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The Sextet Quark Higgs Mechanism

At r st sight -

sextet quark symmetr y breaking is simply a special version of
technicolor , with QCD as the technicolor gaug e group.

A doub let of sextet quarks, & , (+, perhaps, heavy leptons -

to avoid an SU(2)xU(1) anomaly) is added to the standar d model.

Breaking of the sextet chiral symmetr y then gives a triplet :
of sextet pions and a “Hig gs” - the

The , and , aguire masses by “eating” the 's.

But -

economicall y (and very beautifull y) the electroweak scale is
a second (higher color) QCD scale - no new interaction is
needed.

Electr oweak symmetr y breaking is intricatel y connected with
QCD dynamics and, in addition, the direct QCD production of
's gives a rang e of new phenomena.

Experimentall y -

the r st evidence should be subtle deviations from standar d
QCD at the electroweak scale - whic h may have already been
seen !

At higher energies (LHC ! ) there should be a multitude of ef-
fects, with the prominentl y involved.

Double exchange should be the most de nitive and may be
spectacular !!



Theoreticall y , | have argued that, within QCD, the sextet
sector produces many attractive properties.

With one sextet and three triplet families, an infra-red x ed
point (in the massless theory) produces a distinctive high-
energy S-Matrix via the chiral anomaly.

There is connement and chiral symmetr y breaking, but
(in nite momentum) physical states contain both quarks
and a particular “anomalous wee gluon” component.

The is ( ) aregge pole and the *“Critical Pomeron”
describes asymptotic high-ener gy cross-sections.

Wee partons are “univer sal” and carry vacuum proper ties,

allowing the parton model to be maximall y valid.
However, also “at r st sight”,

the ,is a(Peccei-Quinn) light axion. (The s both “the

Higgs” and “the axion”).

A light axion is well-kno wn to be ruled out experimentall y.
This is generally thought to be a major (deadly!) problem
for sextet quark symmetr y breaking.

But, anomal y couplings, due to the gluon content of the states,
violate the sextet axial U(1) symmetr y, and so
there should be no light axion in the “anomal y S-Matrix”.

For related reasons, there should be no glueballs, no
BFKL pomeron, and no odderon.

The should have an electroweak scale mass and is
probably very broad. There may be “no Higgs” -in the
conventional sense.



High-Ener gy QCD Via

Color Superconductivity

We construct the regge limit of QCD by

starting from Color Superconducting QCD (CSQCD),
in whic h SU(3) color is broken to SU(2).

CSQCD contains an SU(2) triplet of massless (reggeized)
gluons, plus two SU(2) doub lets and one singlet of
massive (reggeized) gluons.

Each SU(3) triplet quark gives one SU(2) doub let and one
singlet quark. Each SU(3) sextet quark gives one SU(2)
triplet, one doub let, and one singlet quark.

Originall vy,

this construction was motiv ated only by Reggeon Field
Theory (RFT) arguments that - the transition from CSQCD
to unbr oken QCD should be described (from the super crit-
ical side) by the Critical Pomeron.

Additional, more direct, motiv ation is now provided by

results obtained, via the chiral anomaly, on the structure ,
scattering, and production of in nite momentum Goldstone
Bosons.

From these results, QCD states and amplitudes can be
obtained by restoring SU(3) gaug e symmetr y.



Anomalies In CSQCD -

Con nement, Pions, & the

Within CSQCD, the triangle diagram “anomal y pole” gives
impor tant properties of Goldstone Boson Couplings.

First, the a vor anomaly
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provides a coupling of a “pion” (triplet or sextet), with
light-cone  momentum , to states containing

a massless quark-antiquark pair with  momentum and
vector -like spin

massless “wee-gluons” with momentum

Because of transver se momentum infra-red diver gences
produced by the wee gluons, such states dominate in nite
momentum  “physical” pion scattering amplitudes,

As a consequence , there is no simple component
in the in nite momentum pion “wa ve function” !



The simplest scattering diagrams have the form

AN = B2
singlet
massive
gluon

= Wee
gluons

The “anomal y pole” plays a second, crucial, role in the
“ " vertex. The U(1) anomaly “pole” appears as a
-function that factoriz es out the wee gluon interaction.

With the IR x ed-point, regge exponentiation of diver-
gences removes all colored wee gluon combinations.

Physical amplitudes are selected by an overall diver gence
due to color zero, anomalous ( ) wee gluons
(three as a minimum) that is not exponentiated.

The diver gence is factored out as a zero transver se
momentum “condensate” in both the pion and the

The is an SU(2) singlet reggeized gluon the conden-
sate and is described by super critical RFT.

The only physical states are color zero Goldstone
bosons, i.e. pions and nucleons !!
(“nucleons” are and  Goldstones.)

We can say that the condensate originates from a shift of the Dirac
sea that produces states, and an S-Matrix, with both con nement
of SU(2) color and chiral symmetry breaking.



The 's, and 1I's, in QCD

With the sextet quark sector (and six triplet quarks),
CSQCD has sufcient asymptotic freedom for SU(3) color
to be smoothl y restored via the Critical  phase transition.

As part of the transition, the condensate disappear s and a
corresponding dynamical contrib ution appears.

Shifting of the Dirac sea becomes dynamical !!

Simultaneousl y, the SU(2) singlet gluon becomes mass-
less and decouples, as described by Supercritical RFT.

In unbroken QCD, the is (approximately)

1. ( AAAAA ) a shor t-distance (gaug e-invariant) reggeized
gluon combined with

2. (= = =) acolor compensating dynamical , anomalous,
wee gluon contrib ution.

'sand 's have the same wee gluon component, but with
a shor t-distance quark-antiquark pair.

In the following, we will explicitl y discuss hard diffractive , zero
color, interactions (with a ,a or a )in whic h the wee gluon
component has only alimited role (no wee gluon interactions).

For this, we can contin ue to represent the wee gluon com-
ponent as a zero transver se momentum “condensate”.

(In reality it is a much more complicated dynamical contribution
of wee gluons over a range of infra-red transverse momenta.)

Most impor tantly, distinct (wee gluon) dynamical scales
for triplet and sextet quarks will be represented by distinct
condensate couplings.



With the wee gluons treated as semi-c lassical,

the anomaly mechanism will give a, limited, under standing
of the production of 's and the resultant production of 's
and 'sin hard diffractive processes.

Not surprisingl y, the minimal representation of the dynamics
of the wee gluon component will have major limitations.

Most signi cantl vy, we will be able to apply the “condensate

anomaly mechanism” only at large and then (directl y)
only to the production of an “on-shell” carrying light-like
momentum.

Dynamical wee gluons will produce 's at both small
and off-shell, but we will not try to discuss this explicitl .

Instead, we r st use the kinematic form given directl y by
the anomaly amplitude to go “off-shell”. This leads to

rough order-of-magnitude estimates and (some) qualitative
kinematic features of hard diffractive phenomena.

We can then combine

the knowledg e of hard diffraction that we obtain, with regge
theory, to discuss expectations for soft diffraction.

We will argue that

the best place to see that new physics is in evidence is likely
to be

double exchange!



The Sextet QCD Scale

and Electr oweak Masses

If (suggestively) we denote the sextet wee gluon coupling by

then, in the regge limit, mass generation can
take place via a sum of anomaly diagrams. This needs to be
studied in more detail but, roughly,

“JUVN = massless Wi, ZD

From Feynman graph color factor s, we expect triplet and sex-
tet quark momentum scales for gluon interactions to be re-
lated (approximatel y) by “Casimir Scaling”, i.e.

If evolves sufcientl y slowly (e.g. )
can indeed be the electr oweak scale !

This implies that the wee gluon component of the
couples very strongly to sextet quarks.



Direct Production of 1I's

A  can be directl y produced via a hard interaction (effectivel y
pointlike atlarge )ofthe with acolor neutral , or

hard interaction

In this case, the provides, directly, the wee gluon compo-
nent that is needed for the to appear via the anomaly pole.

In addition to the large , the hard gluon must also carry a
large light-like momentum.

The anomal y amplitude has the form

Because of the anomaly pole, this is independent of , as we
extrapolate away from . Combined with the propagator,
and vertices , the anomal y amplitude gives (using )

The r st term (which is present as soon as ) produces
physical, longitudinal, 'sand 's.

The second term has no pole, but is of comparab le magnitude
away from the pole. We use it to (crudel y) estimate the back-
ground cross-section, on top of which the peak appears.

When , the second term gives adirect coupling
( fermion masses) to fermion nal states.



DIS Diffractive Jet Production

In DIS a sextet quark loop
can produce a via the
hard interaction

where Is a dynamical
sextet quark mass ( ).

Combined with the full “bac k-
ground amplitude”, this gives

The remainder of the amplitude
compares (almost) directly with a
standar d two jet amplitude .

Kinematicall y, the only diff erence
is that a (triplet) quark propagator
(carrying momentum ) replaces
the triangle diagram factor.

In order-of-magnitude , therefore,

and so IS
suppressed, relative

to standar d jet
Ccross-sections, until




Large and () at HERA

Could there be obser vable events at HERA ?

At r st sight, accessib le kinematics might be

and
But, corresponds to and increases
fur ther if IS Increased.
Therefore, with far from zero and this is

(at best) on the border of the regge region.

Also, with , the electron will be produced close
(but backwards) to the beam and will be unobser vable.

For the electron to be obser vable, must be smaller and/or
must be larger

Decreasing decreases and increases . Increasing
also increases , but moves toward the pole .
In the diffractive region, with and X ed, the cross-section

would be independent of and grow as  decreases.

In our case, the increase in  takes us further from the regge re-
gion. Although, this is compensated for, in part, by the decrease in
and the approach to the pole . Therefore, it is possib le that

sextet pions could be responsib le for jet events at HERA
with electr oweak scale and large !

In addition to the production of a (partly off-shell) it is also just
possib le that heavy quark jets could be produced.



The “Axion” & Large £ Jets

In CSQCD the has TW O anomaly couplings to wee gluons

A coupling (analagous to that of the ), and a second
involving the SU(2) singlet gluon. As aresult, in QCD,

the mix es with a pure glue state and (from the wee
gluons) the coupling is . Therefore,

the should aquire an electr oweak scale mass.
But, since it couples to the triplet sector via a gluon
intermediate state, it may well produce only
a broad enhancement of electr oweak scale
(large ) jet cross-sections (at Fermilab ?7?)

Unfortunatel y, we can not discuss these cross-sections using
the present methods. Note that,

To obtain the anomaly pole coupling, the helicity of the sin-
glet gluon must be non-leading in the regge limit.

Consequentl y, the full (reggeized) gluon state that mixes
with the Is, initiall y, the “daughter of the pomer on”.

The fate of the axion is closely tied to the nature of the ! Since
the wee gluons produce the mixing with a pure glue state,

“It Is the dynamical shifting of the Dirac sea that breaks the
sextet axial U(1) symmetry”.



Diffraction at Fermilab

Diffractive production of a , via the “condensate anomaly mech-
anism” requires an initial (perturbative) or  whic h (unlike the
photon at HERA) will not be cleanly isolated

cross-sections will be relativel y small and not easy to detect.

enhanced diffractive
&  cross-sections
(large ) jet cross-
sections away from the
central rapidity region.
- seen at Fermilab ??

enhanced and
pair cross-sections
2 jet events
(UAL1?)
large
jets - seen at Fermilab ?

interaction

Although the anomaly process takes place at large , we
expect the production vertex to contin ue to small  with
little increase in magnitude .

But, the /hadron vertex grows at small , and so there
could be “relativel y large” cross-sections for the forward

production of 's and 's at Fermilab whic h remain un-
detected !



Double Exchange at the LHC

If each can be “cleanly isolated”, double exchange atthe LHC
should maximall y expose the “new physics” of  production.
's can be pair-produced directl y via the anomaly mechanism -

harad
- interaction

Order-of-magnitude arguments say

that the large production of
- ' and pairs should
DRSS produce jet cross-sections that are

at least as large as (and could be
considerab ly larger than) the inclusive cross-sections pre-

dicted by standar d QCD.

There should also be additional top
quark production via a “bac kground”
anomal y vertex -

If new leptons exist, with electr oweak
scale masses, then there will similarl y

be large anomaly vertices for their

production.
The boson/ vertices will vary relativel y slowly
with
But, the hadron/ vertices ( ) will have strong - de-

pendence that should give large cross-sections at small



The r st LHC evidence of sextet quark symmetry breaking is
likely to be that, in general, diboson cross-sections are much
larger than expected.

If forwar d protons can be tagged then it will be clear that,

in particular, the double  cross-section (for and
pairs) is excessivel y large and, moreover, has the
strong dependence of atypical hadronic  cross-section.

This would be very signicant evidence that the elec-
troweak sector is coupled strongly to the hadronic sector
via

sextet quark electr oweak
symmetr y breaking.

Possib ly, there could be a substantial number of spectac-
ular events in whic h the forward protons are tagged and
only large leptons are seen in the central detector !!



