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1 Introduction

In the Standard Model (SM), neutrinos have only weak interaction and are massless. How-
ever, the observations of neutrino oscillations (see refs. [1-4]) imply that neutrinos have
very small masses and are mixed. Therefore, the SM must be extended to account for
the neutrino masses and mixing. In any extensions of the SM, the transition magnetic
moments of neutrinos are induced through electroweak radiative corrections. In addition,
the transition magnetic moments of neutrinos can generate important effects, especially
in astrophysical environments, where neutrinos propagate for long distances in magnetic
fields both in matter and in vacuum [5].

Applying effective Lagrangian method and on-shell scheme, here we analyze the radia-
tive contributions from one-loop diagrams to the transition magnetic moment of Majorana
neutrinos in the “x from v Supersymmetric Standard Model” (urSSM) [6-8], where nonzero
vacuum expectative values (VEVs) of sneutrinos lead to R-parity and lepton number viola-
tions. The purSSM could generate three tiny massive Majorana neutrinos at the tree level
through the mixing with the neutralinos and right-handed neutrinos [6-13]. Especially, the



p problem [14] of the Minimal Supersymmetric Standard Model (MSSM) [15-19] had been
solved in the purSSM, through the R-parity breaking couplings Aiﬁfﬁjﬁz in the super-
potential. The p term is generated spontaneously via the nonzero VEVs of right-handed
sneutrinos, = A; (7f), when the electroweak symmetry is broken (EWSB).

Three flavor neutrinos v, , r are mixed into the mass eigenstates v 23 during their
flight, and the mixing is described by the Pontecorvo-Maki-Nakagawa-Sakata unitary ma-
trix U,,, v [20, 21]. Through the several recently updated neutrino oscillation experiments
T2K [22], MINOS [23], DOUBLE CHOOZ [24], RENO [25] and especially Daya Bay [26],
the neutrino mixing angle 613 is now precisely known. One can give fitted value for 63
as [27]

sin? 2013 = 0.090 4 0.009 . (1.1)

The other experimental observations of the neutrino oscillation parameters in U,,,, s show
that [28]

Am2 = 758402 % 107%V?,  sin? 615 = 0.306790L,

|Am?%| = 2.35T005 x 107%eV?,  sin® a3 = 0.42700%. (1.2)

In our numerical analysis, we use the neutrino experimental data presented in eq. (1.1) and
eq. (1.2) to constrain the input parameters in the model here. Assuming neutrino mass
spectrum with normal or inverted ordering, we analyse the transition magnetic moment of
Majorana neutrinos in the prSSM.

The outline of the paper is as follow. In section 2, we outline the pvSSM by introducing
its superpotential and the general soft SUSY-breaking terms. In section 3, we will give
formulae of the transition magnetic moment of Majorana neutrinos in the yrSSM, applying
effective Lagrangian method and on-shell scheme. The results of our numerical study are
given in section 4. And the conclusions are left for section 5. Finally, the relative mass
matrices, couplings and form factors are collected in appendices A—C.

2 The purSSM

Besides the superfields of the MSSM, the purSSM introduces three singlet right-handed
neutrino superfields ¢ (i = 1, 2, 3). The corresponding superpotential of the prSSM is
given by [6]

ut g Vijttuq

W= eq (Yuij HLQUS + Y, HIQVS + Y, HILYE +, .ﬁbﬁw)
PN 1
—eaNDFHYH] + gfiz‘jkﬁfﬁgcﬁg ; (2.1)
where ﬁ[g = (ﬁg,ﬁ;), IA{g = (IA{J,IA{&]), QlT = (ﬂi,di), ZA—JZ = (ﬁi,éi) are SU(2)
doublet superfields, and Jf, u§ and € represent the singlet down-type quark, up-type

quark and charged lepton superfields, respectively. In addition, Y, 4., A, K respectively
are dimensionless matrices, a vector, a totally symmetric tensor. And a, b are SU(2) indices



with antisymmetric tensor €15 = —eg; = 1. The summation convention is implied on
repeated indices in this paper. In the superpotential, the first three terms are the same as
the MSSM. Next two terms can generate the effective bilinear terms EabEZH Lo eab,uH d H b

ug
and ¢; = Y,

vij >, p = A; (7F), once the electroweak symmetry is broken. The last term

generates the effectlve Majorana masses for neutrinos at the electroweak scale. And the
last two terms explicitly violate lepton number and R-parity.

In the framework of supergravity mediated supersymmetry breaking, the general soft
SUSY-breaking terms in the prSSM are given as

—Looft = m Q“*Q“ +m2 e g ug + m alc*dC m%f/f*i;‘

~Ck ~C a* ax a Ck ~C
—|—m~ee €; —I—deHd Hd+mHH H;, —|—mcz/ vj

+€ab[(AuY) HEQE + (AgYa)y HIQUS + (oY) HELYES + Hee|

" [eab(AyY) HPLO5C — ey ANN),DEHOHD

uz]

1 ~c~c~c
+ g(A,.ili)ijkVi Uiv + H.c.]

1 . . .
— 5 (Mg/\3/\3 + Maododg + Midi A\ + H.C.) . (2.2)

Here, the first two lines consist of mass squared terms of squarks, sleptons and Higgses.
The next two lines contain the trilinear scalar couplings. In the last lines, M3, My and M;
denote Majorana masses corresponding to SU(3), SU(2) and U(1) gauginos A3, Ao and M,
respectively. In addition to the terms from L., the tree-level scalar potential receives the
usual D and F term contributions [7].

Once the electroweak symmetry is spontaneously broken, the neutral scalars develop
in general the following VEVs:

<H3> = Udq, <H2> = Uu (i) = vy, , (5) = Uyg . (2.3)

Thus one can define neutral scalars as usual

hg + 1Py ) i)
HY = "2 4 vy, UV = ———Fr—"— 4y,
d ﬁ d ) \/§ Vi
hoy + P, o R +i(me)S
HS = % + Uy V’ic = # —+ inc. (24)

And one can define

Uy,

A /,Ug + Uy, Uy,

For simplicity, we will assume that all parameters in the potential are real in the model.

tan 8 = (2.5)

After EWSB, the charge scalar mass matrix M gi, neutral fermion mass matrix M,, and
charged fermion mass matrix M, are given in appendix A. The charged scalar mass matrix
M b%i contains massless unphysical Goldstone bosons G*, which can be written as [29-31]

1

G* =
2 2
\/Uu + v+ vy, vy,

<vdH;lIE — v, HE + vl,iéi_) . (2.6)



In the physical gauge, the Goldstone bosons G* are eaten by W-boson, and disappear from
the Lagrangian. And the mass squared of W-boson is
2 e? 2 2
myy = @ (vu + vy + Uwvw)’ (2.7)

where e is the electromagnetic coupling constant, s, = sinf,, (and ¢, = cosf,, below)
with the Weinberg angle 6,,,, respectively.

In the urSSM, left-handed neutrinos mix with the neutralinos and right-handed neu-
trinos. Via the seesaw mechanism [6], the effective light neutrino mass matrix is in general
given as

Meg = —m. M~ t.mT, (2.8)

where the concrete expressions for the mass matrices M and m are given in appendix A.
Diagonalized the effective neutrino mass matrix meg, we can obtain three light neutrino
masses.

3 Neutrino magnetic moment

The magnetic dipole moment (MDM) and electric dipole moment (EDM) of the Dirac
fermion (including charged lepton and neutrino etc) can be actually be written as the

operators

Lypym = %Mij@iU”ijFpm

Lepm = %ﬂj@iUW%%Fum (3.1)
where o = %[’y“,’y”], F,, is the electromagnetic field strength, 1); ; denote the four-

component Dirac fermions which are on-shell, y;; and ¢;; are Dirac diagonal (i = j) or
transition (¢ # j) MDM and EDM between states 1); and v, respectively.

In fact, it convenient to get the contributions from loop diagrams to fermion diagonal
or transition MDM and EDM in terms of the effective Lagrangian method, if the masses
m,, of internal lines are much heavier than the external fermion mass my. Since p = m; <
m,, for on-shell fermion and } — 0 < m, for photon, we can expand the amplitude of
corresponding triangle diagrams according to the external momenta of fermion and photon.
After matching between the effective theory and the full theory, we get all high dimension
operators together with their coefficients. It is enough to retain only those dimension 6
operators in later calculations [32-34]:

0P = eihi (D) Pp gy,

Oy = e(iDhi)y" F - o Pr, gy,

Og’R = e F - o' Pr.r(iDu;),

O = edhi (0" )y Prrij,

03" = emy, (i) Pr rt);,

O™ = emy, i F - 0 P g, (3.2)

where D, = 0* +ieA,, P, = %(1 —95), Pr = %(1 + v5) and my, is the mass of fermion ;.



Certainly, all dimension 6 operators in eq. (3.2) induce the effective couplings among
photons and fermions. The effective vertices with one external photon are written as

O™ =ie{((p+ k) + 2y, + (b + F) 1P} PL.,

03 =ie(p+ k) [k, Vo) PL.r,

05" = ielf, PP R,

O = ie(k?~, — Jk,)Pp g,

03" = iemy {(p+ k)7p + 1P} PL.R»

OL ™ = iemy, [, 7, Pr 1. (8:3)

If the full theory is invariant under the combined transformation of charge conjugation,
parity and time reversal (CPT), the induced effective theory preserves the symmetry after
the heavy freedoms are integrated out. The fact implies the Wilson coefficients of the
operators OQL, ’3]?6 satisfying the relations [32]

cyt=ct,  of =cl, (3.4)

where CIL’R (I =1---6) represent the Wilson coefficients of the corresponding operators
OIL’R in the effective Lagrangian. After applying the equations of motion to the external
fermions, we find that the concerned terms in the effective Lagrangian are transformed into

ckol + ckol + cloff + cFot + cliol + clok

M) . Moy .
= (CF + mzj k4 CRYOE + (CF* + mzf ck 4+ cB)OF

7 7

My, . —

My . _
o CQL* + CﬁR)wiUuV’YSijuuv (35)

. S CR
+iemy, S(Co" + —

i

where, R(---) and (---) denote the operation to take the real and imaginary part of a
complex number, respectively. Matching between eq. (3.1) and eq. (3.5), we can obtain

tij = 4mem¢iﬂ?(C’§‘ + mw] CQL + Cé%)uB,
p—'l Cx CR ml/’j CL* CR
€ij = 4memy, S(Cy" + ™y 2"+ Cg') B, (3.6)

where ug = e/2m, and m, is the electron mass. In other words, the MDM and EDM of

the Dirac fermions are respectively proportional to real and imaginary part of the effective
mwji Cy* + Cg'.
As a neutral fermion, the mass eigenstate of neutrino, may be not just Dirac field

coupling CJ* +

but also Majorana field. The Majorana neutrino coincides with its antiparticle. The four
degrees of freedom of a Dirac neutrino (two helicities and two particle-antiparticle) are
reduced to two (two helicities) by the Majorana constraint. The electromagnetic properties
of the Majorana neutrino are possibly reduced, because the Majorana neutrino just has



Figure 1. One-loop diagrams contributing to transition magnetic moment of Majorana neutrinos in
the prSSM, where (a) and (b) represent the charged fermions xz and W-boson loop contributions,
(c) and (d) represent the charged fermions xg and charged scalars S, loop contributions.

half the degrees of freedom of the Dirac neutrino. Through the general description of the

electromagnetic form factors of Dirac and Majorana neutrinos in ref. [5], here we can get
the MDM and EDM for Majorana neutrinos

M _ D D M _ D _ D
Hij = M5 — Hjis €j = €5 — o (3.7)
with
my

Mi[])- = 4mem,, R(CH +

: CQL* + Cé%)/“?n
My, .
L0 + C8 s, (3.8)

Vi

D

€ = dmem,, S(CF +

where v; ; denote Majorana neutrinos. In eq. (3.7), the first terms ug and 65 denote
Dirac-neutrino-like terms for the MDM and EDM of Majorana neutrinos, the second terms
—,uﬁ and —eﬁ denote Dirac-antineutrino-like terms for the MDM and EDM of Majorana
neutrinos, respectively. One also can find that uff and ef.\]/»[ are antisymmetric. So, Majorana
neutrinos don’t have diagonal MDM and EDM, but can have transition MDM and EDM.

Within framework of the urSSM, we can obtain three light massive Majorana neutrinos
through the seesaw mechanism. Next we will analyse the dominant one-loop diagrams
contributing to the transition magnetic moment of the Majorana neutrinos in the urSSM,
which are depicted by figure 1. Then the above Wilson coefficients can be written as a sum
of four terms,

L,R(a L,R(b L,R(c L,R(d



The terms C’QL éR(a’b) represent the charged fermions and W-boson loop contributions as

R 1 w X5 i WXz, ;X
02 (a) _ 27201% XBX7+ CR X745X8 [Il(xxgva) — ]4(xxﬂ,xw)},
My
2m WxpX2,; ~AWX7 ;X
R X XpXT4i Y X745X6
c! (G)ZWWZCL PO T Ly ow) = T (g 2w)]
b 1 WxgXo, Wixz, ;X
CQR( ) _ — CR XBX74 CR X745XB [Ig(%w;xW) + I4(xxﬂ,$W)}7
My
2m %2 7iiX
R(b) Xg_ AWxsX51: AWX74 X5
L(a,b R(a,b
CZ’((S(J,, ) — 027((;!, ) ‘L(-)R, (310)

where the concrete expressions for the coupling coefficients C, g and form factors Iy, (k =
1,---,4) can be found in appendix B and appendix C, x, = m2/ m%,v and m, is the mass
for the corresponding particle, respectively.

Similarly, the charged fermions and charged scalars loop contributions C'QL’ ’GR(C’d) are
R L Sa*XX54i ~Sa X34 5X8
C5 (© — yo— Cr O T [I4($XB7$S;) —I3(.1‘XB,$S;):|,
myy
R(c) Mxs So " XBX74i S;X$+'XB|:
C = C J Ig:c,a:f—hx‘,xf}
6 om2,my, R R (Tys Sa) (s Sa)
R(d L Sa™XpX34i Sa X5 X8
CQ( ) — yo— Cy O T [213(5Uxa7xsg) —h(zy,, wg-) — I4($xavxsg)]v
myy
R(d My Sa " XBX74i ~Oa X74 ;X8
06 @ = 227BCR " CR ™ [Il(xX@awS;) - IQ(xX@axS;) - I3(wXﬁ7xS;)]7
miy My,
L(c,d R(c,d
Oy =5 |nen - (3.11)

4 The numerical results

4.1 The parameter space

It is well known that there are many free parameters in various supersymmetric extensions
of the SM. In order to obtain a more transparent numerical results, we will do some
assumptions on the concerned parameter space of the purSSM in this paper. First, we
adopt assumptions for some parameters:

Kijk = K0ij0jk,  (AxA)i = Az, Ai = A, Upe = Uye,

Yo, = Yu,0i,  (AY)ij = aydij,  Ye; = Ye,0ij. (4.1)
Restrained by the lepton masses, we have
my.
Y, = — 4.2
€ Ud ) ( )

where m;, denote the charged lepton masses.



For soft breaking slepton mass matrices m? & and trilinear coupling matrices (AeYe),

we will take into account the off-diagonal terms which are defined as [35-39)]

1 6 5
5 (5 1
1 o6RE ghE
mie = | ofF 1 6RE | m3, (4.4)
5 6 1
my, Ae 512 MILMEg (513 mrmeg 1
(Ael/;) = (51LZRmLmE ml2A 523 mrmeg de (4.5)

513 mrmpg (5 23 MrMEg mlSAe

Limited by the most relevant lepton flavor violating processes [39], we take the conservative
choice for the off-diagonal parameters §&F, 673 §LE < 1076, 6FL §ER 6EF < 1073 and
523 ,523 , 054 LR <1072, So for simplicity, we will choose the off diagonal parameters

523 = 523 = 55{&
oy = 513 = 6fyF = 1071635,
oFL = 68F = LR = 1071525, (4.6)

Under above assumptions, ignoring the terms of the second order in Y, and assuming
(vﬁi + 02 —v2) & (v} —v2), one can have the minimization conditions of the tree-level
neutral scalar potential with respect to v,, (i = 1,2,3) below:
2 G 5 2 2 2
my, U+ T(Ud — vy, = [Avg(vy, +vje) — /{quyc] Y,, — vyUyeay,, (4.7)
where G? = g7 + g3 and gic,, = g25,, = e. Solving eq. (4.7), we can gain the left-handed
sneutrino VEVs

Uy, = i‘jt? (i=1,2,3), (4.8)
where
m%u + %Q(Ug —v2) m%u m%w
T= mi m? o+ G (vF - 03) m3 . (4.9)
mi ms m? 4+ S (v3 - o)

and T; can be acquired from T by replacing the i-th column with
[Avd(vg +v2) — ﬁvuvgc] Y., — vyupeay,
[Avd(vg +v2) — /@vuvgc] Yo, — yUpeay, | . (4.10)

[Avd(vg +v2) — /{qugc] Yo, — UyUpety,



Assuming that the charged lepton mass matrix in the flavor basis is in the diagonal
form, we parameterize the unitary matrix which diagonalizes the effective light neutrino
mass matrix meg as [40-42]

c12€13 512€13 513
Uy = | —s12c23 — €12523513 C12C23 — 512523513 S$23C13 | (4.11)
512823 — C12C23813 —C12523 — 512C23513 C23C13

where ¢;; = cosb;j, s;j = sinf;;, the angles 6;; = [0,7/2], and CP violation phases are
setting to zero, respectively. The unitary matrix U, diagonalizes meqg in the following way:

UlmIymegU, = diag(m?2,, m? m§3), (4.12)

14 1%

In the case of 3-neutrino mixing, we have two possibilities on the neutrino mass spec-
trum [28]:

e (i) spectrum with normal ordering (NO):

My < My < My,

Am% = m?,2 — mzl >0, Am% = m?j3 — ml?,1 > 0; (4.13)
o (ii) spectrum with inverted ordering (10):
My < My, < My,
Am% = mEQ — m31 >0, Am? = m,?/3 — mlg,2 < 0. (4.14)

Limited on neutrino masses from neutrinoless double-3 decay [43] and cosmology [44],
we choose the lightest neutrino mass m,,, = 0.1eV in the following. Through the ex-
perimental data on neutrino mass squared differences and mixing angles in eq. (1.1) and
eq. (1.2), we can obtain the values of #;; and other two neutrino masses. The effective light

neutrino mass matrix meg can approximate as [9]

2A’Ul,c 1-— 35”

Meff,: ~ 3Tblb] + a;aj, (415)

6KV e

where

A = X202 +02)° + A kv2evgv, — 12020, AB,

A 2+ A ! ¢ + ¢
= KU, ,c vqv - =
ve TR BT 2 My s My
a; =Y, 0y, bi =Y, vq + 3\vy,. (4.16)

Then, we can numerically derive Y,, ~ O(1077) and a,, ~ O(—10"4GeV) from eq. (4.12).
Accordingly, v, ~ O(107%GeV) through eq. (4.8). So v,, < vy 4, then we can have

tan 8 ~ Yu. (4.17)
Ud

Through the above analysis, assuming universality for the soft breaking bino and wino

masses, M1 = 0.5 M>, the free parameters affect our next analysis are

tan 3, K, A\, vye, Ay, Ao, mp, mg, Mo, 65?3. (4.18)
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Figure 2. (Color online) Assuming neutrino mass spectrum with NO (a, b, ¢) or 10 (d, e, f) in
the urSSM, we plot the transition magnetic moment of Majorana neutrinos varying with Ms, as
535 = 1072 (solid line), 925 = 0.5 x 1072 (dashed line) and 55 = 0 (dotted line), respectively.

4.2 Transition magnetic moment of Majorana neutrinos

Last year, a neutral Higgs with mass mj, ~ 124 —126 GeV was reported by ATLAS [45] and
CMS [46], which contributes a strict constraint on relevant parameter space of the model.
In the pvSSM, one can obtain a tree-level upper bound on the SM-like Higgs mass [7]:
62252 2

mi < m%cos® 283 + %m% sin? 23, (4.19)
where my is the mass of Z-boson. Compared with the MSSM, the second term of the right
side in eq. (4.19) is additional contribution to the SM-like Higgs mass. So, the SM-like
Higgs in the urSSM can easily account for the mass around 125 GeV, through the main
radiative corrections from the top quark and its supersymmetric partners. Also due to

~10 -



this, the prSSM favors small tan 8 [8, 30]. Hence, we will take tan 8 = 3 for simplicity in
the following.

And we choose the relevant parameters as default in our numerical calculation for
convenience:

k=0.01, Ay =uv,e=500GeV,
A=0.1, A.=mp=mg=200GeV. (4.20)

Here we take relatively small values of the parameters x and A, imposing the Landau pole
condition at the high-energy scale [7, 8]. Limited on supersymmetric particle masses from
the Particle Data Group [28], we choose A, = mp, g = 200 GeV and M > 200 GeV in the
next numerical calculation.

With the above assumptions on parameter space of the urSSM, in figure 2 we plot
the transition magnetic moment of Majorana neutrinos varying with My assuming neutrino
mass spectrum with NO or 10, as d25 = 1072 (solid line), 655 = 0.5 x 1072 (dashed line) and
655 = 0 (dotted line), respectively. One can find that the general trend on the Majorana
neutrino transition magnetic moment is decreasing, along with increasing of Ms. Here, the
wino-like chargino mass is dependent on soft breaking wino mass My. When M, is large,
the wino-like chargino mass will be large, which causes that the wino-like chargino loop
contribution is suppressed. Conversely, if Ms is enough small, we could obtain relatively
large transition magnetic moment.

However, in figure 2 we also can see that transition magnetic moment of Majorana neu-
trinos may have a sharp decrease in some parameter space. Due to the fact that Majorana
neutrino coincides with its antiparticle, the Majorana neutrino transition magnetic moment
uf‘f in eq. (3.7) contains the Dirac-neutrino-like term ,ug and the Dirac-antineutrino-like
term —Mﬁ- Considered the supersymmetric particle loop contributions in the urSSM,
the Majorana neutrino transition magnetic moment could have a resonating absorption in
some parameter space, which originates from the interference between the Dirac-neutrino-
like term and the Dirac-antineutrino-like term.

In this paragraph, we will analyse the contribution from the off-diagonal parameter
65:(3. In figure 2, the transition magnetic moment u% doesn’t change much for different
values of the off-diagonal parameter 55%. However, the transition magnetic moments p{%
and u% could be enhanced largely, with increasing of 62)2. It’s well known that the transi-
tion magnetic moment is flavor dependent. Taking into account the off-diagonal terms of
soft breaking slepton mass matrices and trilinear coupling matrices enlarges slepton flavor
mixing, which could give a contribution to the transition magnetic moment through the
charged fermions and charged scalars loop diagrams.

Compared normal ordering with inverted ordering for neutrino mass spectrum, the
Majorana neutrino transition magnetic moments depicted in figure 2 are somewhat alike,
where the lightest neutrino mass is the same. But, we also can find some differences between
normal ordering and inverted ordering. First, the value of M5 for a resonating absorption
is different. And the transition magnetic moment u% for normal ordering in figure 2(c) is
relatively larger than that for inverted ordering in figure 2(f).
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In the Standard Model augmented by nonzero Majorana neutrino masses, the Majo-
rana neutrino transition magnetic moments uf‘f ~ O(10~%* i B), when the lightest neutrino
mass m,, . = 0.1eV [5]. In figure 2, the Majorana neutrino transition magnetic moments
in the uSSM could be enhanced to O(10725722y5), for small My and large d25. Here the
supersymmetric particle loops give the dominant contributions to the transition magnetic
moments. In the oscillation of supernova neutrinos, Majorana neutrino transition magnetic
moments reveal that moments as small as 1072413 may leave a potentially observable im-
print on the energy spectra of neutrinos and antineutrinos from supernovae [47-49]. So,
the relatively large transition magnetic moment of Majorana neutrinos in the urSSM will
be more easily detected than that in the Standard Model augmented by massive Majorana
neutrinos.

5 Conclusions

The prSSM, one supersymmetric extension of the Standard Model, can generate three tiny
massive Majorana neutrinos through the seesaw mechanism. Applying effective Lagrangian
method and on-shell scheme, we investigate the transition magnetic moment of Majorana
neutrinos in the model. Under the present neutrino experimental constraints and some
assumptions of the parameter space, we consider the two possibilities on the neutrino mass
spectrum with normal or inverted ordering.

The numerical results show that the transition magnetic moment of Majorana neutri-
nos in the prSSM can be enhanced to O(1072%722 ), when the supersymmetric particles
are light and the off-diagonal terms of soft breaking slepton parameters are large. In the
oscillation of supernova neutrinos, Majorana neutrino transition magnetic moments reveal
that moments as small as 1072413 may leave a potentially observable from supernovae [47—
49]. Therefore, the Majorana neutrino transition magnetic moments in the prSSM have
more opportunities to be detected from supernovae in the future.
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A Mass Matrices

In this appendix, we give the relative mass matrices for this study in the urSSM.

A.1 Charged scalar mass matrix

The quadratic potential includes

unadratic = SliTMg'i S/Jra (A 1)
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where S'*T = (Hj,Hf,éi,éliai) is in the unrotated basis, €, =6 and é};i = ¢;. The
expressions for the independent coefficients of Méi are given in detail below:

2 2
9

M%Hj: = mi, + 5 (Vi = Vi) + T(Uﬁ — Ul + Uy 0) + NiA U e
+ Ve, Ye 00,005 (A.2)
2 2 9% 2 G? 2 2
MquHﬁf =my, + E(vd + vy, v, — T(Ud — v, + U, vy,) + )\Z-Ajvl,icv,,;
+ Y,jikY,jij UpeUye, (A3)
2
g
ME§H$ = (AxA)ivwe + fvdvu — Aidivavy + Apkijrvvevoe + Yo Ajouvy,,  (A4)
2
2 92
MHj:éi = ?Udvyi - Y, )\kvygvy; — Yeineijdszk, (A.5)
2 9%
MHljt:éi = ?quui — (A,,Y,,)UUU; + Y,,l.j )\j’UdUu — Yyij KijkUug Vng
=Y, Yo, Vutu,, (A.6)
Milc:ltélj; - _(Ae}/;)]zvuj - }/ekiYI/ij’LLUV;)
2
MHﬁéﬁi = —)/eki(AjUV;U,,k + Y,,kjvdv,,]c_), (A.8)
2 2 L, AT 2 9%
Méi e =My + (91 — 92)(% — U, t UVkUVk)éij + = Uy Uy,
L,°L; i 4 2
+ Y, Y, vevne + Yo, Yo, 07, (A.9)
MgﬂL: éﬁ = (Ae}/;z)ijvd - }/eij)‘kvuvugv (AlO)
i Ry
1
Mé?ﬁ,é’ﬁ, = mggj — ig%(vg —v2 4 Uy Uy, ) 045 + YekiYekjvg + Yo, Ye, 00,00, (A1)
i g

Here, imposing the minimization conditions of the tree-level neutral scalar potential with
respect to vy and v, one can have

G2
m%{d = { — T(U‘% — v 4 Uy, Uy, )Ua + (AA)\)ivquic + Aj ik UuUpe Uye
1
_ ()\i/\jvyicv,,]c, + )\i)\ivg)vd + YVZ.]. ’Ul,i()\kvyzv,/]@ + Ajvg)};d, (A.12)
2 G*, 2
my, = {74 (Vg — Ui + Uy, Uy, Uy — (A,,Y,,)ijv,,ivyjc, + (A,\A)ivdvl,ic

2
— (Aidjovevve = Aidivg oy — Yo vy, (Kijrvpe vng — 2A0q00)

1
+ AjKijkUdUpe Uye — ( l,kin,kjvyicvyjq + YyikYijvyivyj)vu}U—. (A.13)
u

We can use an 8 x 8 unitary matrix Rg+ to diagonalize the mass matrix M 52~i

RL M2: Rge = (Mgs®)2. (A.14)
Then, S’* can be rotated to the mass eigenvectors ST (a =1,...,8):

Hy = R{AST, Hf =RXASE, & =RAsE, e =RUsE. (A15)
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A.2 Neutral fermion mass matrix

Neutrinos mix with the neutralinos and in the basis x’°

can obtain the neutral fermion mass terms in the Lagrangian:

1 (¢} [¢]
ﬁmass = _*X/ TMnX/ + H.c. )

2
where
M mT
Mn = ’
m O3x3
with
_%le \g/%vl/l 0 YVI UV YVll YV12 Yl/13
m = _%UVQ \g/%UVQ 0Y, v; U YI/21 YI/22 YI/23
_%’UV:% %UW, 0 Yl/:sz'Ul/ Yl/31 Yl/32 Yl/33
and
—91 g1
M1 0 ﬁvd \/ivu 0 0
0 MQ \Q}Ud \/‘%Q’Uu 0 0
_ngvd ;%Ud 0 —Aivye —Avy —Auy
M = %Uu %Uu —)\i’inC 0 Y1 Y2
0 0 —Mve Y1 2K1150 2R12jU0
0 0 —XAvy Y2 2K21500e 2K205U0
0 0 —Asvy Y3 2K315Uue 232U

where y; = —A\jvg + Y,

vj; Vy; -

0

0
—A3Uy

Y3

2K13;Uy¢c
135 v;
2K93,U,¢
23j v;

2K33;U,¢
337 zz;

T = (Bo,W°, g v, v, ) we

(A.16)

(A.17)

(A.18)

. (A19)

Here, the submatrix m is neutralino-neutrino mixing, and

the submatrix M is neutralino mass matrix. This 10 x 10 symmetric matrix M, can be

diagonalized by a 10 x 10 unitary matrix Z,:

ZEM, 7, = Mg,

(A.20)

where M,,4 is the diagonal neutral fermion mass matrix. Then, we have the neutral fermion

mass eigenstates:

with

Hy=Z3*kS, vr
H, = Zk ;,

— 14 —

— Z(4+’L)C‘5I€o
VL, = Z'r(L7+Z)OC/<'30

(A.21)

(A.22)



A.3 Charged fermion mass matrix

Charged leptons mix with the charginos and therefore in the unrotated basis where U7 =
—M‘,E[{;,e;) and U7 = <—i/\+,flj,e'£i>, one can have the charged fermion mass
terms in the Lagrangian:

Loinass = — 0~ TM.O' + He. (A.23)

where

M, = (Mi b ) . (A.24)

c my
Here, the submatrix My is chargino mass matrix

My = [ Mz} (A.25)
92vd Aivye

And the submatrices b and ¢ give rise to chargino-charged lepton mixing. They are de-
fined as

_Yeilvw _Y€¢2UW _Yez‘svl/i

g2vl/1 _Yl/h‘ Vye

C= 1 G2V, _Yugivuic . (A27)
92vy3 _Yl/3ivl/ic

And the submatrix m; is the charged lepton mass matrix

Ye,,vd Yei,va Yei3va
mp = Yém'ljd Y;mvd Ye23vd . (A.28)
Yes,Vd YezoUa Yeuyva

This 5 x 5 mass matrix M. can be diagonalized by the 5 x 5 unitary matrices Z_ and Z:
ZTM.Z, = M., (A.29)

where M. is the diagonal charged fermion mass matrix. Then, one can obtain the charged
fermion mass eigenstates:

Xa:<ﬁli>7 a=1,...,5 (A.30)

Ra

with

e (A.31)

S— _ sla,.— 7 — 20,.— 2+i)a,
AT =1Z%,, H; =Z"“k,, e, =2 K

AT = jzlat It — 720+ — p(2+)a 4
AT =42k, H] =Z%ky, er, =247 KJ.
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B Couplings

In this appendix, we show the relevant couplings in the computation of the neutrino mag-
netic moment within framework of the purSSM. And we use the indices i,5 = 1,2,3,
6=1,---,5,a=1,---  8and n=1,---,10.

B.1 Charged fermion-neutral fermion-gauge boson

The couplings of Charged fermion, neutral fermion and gauge boson are given by

o w SO w So
L= eF,xg7'xs+ W:XU(CL Xﬂx”’y“PL +Cp XBX"fy“PR)Xg
L WXeR Wy .
+WM XB(CL anﬂ’y”PL + CR X"X[))’YMPR)XU + - (B.l)

where the coefficients are

CZVxBx;’, _ _\/; (x/iZiﬁZ,zf’* v 7287 Z(_2+i)BZ$17+i)n*)7 (B.2)
SVV

clVxexi _ _\/; <\/§Zl+ﬁ*zrzln _ Ziﬂ*Zin>7 (B.3)
SW

B.2 Charged fermion-neutral fermion-charged scalar

The couplings of charged fermion, neutral fermion and charged scalar are similarly writ-

ten as
L a— e Sa x5Xs Sa xnXg o
L= S,x8(Cp Pr+Cp Pr)xy
Cx—o/~Sa " X8X2 Sa*xpXs
+ Sa XW(CL XﬂXnPL + CR XﬁanR)Xﬁ 4+ .. (B5)
And the coefficients are
CE;X%XB — —€ R%«?:Z_Qi_ﬂ (cW ZTQLn + SWZ%n) _ f@ 5+Z &*Z(2+Z)ﬁzln
\/iswcw
—SiR?gi*Ziﬁ 24+ Yo, 28 (R Z,(f“)” — RGFZin)
w
+ Yy, REF 728 740 _ Rl 728 7+, (B.6)
Cp 0 = S (Rl 2? + RGN 2 (0, 220 4 5, 237)
\/isw Co
(Rl zn + RED™ 2000 4y, B 73400 (o
w
+ Ye R(5+J) (23527(17+i)n . Z(_Q—H')ﬁZr?;n) . AzR?gai 23527(14+i)777 (B.7)
C}i&x%f(ﬁ _ (Cfa Xﬁ)Zf,) : C}b;o? XpXn _ (CngSXf,Xﬂ> ‘ (B.8)

~16 —



C

Form factors

Defined x; = m?/mf,, we can find the form factors:

1 11+lnae xlnx; —aolnas
Iz, 22) = } C.1
l(xl .Z'Q) 1671'2 _(ZUQ _ $1) ([,[32 _ $1)2 ( )
I ) 1 7 1+Inm $1lnx1—$21n.%'2:| (C.2)
T1,x0) = — — .
2171, 52 1671'2 L (l’z — .1‘1) (.I'Q — 1‘1)2 ’
1 3+2Inx 2x9 + 4z lnx 2¢Inzx 2¢2Inz
Ty(a1, 29) = . 2 a2 2 . 2 1 13 i 2 23 . (C.3)
32m2 L (22 — 21) (22 — 1) (2 —21)° (22— 1)
I( ) 1 [11+6lnze 15x9+ 18x9lnzy 623 + 1823 Inay
T1,x0) = —
A\t 2 9672 L (xg — xl) (xg — :L'1)2 (332 - ml)g
623 In 1 — 623 In 29
L - (C.4)
(22 — 1)
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