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ABSTRACT: We study phenomenological implications of a radiative inverse seesaw dark
matter model. In this model, because neutrino masses are generated at two loop level with
inverse seesaw, the new physics mass scale can be as low as a few hundred GeV and the
model also naturally contain dark matter candidate. The Yukawa couplings linking the
SM leptons and new particles can be large. This can lead to large lepton flavor violating
effects. We find that future experimental data on y — ey and p — e conversion can further
test the model. The new charged particles can affect significantly the A — ~+ branching
ratio in the SM. The model is able to explain the deviation between the SM prediction
and the LHC data. We also study some LHC signatures of the new particles in the model.
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1 Introduction

Seesaw mechanism is one of the popular mechanisms [1-12] beyond the standard model
(SM) which can provide some explanations why neutrino masses are small. Usually the
seesaw scale is large making LHC study of the new physics scale difficult. The inverse
seesaw mechanism [13, 14] can lower the seesaw scale, because in this type of models the
light neutrino masses are suppressed by higher powers of new scale beyond the SM. If the
inverse seesaw mechanism is also achieved by radiative correction, the new scale can be even
lower. Such low new physics scale can lead to large testable effects in various experiments.
Recently models of this type have been proposed in which inverse seesaw mechanism is
radiatively realized at two loop level [15]. This allows the new physics scale to be in the
hundreds GeV range. To forbid tree and one loop level neutrino mass generation, new
unbroken symmetries are introduced. The lightest new particles transforming non-trivially
under the new symmetries are stable and can play the role of dark matter needed to explain
about 23% of the energy budget of our universe [16].

In this paper we further study some phenomenologies in one of the promising models.
The model we will study is the U(1)p model discussed in ref. [15]. There are several
new particles in this model. The large Yukawa couplings linking the SM leptons and
new particles in this model can have large lepton flavor violating(LFV) effects. Future
experimental data on p — ey and g — e conversion can further test the model. The new
charged particles can affect significantly the h — ~+ branching ratio in the SM and the
new contributions may be able to explain the deviation between the SM prediction and the
LHC data. We now provide some details in the following.

2 The model

The model is based on the SU(2)7, x U(1)y SM electroweak gauge group with an unbroken
global U(1)p symmetry. The SM particles do not transform under the U(1)p symmetry.



New particles in this model are vectorlike leptonic SU(2), doublets Dy, g, two scalar singlets
S, o and a scalar SU(2), triplet A. Their SM and U(1)p charges are as follows

Dir: (2,-1/2)(1),  S: (LO)(=1), o: (1,0)2), A: (3,-1)2). (2.1)

In the above the two numbers in the first and the second brackets are the SU(2)z, x U(1)y,
and the U(1)p quantum numbers, respectively.

The renormalizable terms for Yukawa couplings Lp consistent with the symmetries of
the model are

Lp=—LYpDgS — D MDp — %DLYLDEA — %D%YRDRN + h.c. (2.2)
The allowed renormalizable terms in the potential Vp are given by
Vp = —pu3 HUH + Mg (HTH)? + p%STS + \s(S19)2 + pi20to + Ay (o10)?
+ HAATA + XX (ATAATA), + 3 " NijitigTy + (150 S0 + Ao HAGTH + hec.)
" (2.3)

where the sum Eij is over all possible ¢ and j, and 7 to be one of the H, S, o and A. The
allowed terms are

N N(HTHATA) g + Ao (HT Ho'o) + Aps(HTHSTS)

+ Aas(ATASTS) + A, (ATAGT) + Aog(atosTs) . (2.4)
In the above the indices « and g indicate different ways of forming singlets. They are
given by
(ATAATA); = A AGA; AR, (ATAATA)y = AL ARALA
(ATAHTH)y = Aj;AijHy Hy, (ATAHTH), = A} A Hi H; (2.5)

If both S and A develop non-zero vev’s, the Lagrangian Lp will give the usual inverse
seesaw masses to neutrinos. In that case there will be a Goldstone boson due to breaking of
the global U(1) p symmetry which may be problematic. To avoid the appearance of massless
Goldstone boson in the theory, a possible approach is to keep the global symmetry to be
exact and therefore no Goldstone boson emerges. This requires p? to be all larger than
zero. This also forbids the light neutrinos to have non-zero masses at tree level. However,
Majorana neutrino masses can be generated at two loop level through the Feynman diagram
shown in figure 1.

Carrying out the loop integrals, one obtains neutrino mass matrix m, in the bases
where M is diagonal '

mZV] _ UHYIi)k()\AU%L;VUYfZ)YélUH
kk

Kkl » (2.6)

where ky; is defined as
1 1 [
(4m)* (1—m@/Mp)?
—g(meg,, ms, M) +g(mg, , My, Mii)] . (2.7)
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Figure 1. Two loop Feynman diagram for neutrino mass generation.
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with p? = . Sp(z) is the Spence function or the dilogarithm
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In the above we have assumed that o and the neutral component of A have almost equal
mMass Mg, .

There are candidates for dark matter in this model. The neutral heavy particles in
Dy, r and A have non-zero hypercharges and have problems to play the role of dark matter.
The natural dark matter candidate field is S. It does not have a non-zero hypercharge and
does not mix with any particles with hypercharge (o mixes with A). Aslong as dark matter
properties are concerned, this model is very similar to the real singlet (darkon) model [17]
and therefore has similar dark matter properties [18-26] and is identical to the complex
scalar singlet model [27] with degenerate mass for the real and imaginary parts of S. The
term STSHTH is important for dark matter relic density and direct detection studies.

The Higgs boson h properties, its mass and its couplings to SM particles (fermions
and gauge bosons), are the same as those in the SM at the tree level. The recent LHC
data indicate that the mass is about 126 GeV [28, 29] which can be applied to this model.
It has been shown that the dark matter relic density and direct detection constraints can
be simultaneously satisfied with appropriate dark matter mass. The range of a few tens
of GeV for dark matter mass is in trouble. However, dark matter mass about half of the
Higgs mass or larger than 130 GeV is allowed [15]. In our later discussions, we will take
mg = 150 GeV for illustration.

3 Neutrino masses and LFV

The formula in eq. (2.7) determines whether the model is consistent with current data on
neutrino mixing and masses [30]. In order to have at least two neutrinos with non-zero
mass to be consistent with data, more than one generation of Dy, r are needed. We will
assume that there are three of them. The mixing pattern is determined by two Yukawa
couplings, Yp and Y. With three Dy, g, they both are 3 x 3 matrices. In our numerical
calculations, we will assume that the flavor structure is determined by the Yukawa coupling
Yp with Yp = yDUpMNSYD with Y7, diagonal for both normal and inverted hierarchies for
neutrino masses. In our later calculations we will use the central values from recent global



Figure 3. Feynman diagrams for /; — [; conversion.

fit data in ref. [30] for neutrino mixing angles and mass squared differences for both normal
and inverted hierarchies (NH and IH) for our discussions

sin? 015 = 0.307 0015 (NH, TH) ;  sin® a3 = 0.38670 051 (NH) , 0.39275:059(TH) ;
sin” 015 = 0.0241 + 0.0025(NH) , 0.02447 50053 (TH) ;
om? =m3 —m? = (7.547025) x 107° eV?(NH, TH) ;
|Am?| = |m} — (m3 +m?)/2| = (2.43709%) x 1073 eV*(NH), (2.427007) x 1073 eV?(TH) ;
§ = 194.4°(NH) , 196.2°(TH) . (3.1)

In the following we show two sets of model parameters which can fit known data for
neutrinos and take them as bench mark values.

For the normal hierarchy, choosing Yp = diag(1,v/1.03,V1.77), yp X Aaor = 1073,
Yr, =1x 1072, pg, = 100GeV, mg, = 300GeV, mg = 150 GeV, M;; = 500 GeV, we can
get all the three neutrino mass 3.39 x 1072 eV, 3.50 x 1072 eV, 5.98 x 1072 eV, respectively.
These are consistent with data.

For inverted hierarchy case, we just need to replace Yp with Yp = diag(+/1.46,
V1.48, \/W), with all the other parameters unchanged, the neutrino masses will be
4.93 x 1072eV, 5.01 x 1072eV, 3.39 x 1073 eV, respectively. Again, these numbers are
consistent with data.

For neutrino masses, the two parameters yp and Aa,m appear together, but for charged
lepton LEF'V processes which happen at one loop level, they only depend on yp. We will
study how yp is constrained by data from [; — [;y and p — e conversion.

Radiative leptonic decay l; — [;v can occur at one loop level as shown in figure 2.
By attaching v, and changing v into Z, and then let v and Z connect to quark, as shown
in figure 3, ; — e conversion can be induced. For our case the Lagrangian responsible for



l; = ljy and l; — [; conversion can be written as

L= —ljoc" (ALjiPL + ArjiPr)liFu + [Z eQqq"al; BrjivuPrli + Hee. |, (3.2)
q

and the functions Ay g and By, are given by

. e 1 M,? m;
Apji = YDjkYDkir%g mf%FD (m%>mj ; Arji = mf;Asz )
* e 1 ,f
Brji = YDjkYDki@mi%GD mik% )
22 — 5z —2 zlnz
F p—
p() = -1 T
723 — 3622 + 452 — 16 +6(32 — 2)In 2
G = . 3.3
p(2) 36(1 — z)* 33
The LFV [; — [ decay branching ratio is easily evaluated by
4872
B(l; — ljy) = W(|ALji|2 + |Agjil?) - (3.4)
FYy
The strength of ;1 — e conversion is measured by the quantity, BZ? e = FCAOHV/Fé‘pt =

I'(p=+ AN, Z) e + AN, Z2))/T(p~ + AN, Z) - v, + AN +1,Z — 1)). To obtain
the conversion rate, one needs to convert the quarks in eq. (3.3) into relevant nuclei. We
will use the theoretical values compiled in ref. [31]. We have [32]

A ~ ~n n
Bl _po (| BV L SV (3.5)
B(p—ey) —H7° ArD(4) ARD(A) |’ '
where 2o
m
RO (A) = Fr DAY 3.6
() = G DL, (36)
and
g = 290v(w) T 9LV (d) ; = 9rLv(u) +29Lv(d) » grv(g) = —4€QqmuBr .  (3.7)

The parameters D(A), V™) (A) are nuclei dependent quantities. Several of them are given
in ref. [31].

With the bench mark values for the model parameters fixed, the B(l; — [;v) and
1 — e conversion rate are all dependent on the coupling constant yp. We now discuss the
constraint on yp.

Although p — e has not been observed, there are stringent constraint on the upper
limit of the branching ratio. The current upper limit is 2.4 x 10712 at the 90%c.l. [33].
Experimental sensitivity will be improved. We take B(u — ey) = 1 x 10713 [34] as the
near future improved MEG experimental sensitivity to constrain the parameter yp. There
are also bounds for the process of 7 — p(e)y. The current 95% c.l. experiment bounds are
B(T = ey) < 3.3x 1078, B(1 — uy) < 4.4 x 1078 [35].
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Figure 4. Figures on the top show constraints on yp from B(u — ey) and p — e conversion
rate with current bound (dashed line) and future sensitivity (solid line) for normal(solid line) and
inverted(dashed line) hierarchy. Figures at the bottom show constraints on yp from 7 — ey (left)
and 7 — pvy (right).

There are several measurements of ;1 — e conversion on various nuclei. The best ex-
perimental bound is from Au nuclei with the 90% c.l. upper bound given by Bﬁﬂw <7 X
10713 [36]. For Au, the relevant parameters determined by method I in ref. [31] are given by:
D(Au) = 0.189, VP (Au) = 0.0974, V(") (Au) = 0.146 and R, , (Au) = 0.0036 [31]. There
are several planned experiments, such as Mu2E [37]/COMET [38] for u—e conversion using
Al. The sensitivities are expected to reach 10716 [38]. For Al nuclei, the relevant parame-
ters for our calculations are given by D(Al) = 0.0362, V) (Al) = 0.0161, V(™) (Al) = 0.0173
and R, , (Al) = 0.0026 [31].

The constraints on yp are shown in figure 4. We see that the current upper limits
from p — ey and p — e conversion using Au can already constrain yp to be less than 0.2
and 0.4, respectively. Future u — e conversion experiments can reach a sensitivity of 0.05
on yp. The model will be constrained when new data become available. The constraints
from 7 — u(e)y are weaker.

In the above studies, we have taken some bench mark values to have some ideas about
the possibility of observing LFV effects. Our studies show that it is possible to have
large observable LFV effects at near future experiment, in particular for 4 — e conversion
experiments. We, however, should note that from such studies it is not possible to rule
out the model because the allowed parameters can have large or small LFV effect. For
example, for neutrino mass generation, the scale of neutrino mass depends on yp X AacH,

but Aaspr does not show up directly in the leading LFV effects which we have studied.



Signal [fb] (NH and IH) Background [fb]
a(pp — D°SI7) oW~ =170) |cW=Z/W~ = 1"vwvi) | a(WTW™)
14 TeV 11.1 14.2 8.67 x 106 345.3 1856
Pl > 120GeV | 9.66 12.3 1080 6.78 26

Table 1. Cross sections of signal with mp = 500GeV and mg = 150 GeV and corresponding
backgrounds. In both signal and backgrounds, charged lepton of e~ and p~ are included.

Even assuming all other relevant parameters are fixed in the model, by adjusting the size
of A,z one can have different values of yp to satisfy constraint on yp from LFV processes.
There are some other processes which can provide additional tests for the model. We find
that the correlation of h — vy and h — vZ can be a good indicator. We will discuss this
later.

In the above studies, the new physics scale is set by the masses of particles in the
D doublet. We now briefly discuss LHC signature of these particles. D°DY DD~ and
D~D can be pair produced through Z, W~, v and Z s-channel exchanges with the cross
sections of order O(10) fb for mass mp around 500 GeV.

For D°DP production, since DY decays into vS, the signature is missing energy which
would be similar to dark matter signature with photon or gluon emissions from the initial
quark. The final state is thus a high-pp photon/gluon and missing energy. Detections of
dark matter pair production processes from CMS [39, 40] and ATLAS [41, 42] have been
performed. As no excess from SM predictions observed in both experiments, constraints
on dark matter mass can then be given accordingly for pair production of dark matter
candidates [43, 44]. The current data cannot rule out D of order a few hundred GeV.

D~ will decay into [=S. The pair production of D’D~ through W~ exchange can
be searched by pp — I~ + Fpr + X. There will be SM background from W~ — [~ 7 and
W=Z/W~ — I~ vvi. Additionally, WW ™ production with leptonic decays will also have
a possibility to be background when one charged lepton (here [ ™) is too soft or too forward.
To optimize the signal from these backgrounds, one can impose pfr cut on charged lepton.
With 8 TeV energy at the LHC and 20fb~!, it is difficult to cut down the background to
have enough signal events. We find that it is possible to achieve a discovery level at 5o
for 14 TeV center of mass frame enery with 300fb~!. In table 1, we show the cross section
with a selective cut of pl. > 120 GeV. We have chosen the cut for p}. so that the signal
can be established at 5o level statistically. With a higher cut for plT, one can have a higher
significance level, but the event number will be smaller. With this cut of plT the signal
is slightly eliminated while the backgrounds are effectively suppressed. Note that, in the
calculation of signal, we have taken the D doublets with almost degenerate masses and
used the bench mark values given before. In the narrow width approximation, the cross
section for [ charged lepton in the final state is proportional to Y, (Y4Y5*/ >, YAYE*) for
degenerate D;. The cross section for pp — I~ + Hr + X, therefore, is almost independent
of yp. The pair production of D~ D™ will have the signal [~I™ plus missing energies. Since
there are two leptons in the final state, the analysis is more involved. We will not discuss
this here. The numbers in table 1 show that with an integrated luminosity of 300fb~ for



centre-of-mass energy at 14 TeV, for both normal and inverted hierarchy cases, signal of
5o significance can be achieved using pp — [~ + Fr+ X. It is interesting to carry out such
a search.

4 h— vy

There are strong indications from LHC that the Higgs particle has been discovered with a
mass of 126 GeV whose couplings to gauge bosons are consistent with SM Higgs, but with
an enhanced h — 7 branching ratio. The experimental value [28, 29] for this channel is
1.8+£0.5 (ATLAS) (1.56 £0.43 (CMS)) times that predicted by the SM. Recently ATLAS
has updated their result with [45] 1.8 + 0.3 (stat.)02% (sys.) 702 (theory) times the value
predicted by the SM. The central value is higher than the SM prediction. If confirmed, new
physics beyond the SM is required to explain it. In the model we are studying, this can be
explained by new contribution from charged particles in the triplet scalar A with relatively
low mass coupled to the usual Higgs boson at loop levels. We now discuss how enhancement
can be achieved. There have been extensive studies for similar triplet scalar contributions
to h — vy [46-54]. Our study is more model inspired, the triplet does not have non-zero
vev, and also the A does not decay into pure SM particles. The LHC signatures for A
particles are different than other models.

In the model we are considering, electroweak symmetry breaking is induced by the
non-zero vev of Higgs doublet H = (h*, (v + h + il)/v/2)T. The charged h™ and the
neutral fields I are “eaten” by W and Z. The h is the physical Higgs field similar to the
one in SM. Since this is the only field having a non-zero vev in the theory, at the tree
level, the Higgs h couplings to gauge bosons are the same as those in the SM. The Yukawa
couplings to SM fermions also have the same form as those in the SM. At one loop level,
deviations start to show up. A particularly interesting one is modification for h — ~v
coupling, due to the existence of new charged particles A7~ and their non-zero couplings
to h. Note that the new particles, do not have strong interactions, the process gg — h
is not affected to the lowest order. So the model will not alter the production rate of h
predicted by the SM to the leading order in agreement with data.

The couplings of h to A7~ come from )\Xé(ATAHTH)LQ after H develops vev. The
hAA couplings are given by

L~— [MAH(NA— + ATTATT) £\, <A++A“ + ;AJ“A_)} vh. (4.1)

Combined with contributions from W and top in the loop, the h — 7 rate is modified
by a factor R, =T'(h — v7)ua),/T(h = 77)sm given by

2

v? 1 A AtEAG A AN AFALA)
R, = |1+ — 2 A )4 NCHATZHAI » o }
7 ‘ 2A1(TW)+NCQ%A1/2(Tt){ 2 ol7a-) 2 ol7a=-)
(4.2)

mx - ma -
where 7; = (m%/élm?), 1 =t,W,A™ and A™". N, is the degree freedom of color and );
is the charge of top quark. Aj(mw) and Ay /5(7¢) come from SM W boson and top quark
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Figure 5. Constraints on A}, and A%, with mao = 300 GeV.

contributions. Ag(7a) comes from new scalars in the model. They are given by

Ag(x) = =2 %le = f(2)];  Ayple) =202z + (z - 1) f(2)];
Ay (z) = —27 %[22 + 32 + 3(22 — 1) f(2)];
arcsin? \/z , r>1
MO == ), w < )

Eq. (4.2) tells that new contributions to the ratio R,., depend on not only the couplings
)\}fA, but also the masses of the charged scalars. The scalar masses depend on several
parameters. Neglecting the mixing between o and A, the component fields in A masses
are given by

1

TTLQAO = MQA + 5)‘}{sz7
1 1

mif = MQA + iA}{A'UQ + Z)\%IA'UQ, (44)
1 1

mA-— = pa + gA}{Avg + 5)\%%”2-

To see how the model can enhance the h — v to be consistent with LHC data, we
will keep the A? mass to be mao = 300GeV as used in the discussions on the neutrino
masses and vary A}}ZA to obtain the new contributions to R,,. The results are shown in
figure 5 and figure 6.

We also calculated new contributions to h — vZ. We confirm the formalisms in

refs. [53, 54]. Using these formulas, we obtain the ratio of h — vZ in the U(1)p model to
that of SM as

20 [ gza-a-(Ab A +EX2
RZ/Y _ ’1 o ~ { ZA—A ( I—éA 2 HA)AO(ZA*,)\A*)
ASI\'}[ mA -

2

(4.5)

207A——n—— (A A + A2
+ 9ZA——A (HA HA)AO(ZA——a)\A——)}

2
T)’LA,,
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Figure 6. Constraints on A}, and A%, with R, = 1 for mao = 300 GeV.

where z; = 4m?/mi, A = 4mz2/m22 and gzan = (Tg — QAS%/V)/Sch. Ag& comes from
SM W boson and top quark contributions and Ay comes from new charged scalars in this
model. They are given by

20,(Tt — 2Q,s>
L, 20T~ 2Qusty)

2
Agm = = | cot O A1 (2w, Aw)
v SWewW

Ay oz M) |

Ao(z,y) = I(z,y),
Al/Q(xvy) = Li(z,y) — L(z,y),
Ay (z,y) = 4(3 — tan? Oy ) I (z,9) + [(1 + 227 1) tan® Oy — (5 + 227 1|11 (z, y),

where T% is the third component of isospin of top quark, and Iy, I5 are given by

L) = =2 TV e~ ] 4 S (g — gl
20 —y) 2z —y)? (z —y)?
Lz,y) = ——2—[f(@") = fly™Y)]

2(z —y)

g(r) = Vol —larcsin .

In the allowed )\ﬁq A space, h — vZ will be modified significantly. We show the predicted
scaling factor R,z = I'(h = vZ)y(1), /I (h — vZ)swm in figure 7 and figure 8.

To enhance the ratio R,., negative )\}fA are preferred. With fixed mao, negative )\%{ A
implies that mao > ma- > ma--. From figure 5, we can see that with negative )\}fA of
order O(1), the ATLAS and CMS results on h — 47 can be reproduced. If one controls
the magnitude of /\}fA as small as possible from perturbation consideration, the optimal
values for A}fA are around —0.8 and —0.6, respectively. With these values, A~ and A™~
masses are given by 284.5 GeV and 268 GeV. More negative )\%, A Will make the mass of
A=~ smaller which may be in conflict with LHC data. We should take [A% | as small as
possible. With the same parameters, the predicted value for R,z are shown in figure 7.

With )\%{ A > 0, the mass hierarchy for the component fields in the triplet is mao0 <
ma- < ma--. In this case, the new contributions may cancel out if )\}{A is kept negative.
We demonstrate this possibility in figure 6, where R, is kept to be 1. For this parameter
space, the predicted R,z is shown in figure 8.

,10,
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Figure 8. Scaling factor for h — Z~ with the same parameters for R, = 1.

In general there is a correlation between h — ~vy and h — ~Z, that is, enhancement
of h — 77 leads to an enhanced h — ~Z. This fact may be used as a test for this model.
Should an anti-correlation between h — vy and h — vZ will be confirmed, this model will
be in trouble. But even if h — yv agrees with SM prediction, h — vZ can be different as
can be seen in figure 8.

Our analysis show that in order to explain the possible enhanced h — 77, negative
A}fA of order minus one is needed. If the current data at the LHC will be further confirmed,
we need to check if the required negative A}fA are consistent with other constraints. One
of the constraints is from the stability of Higgs potential. Here we argue that this is not a
problem.

Potential bounded from below concerns potentials at fields taking large values. Let us
consider terms involving Ag, )\22, and )\;}QA in the case where S and o fields are absent
and carry out an similar analysis as in ref. [55]. At large values of H and A, the potential
is given by

Ara? + (Ax + XAy + (Aga + Aad)zy, (4.6)

where x = HYH, y = Tr(ATA), n = Tr(ATAATA) /(Tr(ATA))?, and € = (HTAATH) /(HTH
Tr(AfA)). The ranges for 7 and & are 1/2 ~ 1 and 0 ~ 1, respectively.

— 11 —



By definition both z and y are larger than zero. To satisfy eq. (4.6), Ay and (AL +A4n)
must be positive. If (Al + A4 A€) is larger than zero, eq. (4.6) is satisfied.

For (Ak A + A% A €) < 0 the conditions are different. This is the case if we use enhanced
R, to explain the data, it is required that both )&,fA to be negative are preferred. In the
following we study this case. The positivity conditions can be obtained by requiring the
diagonal elements and the determinant of the following matrix to be positive

_ Al (Ara + AHa8)/2
Mo = ((/\}{A +AAE)/2 AN+ AAn . 47

Without the conditions )\}{A < 0, )‘%{A <0,z >0, and y > 0, the parameters need to
simultaneously satisfy

Ay >0, ML +2X >0, A1A+%)\2A>O,
ArOA+22) > TOha) Ar(h +03) > TOia + Na)? (19)
(3 38 ) > 0Py (3 58 ) > {00k + M
In the above, we have also taken into consideration of the ranges of 1 and &.

With the conditions A}, A < 0, A4, <0, x >0, and y > 0, the conditions of positivity
for eq. (4.6) are relaxed to be

1
g >0, M+ >0, A1A+§>\2A>O,

1 1
A (Ay+AR) > —5)\}ma VAR +2A%) > _5(/\}{A+/\%{A)v (4.9)
R I 11y 1y 2

A Higgs mass of 125 GeV, implies Ay = 0.13. Our required )\}{’i of order minus one

and the above conditions can be satisfied if one chooses both )\22 to be positive and satisfy
AN+ AL > 1A = 7.7 (with )\}fA = —1.0). This condition can be easily satisfied by
choosing /\22 to be about 5 which are well below the unitarity bounds on )\XQ of order
47 [55].

Our model is more complicated because there are also S and o fields. The term
proportional to Aa,m can be chosen to be small and neglected. The corresponding M,
matrix becomes a 4 x 4 one. The conditions for potential bounded from below require the
diagonal elements, the determinant of the matrix, and all determinants of its sub-matrices
to be positive with the constraints for variables similar to x and y to be positive. The
conditions for potential bounded from below include the ones discussed above, but have
some additional ones. For our purpose, we need to fix Ay to be 0.13, and )\}fA to be
around —1.0 to satisfy the positive conditions. Since several new independent parameters
AS.o,Ho,HS,AS,A,AS COMe into play, one is able to find reasonable parameter spaces to satisfy
the conditions. For example, with As, > 0, Ags A5 A0As to be zero. If one requires S
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to play the role of dark matter, Agg should not be zero [15]. There is a large range for
Ams below 0.03 which can satisfy dark matter constraint for dark matter mass around half
of Higgs mass and larger than 130 GeV [15]. The positivity of potential at large values of
fields can be satisfied.

Before closing this section, we make some comments about effects of the A particle at
the LHC. In the case with A%, < 0, A~ is the lightest particle in the A triplet. It is stable
in the scenario where 2mg mass is larger than A mass, that is, A=~ — D™D~ — [7S5]™S
is kinematically forbidden. This is the case for the bench mark values we are using. With
a mass of order a few hundred GeV, A™~~ can be produced at the LHC with a cross
section of order about 10fb. Although it does not decay into SM particles making the
direct detection difficult, being a stable heavy charged particle it does leave tracks in the
detector which have been searched for at the LHC. The current data from LHC still allow
mass of order a few GeV [56, 57]. If it turns out that A~~ mass is large enough, and
A~ = D D~ — [~ SI” S becomes kinematically possible, then 71~ + Fp+ jets is the
signal to search. This has small SM background and can be searched at the LHC.

In the case with A%, > 0, A" is the lightest particle in the A triplet. It can also be
copiously produced at the LHC because the mass can be as low as a few hundred GeV.
Search for this particle is similar to search for dark matter which can annihilate into quarks.
Some of the processes which can provide information about this particle are single photon
plus missing energy and mono-jet plus missing energy. ATLAS and CMS experiments at
the LHC have carried out such studies. At this moment the data are not constraining
enough to rule out the parameter space we are using [39-44]. But as more data become
available, the model can be constrained more.

5 Conclusions

We have studied some phenomenological consequences of a two loop radiative inverse seesaw
model with an unbroken global U(1)p symmetry. This model has a natural candidate
for dark matter which allows larger Yukawa couplings and low mass of order a hundred
GeV charged new particles in the triplet scalar A. The large Yukawa couplings can lead
to large leptonic flavor changing effects in y© — ey and pu — e conversion. The current
data have already constrained the size of the allowed Yukawa couplings. Future improved
experiments on u — e conversion can improve the constraint by several orders of magnitude.
The existence of low mass charged particle in the triplet A make it possible to enhance the
h — ~v to explain the deviation between the LHC data and SM prediction.
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