, | JR.j a ~ N/~
| I @) EL,RJ\”//\\KL‘RJ (b)
e : Vm l e e ovm Sl e
v 61 14 14 ‘ét v
; ; SE
~ ~ N 7/
gL k\ | EL P N ’
; J - N
1 | ) N AN R I )
u l dm 1w u 0 dm N
1
v ¢ v v ¢ v
: : S
~ ~ N 7/
(L) WLy ; \\(/ﬁ _
! | (1) Lk, "~ FLj (])
d : U, td d ,7 um >, d
I
FIG. 15.

with the Feynman graphs with crossed scalar lines on the right.

present in the external leg. The particles exchanged be-
tween the two fermionic lines here are all scalar.

To understand the consequences, we write the tensorial
part of the scattering amplitude of a ladder scalar line box
diagram [Fig. 15(a)] and the corresponding crossed scalar
line box diagram [Fig. 15(b)]:

For the left diagram we have

_ dq4 . 1+ s i(f +myg) .
=tk [ a5 i
1— s i i
X u(py)
2 =g —my k=gl —m
1= ys i+ pr— o +m,
X i1(Kk)i Ay 275 Lz Ijl ’42 1)
9~ me
. 1+
X Ay —ys]u(m), (52)

while for the right diagram we have

dg* 1+ ys ilf + my,
M, = l/_t(kl)l:[ iy~ i me’)i/\w
T

Qmt =2 ¢ —mg
1— s i i
X u(py)
2 Yipr =@ —m2 (k—qP —m:
Lk Lj

1—ysi(p— K +4+mum)l.

2 g —m,

Jutra (53)

X (k)i A

/\mjl

1+ys

X
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v d; v v d; v
T T N ”
~ | [ N ’
dr pi Vdp g R N
sty | A6 (¢ N/~ d
: ‘ © dore, S dpgy @
d : Um, Vm l d d S Ums Vms d
v dz 14 14 d[ v
T T
~ | | -~ N N 7 ’
dR 1| L dp, N
1 | @) dry,, > dp; ()
u ! dm,em U u , /d’rm em<
1 !
v d; v v d; v
T T
~ ! | ~ A N 7/ ’
ARk, | dR,; i g
‘ ‘ (k) Rk, 7N OR,j @
e : U, e e 7 um . e
1

R-parity broken radiative corrections which cancel out. The Feynman graphs with uncrossed scalar lines on the left cancel

Therefore, in the approximation of zero external legs
(p1s pas ki, ky = 0), we have M| = —M,. From a physi-
cal point of view, it is actually quite natural that such
corrections cancel out when considering vanishing external
legs, the Feynman box diagrams are antisymmetric in this
case since scalar particles are exchanged and the sign of the
v, neutrino impulsion is opposite.

V. IMPLICATIONS ON THE ELECTRON (ANTI-)
NEUTRINO FLUXES

The consequence of adding V., in the evolution equa-
tion of neutrinos in an astrophysical context was first
studied in [36]. The authors, using approximations, dem-
onstrate that the addition of such a term will imply a
CP-violating phase (6) dependence on the electron neu-
trino survival probability.

In this section, we analytically, without any approxima-
tion, show such dependence, using time discretization.*
Note that this derivation is actually valid for any term
contained in the interaction Hamiltonian which breaks
the symmetry between mu and tau neutrinos. We focus
here only on this particular term; therefore, this derivation
does not need to include the neutrino-neutrino interaction
term. Indeed, it has been analytically proven in [31] that,
without V,,, such a nonlinear term will induce

“Here we decided to work with wave functions and evolution
operators for simplicity. Nevertheless, it is equivalent to the use
of the matrix density formalism or the polarization vector as
showed, for instance, in [19].
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CP-violating only if there is a difference in the mu and tau
neutrino fluxes emitted at the neutrinosphere.

A. The factorization

In a dense environment the neutrino evolution equations
with one-loop correction to matter interactions are given by

P
! 0 E3
1%

0 0 v,
+[0o 0o o (\Ifﬂ> (54)
0 0 V,, v,

o

where ¥, denotes a neutrino in a flavor state « = e, u, 7,
E;_,3, being the energies of the neutrino mass eigen-
states, and U, the MNSP matrix. The neutrino interaction
with matter is taken into account through an effective
Hamiltonian which corresponds, at the tree level, to the
diagonal matrix H,, = diag(V,, 0, 0), where the V,(x) =
V2G N, (x) potential, due to the charged-current interac-
tion, depends upon the electron density N, (x) (note that the
neutral current interaction introduces an overall phase
only). Following the derivation of [31,58], to obtain ex-
plicit relations between probabilities and the CP-violating
phase, it is convenient to work within a new basis where a
rotation by 755 is performed. In this basis, one can factorize
the S matrix, defined by diag(l, 1, e'®), out of the
Hamiltonian, so that

v, v,
N ~ o
l& q'u = HT(5)
W,
= SH/(5)S*

=S T13T,2 o E2 0 TITZT?;r

0 0 E
v, 0
+1 0 s23VM —c23503€°V
0 —cyp3s93e 0V, 33 Vs
v,
xstl ¥, |, (55)
N

T

Contrary to the case where only tree-level matter interac-
tion is considered, the S matrix does not commute with the
matter Hamiltonian in the 7,5 basis which is
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Jiﬂ = costy3 iy, — sinf3 ¢, 56)
Y, = sinfyzf, + cosby i,
This fact implies that
H (8) # SH;(6 = 0)ST, (57)
and, therefore, that
U,,(8) # SU,(6 =0)sT. (58)

B. Consequence on the electron neutrino survival
probability

Nevertheless, the factorization of the S matrices is al-
ways possible but the Hamiltonian H’.(8) will depend on
6. We can rewrite Eq. (55) in the evolution operator
formalism to be

) 9 Aee Aﬂ,e Ai’eei;
la Ae‘[iia A/l '_15 A7-~e
Acre Apre Azz
» Aee Aﬂe Aq"eela
= H,T(S) Ae/l A[l~ . A;~e’5 (59)
Aze Ag e A

Defining the Hamiltonian A%(8) by’

a b c
H(8) = (b d (e — ge'?) ) (60)
c (e—ge ™) f

we can rewrite the evolution equations for the amplitudes
of the first column of the evolution operator, which corre-
sponds to the creation of an electron neutrino v, initially:

d .
i—A, = aA, + bA,; + cA ze 10,

dt

d
iaAgﬂ = DbA,, +dA,; + (e — ge®)Aze7 0, (61)

d . )
iEAe;e_’B = A, t (e — ge®)A,; + fA e .

Similarly, we can write the same equation for the ampli-
tudes B,z when 4 is taken to be zero and look at the
difference between the amplitudes that depend on & and
those which do not. The basic idea here is to prove that,
because of the one-loop correction term V, ., the function
(A,, — B,,) cannot remain as a zero function by showing
that its derivative is nonzero;

SNote that the terms a, b,c,d, e, f, and g are real.
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.d
IE(Aee - Bee) = a(Aee - Bee) + b(Aeﬁ, - Be,&)
+ C(Aefeiiﬁ - Be?)’
.d
IE(AL’,& - Be,[c) = b(Aee - Bee) + d(Aeﬂ - Beﬂ)

+ e(Aei'eiia - Bei’) + g(Ae’F - Be’?):

. d i
ZE(A”:E 5 Be;-) = C(Aee - Bee) + e(Aela _Aeﬁ,)

+ f(Aea"e_ig - Bei—)
- g(Aeﬂ€7i5 - Be/l)'

Let us now take a closer look at Egs. (62). The initial
condition we are interested in, namely, a v, created ini-
tially means that initially the amplitudes A and B are

v, 1 A,, B,, 1
v, 0 A ze 1 B,: 0
(63)

When g = 0 (V,, = 0), it is easy to see that inserting the
initial conditions into Eqgs. (62) will imply that the func-
tions f, =A,. — B,., fM = Aeﬂ — B and f, =
A,ze ® — B, will be equal to zero. By discretizing time
we see, by recurrence, that if those functions are zero at the
beginning, they will be equal to zero at all times. But when
g # 0 (V,, # 0) we have to look also at the evolution of

the functions fM =A,¢° = B,; and f.=A,-— B,-.
Their respective evolution equation can be easily derived

from Eq. (61) to yield

(62)

d . . .
IE(Ae’le 5 B,;) = b(A,.e ®—RB,,)+ dA,.ze 9
- Be,&) + e(Am"'e_Ziés - Be’?)
+ g(Aei'e_i6 - Be%)’ (64)
.d i i
IE(AM* - Be‘?) = C(Aeeel - Bee) + e(Ae,&el - Aeﬂ)
+ f(Ae’F - Be?) - g(Ae/l - Beﬁ,)
(65)

Initially, the derivatives are

.d _. d 4
IE(Aeﬂe o B, z)(t=0) = lEf”(t =0)
= Db(e™® — 1),
d —o ==
ZE(AM”' - Be?)(t - O) - ldth(t 0)
= c(e’® — 1). (66)

We just proved that since the functions f » and fT are
different from the constant zero function, the functions
S and f will not be zero as well. But does it imply that
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the function f, is nonzero at all time? No, because the

contributions from f,, and f, could cancel in the evolution

equation (62) of f,. To precisely study the evolution of f,,

we discretize time such as r = N * A¢ with N € N and
df

falt + A1) = fo () + At X W(’)’

where @ = e, u, 7. Using Egs. (62) and (67) we see that, at
t=At,

(67)

—i5 _ is _
fuan = L.I)At, (A1) = C(E—,I)At,
i i
(68)
which implies that, at r = 2A¢
QA7) = —gc(e® — 1)A?,
Tu ¢ (69)

[-(2A1) = gb(e™® — 1)A%,
leading at t = 3A¢,

f.(3A1) = %(gbc(e_"‘S — 1) — gbc(e® — 1))A3t

1 . )
= —gbc(e™® — ¢®)A3t = —2gbcsindA3t.
i
(70)

This last formula proves that the function f, is not the
constant zero function when 8 # 0,° therefore A,, # B,,

and consequently, for V. # 0:
Pv,—v,86+#0) # Pv,— v, 6=0). (71)

Therefore, when 6 is nonzero, it has an influence on the
value of P(v, — v,, 8). The luminosity of a neutrino emit-
ted initially as a flavor « is

0 2
LY, E2.

T3 (E, )F(n) 1+ exp(E, /T, — 1)’
(72)

L, (rE,)=

where F,(7) is the Fermi integral, L) and T, are the

luminosity and temperature at the neutrinosphere. The v,
and 7, fluxes will depend on 6 even when the luminosities
L, and L,_are taken equal at the neutrinosphere:

6,,(8) = Ly, P(v, = 1,,8) + L, (P, = »,)
+ P(VT - Ve)))
=L,P(v,—v,0)+ L,,M(l - P(v, — v, §)),
=L, —L,)Pv,—v,8)+L,,. (73)

This analytical derivation proves that, if the dependence on

Note that with such a formula, f. 1s also equal to zero when
6 = ar, but going to the forth step will show, after a tedious but
straightforward calculation, that f, is nonzero even when 6§ = 7.
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6 of the evolution operator cannot be factorized then the
electron neutrino survival probability depends on 6. It is
valid for any astrophysical environment such as a super-
nova, or the Sun. Nevertheless, this implication had been
observed numerically. We can easily generalize this deri-
vation to other interactions that would distinguish v, from
v, like, for instance, nonstandard neutrino interaction [59].
Therefore, we can state that as soon as the medium effect
on v, and on v, is not the same, effects of the CP-violating
phase on the electron neutrino (and antineutrino) fluxes
will appear.

VI. DISCUSSIONS

In the previous sections we have studied the SUSY
radiative corrections to supernova neutrino scattering
with and without R-parity breaking. In the second part,
we have analyzed the implications on the electron (anti)
neutrino fluxes by considering an analytical derivation of
the CP-violating phase dependence on the electron neu-
trino survival probability. In this section, we intend to
discuss the model considered in this paper and to replace
it in a more general context.

A. Concerning the model

We worked in the NMSSM which is a more promising
supersymmetric model than the MSSM for experimental
and theoretical reasons. In our model, we consider all R-
parity breaking terms. These interactions are controlled by
the following parameters: u;, A;, A, Ajy, and A In
general, the tree-level contributions will dominate all the
one-loop R-parity breaking contributions to neutrino indi-
ces of refraction.

For instance, if we assume A;j; or A}, to be dominant
and of the maximal order of magnitude O(107'), we
showed that the K, contributions can be bigger than the
R-parity conserved contributions. On the other hand, if we
make the hypothesis that A;j;, Aj;;, and A, are of the same
order of magnitude, the K, contributions will often be
negligible.

In our framework, we have only considered the
NMSSM’s fields content, for instance neutrinos are just
associated with left-handed fields. Here, two neutrino
masses are generated at the tree level by considering the
two terms u; and A; among all the R-parity breaking terms.
Note that neutrino masses can be generated at the tree level
in different models such as models with seesaw mecha-
nisms [53,54] even in the limit of massless neutrinos. In
these models, new right-handed neutrino fields are added
and new couplings are induced between the existing fields
and the new ones and between the right-handed fields.”

In the literature, there exist some specific models which
allow us to generate neutrino masses with R-parity break-

"The latter couplings may break the R-parity.
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ing. The most popular one is the pure bilinear model (with
only w;H,L;) in the MSSM framework where only one
neutrino mass is generated at the tree level [55]. If we
consider this case, we can see that the only nonvanishing
term is the tree-level correction Ap,.(x°) of Eq. (30). This
term is of the order of magnitude O(10~'%), and thus
always negligible with respect to R-parity conserved terms.
The model we consider in this paper is an extension of the
pure bilinear case in the NMSSM framework. It can lead to
non-negligible corrections as seen before.

Throughout the paper, we have studied how supersym-
metry does affect the neutrino indices of refraction. In the
standard model, they are found to be small: eqy = 5.4 X
1077 [8]. When we consider the R-parity conserved super-
symmetric contributions, we have shown in the regions of
the parameters’ space considered that & can go up to 2 X
1072 and can even be negative whereas it was previously
found to be up to 10~3 in the MSSM [9]. This is consistent
with the fact that the parameters’ space in the NMSSM is
larger than in the MSSM.

B. Concerning the implications on the electron
(anti-)neutrino fluxes

In the previous section, we have shown that when Vir
breaks the symmetry between muon and tau neutrinos, it
creates a CP-violating phase dependence for the electron
(anti)neutrino survival probabilities and consequently on
the electron (anti)neutrino fluxes. This derivation is valid
for any dense environment such as a core-collapse super-
nova or the Sun. In the supernova environment, such a
phenomenon was numerically observed in [58]. The addi-
tion of the nonlinear neutrino-neutrino interaction induces
larger effects on the electron neutrino flux up to a level of
10% when 6 = 7 inside the supernova [31] for a standard
model value of . The fact that in the SUSY framework,
V.- can be up to a factor 2 X 1072V, will logically yield
even larger effects. Note that to determine the precise size
of these effects, a numerical approach is necessary and
beyond the scope of this paper. Moreover, in this environ-
ment, the density is sufficiently high that neutrinos encoun-
ter not only the so-called high resonance associated with
Am3; and the low resonance associated with Am?,, but
also the u — 7 resonance whose precise conditions depend
on the hierarchy [60]. The importance of such a matter
interaction correction term has been investigated in [27,29]
showing that such resonance could influence the electron
neutrino flux, when taking into account the neutrino-
neutrino interaction. Consequently, an important & coming
from SUSY radiative corrections could lead to important
effects on the electron neutrino probability because of the
interplay between this u — 7 resonance and the v — v
interaction depending on the sign of & and the octant of
6,3, even for a zero value of 6.

In the Sun environment, where no v — v interaction is
present, the impact of V. with or without a nonzero
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CP-violating phase has been studied in [36]. The authors
claim that the correction term induced a small effect on the
flavor conversion probabilities of the order of €. Therefore,
in the SUSY framework, effects could be up to the order of
several percents if 0 is not too small. Though identifying
precisely the effects of the CP-violating phase in the
neutrino signal could be difficult, it would be interesting
to investigate such a possibility in detail.

VII. CONCLUSIONS

In this paper, we have investigated the radiative correc-
tion on the u — 7 neutrino indices of refraction coming
from beyond standard physics. In the NMSSM, we have
shown that the sign of V,,, depends upon the hierarchy of
the sleptons masses and therefore could be negative con-
trary to the standard model case. After writing and adding a
subroutine to a low-energy code, taking into account all
current constraints on SUSY, we showed that & can in-
crease up to the order of 2 X 1072 depending on the super-
symmetric parameters. Such value could be highly
important in the calculation of neutrino fluxes from core-
collapse supernovae as it can induce sizeable effects upon
the electron (anti)neutrino fluxes. In a second part we have
calculated all contributions from R-parity breaking inter-
actions on the radiative corrections V. Taking into ac-
count such interactions, we showed that NMSSM
distinguishes from MSSM in this case and brings new

PHYSICAL REVIEW D 81, 013003 (2010)

possible contributions. The next step in this type of calcu-
lation would be to see the consequences of theses values of
V.- on the supernova neutrino fluxes and to use it in order
to survey the supersymmetric parameter space [61].
Second, we would have to calculate corrections with grav-
itino loops and all contributions from R-parity breaking
interactions. Another interesting possibility would be to
calculate the radiative corrections for the neutrino-neutrino
interaction. Such a calculation has been recently done in
the standard model [62] and the SUSY framework could
yield a potentially much bigger effect. Finally, as an ap-
plication for V. we demonstrated that the inclusion of
such a term implies that the electron (anti) neutrino sur-
vival probability, and consequently the electron (anti)neu-
trino fluxes, will depend upon &. The consequences of such
dependence and the fact that V,,, can be up to 2 X 1072V,
will be studied in a future work.
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