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GENERAL QUESTION : What do we tufer from the a(zrcav",
of nevirine masses about ?hys:c: 5670'\0( the Staudard Model 7

Longstanding problem of explaining light neutrino masses in the
context of dynamical EWSB models. Common view: light neutrino
masses suggest a seesaw imvolving a (SUSY) GUT mass scale, with
m, ~ m%/Mgyr, where Mgyt ~ 10'® GeV. But dynamical
EWSB models do not hawve nearly this large a scale in ETC,
typically the largest scale is ~ 106 GeV.

So how can ome explain neutrino masses in dynamical EWSB
framework? Hlenre we willl propose an explanation and show how it is
realized in explicit ETC models. These models involves a seesaw,
but one with mass scalles well within the ETC range.



Some 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 x 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:

e Ginzburg-Landau approach to superconductivity using complex
scalar field; microscopic BCS theory involved dynamical
formation of Cooper pair condensate

e Gell-Mann Levy o 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 (gg) condensate

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



Motivations and Theoretical FrameWork
A\

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 poetulated
Higgs boson, but this does not provide insight into these masses,
espemally since it requires Yukawa couplings of order lO 6 _107°

for e, U, d SM nggs sector is unstable to large Eoop eosrresctlons

SM predlets Zero neutrmo MAasses a»nnd no 1iepm‘,om mmng, and hence
must be modified to take account of current experimental evidence

for neutrino masses and mixing. *'e*: (€4, Kan. GALLEX, TAGE, Supurk, SN0 )

accel. - Kkin » _
Teactor -kkwgnma : atm. {InB, Kam., Sov-hn z, Svperk, mtcn,o)

Since masses for the quarks, charged leptons, and observed
| neutrinos break the SM gauge symmetry, an explanatlon of these
masses requires a model for electroweak symmetry breaking
(EWSB) Here we assume dynamlcal EWSB driven by a strongly
coupled gauge interaction, associated with an exact gauge
symmetry, technicolor (TC) embedded in an extended technicolor
(ETC) theory (Welnberg, Susskmd Dlmopoulos Elchten Lane...).
: (owly ruuumj 3&'},’; @Ovﬂf:.’ avcr cerf&u. |
The TC theory is de31gned to ha,ve Wa,lkmg behavior ( ((Hosldom o m‘ae .
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.




TC qavye covpling = %

Wa/kinj TC: ﬁ(o() = /45,_0-( oc dwo(z(ﬂo -i-ﬂ,O()

dp
e - Ao a:ymloo‘ai‘)‘c
(d ,Z . ’ " fmcd::»«»
ﬂ J A oL VAT S ) \
/ : R‘XNQFP | 4 « = ~f
VVFP . IRFp L—

> /A’(o(,,m,) =0

As E  decreases L(E) /‘ngu:c:, bot |1 Aecreazes,
sp & ouly evolves :/ow'//v for an extended intervel i 5
Evehi’ually « C_XC&‘J(J ol ) the Valve Gr condeasats.
( at E~ N l'\ercj - <FFY form*ion) - then
‘IL@CLIM;'FQFM'I'W\: ()f"—k' “p dthw'cé( """'\fi‘er ~ //’\ﬁ-c)
TC +Aary. Confines,  Effect of Capprox,) IRFP



Some General Features of TC, ETC models

We will take the technicolor group to be SU(2)r¢. The ¢ 46 : 7¢
technifermions include, as a subset, one family, & : color

(‘,a: 1 Lc _ ) &, q Dc’,a N ¢ E
QL (%}L7 ‘TC,L (1‘;‘>L7 UR7 y R R, »&R

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

Choice of N7c = 2 has appeal that with Ny=2 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 Ny¢ = 2, IRFP exists if
~ Nf 25 or 6 and nonabelian Coulomb phase occurs if Ny %, 8 (with
Ny < 11 for asymptotic freedom). This has two valuable
consequences: (i) walking behavior, which enhances condensates
and fermion masses, (ii) reduction of TC contributions to S
parameter (Appelquist and Sannino). Some oncertainty In

Ne for  onset of nonabeliaw Covlomé phase. covld be

| arior.
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bveoks astociated 9lobal tchwichiral sym. 5> NG @5,
At a scale A1, the TC coupling gets strong enough to produce a
bilinear technifermion condensate (F'F') and corresponding
dynamical masses for the techmfermlons Some would-be
Nambu-Goldstone bosons become longltudmal modes of W and Z
giving them masses
2 2

; ) 2 g 7

2
4 ( A (N ¢t l)f F
where it suffices to take the TC pseudoscalar decay constants
fr ~ fq = fr. Hence, fF 130 GeV. In QCD, fr = 93 MeV and
Agop ~ 170 MeV, so Agop/ fx ~ 2; hence, we take Ar¢ ~ 260
GeV. |

To generatie fermion masses, embed TC in ETC theory; role of ETC
gauge bosoms is to conmect T'C-singlet and TC-nonsinglet fermions
and commumicate 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 requlres

that ETC be a strongly coupled, chiral gauge theory.

The ETC self-breaking occurs in stages, e.g., Ay ~ 103 TeV,

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

Ngrc = Nrc + Ngen. Hence, with Ny, = 3 and Npg = 2, we hnave
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 f; 1 f§ where 1 <7 < 3.

This yields
M i ~ g% CZ Mo
72 M?
where
M; ~ ggrofi

is the mass of the ETC gauge bosons that-gain mass at scale A; and
9grc 18 the running ETC gauge coupling at this scale. The factor n;
1s a possible enhancement factor incorporating walking:

=l " o) |

r
In walking TC, the anomalous dimension v ~ 1 so
T
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Constraints from precision electroweak data

S~ Mzz(m3) — z2(0)
~ _ |

myz

Naive perturbative evaluation: each extra EW doublet gives
contribution

AS ~ %[1 _ Yln(;f:jz)]

where subscript is weak T5. In one-family T'C, have

Uz’a Ni
Die E?
where {i} = TC indices, a = color indices

Nondegeneracy of U, D and of N, E masses can reduce TC
contribution to .5, as constrained by T parameter (p = aT).

Simee technifermions are strongly interacting at scale E ~ mz, one
cannot use perturbative estimates, and one does not have reliable
methods to calculate TC contributions to S and T'. 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

Mf’“‘ F M= N
S Z T



General Structure of Neutrino Mass Matrix

In general, (E)TC models have a set of n; electroweak-singlet
neutrinos, denoted xgr = (X1, ---, Xn, )R, including both TC-singlets
amd TC-nonsinglets. For our model, n; = 30 and xg = (vi;, ("¥*)p.

There are three types of contributions to the total neutrino mass

miatirix; here these are generated by condensates arising at the T'C
amd E'TC scales:

1. left-handed Majorana, ¢ I=1, y=2)
2. Dirac, ( I=4,y=1)

3. right-handed Majorana. ( T=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

NEre
Z [n/,C(Mp)iniL) + h.c.
i,j=1

where ng = ({v}, { N}z and C = évy90.

Dirac mass terms (which also violate EW symmetry):

Ngro ns

Z Z i (Mp)isXsr + h.c.

=1 s=1



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

ng
Z XZRC(MR)SS,XS'R )

s,8'=1

Entries in M, Mp, and Mg that would violate TC are zerb since
TC is exact; e.g., (Mp);; =0for 4 <i,5 <5.

Full neutrino mass term:
' 1‘_ — ML MD)<R%)
_ﬁm = —n ¢ + h.C.
2( L X°1) < (MD)T Mp YR

The diagonalization of the full (Ngrco + ns) X (Ngre + 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 Models

Our first model has the gauge group /LG SM
o NN
G = SU(5)ETC X SU(Z)HG X SU(3)C X SU(Q)L X U(l)y
(e xfended )

In addition to, 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

(57 17 37 2)1/3,L ) (57 17 37 1)4/3,vR >7v (57 ]-7 37 1)-—2/3,R
_ (57 17 1> 2)—l,L ) (57 1) 17 1)—2,R )
(10,1,1, or = iz, (10,2,1,1)o = CF°

where 1 < 4, j < 5 are SU(5)grc indices and a = 1,2 is a SU(2)g¢
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, | Ny . Ne =2
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(5,1,1,1) o5 = (€1, 2,03, £* %) g = (e, p, 7, E*, B°)

where a = 1, 2,»3 is color index, and 1 < 7 < 5 is the ETC index,
with 7 = 1,2, 3 indexing the three generations of technisinglet
fermions and ¢ = 4, 5 indexing the technidoublet fermions.

The 1;; r and (g’a are antisymmetric rank-2 tensor representations
of SU(5)grc. Assign lepton number L = 1 to vy g so that, as
usual, the Dirac terms 7i; 19;x g conserve L. (L left arbitrary for

g,a since it has no Dirac mass terms with EW-doublet neutrinos.)
The SU(5)gre 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)prc 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)7¢ 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.
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In addition to |
G = SU(5)ETC’ X SU(Z)HC X GSM

we shall consider two other gauge groups involving
strong-electroweak gauge symmetries extended beyond those of the
SM:

G = SU(5)ETC X SU(2)HC’ X GLR

where ,
Grr =SU(3). x SU(2), x SU(2)r x U(l)p-L
and
G = SU(5)ETC X SU(?)HG X G422
where

G422 = SU(4)pS X SU(2)L X SU(Z)R

Here SU(4)pg is the Pati-Salam group, which combines U(1)p- Ly
and color SU(3) in a maximal subgroup of SU(4)ps.

We proceed to discuss our proposal for explaining neutrino masses
in theories with dynamical symmetry breaking using the first of
these models, with Ggpr; we then go on to consider the other two
with extended strong-electroweak gauge groups.



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 (1n the special case of vacuum ahgnment in
the presence of additional perturbative gauge 1nteract10ns) explains -
why TC produces (F'F') condensates, where F' = Uue,D* E,N,

‘but not, e.g., {U.E), (D.E), (U,N), (DuN), which would break
color and electric charge and give masses to gluons and the photon.

An approximate measure of the attractlveness of a condensation

channel Ry X Rz = Reond. 1 €4 for T rn 2 3 {

Cz, < ‘0/3 5 AC,_ —g
ACy = C2(R1) + Cz(Rz) — Cy(Reond.)

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

oGy
Z[DR(Ta)L[DR( )]k = 02(3)5'

with Cy(R) = Cy(R"). For SU(N), Cz(W)—( ?—1)/(2N),

(N — 2)(N +1)

Cz(%b[ij]) = N

etc.




We envision that as the energy E decreases from high values, a .
and a,, get large; at E ~ Ay ~ 10° TeV, ay,; is large enough to
produce the condensation

(-]_-67 17 1) 1)0,R X (Ea ]-7 ]-7 1)0,R — (57 17 17 1)0
with ACy = 24/5, breaking SU(5)ETC — SU(4)ETC-

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 < ¢ <b.

With respect to the unbroken SU(4) gr¢, we have the decomposition
(10,1,1,1)or = (4,1,1,1)or + (6,1,1, 1)o,r
Denote
(4,1,1,1)0,r = P1ik = QLR
(6,1,1,1)0r =vYijr = &jr12<%J <95

The associated SU(5) gro-breaking, SU(4) gr¢-invariant condensate
is ,

(T Clrer) = 8(5521’3 rCéss r — &34 RO,k + &35 RCE34.R)

The six fields $i e z2ej<F 9am dymamical masser

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 Agac S Ay (BHC = broken HC) the SU(4)gro
interaction produces a condensation

6,2,1,1)05 % (6,2,1,1)0.2 — (1,3,1,1)0

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

(GmkeC”’l TCC'““) (1+2).

This is an adjoint rep. of hypercolor and breaks
SU(2)gc — U(1)go. Let o =1,2 correspond to Que = £1 under

the U(1)gc. The twelve (5 ¢ felds involved gain dynamical masses
~ ApHc- N~ z2cijc5

At the lower scale, Ags, the SU(4)grc and U(1) g interactions
produce the condensation 4 x 4 —+ 6 with ACy = 5/4 and
condensate |

12, T 13
(eapCr™ TCCRP) SU(2)gre £ SUCZIre

which breaks SU(4)grc — SU(2)grc and is U(1) go-invariant. We
~take Agz ~ 10 TeV. The U(1)gc interaction does not couple |
directly to SM particles. Counsider other condeusates alse,

Finally, at E ~ Arc, technifermion condensation occurs, breaking
SU‘(Z)L X U(l)y — U(l)em



X

Calculations and Results

The full neutrino mass matrix M is 35 x 35 dimensional, since
Ngrc¢ = 5 and the number of electroweak-singlet neutrinos is
ns = 30. Because the hypercolored fields do not form bilinear

condensates and resultant mass terms with hypercolor singlets, M
is block-diagonal,

Zo

0 My

where the 15 x 15 block Mycg involves hyperéblor—singlet neutrinos
and the 20 x 20 block Mp¢ involves the hypercolored fermions.

kA, "
oA 'E(M, R “) M= <MHC’S 0 )

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. |

My involves dynamical masses for the -Cg’a resulting from HC
condensates. |

Mpycs is defined by the operator product

ng \
—Lpcs = 5(7_?,[,, aEL, §CL)MHC’S arp | +h.c
. {r
: 7/
so that : —~Ae A —A—

_ My \(Mp)na (Mp)as
MHC’S - (MD)ga (MR)aa (MR)af
(Mp)ie | (MR)L: (Mp)ee




The states oy g with j = 2,3 play the role of the RH EW-singlet
neutrinos that get induced Dirac neutrino mass terms connecting
with (n',n?,n3), = (ve, vy, v ). Because these o g transform as
part of a 4 rather than a 4 of SU(4) gr¢, the resultant masses cannot
be generated by the fisual one-loop ETC graph that produces quark

and charged lepton masses and are strongly suppressed, as in AT94.
(similer to Sikivie, Shifman, Voloshrn, Zakharov mechanism for My Suppression)

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

i, (MD)ra)ij0nj R

and has the form %rzg %3p Kiwg 15 R

Ny ( b12 b13 0 0 \
Nz b22 b23 0 0
(MD)~ = b32 b33 0 0

0 00 ¢
r,sL\o 0 |—c1 0 )

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

The entry ¢; has magnitude |c;| ~ A.@nd represents a T'C
dynamical mass term D ijeas €77 L0 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 V3! +» V2 and V3 <+ V2. The one-loop graph
that produces this ETC gauge boson mixing is shown above. Other
bi;’s can be produced by higher-loop dlagrams -

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

g d4 z z i
fznj(Q)uz\: /-(27r) (T [(V’“) (2/2)(Vi)r(—2/2)])o
The above graph yields, affer Witk r:fai‘/‘on/ with 4= p-k

& FSro(RBI (o — KPP
20 B+ Sro(RP (o — B+ DEp — P+ 0 e

gETC‘[nzL( Y Tr0j, (D)) / (

where Ype(k) is the dynamical technicolor mass associated with ﬁjn !

the tramsition o4 p — n%, behaving as



ETc(k) ~ ATC for kz << A%“C
and, for walking TC,

| A2
Sro(k) ~ —Z;Q for k* >> Af¢

We need KIT:((p — k)?), only for (p — k)2/A2 << 1, since the loop
momenta in the graph are cut off far below A;. Here we estimate

{at N33, bechuse of the Y3 mass in fhe ETC gavye boson e ixing ’00(3)

2 2

, 9erc/

BI3(@ar ~ 5(@)]un ~ “2o5 g

(27?)

For 1,7 = 2,3 and 3, 2, adding the other graph with 4 <> 5, we get

4 4 4
IercMches  Ajg

boal = |Baol ~o ~
[Bas| = [Baa ~ 2miMy;,  2wiA3,

Numerically, |bo3| = |bs2| ~ O(1) KeV, with other b;;’s generated at
smaller levels. (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 ETC model.

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

i L/(MD)agi knn,R



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

In (Mg)Hcs the 6 x 6 submatrix (MEg)ee contains entries ~ A,
from the highest-scale condensation. The 4 x 4 submatrix (Mg)qq
associated with the operator product

01, TG, R = 035, ROTij015R -
: A)z «
has the form Kz A3 Ky K
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where again the 0’s are exact and follow from TC invariance. If the

2 X 2 r;; 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 7y, 2 < 4,7 < 3, produces this seesaw because as g
and o3 g are the electroweak-singlet téchni—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 V;! +> Vi}. The graph with indices 2 and
3 interchanged on the internal ¢ lines also contributes to Vi* «» Vil
We calculate
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Numerically, |ros| ~ O(0.1) GeV. The entries 792 and r33 can also
be generated. The submatrix (Mg)qe can be analyzed in a similar

manner but does not play as important a role. In addition to Mg,
we also take account of terms generated in M.

T23 ~~

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

bt ABeA
|73 214 N3 AT

V3

Since |roz| >> |bas|, |bs2], this is a seesaw, but quite different from
the SUSY GUT seesaw.



With the above-mentioned numerical values and Apgc ~ 0.3A;, we
find m,, >~ 0.05 eV, in agreement with experimental indications;
atmospheric neutrino data yields (Am%z(w 3 x 1073 eV? and with a
hierarchical neutrino mass spectrum, this implies m,, = 0.05 eV.

The model naturally yields large v, — v, mixing because of the
leading off-diagonal structure of the b;; and r;; with 75 = 23 and 32.
The value of |Am3,| depends on details of the model but is on the
low side of the experimental range. The lightest neutrino mass,
m(v1), arises from the subdominant terms in My, and is therefore
predicted to be considerably smaller than m(v;), ¢ = 2,3. These are
Majorana mass eigenstates.

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

e linear combinations (LC’s) the &;; g with 2 < 4,5 <5 get
- masses ~ A\

o LC’s of the Cg’a with 2 < 7,5 <5 get masses ~ Apyc
o LC’s of the C}%j’a with j = 2,3 get masses ~ A3

o LC’s of the C}Zj’a with 7 = 4,5 and LC’s of n; g and ah-, g with -
¢ = 4,5 get masses ~ Ap¢

e LC’s of ay; p with 1 = 2,3 get masses ~ 793

The 7;; entries in Mg 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



Neutfimﬂvizsswhﬁvfcr&els 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 18

GLr = SU(?))C" X SU(2)L X SU(Z)R X U(l)B_L
in which the usual fermions of each generatioh transform as

(37 27 1)1/3,L ) (37 ]-7 2)1/3,R
(17 27 ]-)——l,L ) (17 ]-7‘ 2)_~—1,R ‘

The gauge couplings are defined via the covariant derivative
D,= u—’ig?,Tc'Ac,u_—igzL_TL'AL,p—ingTR'AR,u—i(gU/ 2)(B—L)Up |
Here the electric charge is given' by the elegant i'elation | ‘
B L

2
where B = baryon no., L = lepton number. Given experimental
limits on right-handed charged currents and an associated W, and

on extra Z"'s, SU(2) g must be broken at a scale A g well above the
electroweak scale. Smilarly for V(g - |

SU(L)g x V(D 7> VD, at N,

| Q =Ts+ Tsp +



The second extended gauge group is |
G422 = SU(4)pS X SU(Z)L X SU(Z)R

(Pati, Salam, Mohapatra, Senjanovic..)

with the usual fermions transforming as

@215, (41,2)r

G492 provides a higher degree of unification since

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

these are
( u® v, >
a
d® e LR

e It combines U(1)p_y, and SU(3), (in a maximal subgroup) in
the Pati-Salam group SU(4)ps and hence relates g, and g3
Denoting the generators of SU(4)pg as Tpg;, 1 < ¢ < 15, with

1
1 1
Toar = ———
PS,15 il 1
-3

and setting U, = Apg 15, one has (B L)/2= \/ TPS 15
and hence

£_§
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e It quantizes electric charge:

Q = T3 +T3p+ \V 2/3Tp5,15 = T3L-|—T3R+(1/6)diag(l, 1,1, —3)

The quark-lepton unification in the G499 theory does not lead to
proton decay, but it does lead to the decays such as Kj — p*e¥
and K™ — ©w¥ute™; consistency with experimental upper limits on
these decays implies that the scale Apg at which SU(4)pg breaks is
Aps 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 Gpr or G422 to Ggpr much
larger than the Higgs vev’s that break SU(2); X U(D)y — U(1)em.

Questions:

e Can one construct theories with the Grg and/or G499 groups
that exhibit dynamical breaking of all the gauge symmetries
other than SU(3), and U(1)e? -

e If 50, can these theories naturally explain why the
SU(2)g x U(1)p—r, symmetry of the Gr model breaks to
U(1)y, and why the SU(4) pg x SU(2)g part of the G432 model
breaks to SU(3). x U(1)y, and why the associated breaking
scales Argp 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?
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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 ALg or Apg
and because the technifermion condensate

(FF) = (FLFg) + (FrFyp) would break both SU(2);, and SU(2)g
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
explam quark and lepton masses. '

Our models are ET C—type theories ‘with the breaking of Grr and
G199 to G being driven by the same interactions that break the
ETC group and generate quark and lepton masses.

Di\[{trfhf Apfrmch iLo GL& ~ NJ'L ZI fWhuoh ops. -ﬁlr‘nuc.(,y _

Llhalnar Y |
Valle 50’!5@(*‘,

Dynami'cal Symmetry Breaking of Gpg
Our DSB model for the theory with Grx uses the gauge group

G = SU(5)ETC X SU(Q)HC X GLR
with fermion content __ |
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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)y¢ and SU(2)r¢ subsectors

of SU(5)grc are vectorial. | I

As the energy decreases from some high value, the SU(5) ETC and
SU(2 ) ge couplings increase. We envision that at E ~ Azg 2 10°
TeV, o, is sufficiently strong to produce condensation in the
channel - - o B |

(5,1,1,1,2)_1r x 5,1,1,1, 1oz — (1,1,1,1,2)_4

with ACy = 24/5, breaking Grg to SU(3), x SU(2)r x U(1)y. The
associated condensate is (n%,T CN; g). The n% and N g thus gain

dynamical masses ~ Arg. \P"f of SU@g dovklet, Tyg=3
' L=1 5o (K L)- Moh:u.ch'f'

This condensation generates masses = .So brea k: SU(Z)g x U(1Yg.,
> (L)
. gZR ' 92u _ L
My = "7 ALR Mg = —Arr (y=0 for n, 1(,,)

where o, = \/9or + g2 for the WR L= A gauge bosons and
the hnear combmatlon » |

92rAs R — 9, Uy
9ou
This leaves the orthogonal combination

Z, =



B — 9uAs g+ g2rU,
=
gou

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

gl _ g2RgU
92u

so that, with e™2 = g; + (¢") % = Gop + gop + g(']“z, the weak
mixing angle is given by

| 2 2
sin® Oy = |1+ (g2—L> + <92—L>
92R 9y

at the scale Arg. The experimental value of sin? 6y at My can be
accommodated easily.

-1

For B2 < Appg, the effective theory has ga{ige symmetry
SU(5)erc X SU(2)gc X Gsar and fermion content

(57 ]-7 3, 2)1/3,L ) (57 1,3, 1)4/3,R ) (57 L3, 1)—2/3,R

(57 17 ]-7 2)—1,L ) (57 17 ]-7 1)——2,R
(-IG7 17 17 1)0,R ) (107 27 ]-7 1)O,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 Grp or Gygg, since they are singlets under
U(1)p-z and have B = 0.
L=l =0

o |
Hence, the condensate (n%,” CM; r) and induced Dirac neutrino
mass terms like 7;1b;j011; g violate L as AL = 1, while the (¢€5C&R)
and ((LC(g) 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 is gauged,

. . % modid | ‘A&V‘t :
there is no majoron. mplcy, m, ~ My o (pe=0)*
oL=1 Mg bLsz pLzo

Dynamical Symmetry Breaking of G429

Our model uses the gauge group
G = SU(5)ETC X SU(2)HO X G422

with fermion content
(57 ]-7 47 27 1)L ) (‘57 17 47 17 2)R

(57 1)17171)R ) (m71717171)R ) (1072717171)R
ﬂ—i,R | | "/J[j,é § iy,
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As E decreases through the scale Apg, the SU(5)gr¢ interaction is
large enough to produce condensation in the channel

(5,1,4,1,2)r x (3,1,1,1,1)g — (1,1,4,1,2)



This breaks SU(4)ps x SU(2)r directly to SU(3), x U(1)y. The
associated condensate is again (ntTCN g), and the n%, and N R
gain masses ~ Apg. The above results for my,, myz, and sin 2 0w

apply with g2 /g3¢ = 3/2 at Aps.

Further breaking at lower scales proceeds as in the first ETC model
and in the Gz model.

The experlmental value of sin HW can again be accommodated We
use ag(myz) = 0.118, aem(mz)™! = 129, and

(sin? 0w )3r5(mz) = 0.231. With Apg = 10% GeV, we calculate the
values a3 = 0.064, ayz, = 0.032, and a; = 0.012 at Apg, and hence
to fit sin? Oy in this model, we find asr(Aps) ~ 0.013 so

g2R/92L‘2 0.64 at Aps.

Given that the effective low-energy theories in the ETC models
with strong-electroweak G rr and G499 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:

e The additional ingredients that are necessary to produce a
sufficiently heavy top quark (e.g., top-color...)

e Sources for quark CKM mixing and further lepton mixing

e Contributions to S parameter in this type of walking theory

e Global symmetries and resultant spectrum of Nambu-Goldstone
bosons .

e This work provides a motivation for searching with greater
sensitivity for possible neutrinos with masses ~ O(10%) MeV'
‘emitted via lepton mixing in K, and K + decays. This can be

done parasitically using present data from BNL E787/949.
® Dovk maffer candidate - S’Pl—smjz'azf’ ?L@C;,’llflL'éaryoh
| ({f“f:"( g5 a ( possible cusp ﬁmb{axﬂ Lar o
TR R other posiible Aarie wmafler cwc,‘ozﬂ'&é
g (hE) [Yhe LSP i SUSY )



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 Ggsur, Grg, and Gyas. |

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. |



