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I ntroduction

The current experimental data on neutrino mass differemicdsieutrino mixing angles clearly
indicate new physics beyond the so far successful StandadeMf Particle Physics (SM). In
particular, neutrino oscillations imply that at least twengrations of neutrinos must be massive.
Therefore, one needs to extend the SM to incorporate neutrass terms.

We assume here the simplest version of a SUSY extension &Nhé¢he well known Minimal
Supersymmetric Standard Model (MSSM), extended by rigintded Majorana neutrinos and their
SUSY partners, and where the seesaw mechanism of type lifipiemented to generate the small
neutrino masses. For simplicity, we focus here in the onegdion case which already provides
interesting results and allows for a clearer illustratibthe most relevant behaviour of the radiative
corrections with the Majorana mass scale. The three geémeredise will be postponed for a later
work.

On the other hand, it is well known that heavy Majorana neagj withmy ~ 10t — 10%°
GeV, induce large LFV rates [2], due to their potentiallygkrYyukawa couplings to the Higgs sec-
tor. For the same reason, radiative corrections to Higgerbosasses due to such heavy Majorana
neutrinos could also be relevant. Consequently, our stadybken focused on the radiative correc-
tions to the lightest MSSM CP-evdrboson massyl,, due to the one-loop contributions from the
neutrino/sneutrino sector within the MSSM-seesaw framkwo

In the following we briefly review the main relevant aspectsh® calculation of the mass
corrections and the numerical results. For further detedlsaddress the reader to the full version
of our work [3], where also an extensive list with referenteeselated works can be found.

The basics of the M SSM -seesaw model

The MSSM-seesaw model with one neutrino/sneutrino geinerat described in terms of the
well known MSSM superpotential plus the new relevant terorganed in:

A N A 1~ ~
W = &; [YyHy LN — YiH; L ]+§NmMN, (1)

wheremy, is the Majorana mass ardl = (U3, (Vr)°) is the additional superfield that contains the
right-handed neutrinor and its scalar partneii.
There are also new relevant terms in the soft SUSY breakitengial:

V& = M0 UL+ mEUaUR + (YuAVHZL U + muBy rir + h.c.) . 2)

After electro-weak (EW) symmetry breaking, the chargeddemand Dirac neutrino masses
can be written as
m :Y|V17 mD:YVV27 (3)
wherevy; are the vacuum expectation values (VEVs) of the neutral siiggplars, withvy ;) =

vcogsin) andv= 174 GeV.
The 2x 2 neutrino mass matrix is given in termsrof andmy by:

v 0 Mp
M _<mDmM>' (4)
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Diagonalization ofV1V leads to two mass eigenstates(i = 1,2), which are Majorana fermions
with the respective mass eigenvalues given by:

1
mv,N=§<mM4:\/mf/|+4m%> . (5)

The mixing angle that defines the mass eigenstates is given by
mv mD

tanf = —— = -2 6
n o M (6)
In the seesaw limit, i.e. wheh = m—ﬁ <1:
3 m3
my = —mpé + O(Mpé ):—m—M, My =My + 0(Mpé) ~my , (7)

and @ is small, thereforey is made predominantly of and its c-conjugate(v, )¢, whereaN is
made predominantly ofg and its c-conjugate,vg)°.

Regarding the sneutrino sector, the sneutrino mass matiicethe CP-evenM,, and the
CP-odd,M_, subsectors are given respectively by

M2 = ( mZ +mp + 3MZcos B mp(A, — pcot +my) )

mp (Ay — pcotB +my) m2|i+m%+m§/|:|:ZvaM (8)

The diagonalization of these two matricd;&i, leads to four sneutrino mass eigenstate$, =
1,2,3,4). In the seesaw limit, whenew, is much bigger than all the other mass scales the corre-
sponding snheutrino masses are given by:
1
mg, 5 = NME+ §M§COSZ3 T 2mp(Ay — pcot —By)E
ME, [ = M= 2ByMy + Mg + 2, . 9)

The mixing angles defining the sneutrinos mass eigensttesre small in this limit and, there-
fore, U, andV_ are made predominantly & and its c-conjugatey;, whereasN, andN_ are
made predominantly afr and its c-conjugatejy.

Regarding the relevant interactions for the present wdrkret are pure gauge interactions
between the left-handed neutrinos andZheoson, those between the ’left-handed’ sneutrinos and
the Higgs bosons, and those between the ’left-handed’ snesitand th& bosons. All of these are
common to the MSSM. In addition, in this MSSM-seesaw scendhiere are interactions driven
by the neutrino Yukawa couplings (or equivalenthy sinceY, = (gmp)/(v/2MwsinB)), as for

. o |ng cosa . . . . .

instanceghy, vy = — S’ and new interactions due to the Majorana nature drivempyvhich
H H H : i _ 1gmp My Cosa

are not present in the case of Dirac fermions, as for instgfieg. = — G5

Finally, concerning the size of the new parameters that baea introduced in this model, in
addition to those of the MSSM, i.emv, mp, Mg, A, andB,, there are no significant constraints.
In the literature it is often assumed timay; has a very large valuepy ~ ¢'(10'-1°) GeV, in order
to get small physical neutrino masses,| ~ 0.1 - 1 eV with large Yukawa couplings, ~ &'(1).
This is an interesting possibility since it can lead to impot phenomenological implications due
to the large size of the radiative corrections driven by e¢hlesge Yukawa couplings. We have
explored, however, not only these extreme values but thednge formy from the electroweak
scale~ 10% GeV up to~ 10'° GeV.
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The basics of the calculation

In the Feynman diagrammatic (FD) approach the higher-ardeected CP-even Higgs boson
masses in the MSSM, denoted herdviasand My, are derived by finding the poles of tile, H )-
propagator matrix, which is equivalent to solving the fallog equation [4]:

[p? = M@+ Zn(p?)] [P? — M& + S (p?)] - [ihH(pz)]z =0. (10)

wheremy, y are the tree level masses. The one loop renormalized seifjies, ZW,( 2), in (10)
can be expressed in terms of the bare self- ene@@;;(,p ), the field renormalization constants
0Zy, and the mass counter terrﬁm%, where@ stands foth,H. For example, the lightest Higgs
boson renormalized self energy reads:

Zhn(p%) = Znn(P?) + 0Znn(p* — MR) — SN, (11)

Regarding the renormalization prescription, we have usethashell renormalization scheme
for Mz, My andMa mass counterterms arfgl, Ty tadpole counterterms. On the other hand, we
have used a modifieBR scheme mDR) for the renormalization of the wave function and fan
The nDR scheme is very similar to the well knoidR scheme but instead of subtracting the usual
A = 2 — & +log(41) one subtractéy, = A—log(n,/u2-), hence, avoiding large logarithms of
the large scaleny. As studied in other works [5], this scheme minimizes higbreler corrections
when two very different scales are involved in a calculatbradiative corrections.

Since we are interested in exploring the relevance of theradiative corrections to the light-
est Higgs mass from the neutrino/sneutrino sector, we wa@nt here our results in terms of the
mass difference with respect to the MSSM prediction. Consetly, we define,

AMIOR :— MY/ M, (12)

whereM"/" denotes the pole for the light Higgs mass including #i& corrections (i.e. in the

MSSM-seesaw model), arid,, the corresponding pole in the MSSM, i.e without théy correc-
tions. Thus, for a given set of input parameters we first ¢atedy, in the MSSM with the help of
FeynHi ggs [4], such that all relevant known higher-order correctians included, and then we
computeAm™®R. The full one-loop neutrino/sneutrino corrections to tbﬁ-energleszﬁé", svv
and Zh,ﬁ , entering in the evaluation dIrTﬂ‘DR have been evaluated with the helpFaynArts [6]
andFormCalc [7].

Analytical and Numerical Results

We have fully explored the dependence with all the new pararsién [3] and found that the
radiative corrections to the Higgs mass are mostly seesitivmy, m,, B, andmg. We focus here
onmy, m, andmg leading to the largest corrections and address the reafigjfr the complete
study in terms of all the parameters.

First, in order to compare systematically our predictiofithe neutrino/sneutrino sector in the
MSSM-seesaw with those in the MSSM, we have split the full-lmog neutrino/sneutrino result
into two parts:

( )|fU||— ( )|gauge‘|‘z( 2)|Yukawa> (13)
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where i(pz)]gauge means the contributions from pure gauge interactions aey #ne obtained
by switching off the Yukawa interactions, i.e. by settidg= 0 (or equivalentlymp = 0). The
remaining part is named heﬁs{pz)\Yukawa and refers to the contributions that are only present
if Y, # 0. In other words, this separation splits the full resulbitite common part with the
MSSM, given byi(p2)|gauge and the new contributions due to the presence of Majorantine
nos with non vanishing Yukawa interactions, givenﬁt()pz)|Yukawa. Thus, by comparing the size
of these two parts, within the allowed parameter space negi@ will localize the areas where
5(P?)|vukawa > 2(p?)|gauge Which will therefore indicate a significant departure freéme MSSM
result. We see in Fig. 1 that the Yukawa part clearly dommé&te largemy ~ 10141° GeV and

150 :
500 F ) A,=B,=mz=m;=1000 GeV Yum}ﬁ
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full p=200 GeV, |m,|= 0.5 eV i
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> 300 F E :u
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& &
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Figure 1. Left panel: Renormalized Higgs boson self-energy as a fomaif my. Here,p = 116 GeV.
Right panel: Renormalized Higgs boson self-energy as atitmof the external momenturp. In both
panels, the two contributions from the gauge and Yukaweas@end the full result are shown separately.

that it shows a relevant external momentum dependence effiner at largemy, to keep just the
Yukawa part is a good approximation, but to neglect the maomemlependence or to set the exter-
nal momentum to zero are certainly not. In consequence |tdtmmative effective potential method
will not provide a realistic result for the radiative corieas to the Higgs mass.

Second, in order to understand in simple terms the analydaavior of our full numerical
results we have expanded the renormalized self-energipewers of the seesaw parametes
mD/mM :

2(P%) = (2(0) g + (2(P7) g+ (2(PP)) g + - - (14)

The zeroth order of this expansion corresponds to the gamgfeilmution and it does not depend
onmp or my. The rest of the expansion corresponds to the Yukawa catitsib The leading
term of this Yukawa contribution is th€' (mg) term, because it is the only one not suppressed by
the Majorana scale. In fact it goes 48MZ2,,, whereM2,, denotes generically the electroweak
scales involved, concretelp?, M2 andM3. In particular, theZ(p?md ) terms of the renormalized
self-energy, which turn out to be among the most relevamifgacontributions, separated into the
neutrino and sneutrino contributions, are the following:
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VL VL
_ RERRN 2,2 2 12
Q%DR‘ he- “hg h-4  y--n| . P m%;% Lo m%C% (15)
mp p2 N BATPMGSs;  BATPMGS;
VR VR mR p?

Notice that the above neutrino contributions come from th&aa interactiorgny, vg, Which is
extremely suppressed in the Dirac case but can be large prélsent Majorana case. On the other
hand, the above sneutrino contributions come from the nmmltngsgm%, which are not present
in the Dirac case. Itis also interesting to remark that thesas, being~ p? are absent in both the
effective potential and the RGE approaches.

An useful formula for the Higgs mass correction has then bevet, by keeping just the
dominant&'(mg) contribution to the Yukawa part of the renormalized selérey:

- imﬁ M2
7N_2¥V(M€)N <hh ( h))m2

DR D
L T
g’ [—2MZcod(a — B)cos B+ 2MZ cos a
128mM2 My, sir? B A "
—MZsinBsin(a + ) (2(1+ cos B) cosa —sin2Bsina)] . (16)

We have checked that this simple expression reproducesagenyately the full numerical result,
for the region of our interest with largey ~ 10141° GeV.

With respect to the numerical results, figure 2 exemplifiestiain features of the extra Higgs
mass correction&m{],‘ﬁ due to neutrinos and sneutrino loops in terms of the two pghy®Majorana
neutrino massesyy andm,. For values ofmy < 3 x 10'3 GeV and|m,| < 0.1 0.3 eV the
corrections toMy, are positive and smaller than 0.1 GeV. In this region, theggatontribution
dominates. In fact, the wider black contour line with ﬁxAmﬂnﬁ = 0.09 coincides with the
prediction for the case where just the gauge part in theesedfgies has been included. This means
that 'the distance’ of any other contour-line with respedtiis one represents the difference in the
radiative corrections respect to the MSSM prediction.

However, for larger values afy and/or|m,| the Yukawa part dominates, and the radiative
corrections become negative and larger in absolute vapum values of -5 GeV in the right upper
corner of Fig. 2. These corrections grow in modulus propogily tom, andm,, due to the fact
that the seesaw mechanism imposes a relation between deentfasses involved® = |m, [my.

Finally, we plot in Fig. 3, the contour-lines for fixeéxl‘n{}‘ﬁ in the less conservative case where
mg is close tamy. These are displayed as a functionmof,| and the ratiang/my. my is fixed here
to the reference valuey = 104 GeV. For the interval studied here, we see again that thatiaeli
corrections can be negative and as large as tens of GeV impgher tight corner of the plot. For
instance AM®R = —30 GeV formy = 101 GeV, |m, | = 0.6 eV andmz/my = 0.7.
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Figure 2: Contour-lines for the Higgs mass corrections from the rieotsneutrino sector as a function
of the physical Majorana neutrino masses, lighf| and heavymy. The other parameters are fixed to:
A, =B, =m =mg = 10°GeV, tanB = 5, Ma = 200 GeV andu = 200 GeV.

Conclusions

We have used the Feynman diagrammatic approach for thdatadeuof the radiative correc-
tions to the lightest Higgs boson mass of the MSSM-seesaus mkthod does not neglect the
external momentum of the incoming and outgoing particleis lzgppens in the effective potential
approach. We have performed a full calculation, obtainiogamly the leading logarithmic terms
as it would be the case in a RGE computation but also the fimites, that we have seen that can
be sizable for heavy Majorana neutrinos {30 10* GeV) and the lightest neutrino mass within
a range inspired by data.@0— 1 eV). For some regions of the MSSM-seesaw parameter space,
the corrections td}, are substantially larger than the anticipated LHC prenigio 200 MeV) [8].
Specifically they can be negative and up to -5 GeWf ~ 10'° GeV and/m,| ~ 1 eV and up to
minus tens of GeV if in additiomg is also large and of similar size toy.
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Figure 3: Contour-lines for the Higgs mass corrections from the neotsneutrino sector as a function of
the ratiomg/my and the lightest Majorana neutrino mdss,|. The other parameters are fixed toy =
10" GeV, A, =B, = my = 10° GeV, tarB = 5, Ma = 200 GeV andu = 200 GeV
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