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. GENERAL QUESTION @ What do we infer from the d{rcu.r,
of nevtrine mases about physics beyond the Staudsrd Mode]?

Neutrino Masses in Theories with Dynamical Longstanding problem of explaining light neutrino masses in the
Electroweak Symmetry Breaking context of dynamical EWSB models. Common view: light neutrino
masses suggest a seesaw involving a (SUSY) GUT mass scale, with
work with T. Appelquist m,, ~ m%/Mgur, where Mgyr ~ 10'° GeV. But dynamical

EWSDB models do not have nearly this large a scale; in ETC,
typically the largest scale is ~ 10° GeV.

Outline
So how can one explain neutrino masses in dynamical EWSB
framework? Here we will propose an explanation and show how it is
realized in explicit ETC models. These models involves a secsaw,
but one with mass scales well within the ETC range.

1. Motivations and theoretical framework of (extended)
technicolor; challenge of explaining light neutrino masses
without a GUT-scale seesaw

2. Some general features of TC, ETC models

3. Specific ETC model

4. Mass generation for quarks and charged leptons
5. General structure of the neutrino mass matrix
6. Dynamical symmetry breaking

7. Calculations and results

8. Models with strong-EW gauge group extended beyond
GSM including GLR B SU(S)c X SU(Q)L X SU(Z)R X
U(I)B_L and 0422 - SU(4)pS X SU(2)L X SU(2)R

9. Conclusions

Refs: T. Appelquist and R. Shrock, Phys. Lett. B 548, 204 (2002); hep-ph/0301180; and
to appear
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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 107¢ — 10~°
for e, u, d. SM Higgs sector is unstable to large loop corrections.

SM predicts zero neutrino masses and no lepton mixing, and hence
must be modified to take account of current experimental evidence
for neutrino masses and mixing. *°/4* ¢ (&, Kas.,GALLEX, TAGE, Supmk, Swo )
iffﬁi'u'-“kﬂ..;wn atm. i ()R, Kam., Sevdan-Z Superk, RACRO)
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...).
slowly rvuming Javge c-wp!.r.J ever certary
The TC theory is designed to have walking behavior (Holdom, ..
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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At a scale Arg, the TC coupling gets strong enough to produce a
bilinear technifermion condensate (/7F') 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 = m} cos® by = T(Nefy+ 1) = T(Ne+ )13

where it suffices to take the TC pseudoscalar decay constants

fr = fg = fr. Hence, fp =~ 130 GeV. In QCD, f; = 93 MeV and
Agep ~ 170 MeV, so Agep/ fr ~ 2; hence, we take Az¢ ~ 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 sclf-breaking occurs in stages, e.g., A; ~ 10% TeV,

Ay ~ 50 TeV, and A3 ~ 3 TeV, leaving as an exact residual
invariance group SU(Nr¢). This entails the relation

Ngre = N1 + Ngen. Hence, with Ny, = 3 and Npg = 2, we have
Ngre = 5.
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Some General Features of TC, ETC models
Mass Generation for Quarks and Charged Leptons
We will take the technicolor group to be SU(2)r¢. The ¢ 4 ¢ . 7e

Recall dynamical ETC mass generation mechanism for quarks and

g 4 ! : . ;i : !
technlfermlt?ns inchide, s Sub?et’ one family, X charged leptons. For rough estimate, consider one-loop diagram
e U ; ¢ ¢\ <, ¢ shown.
QL P~ (Dz A ’ LTC,L - (g)[l ) UR ) :DR ) NR ’ ‘ER avye L

V_f o ETC 3
transforming according to the fundamental rep. of SU(2)7¢ and ) -
usual reps. of Gigyr = SU(3), x SU(2)r x U(1)y. These comprise + (44 3) - ‘FL e
Ny = 2(N, + 1) = 8 fermions with vectorial TC couplings. fo Fp_Fr fi

L fechnifermisns
One-loop graphs contributing to the mass term f; ; f§ where 1 <i < 3.

"cavhr T':""‘Jh‘f F:::

Choice of Nyc = 2 has appeal that with Ny =< 8, studies suggest

that the TC theory could have an (approximate) infrared fixed This yields

. 9 : : . g2 N
point (IRFP) in the confining phase with spontaneous chiral Mg~ =T
symmetry breaking but near to the phase transition (as a function ot '
of Ny) beyond which it would go over into a nonabelian Coulomb M; ~ gprohi
phase. is the mass of the ETC gauge bosons that gain mass at scale A; and

9pre 18 the running ETC gauge coupling at this scale. The factor »;
Beta function calculation suggests that for Ny = 2, IRFP exists if is a possible enhancement factor incorporating walking:
N; Z 5 or 6 and nonabelian Coulomb phase occurs if Ny 2, 8 (with o "‘*’ dpe
: ; i = exp yle(u))|

Ny < 11 for asymptotic freedom). This has two valuable fp M
consequences: (i) walking behavior, which enhances condensates In walking TC, the anomalous dimension v 2 1 50
and fermion masses, (ii) reduction of TC contributions to S i~ Ai
parameter (Appelquist and Sannino). Seme vncerfainty /n - JE
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General Structure of Neutrino Mass Matrix

In general, (E)TC models have a set of n, electroweak-singlet
neutrinos, denoted xg = (X1, ---» X, ), including both T'C-singlets
and TC-nonsinglets. For our model, n, = 30 and xg = (v)ij, (" *).

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, yY=2)
2. Dirac, ( T=sd,Yy=1)

3. right-handed Majorana. ( I=0, Y=o)

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

Nere

S [nhC(My)im L) + hee.

i.J=1

where ny, = ({}, {N})r and C = y270.

Dirac mass terms (which also violate EW symmetry):

Nerc na

Z Z i (Mp)isXsr + h.c.
f=] g=1

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

Z XZR("OMR)&&'X&’R y

s,4'=1

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

Full neutrino mass term:
B ) | I AJ{L }V[;_) n‘;",
Em - 2(7&[; X L) ( (.AJD)T AJR ) ( XR + h.c.

The diagonalization of the full (Ngre + n.) X (Ngre + ny)
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.

Page 6
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Specific ETC Models

Qur first model has the gauge group GSH
G = SU(5)ere x SU(2)me x'SU(3). x SU(2)z, x U(1)y
(e xfeuded)

In addition toftechm( olor, 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)13.L » (5,1,3, D4, (5,1,3,1)23r
(5,1,1,2)_1,L 3 (5 1.1, l)_
@)1:151)0,1{ :';bij,ﬂ s (10 2’]’1)0[{#{!]0

where 1 < 4, § < 5 are SU(5)pre indices and a = 1,2 is a SU(2)ne
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, Nesn &3 Ne 32

G50 = (G s e o g )
| b | i L
'U.u, Cﬂ, t“, U4,a1 UE,a
= (da, S", b", D-‘L.a’ D5‘ﬂ)

(5,1,1,2) (nl, n?, 7?.3, 714, n®
9 L1, ~1. Lk == 1 2 3 4 7
L e s e 8
Ve, Vus Ve, 1\141 ‘N:'
- 4 5
e, #" TJ E ) E’ L
1 J 1 l,a 2 '-,n 3a ,4a ,5a = (u®. ®. ¢ U!,a U5,n
(5, Jasa.p = (u®, 0% w0 u™% ) g = (u*, &, 14, . i
(5’ 1|3$ 1)—2/3,3 - (dl.u,dz,ﬂ,d&a’ d“’,a?dS‘G)R - (dﬂ-’ Sa.\ bﬂ’ DI‘L”} ])5,H)R

(5, Lids l)_Q,R = (81,62,63, fd,fﬁ)g = (ﬁ, 1%, T E4, ES)R

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

The % x and CH‘“ are antisymmetric rank-2 tensor representations
of SU(5) gr¢. Assign lepton number L = 1 to ¥, z so that, as
usual, the Dirac terms 7; 19k g conserve L. (L left arbitrary for

;{‘" 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) zre a
chiral gauge theory.

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

Page 7
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Each of the nonabelian factor groups in G is asymptotically free In addition to
and (G has no gauge or global anomalies.

G = SU(S)ETC X SU(Q)HC X GSM

The SU(2) ¢ and SU(2)7¢ subsectors of SU(5)r¢ are vectorial. we shall consider two other gauge groups involving
strong-electroweak gauge symmetries extended beyond those of the
This model has some features in common with a previous SU(5) SM:

ETC model (Appelquist-Terning, 1994), but has different total
gauge group and fermion content.

G = SU(5)ET(; x SU(2)HC 4 GLR

here
SU(S) S'f'ru;f‘urc 5 W ‘
ere SU(2) g Fesided Grr = SU(3). x SU(2), x SU(2)r x U(1)p—s
4 §&  Unbroken SvLaroup st
"/ of SU(S)ere
vi= (i) | G = SU(5)erc % SU(2)ic % Gane
: where
: N ‘/ : Gy = SU(4)pS X SU(Q)L X SU(Z)R
7 \
/ / / 2
/ w qenerations = Here SU(4)pg is the Pati-Salam group, which combines U(1)p_r,
/ and color SU(3) in a maximal subgroup of SU(4) ps.
( Q9 ETC javqge dosons im C*C. "o rlfﬁmztran‘f’
coset  SU(E)/Suck) 3¢f‘ 5t Ages o ETc We proceed to discuss our proposal for explaining neutrino masses

in theories with dynamical symmetry breaking using the first, of
these models, with G 5)s; we then go on to consider the other two
with extended strong-electroweak gauge groups.

masses ~ N (& shitt operdoyy
ﬂvq’r 4‘1)“".#", and a Jjﬂatuq[ op.
i Cartan Svbalpebra, Tz,')

Sywu-l.‘h’f b I’d«(k{n]
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Dynamical Symmetry Breaking

Next consider the dynamical symmetry breaking in this model. To
identify plausible channels for formation of bilincar 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 F = U®, D% E, N,
but not, e.g., (U,E), (D.E), (U,N), {(DaN), which would break
color and electric charge and give masses to gluons and the photon.

An approximate measure of the attractiveness of a condensation

: .4 for < 9 1 008
channel Ry X Ry = Reond. 18 jcl . & ,?J { :ﬂc .EI
a_!

ACy = Co(Ry) + Ca( Rz) = Ca(Reond)
where R; denotes the fermion representation under a relevant gauge
interaction and Cy(R) is the quadratic Casimir,
o(G) . '
Z[Dn w5 [ Dr(To)]} = Ca(R)}

with Cy(R) = Ca(R*). For SU(N), Ca(¢) = (N? — 1)/(2N),

clc.

(N = 2)(N +1)
N

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

(ﬁ, i P l)g'R X (1_0, 1, 1, 1)0,1?_ =3 (5, 1, 1, 1)0
with AC; = 24/5, breaking SU(5) pre — SU(4)grc.

With no loss of generality, take breaking direction in SU(5)gre as
i = 1; this entails the separation of the first generation from the
ETC fermions with 2 <17 < 5.

With respect to the unbroken SU(4) gre, we have the decomposition

(10,1,1,1)or = (4,1,1, 1)o.r + (6,1,1,1)0.r
Denote
(4,1,1,1)o,r = thi,r = Quir
6,1,1,1)or = ¥ijr = &jr 255, £5

The associated SU(5) grc-breaking, SU(4) pr¢-invariant condensate
is
(" IRET pClrer) = 8(E33 RCEss R — &34, RCE.R + &35 RCE4R)

The six Ffe’, lds §{‘;1£ g Rl E;J. £E¥ jqn,, dyham,fcaf k@ sier

A
With our lepton number assignments, this and the resultant ;

dynamical Majorana mass terms for ¢ violate I 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 m the PLB):
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As E decreases to Agge S A1 (BHC = broken HC), the SU(4)gre
interaction produces a condensation

(6,2,1,1)0r % (6,2,1,1)0.0 — (1,3,1,1)p

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

(flijkzcg'i TCC;“) +(142).

This is an adjoint rep. of hypercolor and breaks

SU(2)ge = U(1)ge. Let a = 1,2 correspond to Qe = %1 under
the U(1)c. The twelve ¢ ficlds involved gain dynamical masses
~ Apne. e PR T g

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

(ol TOCR™) SU(L) gre £ SUCRIg
which breaks SU(4) zre = SU(2)gre and is U(1) jy¢-invariant. We
take Agz ~ 10 TeV. The U(1) ¢ interaction does not couple

directly to SM particles.

Finally, at E ~ Apg, technifermion condensation occurs, breaking
SU(2)L X U(l)y b 2 U(l)em.
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