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ABSTRACT

This paper is a brief communique on the Georgi-Glashow SU(5) papen Unity of all

Elementary Forces, published in 1974; and the other more important papers based on SU(5) or
linked with the Georgi-Glashow paper which was welcomed by many a theoretical physicist as
a great step. At the end of the paper, a concise review of the experiments (in operation) and the
proposed ones is given.
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Unification of all the fundamental forces in Nature is the primary and cardinal aim of

particle physics today, and more importantly the ambition of many a leading physicist Grand

Unification Theories (GUT) that unify electromagnetic, weak and strong interactions, seem to be

another natural step toward the Theory of Everything (TOE).

The phenomenal success of quantum electrodynamics, of quantum electroweak dynamics

and of quantum chromodynamics describing electromagnetic, electroweak and strong interactions

indicate (strongly) that gauge theory it the correct framework to describe and explain elementary

particles and their interactions. And the remarkable and singular success of the Salam-Weinberg-

Gtashow model of the electroweak unification (that won them the 1979 Physics Nobel) has raised

great hopes for the next step - the grand unification.

Toward the end of 1973 (the year neutral current predicted by theSalam-Vfeinberg gauge
theory was discovered at CERN), Abdus Salam and J.C. Pad completed a complex and intricate
paper l> . In this mathematical paper, strong, weak and electromagnetic interactions of leptons
and hadrons are generated by gauging a non-Abelian renormalizable anomaly-free subgroup of the
fundamental symmetry structure:

SU(*)i x SU(4)x x SV(i') (1)

which unifies three quartets of "coloured" baryonic quarks and the quartet of known leptons into
16-folds of chiral fermionic mura'plets, with lepton number treated a* the fourth "colour". Experi-
mental consequences include the possibility of baryon-lepton number violation in quark and proton
decay, and the occurrence of (V+A) weak current effects. In this paper l ) , Pad and Salam were
able to predict the proton decay (a very bold and revolting idea) as early as July 1973 3 , which is
the most significant and eloquent consequence of the grand unified theories.

S. Glashow and H. Georgi published their theory of grand unified theory in the 25 Febru-
ary 1974 issue of Physical Review Lottos. They presented a series of hypotheses and speculations
leading to the conclusion that SU(5) gauge group achieves the grand unification, and that all ele-
mentary particle forces (strong, weak, and electromagnetic) are different manifestations of the same
fundamental interaction involving a single coupling strength. This paper of Glashow and Georgi
is much simpler, and mathematically more consistent than the Pau'-Salam paper, and at the same
time it predicts the proton decay, demanded by Salam and Pan.

The fundamental basis of Georgi-Glashow theory is the assumption that weak and elec-

tromagnetic forces are mediated by vector boson* of a guage invariant theory with spontaneous

symmetry breaking. A model describing me interactions of leptons, using the gauge group SU(2)x

[7(1) was proposed by Glashow in the early month* of 1959; and in November 1958 by Ward and

Salam*. The rival Kemmer suggestion of a global SU(2)-invariant triplet of weak charged and

For Salam, the trek to gauge theory as a candidate for fundamental physical theories started in

September 1956 after the Seattle conference in which Yang and Lee spoke on their parity violation.
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neutral currents was independently suggested by Bludman (in 1958) in a gauge-based theory. And

this is how matters stood in the early months of I960.

Glashow published his first paper3' leading to standard gauge model in 1961. This paper
was (much) unproved by Salam and Weinberg in their Nobel Prize winning papers 4). Salam's
and Weinberg's papers incorporated spontaneous symmetry breaking, and predicted neutral current
Glashow-Salam-Weinbetg model can also describe hadrons, and is just one example of many a
class of models compatible with observed weak-interaction phenomenology. If we pre-suppose that
there are as few fermion fields as possible and, in particular,' that there are no unobserved leptons,
the Salam-Weinberg model becomes unique up to extensions of the gauge group. The observed
leptons may be described by six left-handed Weyl fields (el,ttl,vi.,v'L,el,iil) and their charge
conjugates. If the gauge couplings do not mix leptons and quarks, these six fields must transform as
a representation of the gauge group- one of the 23 subgroups of U( 6) containing an SU{ 2) x [/( 1)
subgroup in which the leptons behave as they do in the Salam-Weinberg model.

To include hadrons in the theory, we most use the Glashow-Iliopoulos-Maiani (GIM)
mechanism, and introduce a fourth quark p* carrying charm 3>. Nevertheless, decisions must be
made. Should the quarks have fractional or integer charges? Should there be one quartet of quarks
or several? Bouchiat, Diopoulos and Meyer suggested what seems to be the most attractive alter-
native: three quartets of fractionally charged quarks *'. This combination of the GIM mechanism
with the concept of coloured quarks preserves the successes of the quark model, and grants a signif-
icant bonus; Lepton and hadron anomalies cancel so that the theory of weak and electromagnetic
interactions can be renormalized ^.

The next step was to include strong interactions in the Salam-Weinberg-Glashow model.
Georgi and Glashow assumed in their SU(5) paper that strong interactions are mediated by an octet
of neutral vector gauge gluons, associated with local colour SU(3) symmetry; and that there are no
fundamental strongly interacting scalar-meson fieles. This ensures that parity and hvpercharge are
conserved, and does not lead to any new anomalies so that the theory remains renormaliiable. The
strongest binding forces are in colour singlet states, which may explain why the observed hadrons
lie in qqq and qq configurations w . And this gives yet another bonus: Since the strong interactions
are associated with a non-Abelian theory, they may be asymptotically free lq>.

Thus, we see how alluring it is for the strong, weak and electromagnetic forces to stem
from a gauge theory based on the group 5(7(3) x SU{2) x I7( 1). Nevertheless, this theory is
faulty and incomplete in one aspect It does not truly unify weak and electromagnetic interactions.
The 51/(2) x U( 1) gauge couplings describe two interactions with two independent coupling
constants, whereas a true unification would involve only one.

Moreover, electric charge is observed to be quantized. This fact (occurrence) has no

natural explanation in the framework of conventional quantum electrodynamics, but it is necessarily

true in any unified theory - yet another very important incentive to search for a true unification.

Georgi and Glashow assumed that the gauge group, SU{ 3) x St / ( 2) x [/(1), unifying

the strong, weak and electromagnetic forces has a unique gauge coupling constant. And the gauge

group must be simple, or the direct product of isomorphic simple factors with discrete symmetries

which interchange them. This embedding of the Salam-Weinberg model implies a relationship

between the coupling constants of SU(2) and U(l) subgroups. Because leptons are singlets under

colour SU(3), leptons and quarks must lie in separate representations of the gauge group, SU{ 3) x

SU(2) xU(l). If the six observed lepton states are involved, the gauge group must be one of

the 23 relevant subgroups of U(6). The only candidates involving a single gauge coupling constant

are, 517(3), 517(3) x 517(3) and SIH6)1l).

None of the above schemes can describe or incorporate hadrons: The generator corre-

sponding to electric charge does not admit fractional charge*. Nor, being traceless, can it explain

why the sum of quark charges is not zero. And, no gauge group of the form SU{ 3) xSU( 2) x U{ 1)

achieves the desired ambition or objectiveIZ>.

Georgi and Glashow concluded in their SU(5) paper that weak and electromagnetic inter-
actions, independently of the strong interactions, cannot be unified (as coherently as with the strong
force included therein). The other possibility is that the larger gauge group contains: 517(3) x
SI/( 2) x F7( 1) as a subgroup but is by itself simple or the direct product of isomorphic simple fac-
tors. Leptons and quarks must lie together in the same irreducible representations of such a group:
some gauge fields carry lepton and quark number. The same coupling strength (the fine structure
constant) characterizes all the three fundamental interactions. This immoderate and outrageous po-
tentiality may seem acceptable, after we discuss the following asymptotic freedom and its eulogy
— the infrared slavery.

Asymptotic freedom is, as is well-known, a property of non-Abelian Yang-Mills**field
theories, which holds the promise of explaining the pointlike structure of hadrons at high energy ">.
Unfortunately, these theories do not appear to describe strong interactions accurately, because they
involve massless strongly interacting vector bosons. The obvious breakthrough is to introduce
strongly interacting scalar mesons which develop vecuum expectation values, spontaneously break
the gauge symmetry, and generate vector meson masses by the Higgs mechanism. But the scalar-
meson Lagrangian involves additional renormalizable couplings which may spoil asymptotic free-
dom. Unfortunately, no one has discovered (so far) an asymptotically free model in which the
gauge symmetry is completely broken, and all the vector mesons develop masses H> .

Weinberg1S) and Gross, and Wilczek presented an astonishingly radical solution to leave
the gauge symmetry unbroken. While the Yang-Mills Lagrangian appears to describe massless
vector bosons, the hideous infrared divergences of the theory conspire to prevent their appearance
in physical states. This idea (of Salam, Weinberg and others) can be interpreted to explain the

* The Salam-Pati theory does not suffer from this defect.
•* The first attempt, in 1954, to unify weak and electromagnetic interactions (the paper was published

in Phys. Rev.)



absence of physical states that ate not colour singlets, and answer the old axiom: Why the quarks

do not come out

The crucial thing about a theory of strong interactions, based on an unbroken non-Abclian

gauge symmetry is that the strength of strong interactions no longer depends on the existence of a

large coupling constant And even if the gauge coupling constant is small (say of the order e) the

infrared divergence of the theory can lead to phenomenological interactions strong enough to keep

the quarks bound 16 ) . Qeorgi-GIashow SU(5) paper's stess is on infrared slavery, and not on the

asymptotic freedom.

The theory that Georgi and Glashow had had on their mind, while writing the SU(5) paper
involved a unifying gauge group whose only coupling constants is the unit of electric charge, and
which contains (in an appropriate way) the subgroup: SU( 3) x $U( 2) x U( 1). The symmetry is
spontaneously broken, leaving only the direct product of colour SU(3) and electromagnetic gauge
invariance as exact local symmetries. Colour SU(3) is an unbroken non-Abclian gauge symmetry
causing infrared slavery and leading to strong interactions. Electromagnetic gauge invariance is
Abelian and commutes with colour 5U(3). Since the photon has no direct couplings to the gauge
fields of colour SU(3), electromagnetism is free from die problem of infrared divergence and pho-
tons can be freely emitted and absorbed. All other gauge fields develop masses through Higgs
mechanism. Those associated with the subgroup SU( 3) x U( 1), apart from the photon, mediate
ordinary weak interactions and die neutral current effects of the Salam-Weinberg model (which
unifies weak and electromagnetic interactions). The residuum, which is coloured and massive,
mediates new and most likely even weaker forces.

Georgi-Glashow unifying group is of rank 4, at least And there are exactly nine rank-4
local Lie groups which can involve only one coupling strength:

ISU(2)]\ [(H5)]1 , [517(3)]*, [Gz]1, 0(8)

- 0 ( 9 ) , 5 p ( 8 ) , Ft andSU(S)

The first two are unacceptable, because they do not contain SU(3)*.

Georgi and Glashow, in their SU(5) paper have used the Weyl notation in which all

fermion fields are left-handed two-component spinors.

There are 30 such fields in the Georgi-Glashow picture of Nature:

four leptons (/i~,«',«-, v)L

two antikptons ( n*, e* )i

twelve quarks (pi, R, m, Xj)i

twelve antiquaries ( ft, pi, A, \)t

where the colour index assumes three values.

Under the subgroups SUd) x SU{2), the leptons are SU{3) singlets, and SU(2) dou-

blets. The andleptons are singlets under both the groups. The quarks are SU(3) triplets, and also

SU(2) doublets*. And finally the antiquarks arc SU(3) l* ' s , but SU(2) singlets. The 5(7(3) x

SU{ 2) content of the thirty fields is:

2(1,2) ©2(1,1)©2(3'11)

in the well-known notation of group theory.

The above representation is complex, intricate and heterogeneous: and not equivalent 10
its complex conjugate. So also is the corresponding representation of the Georgi-Glashow unify-
ing group SU(5). Of our nine candidates only [5U(3)] and SU(5) admit complex representations.
Georgi and Glashow in their first SU(5) paper rejected [SU(3)]2 and preferred, SU(S) and did suc-
ceed (at least mathematically) in their synthesis.

Under the subgroup SU{ 3) x SU( 2), the fundamental five-dimensional representation

of SU(5) transforms like

(1,2) © ( 3 , 1 )

The complex conjugate 5* transforms like

The irreducible ten-dimensional representation given by the andsymmetrized tensor product of two

S.'s transforms like

(LI)e(2*,D©(3J2)

If the thirty left-handed fermions transform like two 1 0 *s and t w o f 's the SE7(3)xST/(2)xt7(l)

is mathematically appropriate to describe the physics that unifies the three-fundamental forces: the

strong, weak and electromagnetic.

In order to display these representations, Georgi and Glashow replaced the two i " s of

left-handed fields by two £"s of right handed charge conjugates. The representations containing

electrons are the aS and alO:

0
-Pi 0

-pi

-pi -
pi
0

-pi{8) -n

0 J

* M. Gell-Mann won the 1969 Physics Nobel Prize for his SU(3) paper, published in 1962.

5

As per the Nobel Prize Winning paper of Gell-Mann.

6



where p{8) - pcos 6 — j/sin 9. The J. and 10 containing muons are obtained from these by the
replacements e+ -n*> v-rf, n-\, p - p , andp(fl) -ff(S) » p'cosfl + psin 6.

After obtaining the representation!, Georgi and Glashow answered the obvious questions:

- Are there anomalies?

- What mixing angles are predicted?

- What Higgs (mechanism) mesons are necessary?

- What new or unknown interactions are predicted?

Georgi and Glashow knew that the group, SU{ 3) x 517(2) x t / ( l ) is free for the repre-
sentation they had chosen; the full unifying group, they thought, might not be. Nevertheless, after
some mathematical analysis they discovered that it is free of anomalies or observations. And re-
markably, the 5_* and 10 have equal and opposite anomalies. 1b their surprise and delight, Georgi
and Glashow discovered that their SU(5) theory is anomaly-free.

Beyond any doubt, Gecrgi-Glashow theory is the only group of any rank with a thirty-
dimensional, anomaly-free representation with the correct SU( 3) x 5(7(2) x U( 1) content.

Nonetheless, Georgi and Glashow needed two irreducible representations of Higgs mesons.
They further needed a multiplet with a very Urge vacuum expectation value to break the SU(5)
symmetry down to SU(3) x SU(2) x U(l). This was achieved by them, most lucidly with 24 real
scalar-meson fields transforming like the adjoint representation. The mathematics involved is ana-
log to the superstrong breaking in Weinbcrg's papers 17) treatment of SUO) x SU(2) x U{ 1)
acquire superheavy mases. (They were ignored by Georgi and Glashow). They also needed Higgs
mesons to bestow mass to the fermions, and the weak-interaction mediators.

For the most general xctath order mass matrix consistent with the exact colour SU(3)
symmetry, Georgi and Glathow needed five complex scalar-meson fields transforming like the
fundamental representation and 45 complex scalar-meson fields like the 4.5 contained in 5 * x 10.
If only the £_ is present, p and j / masses and the Cabibbo angle are arbitrary, but the other masses
satisfy the relations, m . » m ,̂ and mi - mM. Does this mean, Georgi and Glashow ask the question
in their paper that the muon-electron mass splitting has the same origin as the SU(3) breaking?

For the mixing angle or Salam-Weinberg angle, the Georgi-Glashow theory predicts:
sin1 0 _ = 3 / 8 .

Analyses of the superweak interaction], and the SU(3>-colouBsd superiteavy vector bosons
reveal that the super-heavy vector boson in addition to mediating such bizarre interactions as
K° — fi*e~, they make the proton* unstable.

Georgi and Glashow's uniquely simple paper12) reads like a Nobel Prize Winning paper.

Abdus Salam was the first to predict proton decay in 1973.
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When this paper (Unity of All elementary Particles Forces) was published in 1974, it created a big
stir. This paper attracted much more attention than the papers (Rcfs.l and 2) of Salam and Pali,
despite its mathematical elegance and the prediction of baryon-Iepton number violation in quark
and proton decays.

In less than two yean the storm created by Georgi and Glashow turned into a storm in a
tea cup. The authors were aware of the incompleteness and imperfection of their work, when they
wrote their papers.

While SU(5) - based GUT's have been successful in certain areas, they seem to be
plagued by insurmountable problems. The gauge hierarchy problem, how to separate the elec-
tro weak scale ( ~ 100 GeV) from the GUT scale ( ~ 101JGeV) is the arch problem. Nevertheless,
it is miraculous that a (somewhat) possible solution to this problem is provided by supersymmetry1*
(SUSY).

It seems almost certain that if we want to have grand unification, we had better have
supersymmctric GUTs which anticipate (real) unifications in two respects:

i) automatic unification with gravity and

ii) automatic unification of fermion with boson

The inconsistency of minimal SU(5), in particular the non-observation of proton decay
so far, should not, be interpreted as evidence against the idea of grand unification. The fact that the
predicted value of sin2 0m is very close to the observed value allows for the possibility that the
idea of grand unification is correct but that there is some new physics lying between tn , and die
grand unification scale M, which may still lie well below the Planck scale. In other words (a must
for 5(7(5)) is, beyond doubt, not a grand desert, and it hag some cases. This could be of some
consolation to experimentalists.

What could be the nature and fabric of this new physics? Three possibilities present
themselves. Two of these were apprehended long before the recent experimental meauremems of
sin2 $„:

i) Higher symmetries and intermediate scale: symmetries like SO(10), SU(10) or £«,
which are mathematically more elegant than SU(5) (because they allow members of one family to
be unified with one muliplet), permit a two-step breaking of the grand unification to the standard
model symmetry involving intermediate scale A/i ~ 10" GeV for sin2 Bm ra 0.23.

ii) Marriage of supersymmetry with Grand Unification: An additional or alternative pos-
sibility is an attractive idea by itself demanding a symmetry between fermions and bosons. As a
local rather than a global symmetry it has the virtue that it requires the existence of gravity. A
fundamental reason for supersymmetry in its local form is thus the unification of gravity with the
other fundamental forces - a feature that is promised in its full bloom by die superstring theories.
If one combines the idea of supersymmetry with grand unification 19), and assumes that the su-



peraymmetric partners of the particles in the standard model - squarks, steptons, gluinos, winos,
zinos, photinos and higgsinos - have masses less than or of order 10 TeV, something which one
needs to avoid the unnatural fine tuning problem **. The superpowers contribute significantly to
the renormalization group equations. As a result, the grand unification scale M as well as sin 2 $„
are pushed up compared to their corresponding values in nonsupcrsymmetric SU(5). We obtain

M » 2 x 10i6GeV

2 $„ - 0.237j*g - ^r-
13 f

sin

The value of sin 2 $„ is in good agreement with the experiments. The high value of M implies that
gauge boson exchange make an insignificant contribution to proton-decay amplitude (these would
give rP> 10 * years). Nevertheless, there are other important contributions to proton decay in
SUSY theories due to exchanges of spin-0 squark as well as higgsino, wino and gluino.

If SUSY is relevant to the explanation of a high value for s in 1 0 H > the new physics
(mentioned above) would involve the existence of SUSY partner* with masses <, 10 TeV.

iii) Planck Scale Grand Unification: There is a third possibility which preserves the con-
cept of grand unification but call! fora unification scale at or near the Planck scale. This links most
naturally with the idea that all the fundamental forces including gravity are unified at and above the
Planck scale where supersymmetry is alto manifest. This is exactly the view point of superstring
theories. Within this viewpoint grand unification is lost very near die Planck scale. It is premature
to discuss this possibility at this stage, because not much is known how to connect these theories
with the low energy world in a trustworthy manner.

Two-step breaking of SCK10): Let us contemplate a two-step breaking of 5O( 10) via two
alternative routes A and B:

SO{ 10)
S

\

St/(4)c

\ M ,
SU(2)L x U{ 1) x SU( 3)

Now there are three unknowns: Ma, M\, and sin19. Two of these can be predicted by
the renormalization group equations for the current coupling constants provided one of them is
introduced as an input. It it well-known that Mg, and therefore the proton lifetime and sin2 # „
increase simultaneously.

On the basis of the accepted experimental value of sin : 0«, = 0.230 ± .0048 m, which
when ranges between 0.225 and 0.235, the unification mass Mg for SO{1) increases by a factor of
about 2 to 6 (for case A) and by a factor of 2 to 7 (for case B), compared to the SU(5) - value of
2.1 x l 0 " G e V .

For the worst situation from the viewpoint of observing the proton decay, the inverse
rate F(p -+ e+ir°)~' could be as high as (2 to 5) x 1Q34 yean (assuming a two-step breaking of
SO(10)). The actual value may be well below these limits. The uncertainty will be reduced when
sin2 9 M is measured much more accurately (than at present).

I feel that the theory of a two-step breaking of the grand unification symmetries, which
contain SU(4) - colour - e.g. SO0O), SO(14) or SU(16), should be considered more seriously.

Proton Decay Searches: In view of the theoretical implications (based on the measured
values of sin2 $„, it is important mat the second generation proton-decay searches be designed
with the following targets:

i) Firstly, they should be capable of detecting and establishing unambiguously at least
two-body decays of the nucleon like

p - • e*»° (or n-» e">+)

if they happen with inverse partial rates as high as 10s3 to 10M years.

ii) The experiments should be designed so as to be able to detect and establish nucleon
decay via multibody channels of the type (e.g. n - • t~t*v or p -* n~n+tnr*, etc.)

iii) Supersymmetric grand unified theories, especially those with local suypersymmetry,
are motivated theoretically. These tend to emphasize decay modes involving kaons - p -» vK*
and n -» vK°, etc. Thus, sensitivity to detection of these and the corresponding lepton modesl

-* (m + ore+)+K°, andn-» (n+ ore*)+K° + *- .

To design new detectors so that they may yield a fair number of nucleon-decay events in
less than two years of running the experiment for inverse partial decay rates as high as 10 33 - 1 0 M

years, it is crystal clear that one needs detectors with fiducial volumes of at least 20,000 to 40,000
tons which would yield (1 to 2)x 10M nucleons. The largest detectors at the moment is the one of
1MB group with a fiducial mass of about 3300 tons. The next two largest ones are at Kamiokande
and Frejus with fiducial masses of about 880 and 5sO tons respectively. The idea of building a
super Kamiokasde detector with fiducial mass more than 20 kilotons is most welcome.

As is well-known, only increasing the size of the detector will not do, especially if the
inverse nucleon decay rates exceed about 1033 years. This is primarily because of the increasing
competition from the expected background due to the atmospheric neutrino-induced reactions. The
experimentalists expect a total of nearly 50 neutrino induced events with B, « 1000 ± 200 MeV.
This is the main difficulty of detecting and establishing nucleon decay, on earth, if r^^tm > 1033

years. Ingenious improvements would be needed to solve this difficulty.

Improving the energy resolution to its utmost would certainly help cut down the back-
ground noise. Improving the energy resolution to its utmost would certainly help cut down the
background. But beyond a point, this will not improve the experiment dramatically unless we
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build liquid hydrogen detectors and we look for two-body decay modes like e*n° where all the
energy is fully visible. For all the other decay modes where the total energy is not fully visible, and
in the case of decay of nucleons in heavy nuclei where there is an uncertainty in the energy loss
of secondaries due to scattering, one must allow for neutrino-background over a relatively wide
energy interval - say ±200MeV.

A very interesting step which should dramatically reduce the neturino background in-
volves searching for the nucleon decays on the moon a ) The major advantage of the moon is the
fact that it has no atmosphere and, therefore, no atmosphereic neutrinos or atmospheric muons. The
secondary hadrons lime n*, n"~ and loons produced by the primary cosmic rays with the moon rock
or dust can decay into muons and neutrinos. But, because the moon rock (and dust) is rather dense
(p « (2 - 3)?Tn/cm3) in contrast to the earth, the secondary pions and kaons interact strongly
and get absorbed in the moon rock before having a chance to decay. Thus the neutrinos arising
from secondary decays are reduced at least by a factor of 200, on the moon compared to those on
the earth.
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