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Unification of gauge couplings...
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Recall situation in field theory:

Experimental Data — '
o Standard Model, no SUSY: no unification of couplings
e MSSM, N =1 SUSY: _unification occurs
Unification scale | Myssmy ~ 2 x 1016 GeV. |

= MSSM very successful!
— one of the few surviving extensions to SM which is in
agreement with all experimental datal!

— SUSY also provides elegant solutions for:
finiteness

gauge hierarchy problem...

Therefore, current field-theoretic scenario:

e Grand Unified Group above Myssm
® MSSM gauge group and spectrum between
Myssm and Mgygsy

o then .... (soft?, spontaneous?) SUSY- breakmg_ﬁ_

= constramed to control nggs mass solve
gauge hierarchy problem

— requires Str(M?) < some number.

* SM gauge group and spectrum below Msysy




Compelling picture except for various problems:

o Myssm close to Planck scale = what about_gravity? ‘)k
o Why the spectrum of SM and MSSM with all of these
arbitrary parameters? Need to explain:
— three generations
— fermion mass matrices...

o If GUT theory above Myissym, what about proton lifetime?
Require some sort of doublet-triplet splitting mech.

o Why require a GUT at all?
Theoretical prejudice...
Not required for consistency of model...




String theory can solve these problems.

AL '
o Naturally incorporates quantized gravity
55 — spin-two massless particle (graviton) always appears
D5 in spectrum.
W e N=1 SUSY field theories with non-abelian gauge groups

appear as low-energy limits.

o May provide uniform framework for understanding
e three generations
e fermion mass matrices _
e doublet-triplet splitting mechanism, etc...
— 1n principle, no free parameters!

* Natural unification of couplings:
gauge and gravitational couplings .automatically unify
to form one coupling constant Gatring

where Gy = gravitational (Newton) coupling
o’ = Regge slope |
k; = affine level of group factor G;:

e =
- rabe 5&6 :
Ja(z)Jb(w) ~ :{w Jc(w) -+ km -+ ...

e b

w— e

e

»
“ Schwinger term
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m Field Theory vs. String Theory: Crucial Differences J

e e T

CrET—

VI

e String theory is finite = running of gauge couplings is
within framework of low-energy effective theory only.

e In string theory, all couplings are dynamical variables,
related to expectation values of moduli fields.

e Dependence on KM level k;.
— Fssentially a normalization: analogous to hypercharge
normalization [e.g., ky = 5/3 for SU(5) or SO(10)],
but now also appears for non-abelian gauge factors!

— Most easily constructed string models have k; = 1.




Unfortunately, this is not the unification scale expected in
heterotic string theory!

C4 | o At tree level, Mstring = 1/\/ a' = Gstring Mpisnsk -
174 e At one loop,

| Mesiring = Gstring X 5% 107 GeV =

| b o i . ) inDR scheme.

i Assuming gstring =~ O(1),

| .

- Mitsing = 5% 1017 GeV

—  factor of &~ 20 discrepancy!!
Is this a major problem?
o only 10% effect in logarithms of mass scales, but

| o leads to wildly incorrect values for sin? Oy and strong:

| - 1672 1672 e i' 4J

| o~ = ki + bjln 3

| gz (p’) gstring 2

—>  Major problem for string phenomenology!
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Path #1: String GUT’s

Intermediate-scale gauge group:
SU(3) > ST(2) x U(l)y € G
% For example, G = SU(5), SO(10), or Es.

® KRD & J. March-Russell, Nucl. Phys. B479 (1996) 113
® KRD, Nucl. Phys. B488 (1997) 141



Path #2: Non-Standard Levels (ky, k2, k3)

In MSSM, we have (ky, k2, ks) = (5/3,1,1).

S In string theory, however, this is not necessary!
Other values are allowed.

This would be a stringy effect...

® KRD, A.E. Faraggi, & J. March-Russell, Nucl. Phys. B467 (1996) 44



Path #3: Heavy String Thresholds

Heavy string threshold corrections (Ay, Ag, A3)

from infinite towers of massive (Planck-scale) states.

Also a purely stringy effect...

® KRD & A.E. Faraggi, Phys. Rev. Lett. 75 (1995) 2646
® KRD & A.E. Faraggi, Nucl. Phys. B457 (1995) 409



Path #4: Intermediate-Scale Corrections

e Light SUSY Thresholds

— from breaking SUSY at intermediate scales

He .
L — analyzed in effective field theory

e Intermediate Gauge Structure

— e.g., Pati-Salam SU(4) x SU(2)r x SU(2)g
flipped SU(5) x U(1) |

— also analyzed in effective field theory

(d)

M. M, M,

® KRD & A.E. Faraggi, Phys. Rev. Lett. 75 (1995) 2646
® KRD & A.E. Faraggi, Nucl. Phys. B457 (1995) 409



Path #5: Extra Matter Beyond the MSSM

Such matter ad hoc from field-theory perspective, but
required for self-considtency in many string models!

® KRD & A.E. Faraggi, Phys. Rev. Lett. 75 (1995) 2646
@ KRD & A.E. Faraggi, Nucl. Phys. B457 (1995) 409
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| Path #6: Strings without SUSY

In field theory, unification impossible without SUSY.

(&l In string theory, however, may be possible!
I | | | I | | | I [ 1 I I ] I I
80 — . =
60 — =
40 — —
20 3 Non—-SUSY _|
L Standard J
l Model i A
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® KRD, Nucl. Phys. B429 (1994) 533
® KRD, M. Moshe, & R.C. Myers, Phys. Rev. Lett. T4 (1995) 4767



Path #7: Strong-Coupling Effects

If underlying string céupling is strong,
— non-perturbative relations to new theories

1) e.g., M-theory or open string theory.

These theories have weaker unification relations.

Thus, original mismatch may not be problematic.




2% Thus, one over-riding question:

Which path(s) to unification
does string theory actually take?

...or equivalently:

Can realistic string models be constructed |

which exploit these possibilities?
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There has been significant recent progress
3k || in understanding/utilizing each of these paths...

® Review Article: KRD, hep-th/9602045
(Physics Reports 287 (1997) 447)




“ Phenomehological Lessons from String GUT’s

® KRD & J. March-Russell, Nucl. Phys. B479 (1996) 113
® KRD, Nucl. Phys. B488 (1997) 141

New Rules for GUT Model-Building —

o No 120 or 144 representations of SO(10)
— typically used for
e fixing light quark/lepton mass ratios
e inducing GUT symmetry breaking
— ruled out in SO(10) string models!

~o No 126 representation of SO(10)
e typically used for
e heavy Majorana right-handed neutrino mass
o GJ factor of 3 in light quark/lepton mass ratio
— ruled out in SO(10) string models!

o ALL larger representations of SO(10) ruled out!
o All 54 representations of SO(10) must transform as

singlets under all gauge symmetries beyond SO(10).
— hard to build models with multiple 54 reps

e New restrictions on allowed couplings -— e.g.,
— no couplings of form X - 54 - 54 where X = singlet
— mno couplings of form X - 54 - 54’ where X = singlet
— no explicit mass terms in superpotential
— no cubic level-terms in superpotential




All 45 representations of SO(10) must transform as

smglets under all gauge symmetrles beyond SO(10)!
— can only have Zg or Zg discrete quantum numbers
— hard to build models with multiple 45 reps
— hard to implement doublet/triplet splitting

— hard to implement “fake” 126 C 45 x 45’ x 10

All 78 representations of Eg must transform as singlets

under all gauge symmetries beyond F!

ALL larger representations of Eg ruled out!

P e e A it

All 24 representations of SU(5) must transform as singlets
under all gauge symmetries beyond SU(5)!

etc...

Guided by these results, there is much current activity —

Field Theory:| mnew efforts to build Iow-energy GUT

models satisfying these constraints

|String Theory:| new mechanisms for building string GUT

models
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GUT’s
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One of the most compelling proposals for physics
beyond the Standard Mbdel is the emergence of a

SUSY GUT

SUSY GUT’s would have many benefits —

e Unify strong, weak, and hvperc_harge forces
— explain relative gauge couplings
—> explain quantization of electric charge

e Unify diverse particle representations |
= explain fermion quantum numbers
=—> explain relative fermion masses

e Predict baryon-number violation
— explain cosmological baryon /anti-baryon
asymmetry




Unfortunately, the GUT scale is very remote!

— hard to probe GUT physics directly
— must look for very rare processes,
e.g., proton decay

All GUT physics is suppressed by heavy scale!

Is there a way to bring GUT physics
down to accessible energy scales?

Is it possible to probe GUT physics directly?




GU'T’s require unified gauge couplings
—> would need to somehow achieve gauge coupling
unification at lower energy scales!

But once again, this hardly seems possible...

only possb111 is to extra matter
but this generally increases unification scale,
also pushes unification towards strong coupling.

Is there a way around this?

 scale so high?
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Gauge couplings run only logarithmically versus energy scale p
(or linearly versus log p) -

— must extrapolate over many orders of magnitude before
different low-energy gauge couplings can be reconciled!

...... ——— =

How can we make the gauge couplings run faster?

How can we change linear running
into ezponential running?




!=—Extra spacetime dimensions!J

o Naturally predicted in string theory |
o Radii generally unfixed by string dynamics
e Large radii play an important role in string duality

— Such scenarios should be easy
to realize within string theory!

Nevertheless, extra dimensions can be discussed
in purely field-theoretic terms...
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Consider running of gauge couplings...

Recall: Without extra dimensions,
gauge couplings have usual 10gar1thmlc running:

...result of evaluating the vacuum polarization diagram:

q+k
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Now, imagine § = D — 4 extra dimensions at scale R
M ust also mclude Kaluza-Klein states in loop!

—> Below R™!, no appreciable effect. |
Above R!, couplings now evolve according to:

. where

o (b1,bs,b3) = (33/5,1,-3)
o (b1,b2,b3) = (3/5,—3,—6)
271.5/2
I'(6/2)

Xg;E

Power-law behavior is the consequence of extra dimensions!

But how does this affect gauge coupling unification?



Let us choose -

e R°1=1TeV (the most extreme case)
e 6 =1 (one extra dimension)

We then find...
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. e Evolution is dramatically altered, .
f but gauge couplings still unify!

l' o Potential new scale for grand unification!
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How does this depend on the chosen radius?
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Unification is always preserved!
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Extra Dimensions and Proton Decay

If we imagine a GUT theory emerging at such low energy scales,
we immediately face the problem of proton decay!

Can be mediated by X-bosons, colored Higgs triplets, etc...
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Usually, proton decay is suppressed by large GUT mass scale!
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In our case, however, situation is drastically altered:

o Unified COupléng is weaker than usual GUT value
o Unification scale is lower than usual GUT value

= Proton-decay amplitude is apparently increased by factor
: |
(22) () =
: .
GGUT Mgyt

Seems to be trouble!
Is there another solution?

One idea:

This is actually a GUT in higher dimensions!
NANNAAYARAAAAALAAAAAN A

Might there be a higher-dimensional
solution to the proton-decay problem?




Yes'

Extra GUT states beyond MSSM should not be observable
below unification scale!

— Such states should not have zero-modes! |
=—> Thus, wavefunctions must be chosen odd under y — —y:

Z (™) (x) — &M (x)] sm(”nf’)

But recall that in the “minimal” scenario with n = 0,
the MSSM fermions are restricted to the orbifold fixed points

=10 and y = 7R .

Thus, all GUT states beyond the MSSM
have wavefunctions which vanish
at the higher-dimensional fermion locations!

These states do not couple to the MSSM fermions!




Not only for the lowest modes of X -bosons and Higgs triplets...
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but also for their infinite towers of KK excitations...
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in perturbation theory!

e This is an intrinsically higher-dimensional solution to the
proton-decay problem. |

e Valid for all radii R and all spacetime dimensions D.

e Makes use of a higher-dimensional (orbifold) symmetry.

e No analogue in usual four-dimensional GUT"s.

Are there other contributions to proton decay?

Generally, yes:

e Non-perturbative effects leading to proton decay
(e.g., instantons -~ exp(—1/g?), hence small!)

e Additional, non-renormalizable interactions
(typical in string theory)

However, it may be possible to cancel these by making use of
additional discrete symmetries (also typical in string theory).

This then becomes a model-dependent question...



Proton Stability

® KRD, E. Dudas, T. Gherghetta, hep-ph/9803466

® KRD, E. Dudas, T. Gherghetta, hep-ph/9806292

® G. Shiu, S.-H.H. Tye, hep-th/9805157

® C.P. Burgess, L.E. Ibanez, F. Quevedo, hep-ph/9810535
@ N. Arkani-Hamed, S. Dimopoulos, hep-ph/9811353

® 7. Kakushadze, hep-th/9812163

How to avoid rapid proton decay without heavy mass scales?

Two sets of ideas...

(1) higher-dimensional discrete orbifold symmetries
~ — suppress vertices of baryon number-violating processes

rather than propagators

— many leading diagrams can be cancelled using only
. MSSM symmetries

— generalizations exist to prevent dangerous operators
to all orders, assuming various kinds of extra matter

— intermediate-scale unification may not require all-order
discrete symmetries

— task remains to realize such mechanisms within Type I
string models

(2) approximate symmetries broken on “distant” branes
— may also be able to preserve baryon/lepton-number
symmetries to desired accuracy

(3) “srl[‘l: fermlonsﬂ’ -'ms;'mﬂe & “-fa,“& bvmng;’
— spatial se arakion. baebween aarks 4 leptons
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