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One-loop renormalization group equations for two left-right supersymmetric models
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In this paper we present the renormalization group equations to one-loop order for all the parameters of
two supersymmetric left-right theories that are softly broken. Both models are based upon the gauge group
SUB) X SUQ2); X SU(2)g X U(1)g—; and both contain an arbitrary number of bidoublets as well as
singlets; however, one model uses doublets to break SU(2); and the other uses triplets.
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L. INTRODUCTION

The recent discovery of oscillating neutrinos (implying
that neutrinos are massive) has created definitive experi-
mental evidence of a flaw in the standard model. This flaw
can be rectified by adding an SU(2)x group to the standard
model group structure. This will allow for a Dirac mass
term for the neutrinos and will also provide a Majorana
mass term for the right-handed neutrino via the seesaw
mechanism [1] when SU(2) is broken. These extensions
are called left-right [2—9] and they can also be imbedded in
supersymmetry (SUSY). With SUSY, the models are
dubbed SUSYLR [10-16] and contain the attractive fea-
tures of the supersymmetric standard model (e.g. providing
a solution for the hierarchy problem and allowing for
gauge coupling unification [17]). SUSYLR models have
the additional appealing characteristics of solving the
strong CP problem [18-23], asymptotic parity invariance
and automatic R-Parity Conservation [24—29].

The parameters in these models are written down at a
high scale of new physics such as the grand unified theory
(GUT) or Planck scale. In order to make predictions at
lower energy levels, renormalization group equations
(RGEs) must be calculated for these parameters, and their
values extrapolated to the energy realm of current experi-
ments. In this paper the RGEs for two instances of left-
right models are presented (non-SUSY Triplet left-right
model equations can be found in [30]). These equations
were calculated to one-loop order using the general N = 1
supersymmetry RGEs given in [31,32] and agree (after
accounting for the absence of SU(2)g) with the subset
previously published in [33]. The following equations
represent a completion and extension of those RGEs, and
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model starting with the specifics and continuing with the
RGEs. In Section III we will follow a similar format for the
triplet model.

II. DOUBLET MODEL

A. Particle Content

In Table I is the particle content for the doublet imple-
mentation of SUSYLR and the particle representations
under the non-Abelian gauge groups. The particle quantum
numbers are stated for the U(1)z_; gauge group (The B —
L number used in the RGEs follows the GUT normaliza-
tion scheme; the values in the table do not. To get the GUT-
normalized value, multiply the number in the table by
V3/8)

The Q and L are the quark and lepton fields of the
MSSM and Q° and L are the equivalent SU(2)y fields.
In order to keep this model general, we allow for an
arbitrary amount of singlet fields, ng and so in S%, @ =
1...ng. Likewise there are ng bidoublet fields and so in
®,,a =1...ng. Note that while including one ® bidoub-
let does give mass to the fermions, it does not produce
quark mixings at tree level (thus another method is re-
quired for Vg # 1—see, for instance [35]) and so most
models set ngp = 2. The SU(2) doublets and bidoublets are
represented in the following manner (with color and gen-
erational indices suppressed):

TABLE I. This table shows the representations for the non-
Abelian gauge groups and the B — L number for U(1).

provide a valuable tool for extrapolating down from higher SUG)T X SU@), X SUQ@k X U(l)ﬁ -L
scale physics to the scale of SU(2) breaking—at which Q 3 2 ! *3
point the model contains the minimal supersymmetric o 3 1 2 —3
standard model (MSSM) and all couplings of interest can L 1 2 1 -1
be extrapolated using the RGEs of the MSSM found in Le ! ! 2 +l
[32]. D, 1 2 2 0
The two models used in this paper differ in their SU(2), X, } % ; J_r}
breaking fields: one uses SU(2); doublets and the other X ) ) | _1
SU(2)g triplets. Theoretical consequences of these models X . 1 1 ’ i
can be found in various papers including [10-13,16,34,35], g(a | | ) 0
respectively. In Section II we will present the doublet
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Here Q and Q¢ are used as an example for any SU(2)
doublet pair. The other doublets can be written in a similar
fashion where the charges of the fields must obey the
equation Q = I3 + Igs +25L. Where I;; and Ig; are
the third component of the SU(2); and SU(2)g quantum
numbers.

Under SU(2), these fields transform as:

0—-ULQ, 0° — UrQ",
L— UL, LS — UgLS,
X—ULx, X — Urx",
xX—=Urx X — UrXS,
®, — U, DU} s — s,
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And their parity transformations are:

0 — —it, 0%, Q¢ — it 0%,

L — —it,L%*,  L¢—ir,L"

X = TimxT, YO =iy

X — it X<, X~ in X,
O, — OJ, §* — ga*,

B. Superpotential and Soft Breaking Lagrangian

The most general superpotential and soft supersymme-
try breaking Lagrangian for this model are:

W = ih,QT7,®,0° + ik, LT7,® L + i\ x" 1, D x° + i)_ta)'(TTQ(I)aj/c + i,u;‘éS“XTQX/ + i,LLicS“)(CTTZX/C

1
+ EY“BVS"SﬁSV + w8, ST PL T, @)y my) + iM X 7ok + iM e X T T % + Moy Tr(PL TPy 75)

1
+ EM;“[”SO‘S/3 + LOSY + Wyp,

Q2.1

1 - - . ~ ~ _ -
Log=— §(M3gg +M W, W, +MzgWy Wi +M ;BB +h.c.) — |:iAQaQTT2q)aQC + iA LT ® L + A X TP x¢

1
+ A X TP X+ IAS X Tk AL S X T T X 8Ag“‘”S“SﬁS7 + AG S T (P, D) 7y) + h.c.}

1
- |:iBX)(T72)_( + I.BXL‘XCTTz/?C + BabTr(q)Z;’Tch)sz) + ngBSaSﬁ:|

— [mZQQTQx + m€~){,-Q~CJr O +miLTL* + ml LVLe + mf(XTX + mi(-XCTXC + mf-()’(T/\'/ + mf-((:/\_/“*j/“

+ m3, Tr( DI D,) + (mF)s 5P],

where we have suppressed the generational and SU(2)
indices. If these were to be included, the term m2QQ~TQ~*
would be written as (m3)]Q;,Q%. where the lower case
English letters run over generations and the Greek
letters run over SU(2); index in this case. Wyg
denotes nonrenormalizable terms arising from higher
scale physics and would include f(LT7,yx) X
(LT7yx) + fF (LT x ) LT x T2 x) /M, the term that
gives rise to the seasaw mechanism (M, refers to the
higher scale physics, e.g. the planck scale). Since coeffi-
cients of this form are suppressed by the scale of higher
physics, their contributions to the renormalization group
equations may be ignored and will not be included below.

By demanding parity invariance from this theory, we
also find the following relations among the parameters
[18,19,21]: Yukawa couplings are Hermitian except for
my and uf, trilinear couplings are Hermitian except for

A¢ and Af., soft breaking mass terms for an SU2);.

(2.2)

\
doublet are equal to those of the corresponding SU(2)g
doublet, and

pe=pst, AL =AN, M, =M,
Moy = M, MP =MP, Lo =L,
8L = 8r M, = Mj, M, = Mp, M; = M;,
B, =By  Bow =By, B =B

where g; and gy are the SU(2); and SU(2); gauge cou-
pling constants, respectively.

C. RGEs

In this section we present our results: one-loop renor-
malization group equations for this model. The equations
are broken up into subsections corresponding to their
coupling type.
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1. Gauge Couplings d - - N . - 3
167725/\[, = )\a[,u,f; My T e e T AN, — Eg%
24 g3 2d 3

167> —g; = 9g7, 167 dtgL (1 +ng)gi,

dt —3g2 — 3g§} + N [Tr(3hfh, + hifhl)

d d
2 — 3 2 — 3 % Y Y a a
16w —gr = (1 + no)gr, 167 — g3 = —3g3 + XA+ AA, + A st )] 2.7)
(2.3)
2. Yukawa Couplings
d 1 16 d a_ ol OO
167~ hy = ha[Zh;fhb ~ g8 7381~ 38k — 3g§} 167 -y = MX[Z)\a)\a + 2N A+ 20
+ hy[TeBh h, + KR + 201 h, _ % gt — 35}

+ M A, + A, + 4l 1) (24 ol 5
+ :“)(|:21“)( My 2 e
d 3
1672 —hl, = .| 2hiTh!) — = g2 — 32 — 342 1 .
T dt a a|: b b 2g1 8L 8R + 5(Y',B)/B)-Yozyﬁ + STI'(,LLgT,u,%)} (28)
+ Ry [Tr(3h) h, + RTRL) + 20T hl, + A%,

+ g + Mgt 18)h] 2.5)

d

1672 —A, = A |:,U,j';*,u,f(‘ + p%u% + 4150
a a x- My b'b d @ @ % Wy * 3

dt - 167TZEMXC = ,u,XC[Z/\a/\a +2A54, + 2/1,)'[?(; ,uufj(: - Eg%
— 581 3¢ - 3g%}
+ A[TeBhrE R, + TR + XEA, |

- _(yBrvVryauv Bt «

AR+ Al )] 2.6) # QPR ST ) | 29
|

- 38’%{} + Mfz»[zuﬁ*ﬂﬁ + 28

d # * 1 .
1677251’“&' = Yaﬂﬂ|:2,u§ ,u,}; + 2,u,§(»,u,;[ + E(Y”"“’)*YW“’ + 8Tr(,ugr,u21’,):|

x 1
+ Yvﬁﬂ[z,u; RS+ 2ulepse + E(YW”)*YWV + 8Tr(/«bprMff>)}

. . 1
+ YW[M;’} W+ 2l e+ S (YO Y P STY(MEJMQ)} (2.10)

d * DY
167 i, = 1y [TrGhLhy + TR + AA, + KX, + 4! 1))
+ [TrBhohl + hLRT) + A AL + A A% + 4(u uB), s,

. « 1 .
+ Mgab[zﬂﬁ pe + 2ublpe + E(YW) yorr + 8Tr(ubl ua) — 8°B(3g2 + 3g%):| (2.11)
3. Mass Couplings
162dM =M, 2A5A, + 2X5A, + 2u* a2 2 —3g2 2.12
WE x ~ My a’ta a’ta My My Egl 8L ( )

d . . . 3
167> & My = MX(,-[2/\Z)L“ F 2T, + 2 =g 3g§} (2.13)

115010-3



N. SETZER AND S. SPINNER PHYSICAL REVIEW D 71, 115010 (2005)
d * EDY a
167 — Moy = Moo TrGhLy, + HER) + Aidy + Xk + 4ug! 1))
+ [TrBh,hl + BLRE) + A A7+ X A8+ 4§ ugDac Moo, + Mow (=387 —38%)  (2.14)
d a * * 1 *
16725M5ﬂ = M?P[zﬂﬁ(#ﬁ. + 2l uf + 5 () YBrY 4 8Tr(,uﬁj,u§,)}
+ Mfﬂ[zﬂif W+ 2uf ug + E(YW) Yary + 8Tr(MfI,TMfI‘,)} (2.15)

4. Linear Term

167 L = LB[Zufc e+ 2+ S (VPR YR 4 8Tr(M§>TM%)} (2.16)

5. Gaugino Masses

d d
167 = My = 18Mig}, 16w g = 2(1 + ng)M.gl,

d d
16772EgR =2(1 + ngp)Mgpg2, 16772Eg3 = —6M3g3 (2.17)

6. Soft Breaking Trilinear A’s

6 3
+ Agpldhfh, + TeGBhih, + WTRL) + XA, + XA, + 4t n8)sa]
+ hy[2hf Ay + Tr(6hf A, + 20T A1) + 20545, + 2XA5, + 8(1STAS) 0] (2.18)

d 1 16 1 32
167725AQ{1 = AQa|:2hghb - _g% - 3g% - 3g% - —g%:| + ha|:4hZAQb + ngg% + 6MLg% + 6MRg% + ?M3g§i|

d 3
167 G Ay = Ava| 2010, = S = 36} = gk |+ HIANT AL, + Mg} + My + M)
+ AL [4hT R, + TeGhi by + BT RL) + A5, + oA, + 4(pst ud)p.]

+ W20 A, + Tr(6hf Ag, + 2T AL + 205A0, + 2X5A5, + 8(k3TA%)sa] (2.19)

167 S = A ANy & i+ 368 36 343
+ Aa[8A;A N + 2u§TAY + 208 AL + 3M g7 + 6M g7 + 6Mpgi]
+ Ap[TrBhihy + KR + AN, + AA, + 4l 18]

+ M[Tr(6hAg, + 20T ALL) + 2X5A 0, + 2X5A5, + 8(LETAS) bal (2.20)

16772%Axa = Axa[ﬂiﬁh + UG py + e - %g? —3g} - 3g%}
+ N8N Az, + 20§ AL + 208 A% + 3M g7 + 6M g7 + 6Mpgi]
+ Az [TeBhihy + HTRL) + AsA, + XA, + 4(ul 1&) ]
+ N[Tr(6h Agy + 20T ALL) + 2X5A 0, + 2X5A5, + 8(LGTAS) bal (2.21)
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d - \ 3
167 — A = A;‘;[ZAZ/\Q + 205, + 2uh - S8 - 3g%}
+ AN AL+ ANA, + Al AL +3M g} + 6M ] ]
) . 1 .
+ Af{zpﬁ pe + 2ub e + 5(YBW) yenr 4+ 8Tr(M§jug))}

+ uf4nf AL + 4pPi A0 + (YRR AR + 16Tr(uh AG)] (2.22)

d X 2
+ u%[AN A, + ANEAs, + AuPiAP, + 3M g2 + 6MRg3]
IL’(’X( a‘t a a‘*ha IL’(’Xf XC lg] RgR

d . . 3
1675 A% = A;{M;’;Aa + 200, 2 e — S8t - 38%}

* * 1
+ Aﬁj‘»[Z,u)B( s+ 2,u,/€(,- M + E(Yﬁ’“’)*Y““” + 8Tr(,ug)f,udff,)}

+ wlanfAg + 4pPiAc + (VPR AR + 16Tr(uhT AG)] (2.23)

d a * £ 1 *
16772EASB7 = Agﬁﬂ[mi Pyt 2p e S (PPRETY Y 8Tr(u§fﬂ<¥)}
+ YBP[4pSTAY + AulAT. + (YPEV)ATMY + 16Tr(uh AY)]
My Ay M/\/ X S [ RV
* * 1 *yva a
+ AP ”[2M§ gt 2ple e £ S (YPRTY AR 4 8Tr(:“§:r:“q>)}

+ YYBO[ApTAS + 4uli A% + (YPRY AR + 16Tr(uhl A2)]
+ AY*P| 0 px B +2 p* B _I_l(YP,w)*Y'BMV_I_gTr( pt B
S I"LX /‘LX ,LLXL ILL/\/L 2 Iu'(I) /‘Ld)

+ Yror[apf AL + 4pliAL + (Yrrr)tAGRY + 16Tr(ufT AR)] (2.24)

d o

16772EA21‘,M = A2 [TrGhih, + IR, + XA, + AZA, + 4(uBT b))
+ u8 [Tr(6hiAg, + 20T AL,) + 2X5A,, + 2X2A5, + 8(uhTAB), ]
+ [Tr(Bhohl + RLRT) + A A5+ X A% + 4(ub ubh), JAg

+ [Tr(6Agehl + 241, hH) + 24,007 + 245, X% + 8(AG ul D) lpe
* * 1 *ya a a
+ Agah[M? w2 e+ S (VPR YR 4 8Tl ) — 578 (3g} + 3g%)i|

+ b AUl AY + ApB A + (YRR AGH + 16Te(ulTAG) + 69 (6M, g7 + 6Mgg})]  (2.25)
7. Soft Breaking Bilinear B’s
X 2

+ M [4X;A), + 4NA;, + 4uSFAY + 3M, g7 + 6M g7 ]
+ w4 B, + 4pB .« + (YR BY” + 16Te(pl! By)] (2.26)

d . - 3
167TZEBX . BX[Z/\Z)\a + 2000, + 208 g — 581 — 3g%}

d * DY a* o 3
167TZEBXc = BXC[Z)LQAQ + 2054, + 2t — Eg% - 3g%}
+ M [405A, + 4N A5, + 4pSEAT + 3M 8T + 6Mpgz]

+ uS[4ud* B, + Au%B . + (YO4)*BE" + 16Tr(ug! By)] 2.27)

115010-5



N. SETZER AND S. SPINNER PHYSICAL REVIEW D 71, 115010 (2005)
d * YE Y a
167 — Boay = Baa [ TrGhlhy + hEH) + XA, + Xk, + 4! 1) o]
+ Mou [Tr(6hiAg, + 21T AL,) + 2054, + 2XEA, + 8(uBTAR),]
+ 4By + AuIB  + (YO4) BE + 16Tr(ug By)]

+ [Tr(3hahd + BLRT) + A A5+ A A5 + Ml & ucJBoes
+ [Tr(6AQahT + 2ALath) + 2A)\a)‘* + ZAAaA* + S(A(DM(I) )ac]M(I)cb - B(I)ab(3g% + 3g%€)

+ Mapay(6M, 8] + 6Mggi) (2.28)
d
16WZEB?B = [Z,ux ul+ 2t ,uﬂ + = (Y’”“’) yPrv 4 8Tr(/Lg,T/LqB>):|

+ MGP[Apl AL + 4uliAB + (vorry AGHY + 16Tr(ul) AR)]
+ YOBP[4u B, + 4uliB . + (YPRV)*BEY + 16Tr(uf, By)]

x 1 ;
+ |:2,u§(’,u§, + ZM;rM 2Y“’“’(YP"“’) + 8Tr(w ph, ):|BPB

+ [4Aul" + 4A% ulT + AGH(YPRY)T + 16Tr(AG uly ) IMEP (2.29)

8. Soft Breaking Masses

For convenience, we define the quantity:

S, = 4[Tr(m2Q - szc —m} +mj.)+mi — mi(» + m}- - mf(] (2.30)
which is used in the soft breaking mass equations below.

1
- _MIM;rg% - 6MLMZ£’%

d
167 —my = 2myhahl + ha(2h:£m2Q o+ dmiyhl & 4, b)) + 44004, — 3

32

5 MsMigs - 28152 2.31)

1
~M Mg} — 6MiM}gh

d
1677251712@ = 2mbehlh, + hdQh,mbe + dmdh, + dhym},, ) + 4AL Ap, — 3

32 1

d
16772Em§ = 2m2hLhit + BLQRE w2 + Am2onlt + amd, by + 44 A, = 3M Mt g — oM Mgl — 2 gl 23,
(2.33)

d
1672 —dtmic = 2m3 R, + B QhLm3. + Am2hl, + 4hlmd,, ) + 4AT AL, — 3M M g3 — 6MpM}gy + = g152
(2.34)

d
167 —m3y = A [4miA; + 4mie Ay + dmg, Ay + ps2myug

o +2m3us" + 2(mP) P ul’l + 4A% AL,

X

+2A%°AY — 3M Mg} — 6M M] g} + g%52 (2.35)
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d - - - - " )
Emf-( = /\a[4m§-,/\f, + 4m§-(¢/\z + 4m(21,ab/\1";] + ,U,f\f[Zm%,,u;* + Zmi,u,;* + 2(m§)“5,u)( 1+ 4A*XaAM

) 3
+ 24 AT — 3M Mg} — 6M, M) — 815 (2.36)

d ' Ed *
1677 —m%e = Aj[4m2 A, + dmiyA, + 4mG, Ap] + pSi2me pe + 2mi pt + 2M§i(m§)ﬂa] + 4A% A

1672

dt

d - i i .
Emf_(( = Ni[4m3cd, + 4mi A, + dmg, A ] + pii[2ms

£ 3 o 3
+ 2A%AY. = 3M M{ g} — 6MMgh — gg%s2 (2.37)

2ol 4 2m2op% + 2ub (m3)Pe] + 4A% A;,

. 3
+2A%TA% — 3M M g} — 6MgM}gk + 3 23S, (2.38)

d E3 3 1 .
1677'25(m§)“ﬁ = (m%)“”[Z,ui(»,u,fér +2ukl ,u,fé + E(Yp'“”)*YB“V + STr(,LLg),u,g)):|

* * 1 * [e3 *
+ [2,u§ ,u,f([ +2u uh + E(Y‘”“’) YPHY 8Tr(,uq:r,u,g))}(m§)pﬁ +4us ,u,f(;(m%( +m?)

+Au s b (mie + mi) + 2YPRY Y (md) e + 32Tr(uhmdugl) + 442 AL + 4422 AP,

+ (AgMV)*Ag,MV + 16TI'(A%TA§>) (239)

d o
16772Em%pab = m2, [TrGhih, + hThL) + Xia, + XA, + 4pst ud) o]
+ [Tr(hdhe + hi B + A5Ae + iAo + 4l ng) o,
+ Tr{6hl hym?ye + 6hEm2hy, + 20 hym3. + 2hifm3 by, + 6A}, Agy + 24 ,Ary]
+ 2050, (M + my) + 205 A, (mie + m3) + 245,A), + 245 Ag,

+ [8ugl (m3) g + 8ust uh(md)Pe + 8AGTAG — 6M, M} g} — 6MxM g3l (2.40)

ITII. CONCERNING TRIPLETS

A. Particle Content and Quantum Numbers

Table II shows the various particles of the triplet version
of the SUSYLR model and their representations—except
for the U(1)g_, group where the B — L number is given
(The B — L number used in the RGEs follows the GUT
normalization scheme; the values in the table do not. To get
the GUT-normalized value, multiply the number in the

table by 1/3/8.)

The Q and the L are the standard quarks and leptons of
the MSSM while the Q¢ and L€ contain the corresponding
right-handed conjugate fields. In order to keep this model
general, we allow for an arbitrary number of singlet fields
and bidoublet fields. These values are ng and ng, respec-
tively. Thus, for S¢, we have a = 1,2, ..., ng; for ®,, we
have a = 1,2,..., ng (for further comments on ng see
section IT A).

For the following work the particles have been chosen to
have the form shown below, where the O and the Q¢ fields
serve as templates to construct the other SU(2) doublets

I(note that the color and generations have been suppressed
here). The charge is determined by the equation Q = I3; +
Lp + % and the standard /5 ordering is used (row one has
the highest /5 value, row two the next highest, etc).

TABLE II. This table shows the representations for the non-
Abelian gauge groups and the B — L number for U(1). The B —
L number as presented needs to be normalized; when using the
GUT normalization (as this paper does), this means multiplying

it by /3/8.

SUB)X X SUQ), X SUQx X Uz,

0 3 2 1 +1
0 3 1 2 -1
L 1 2 1 -1
L¢ 1 1 2 +1
d, 1 2 2 0

A 1 3 1 +2
A€ 1 1 3 -2
A 1 3 1 -2
A° 1 1 3 +2
N 1 1 1 0
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. oud ++ 8¢ c0
u c d° %5 O c - -6
Q=<d>’ ¢ =(—u€>’ Az(ﬁ _£>’ A =<—5Cﬁ o )

V2

5 S0 _ 8t _ Ze++

-=<ﬁ ‘1_) 5c=< i 0 ) ®=<¢2a ¢>0*>
~— — _ - ’ _ _CO c+ ) a —_
6 E o N d)da d)ua

These fields transform under SU(2) as

0— U0,  Q°—UxQ° L—UL L —UiL,, A—UAUl,  A°— UgAU},
A — U AU}, A€ — UpAcU}, o, — U, DU §* — g«
and under Parity as
00— —it,0%, Q¢ — it 0%, L — —it,L, L¢— it,L", A — 7, ATy, A — 7, A7),

A g TzAC*Tz, AC i 725*72, q)a i CI)Z, S — Scpk

B. Superpotential and Soft Breaking Lagrangian

With the transformations and representations given above, the most general superpotential and soft breaking terms are

W = ih, 0T, ®,0° + ikl LT7y®,L¢ + i fLT7,AL + if,LT7yAL¢ + MyTr(AA) + M. Tr(A°A)
< < 1
+ Mq,abTI'((I)Z;’Tz(I)sz) + ,LLXS"‘Tr(AA) + ,U/ZcSaTr(ACAC) + M%ubSaTr(q)gTzq)sz) + EYG’B'}’SQSBS'}’

1
+ EM_?BS“SB +LeSs® 3.1)

1 L S .
_‘ESB = §(M3g‘§ +MLWL WL +MRWR WR +MIBB +hC)
+ | iAp, 0T Ty ®,0¢ + iAp LTy ®,L¢ + iA;LTT) AL + iA; LT )AL + AYSTr(AA) + AL S?Tr(AA°)

1
+ A, S Tr( DT, P, 7)) + gAgﬁyS”‘SBS’/ + h.c.:|

r _ - 1
+ BATI'(AA) + BA(TI'(ACAC) + Bq)abTr((D(];Tch)sz) + EB?'BSQS'B + th|

+[my 0" 0" + mh 0V Q¢ + miLL* + m3 LVLe + miTr(ATA) + m3Tr(ATA) + m3. Tr(A°TA°)
+ mZA(.Tr(A"JfA") + mfpabTr(dDZCDb) + (m%)*P(S*)*SF]

(3.2)
\
where the generational and color indices have been sup- ho=nt no=pt f=7 a = g ax
’ ’ ’ # /-L )

pressed and the transposes and 7,’s belong to SU(2). Thus ¢ ‘ . ¢ ‘ . ‘ A i .
the first term in W is actually Maab = Haap My = M, Mooy = Mgy

o ek MEP = meF L = L, 8L = &r

l(ha){{( ujpa  dja )TZ(I)a( _221( > S S

M, = Mj, M = Mpg, M; = M;,
with the lowercase Latin indices specifying the generation — p* _ p* aB _ pap
and the uppercase Latin indices specifying color. By = By, Baaw = Boa Bs™ = By
By demanding parity invariance from this theory, we
also find the following relations among the parameters
[18,19,21]: soft breaking mass terms for an SU(2); doublet ~ where g; and gy are the SU(2); and SU(2)r coupling
are equal to those of the corresponding SU(2)g doubletand ~ constants, respectively.
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C. RGEs

The renormalization group equations to one-loop order
for all the parameters of the above theory are presented
below and are categorized by the type of coupling

1. Gauge Couplings
16772ig = 24g3 16772£g =@4+ne)g
dr®! P dr°* PIeL

d d
16772&&% =4+ ne)gh 16772@83 = —3g3

(3.3)
2. Yukawa Couplings
d 1 16
167~ hy = ha[zhghb — o817 3%k — 3¢} - ?gg}
+ hy[Te(3hth, + BT RL) + 2k R,
+ 4t 18)pal (34)

d 3
tem® o = i 61 Fo + 201, — St = 3¢ — 343

+ 6ff R, + by [201 K,
+ Tr(3h) h, + hThL) + 4wl 1@l (3.5)
d
167 —f = f[ﬁfff + 20+ 2Te(fTf) + ui s

~3et =T ] Lt + ALY G

d
e f{6 fEfe + 2hEh, + 2Te(fLfL) + uéus.

i 73 | HI6ffT + NS G)

d x
167 - u§ = p[2Tr(F1 1) + 20" uk - 6g7 — 8¢
+ ,U,§|:3,U,§*,LLZ + 3,UJ§f,UJZf + 8Tr(,u§;r,u,%)

+ %(YBW)*Y‘“”} (3.8)

d #
167 — ufe = p[2Te(FLfo) + 20 R — 647 — 8g7]
+ ,ud§(|:3,u,§*,u,z + 3,U,§T,LLZC

1
+ 8Tr(ubt ue) + E(YB””)*Y“W’} (3.9)

PHYSICAL REVIEW D 71, 115010 (2005)
d
167 16y, = R [TrGhL Ry + W) + 40 1))
+[TrGh hd + nLnE) + 4l w5 Iy
+ Méab[wf*ﬂ«i + 3k g
1
+8Tr(uh ) + 5(WW)*YW
— 58(3g2 + 3g%e)} (3.10)
16 2d aBy — yaBp P*7+3 pE Y
™ EY =Y 3y my e e
1
+ 8Tr(uh! ul) + E(YP“V)*YW“’}
+ YVBP[3,LL’A’*,LLZ +3uRus,

| i
+ 8Tr(ug ) + 5 (vorry yemr

+ Y‘“/p|:3/LZ*/L§ + 3,ugf,u§g

! -
+ 8Tr(pf! uh) + E(Y”‘“’)*Yﬁ#”
3.11)

3. Mass Terms

d *
167 2 My = My[2Te(f1f) + 205" g — 68 — 8g3]
3.12)

d  a
167 2 Mye = My [2Te(FLf.) + 208 ng. — 65 — 8g3]
(3.13)
d
167 Maay = Ma [TrGhl by, + H ) + 4l 1))
+ Mg (—687 — 68%)
+[Tr(3h, hi + . KT)

+ 48 1B Mo, (3.14)

d o EY *
1 o]
+ 8Tr(uht ub) + 5 (r7m) yBuy

+ pr[3,u,g*ug + 3/LZT/LZC

| B}
+ 8Tr(uh! n&) + 5 (Yomnyy sy

(3.15)
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4. Linear Term

d Ed ES 1
16772EL“ = LP[3,u,’A7 my + 3ulepse + 8Tr(ug*,4/,ff,) + E(YP/“)*Y“W} (3.16)
5. Gaugino Masses

d d d
16772EM1 = 48M, g3, 16772@& = (8 + 2ng)M_ g7, 1677255'1? = (8 + 2n4)Mggt,
(3.17)

6. Soft Breaking Trilinear A’s

d 1 16
167 —Ag, = AQa[zhghb — gg% —3g} —3g% — ?g%} + 2h,hiAp,
1 LR

+ [Tr(3h,h} + B, h”f) + HugpsDaplAg, + [Tr6Ag.h) + 2ALah’f) +8(Ag i plh,  (3.18)

d 3
167 AL, = ALa[6fIfC +2h, b)) — S8i =31 — 3g%:| + L [12f3A,; +ARTAL, +3g7M, + 683 M, + 683 Mg]

+[6ffT + 2hy 1AL, + [12A, £ + 44, B TR, + AL [TeGBhi b, + R RL) + 4G 18 pa]
+ By [Tr(6hf Ag, + 2h1AL,) + 8(nGTAS)ha] (3.19)

d 9 . .
1672 d—Af = Af[6f+f + 20 h!T + 2Te(fT f) + puF g — Eg% - 7g%} + fI12f*A; + 4RAT, + 4Tr(fTA))

+2uSAY + 9gIM, + 14giM ] + [6f T + 2L RITIA, + (124, T + 44, B 1f (3.20)

d 9
167725/\,4; = Af{.[6f3fc + 2 Y+ 2Te(fLf ) + pii g — Eg% - 78%} A2 A + 4t Ay,

(3.21)
d «
167> AL = ASL2Te(fH ) + 26k — 683 — 8g21 + ms4Te(fTA,) + 4 AR + 12¢3M, + 163 M, ]
+ A§[3,u§ s+ 3uR e + 8Tr(uhl ue) + 5 (rPe) Y‘W”}
+ uBlou As + 6pBias, + 16Tr(ubBlAg) + (YBur) ASH] (3.22)
d y
1672 A% = ALLRTe(fEf) + 2uBi ph — 683 — 8gk] + pi[aTe(fIA ) + 4uRiAl. +12¢3M, + 16g3M]
+ AAC[?),LLA my + 3/.LAL,LLAL + 8Tr(,u,g,f,u,ff)) + E(YB“”)*Y“'“”:| + ,u,fg[6,U,A A% + 6,uﬁ$A"‘
+16Tr(uhTAZ) + (YPrr)y AGH"] (3.23)
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d
167725%(1,7 = A8 [TrGhin, + BIn)) + 4(ubBt ub) 1+ ug, [Te6hi Ay, + 2htAL,) + 8(uB1A8),,]

+ [Te(Bhohd + hLnd) + 4(uf wbh), A%, + [Tr(6Ag.hl + 24, ,00) + 8(A5 uBT)
+ AGL =387 — 38kl + 1§, [087M, + 683 Mg]

ac]ﬂ%cb

1 *
+ Agab[3MA MA + 3/-LAr MA(‘ + STF(IL,Lg)T,u,%) + _(YﬁMV) Ya,uui|

+ub TouB As + 6ufiAe. +16Tr(ublAZ) + (YBrr) AT (3.24)

16772%14?‘37 = A“Bf'[sh pl +3uRiple + 8Tr(uhl pl) + = (YP/“’)*YW“’}
+ YoBP[ouR AL + 6t AY, + 16Tr(uhl AYL) + (YPrr)*ATM"]

+ Agﬁp[sm pE +3uRi s, + 8Tr(uhl ue) + = (YW”)*Y““”}
+ YYEP[6ul AT + 6uhiAL. + 16Tr(uh AZ) + (YPRY)*ASH"]

~|—A0‘7‘D[3,u,A /.LA + 3,LLAL,LLAC + 8Tr(uf, Mg) + = (Yp’“’)*Yﬁ””i|

+ Yre[oul AP + 6uliAB. + 16Tr(uh AB) + (Yrrr) ABir] (3.25)
7. Soft Breaking Bilinear B’s

d "
167T2EBA = BA[2Tr(fTf) + 2u ug§ — 687 — 871 + MA[ATr(fTAf) + 4§ Ag + 12g1M, + 1687 M, ]

+ ue[6ps By + 6u % Bye + 16Tr(ul By) + (Y*#*)*BE"] (3.26)

d N #
167~ By = Bue[2Te(flf.) + 2p8i nge — 683 — 883] + M [ATr(fIA ;) + 4ugrAS + 1283M, + 1685 M]
+ g [6pg By + 6u§iBac + 16Tr(ug! By) + (Y*4¥)*B"] (3.27)

d a at pa
167~ Boap = Boac Tr(3hihy + hI L) + 4G 1§)es] + Mauc Tr(OhIAgy + 20T ALy) + 8(ng AG)cs)

+ [Tr(Bh hl + n,hT) + 4(ug uD e Baoes + [Tr(6Ag hl + 24, ,11) + 8(AG D ue M e
+ Wop[6p] Ba + 6uiBac + 16Tr(ug, T By) + (YP#)*BE"] + Bouy[—387 — 38%]
+ Moap[687 M, + 6g%Mg] (3.28)

d * E *
16772533’3 = B§P[3Mg w3l B+ 8Tr(puhT by + = (YP“”)*YWV} + M§PLouR AR + 6uliAR,

1
+ 16Tr(uh AB) + (YPrr) ABH ] + Bﬁ”[mA B+ 3Rl + 8Tr(pfyl ng) + E(YP“”)*Y““”}
+ MEPTOURAS + 6l AL + 16Tr(uhl Ag) + (YPrr)FASH"]
+ Y*PP[6uR By + 61k By + 16Tr(ply! By) + (YP#7)*BE"] (3.29)

8. Soft Breaking Masses

Since each of the RGEs for the soft breaking masses have the following term in common, it is convenient to define
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S, = 4Tr(m2Q - sz - m? + m%) + 12(mi - m2A — mA( + m2

d 1
1672 d—mQ = 2m3h,hl + h[2him} + anfmd, , + 4mdonl] + 4A4,AL, — ngMl*g% —6M, M/ g}

32 1
-5 MaMIg + gl (3.30)

d 1
16772Em2gf = 2m3ehdh, + hi[2h,m. + Ahym3,  + 4mdh,] + 4AL Ao, — ngMf g2 — 6MxM g2
32

1

-3 MsMigi — 2 4iSs (3.31)
d

1672 —tmL = 6m2 ffT + fl6fTm2 + 12m3)"f + 12t md ] + 2m2 kL kit + BL[2R m3 + dmdohlf + 4himd, ]

+ 124,A1 +4A;, AL, — 3M M g} — 6M M} g} — 7g153 (3.32)

d
167725771%[ = 6ml flfo + fl6fmic + 120m2)7 fo + 12f om3] + 2m2 Wit B, + WS [2R,m3. + 4m3 bl + 4hym3, ]

+124% A + 4AT AL, — 3M M g} — 6MM]gh + = g153 (3.33)

d .
167725;112A = Tr{4fT fm3 + 8fTm3 f1+ u¢ [2,u,AmA +2ugmi + 2ul B(m2)Ba] + 4Tr(A*Af) + 2A¢°AS

— 12M M| g? — 16M, M} g2 43 n 26, (3.34)

3
16772Em2A = pg2ugmy + 2uimi + 2uR(m)B*] + 245 AT — 12M M g2 — 16M, M] g2 — Zg%S3 (3.35)

d
1672 Zm& = Td4f,f} m3. + SmeLLfC] + p2usmi. + 2,u,ALm + ZMA( (m3)P] + 4Tr(AfLAf()

3
+2ALAL. — 12M M| g} — 16MMjigk — 7 815 (3.36)

d
167725m7 = p&2ugem?, +2uf (md)Pe + 2usm3.] + 2A31AS — 12M M| g} — 16MzM}g% + g%53 (3.37)

d
16772Eméab = m2, [TrGhih, + BIR,) + 4(uBt ub) ]+ [TeGhin, + B nL) + 4(uBt b)), Im,
+ Tr{6hl hym?. + 6hEm2hy, + 20T hym?. + 2hiFm3 by + 6A}, Ag, + 247 Ap]

+ 8[ & m2 uit e + [8ull wh (m2)Be + 8ABTAR — 662 M, M| — 6g3MxM} )., (3.38)
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d « .
167 2 (m3)°F = ()| 3l i+ 3l + STl ) + 5 <w>*yﬁw}

|:3,LLA uR +3ufiuhe + 8Tr(M$T/.L§>

+ 6u” ,u,AmA + 6//,AC,LLACmAL + 6,LLAC,U,ACmN + 32Tr(,u,(l)
+ 6AT AP + 644 AP+ 16Tr(ALT AB) + (AZH7 )  ABRY

IV. CONCLUSION

In this paper we have calculated the RGEs to one-loop
order for two different types of SUSYLR models—one
which breaks SU(2), via doublets and the other using
triplets. These equations should prove to be useful tools
for relating the details of SUSYLR models to observable
phenomena, thereby constraining the parameter space and
perhaps verifying if SUSYLR models are viable extensions
of the standard model.

)+ 5 ey o Jondy + 6 o

(I)m<21>) + Z(Yapﬂ)*Y'pr(mg)V'u

(3.39)
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