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oRe
eived January 13, 2014Motivated by the LHC results revealing the SM s
alar se
tor as well as by its possible revision, we 
onsider anMSSM s
alar extension 
onsisting of two Higgs triplets generating the observed neutrino and Higgs masses. Thelatter 
onstrains their suppressed vevs and sizable 
ouplings, whi
h slightly in�uen
es the extended neutralinose
tor and the LSP emergen
e.DOI: 10.7868/S00444510140700621. INTRODUCTIONDespite the undeniable su

ess of the SM of par-ti
le physi
s in des
ribing the matter building blo
ksand their intera
tions below the weak s
ale [1, 2℄, it isnow known to be rather 
ompli
ated and in
omplete.The past and the re
ent data 
ontinue to brighten thespe
trum and dynami
s of the ele
troweak symmetrybreaking se
tor responsible for major problems in theSM, mostly the Higgs mass hierar
hy problem. The su-persymmetry is the well-known simple model 
uring theHiggs problem without �ne tuning. In the MSSM, themass of the lightest Higgs boson is 
lose the Z-bosonmass at tree level, but 
ould be raised to the value bestmotivated theoreti
ally and experimentally by 
onside-ring large radiatve 
orre
tions.Re
ently, with the LHC observation of a new s
alarboson around 125�126 GeV with a diphoton rate ex-
ess [3, 4℄, the 
onsideration of MSSM extended mod-els has be
ome appealing. In parti
ular, the extendedHiggs se
tor 
ould reprodu
e su
h a result by generat-ing sizeable tree-level 
orre
tion to the Higgs mass aswell as enhan
ement of its diphoton de
ay rate through
harged new degrees of freedom, whose possible dete
-tion would be a 
lear eviden
e of a Higgs se
tor be-yond that of the MSSM [5�7℄. The most 
onsidereds
alar extended models often in
lude extra singlets ortriplets, whi
h have been seen to a�e
t the Higgs se
tor*E-mail: ennadi�s�gmail.
om

phenomenology, thereby providing a large lands
apewhere, in addition to the observed Higgs results, morefamous open questions in the SM 
an be studied, dueto the new involved parameters. Indeed, the asso
iatedparameters of the extra singlets or triplets, su
h as 
ou-pling 
onstants and vevs present in the superpotentialof the model within new mass and intera
tion terms,might be helpful in dis
ussing more known problemssu
h as neutrino masses and the dark matter se
tor inthe large parameter spa
e. However, models with anextended Higgs boson are strongly 
onstrained by theele
troweak pre
ision tests, in parti
ular by the � pa-rameter [8℄, imposing 
onstraints on the extra s
alarvevs that a�e
t the model phenomenology.In the light of the re
ent Higgs observation and thedeployed theoreti
al e�orts, we 
onsider a Higgs-triplet-extended MSSM and dis
uss its phenomenologi
al im-pli
ations for the mass spe
trum. Spe
i�
ally, we studythe 
ontribution of two extra Y = �2 
omplex triplets�u;d to the neutrino and Higgs masses by means oftheir vevs v�u;d and 
oupling parameters �u;d, whi
hare 
onstrained from the known and the ele
troweakpre
ision data. We then investigate the neutralino se
-tor extended by the fermioni
 triplet neutral states anddis
uss its 
ompositeness and the LSP emergen
e a
-
ording to the s
ale of the triplet parameters.2. MODEL AND CONSTRAINTSSignals for physi
s beyond the SM, mostly neutri-nos and dark matter se
tors [9�12℄, have been largely60
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Plots of the mh as a fun
tion of �u. a � tg � = p3, �d = 0:8 (thi
k line) and for tg � = p3=3; �d = 0:2 (thin line).b � tg � = p3, �u = 0:1 (thi
k line) and for tg � = p3=3; �u = 0:8 (thin line)investigated and led to several extensions of the SM.Most of them are based on the supersymmetry and/orextended s
alar se
tors. Re
ently, with the dis
overedresonan
e at 125.5 GeV [3, 4℄, the hunt for one or moreHiggs boson(s) has given a big boost to the sear
h forsu
h dire
tions where most studied models involve ex-tra s
alar �elds. Here, for the aforementioned reasons,we extend the MSSM Higgs se
tor by two Y = �2triplets given by�d =  Æ+=p2 Æ++dÆ0d �Æ+=p2 ! ;�u =  Æ�u =p2 Æ0uÆ��u �Æ�u =p2 ! : (1)The s
alar triplets are des
ribed in terms of a 2 � 2matrix representations: Æ0u;d are the 
omplex neutral�elds and Æ++, Æ+; Æ�; Æ�� denote the 
harged �elds.This is one of the MSSM extensions that allows realiz-ing some of its outstanding fragments. An impli
ationof this emerges in the superpotential extensionW =WMSSM +W�; (2)where W� 
omprises all possible new mass and anintera
tion terms involving the triplet �elds. Indeed,roughly, the most general gauge-invariant and renor-malizable superpotential that 
an be written for theextra s
alars is given byW� = �ijLLi�dLj+��Tr (�u�d)+�uHu�uHu ++ �dHd�dHd; (3)where Hu = (h+u ; hÆu); Hd = (hÆd; h�d );

and Li are the MSSM Higgs and lepton doublets, andi = 1; 2; 3 is the generation index. The �rst pie
e is aneutrino-generated mass term and the others are thes
alar-se
tor intera
tion terms. After the ele
troweaksymmetry breaking, when the triplet�d a
quires a va
-uum expe
tation value v�d in its neutral 
ompenent,the neutrinos a
quire Majorana masses, restri
ting thevalue of v�d . In fa
t, for �ijL � 1 and neutrino masses� 0:1 eV, v�d is expe
ted to bev�d = m��L � 10�10 GeV; (4)whi
h is more than 12 orders of magnitude less thanthe ele
troweak symmetry breaking s
alev =qv2u + v2d � 102 GeV:Moreover, strong 
onstraints on models with triplets
omes from the ele
troweak pre
ision tests. Due tothe addition of the triplets, the full Higgs kineti
 La-grangian is given byL = jD�H�j+ jD�Hdj+Tr [jD��uj℄ ++ Tr [jD��dj℄ ; (5)from whi
h we 
an derive the 
ontribution of these ex-tra �elds to the gauge bosons. In parti
ular, the Z-and W -bosons re
eive the massesM2Z = g21 + g222 �v2 + 4v2�u + 4v2�d� ;M2W = g222 �v2 + 2v2�u + 2v2�d� ; (6)and hen
e would rede�ne the � parameter [8℄ as61
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ause the experimental value of the � parame-ter is near unity, the fa
tor �v2�u + v2�d� =v2 is requiredto be mu
h smaller than unity at the tree level. This
onstraint with (4) means that the �u-triplet vev v�ushould also be mu
h smaller than the ele
troweak s
ale� v, when
e su
h a deviation is found to be Æ� � 10�24,thus keeping the experimental � parameter near unity.We �nally obtain the s
alar vev boundv�u;d � v � 102 GeV: (8)We now turn to the Higgs boson se
tor, whi
h 
on-sists of four states, with two from the ordinary dou-blets Hu;d and the other two from the triplets �u;d.For that, we need to write the s
alar potential of themodel. Gathering all the 
ontributions from F , D andsoft terms, the neutral part of the s
alar potential 
anbe written asVH = �m2Hd + j�j2� jH0d j2 + �m2Hu + j�j2� jH0uj2 ++ (bHH0dH0u +H.
.) + (b�Æ0uÆ0d +H.
.) ++m2�d jÆ0dj2 +m2�u jÆ0uj2 ++ (Au ��H0u��2 Æ0u �Ad ��H0d ��2 Æ0d +H.
.) ++ 4��uH0dH0uÆ0u � 4��dH0dH0uÆ0d ++ 4�2u ��H0u��2 ��Æ0u��2 + 4�2d ��H0d ��2 ��Æ0d��2 + �2� ��Æ0d��2 ++�2� ��Æ0u��2+�2d ��H0d ��4+�2u ��H0u��4+2���uÆ0d ��H0u��2 �� 2���dÆ0u ��H0d ��2 + g21 + g228 h��H0u��2 � ��H0d ��2i2 ++ g21 + g222 h��Æ0d��2 � ��Æ0u��2i2 + g21 � g222 �� h��H0u��2 � ��H0d ��2i h��Æ0d��2 � ��Æ0u��2i : (9)The triplets are expe
ted to nearly de
ouple from thedoublets be
ause their mixings are indu
ed by thetriplet vevs, whi
h however should be mu
h smallerthan a few GeVs, be
ause otherwise the � parameterwould deviate from unity beyond the experimentallyallowed level [8℄. In this pi
ture, ignoring the insignif-

i
ant e�e
ts, the SM-like Higgs boson mass 
an be ex-pressed asmh ��qm2Z 
os2(2�)+6v2(�2u sin4(�)+�2d 
os4(�)); (10)whi
h is slightly above the MSSM tree-level mass ow-ing to the new 
ontributions of the triplets parameter-ized by their 
oupling 
onstants �u;d. Thus, a su�-
iently large tree-level Higgs boson mass requires siz-able strengths of the �u;d for ea
h value of the angle �(0 < � < �=2) de�ned bytg � = vuvd ;whi
h is not �xed by present experiments. We illus-trate this by plotting the Higgs mass mh as a fun
tionof �u;d in the Figure.As we 
an see from the Figure, the 
onstraintmh == 125�126 GeV requires small �u � 0:1�0.25 and large�d � 0:8 for large tg � values, while large �u � 0:8�0.9and small �d � 0:2�0.25 for small tg � values. There-fore, regardless of tg�, one of the two Higgs triplets�u;d has to be signi�
antly 
oupled to the MSSM Higgsse
tor �u(�d) � 1. This s
enario, on top of raising theSM-like Higgs boson mass, 
an at the same time en-han
e the Higgs de
ay width to the diphoton [8; 13; 14℄and the Higgsino mixing in the neutralino se
tor.3. NEUTRALINO AND LSPIn the present model, after the ele
troweak symme-try breaking, the neutral gauginos eB and fW 0 
ombinewith the two neutral MSSM Higgsinos eh0u, eh0d, and theneutral Higgsino triplets (triplinos) eÆ0u; eÆ0d to form sixmass eigenstates, 
alled neutralinos. We let them bedenoted by eNi=1;2;::: ;6, 
onventionally labeled in theas
ending order, su
h thatm eNi < m eNi+1 . In the gauge-eigenstate basise 0 = ( eB;fW 0;eh0d;eh0u; eÆ0d; eÆ0u);the neutralino-mass part of the Lagrangian isL eN = �12( e 0)TM eN e 0 +H.
.; (11)where the neutralino mass matrix takes the form1)1) We use the abbreviations s� = sin� and 
� = 
os� for� = �; �W .62
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M eN = 0BBBBBBBBB�

M1 0 �MZ
�sw MZs�sw 0 00 M2 MZ
�
w �MZs�
w 0 0�MZ
�sw MZ
�
w 0 �� �dv
� 0MZs�sw �MZs�
w �� 0 0 ��uvs�0 0 �dv
� 0 0 ��0 0 0 ��uvs� �� 0
1CCCCCCCCCA : (12)

The entries M1 and M2 in this matrix 
ome di-re
tly from the MSSM soft Lagrangian, while the en-tries �� are the supersymmetri
 Higgsino mass terms.The terms proportional to MZ are the result of Higgs�Higgsino�gaugino 
ouplings, with the Higgs s
alarsrepla
ed by their vevs vu;d after some rearranging,and the zero entries refer to the neglegted termsMZv�u;dsw=v and MZv�u;d
w=v proportional the sup-pressed triplet vevs v�u;d as 
onstrained by the ele
-troweak data [7℄.The analyti
 analysis of the resulting neutralinomass matrix (12) is very di�
ult, unless we assume aspa
e parameter 
on�guration where the matrix is sim-pli�ed or redu
ed, something whi
h a�e
ts the modelphenomenology. However, in the present model, we
an derive the neutralino se
tor properties just fromthe 
orresponding matrix stru
ture (12). Indeed, we
an easily infer that the upper left four-by-four subma-trix is nothing but the usual MSSM neutralino ma-trix, while the remaining 
omponents invloving �u;dand �� parameterize the Higgs triplet extension e�e
t.In this pi
ture, we 
an assume that there is negligi-bile mixing between the neutral triplinos eÆ0d, eÆ0u andthe MSSM gauginos eB, fW 0, and large mixing o

ursbetween the neutral MSSM Higgsinos eh0d, eh0u and theneutral triplinos as well as between the two triplinos,respe
tively 
hara
terized by their 
oupling 
onstants�u;d and the triplino mass terms ��. Thus, the gaug-ino 
ontent of the neutralino remains pra
ti
ally in-ta
t, whereas the Higgsino 
ontent is enhan
ed withthe triplet s
alars. This 
ould be interesting in theresear
h of the widely studied dark matter 
andidate,i. e., mostly the lightest neutralino eN1, LSP, whi
h isusually assumed to be the potential parti
le that 
anprodu
e dark matter unless there is a lighter gravitinoor R-parity is not 
onserved [15℄. In fa
t, a neutralinoLSP is in general a mixture of all six gauge eigenstates.However, the 
hara
ter is normally dominated by onlyone or two 
onstituents. In that 
ontext, we 
an heredistinguish the 
ases listed in the Table.Therefore, a neutralino LSP 
an have four di�erentnatures (bino, wino, Higgsino, triplino) in 
ontrast toonly three possibilities in the MSSM. Now, to be more

predi
tive, we have the ni
e predi
tion M1 � M2=2 atthe ele
troweak s
ale as expe
ted from renormalizationgroup equations [16℄. If so, then the neutralino massesdepend on only three unknown mass parameters, e. g.,the bino mass M1 and the supersymmetri
 Higgsinoand triplino large masses � and ��, and thus with themost likely mass parameter hierar
hyM1 �M2; �; ��;the LSP has a tenden
y to be dominated by the lightestmass parameter M1, bino-like, as often emerges fromthe large region of the MSSM parameter spa
e [17, 18℄.In the dis
ussed extended model, although the ef-fe
t of the Higgs triplets is not large enough to 
ause alarge mixing between the usual MSSM-like states andthe new ones, thus keeping an MSSM-like LSP, we ex-pe
t that the prospe
ts of its produ
tions and dete
-tions 
ould be dramati
ally a�e
ted. This 
an pro-vide interesting features in the 
ontext of dark matter,where su
h a neutralino LSP must have the 
orre
t ele
-troweak intera
tion strength and mass. Indeed, the de-
ays of the produ
ed parti
les result in �nal states withtwo neutralino LSPs. Some of the LSPs pair-annihilateinto �nal states 
ontaining ordinary parti
les. In thismodel, we restri
t ourselves to the relevant 
hanneleN1 eN1 ! (h0; Æ0; : : : )! ff;f = t; b; �; f = t; b; � ; (13)involving intermediate Higgs and triplet s
alars of themodel, parti
ulary the lightest Higgs h0. In this pi
-ture, the dominan
e of a Higgs-intermediate annihila-tion pro
esses depends on the LSP mass range, relyingon its mixture state. We dis
uss the important extremestates. For a triplino-like LSP state, all the annihilationpro
esses through the Higgs s
alars are possible witha tenden
y to the pro
ess through the neutral triplets
alars Æ0, while for the re
urring bino-like LSP, onlythe annihilation pro
ess through the MSSM Higgses ispossible, probably with a tenden
y to the pro
ess withthe lightest Higgs h0. In this pi
ture, 2m eN1 should begreater than or equal to the lightest Higgs mass, lea-ding to63
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ording to the s
ale of the mass parameters of the modelMass parameter M1 �M2; �; �� M2 �M1; �; �� ��M1;M2; �� �� �M1;M2; �LSP state Bino-like Wino-like Higgsino-like Triplino-likem eN1 > 62 GeV: (14)Su
h an approa
h is interesting in the sense that it doesnot ex
lude a possible low-s
ale LSP, whi
h is experi-mentally important.4. CONCLUSIONAlthough the MSSM solves the hierar
hy problemby providing a te
hni
al solution to the existen
e of agrand hierar
hy between the GUT and the ele
troweaks
ales, in view of the a
tual Higgs-like dis
overy at theLHC provided by the ATLAS and CMS experiments, itseems to require an amount of �ne tuning to interpretthe observed 125.5 GeV Higgs-like mass. The appeal-ing possibility is to introdu
e an extra se
tor of triplet
hiral super�elds 
oupled to the MSSM Higgs se
tor inthe superpotential, whi
h 
an in
rease the mass of theHiggs boson as well as its diphton produ
tion rate asre
ently 
on�rmed.In this paper, we have elu
idated that the devel-oped supersymmetri
 triplet Higgs model 
onstitutesa simple alternative as regards generating neutrinomasses and in
reasing the tree-level Higgs mass. Thistypi
ally requires the triplet s
alars with vevs mu
hsmaller than the ele
troweak symmetry breaking s
alevv�u;d �� 102 GeV for � eV-s
ale neutrino massesand from the el
troweak pre
ision data, and one of theHiggs triplets with large 
oupling 
onstants �u(�d) � 1for an observed Higgs mass � 125:5 GeV. Under theserestri
tions, we have determined the neutralino se
torextended by the Higgs triplet neutral 
ompenents andthen dis
ussed its 
ompositeness a

ording to the al-lowed range of the 
onstrained parameters 
ru
ial forthe LSP state whose nature is found to be MSSM-like,while its behavior is expe
ted to be de
isive for all ex-perimental supersymmetri
 s
alar signatures.We have only brie�y dis
ussed one of the possi-ble Higgs-triplet MSSM extensions, partly due to theexperimental un
ertainties, whi
h are 
urrently stillbeing too large. However, a dedi
ated study, both the-oreti
al and experimental, 
overing this region is worthattempting in the future, when more data 
on
erningthe Higgs se
tor is a

umulated at the LHC.
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