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General question: What do we infer from the discovery of neutrino
masses and lepton mixing about physics beyond the standard
model? One possibility: a seesaw involving a (SUSY) GUT mass
scale, with m, ~ m% /Mgy, where mp 1s a typical Dirac mass
and MG’UT ~ ].016 GeV.

Here we shall consider how one can explain light neutrino masses in
models with dynamical electroweak symmetry breaking (EWSB).
This has been a longstanding problem, since in these theories one
cannot use a conventional type of seesaw, because they do not have
nearly a large enough scale. In ETC, typically the largest scale is

~ 108 GeV.

Here we will propose an explanation and show how it is realized in
an explicit ETC model. This model involves a seesaw, but one with
mass scales well within the ETC range.



Yome Possible Motivations for Dynamical Electroweak
Symmetry Breaking -

- This solves the hierarchy problem, i.e., the quadratic sensitivity of
the Higgs potential of the SM to high-scale physics and associated
fine-tuning (as does SUSY, if one solves the p problem)

It is important to recall that in both of two major previous cases of
symmetry breaking in which one used a scalar field as part of a
phenomenological model of the phenomenon, the microscopic
physics actually involved bilinear fermion condensates:

o Ginzburg—La,ndau approach to sup'erconducti\}ity using complex
scalar field; microscopic BCS theory involved dynamical
formation of Cooper pair condensate

e Gell-Mann Levy ¢ model for spontaneous chiral symmetry
breaking, in which the SxSB was manifested via (o) # 0; in the
actual underlying QCD theory, the SxSB is due to the
dynamical formation of a (gq) condensate

Could these previous examples be teaching us something about
what we might expect for electroweak symmetry breaking?



Motivations and Theoretical Framework

Understanding the fermion mass spectrum remains a challenge.

The Standard Model (SM) accomodates quark and charged lepton
masses by the mechanism of Yukawa couplings to a postulated
Higgs boson, but this does not provide insight into these masses,
especially since it requires Yukawa couplings of order 1076 —107°
for e, u, d. SM Higgs sector is unstable to Jarge loop corrections.

SM predicts zero neutrino masses and 1o lepton mixing, and hence
must be modified to take account of current experimental evidence
for neutrino masses and mixing, *°t¢r (& Kam. ,GALLEX, TAGE, Svpark, SN0 )
%:Ei'av—-kﬁ‘tkqu.ﬂlu D atm. o ( IMB, [(am., Sovdan-Z, Svperk , MACRU)
Since masses for the quarks, charged leptons, and observed
neutrinos break the SM gauge symmetry, an explanation of these
masses requires a model for electroweak symmetry breaking
(EWSB). Here we assume dynamical EWSB driven by a strongly
coupled gauge interaction, associated with an exact gauge
symmetry, technicolor (TC) embedded in an extended technicolor
(ETC) theory (Weinberg, Susskind, Dimopoulos, Eichten, Lane...).
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The TC theory is designed to have walking behavior (Holdom, e
Yamawaki et al., Appelquist et al.), which can produce realistically
large quark and charged lepton masses and sufficiently small TC
electroweak corrections. Further ingredients are likely needed to
explain m; and, in some cases, to avoid problems with

Nambu-Goldstone bosons.
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Some General Features of TC, ETC models

We will take the technicolor group to be SU(2)r¢. The  ¢: 4,5 . 7c
technifermions include, as a subset, one family, & : color

o (YN, Lics=(3 . UKV DEY Ni, E
L (g}L TC,L (IE)L R R R i

transforming according to the fundamental rep. of SU(2)r¢ and
usual reps. of Ggp = SU(3) x SU(2), x U(1)y. These comprise
Ny = 2(N, + 1) = 8 fermions with vectorial TC couplings.

Choice of Ny = 2 has appeal that with Ny = 8, studies suggest
that the TC theory could have an (approximate) infrared fixed
point (IRFP) in the confining phase with spontaneous chiral
symmetry breaking but near to the phase transition (as a function
of Ny) beyond which it would go over into a nonabelian Coulomb
phase.

Beta function calculation suggests that for Npc = 2, IRFP exists if
Ny 2 5 or 6 and nonabelian Coulomb phase occurs if Ny > 8 (with
N; < 11 for asymptotic freedom). This has two valuable
consequences: (i) walking behavior, which enhances condensates
and fermion masses, (i) reduction of TC contributions to .5
parameter (Appelquist and Sannino). Some ouncertainty In

Ng For  onset of nonabelian Coulomé phase; Couvld be

l arior.
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At a scale Az, the TC coupling gets strong enough to produce a
bilinear technifermion condensate {FF) and corresponding
dynamical masses for the technifermions. Some would-be
Nambu-Goldstone bosons become longitudinal modes of W and Z,
giving them masses

2 2
miy = mcos* O = L (Nef + f7) = T (Ne+ 1)

where it suffices to take the TC pseudoscalar decay constants

f1 ~ fo = fr. Hence, fr =~ 130 GeV. In QCD, fr = 93 MeV and
Agcp ~ 170 MeV, so Agep / fx ~ 2; hence, we take Arg ~ 260
GeV.

To generate fermion masses, embed TC in ETC theory; role of ETC
gauge bosons is to connect TC-singlet and TC-nonsinglet fermions
and communicate EWSB in TC sector to the TC-singlet fermions.

To satisfy constraints on flavor-changing neutral-current processes,
ETC vector bosons must have large masses. These can arise from
self-breaking of the ETC gauge symmetry, which in turn requires
that ETC be a strongly coupled, chiral gauge theory.

The ETC self-breaking occurs in stages, e.g., Ay ~ 10° TeV,

Ay ~ 50 TeV, and Az ~ 3 TeV, leaving as an exact residual
invariance group SU(N7¢). This entails the relation

Ngrc = Nrc + Nyey. Hence, with Ny, = 3 and Np¢ = 2, we have
Ngrc = 5.



Mass Generation for Quarks and Charged Leptons

Recall dynamical ETC mass generation mechanism for quarks and
charged leptons. For rough estimate, consider one-loop diagram
shown.
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One-loop graphs contributing to the mass term firfe where 1 <1< 3.

This yields
QETC”%A%*G
T oM 2
where
M; ~ gurohhi

is the mass of the ETC gauge bosons that gain mass at scale A; and
Ggre 18 the running ETC gauge coupling at this scale. The factor 7;
is a possible enhancement factor incorporating walking:
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Constraints from precision electroweak data
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Naive perturbative evaluation: each extra EW doublet gives
contribution

ss M vn( 22

where subscript is weak T3. In one-family TC, have

Uz‘a Ni
Dz‘a Et
where {i} = TC indices, a = color indices

Nondegeneracy of U, D and of N, E masses can reduce TC
contribution to S, as constrained by T' parameter (p = oT).

Since technifermions are strongly interacting at scale B2 ~ mz, one
cannot use perturbative estimates, and one does not have reliable
methods to calculate TC contributions to S and 7. Non-QCD-like
behavior (walking) means that one cannot reliably try to scale up
from QCD.

N.B.: Efforts to perform precision electroweak fits with oblique
corrections have been complicated considerably by the NuTeV
anomaly



General Structure of Neutrino Mass Matrix

In general, (E)TC models have a set of n; electroweak-singlet
neutrinos, denoted xg = (X1, .- Xn, )R, including both TC-singlets
and TC-nonsinglets.

There are three types of contributions to the total neutrino mass
matrix; here these are generated by condensates arising at the TC
and ETC scales:

1. left-handed Majorana (I =1, Y = 2)
2. Dirac (I =1/2,Y =1)
3. right-handed Majorana (I =0, Y = 0)

The LH Majorana mass terms, which violate total lepton number L
as AL = 2 (and violate the EW gauge symmetry) have the form

Ngrc
> [nhC(My)ingt] + hec.

i,j=1
where np = ({ve}, {N})1 and C = iy270.

Dirac mass terms (which also violate EW symmetry):

Nero ns

Z Z nir(Mbp)isXsr + h.c.

i=1 s=1



Majorana mass terms with SM-singlet (RH) neutrinos:

> xirC(MR)syXsR

5,8'=1

Entries in My, Mp, and Mg that would violate TC are zero since
TC is exact; e.g., (Mp);; =0ford <e,5 < 9.

Full neutrino mass term:
1, — M, Mp ) (n%)
—L,, =— c )+ he
2(nL X L) ( (MD)T MR YR ¢

The diagonalization of the full (Ngrc + ns) X (Nerc + ns)
dimensional neutrino mass matrix yields the neutrino masses and
mass eigenstates; combining the corresponding unitary
transformation with the unitary transformation diagonalizing the
charged lepton mass matrix then yields the observed lepton mixing
matrix.



Specific ETC Model
Our first model has the gauge group js M
e N
G = SU(5)ETC X SU(?)HC X SU(3)C X SU(Q)L X U(l)y

In addition to extended technicolor, this has another strongly
coupled interaction, hypercolor (HC), which helps to produce the
desired symmetry breaking pattern.

The fermions transform according to the representations

(5,1,3,2)1/3.1 (5,1,3,D)as3r, (5,1,3,1)-2/3r
(5,1, 1,2)o11, (5,1,1,1) 2R,
(10,1,1, Dog = ¥z,  (10,2,1,1)or = (5"
2x(1,2,1,1)or=wpp P=12

where 1 < i, j < 5 are SU(5)grc indices and o = 1,2 is a SU(2) mc
index. Line 1 contains quarks and techniquarks; line 2 contains LH
leptons, technileptons and RH charged leptons and technileptons;
line 3 contains SM-singlet fields with quantum numbers of
(electroweak-singlet) neutrinos, taken by convention to be

right-handed. Explicitly, Nygon = 3 N =2

-
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where a = 1,2, 3 is color index, and 1 <4 < 5 is the ETC index,
with ¢ = 1,2, 3 indexing the three generations of technisinglet
fermions and ¢ = 4, 5 indexing the technidoublet fermions.

The 1;; p and C}’g’o‘ are antisymmetric rank-2 tensor representations

of SU(5)grc. Assign lepton number L = 1 to ;g so that, as

usual, the Dirac terms 7i; 11,4 g conserve L. (L left arbitrary for
g,a since it has no Dirac mass terms with EW-doublet neutrinos.)

The SU(5)prc group thus has vectorial couplings to (techni)quarks
and charged (techni)leptons, but the SM-singlet fermion (i.e.,
electroweak-singlet neutrino) content makes the full SU(5)grc a
chiral gauge theory.

There are no bilinear fermion operators invariant under G and
hence there are no bare fermion mass terms.



Each of the nonabelian factor groups in G is asymptotically free

and G has no gauge or global anomalies.

The SU(2) ¢ and SU(2)p¢ subsectors of SU(5)r¢ are vectorial.

This model has some features in common with a previous SU(5)
ETC model (Appelquist-Terning, 1994), but has different total

gauge group and fermion content.

SU(E)ETC Structure
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Dynamical Symmetry Breaking

Next consider the dynamical symmetry breaking in this model. To
identify plausible channels for formation of bilinear fermion
condensates, we use a generalized most attractive channel (GMAC)
analysis that takes account of the attractiveness due to each strong
gauge interaction and the cost incurred in producing vector boson
masses when gauge symmetries are broken.

Recall use of GMAC (in the special case of vacuum alignment in
the presence of additional perturbative gauge interactions) explains
why TC produces (FF) condensates, where I' = U®, D% E, N,
but not, e.g., (U,E), (DoE), {UsN), (Do), which would break
color and electric charge and give masses to gluons and the photon.

An approximate measure of the attractiveness of a condensation
channel Ry X Ry — Reond. 18 €. fir KT P> @S ——

€283 pc,- g
ACy = Cy(Ry) + C2(Rg) — Co(Reond.) -

where R; denotes the fermion representation under a relevant gauge
interaction and Cy(R) is the quadratic Casimir,

o(G) ' ' |

> [DR(T)EDr(TL)] = Ca(R)S;

a=1

with Cy(R) = Ca(R*). For SUN), Co(3) = (N? — 1)/(2N),

(N —2)(N 4+ 1)
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We envision that as the energy E decreases from high values, oy
and o, get large; at E ~ Ay ~ 10° TeV, a,; is large enough to
produce the condensation

(10,1,1, Do % (10,1,1,1)o.z — (5,1,1, 1)
with AC, = 24/5, breaking SU(5)gr¢ — SU(4)erC-

With no loss of generality, take breaking direction in SU(5)grc as
i = 1; this entails the separation of the first generation from the
ETC fermions with 2 < ¢ < 5.

With respect to the unbroken SU(4) gr¢, we have the decomposition
(10,1,1,1)0r = (4,1,1,1)or+ (6,1,1,1)o,r
Denote
(4,1,1,1)o,r = Y1,k = QiR
(6,1,1,)0r =%ijr = &R 25 %,7 <9

The associated SU(5)grc-breaking, SU(4) prc-invariant condensate
18

(Elijkeggﬁcgkgﬁ) = 8({%13;}30545,}{ — 521;,30535,}2 + ‘5315,RG§34,R>
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With our lepton number assignments, this and the resultant '

dynamical Majorana mass terms for £ violate L as [AL| = 2.

At lower scales, depending on relative strengths of gauge couplings,
different symmetry-breaking sequences can occur. We have studied
two such sequences and discuss one here (denoted Gy in the PLB):



As E decreases to Agpc S Ay (BHC = broken HC), the SU(4)prc
interaction produces a condensation

(6,2,1,1)or % (6,2,1,1)0.r — (1,3,1,1)o

With respect to ETC, this channel has AC = 5; 1t occurs at a
lower scale than A; because it is repulsive with respect to HGC
(ACy = —1/4). The condensate is given by

(ElzgkeC”l T CM 2) (142).

This is an adjoint rep. of hypercolor and breaks

SU(2)gc — U(1)ge. Let o= 1,2 correspond to Quc = 1 under
the U(1)mzc. The twelve C” ** fields involved gain dynamical masses
~ Apgc. N Zéf;J‘Sﬁ/

At the lower scale, Agz, the SU(4)prc and U(1) g interactions
produce the condensation 4 x 4 — 6 with AC, = 5/4 and
condensate

12, T 13,
( C * C ﬁ) SU(-Z)ETG I SU(Zlq,

which breaks SU(4)grc — SU(2)grc and is U(1) ge-invariant. We
take Ags ~ 10 TeV. The U(1)g¢ interaction does not couple
directly to SM particles. Comsider ofher condensates alre,

Finally, at E ~ Apg, technifermion condensation occurs, breaking
SU2) x U(1)y = U(1)em



The strong U(1) g¢ interaction naturally also produces a number of
additional condensates between fermions with opposite U(1)z¢
charges at a scale ~ Agj:

CEFeTowlpy, (GRETOWY, p=12; a#p

(WEACwh Y, 1<pp <2;a+#p
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Calculations and Results

The full neutrino mass matrix M is 39 X 39 dimensional, since
Ngrc = 5 and the number, of electroweak-singlet neutrinos is

n, = 34 x = (aj, &7, C¥6% wh) p. Because the hypercolored fields
do not form bilinear condensates and resultant mass terms with
hypercolor singlets, M is block-diagonal,

Mpcs 9
M =
(M )
where the 15 x 15 block Mpcs involves hypercolor-singlet neutrinos
and the 24 x 24 block Myc involves the hypercolored fermions.

The nonzero entries of M arise in two different ways: (i) directly, as
dynamical masses associated with various condensates, and (i) via
loop diagrams involving dynamical mass insertions on internal
fermion lines and, in most cases, also mixings among ETC gauge
bosons on internal lines.

Mo involves dynamical masses for the ¢ resulting from HC
condensates.

Mpyeg is defined by the operator product
1 = o
—Lpcs = E(ﬁL, ofr, £ )Myes | ar | +he

so that
M, (Mp)ra (Mp)ae

Mucs = | (Mp)h, (MR)aa (MR)ag
(MD)?{g (MR)gg (MR)ES



The states an; g with 7 = 2, 3 play the role of the RH EW-singlet
neutrinos that get induced Dirac neutrino mass terms connecting
with (n!,n? n®), = (v, vy, v-) L. Because these ay; p transform as
part of a 4 rather than a 4 of SU(4) g1, the resultant masses cannot
be generated by the usual one-loop ET'C graph that produces quark

and charged lepton masses and are strongly suppressed, as in AT94.
(similev 1o Sikivie, Shifman, Veloshin, Zakharov mechansm for my S"H‘ftj'ﬁnn)

The Dirac submatrix (Mp )z, is defined by the operator product

7 L[(Mp)aalijonjp

and has the form K2z Nye Fiun K15 R

n:L ( b12 b13 0 0 \
M| b2 Doz | O 0
(Mp)sa Tl D32 b33 | 0 O

0 0 0 C1
n \ 0 O0|—c O

where the 0’s are exact and due to exact TC gauge invariance.

The entry ¢; has magnitude |c;| ~ A and represents a TC
dynamical mass term ), ._, 5 €77 101 R-
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One-loop graph contributing to the gauge boson mixing V3! « V2.

We show graphs that contribute to the b;;’s. The necessary ETC
gauge boson mixings occur to leading (one-loop) order for by3 and
bsa, which involve V5 <+ V2 and V3’ <> V2. The one-loop graph
that produces this ETC gauge boson mixing is shown above. Other
b;;’s can be produced by higher-loop diagrams.

We next estimate the leading b;; entries. Denote the ETC gauge
boson 2-point function as

(0 = [ e (T (VI —/2]

(2m)*
The above graph yields, after Wick rofation, with 7= p-k
brelamona) [ K2ro (R) BT (p ~ 7)1 |
Ferc|m, LAP)Yp YAt k(P (2m)4 (k2 + Sre(B)D?(p — k)2 + Mf][(p— kY2 + M2 hery

MMy~
where 7o (k) is the dynamical technicolor mass associated with ﬁj !

73
the transition a4 p — n%, behaving as



ZTc(k‘) ~ Apc  for k<< A%C

and, for walking TC,
A2
Yro(k) ~ —Zg for k% >> A

We need £IT:((p — k)?), only for (p — k)?/Af << 1, since the loop
momenta in the graph are cut off far below A;. Here we estimate

2 2
9ercMrc
[%Hg(fJ)]m ~ [ing(Q)]w\ ~ éﬂz) A
For i, = 2,3 and 3, 2, adding the other graph with 4 <> 5, we get
g?ETcA%’C' Az - At
24 My, 2m4A3,

|bas| = [b3a| ~

Numerically, |ba3] = |bs2| ~ O(1) KeV. Elements byy = b33
generated similarly; b;; smaller. (These are rough estimates, owing
to the strongly coupled nature of the ETC and TC theories.)

This shows the heavy suppression of Dirac neutrino masses, by a
factor of ~ 10° — 10° relative to usual 2nd and 3rd generation
lepton masses. Although specific results for the various b;; are
dependent on the symmetry breaking pattern, this suppression is a
general feature of this type of ET'C model.

The other Dirac submatrix, (Mp)ze, associated with the operator
product

i LI(MD) el knin,R



can be analyzed in a similar manner; it does not play as important
a role as (Mp)sa.

In (MR)gcs the 6 x 6 submatrix (Mpg)ee contains entries ~ Ay
from the highest-scale condensation. The 4 X 4 submatrix (Mg)qq
associated with the operator product

— T
1, TijQ15,R = C‘fh’,RC"'"ijalj,R -

has the form Kz K13 Ky L5

To9 Ta3 0 0
_ | 723 733)0 0
(Mp)ao = 0 0]00

0 0100

where again the 0’s are exact and follow from TC invariance. If the

2 x 2 7;; submatrix has maximal rank, this can provide a seesaw
which, in conjunction with the suppression of the Dirac entries b;;
discussed above, can yield adequate suppression of neutrino masses.
The submatrix 7;;, 2 < 4,7 < 3, produces this seesaw because oy
and a3 g are the electroweak-singlet techni-singlet neutrinos that
remain as part of the low-energy effective field theory at and below
the electroweak scale.
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One-loop graph for the ETC gauge boson mixing Vi > V. The graph with indices 2 and
3 interchanged on the internal ¢ lines also contributes to V* + V.

We calculate
Mol
* 2miAS
Numerically, |rss| ~ O(0.1) GeV in one variant of model, but can
be larger. The submatrix (Mpg)a¢ can be analyzed in a similar

manner but does not play as important a role.

Carrying out the diagonalization of M, we obtain the following
results. The EW-nonsinglet neutrinos are, to very good
approximation, linear combinations of three mass eigenstates with
normal hierarchy and v3; mass
(s +bp)*  Agoh

V3 |ras] 2 A A o
Since |rgg| >> |b;;], this is a seesaw, but quite different from the
SUSY GUT seesaw. For m(vy):




mvs) _ (b__-_b_)

m(I/g) N bas + bas

With the above-mentioned numerical values and Apgc =~ 0.3A4,
the model can fit m,, ~ 0.05 eV and m(vy) ~ 0.008 eV, in
agreement with experimental indications; atmospheric neutrino
data yields [AmZ,| =~ 2.5 x 107% €V?, so that m(v3) ~ 0.05 eV, and
solar neutrino data yields Am3; ~ 0.7 x 10~ eV?, whence

m(vp) =2 0.008 eV, in a hierarchical framework, as applies here.

The lowest neutrino mass, m(v;) << m(vy), m(v3). These are
Majorana mass eigenstates.

The model can also naturally yield large v, — v, mixing, 1.e.,

053 = 7 /4, because of the leading off-diagonal structure of the 7;;.
However, because of the strong coupling nature of the physics, 1t is
difficult to give precise predictions, e.g., for ;3.

The model also yields the following mass eigenvalues and
corresponding eigenvectors for the other neutrino-like states:

e linear combinations (LC’s) the &; r with 2 <,7 < 5 get
masses ~ A

e LC’s of the Cj{’a with 2 < 1,7 < 5 get masses ~ Appc

e L.C’s of the C}Qj’a with § = 2,3 get masses ~ Ags

e [.C’s of the C}g’a with 5 = 4,5 and LC’s of n g and ay; g with
i = 4,5 get masses ~ Arc

e LC’s of ay; p with 1 = 2,3 get masses ~ rg3



The r;; entries in Mp responsible for the seesaw are not superheavy
masses and are actually much smaller than the ETC scales A;. The
resultant EW-singlet neutrinos with masses ~ 793 are unstable and
appear to be consistent with astrophysical and cosmological
constraints, and constraints from searches for heavy neutrino

emission in K and K, decays (RS, ’80-'84).



Neutrino Masses in Models with Extended Gauge
Symmetries

We have succeeded in constructing similar models explaining light
neutrino masses in theories with dynamical symmetry breaking of
extended strong-electroweak gauge groups that have appealing
features going beyond those of the SM. The first such group is

GLR = SU(?))C X SU(Z)L X SU(Q)R X U(l)B_L

in which the usual fermions of each generation transform as

(37 23 1)1/3,L ’ (37 1, 2)1/3,R
(19 27 1)-—1,L ) (1} 19 2)—1,R

The gauge couplings are defined via the covariant derivative
D# = 8;;_ig?;Tc'Ac,,u_iQQLTL'AL,,u"ingTR'AR,,u_i(gU/z) (B—-L)UN

Here the electric charge is given by the elegant relation

B—-L

2
where B = baryon no., I = lepton number. Given experimental
limits on right-handed charged currents and an associated W, and
on extra Z'’s, SU(2)r must be broken at a scale Azg well above the
electroweak scale. Similarly L, U0O)

Q) =Tsp + Tsp +

B-L
SUMg x VMg > (), at A,



The second extended gauge group is
G422 = SU(4)p5 X SU(Q)L X SU(2)R
(Pati, Salam, Mohapatra, Senjanovic..)

with the usual fermions transforming as

42,1, (4,1,2)z

G492 provides a higher degree of unification since

® It unifies quarks and leptons in the (4,2,1);, and (4,1, 2)g
representations for each generation; e.g., for the first-generation,

these are
( u v, )
a
d® e LR

e It combines U(1)p_z and SU(3), (in a maximal subgroup) in
the Pati-Salam group SU(4) pg and hence relates g, and gs
Denoting the generators of SU(4)pg as Tpsi, 1 <1 <15, with

1
1 1

Tpg1s = % )
-3

and setting U, = Apg 15, one has (B — L)/2 = +/ 2/3Tps 15

and hence

9y

3
9?35 2



e It quantizes electric charge:

Q = T3+ T3r+1/2/3Tpss = T +Tsp+(1/6)diag(1,1,1, —3)

The quark-lepton unification in the Gyo theory does not lead to
proton decay, but it does lead to the decays such as K; — p*e¥
and K™ — 7% pte™; consistency with experimental upper limits on
these decays implies that the scale Apg at which SU(4) pg breaks is
Apg z 300 TeV.

The conventional approach to the gauge symmetry breaking in
these models employs elementary Higgs fields and arranges for a
hierarchy of breaking scales by making the vacuum expectation
values (vev’s) of the Higgs that break Grp or G4g9 to Ggpsr much
larger than the Higgs vev’s that break SU(2);, X U(1)y — U(1)epm.

Questions:

» Can one construct theories with the Gz and/or G492 groups
that exhibit dynamical breaking of all the gauge symmetries
other than SU(3). and U(1)e,.?

e If s0, can these theories naturally explain why the
SU(2)g x U(1)p_r symmetry of the G model breaks to
U(1)y, and why the SU(4)ps x SU(2)x part of the G495 model
breaks to SU(3). x U(1)y, and why the associated breaking
scales App and Apg are large wrt. the electroweak scale?

e Given that one has answered these two questions affirmatively,
can one explain light neutrino masses in such dynamical
symmetry breaking theories?



Here we present models in which the answers to these three
questions are yes.

Note that technicolor itself could not provide a mechanism for all
the breaking, because it is too weak at the the scales App or Apg
and because the technifermion condensate

(FF) = (F,Fg) + (FrFy) would break both SU(2) and SU(2)r
at the same scale (to the diagonal (vector) group SU(2)y). Of
course, TC must be enlarged anyway (here to ETC) in order to
explain quark and lepton masses.

Our models are ETC-type theories, with the breaking of Grg and

Gygo to Ggpr being driven by the same interactions that break the

ETC group and generate quark and lepton masses.

Ditferent approach fo tfynam{ca{ breaking of &, ¢ vie NTL
b - fermion operators - A khnmedov, Lindner, Schnaphka, Valle “9¢

Dynamical Symmetry Breaking of Grr
Our DSB model for the theory with Gpr uses the gauge group

G = SU(5)ETC’ X SU(Q)HC X GLR

with fermion content
(531:3:291)1/3,15 ) (57173: 1:2)1/3,R
(5:111:2:1)—1,L ’ (571317 172)—1,R
(5,1,1,1,1)o,r , (10,1,1,1,1)o,r (10,2,1,1,1)o,r
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The SU(5)grc theory is an anomaly-free, chiral gauge theory and,
like the TC and HC theories, is asymptotically free. There are no
bilinear fermion operators invariant under GG, and hence there are
no bare fermion mass terms. The SU(2)g¢ and SU(2)r¢ subsectors
of SU(5)grc are vectorial.

As the energy decreases from some high value, the SU(5)pr¢ and
SU(2) g couplings increase. We envision that at E ~ Arp 2 10°
TeV, a,, is sufficiently strong to produce condensation in the
channel

(5,1,1,1,2)18 % (5,1,1,1, 1) = (1,1,1,1,2)

with ACy = 24/5, breaking G to SU(3). x SU(2)z, x U(1)y. The
associated condensate is (n%? CN; g). The n% and N; g thus gain
dynamical masses ~ AR N pact of SU2)e dovblet, Tyg=?

L= =so (K~L)—Mch;:'QJ[;?L
This condensation generates masses So breaks SU(z)g x L(1)

g7
g g 2 Uy
2R 2 ,
mWR - “‘Z—ALR mZI puman ‘EU"ALR ( Y':.C' Fgr '1(?1114)

where go, = 1/9% + gg, for the Wj{ p= Ai , gauge bosons and

the linear combination

_ 92rAs Ry — 9y U
G2
This leaves the orthogonal combination

Zy



B - guAs ry + 92rU,
=
Gou

as the weak hypercharge U(1)y gauge boson, which is massless at
this stage. The hypercharge coupling is then

g, _ 92RY;;
G2u

so that, with 72 = g;7 + (¢') 2 = g5 + 952 + g,°, the weak
mixing angle is given by

| 2 2
SiIl2 QW = |1+ (_.Q.Q_L) -+ (_.9_2_{{)
92R 9y

at the scale Arr. The experimental value of sin? @y at My can be
accommodated easily.

-1

For ' < Appg, the effective theory has gauge symmetry
SU(B)gre x SU(2)ge X G and fermion content

(5,1,3,2)1y30, (5,1,3,D)g3r, (51,3,1)_2/3r

(5: 17 1: 2)—-1,L 3 (5: 1: 1: 1)—2,R
(j'_d? ]'7 17 1)0,R ) (10: 27 17 1)0,R

which is the same content as in our first ETC model. Hence, our
discussion for that model can essentially be taken over and applied
here.



In a model in which L is not gauged, it is a convention how one
assigns the lepton number L to the SM-singlet fields. Here, since L
is gauged, this assignment is not a convention; L = 0 for the fields
that are singlets under G';r or G499, since they are singlets under
U(1)p_z, and have B = 0.
L=l =0

v
Hence, the condensate (n%T CA; g) and induced Dirac neutrino
mass terms like 7i;1.b;501; g violate L as AL = 1, while the (5%05 R)
and ((LC(Rr) condensates do not violate L. The resultant physical
left-handed Majorana neutrino bilinears generated by the seesaw
violate L as AL = 2 operators, as before. Because L "}s ﬁ;a[,uged,mn

. . 1
there is no majoron. vafc Ve o om o~ Mg bLzo (b =)
oLz 1 Mg OL=2 LLEO

S

Dynamical Symmetry Breaking of G4

Our model uses the gauge group
G = SU(5)ETO X SU(2)HC X G422

with fermion content
(571:4:27 1)L ) (5:17471:2)R

(Evlalalnl)R ’ (T(ja]-:]-a]-:l)R ) (103231:1:1)}2
M « Yii,r ¢ Wy,

4

As FE decreases through the scale Apg, the SU(5)gre interaction is
large enough to produce condensation in the channel

(5,1,4,1,2)r x (5,1,1,1,1)p — (1,1,4,1,2)



This breaks SU(4)ps x SU(2)g directly to SU(3). x U(1)y. The
associated condensate is again (n%'CN g), and the ni, and A p
gain masses ~ Apgs. The above results for my,, mz, and sin? By

apply with g?},/g%s = 3/2 at Apg.

Further breaking at lower scales proceeds as in the first ET'C model
and in the Grp model.

The experimental value of sin® @y can again be accommodated. We
use ag(myz) = 0.118, agp(mz) ™t = 129, and

(sin? O )3z5(mz) = 0.231. With Aps = 10° GeV, we calculate the
values ag = 0.064, ap;, = 0.032, and oy = 0.012 at Apg, and hence
to fit sin® @y in this model, we find asr(Apg) ~ 0.013 so

g2r/gor, ~ 0.64 at Apg.

Given that the effective low-energy theories in the E'T'C models
with strong-electroweak Grp and Gago are the same as in our first
ETC model with the standard strong-electroweak group, it follows
that our explanation for the generation of light neutrino masses also
applies to these theories with extended gauge symmetries.



Some topics that we are investigating at present (T. Appelquist, M.
Piai, RS, to appear):

e quark masses and mixing

o different assignments of fermion representations and
symmetry-breaking patterns

e global symmetries

e further phenomenological implications



Conclusions

We have addressed the question of what one infers about physics
beyond the standard model from the discovery of neutrino masses.
As an alternative to the usual SUSY GUT seesaw, we have
explored a different approach based on theories with dynamical
electroweak symmetry breaking. We have shown that it is possible
to get light neutrino masses in this class of theories, thereby
providing a plausible answer to a longstanding question of whether
this could be done.

Our mechanism uses a seesaw but one with strong suppression of
both Dirac and Majorana mass entries, which does not involve any
superheavy mass scales such as GUT scales. We have shown the
robustness of the mechanism by demonstrating that it works with
strong-EW groups Gsar, G'rr, and G-

The model still has a number of phenomenological challenges
characteristic of dynamical EWSB theories, but we believe that it
motivates further work with this approach.



