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MUON ANOMALOUS MAGNETIC MOMENTIN THE SUPERSYMMETRIC ECONOMICAL 3-3-1 MODELD. T. Binh *, D. T. Huong **, H. N. Long ***Institute of Physis, Vietnam Aademy of Siene and Tehnology10 Dao Tan, Ba Dinh, Hanoi, VietnamReeived May 11, 2015We investigate the muon anomalous magneti moment in the ontext of a supersymmetri version of theeonomial 3-3-1 model. We ompute the 1-loop ontribution of superpartner partiles. We show that theontribution of superpartile loops beome signi�ant when tan  is large. We investigate the ases of bothsmall and large values of tan . We �nd the region of the parameter spae where the slepton masses of a fewhundred GeV are favored by the muon g � 2 for small tan  (tan  � 5). Numerial estimation gives the massof supersymmetri partiles, the mass of gauginos mG � 700 GeV, and the light slepton mass m~L of the orderof O (100) GeV. When tan  is large (tan  � 60), the harged slepton mass m~L and the gaugino mass mGare O(1) TeV, while the sneutrino mass � 450 GeV is in the reah of the LHC.DOI: 10.7868/S004445101512007X1. INTRODUCTIONThe muon magneti dipole moment (MDM), writ-ten in terms of a� = (g� � 2)=2, is one of the mosthighly measured quantity in partile physis. The ur-rent disrepany between the experimental value andthat predited by the Standard Model (SM), �a� == a(exp)� �a(SM)� , is 3:6� [1℄. This disrepany demandsan explanation. E�orts along both the experimentaland theoretial diretions are being taken to addressthis issue. On the theoretial side, there are modelsof new physis. One of these models is the lass ofSU(3)C � SU(3)L �U(1) (3-3-1) models [2�14℄. In thislass of models, the SU(2)L gauge symmetry group isextended to SU(3)L and has some intriguing features,whih an lead to the generation number problem, darkmatter, small neutrino masses and their mixing, andsome problems of the early Universe [15℄. Among the3-3-1 models, there is one version alled the eonomial3-3-1 model (E331). The eonomial 3-3-1 model [14℄is a model with just two Higgs triplets. The Higgs se-tor in the E331 model is very simple and onsists oftwo massive neutral Higgs salars, one massive hargedHiggs boson and eight Goldstone bosons. Beause of*E-mail: dtbinh�iop.vast.a.vn**E-mail: dthuong�iop.vast.a.vn***E-mail: hnlong�iop.vast.a.vn

the extension of the gauge group, the 3-3-1 modelsontain new partiles suh as new Higgs and gaugebosons as well as new fermions. Due to the intera-tions of the muon with some new heavy partiles, the3-3-1 models an make a new ontribution to the muonMDM. The muon MDM problem is also investigatedin this lass of models [16�19℄. However, this lass ofmodels annot probably explain the (g � 2)� anomalyif the SU(3)L symmetry breaking sale is larger thanO(1) TeV [20; 21℄.Supersymmetry (SUSY) is one of the most promis-ing andidates for the new physis beyond the StandardModel. In SUSY models, the Higgs setor is very on-strained and the quadrati divergenes anel, whiho�ers a solution to the naturalness problem [22℄. Inaddition, preision measurements of the gauge ouplingonstants strongly suggest a SUSY grand uni�ed the-ory [23℄.There are works in whih the muon MDM is al-ulated in the framework of SUSY models [24℄. In theminimal supersymmetri standard model (MSSM) [25℄,the SUSY ontribution is proportional to tan�, whihis the ratio of the vauum expetation values of twoHiggs �elds and the suppression fator� m�MSUSY �2 :If tan� is large, then aSUSY� an be as large as �a� [1℄or if low-energy SUSY exits, the SUSY ontribution to1115



D. T. Binh, D. T. Huong, H. N. Long ÆÝÒÔ, òîì 148, âûï. 6 (12), 2015the muon g�2 an be large enough to address the muonMDM anomaly, providing the masses of supersymme-try partiles of the order O (100) GeV or O (1) TeV,whih are within reah of the LHC. Thus, the muonMDM an possibly originate from SUSY ontributions.It is natural to investigate the muon MDM in theSUSY version of the 3-3-1 models. In this paper weinvestigate the muon MDM in the framework of thesupersymmetri version of the eonomial 331 model(SUSYE331). The SUSY version of the eonomial3-3-1 model (SUSYE331) was proposed in [26℄. In theSUSYE331 model, the region of the parameter spaean be expanded ompared to that of the MSSM. Itwas shown in [27, 28℄ that the interesting region of theparameter spae to study the lepton �avor violating de-ay proess [29℄ an be expanded to the limit of smallvalues of tan , and the slepton mass of at least one ge-neration an be taken in the O(100) GeV energy range.We �rst derive analyti expressions for all one-loopontributions oming from the SUSYE331 and showthat the ontribution of the SUSYE331 model to themuon MDM is proportional to the values of tan and inversely proportional to the values of the sleptonmasses. We demonstrate the magnitude of the ontri-bution to the muon MDM for eah hoie of the value ofthe tan . Beause of the appearane of new partilesin the SUSYE331, we expet �nding an interesting re-gion of the SUSY parameter spae in the limit of smalltan . We are partiularly interested in exploring somenumerial results of the SUSYE331 ontribution to themuon MDM in the limits where the SUSYE331 sleptonand gaugino masses are of the order of TeV, at smallvalues of tan .This paper is organized as follows. In Se. 2, webrie�y review the SUSYE331 model. In Se. 3, we dis-uss the neutralino and hargino setors of the model.Setions 4 and 5 are devoted for diagonalizing the massmatrix of the smuon and sneutrino and the muon�hargino�sneutrino interation. In Se. 6, we alulatethe muon MDM in a weak eigenstate. Setion 7 is de-voted to numerial alulations and bounds on masses.We summarize our results in Se. 8.2. REVIEW OF THE MODELIn this setion, we �rst reapitulate the basi ele-ments of the supersymmetri eonomial 3-3-1 model[26℄. The super�eld ontent in this paper is de�ned asbF = ( eF ; F ); bS = (S; eS); bV = (�; V ); (1)

where the omponents F , S, and V stand for thefermion, salar, and vetor �elds, while their respe-tive superpartners are denoted by eF , eS, and �.The super�eld ontent of the model with an anano-maly-free fermioni ontent transforms under the 3-3-1gauge group asbLaL = �b�a;bla; b�a�TL � (1; 3;�1=3); blaL � (1; 1; 1);bQ1L = �bu1; bd1; bu0�TL � (3; 3; 1=3);bu1L; bu0L � (3�; 1;�2=3); bd1L � (3�; 1; 1=3);bQ�L = �bd�;�bu�; bd0��TL � (3; 3�; 0); � = 2; 3;bu�L � (3�; 1;�2=3) ; bd�L; bd0�L � (3�; 1; 1=3) ;where the values in the parentheses denote quantumnumbers based on the (SU(3)C , SU(3)L, U(1)X) sym-metry, b�L = (b�R), and a = 1; 2; 3 is the generation in-dex. The primes on usual quark types (u0 and d0 withthe eletri harge qu0 = 2=3 and d0 with qd0 = �1=3)indiate that those quarks are exoti ones.The two super�elds b� and b� are introdued to spanthe salar setor of the eonomial 3-3-1 model [14℄:b� = �b�01; b��; b�02�T � (1; 3;�1=3);b� = �b�+1 ; b�0; b�+2 �T � (1; 3; 2=3):To anel the hiral anomalies of the higgsino setor,two extra super�elds b�0 and b�0 must be added:b�0 = �b�001 ; b�0+; b�002 �T � (1; 3�; 1=3);b�0 = �b�0�1 ; b�00; b�0�2 �T � (1; 3�;�2=3):In this model, the SU(3)L 
 U(1)X gauge group isbroken in two steps:SU(3)L 
U(1)X w;w0�! SU(2)L 

U(1)Y v;v0;u;u0�! U(1)Q; (2)where the VEVs are de�ned byp2h�iT = (u; 0; w) ; p2h�0iT = (u0; 0; w0) ;p2h�iT = (0; v; 0) ; p2h�0iT = (0; v0; 0) : (3)The VEVs w and w0 are responsible for the �rst stepof the symmetry breaking, while u, u0 and v, v0 are forthe seond step. Therefore, they have to satisfy theonstraints1116



ÆÝÒÔ, òîì 148, âûï. 6 (12), 2015 Muon anomalous magneti moment : : :u; u0; v; v0 � w; w0: (4)The vetor super�elds bV, bV , and bV 0 ontaining theusual gauge bosons are respetively assoiated with theSU(3)C , SU(3)L, and U(1)X group fators. The olorand �avor vetor super�elds have expansions in theGell-Mann matrix basis T a = �a=2 (a = 1; 2; : : : ; 8)as bV = 12�a bVa; bV  = �12�a� bVa;bV = 12�a bVa; bV = �12�a� bVa;where the overbar indiates omplex onjugation. Thevetor super�elds assoiated with U(1)X are normal-ized asXV̂ 0 = (XT 9)B̂; T 9 � 1p6diag(1; 1; 1):The gluons are denoted by ga and their gluino partnersby �a , with a = 1; : : : ; 8. In the eletroweak setor,V a and B stand for the respetive SU(3)L and U(1)Xgauge bosons with their gaugino partners �aV and �B .With the above super�elds, the full Lagrangian isde�ned by LSUSY + Lsoft where the �rst term is thesupersymmetri part, whereas the last term breaks thesupersymmetry expliitly. The interested reader an�nd more details about the Lagrangian in [26℄. In what

follows, we are only interested in terms relevant to ouralulations.3. THE NEUTRALINOS AND CHARGINOSECTORSIn the SUSYE331 model, the neutralinos are mixedby an 11 � 11 matrix and the harginos are mixed bya 5 � 5 matrix. It is di�ult to �nd the exat masseigenstates of these mass matries. Hene, we have to�nd the approximation method.3.1. The neutralino setorThe neutralino mass terms are given in [30℄ as fol-lows: L = �f o�yM eNf o; (5)withe o = �f�o1; f�o01 ;f�o2; f�o02 ; e�o1;f�o01 ; �B ; �3; �8;�X = �4 + i�52 ; �X� = �4 � i�52 � ;and the mass matrix M eN has the form

M eN =
0BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB�

0 ��� 0 0 0 0 � g0u3p6 gu2 gu2p3 gwp2 0��� 0 0 0 0 0 g0u03p6 gu02 gu02p3 gw0p2 00 0 0 ��� 0 � g0w3p6 0 � gwp3 0 gup20 0 ��� 0 0 0 g0w03p6 0 �gw0p3 0 gu0p20 0 0 0 0 ��� 2g0v3p6 �gv2 gv2p3 0 00 0 0 0 ��� 0 �2g0v03p6 �gv02 gv02p3 0 0� g0u3p6 g0u03p6 � g0w3p6 g0w03p6 2g0v3p6 �2g0v03p6 mB 0 0 0 0gu2 gu02 0 0 �gv2 �gv02 0 m�3 0 0 0gu2p3 gu02p3 � gwp3 �gw0p3 gv2p3 gv02p3 0 0 m�8 0 0gw2 gw02 0 0 0 0 0 0 0 m�45 00 0 gu2 gu02 0 0 0 0 0 0 m�45

1CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCA
; (6)
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D. T. Binh, D. T. Huong, H. N. Long ÆÝÒÔ, òîì 148, âûï. 6 (12), 2015where m�4 = m�5 � m�45 .In general, we an �nd a new basis in whih themass matrix M eN has the diagonal form by �nding aunitary matrix N suh thatN�M eNN y = diag(m2e�1 ;m2e�2 ;m2e�3 ;m2e�4 ;m2e�5 ;m2e�6 ;m2e�7 ;m2e�8 ;m2e�9 ;m2e�10 ;m2e�11):As in [30℄, we assume thatv; v0; u; u0; w; w0 � j�� �mB j ; j�� �m�3 j ;j�� �m�8 j ; j�� �m�45 j (7)
andv; v0; u; u0; w; w0 � j�� �mB j ; j�� �m�3 j ;j�� �m�8 j ; j�� �m�45 j : (8)In these limits, we obtain the neutralino mass eigen-states by using the perturbation theory. In the �rstorder of the perturbation, we obtain the mixing matrix

N =
0BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB�

0 0 0 0 0 0 1 0 0 0 00 0 0 0 0 0 0 1 0 0 00 0 0 0 0 0 0 0 1 0 00 0 0 0 0 0 0 0 0 1 00 0 0 0 0 0 0 0 0 0 10 0 0 0 1p2 1p2 0 0 0 0 00 0 0 0 1p2 � 1p2 0 0 0 0 01p2 1p2 0 0 0 0 0 0 0 0 01p2 � 1p2 0 0 0 0 0 0 0 0 00 0 1p2 1p2 0 0 0 0 0 0 00 0 1p2 � 1p2 0 0 0 0 0 0 0

1CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCA
:

Its mass eigenvalues as studied in [30℄.3.2. Chargino setorIn the SUSYE331 model, there are four hargedgauginos and six harged Higgsinos. In the basis + = (�fW+ ; �eY+ ; e�1+; e�2+; e�0+); � = (�fW� ; �eY� ; e�10�; e�20�; e��);the Lagrangian desribes the hargino mass terms asLhargino mass = �e ��+Me e � +H..;where Me =  0 MMT 0 ! ;with the 5� 5 matrix

M =
0BBBBBBBBBBBBBB�

m�W 0 gv0p2 0 gup20 m�Y 0 gv0p2 gwp2gvp2 0 �� 0 00 gvp2 0 �� 0gu0p2 gw0p2 0 0 ��
1CCCCCCCCCCCCCCA :

To diagonalize the hargino mass matrix, we have to�nd two unitary 5� 5 matries U and V suh thatU�MV y = 0BBBBBB� m�W 0 0 0 00 m2 0 0 00 0 �� 0 00 0 0 m3 00 0 0 0 ��
1CCCCCCA �� diag(m��1 ;m��2 ;m��3 ;m��4 ;m��5);where1118



ÆÝÒÔ, òîì 148, âûï. 6 (12), 2015 Muon anomalous magneti moment : : :m2 = 14 �2(�2� +m2�Y ) + g2(w2 + w02)�q(2(�� +m�Y )2 + g2(w � w0)2) (2(�� �m�Y )2 + g2(w + w0)2) � ;m3 = 14 �2(�2� +m2�Y ) + g2(w2 + w02) +q(2(�� +m�Y )2 + g2(w � w0)2) (2(�� �m�Y )2 + g2(w + w0)2) � :To �nd the matries U and V we have to diagonal-ize the matrixMyM by �nding the matrix C suh thatCyMyMC �M2D, whereMD has a diagonal form. Thematries U and V are represented asV y = C; U? =M�1D CyMy:In the leading order in m�W ;m�Y ; ��; ��; w; w0 �
� u; u0v; v0, the matrix C has the form

C = 0BBBBBBBBBB�
1 0 0 0 00 Ap1 +A2 0 Bp1 + B2 00 0 1 0 00 0 0 0 10 1p1 +A2 0 1p1 + B2 0

1CCCCCCCCCCA ;
and the matrix U� is

U� =
0BBBBBBBBBBBBBBBBB�

1 0 gvp2m�W 0 gu0p2m�Wgup2(1 +A2)2m2 2Am�Y +p2gw2p1 +A2m2 0 gvAp2(1 +A2)m2 2�� +p2Agw02p1 +A2m2gv0p2�� 0 1 0 0gup2(1 +B2)m3 2Bm�Y +p2gw2p1 +B2m3 0 Bgvp2(1 +B2)m3 2�� +p2gw0Bp2(1 +B2)m30 gv0p2�� 0 1 0
1CCCCCCCCCCCCCCCCCA ;

whereA = 12p2(m�Y w + ��w0) �2(�2� �m2�Y ) + g2(w2 � w02) ++ q�4(�2��m�Y + g2ww0)2 + (2(�2� +m2�Y ) + g2(w2 + w02))2 � ;B = 12p2(m�Y w + ��w0) ��2(�2� �m2�Y )� g2(w2 � w02) ++ q�4(�2��m�Y + g2ww0)2 + (2(�2� +m2�Y ) + g2(w2 + w02))2 � :4. SMUON AND SNEUTRINO MASSESThe superpotential of the model under onsidera-tion relevant to the ontribution to (g � 2)� is givenbyW 0 = �0aL̂aL�̂0 + ���̂�̂0 + ���̂�̂0 ++ abL̂aL�̂0 l̂bL + �a�L̂aL�̂�̂+ �0ab�L̂aLL̂bL�̂;where �0a, ��, and �� have the dimension mass,the other oe�ients in W 0 are dimensionless, and
�0ab = ��0ba.The relevant softly breaking terms are obtained as�LSMT =M2abeLyaLeLbL +m2abel�aLelbL ++ nM 02a �yeLaL + �abeLaL�0elLb + �a�eLaL�� ++ "ab�eLaLeLbL� + !a�j eLaL eQ�L edjL ++ !0a�� eLaL eQ�Led0�L +H..o ; (9)1119



D. T. Binh, D. T. Huong, H. N. Long ÆÝÒÔ, òîì 148, âûï. 6 (12), 2015where "ab = �"ba. This Lagrangian is also responsiblefor sfermion masses. The sfermion masses are obtainedby ombining the soft terms, D-terms, and F-terms.The interested reader an �nd the details in [31℄. Ingeneral, there is �avor mixing in the slepton mass ma-trix. However, large �avor mixing in the slepton setoran reate a mismath for the lepton �avor deay pro-esses of the muon and the tauon [27, 28℄. In this work,we assume that the �avor mixing matrix elements arenot too large. We an then ignore all the �avor mixingterms. The mass matrix for the smuon an be writtenas Msmuon =  m2e�L m2e�LRm2e�LR m2e�R ! ; (10)wherem2e�L =M222+14�202+g22 ��H3+ 1p3H8�2t23 H1�++ v0218 222 + 118�22(u2 + w2); (11)m2e�R = �m222 + v0218 222 + g2t2H1� ;m2e�LR = 1p2 ��22v0 + 16��2v� ; (12)withH3 = �14  u2 os 2�s2� + v2 os 22 ! ; (13)H8 = 14p3 "v2 os 22 � (u2 � 2w2)os 2�s2� # ; (14)H4 = �12uw os 2�s2� ; (15)H1 = 16 "(u2 + w2)os 2�s2� + 2v2 os 22 # ; (16)and tan� = uu0 = ww0 ; tan  = v0v ;s� = sin�; � = os�:Diagonalizing the mass matrix in Eq. (10), we anobtain the mass eigenvaluesm2e�L = 12 �m2e�L +m2e�R ��� ; (17)m2e�R = 12 �m2e�L +m2e�R +�� ; (18)

where � =r�m2e�L �m2e�R�2 + 4m4e�LR:The mass eigenstates are e�Le�R ! =  s�e� ��e��e� s�e� ! le�Rle�L ! �� U�1e�  le�Rle�L ! ;e�L = �e� le�R � s�e� le�L ;e�R = s�e� le�R + �e� le�L ; (19)
where s�e� = sin �e�, �e� = os �e�, and �e� is de�nedthrough tan 2�e� as follows:tan 2�e� = t2�e� = 2m2e�LRm2e�L �m2e�R :Next, we study the muon sneutrino mass. If weignore the mixing among sneutrinos of the �rst twogenerations, the sneutrino mass me�� takes the formm2~��L =M222+14�202+g22 �H3+ 1p3H8�2t23 H1�++ 118v2(�22 + 4�022) + 118�22w2; (20)m2~��R =M222 + 14�202 � g2� 1p3H8 + t23 H1�++ 118v2(�22 + 4�022) + 118�22u2: (21)5. MUON�NEUTRALINO�SMUON ANDMUON�CHARGINO�SNEUTRINOVERTICESThe interation terms ontain the lepton�neutrali-no�slepton and lepton�hargino�sneutrino verties:LleleV = � igp2 �L�aeL�aV � eL�aL�aV �� ig0r13 ����13 �LeL�B�eLL�B�+�lel�B�ell�B�� ; (22)Llel eH = ��1ab3 �Lae�0elb + fLae�0lb��� �3ab3 �Lae�fLb + fLae�Lb�+H.. (23)1120



ÆÝÒÔ, òîì 148, âûï. 6 (12), 2015 Muon anomalous magneti moment : : :We reall that the lepton number is onserved inthe lepton setor at the tree level and �3ab are anti-symmetri with the vanishing ouplings �1ab and �3abif a equals b. We use the notations Y� = �122=3 asgiven in [28℄. Expanding Eqs. (22) and (23), we rewriteonly the muon�neutralino�smuon and muon�hargino�sneutrino interation terms. All the relevant terms aregiven byL�e�eV = �L� ig03p3�B + igp2 ��3A � 1p3�8A�� e�L �� �L� ig03p3�B + igp2 ��3A � 1p3�8A�� e��L � i g0p3 ��� ��f� ��B�f���B��ig ��LfW+e��L��LfW+e���L�++ ig ��L eY +e��L � �L eY +e���L� ; (24)L�e� eH = �Y� f�Le�Le�0o + e�Le�0o�L ++ e��Le�0�1 �L + e��Le�0�2 �L	+H.. (25)Equations (24) and (25) an be written in the physialstates as follows:L�e��i =XiA �(PRNR�ie�A + PLNL�ie�A)e�A�i ++XjB �(PRCR�je�B + PLCL�je�B )�+j e�A +H..; (26)whereNL�ie�A = � ig03p3N�7i + igp2N�8i � igp6N�9i��� (Ue�)LA � Y�N�6i(Ue�)RA;NR�ie�A = � ig0p3N�7i(Ue�)RA � Y�N�6i(Ue�)LA;CL�je�B = �ig (V1j(U�)LB + V2j(U�)RB) ;CR�je�B = �Y�(U3j(U�)LA + U4j(U�)RA):6. SUSY CONTRIBUTION TO THE MUONMDMThe amplitude for the photon�muon�muon ou-pling in the limit of the zero photon momentum anbe written asMfi = ieu�� + a� i���q�2m� �uA�:The magneti dipole moment a� an be alulatedin both mass eigenstates and weak eigenstates. But in

the next setion, the magneti dipole moment is evalu-ated in the weak eigenstates, beause in this basis thedependene of a� on SUSY parameters is more appar-ent than in the mass eigenstate basis.The SM predition for the muon anomalous mag-neti moment was given in [32℄:aSM� = 116591803(1)(42)(26) � 10�11:From the reent E821 experiments [33℄, taking or-relations between systemati errors into aount, we�ndaE821� = 116592091(54)(33) � 10�11 == (116592091� 63:3) � 10�11:Hene�a�(E821� SM) = 288(63)(49) � 10�11 == (288� 80) � 10�11:Then �a� is 3:68 �10�9 and 2:08 �10�9 at the respetivelevels of 3:6� and 2:0�.6.1. Mass eigenstateThe e�et of supersymmetry on a� inludes loopswith harginos and neutralinos. The one-loop ontri-butions to a� [24℄, inluding the e�ets of a possibleomplex phase, are�a�0 ~�� = m� ��XiA n�m�(jNL�i ~�A j2+jNR�i ~�A j2)m2~�A�� J5(m2�i ;m2~�A;m2~�A;m2~�A;m2~�A) ++m�i Re(NL��i ~�ANR�i ~�A)�� J4(m2�i ;m2�i ;m2~�A;m2~�A)o == 116�2m�XiA (� m�6m2~�A(1� x�iA)4 �� (jNL�i ~�A j2 + jNR�i ~�A j2)��(1�6x�iA+3x2�iA+2x3�iA�6x2�iA lnx�iA)�� m�im2~�A(1� x�iA)3 Re(NL��i ~�ANR�i ~�A)�� (1� x2�iA + 2x�iA lnx�iA));�a��~�� = m�Xi hm�(jCL�i~� j2 + jCR�i~� j2)�� fm2~�J5(m2��i ;m2��i ;m2��i ;m2��i ;m2~�) ++ J4(m2��i ;m2��i ;m2��i ;m2��i );5 ÆÝÒÔ, âûï. 6 (12) 1121
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Fig. 1. Contribution to a(a)�L (1�3) and a(a)�R (4)� J4(m2��X ;m2��X ;m2��Xm2~�)g �� 2mX Re(CL��i~�CR�i~�)�� J4(m2��i X ;m2��i X ;m2��i X ;m2~�)i = 116�2m� ��Xi ( m�3m2~�(1� x��i )4 (jCL�i~� j2 + jCR�i~� j2)���1+32x��i �3x2��i +12x3��i +3x��i lnx��i ��� 3m��m2~�(1� x��i )3 Re(CL��i ~�CR�i~�)���1� 43x��i + 13x2��i + 23 lnx��i �);
(27)

where x��i = m2��i =m2~� , x�iA = m2�i=m2~�A .Based on the ontributions of the SUSYE331 modelto the muon MDM given in Eqs. (27), it is di�ult tosee the e�ets of the SUSYE331 parameter spae onthe muon MDM, in partiular, the role of tan . Toassess the e�ets of the SUSYE331 parameter spae onthe muon MDM, it is onvenient to use the mass inser-tion method to alulate the diagrams. In what follows,we onsider the muon MDM based on the weak eigen-states. 6.2. Weak eigenstatesIn this setion, we onsider the SUSY ontributionto the muon MDM by using the mass insertion methodto alulate the diagrams in Figs. 1�3. The ontribu-tions to a� an be separated into six parts:aSUSY E331� = a(a)�L + a(a)�R + a(b)�L + a(b)�R + a()�L + a()�R;
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where the diagrams involving eah part are shown inFigs. 1�3. Their ontributions are1122



ÆÝÒÔ, òîì 148, âûï. 6 (12), 2015 Muon anomalous magneti moment : : :a(a)�L = �g2m2�8�2 "m2~lL22L3 �� J5(m2�;m2~lL2 ;m2~lL2 ;m2~lL2 ;m2~lL2) �� m2�2�L2 J5(m2�;m2�;m2�;m2�;m2~�L2)�++ g22�Rm2�8�2 m2�2 J5(m2�;m2�;m2�;m2�;m2~�R2)��g022Lm2�8�2 m2~lL254 J5(m2B ;m2~lL2 ;m2~lL2 ;m2~lL2 ;m2~lL2)++ �L2 ! L3; R2 ! R3; 2L ! s2L; 2�R ! s2�R� ; (28)a(a)�R = �g022Rm2�8�2 m2~lR26 �� J5(m2B ;m2~lR2 ;m2~lR2 ;m2~lR2 ;m2~lR2) ++ �R2 ! R3; 2R ! s2R� ; (29)a(b)�L = g22�Lm2�8�2 m4~�L2I5(m2�; �2�;m2~�L2 ;m2~�L2 ;m2~�L2)++ g22�Rm2�8�2 m4~�R2I5(m2�; �2�;m2~�R2 ;m2~�R2 ;m2~�R2)�� g22�Lm2�8�2 m��� tan  �J5(m2�;m2�; �2�; �2�;m2~�L2) ++ J5(m2�;m2�;m2�; �2�;m2~�L2) ++ J5(m2�; �2�; �2�; �2�;m2~�L2)��� g22�Rm2�8�2 m� �� tan  �J5(m2�;m2�; �2�; �2�;m2~�R2) ++ J5(m2�;m2�;m2�; �2�;m2~�R2) ++ J5(m2�; �2�; �2�; �2�;m2~�R2)�++ g22Lm2�8�2 m2~lL2 23 hJ5(m2�; �2�;m2~lL2 ;m2~lL2 ;m2~lL2) �� m��� tan I5(m2�; �2�;m2~lL2 ;m2~lL2 ;m2~lL2)i�� g022L2m2�8�2 m2~lL2 227 hJ5(m2B ; �2�;m2~lL2 ;m2~lL2 ;m2~lL2) �� mB�� tan I5(m2B ; �2�;m2~lL2 ;m2~lL2 ;m2~lL2)i++ �L2 ! L3; R2 ! R3; 2L ! s2L;2�R ! s2�R ; 2�L ! s2�L� ; (30)a(b)�R = �g022Rm2�8�2 m2~lR2 29 �� h�J5(m2B ; �2�;m2~lR2 ;m2~lR2 ;m2~lR2) ++ mB�� tan I5(m2B ; �2�;m2~lR2 ;m2~lR2 ;m2~lR2)i++ �R2 ! R3; 2R ! s2R� ; (31)

a()�LR = g02m2�8�2 m3B9 �� ��m�m� �2RsLLAR�� + sRR2LAL�� ++ sRRsLL�A�+�� tan 2 ��++ 2R2L �A� + �� tan 2 ���� I5(m2B ;m2B ;m2B ;m2~lL2 ;m2~lR2) ++�m�m� �� 2RsLLAR�� + sRRs2LAL�� �� sRRsLL�A� + �� tan 2 ��++ 2Rs2L �A� + �� tan 2 �� �� I5(m2B ;m2B ;m2B ;m2~lL3 ;m2~lR2) ++�m�m� �s2RsLLAR�� � sRR2LAL�� �� sRRsLL�A� + �� tan 2 ��++ s2R2L �A� + �� tan 2 ���� I5(m2B ;m2B ;m2B ;m2~lL2 ;m2~lR3) +
+�m�m� �� s2RsLLAR�� � sRRs2LAL��++ sRRsLL�A� + �� tan 2 ��++ s2Rs2L �A� + �� tan 2 ���� I5(m2B ;m2B ;m2B ;m2~lL3 ;m2~lR3)� ; (32)where sL, L and sR, R are the mixing angles between�avor states ~�L, ~�L, ~�L, ~�L and the mass states ~lL2,~lL3, ~lR2, ~lR3:~�L = L~lL2 � sL~lL3; ~�L = sL~lL2 + L~lL3;~�L = R~lR2 � sR~lR3; ~�L = sR~lR2 + R~lR3with L = os �L, sL = sin �L, R = os �R, sR == sin �R. Also, A� and AL;R�� are the respetive ou-plings of smuon�smuon�neutral Higgs and smuon�sta-uon�neutral Higgs. More details an be found in [27℄.1123 5*



D. T. Binh, D. T. Huong, H. N. Long ÆÝÒÔ, òîì 148, âûï. 6 (12), 20157. NUMERICAL CALCULATIONThe full parameter spae of the SUSYE331 modelontains dozens of parameters, but we an lassify theminto ategories: the B=�-term ��; the ratio of two vauatan ; the gaugino masses mB , m�; the right-handedslepton massesm~lR2 , m~�R2 , m~lR3 ,m~�R3 ; the left-handedslepton massesm~lL2 , m~�L2 , m~lL3 , m~�L3 ; and the mixingterms A�, A� , AL��, AR��. To simplify the alulations,we an �rst make a rough estimation by taking thelimit where m~L, mB , m�, �� are equal to mSUSY , andsine A� and AL;R�� are nondiagonal terms in the mixingmatrix, whih means that they are very small, we anapproximate A� = AL;R�� = 0.In this limit, analyti expressions (28)�(32) an bewritten simply asa(a)�L = � 118 g28�2 m2�m2SUSY + 154 112 g028�2 m2�m2SUSY ;a(a)�R = 16 112 g028�2 m2�m2SUSY ;a(b)�L = 112 g24�2 m2�m2SUSY +14 g24�2 m2�m2SUSY sign(��) tan �� 112 23 g28�2 m2�m2SUSY (1 + sign(��) tan ) ++ 112 427 g028�2 m2�m2SUSY (1 + sign(��) tan );a(b)�R = � 112 29 g028�2 m2�m2SUSY (1 + sign(��) tan );a()�LR = 112 19 g028�2 m2�m3SUSY ��Re�A� + mSUSY sign(��) tan 2 � :If we assume that A� = 0, then summing all the aboveterms gives�atotal� = � 136 g28�2 m2�m2SUSY + 1108 g028�2 m2�m2SUSY ++ 49 g28�2 sign(��) tan  m2�m2SUSY ++ 1648 g028�2 sign(��) tan  m2�m2SUSY : (33)We �rst estimate �a� numerially by usingEq. (33). From Eq. (33), we an onlude that �a�has the same sign as ��. In Fig. 4, we plot thedisrepany of the muon MDM between experimental
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0.1

0.10

−0.2 0.2

0.3

0.4

0.5
0.60.7

−0.4

−0.6

0 500 1000 1500

µρ, GeV

−500−1000−1500

0

500

1000

1500

2000

mG, GeV

Fig. 7. �a� plotted versus �� andmG: m~l2 = m~lL2 == m~lR2 = m~�L2 = m~�R2 , m~l3 = m~lL3 = m~lR3 == m~�L3 = m~�R3 , tan  = 60, m~l2 = 500 GeV, m~l3 == 2 TeV, mB = m� = mG, �L = �R = �=4, ��L == ��R = �=4plot the results for tan  = 5; the bino and gauginosmasses are assumed to be equal to the gauginos mass,mB = m� = mG. The mixing is assumed maximal,�L = �R = �=4, ��L = ��R = �=4. The results givenin Fig. 5 are plotted for m~l2 = 100 GeV and m~l3 == 1 TeV, while the results in the Fig. 6 are plotted form~l2 = 200 GeV and m~l3 = 1 TeV. We plot for bothnegative and positive values of ��. There is a slightasymmetry in the graph aused by terms that do notdepend on ��. We have imposed the ondition of themaximum value of j��j � 1500GeV to avoid �ne-tuningrequirement for the Higgs potential. We an see fromFig. 5 that in order to address the anomalous muonMDM data, the mass of the gauginos must be in therange 200 � mG � 700GeV and beause of the setup ofthe masses, tan  = 5 is the minimum value to satisfythe experimental disrepany 2:0��3:6�. We an alsolearn that the MDM value is inversely proportional to��. In the ase where the mass of the seond generationis taken to be 200 GeV, Fig. 6, the MDM value merelyreahes the 2:0� anomaly of experimental data, whihsets the upper bound on the seond generation mass at200 GeV for the mass of the third generation 1 TeV andtan  = 5. The results in Figs. 5 and 6 show that if wetake a larger value of m~l2 , then the SUSYE331 ontri-bution to the muon MDM is enhaned in the small mGregion.We reall that the SUSYE331 ontribution to themuon MDM is proportional to tan . The results givenin Fig. 4 show that if tan  = 60, then the interesting1125



D. T. Binh, D. T. Huong, H. N. Long ÆÝÒÔ, òîì 148, âûï. 6 (12), 2015
−0.2

−0.1
−0.1

0 0.05

0.10 0.10

−0.4−0.3

0.15

0.20

0.25

0.30
0.35

0.40

0 500 1000 1500

µρ, GeV

−500−1000−1500

0

500

1000

1500

2000

mG, GeV
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D. T. Binh, D. T. Huong, H. N. Long ÆÝÒÔ, òîì 148, âûï. 6 (12), 2015one-loop SUSYE331 ontributions to the muon MDMbased on both the mass eigenstate and the weak eigen-state methods. The mass eigenstates of the neutralinoand hargino are obtained using an approximatemethod. To reognize the e�ets of the SUSYE331parameters on the muon MDM, we work with analytiexpressions of the muon MDM based on the massinsertion method. We have onsidered all parametersof SUSYE331 as free parameters. In our alulationwe have made some assumptions: the maximal mixingand small mixing terms A� , A�, and AL;R�� , whihare negleted in our alulation. In partiular, bytaking the limit where ��, m�, m~L, mB are equal tomSUSY , we obtain redued analyti expressions for theontribution of the SUSYE331 to the muon MDM.The results show that the SUSYE331 ontribution tothe muon MDM is enhaned in the small region ofmSUSY and large values of tan . We have investigatedfor both small and large values of the ratio of twovauum tan  values. The numerial results showthat onsisteny with the experimental bound onthe muon MDM requires that mSUSY � 75 GeV fortan  = 1 and mSUSY = 900 for tan  = 60. Onthe other hand, we also investigated the SUSYE31ontribution to the muon MDM in the ase of themass hierarhy between the seond and third gener-ations. In the ase where tan  is small (tan  = 5)and one generation of the slepton mass is �xed atO(1) TeV, the light slepton partile mass is boundedfrom 100 GeV to 200 GeV and �a� an be omparableto the urrent limit on the muon MDM. When tan is large (tan  = 60), the mass of the light left-handedslepton partile is bounded by 800 GeV. Finally, wenote that in the ase of the maximal �avor mixingonly in the sneutrino setor, we obtain that the upperbound of the sneutrino mass is 550 GeV. These valuesan be examined at the LHC or the future ollider ILC.D. T. Binh thanks Le Tho Hue for his sugges-tion. This researh is funded by the Vietnam NationalFoundation for Siene and Tehnology Development(NAFOSTED) under the grant No. 103.01-2014.51.APPENDIXIn this setion, we de�ne some integrals used in ouralulation. The following integral is de�ned in [34℄:I(N)(�i; �j) � Z dDk(k2 �m21)�1 : : : (k2 �m2N )�N == Z dDk�Nj=1(k2 �m2j )�j :
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