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1. Introduction

The earliest models of technicolor [1, 2] have problems with the electroweak (EW) precision
data [3, 4, 5, 6]. Technicolor models must be extended in order to give mass to the
standard model (SM) fermions [7, 8]. In these extensions one, typically, expects potentially
large flavor changing neutral current (FCNC) processes. Using near conformal dynamics
alleviates the FCNC problem [9, 10, 11]. For over a decade it was hoped that such a near
conformal dynamics could strongly reduce the tension with precision data even if one had
a large number of technidoublets gauged under the electroweak (EW) symmetry. However
very recently it has been shown [12, 13, 14] that to be phenomenologically viable the near
conformal models should contain the most minimal number of flavors gauged under the
EW symmetry.

The simplest models of this type which are shown to pass the precision tests, or have
the smallest deviation from the precision data, while still providing a (near) conformal
behavior were put forward recently in [15, 16, 17, 18, 19, 20, 22, 21]. Among these, the
Minimal Walking Technicolor (MWT) features the most economical particle content.
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In MWT the gauge group is SU(2)rc x SU(3)c x SU(2)r, x U(1l)y and the field
content of the technicolor sector is constituted by two flavors of techni-fermions and one
techni-gluon all in the adjoint representation of SU(2)7¢. The model features also a pair of
Dirac leptons, whose left-handed components are assembled in a weak doublet, necessary to
cancel the Witten anomaly [23] arising when gauging the new technifermions with respect
to the weak interactions.

The model requires, however, still additional ingredients in order to give mass to
the standard model (SM) fermions. For example, one may postulate the existence of an
Extended Technicolor (ETC) sector, traditionally featuring new gauge interactions linking
the SM fermions to the techniquarks, which can generate mass terms for the SM fermions
(as well as for the techni-mesons and -baryons) via a new dynamical mechanism. Interesting
developments recently appeared in the literature [24, 25, 26, 27, 28, 29]. Nonperturbative
chiral gauge theories dynamics is expected to play a relevant role in models of ETC since it
allows, at least in principle, the self breaking of the gauge symmetry. Recent progress on the
phase diagrams of these theories has appeared in [30]. Another alternative is to reintroduce
new bosons (bosonic technicolor) [31, 32, 33, 34, 35] able to give masses to the SM fermions
using standard Yukawa interactions. Eventhough these models are phenomenologically
viable, they suffer from a SM-like fine tuning and are therefore unnatural. Supersymmetric
technicolor has been considered [36, 37| as a way to naturalize bosonic technicolor. Another
possibility would be to imagine the new scalars also to be composite of some new strong
dynamics.

In [38] we made the observation that the techni-fermions and techni-gluons of the
Minimal Walking Technicolor fit perfectly in an A/ = 4 supermultiplet, provided that
we also include three scalar superpartners. In fact the SU(4) global symmetry of MWT
is nothing but the well known SU(4)r R symmetry of the A/ = 4 Super Yang Mills
(4SYM) theory. This is the global quantum symmetry that does not commute with the
supersymmetry transformations.

Supersymmetrizing MWT in this way leads to an approximate N’ = 4 supersymmetry
of the technicolor sector that is broken only by EW gauge and Yukawa interactions. Due
to approximate A/ = 4 invariance the beta function of the technicolor gauge coupling is
zero at one loop, i.e. the associated technicolor model is approximately conformal. We
called this model Minimal Supersymmetric Conformal Technicolor (MSCT).

This model can also be viewed as the first extension of the SM featuring maximal
supersymmetry in four dimensions when neglecting the EW gauging of the R-symmetry.
MSCT constitutes an interesting theoretical as well as phenomenological model to explore
since it naturally allows to investigate different regimes according to how strongly coupled
the maximally supersymmetric Yang-Mills theory is taken to be. In this phenomenological
work we analyze the situation in which such a theory is weakly coupled at the EW scale.

To determine the spectrum of the theory we first analyze the ground state and after-
wards compute the masses. We will show that at tree level all the states are massive except
for the lightest CP-even and -odd Higgses that will acquire mass at one loop.

We find that the physical spectrum is phenomenologically viable and can be investi-
gated for possible discovery at the Large Hadron Collider (LHC) and the Tevatron.
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We have also analyzed the running of the gauge and Yukawa couplings and discov-
ered that the price to pay for having a heavier spectrum is to substantially shrink the
perturbative region, in energy, of the model associated with the Yukawa couplings.

The paper is organized as follows: We recall the model details in Section 2 and in 3
we impose the minimization conditions on the scalar potential and derive the additional
conditions for the stability of a non-trivial vacuum. In Section 4 we present the mass
spectrum of MSCT in the perturbative regime (pMSCT), including the one-loop correction
for the physical massless states, and finally in Section 5 we study the viability of pMSCT
based on these results.

2. The Model

The fermionic particle content of the MW'T is given explicitly as

a Ua a a N
QL: Do ) UR ) DR7 (L:1,2,3; LL: E s NR, ER, (21)
L L

where U and D are techni-fermions in the adjoint representation of SU(2)r¢, whose left-
handed components form a doublet under SU(2)r, and the chiral leptons required to
cancel the Witten anomaly are denoted by N and E. The following generic hypercharge
assignment is free from gauge anomalies:

+1 y—-1
Y(QL) :% ) Y(URaDR) = <y27 y2> ;
—3Jy+1 —3y—1
Y(Lr)=-35, Y (N, Br) = ( T ) L (22)

The global symmetry of the technicolor theory, per se, is SU(4) which breaks explicitly to
SU(2)r x U(1)y by the natural choice of the electroweak embedding [15, 17]. The vacuum
choice is stable against the SM quantum corrections [39].

To build MSCT we set y = 1 in Eqgs. (2.2) so that D% is a singlet under EW symmetry
and can play the role of the techni-gaugino.! We define the N’ = 4 supermultiplet in terms
N = 1 superfields, whose scalar and fermionic components are expressed by:

(UL, UL) €, (DL, DL) € By, (fJR, UR) €ds, (G, Dp) €V, (2.3)

where we used a tilde to label the scalar superpartner of each fermion. We indicated with
®;, 1 = 1,2,3 the three chiral superfields of 4SYM and with V' the vector superfield. The
superfields associated with the remaining MW'T fermions N and E are given by:

(NL, NL> € Ay, (EL, EL) € Ao, (ﬁR, NR) €N, (ER, ER> € E. (2.4)

The quantum numbers of the superfields in Eqgs.(2.3,2.4) and of those labeled by H and
H', which contain each a Higgs scalar weak doublet, are given in Table 1.

'In Section 5 we briefly comment on the alternative choice of y = —1.
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Superfield \ SU(2)rc \ SU®3). | SU@2)L \ U(1)y
¢z | A4 | 1 | O | 12
D \ Adj \ 1 \ 1 \ -1
1% \ Adj \ 1 \ 1 \ 0
ANz |1 |1 | O | =32
N \ 1 \ 1 \ 1 \ 1
E \ 1 \ 1 \ 1 \ 2
H \ 1 \ 1 \ O \ 1/2
H' \ 1 \ 1 \ O \ -1/2

Table 1: MSCT N = 1 superfields

The renormalizable lepton and baryon number? conserving superpotential for the
MSCT is

P = Pyssu + Pre, (2.5)
where Pyrssas is the minimal supersymmetric standard model (MSSM) superpotential,
and

Prc = —gL\/%eijkeabc@?@g Tt yUeU(I) H; (133 + yNe”A H N + yEe,]A H E+ yRE@a(I)a

(2.6)

¢ i = 1,2, with a the technicolor index. Gauge invariance

In the last equation ®§ = Qf,
alone does not ensure the Yukawa coupling of the first term to be equal to gr¢c, however,
setting it to this value amounts to the A' = 4 limit. We have also investigated in Appendix
C the independent running of a more general Yukawa coupling and shown that it tends
towards the grc value at low energies. This result further justifies our choice to set it equal
to the technicolor gauge coupling itself.

The Lagrangian of the MSCT is
L= Lyssm + Lrc (2.7)

where the supertechnicolor Lagrangian Lp¢, by following the notation of Wess and Bagger
[40], can be written in the form:

1 .
Lro = §T1“ (WaWa‘gg + WdWa|§§) + (I)} exp (QQXVX) @f’%gg + (PTC’QQ + h.c.) , (2.8)
In the last equation
1 __
We = —@DD exp (—2gV) Dy exp (2gV), V =VeT4, (TA‘})bc = —if“bc, (2.9)

and
¢r=Q,®3,A,N,E;, X=TC LY. (2.10)

2We assume all the superfields in Table 1 to have both lepton and baryon numbers equal to zero.
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The product gxVx is assumed to include the gauge charge of the superfield on which it
acts. The charge is Y for U(1)y, and 1 (0) for a multiplet (singlet) of a generic group
SU(N). The technicolor vector superfield V¢ is identified with V' defined in Eq.(2.3).
The remaining vector superfields are those already defined in the MSSM [41] while the
superpotential Ppr¢ is given in Eq.(2.6). We have written the Lagrangian Lp¢ in terms of
elementary fields in Appendix A. The full MSSM Lagrangian £j;ssy can be found in [41]
and references therein.

3. Vacua and Stability Conditions

The gauge group breaking of pMSCT (excluding the color group) follows the pattern
SU2)rc x SU2)L x U(l)y — U(1)ga x U(1)pe, were the first U(1) on the right de-
termines the conservation of the ordinary electromagnetic (EM) charge. Even though the
breaking involves also the TC group, besides the EW one, we will still refer to it simply as
EWSB.

Because of the symmetry of the Lagrangian, we are free to choose the vacuum of the
techni-Higgs scalar to be aligned in the third direction of the SU(2)r¢ gauge space. We
define the vacuum expectation values (vev)s of the scalar fields neutral under the residual

(D) =T () =5 (i) ="t 1)

where all the vevs are chosen to be real, s3 = sinf, and cg = cos £.2 The vacuum

symmetry by

expectation values of the remaining fields is chosen to be zero so that U(1) gy is conserved.
The scalar potential is obtained from the D, F, and soft terms of the Lagrangian given
in Appendix A, and by the corresponding MSSM scalar potential. The potential is:

Vin = MB|D} + (m2 -+ ) [ o[ + (3 + [uf?) | — (bHo M + c.c.)

- - - 2
5 (gt + ) (IR — 1P + 1) (32)
The terms depending on the phase of the different fields are the b term and its conjugate.
As in the MSSM invariance under the U(1)y symmetry together with the fact that H and
H' have opposite hypercharges allow to redefine their vevs and b parameter to be real. The
quartic terms in this potential cancel when |D3|? = |H}|? — |Hp|?. To make the potential
bound from below we impose the Hessian of V;, to be semi-definite positive along this D
flat plane, which gives the conditions:

(m2 + |l = MB) (m3 + | + M) > W2, 2l +mi+mi=0.  (33)
At the minimum V},, satisfies the equations

a[):ZVin|¢:<¢> =0, 8]{(0‘/:£n’¢:<¢> =0, a~6%n|¢:<¢> =0. (3.4)

3Notice that, consistently with the rest of the paper, we indicated the scalar component of each Higgs
weak doublet superfield with a tilde.
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These equations can be solved with respect to the vevs and used to express the soft SUSY
breaking parameters according to:

1
Mg = =3 (91 +9v) (vic — cosvy) (3.5)
1 .
my = =35 (92 +9v) (Ve — capvly) — Inf* + 0 857, (3.6)
1
mg = < (91 +9%) (vhe — capvis) — [l + b t, (37)

8
where tg = tan 8. We impose the trivial vacuum to be unstable, both on the |H})|, |Hol
plane and the |f),?-:| direction so that both vpre, vy > 0, by requiring the corresponding
Hessian of Vj,, evaluated at the origin of the moduli space to have (at least) one negative
eigenvalue. This translates to the conditions

ME <0, (mp+|ul?) (mG+|uf®) <% (3.8)

Finally, requiring the potential to be stable at the vacuum point determines the extra
conditions
mi? >0, m%, >0, (3.9)
where Mmpo, My, are defined in Eqs.(4.16,4.17,4.4). Without loss of generality one can
choose 0 < 8 < /2. After plugging Eqgs.(3.5,3.6,3.7) in (3.3,3.8,3.9) all these conditions
are satisfied for
tog

T
0<b< 16 (91 + 0%) (Ve — copviy),  copvf < Ve, 0<fB< 1 (3.10)

or
b>0, w/A<B<7/2. (3.11)

We will investigate in the following the region of parameter space defined by the conditions
(3.11) since, as it will become clear in in Section 5, this is the one which is phenomenolog-
ically appealing.

4. Mass Spectrum

The superpotential in Eq.(2.6) and the soft SUSY-breaking terms in Eq.(A.13) conserve
both lepton L and baryon B numbers. From Egs.(A.5,A.6) one can see that the terms
generated by the superpotential respect the same conservation laws. This is true also for
the remaining contributions to the Lagrangian given in Eqs.(A.2,A.3,A.4). Moreover, after
EWSB the MSCT Lagrangian is still invariant under the residual U(1)gy x U(1)pc.?
We can therefore write the gauge boson, fermion, and scalar (squared) mass matrices in
block diagonal form in the basis of EM- and TC-charges and L and B numbers. The mass
matrices of all the SM fermions and their superpartners assume the same form, in terms
of the Higgs vevs, as of those obtained in the MSSM and can be found for example in
[41]. The EW gauginos, Higgs scalar doublets and their superpartners mix with the N' = 4
technicolor sector. Finally the fields Nz, Ng, and their scalar superpartners will not mix at
tree level with other SM fields with EM charge Qg = 1 (where we defined Qg = T}:”—FY)
by constuction.

4We can neglect SU(3)¢, since none of the fields presented here carries color charge.



CP3 - Origins

—_— > -
Particle Physics & Origin of Mass

4.1 Gauge Bosons

After EWSB has occurred some techni-gluons and EW gauge bosons acquire mass. The
corresponding sector of the MSCT Lagrangian can be written as a function of the mass
eigenstates as:

2 2 2
_ _ +
—Lymass = GrcvrcGI G+ %L (v3c + ) WEW H 4 % (v3c + %) Z, 2" (4.1)
where
+ 1 1.2 + 1 1 172 3 gy
G, =—7= (G, FiGy) , Wi=—7W,FTiW;) , Zy=cuW, —suB , tw =—. (4.2)

H \/ﬁ H \/5

The + exponent of the techni-gluon refers to the U(1)p¢c charge, while the 4+ exponent on

gL

the EW gauge bosons refer to the usual EM charge. The remaining, massless states are
the techni-photon and the EW photon:

G, = Gi , A, = stj‘ +cyB . (4.3)

The phenomenological constraints on a new U(1) massless gauge boson were studied in
[42] and found to be phenomenologically viable. The tree-level masses of G, W and Z can
be read off from Eq.(4.1):

gL mw
me = grevre ,  Mmw = 7\/7)%0 +0%, my= — (4.4)
w

From these masses and the eigenstates in Eq.(4.2) it is immediate to evaluate the EW
oblique parameters at tree level by using the formulas in [43]: we find S =T =U = 0 at
tree level.

4.2 Fermions

The fermion mass terms are:

1
5 (XO)T MTLXO + (X;(_:)T MtCXt_c + (X+)T MCX_

T __ _ N\NT _ I
+ Mycc (X;EJF) Xte + Mice (X;E ) Xthr + mch++X +c.c., (45)

_Ef-mass =

where®

s DL¥iD} DY fiD?
\" = (Ha, H{, Wy, B, D}, D}) , xi=<L L =k R>,

V2ol V2
Wy — i W- _ Wi +iWs —

X+ = (HlaluaUngR> ) X_ = (Héal—i_H?U?nNL) )

e UF L UhEi

tc \/5 ’ tc \/5 ’

5Notice that a tc subscript here and in the following indicates that the leftmost superscript =+ refers to

X++ — ER7 Xii — EL) (46)

the techni-charge under U(1)r¢
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and, at tree-level,

0 —2u 1SBgLVH —1SggyVH 0 0
-2 0 —iCBYLVH 1CRGYVH 0 0
1 isggrvg  —icggrvg  2My, 0 19LVTC 0
—1S39yVH 1CRGYVH 0 2MB —igyvrce 0
0 0 igrvrc  —igyvrc 0 0
0 0 0 0 0 2Mp
0 .
Mtc - ( . ZgTCUTC) ) (48)
—igrcvre  Mp
V2p  —isggrvm —yovre 0
1 —icggLVH \/§MV~V 0 0
MC = —= . I (4'9)
V2 0 —igrvre Yyusgvy 0
0 0 0 YNSBUVH
. USBUVH ECRVH
Mic.c = —igrcvrc + % . M= \/% : (4.10)

In the previous equations with the labels n,tc,c,tc-c,cc, we referred to, respectively,
neutralinos, techni-neutralinos, charginos, techni-charginos, and doubly-charged chargino.
Furthermore the barred fields indicate Hermitian conjugation while a tilde indicates the
fermion superpartner of the corresponding gauge boson. M;; and Mp correspond to the
wino and the bino soft masses, respectively. It is important for the phenomenological
bounds on MSCT to notice that at tree-level, from the last equation,

me = Ltgmee | (4.11)

YE

where the subscript t here refers to the top quark.

The squared masses are obtained diagonalizing ./\/lp/\/l:,, p = n,tc,c. We note that D}q’%
has become the gaugino of the residual U(1)rc with mass Mp. For illustration we provide
the explicit form of the techni-neutralino masses obtained diagonalizing the seesaw-like

matrix in Eq.(4.8):
M? Mp
mians = \| 2+ ghovho ¥ 22 (412)

4.3 Scalars
4.3.1 Tree-Level

The complete potential is given by
1 _
V =Vrc + Vmssu, Ve =—Lp — Lp — Lsoft — <2MDD?.3D}§ + c.c.) , (4.13)

where Visgsar can be found in [41], while Lp, Lp, and Ly, g4, are given in Appendix A. As
for the SM fermions also the scalar superpartners do not mix, at the tree-level, with the
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N = 4 techni-scalars or heavy scalar leptons. Therefore their mass spectrum assumes the
same form as in the MSSM. The Higgs scalar fields, H and H’, on the other hand, mix
with the techni-scalars. The squared mass matrices of the CP-even and -odd EM neutral
Higgs scalars are given by, respectively,

(97 +9%) spvfy +4btg" —cs (g7 +9%) savir — 40 (97 + g¢) spvmvrce
Mi =7 | —co (9 +98) spviy —4b ¢} (91 +9%) vl +4btg —cp (9] + 9% ) vavre |

(91 +9%) spvnvre  —cg (9 + 9% )vavre (91 +9%) vic
92V L
(M2, = 27 o = m<H2 Jol D%) (4.14)
'LJ h h ) ) bl b
061095 | 4_ig)
and
—1
2 btﬂ oo 2 a2V A r rr! 13
Miy=1| b btg0|, ML), = ——— " :%<H2,H1,DL) (4.15)
i " 9604
0 00 PO ls=(e)

From Eqs.(4.14,4.15) the squared masses of the CP-even and -odd Higgs scalars are

1 2 2b
2 _ 02 _ 2 _ 2 2 2 2 2 02 2 2 _
mhgfmAOfO, mh?,27§ <mA1+mZ:|:\/<mAl—mZ) +4mA1m3325 ; My, = ,

825
(4.16)
where we have defined the quantity:
2 2
mi; = %U%{ (4.17)

which does not correspond to any particle. In the limit vrc = 0, however, mp = mz and
one recovers the MSSM results for the masses of the CP-even Higgs scalars.

The massless eigenstates h8, 7z (the longitudinal degree of freedom of the Z boson),
and Ag, are expressed by

hg =Ni (sgvre, cgure, copvn) - ¢, N, ? = vho + Ggvly (4.18)
wz =Ny (SﬁUH,—C/BUH,UTc) 'gbA, NEZ :U%C—FU?{, (4.19)
Ag =Ny (SﬁvTc, —cgurCe, —UH) . gf)A , NZQ = U%C + U%{ , (4.20)

with ¢4 defined respectively in Eqs. (4.14,4.15). The masslessness of h8 and Ag will not
survive at the one-loop level.

The remaining scalar squared mass matrices are given in Appendix B. By using these
results and those given in Eqs.(4.4,4.7,4.14,4.15), and taking into account the multiplicities

of each mass matrix, we can calculate the supertrace of the tree level squared mass matrices,

defined by

, 1
STrM? =) (1) (2j + 1) TeMF,  j=0, 5L (4.21)
j
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where M are the complete squared mass matrices of scalars, femions, and gauge bosons.
We obtain:

STrM? = 2 (—Mg —3M2, — 3M} +2m3 + 2m2 + 2M} + M3 + M3 + 6ME + 3M5) ,
(4.22)
where the numerical factors in front of the SUSY breaking squared mass parameters reflect
the degrees of freedom of the corresponding fields. The equation above shows that the
SUSY invariant contributions to the squared mass matrices cancel out, as they should.

4.3.2 One-Loop

We calculate the one-loop contributions to the CP-even and -odd neutral (both under
U(1)pam and U(1)7c) scalars. We expect the lightest eigenstates, h) and Ap, that are
accidentally massless at tree level, to receive non-zero contributions to their masses from
the one-loop effective potential. The one loop potential is [44]:

1
6472

M (¢) 3

2 —2> 2M° (¢)u3], (4.23)

AV, = STr [M‘* (¢) <ln

where M2 (¢) are field-dependent mass matrices not evaluated at their vevs, defined by:

9 B 0%V

and p, is the renormalization scale. The last term in Eq.(4.23) renormalizes the one-loop

(4.24)

contributions to the scalar masses to zero when u2 = M? ((¢)).5 The last term in Eq.(4.23)
gives a very small contribution to AV since only the SUSY breaking terms (generally small
to avoid a large fine tuning) do not cancel in the supertrace, and therefore we neglect it.
To minimize the correction from higher order contributions to V, we take u, equal to the
mass of the heaviest particle among the eigenstates presented in Sections 4.1, 4.2, and the
last subsection.

The one-loop mass matrix correction, AMZ, for any real field a with n components can
be extracted from AV; by numerically evaluating the derivatives of the mass eigenvalues
with respect to the fields evaluated on the vevs [45], where

(AM2)jj = ——— +AMZ, (4.25)
T 0aiday |, !
0?AVi(a) 1 Omiom: m: 1 5 9*mi < mi >
—_— = In —* + —m In —F —
da;0a; a=(a) zk: 3212 Ja; Oaj — p? a=(a) zk: 3272 k@aiaaj w2 a=(a)
8ij OAVL(o")
2 1
AMG == 0 —agh
7 1 ¢h:<¢h>
:—232 Qmi—ia x <ln2k—1) : (4.26)
L 32m T o 0, Hir ¢h=(o")

5In case there is more than one field, one should use different scales p, for each contribution to the
supertrace to get an exactly vanishing one-loop correction to the mass.

10
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The second term in Eq.(4.25) takes into account the shift in the minimization conditions
(see [45]), and m3 is the set of mass eigenvalues of the field dependent mass matrix M? (¢).
Notice that Aij has to be included in the expression of (AM?2);; only when a; are the
CP-even or -odd Higgses, since AM% gives the shift of the soft mass parameters of the
scalar fields that develop a non-zero vev. The Goldstone bosons do not contribute to AM?2.

In this first estimate we compute AM? for the neutral Higgses neglecting the contri-
butions from top-stop mass splitting. We consider the fields given in Table 1, plus the W
and B bosons and their superpartners. In this way the supertrace receives contributions
only from the soft mass terms. We therefore consider our results for the one-loop masses of
the CP-even and -odd Higgses an estimate of the values that can be obtained when taking
into account the full MSCT spectrum.

It is seen that except for the ordinary EM neutral Goldstone boson which can be
interpreted as the longitudinal component of the Z boson no other neutral scalar is massless.
The mass of the lightest physical states, h8 and Ag, has a strong dependence on the size
of the Yukawa couplings in the superpotential, Eq.(2.6). A random scan of the parameter
space, with the constraint that the SUSY breaking scale, given in Eqs.(A.13,3.2), is around
the TeV region and with 7/4 < 8 < /2, gives::

myg = 10.6 £ 5.5 GeV, grc =yu =Yn =Yg =yr =1,
myy = 125 £ 54 GeV, grCe =Y = YN =YE =YR =T . (4.27)

From the scan we read off the central value for the mass of the lightest Higgs and the
associated standard deviation. The latter represents the spread in the distributions of the
values of the parameters. We have also tried to reach a larger value of the masses by
optimizing the search around the maximum value of the initial sample of parameters and
obtain in this case mzré” = 30.5 GeV and mhmgax = 276 GeV for the same choice of Yukawas
above.

The mass of Ag for the parameter values that maximize myg is ma, =8 (27) GeV for
grc = ... = 1 (m). It is interesting to notice also that m4, = 0 for arc = 0: consequentially
in the following we take the soft parameter arc to be rather large (though still within
the TeV region). In the following section we impose the experimental bounds on the mass
spectrum to determine its phenomenological viability and use the renormalization group

equations to determine the perturbative range of our results.

5. Phenomenological Viability
The lower bounds on the mass of the lightest neutralino and chargino are [47]:
myo > 46 GeV, mx > 94 GeV. (5.1)

These limits refer to the MSSM, but are rather general, since they are extracted mostly
from the Z decay to neutralino-antineutralino pair the former, and from photo-production

"We have checked that the potential is actually at a minimum and have considered two sample values
of the Yukawa couplings.
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of a chargino-antichargino pair at LEPII the latter. We can therefore assume these limits
to hold also for the MSCT. Because of their generality and independence from the coupling
strength (as long as it is not negligible), we use the lower bound on the chargino mass also
for the mass of the doubly-charged chargino FE.

The presence of the term proportional to yr in the superpotential, Eq.(2.6) allows it to
decay into singly charged ordinary particles. Therefore it escapes cosmological constraints
on charged stable particles. The techni-gaugino Df.’% is an EW singlet fermion and therefore
is a right-handed neutrino, which can be very light. Because of this, and the fact that the
mass of the lightest techineutralino, Eq.(4.12), is a monotonically decreasing function of
the mass of D%, we assume Mp to be small with respect to the grovrc energy scale.

Other useful limits on the parameters are obtained by using the fact that the smallest
eigenvalue of a semi-positive definite square matrix is smaller or equal to any eigenvalue
of the principal submatrices. From the absolute square of the neutralino mass matrix,
Eq.(4.7), we get

2
M2 > (46 GeV)? — QZY (0% + v20) = (13.5 GeV)? | > 46 GeV,
46 GeV

\/ 91+ 9y

where we used, from Eq.(4.4),

vre > 2 =124 GeV, vy < 213 GeV, (5.2)

\/v% + vro = 246 GeV. (5.3)

From the absolute square of the chargino mass matrix and the doubly-charged chargino
mass, Eqs.(4.9,4.10), we get

YECBVH
V2

From Eq.(4.11), with m; = 173 GeV, and the bounds (5.2,5.4), it follows that

1
M? > (94 GeV)? — Ec%g%v%{ = (63.5 GeV)? , > 94 GeV. (5.4)

173
Yt > =45

513 (5.5)

This last bound is plotted in Figure 1, where the shaded area shows the values of 3; and
yg excluded by the experiment: it is evident from the plot in Figure 1 that either y; or yg
is constrained to be larger than about 1.3.%

One of our goals is to determine if the perturbative MSCT mass spectrum is phe-
nomenologically viable. The other is to determine the range of energy where the model
remains perturbative. We anticipate that the Yukawa couplings are the ones driving the
model towards a strongly coupled regime.

8Had we chosen the hypercharge parameter y=-1 rather than 1, the constraints in Egs.(5.2,5.4,5.5) would
be the same with yg and yy interchanged. although a more detailed study would be necessary, we expect
that the choice y = —1 produces the same general results and conclusions that we present in this paper for

y=1.
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Figure 1: Shaded area shows experimentally excluded values of the Yukawa couplings y; and yg.

By using the couplings renormalization group equations (RGE) given in Appendix
C we find that a phenomenologically reasonable compromise for the values of y; and yg
allowing perturbativity at the energy scale of a few TeVs, for the elementary processes
occurring at the LHC, is respectively, 1.65 and 2.2. The value of the lightest chargino
mass is controlled mainly by v, which we take equal to y;, while y7¢ = yy = 1.1°,
since they are less constrained to be large. In Figure 2 are plotted yrc, yu, v, yn, yE as a
function of the renormalization scale M: the couplings are normalized for M = my to y; =
yu = 1.65, yg = 2.2, yy = yrc = 1.1. Having shown that the Yukawa couplings enter the
nonperturbative region very early in energy scale we cannot discuss perturbative unification
of the couplings in this model since we should take into account the nonperturbative effects
of this sector on the running of the gauge couplings.

By maximizing the minimum eigenvalue of M,, - M}, on the parameter space allowed
by the bounds (5.2,5.4,5.5) with y; = 1.65 and yp = 2.2, we obtain

m;r%ax = 46 (}e\/v7 mX(:)t =60 GeV, (56)

where m, is calculated at the point in parameter space that maximizes myo. With these
chosen values of the Yukawa couplings at the EW scale, a Landau pole for the Yukawas
arises around 2.3 TeV and the chargino mass is light compared to the experimental bounds
Eqgs.(5.2,5.4). A scan of the allowed parameter space, with the same values of the Yukawa
couplings shows that it is not possible to satisfy both constraints in Eq.(5.1) simultaneously.
However, by further lowering the Landau pole scale we can achieve a phenomenologically

viable spectrum:
m;%ax =47 GeV, m;ﬁw =96 GeV, myy = 95 GeV, my, = 32 GeV,
0
Mpoie = 400 GeV . (5.7)

°In calculating the RGE we assumed a generic coupling yrc in place of gre in Eq.(2.6). Amusingly yrc
quickly converges , when running towards the infrared, to the assumed value of gr¢c in agreement with the
findings in [46]. Therefore it is a good approximation to assume the technicolor sector to be A" =4 SUSY
by taking yrc = grc at low energies, no matter what the value of yrc is at higher energies.
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Figure 2: Plot of yrco,yu,y:, yn,yE as a function of the renormalization scale M: the couplings
are normalized for M = my to y; = yy = 1.65, yg = 2.2, yy = yrc = 1.2.

The results correspond to having chosen at the EW scale the values yy = 1.8, y; = gr¢ =
yr = 2.3, ygp = 2.4.19

6. Conclusions and Outlook

We have investigated the perturbative regime of MSCT and shown that it allows for a
stable vacuum correctly breaking the EW symmetry, and also that the particle spectrum
is richer than the MSSM one. This occurs since the model features several new particles
stemming out from the ANV = 4 sector of the theory.

The MSCT, in the perturbative regime, satisfies the current experimental constraints
for the mass spectrum of the model which in turn requires Yukawa couplings larger than
the ones in the (MS)SM. By running the renormalization group equation we observed that
the Yukawa sector becomes nonperturbative close to the TeV scale.

We have also initiated a preliminary study of the parameter space of the model and
reduced it by imposing naturality of the couplings and masses, one loop vacuum stability,
perturbativity of the model at the EW scale as well as phenomenological constraints.

Our preliminary results on the spectrum of the MSCT model indicate that the Tevatron
and the LHC can rule out a significant portion of the parameter space of this model. Part of
the particle spectrum is very similar to the one of the MSSM, however, MSCT also features
several new light states, with respect to the EW scale, such as doubly charged particles.
Therefore an interesting experimental signature would be the discovery of a doubly charged
particle together with a very light chargino and/or neutralino. Finally, since the Yukawa
couplings are larger than the SM ones we expect 100% increase of several production cross
sections such as the Higgs scalar (h8) one via the gluon-gluon fusion process.

10Viable masses for x5 and Xét can be obtained for a Landau pole energy arising at as high an energy as
1 TeV.
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Another characteristic of the model relevant for collider experiments is that due to the
presence of one extra Higgs-type particle sector, coming from the supertechnicolor sector,
the spectrum features scalars and pseudoscalars lighter than in the MSSM case. These
states will also yield interesting signatures at collider experiments. We plan to explore,
in the future, in detail the processes relevant at colliders experiments, as well as the dark
matter phenomenology which will be substantially different than in the MSSM.

Since our model features, at the EW scale, a new N = 4 supertechnicolor sector,
collider experiments have the possibility to explore directly string theory. This is so since
the new scalars coming from this sector can be directly identified with the extra six space
coordinates of ten dimensional supergravity. This link is even more clear when considering
the present supertechnicolor sector in the nonperturbative regime which can be investigated
using AdS/CFT techniques and will be investigated elsewhere.
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A. MSCT Lagrangian

The Lagrangian of a supersymmetric theory can, in general, be defined by
L= £kzn + ﬁg—Yuk + £D + EF + ‘CP—Yuk + Esofb (Al)

where the labels refer to the kinetic terms, the Yukawa ones given by gauge and super-
potential interactions, the D and F' scalar interaction terms, and the soft SUSY breaking
ones. All these terms can be expressed in function of the elementary fields of the theory
with the help of the following equations:

1 wara  va a a o o= a
Liin = —ZFJH Fi — Z)\jU“Du)\j - D“@'TD/L@‘ —iX; 0" Duxi (A.2)
Lyvar = Y V205 (SIT7xN] = NXTi 1) (A3)
j
1 L \2
Lo =539 (el1ye:) . (A4)
J
oP |?
Lr=— ‘8@5@ , (A.5)
1[ 9*°P
£P—Yuk — _5 |:a¢g8¢?>(z X1 + hC:| 9 (AG)

where 7, [ run over all the scalar field labels, while j runs over all the gauge group labels, and
a, b are the corresponding gauge group indices. Furthermore, we normalize the generators
1

in the usual way, by taking the index T'(F) = 3, where

TYTETY, = T(R)6™,

with R here referring to the representation (F'=fundamental). The SUSY breaking soft
terms, moreover, are obtained by re-writing the superpotential in function of the scalar
fields alone, and by adding to it its Hermitian conjugate and the mass terms for the
gauginos and the scalar fields.

We refer to [41] and references therein for the explicit form of Ly;55as in terms of the
elementary fields of the MSSM, and focus here only on Lr¢. The kinetic terms are trivial
and therefore we do not write them here. The gauge Yukawa terms are given by

Lo—yur = V2grc (ﬁEUED% — DLULTE + Db D5 D%, — D%Db DS + ULUSD% — D}‘ZUE@‘;{) eabe
+ i (QULWVE — QL@ + Ly LW — WAL L) o
+ Z\/ZQYZ}/;J ():CPXPB_BXPXP> 9 Xp:Ugv %,D}%,NL,EL,NR,ER 9 (A7)
p

where W¥ and B are respectively the wino and the bino, o the Pauli matrices, i,j =
1,2; k,a,b,c=1,2,3; and the hypercharge Y), is given for each field y, in Table 1.
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The D terms are given by

1 1
Lp= —3 (Q%CD%CD%C + 91 DiD} + g%/DyDY> +5 (9%17%17% + g%/DYDY)

MSSM’
AR)
where
a . _abe (Frb7rC Ab Ae b Fre k 1) ia ]a J k
Do = —ie (ULUL + DDy, + URUR) , Dp = <Q LD ) + D1 amssm
Dy =Y YpXpXp + Dvussu- (A.9)

p

In these equations the Dg mssy and Dy arssy auxiliary fields are assumed to be expressed
in function of the MSSM elementary fields [41]. The rest of the scalar interaction terms!!
is given by
~ = = = ~ 2 ~ = ~ = = ~ ~
(020 + Dy Dy + 040%) "~ (0105 + DD + URUz) (UL0F + Dy Df
] — y?] |:(FI1DL HQUL> (]:{115% — ﬁgﬁg) + URUR <H1H1 + H2H2)
+ UpU4 (020% + DEDY) | = o [ (Noflz — ELﬁl) (Mot — i)
+ NRJ\ZIR <ﬁ1ﬁ1+ggﬁ2+NLﬁL+ELE:}L>} — [(NLHQ ELET{> <NLf~Ié—ELf{{>
+ Bnlp (B + By + NNy + BBy )| - o (URUROR0} + 40307 En iy
+ {\/iyUcheabc [Ugbi (ﬁlﬁ(i — ﬁgﬁg) + URUR (UL.ﬁll + Dzﬁz)}
— yuynUpNg (UENL + D%EL) — ynye NrEg (ﬁlg{ + gﬂ%)
+ yRﬁE [QﬂcheabcﬁfﬁiﬁR + 2yUE:R (1:7%15[1 - ﬁgff?) + yEﬁﬁ: (ELI?{ - ﬁLﬁé)}
+ h.c.} 4+ Loz, (A.10)

with £,,,;, defined in function of the F’ auxiliary fields associated with the MSSM two Higgs
super-doublets:

Loniz = — Z (ng)p,TcFTp,Mng + h-C~> , ¢p = Hi, Hy, Hy, Hy, Frre = ~ypELER,
bp
Fuyrc = yeNLER, Fuyre = —yuDiUg —ynELNg, Fu,rc = yoUiUf + yn NLNg.
(A11)

The corresponding MSSM auxiliary fields F' can be found in [41] and references therein.
Also, in the Eqs.(A.10,A.11) we used H and H' to indicate the scalar Higgs doublets, for
consistency with the rest of the notation where the tilde identifies the scalar component
of a chiral superfield or the fermionic component of a vector superfield. The remaining

1YWe consider the constants in the superpotential to be real to avoid the contribution of CP violating
terms.
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Yukawa interaction terms are determined by the superpotential, and can be expressed as

Lryuk = V2groe™ (UED}UG + UEDRUR + UEDLUR ) + yu | (D} — H>UE) Up
+ (Df — UE) U+ (D — HoU) Up| + yn [(HLEL — HaNL) Ny
+ (HIEL - HQNL) Nr + (ﬁlEL - FI2NL> NR} +YE [(HiEL — HyNp) Eg
+ (H{EL - HéNL) Er+ (ﬁ{EL - ffﬁNL) ER] — yrUR (U}%ER + ﬁz‘%ER)
+ hec.. (A.12)

The soft SUSY breaking terms, finally, can be written straightforwardly starting from the
superpotential in Eq.(2.6), to which we add the techni-gaugino and scalar mass terms as
well:

Lot = = |arce™UED}U + av (Hh D} — 01 ) Ugy + ax (B By — HaNp ) Ni
~ ~ ~ ~ = = = = 1 — — = ~
+oap (H{EL - HgNL) B+ arURUEr + 5 MpDhDf + c.c} — MRQLQ%

— MRUSUS — M2L, L, — M3 NgNp — MLERER. (A.13)

B. Scalar Squared Mass Matrices

The techni-Higgs squared mass matrix is

Mf e 1 g%c”%c _g%cv%c (Mf h) _ *V
-h = 2 2 2 .9 , -h)ij = - . ,
‘ 2\ “97cVrc 9rcVre I 0gie Ot $=(¢)
D} —iD? D} +iD?
gf)tc_h =R ( L\/§ L, L\/§ L ,Myrc = grevre - (B.1)

The massless eigenstate in the last matrix is the longitudinal degree of freedom of the
techni-photon G in Eq.(4.3):

1

e = s (1,1) - gt (B.2)

The charged-Higgs squared mass matrix is

M3 0
2 he B
th: < 0 M%l ) 3 ( 3)
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1 1
(M), = 7 (dbets + cBgivy —vie (o —208)) « (Mie)y, = b+ Jeagivirss
1 ayv
(MIZw) 13 = EUHSBUTC (Q% B 2y%) ’ (M%lc) 4= U\/gc ?
1 1
(Mi%c)zg = btg + 19% (7)12113% + U:ZFC) ) (M%Lc)gg = ZCBQ%UH"UTC )

1
(Mic)oy = =527 (MR, = v (eanh + 25308)

1
2 _
(th)34 = %’UH (aUsﬁ - MCByU) )
2 1

(th)44 =2 (93/ (02571%{ - U%C) +2y8 (UJQLIS% + U:QFC) + 4M(2]) )
1 1
(Min)yy = M+ 5s5uiyi + 5 (92 +39%) (capviy — vic) »
1
(M%zl)lg = EUH (aNsﬁ - ,LLCB?/N) ’
1 1
(M) gy = ME + 397 vt + 70T (i — 28 (97 + ) (B.4)
92V o
(Ms)yy = sr | o @ =R (3, 03,0% Ny Np, ) . (B5)
Y 09" 06] ¢=(¢)

The massless eigenstate in the Hermitian matrix ./\/1,2Z - Eq(B.4), is the longitudinal degree
of freedom of the W gauge boson:

+ _
™w = Nw (sgvm, —cgom,vre) - ", Ny? = vhe + vl (B.6)

The remaining eigenvalues of M%C and those of /\/l,%l are all non-zero: they have rather
lengthy and not particularly instructive expressions, and therefore we do not write them
here.

The techni-charged Higgs squared mass matrix is

M2 — M3
'/\/l?c-hi = (Mg M?j) ) (B?)
o
2 1 2.2  Loog o 1.4 2 .2 2 1
(Md>11 = 1 ©289LYH + 558Y0VH ~ 3 (97 — 49%c) vEc (Md)12 = EUH (ausp — pesyu)
1 1 1
(M?i)zz = Mlzf + 1 (49%0 - 912/) U%C + ZU%{y%] + 10260%1 (9%/ - y%) )
1 0*V
2 2
(Mo)ij = EGTCUVCE%% (Mtc—hi)ij = W )
: J o=(9)
(btc_hi _ R Up —iU? Uk +iU3 U% Ul —iU? U+ iU . (B.8)
V2 V2 V2 V2
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The doubly charged-Higgs squared mass matrix is

1 1
(M}Qﬁi)n = Mg + icﬁv?{y% 3 (9% - 39}2/) (C2BUJ2L1 — U%c) ) (B.9)

1 1 1 1
(Mfgﬂi)m - EUH (nspyr — apcp), (M%ﬂi)m — 9 (U%C - 262/37’?{) g9y + M + 56,%“1%13/12‘3

o*V

(Mias),, = —5r——ar
799l ool

ST =R (EL,ER,) . (B.10)
6=(6)

The eigenvalues of M}%Qi and /\/lfc_hjE are all non-zero: they have rather lengthy and not
particularly instructive expressions, and therefore we do not write them here.

C. Renormalization Group Equations

We now compute the running of the Yukawa couplings. The effects of the top Yukawa
coupling are included but the other MSSM Yukawa couplings are neglected. We explicitly
consider an SU(2) technicolor gauge group and the hypercharge assignment for the new
fields as given in the Table 1. However we denote the number of technicolors by N and
the hypercharges of the non MSSM fields by Y (®), Y(3), Y(A), Y(N), and Y (FE) (where

the first two hypercharges refer to the weak doublet with components ® 2 and to ®3) to

better identify the source of the different numerical factors in the expressions below:'?

Byre = yrc (270 +73)
Byy = yu (Yo + 3 + )
Byn = yn (3 +w + )
Byr = ye (YA + D +VE)

By = vyt (Yo + Yt + )

12YWe neglect in this context the coupling yr since it does not give any contribution to the masses at tree
level and can be taken to be negligibly small.
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with
1 9 9 9 349 .3 2 2

Ve = 163 <2N(yTC‘ —97¢) T Yo — 291~ 255/(‘1’) gy)
s = 161”2 <2N(y%c — gFc) + 2y — 221’(3)29%)

Yo = 16;2 ((N2 — )y + 37 + vy — gg% - 1?;)9%)
D = Flﬂ (y% - %g% - 1%9%)

T = 161”2 (y?v +yp ;g% — 2§Y(A)29%>
W = 16;2 (23/12\/ — 2§Y(N)2 %)

B = 16;2 <2y% - 2§Y(E)2932/>

= 1617# <2yt2 - %g% - 293)

Vg = 161?2 (yf — %g% — %g% — 29:)2,)

The one loop running of the gauge couplings is given by:

L3

ﬁga = 1672 Ya

[Eila(i) - 3Ca(G)]

where I,(i) is the Dynkin index of the superfield ¢ (1/2 for each fundamental of SU(N),
3Y (i)/5 for U(1)y, where Y (i) gives the hypercharge of the superfield 7) and obtain:

15 4 3 3 -3 3
59y2@91/7 ﬁgL:@QL, ﬁg?,:@gs-
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