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Dipole and quadrupole moments ofW, and Wg bosons in the left-right supersymmetric model
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We perform a complete and detailed analysis of the anomalous dipajeand quadrupole momentsQ,,
of both W, and Wy bosons in a supersymmetric left-right model. After a discussion of the mechanism of
symmetry breaking in the model, we give complete expressions fo€Ereonserving static moments o¥,
and Wg. We then perform a numerical analysis of the charged vector bosons moments as functions of the
parameters in the soft-breaking supersymmetric variamgsM 1., u, Ag, Ar, and tand. The values for
Ak, andAQ, for the W, boson can vary from the minimal supersymmetric standard model values. Although
these couplings are unlikely to be observed by further analysis of the data at CERN LEP2, they might reach the
sensitivity of CERN LHC, and will be observable at a future New Linear Collider, which should reach
precision of O(10 %) to O(10™%). We also present for the first time complete analytical expressions for the
static moments of th&Vg boson, including supersymmetric contributions, and discuss possible numerical
values for a range of supersymmetric parameters.
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[. INTRODUCTION though theoretical studies of supersymmetric theories exist,
most concentrate on the minimal extension of the supersym-
Triple or quadruple vector boson interactions have alwaysnetric standard mod¢MSSM). Recent data on sol§8] and
been considered theoretically interesting because they teatmospherid4] neutrino oscillations gives clear indications
the non-Abelian structure of the standard mo¢#i1). The that neutrinos have mass and therefore MSSM as a symmetry
three charged boson self-interaction vertices correspond tis insufficient. At least, it would have to be augmented
YWW, ZWWinteractions, for which couplings are specified by right-handed singlet neutrinos, or else one would
in the bosonic part of the Lagrangian. Although present meahave to abandonR-parity conservation, defined aR
surements of the vector boson couplings at the CERN~  =(—1)3®"1*"25 Several studies on supersymmetric sce-
collider LEP and SLAC Linear Collide(SLC) confirm the  narios beyond the MSSM concentrate on the fermion sector,
SM predictions to a high degree of accuracy, there remaimather than the bosonic sector.
still some theoretical problems if one looks at higher ener- In this work we propose to analyze the static properties of
gies. One way to reconcile this is to consider the SM as athe charged bosons in a simple extension of the MSSM in-
effective low-energy theory and assume that new physicsorporating left-right symmetry. The left-right supersymmet-
exists at a higher energy scale, and that it induces deviatiorric model (LRSUSY) is perhaps the most natural extension
of physical observables from the SM predictions. Presenof the minimal supersymmetric modg3—8|. Left-right su-
experiments at Fermilab Tevatron and LEP2 have relativelpersymmetry is based on the group SU(RBU(2);
low sensitivity and are unable to explore these gauge couxU(1)g_,, which would then break spontaneously to
plings to the required accuracy for detecting new physicsSU(2), X U(1)y [5]. LRSUSY was originally seen as a natu-
however, it is hoped that significantly improved facilities ral way to suppress rapid proton decay and as a mechanism
such as the New Linear CollidéNLC) would allow further ~ for providing small neutrino massdg]. Besides being a
tests. plausible symmetry itself, the LRSUSY model has the added
The SM predicts the anomalous dipole and quadrupol@ttractive feature that it can be embedded in a supersymmet-
moments of thew, boson to be zero at tree levehk,  ric grand unified theory such as SO(1[9]. Support for
=AQ,=0 [1]. Higher order corrections have been evaluatedeft-right theories is provided by building realistic brane
and modify these results by small finite amouf@$ It is  worlds from type | strings. This involves left-right supersym-
important to compare these calculations with exact estimatemetry, with supersymmetry broken either at the string scale
in models beyond the SM. As a scenario for new physicsM gysy=~10°—10 GeV, or atMgysy=1 TeV, the differ-
supersymmetry has been seen as one of the most successuke having implications for gauge unificatid®]. A differ-
extensions of the standard model. Supersymmetry providesnt pattern of symmetry breaking can occur if the gauge
an elegant solution to the gauge hierarchy problem, and alssymmetry is broken down through orbifold compactification
appears to be a necessary ingredient towards embedding tfrem five to four dimensions, scenarios in whidly emerges
standard model in a single gauge symmetry. Supersymmetras a Kaluza-Klein excited stafé1,12.
grand unified theories provide gauge unification at a single In what follows we shall concentrate on evaluating the
scale, while theories without supersymmetry do not. Al-anomalous dipole and quadrupole moments of tWthand
Wpg bosons in the left-right supersymmetric model. We do
not assume that LRSUSY is obtained by spontaneous sym-
*Email address: mfrank@vax2.concordia.ca metry breaking from a SUSYGUT scenario, although this is
"Email address: kyri@total.net not ruled out; but we want to keep our model as general as
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possible. We choose a Higgs sector which supports the see- 1

saw mechanism. We study the breaking of the LRSUSY Ag A%

model to the SM and its consequences in the bosonic sector. _ 2

We give Feynman rules and explicit analytical expressions Ag= 1 ~(1137-2),
for the anomalous dipole and quadrupole moments for both AR~ Ag

W, and Wg, before performing a numerical estimate for V2

these quantities, using symmetry breaking and renormaliza-
tion group equations constraints. 1
Our work is organized as follows. In Sec. Il we describe 6

the LRSUSY model and the pattern of symmetry breaking to So=

the SM. In Sec. Il we give the complete analytical expres- R .
sions for the anomalous dipole and quadrupole moments. In 5% - 75}?
Sec. IV we perform a detailed numerical analysis of the 2
static moments and identify the parameters the static moy-

- . .-The bidoublet Higgs superfields appear in all LRSUSY and
ments are most sensitive to. We summarize and conclude in . .
Sec. V. serve to implement the SU(2XU(1)y symmetry breaking

and to generate a Cabibbo-Kobayashi-Maskawa mixing ma-
trix. Supplementary Higgs representations are needed to
break left-right symmetry spontaneously: either doublets or
. . . ) triplets would achieve this, but the triplet Higds, , Ar
The minimal supersymmetric left-right model is based onyo50ns have the advantage of supporting the seesaw mecha-

the gauge group SU(ZKXSU(2).XSU(2)rXU(1)s-L-  pism. Since the theory is supersymmetric, additional triplet
The matter field of §h|s model_ consists of three famlhes Ofsuperfields 5., 6z are needed to cancel triangle gauge
quark and lepton chiral superfields with the following trans-4,omalies in the fermionic sector. The most general super-

formations under the gauge group: potential involving these superfields is

ﬁE

++
Or

~(1,1,3,2.

II. DESCRIPTION OF THE LRSUSY MODEL

W=Y QT d;i ,Q + Y(ILT®i 7,L+i(Y gL 5 L

Q-(u) (3211) QC—(dC> (3* 1,2 1)
d 14 3 ’ uc 1Ly &y 3 ’ +YLRLCTTZARLC)+MLR[Tr(AL6L+AR6R)]

, o + i Tr(i @i 72D ) + Wi, 3)

L:( >~(1,2,1,— 1), L°=( c) ~(1,1,2,2, (1) ) ) .

e v whereWyr denotegpossiblg nonrenormalizable terms aris-
ing from higher scale physics or Planck scale eff¢df].
where the numbers in the brackets denote the quantum nunthe presence of these terms insures that, when the SUSY
bers under SU(3)XSU(2) XSU(2)xkXU(1)s_,. The breaking scale is abov#lyy, the ground state iR-parity
Higgs sector consists of the bidoublet and triplet Higgs su<onservind 14]. In addition, the potential also includes well-

perfields: known F-terms, D-terms as well as soft supersymmetry
breaking:
0 +
O, = P P 1,2,2 Looi=[AYDQTD;i ,Q°+ AL YL Tdji 7,L©
1= CDIZ (Dgz ( 14 ,O, soft Q'Q iti2 L'L iti2
+iALRYLR(ET725LE+LCTTzAR‘i:C)"‘mEIi)j)Zq)iTCDj]
Py @ Tt Tt
q)zz(q)z_l ¢§l)~(1,2,2,0, M2 THT L+ (m2) T Tril~ M2 Tr(ARSR)
22 T +Tr(AL8)+H.c.]—[Bu®®;+H.c.]. (4)
i - AE Symmetry breaking and gauge boson masses
L
A — V2 ~(131-2) As in the standard model, the symmetry is broken spon-
L o 1 e mh taneously to U(1),. In order to preserve U(1), gauge
Ap - —=A0 invariance, only the neutral Higgs fields acquire nonzero
\/E vacuum expectation valud¥EVs). These values are
1 o K1 © kye'“2 0
Lo e (@0=| o) @2=[ 5]
5|_: "“(1,3,1,2, (2)
£ Ll wo=[2
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this stage, the model has the same symmetries as the MSSM.

0 0 0 UA
( 8)= ) . { AR):( R, The final stage of symmetry breakdown takes place at elec-
v O 0 O troweak scale$d, , and
0 O M
( or)= vs 0] SU(2) XU(1)g-L—U(1)em ()
R

) through bidoublet VEVS¢;, x,# 0. Bosonic masses at this
There are three different stages of symmetry breakdown. Aétage are

the first stage only discrete parity is broken:
1

SU(2) X SU(2)gX U(1)g_ X P MWLzsz\/KiJrKg,
Mp
—SU(2), XSU(2)gXU(1)g__ - 5 1
U( )L ( )R ( )B L () MZL=§C09,]5L0 m, (9)
This breaking occurs a¥l p=M 4iy- As a resultg, #gg, W
however, no gauge boson mass is generated. In the second M. =0
stage of symmetry breaking, due ¢ag)#0, (Jgr)#0: [
Mp where tardy,=ggrsin¢/g, is the weak mixing angle. Left-

SU2) XSU(2)aX U(1)a_ 1 —SU2) XU(1)v. (6 right symmetry ¢, =gg) would mean sirp=tané,,. Note _
(20 (2)r*U(Ls-t (2) XUy (6 the difference in the right-handed and left-handed mass ratio:

At this stage, the right-handed gauge bosdig, and Zz ~ While for the left-handed bosons we have
acquire masses proportional Q. Usg and become much

M
heavier than the usuéeft-handed neutral gauge bosons, e COSOyy,
andz, : Mz,
VA OR for the right-handed counterparts we get
R
M = =
Y2 Mw, cos¢
M, /2 °
JoZ+agZ— VagdR w2
MZszAR 9rt49y= cos¢ ’ (@) The reason is that the right-handed gauge bosons get their

mass through the VEV of a triplet field, while the left-handed
where tanp=2g,/gr is the mixing angle in the right- fields receive their mass through bidoublet field VEVS. The
handed sector. One can assume for simplicity thad  mixing between the bare and physical gauge bosons is given
=Mpg, without consequences for vector boson masses. Aftelpy

coshy —sinfytanéy —tanfy/cog26y,) wot

ZL
. sin 6y sin 6y, Jcog26y,) R
A= wo! (10)
R VCos 26y)
Z, 0 _ —tanéy vV,
cosfy

In addition, supersymmetry can be broken at any scale besxperiments still allow for a lightMz, the success of the

tweenMg andM . standard model and seesaw mechanism for neutrino masses
The above presentation does not elaborate on the possikhint at a largeMM .

values forMg. There is a close relationship between the

method used to break LR symmetry and the mass of thg, v AGNETIC DIPOLE AND QUADRUPOLE MOMENTS:

right-handed gauge boson. If one enlarges the Higgs sector ANALYTICAL RESULTS

of the minimal LRSUSY model by introducing a parity-odd

Higgs singlet, coupled appropriately to the triplet fields, this The static moments &, andWx are obtained from the

would give rise to a LR breaking scale around 10 Té¥]. effective vertex functiod #*? calculated for the interactions

An alternative is to either consider higher dimensional op-between a photon field and twoW, (Wg) boson fields. The

erators[15], or to introduce an intermedia@—L breaking ~anomalous magnetic moment is denoteddyy-1 and the

scale[16], both of which would yield a larg#g. Although  anomalous quadrupole moment by, . The most general
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TABLE |. Contributions to the magnetic dipole moment\&f to one-loop order.

Particles in the loop T o Kk,—1
W, W, A 1 0 gﬁ
T
2 4 3_ 2 _
WW,Z, 1 My, o ﬂ__ + [z /2+523— 1872+ 162 8)
My, 1672\ 302 a’(l-2)+2°
- - - ~ ~ Ng? o~ 24—28-(7-1)
uLnuLndLm Mu"n Md"m -— Lz(g)xfnnxmn %"'fédz 2 2 : 2
My, M, 167 op(l—2z)+z°+z(m—1)
oy~ 3 3 Ng? 2-228-22(2-1)
d d qu din Um _ x + ld
Lo Ln=Lm My, Muy, 1671-2( DX 5+ 2 o2(1-2)+ 2+ 2z(72-1)
2 4 3 2,2
- = ~ 5 g v 2"=2z°-z%(m,—1)
e neLn? CLn YLm lY 1,114z
Ln=Ln®Lm MWL MWL 1677 ( Jmn¥mn) 3+ [odz (1—Z)+22+Z(Tﬁ—l)
B+ A+ A1
l"ILnuLndLm MuLn MdLm ch (Z)X mn 6 féd (Tn )
My, My, 1672 o2(1-2)+22+2(72—1)
Ng? 2~ 2B+ P+ A(2-1)
dindinUim MdL" MuLm _1(; 2(__))( mn(6 fod 2(1 z)+22+z(n2 )
A W, T - Tn™
2 4 3 2 2.2
o '+ z2°+z°(7m,— 1)
€ neLn?L €n YLm 1 Y fldz
e M, M, EETEARALY Ol o2(1-2)+ 22+ 2(r2—1)
THT+T0 M7+ M7o 9|_ ) L Z4—23+22+22(7j2—1)
Xj Xj Xk i k (|LkJ| +|ij| §—[5dz
M, M, di(1-2+Z+27-1)
o 2RELL* LR 7.0, f3d 2z 2
- i i T;0 VA
82 K T 21— )+ 24 2( - 1)
Hi "H) TH My + M+ o Lo 2821
=34 k=1 6 i k —2— | 31+ pdz—; >
4 My, M, 8 of(1-2)+22+2(77 1)
HI+H H M+ MH:* gf LU J‘ 24_223_22(7-]_2—1)
]
j=1,....6:k=34 Mo, M, g2 M “(1-+ A1)
L L
HerH(k) MHf Mug o — ayauy| 3+/8dz =22~ 27 -1)
i=1,....6k=1,....8 Moy My g2 Hkifeki| 3T 0 or(1-2)+22+2(77-1)
L L
HY"Hy AL M Mg o — agxjaeki| 3+ /5dz 222 2 ) )
J=1,...,6,k=1, .,6 MWL MWL 8772 ] J k(l—2)+22+2(71-2—1)
WL W H Mo o 24— 278+ 4272
=1,...,6 1 ‘ 2z 26i8a)| 3+ S0d2 pEp———
=1,..., MWL 32 MWL J-(1—z)+z
2.2 4 3 2
(oo 1 z"—27°+4z
WRWgH? M M o agjag,| 3+ /5dz
j:RLF_*._',e MWR MHJ- 32m2Mm2, ‘”(3 o oA (1-2)+22+2(r—1)
Wi Wi
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TABLE Il. Contributions to the magnetic dipole moment\W; to one-loop order.

Particles in the loop T o Kk,—1
WRWRA 1 0 gﬁ
4 2 _
WrWrZ, 1 Mgz, ozeztariew _2__ + 1z /2+5§ —182 +:2LGz 8
My, 167 30 oc(1-2)+z
R
2 4 3_ 2 _
WelWeZs, 1 Mz, &(——é%—fédzz 12+52°— 182°+ 162 8)
Muw, 87 \30? o¥(1—-2)+22
Urolir r 3 Negh 2 2'-22°-2%(75-1) )
UrnUrnOrm Rn Rm
M, My, 167r ;(1—z)+zz+z(rﬁ—1)
-~ M~ M= N, 24-228-A(2-1
drrdrnURm drn Urm B ch 3) mnan 3+f (7= 1)
Mwg Mg T6m2" En(l—z)+22+z(7§—1)
P ° 7 v 2*-228-A(2-1
erreRAYRmM €Rrn Rm (_ )Y Vo 3+f (Tn )
M, M, 1672 fn(l—z)+zz+z(rﬁ— )
4 3 2 2/ 2
M M N.gR - B+ +2(2-1)
uRnuRndRm UR” dRm Z R(g)x mn( 6 féd 2 :2
MWR MWR m(l_Z)+Z +Z( n_l)
2 4 3 2 20, 2
Orcdlmrtinm o e N O [P P
M, Mw, 1672 o2(1-2)+ 22+ z(72-1)
M 2 4_ B4 24 202
ERMERNYRmM €Rn YRm 9r ( l)Y Yo 5 féd ' —rtzrz (Tzn 1)
Mw, Mw,  16n” oa(1-2)+22+2(75-1)
2
Lax ++ + Mp++ M}+ _& 2 N Z4—23+22+22(7’2—1)
D "Dr R k 2(Migl*+|Uis*)| 5~ Jodz
e Mw, s 1D+ +2P-)
2 2
Or . 1 27°—z
Ta e kSUkS)(UkaOdzo‘ﬁ(l—Z)-i-Zz-i-Z(Tz—l)
o g N M7+ Mp++ g_ﬁ 5 al1 Z4—23+22+22(7-ﬁ—1)
Xk X« Dr k R (Ml +|Uis*)| 5 fodz
Muwg Mw, Ls A(1-2)+2+27—1)
2 2
Or 27°—z
— —2ReViUs)| orf5dz
87° Wis kS)( Jo 02(1—z)+22+z(7§—1)>
2
XXX Vi M | P
A My, My, 2T TR+ 2 A7)
R R
2
2z°—z
—g—2 Re (R Rk]) UkTJfodZ 5
87 of(1-2)+22+2(7f 1)
H“HH;, My + My %R 4, T2
1,2,k=1,...,6 ‘ . 2—ay i 31 [odz—; 5
J=1,2, K= My, MWR 872 Gk(1—2)+22+2(7'j_1)
R
HiH H g3 2~ 23— 74(?-1)
: “ MHr MHF s —— A kjArkj 3+fod :
J_l’ 6:k=1,2 My My 82 oi(1-2)+22+2(7-1)
R R
2 4 3 2 2
- g3 -2 22(*-1)
HH: H0 M+ M o0 — a.,.a ( f
Ptk H; H 3 kjA3 K|
ji=1,....6;k=1,...,8 e N K g2 TR k(l 2)+22+2(7—1)
Wg Wg
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TABLE Il. (Continued.

Particles in the loop T o K,—1
Hi"H A My Mg LG o (1 g, 2T2202ED)
j=1,...6k=1,...6 My, My, gm? T 2T G2 )+ 24 22— 1)
R R
2.2 4 3 2
W W H] My, Mo T T ORI 22°+4z
j=1,....6 M, M, 32m*MG, 7 oX(1-2)+2+2(r—1)
0 4 4 _ 3+ 2
\'/\iR\lNRHj 6 ! My R gy b+ 30'22222—422)
1=1..., My, 327 My, oi(l-2)+z
4 4 3 2
Or z"—27°+4z
WeWeH M+ ——agay| s+ [ddz—m——
j=R15 J 1 B 16m2M2, 9"(3 0 of(1-2)+72
’ MWR R

CP and U(1),, invariant vertex is, when all particles are V. MAGNETIC DIPOLE AND QUADRUPOLE MOMENTS:

taken on mass shelp?=0: NUMERICAL ANALYSIS
AQ We assume universal boundary conditions for the soft
I\ =je| AP#M+2(k,— 1)Q“”P+4M—2fo‘q*qP masses at the unification scalg,t=2x 10" GeV. We

w use the LRSUSY renormalization group equati¢h8] to
evolve all the couplings and the masses fritg 1 to Mg
(11) and the MSSM renormalization group equations betwdgn

and M_ . We take as starting parameters
The full magnetic moment is given byy=e(1+«, tang, Ag, my,M,, and u. We diagonalize the neutralino
+X,)/2M,y and the electric quadrupole moment bye(x, ~ and chargino mass matrices and obtain the corresponding
—)\y)/M\ZN. In the standard modet,=1 and\,=0. The masses, imposing present experimental constraints on the
standard model one loop predictions for the dipole and quadightest neutralino and chargino mgg0]. We proceed in a
rupole moments ofV, exist in the literatur¢17]. Contribu-  similar fashion with the slepton and squark mass matrices.
tions to the supersymmetric versions of the SM for the sam&\Ve also include physical Higgs contributions by separately

QMPE qpnm _ q% P, pHrr = 2p" 7]>\1J+ 4Q,u>\p_

quantity also exisf18]. diagonalizing the mass matrices for scalars, pseudoscalars,
The current experimental constraints for the dipole andsingly and doubly charged scalar particles. All the represen-
quadrupole moments afe0,21] tative coefficientgmixing matrix elementsare given in the
Appendix.

—1.3<k,<3.2 for A, =0, Attempting to scan the parameter space, given the large

number of variables, is difficult. To simplify we make some
general comments. In the nonsupersymmetric sector, the cor-
I _ . rections to the dipole and quadrupole moments are very sen-
:r:nﬁ D:Oﬁ”?r?;ta”g n\l/tl 7(/,\77’); na(;n:n/ilg l.scl—egl.'nm th: Srteellzfed sitive to the values of the scalar masses; in the supersymmet-
Imit, constraints Y us couplings, as ric sector, they depend of,, my, My,,, tanB, andu. We

to the dipole and the quadrupole moment of Weboson, iy the left-right Higgsino mass parameterlb, g o that the
preclude the simultaneous vanishing of batfy and Qyy in mass of the doubly charged HiggsinoNgs-- =200 GeV.

0, .
excess of 95% C.L. We fix Mg such thatMy,_ =500 GeV orM,, =1 TeV and

In LRSUSY, at tree level one finds=1, x,—1=0, and . . .
) 1 ‘)/ )
AQ.,=0. Deviations from these relations occur at the one.consider both scenarios. We d¢i_to give the correct left
Y ector boson masses.

loop level. The basic triangle graphs that must be evaluatel] . . .
o . : : We consider the case whe@?=0, i.e., static moments
can be classified according to the particles in the loofilas S ' P
9 P fa only, and highlight separately the contributions from the

fermion; (2) scalar;(3) vector; and(4) scalar-vector. : i ) )

In Tables I-IV, we give, in the last column, a full list of Higgs scf'ilars, _squarks and sleptons_, anq charginos anq heu-
the exact analytical expressions for all the contributions totralmc;s, 'n;:rI]Ud'Snla do‘i.blly c?art%ed hlggsn:os.f Thebcontnbu-
the magnetic dipole and magnetic quadrupole moments fgfons from the particies 1o the moments o ”\Q oson

are well-known and unchanged here. The contributions from

W_ and Wy in LRSUSY. In the first column we list the h i tor 1o the dinol d q |
particles in the loop, while in the second and third column € nonsupérsymmetric sector to the dipole and quadrupole
moments of theWy boson are given in Table V follc/lWR

we give the variables entering the loop integration. The ex- : )
plicit mixing and interaction matrix elements appearing in =500 GeV My, =1 TeV). Note in particular the large con-
the tables are given in the Appendix. tribution to the dipole moment from the graph with

—0.7<\,<0.7 for k,=1 (12)
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TABLE lll. Contributions to the magnetic quadrupole momentéf to one-loop order.

Particles in the loop T o AQ,
W W, A 1 0 @
977
WLW Z, 1 Mz, o 1 1+£ 14, 2%(1-2)
M, 16n2°\ 7 02 g2(1-2)+ 22
T M3 VE
U pUpndim Uin dim CgL (2))( ~ (Z)fldz 23(1—2)
Muw, Muw, 1672 Xmr(3)] o o2(1-2)+ 22 +2z(7>-1)
aLnaLnaLm d, Ui B Ncgf (—l)h)‘(* % (g)fldz 23(1—2)
Mw, Mw, 1672 O Ik 2 z(r2- 1)
©neLnVim Mz | M3 - gf (— )7+ ¥ (g) " 2(1-2)
Mw, Mu, 1672 SO 52 (1-2) + 2 2(72- 1)
uLnuLndLm Uin dim N 2 23 1-z
M M °g;<%>x:mxmn<§)fédz > ( 5 )
Wi Wi 167 o2(1-2)+ 22+ z(72-1)
dLndLnULm dn U m NcgE (_ l)x* X (g)fldz 23(1_2)
Mw, Muw, 1672 2 mmmmENOT 2 0 24 2(2— 1)
€Ln€Ln¥Lm M €Ln M YLm gL 2\ 1 23(1_ Z)
1Yy 5)[odz
Mw, Mw, tem2\ DYm¥mil3)odz s )
T30 M~ M=o
S . . i(lL (O
Muw, M, O R 19+ AP-1)
HJ++HJ__H; MH;r+ MH: E . 23(1_2)
j=3,4; k=1,...,6 —2— &y asi(5)[pdz
) My Muw, g2 M 2xi( )]s of(1-2)+22+2(77-1)
HHHE M+ Mo+ > s
i < A My o Z°(1-2)
21, 6k=34 — ——ayyjan(5) [z
) Muw, Mw, g2 2ki%2( )]0 GA1-2)+ 2+ 2P~ 1)
H H HR M+ Mo o (1-2)
j=1,...,6;k=1,...,8 a dz
: Mw, Muw, ~ g0 od1-2)+ 2+~ 1)
H H; A My M 0 & A(1-2)
j=1,...,6;k=1,....,6 a dz
: Mw, Mw, ~ g tesiten(3)1odz oU1-2)+2+2(~1)
0
V\iL\lNLH; ] 1 Mo a (%) 1dz 2(1-2)
Mw, 32a?Mg, T g (1) 2
}/\iRWRH ] me Mu? 0% ()3 2A(1-2)
w, M, g2mmg, T g (1-2) + 2 2(r2- 1)

Wg, Wg, andZg in the loop. The contribution to both the from the supersymmetric and Higgs sector of the LRSUSY
dipole and quadrupole moments\0k is in that case depen- model to the dipole and quadrupole moments of\fieand
dent only on the mass ratio @z andWg, and thus on the W_.

ratio of g, andgg. So, although this appears to be cancelled

in the Mw,=500 GeV scenario from contributions coming

from quarks, the later contributions avé; mass-dependent,
while the former are not. This is a characteristic feature of In the MSSM, it was found that the bulk of the Higgs
the dipole moments in the right-handed gauge sector of thbosons contribution tak,, AQ, of W, is saturated by the
model. contributions from the lightesEP-even Higgs boson, whose
We now outline the main features of the contributionsone-loop corrected mass does not exceet40 GeV. The

A. Higgs boson contribution
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TABLE V. Contributions to the magnetic quadrupole moment/#§ to one-loop order.

Particles in the loop T o AQ,
o
WeWRA 1 0 %;
WRrWRZ, 1 Mz, etart 6y, 8+ o2 1 23(1-2)
Mw, 1672 3 0T g2(1-2)+2
WRrWrZg 1 Mz, % , LB fidz A(1-2)
MWR 1672° o?)"° o?(1-2)+22
aRnaRnaRm MaRn MaRm B Ncng(g)}.,( ( i 2(1-2)
Muwg Mwg T6m2 2 mml) 00 2 )
drndrnURm AR Ugm Ncgé( FRCOMIRY (Z)fldz 23(1—2)
Mg Mg 1672 32 mnmr 3770 o2(1-2)+2+z(w> -1
ERnERn;Rm ern VRm gf -~ 2%(1-2)
- ~1)Y* Yor(3)[idz
Muwg Muwg for2t MY ml 3o o2(1-2)+22+2(r2—1)
UrUrpd M 3
A e MdRm °gR(2)x* Xonn(2) [ d2 z1-2)
We Wr SmTIMm S0 62 (1—2) + 2+ 2(72— 1)
drndrrURm drn Urm Nch(_ X*nx 2 )f i 23(1_2)
M, Muw,, 1672 MM 310 52 (1—2)+ 2+ 2( 72— 1)
€rnERNV M, 2
Rn=Rn¥Rm MeRn - Rm Or (71)Y* v (g)fldz 23(172)
W W 1672 mn = mm 3770 o2(1-2)+ 22+ z(72-1)
Br"Dr ¢ Ms;- M E4Re(v Us)(3) S ddz 2a-2)
Mw, Mw, 22 TSN (g4 22221
— $Jdz
Muw, Muwg 2 O TS IO 21 g4 2 A1)
Xi X xe M M3 A(1-2)
M Y <|Rk,|2+|Rk,|2><3
Wy Wi 02(1 )+ +A7—1)
gt ++
SO Mg e
IZH& =4 Mg Mg gr2 ITHES O 21— 2) 4 224 272 1)
H+H7H;;3r 1o |\/|HJ.‘r MHk++ gz G )fldz 2A(1-2)
) Mw, Mw, g SO g 2z 1)
+1g— 40 +
erlj Hk6'k 1 8 o s —g—ga jaaxi(5)/5dz A
=5 =L Muw, Muw, g2 TS 21— g+ 24 2(P- 1)
Hi"Hy A Muy Mag ¢ PSP o)
= k= a
ji=1,...,6;k=1,...,6 M, M, 8772a5k] 5kil3)) 0o k(l—z)+22+z(rj2—1)
WLWLH M Wy M H? ngR ( ) )i 22(1-2)
_ ————-—dgidgil 3 z
i= .,6 Mw, My, SZWZMSVL 8jdsj(3)Jo 012(1*Z)+22+Z(T2*1)
WRWRH 1 Mo o 2)rid 2(1-2)
_ ———a-.a-: (% 77—
j=1,....6 Muwg, 32m2My, I g2 (1) 4 2
WRWH;"* ! Mug+ O (3)ide—2 =D
j= —————ag;ag,(5 z———
=12 Muwg 16m2M3, " 2 (1-2)+ 22
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TABLE V. Contributions to the dipole and quadrupole moments 0.2F

of W in units of g&/16m for My, =500 GeV(1 TeV). |I
(a)

Particles in the loop Ak, AQ, I
WrWrA 3.9x10°2 2.6x10°4 oasl |
WRWRZ, 0.20.23 0.015(0.017)
WRrWRZg —-2.39 0.09 & l
t.b —0.82(0.47) 0.38(0.63) q \
c,s 2.53(-0.21) 0.41(0.05) 0.1
u,d 0.170.17) —-0.22(-0.22)
e, ve —0.16(—0.16) 0.220.22
v, —0.16(—0.16) 0.220.22
v, —0.14(-0.15) 0.230.23 0.05
situation is reproduced in LRSUSY, for a region of the pa-
rameter space, where 125 GeWlo<My++. The contri-
bution from the doubly charged Higgs bosons is at most 20% o,
of the lightest Higgs boson contribution, and that for very 0
light doubly charged bosons. The total Higgs contribution g
could reach values of (0.050.1) for the dipole moment,
while the Higgs contribution is smaller for the quadrupole 0.35 |
moment (0.02-0.04). For theWg dipole moments the (b)
Higgs contribution is of the same order of magnitude (0.1, 0.3 |

—0.2), while for the quadrupole moment it varies between |
(0.05 and—0.35) for differentWy masses. We show the
results in Fig. 1a) for dipole moments, and in Fig.(4) for 0.25 |
quadrupole moments. Note that we cite momentd\gfin

units ofg2/16m2 and ofWx in units ofg2/1672, so both can

-
be read from the figures, and compared dpr-=gg. @ \
< 0.15
B. Squarks and slepton contribution \
We have found the total contribution from squarks and 0.1 \
sleptons to the dipole and quadrupole of e boson to be
negligible compared to the contribution from other sectors, \
i.e., of order 10° or smaller (in units of g2/16m?) for 03
the magnetic dipole moment; and between (01 and ~ -
—0.005) for the magnetic quadrupole moment. This agrees 0
roughly with the MSSM estimate. The contribution of 0 2 4 6 8 10 12
squarks and sleptons to the dipole momenW\f is larger, 8

varying between { 0.04 and—0.1), but still smaller com-
paratively to other contributions; while the quadrupole mo-
ments vary between-0.04 and—0.01). We show the re- as a function of the lightest Higgs boson mass. The solid graph

sults in Fig. 2a) for dipole moments, and Fig.(® for corresponds t&V, moments, the dashed ¥y moments. Heres
quadrupole moments. =Myo/My, .
L,R

FIG. 1. Contribution of the Higgs bosons to tte dipole mag-
netic moment andb) quadrupole moment of th&/, , Wk bosons

C. Charginos and neutralinos contribution tribution, however, there it is of order 18 only. There have

The contribution from charginos and neutralinos inbeen indications that the new accurate measurements of the
MSSM was found to be, under certain conditions, the domi-anomalous magnetic moment of the muon restricthga-
nant supersymmetric contribution, and for cases in whichrameter to be positive, as does SO(10) unification, while the
M,<Ag,mp could even reach the SM limits. LRSUSY has decayb— sy favors a negative sign. A detailed analysis of
5 charginos and 11 neutralinos. The contribution to the magthe B,— X.y in LRSUSY [22] shows that for light squark-
netic dipole moment of th&V_ is large and depends on the gaugino mass scenario, and low f&nthe bound onb
sign(u). It is always negative and could reach between —svy is satisfied for either sign of thg parameter. How-
(—0.64 and—0.7) forsign(ux)>0; and between<{ 0.6 and  ever, whenu increases beyond 325-350 GeV, the branching
0) for sign(w) <0, all in units ofgf/l&-rz. For the quadru- ratio for B.— X,y exceeds the experimental value. The pa-
pole moment, this is still the dominant supersymmetric contameter space is less restrictive fign(u)<0. The right-
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o R
-0.04 / @) 0.5
| (a)
-0.05 -0.6
|
-0.06 l 6.7
'&F
< -0.07 & 08
-0.9
-0.08
|
1 ,
-0.09
-1.1 |
o 0 2 4 6 8 10 12 0 J 3 n 5 3 10 12
S S
0
p — 0.1} |
| (b) | (b)
-0.005 0.08 |
| |
|
-0.01} < 0.06
$ S
3 |
~0.015 0.04 |
|
-0.02 0.02 \
N\
0
-0.025 0 2 4 6 8 10 12
0 2 4 6 8 10 12 S

s
FIG. 3. Contribution of the charginos and neutralinos to (tye

FIG. 2. Contribution of the squarks and sleptons to (@edi- dipole magnetic moment andb) quadrupole moment of the
pole magnetic moment ar() quadrupole moment of the/, , Wg W, , Wg bosons as a function of the lightest neutralino mass. Here
bosons as function of the universal scalar mags We takes s=mo/My_r. We take the SU(Z) gaugino massMyg
=Mo/Myw, r. The solid graph corresponds jo=100 GeV, the =200 GeV and SU(2) gaugino massMg =1 TeV. The solid
dashed tqu=200 GeV. graph corresponds tsign(x)>0, the dashed one tsign(u)

handed gaugino magahich may be heavy or lightdoes not _ o . .
influence the results directly, only through physical charginosponding contribution depends on the mixing matrix element
and neutralino masses. My becomes very large, the right- Of the corresponding singly charged higgsino, which is small.

handed gaugino effectively decouples from the light charging>°. the contribution from the doubly charged higgsino is
spectrum, and the restrictions qu depend only on the much smaller than other chargino-neutralino contributions,

M- . tang, and m, parameters. This occurs foMs and thus the static moments Wfbosons are not sensitive to
9 ' o P ) 9= variations in the parametéy 5. The chargino and neutralino
=100M75 and it has no discernable effect on the restrictionscontribution is the largest supersymmetric contribution to the

on theu parameter. dipole and quadrupole moments WYy reaching (0.6,
A comment is in order about the doubly charged higgsino—1.6) for dipole moments, and of order of 19for quad-
contribution. Although we have taken the mass of the doublyupole moments. We show the results in Figg)Jor dipole
charged higgsino to be lightabout 200 GeV, the corre- moments, and Fig.(B) for quadrupole moments.
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For all the above considerations, we have takengtan edge about the supersymmetric masses is needed to exclude
=10. Varying tan3 has little impact of the static moments regions of the parameters space. However, in view of the
for low-medium values of tag, and is indistinguishable Projected sensitivities of the Next Linear CollidéXLC),
from choosing a differen. parameter at high values. As Precise measurements of the static moments of hes
such, the dipole and quadrupole moments are not a sensiti\%)sok?s wouldhprc;]wde information ?n the gauge symmetry Ofl
probe of tarB. They are somewhat sensitive to values Oftegtst. gfotrgea;err'giorﬁge"srg(';g};omp ementary to experimenta
Mg, Ag, but only somewhat, because these parameters
mostly affect the scalar fermion sector. The static moments ACKNOWLEDGMENT
are more sensitive to parameters in the gaugino-higgsino sec-

tors, such as gaugino masdds,, and the parameter. We This work was funded by NSERC of Canada

have chosen to highlight the dependence on chargino, netﬁ—SAP()lOS?’Sﬂ

t_ralino, and slepton-squark.mass.es, since once more informa- APPENDIX

tion on the mass spectra is available, we would be able to ) ) ) _ )

rule out some regions of the parmeter space. In this appendix we give the expressions for the interac-

tion terms and mixing matrices which appear in the text.

V. CONCLUSION 1. Chargino mixing

We have presented a complete analytical and numerical The relevant Feynman rules used in the calculation are
study of the stati€P-conserving moments o/, andWg in  listed in this appendix. The terms relevant to the masses of
the context of a fully supersymmetric left-right model. The charginos in the Lagrangian are
only model-dependent choice in this model is the choice of 1 0 XT\[y*

EC_ - E( l/f ,l/f ) X 0 lﬁ'_

triplets versus doublets Higgs to break SU{2 and we jus-
tified this Higgs representation as supporting of the seesaw o

mechanism for neutrino masses. We first gave complete anshere ¢ T=(—iN[ ,—i\g d1,, b14.Ax)" and 7
lytical expressions for the dipole and quadrupole moments as: (—i\, ,—i\g ,$oy.Poq.0r) » and

functions of mass ratios of the particles in the model. \Bpr

boson, we analyzed separately the contributions from the M=~

+Hc., (Al

Higgs bosons, squarks-sleptons, and chargino-neutralino 9 0 2 0 0

graphs. We find that the Higgs contribution is similar to the

MSSM one and, for a wide range of scalar mass parameters, 0 M-~ OrKd 0 g

it is saturated by the contribution from the lightest scalar 9r 2 RTAR

Higgs boson. The contribution from the doubly charged X= . (A2)
Higgs boson can account for at most 20% of the total Higgs dLky  OrKy

contribution, and that only for very light doubly charged sca- 2 2 0 T 0

lars. For all of the supersymmetric parameter space scanned,

the slepton-squark contribution is the smallest and negli- 0 0 -—wm O 0

gible; and the chargino-neutralino contribution the largest, 0 Ggrvs, O 0 — 1

although here there are significant differences between
MSSM and LRSUSY. For example, for the lightest charginowhere we have taken, for simplificationsj=u. The
and neutralinom,o-<80 GeV, this contribution is always chargino mass eigenstatgsare obtained by
less than of order 1, regardless of tign(w).

+_ + - -
For Wg, the largest potential contribution to the dipole Xi =V, xi =V, 1j=1,...5, (A3)
moment comes from theWgWgZgr graph: it is ~  wijth V andU unitary matrices satisfying
—2.4(g3/1672), it is independent of the masses\6f and o1
Zg bosons, and depends only on thie,_/M\,, mass ratio. UTXV™ " =Xp. (A4)

This contribution may or may not be cancelled by quarkThe diagonalizing matrices* andV are obtained by com-
contributions, or contributions coming from the supersym-puting the eigenvectors corresponding to the eigenvalues of
metric sector, which, however, are dependent on other mas¢'X andX X', respectively.

parameters. The Higgs boson contribution can be at most of

O(107Y). In the supersymmetric sector, the contribution 2. Neutralino mixing

from squarks and sleptons is small; however, the contribution The terms relevant to the masses of neutralinos in the
from charginos and neutralinos is potentially large and bet agrangian are

comes ofO(1) for mXo/MWR<0.5. Although we have cho- L

sen to show the results for a relatively lightz, the exten- Lo=——u9TYyP+H.c A5

sion to a heavyWh, is straightforward. NET Y o (A5
The outcome of the present analysis is that the dipole and 0 0 0 i ~0 ~0 ~0 ~0 ~0

quadrupole moments of th& bosorfs), as a signal for new Where — y"=(—iX,—ikg, —i\y,¢1,,Poq AR SR, B4,

physics, are model dependent. At this stage, further knowlg5,)T, and
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- OLKku OLKdg
M 0 0 - —_— 0 0 0 0
o 2 2
0 MEJR 0 Ik Gk —OrVa, ~OrUs, O 0
2 2
0 0 Mg, 0 0 20w, 20ws 0 0
Ok ORrKy 0 0 11 0 0 0 0
z= 2 2 . (AB)
gLKd ORrKd
- 0 0 0 0 0 0
2 2 M1
0 —OrUa, 20wa, 0 0 0 —us 0 O
0 —OrVs, 20vUs, 0 0 — M3 0 0
0 0 0 0 0 0 0 0 —u
0 0 0 0 0 0 0 me O
|
The mass eigenstates are defined by 1
Lh=—M{Vii+ =MV + —=M5V,
L jk k1Vijl k5Vij4 k9Vij3s
XP=Migd (1,i=12,....9, (A7) V2 V2
whereM is a unitary matrix chosen such that 1 1
LR=—UNM;— —=U%Mp,— —=U%Mg,
MZMT= Z5, (A8) jk j1Vikl \/E i3V k4 \/E j4'V'k8
andZp is a diagonal matrix with non-negative entries.
1 1
Ri=—MEVi o+ —=MEV s+ MEVis+ —=MEVis,
3. Vector boson-fermion interactions Ik keBiz T p keI T ke IS T kTS
The interaction of fermions with vector bosons arise from (A10)
the fermion kinetic energy term in the Lagrangian density. 1 1
Rewriting th.e complete interac_:tion with physica] quarks, lep-RR = — UHMie— —=UjsMig+ UM+ —=U M.
tons, charginos, and neutralinos, one must introduce two V2 V2
CKM matricesX,,, in the quark sector, and,,, in the lepton
sector. In addition we introduce the physical charginos and 4s iy
. - . . - - . Scalar mixing
neutralinos previously defined in this appendix. The relevant
Lagrangian density is given by Here we give expressions for the matrix elements which

L=

appear in the interaction between vector bosons and scalars.

o L ox T — The interactions between vector bosons and scalars arise
\/—WM Xmntm ¥ ¥1dn+Ymarmy*y1€) +H.C. from the kinetic energy term for the gauge bosons in the
Lagrangian density. We denote by r the Higgs fields be-
Ir o o fore mixing, and byy, g the Higgs fields after mixing. The
\/_WT(Xﬁjmumyf‘denwL YX o vmY* YrEn) +H.C. Higgs scalar fields are defined as

Doubly Charged Fields

+g WEH (=D T D + D y#D°

9, (_ L YL LY i) ++T_(A++ 52 *), X,,T_(A;+*,5§,*),
~grW,, Dg " v*(VisyL + Usyr)xi + H.c.

= - R = H__IH__ i)
+9LW, X Y (Lot LRI xe Ya o =(HiHz )
+9rW X Y(RjicyL+ Rive)xg T H.c., (A9) X T=(AFY, 60 7%), x{ T T=(A] T80,
: , : (A1)
where the matrix elements;,, R which appear in the ex-
pressions for the static quantities of tN¥_g bosons are yET Y
given by =(H3 " ,Hy ).
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Singly Charged Fields

1 1,
a3jc= 5 (R)ja(ROka~ 5 (R™)ja(RS)ka
X T=(AL, 00" o' b1 ba big AR BR ™),

1 1,

XT= (AL 6 b 1 b bid AR*8R), 3 (Rs(Rais™ 3 (R (R

(A12)

=T * =+ * * =+ * =+ =+ 1 + 0 1 + 0

y*T=(Hi,H;,H3 ,H; Hs Hg,G1,G5). _E(R_)N(Rs)w_E(R_)js(Rs)kB!
Neutral Fields

1 1,
T (Ha Hi o O HOL HS Hy Ho), 2w 5 RRO = (R R

OT— (140 14O 14O 140 140 10 14O O
ys =(H15H 5H !H !H !H IH |H8)! 1 + 1 "

+ 5 (Ra(RIe— 5(R)ja(Ra
0T 0 0 0 .0 2 2
Xp =(Za+Z5 21 Zouw 21 Zod Za o Zog)»

(AL3) LR (RO S (RE) (RO

+2(R )is(Rs)ks 2(R )is(Rg)ks
yo =(A},A3,A3,AL A2ARGY,GY),

1 1
where the indices $” and “ p” stand for scalar and pseudo- asjk= E(Ri)jg,(Rg)kSJr E(Ri)M( Rg)k4
scalar, respectively. There are two charged Goldstone bosons
for the left-handed and the right-handed charged vector 1 1
bosons, and two neutral Goldstone bosons forzhandZg + E(Ri)jS(Rg)kS"" E(Rt)js(Rg)ka
bosons. They have zero mass. We define them to be the sev-
enth and eighth component bf~ and A°, in order to sim- 1 1
plify use of the summation convention. The mass matrides + —(Ri)jy(Rg)m— —(Ri)js(Rg)kg,
are real and symmetric and diagonalized by orthogonal ma- V2 V2
tricesR defined as
1 1
(R )ij (Mg ") k(Rr )= diagmy = ,m; ), g jk= E(Ri)jl(Rg)kl_ E(Rt)jz(Rg)kz

(RED)ij(ME5)j(RE 7)) =diagmz = ,mz =), 1 o 1, o
+5(R7)ja(Rp)ka+ E(R*)M(Rp)m
(R*)ij(M¥)(R*)=diagmy , ... ,mz,0,0),

1 . 1
(A14) + E(R‘),—s(RS)ker E(R_)J‘e(Rg)ke,
(RY)ij(M)jk(RY) =diagm, , ... m%),
. K Kq
(RD)ij (M) j(Rp) = diagmpy , . .. ,Mgs,0,0), azj= ?U(R(s))js‘F 7(Rg)j6+UAR(R2)j7
wheremyg; is the mass of the lightest Higgs scalar. Rewriting 0 Rg)js,

the Higgs part of the potential in terms of physical states
(i.e., diagonalizing the scalar mass matrjcege introduce

: K Kqg
new fields by ag;= 7”(R2)J-5+ ?(R(s))j& (A16)
Yai =(RRD)iXrj » Yi =(RCDixg

- (RE) X g =va(RR )j1tvs(RR7)j2,
Yi =(R7)iX,

0 0 0 0 0 0 v
=(RY);ix2:, =(RY);i X . A15 Ky o K o+ AR o
Ysi= (R)ijXsj,  ¥pi=(Rp)ijXp; (A15) alOJ-:—?U(R*)j5+?(R*)j6+—R(R*)j7

V2

Then the coefficients that appear in Tables I1-1V can be writ-
ten in terms of the matrices which diagonalize the scalar

. Usg
mass matrices as: +—(R%)js,
J2
a1 k= (Rg ) j2(R")k7+ (R 7)j2(R™ s,
__Kuoe Kd o
azjk=(RL 7)j1(R™)ks+ (RE 7)j2(R™ )z, allJ__?(R )i5+?(R Jie:
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_ 1+sirg . .
alZJ__m[UAR(R )jz+v s (R7)jsl,
KU + Kd +
a13)=COSOy — 5 (R7)js+ 5 (R7)je
Sin26W VA Usp
W RRE) 4+ —R(RY) 4,
COSGW \/E( )]7 \/E( )]8
KU + Kd +
814j=COSOy — 5 (RT)js+ 5 (R7)je |-

In addition, the gauge bosons interact with left and right

scalar leptons and quarks:v.e) and @ x,diy);

(Vri.€rW) and {Ugk,dgy). The Lagrangian density respon-
sible for the interaction ofV, r bosons with scalar quarks

and scalar leptons is

L= |1 25 T8 WE 41 5 T 8 W
m 2 2
+Ho+ 3 | T O W
o~ = n
+i 5 VR €W | +H.c. (A17)

from which the couplings from Tables I-IV can be read off.

PHYSICAL REVIEW D67, 015010 (2003

5. Interactions of vector bosons

The three-field interactions of vector bosons arise from

the kinetic energy terms:

1 1 1
Lig=— g WalWH8 = SWEIWRIA— 2 Vi
(A18)

from which, after mixing, we can extract the relevant expres-

sions for the three field interactions:
EWLWLZL:igLC050W(W/LLJ;WLM*2LV_W/I_L;WL#+ZLV
L \wLatywlv—
2 WHETWET,
L:WLWLA: igLSin GW(WL‘LJ;WLM*AD_WL_L;WLMJrAy
L Lv—
+A/’4VW #+W )1
EWRWRZLZ igRSin Ay,sin ({)(WE:V\/RM—ZLV
R—\\Rut+ 7Ly 7L \WRu+\yRr—
_WMVW HTZ +Z,qu mEWRY ),
(A19)
CWRWRZR: igRCOS¢(W5:WRM*2RV_ WE;WR'U'JrZRV
R Ru+\A/Ry—
+Z/U’VW " W )l
Liygwign = 19RCOSOYSIN (WH T WREAY

R—\a/R v R Ry
W, W HEA +A,, W HEWRYHY,
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