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Based On;

AThe Golden Point of N&cale and NdParameter -SU(5)
(Li, Maxin, NanopoulosWalker)arXiv: 1007.5100

AThe Golden Strip of Correlated Top QuaBauging
andVectorlikeMass In NeScale, NeParameter -SU(5)
(Li, Maxin, NanopoulosWalker)arXiv: 1010.2981

ASuper No Scale -SU(5) : Resolving the Gauge Hierarchy

Problem by Dynamic Determination of;Mand tan3
(Li, Maxin, NanopoulosWalker)arXiv: 1010.4550

A - astProton Decay
(Li, NanopoulosWalker) to appear in NPByXiv: 0910.0860 ; 1003.2570



The Motivating Goals of
No-Scale D-SU(5)

A Maximum Efficiency in the correlation of
physical observations

A The Unification of apparently distinct
forces under a master symmetry group

A Reinterpretation of experimental
parameters and finely tuned scales as
dynamically evolved consequences of the
underlying equations of motion



The Tripodal Foundation of
No-Scale D-SU(5)

1) The D-lipped SU(5) GUT

2) Extra TeV scale Vectorlike Multiplets
with D-theory origin

3) No-Scale Supergravity
Boundary Conditions
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The D-lipped SU(5) GUT



RadiativeShielding & Charge Renormalization
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Quantum Mechanics says that Short Distances correspond to High Energies. Also, truly empty space violates the
Uncertainty Principle. The quantum vacuum polarizes, and all measurements of charge vary with the interaction




Grand Unification and Proton Decay

Unification of Running Coupling Constants
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Elementary MatteParticles of the Standard Model
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The Standard and Flipped SU(5) Particle Representatic

JUST

RIGHT

Upper: Each generation of the Standard Model fits perfectly into a fundarGdrdabnd arantisymmetriclO of SU(5). The
RH neutrino i s Aup/dowmquarks,lardhe electro/ewcndRid ol fplliapc es r el at i




Flipped Unification
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A heuristic graphical representation of Flipped SU(5) in purple Vs. Standard SU(5) in red. Note that Flipped
SU(5) is not fully unified at M. | t fBuparUnifisation dt By, which may be closer td gk




Motivations for Flipped SU(5)

Why is the complication of ‘Flipped’ SU(5) preferred?

Natural and Essential accomodation of the RH neutrino,
along with see-saw type mass terms

Antisymmetric 10 of GUT Higgs, rather than adjoint
Doublet-Triplet SM Higgs Splitting
No dimension five proton decay operators

Able to satisfy the strong coupling at the Z-mass
‘Waits’ on Super-Unification




The Missing Partner Mechanism

HHh and HHh = (Vy)dyzHs
There 1s no such partner for H, ,
so 1t then remains light

Mhshs VS. hishg 2o

In standard SU(5), these terms must
play against each other to finely tune
two distinct scales

We achieve a Natural splitting between the double and triplet Higgsavive
fine tuning and the overly rapid dimension 5 proton decay!




Consistency with Low Energy Phenomenology

Rudiments
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Standard SU(5) unification predicts a value for the strong coupling atBwos@n mass which is much too large.
Attempts to fix this with heavy thresholds only speed dimension 5 proton decay. We canJtweétlipping SU(S5).




A Lesson from History

SU(2) SU(2)xU(1)

[Georgi-Glashow *72] (Glashow 61, Weinberg 67, Salam ‘68|

e “orand” unihed e unihed
W%, Z.v: v={W3 [SU(2)]. B [UQ1)]}

>
e Higes triplet (adjoint) e Higes doublet, a la quarks, leptons
°

e 11" ~: ~ inside SU(2)

e Neutral currents exist (1973) SU(3) not accounted for:
erand unification later

e Vrong! e Right!

SU(H) SU(H)=<U(1)

(Georgi-Glashow *74] \Barr ‘82, Derendinger-Kim-Nanopoulos 84,
Antoniadis-Ellis-Hagelin-Nanopoulos *87]
orand unihed unified

Wt W3, B, X,Y W+, W3, B, X,Y,B

v inside SU(H) v: (W3, B) [SU(5)]. B [U(1)]

Higes 24 (adjoint) Higes 10.10 (antisvimmetric).

a la quarks, leptons

as(Mz) > 0.13; Gravity” not accounted for:

7 (p— K*P) too short erand unification later

Wrong! Right?

Nature repeats her favorite themes, in delicate reprise.
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Extra TeV scale Vectorlike Multiplets
with D-theory origin



Grand Unification and String Phenomenology

GUTs extend the successes of
particle physics, covariantly
encoding gauge interactions

Well grounded in low energy experiments
(precision LEP data + logarithmic
renormalization)

Reductionism: relations between masses
and couplings, plus charge quantization
Highly predictive and testable: requires
SUSY & probes that parameter space;
proton decay (essential to matter
dominance); strong coupling at Z-mass
BUT this is a symmetry, not a system of
dynamics in itself

HOWEVER, it can offer the string a
reasoned starting point for model building

String Theory offers a unified
origin for gravity, supersymmetry
and chiral replicated families of
gauged matter

Contains multiple techniques for
constructing exactly what particle physics
orders (Free Fermionic Constructions,
Intersecting D-Branes, Calabi-Yau
Compactifications)

BUT the parameter space is too large,
and the mechanisms for selecting a
vacuum are unknown

HOWEVER, it can offer to particle
physics origin, context, dynamics and
potentially added calculability of input
quantities

These distinct points of view are natural symbiotic partners.




F-Theory Model Building

e The twelve-dimensional F-theory with seven-branes can be
considered as the strongly coupled formulation of ten-dimensional
Type IIB string theory with a varying axion (a)-dilaton (¢) field

/ a4 = /f

We compactify F-theory on a Calabi-Yau fourfold, which is
elliptically fibered 7 : Y| — B3 with a section ¢ : B3 — Y. The

base /3

1s the internal space dimensions in Type IIB string theory,

and the complex structure of the 7™ fibre encodes 7 at each point of

3

The singularity types of the ellitically fibres fall into the familiar
ADFE classifications, and we identify the corresponding ADE

gauge groups on the seven-brane world-volume.




GUT Models:

e The observable seven-branes with GUT models on its worldvolume

wrap a complex codimension-one suface S in 3.

When 1'"(S) # 0, the low energy spectrum may contain the extra
states obtained by reduction of the bulk supergravity modes of
compactification. So we require that m;(.5) be a finite group.

In order to decouple gravity and construct models locally, the
extension of the local metric on S to a local Calabi-Yau fourfold
must have a limit where the surface S can be shrunk to zero size.

This implies that the anti-canonical bundle on S must be ample.

e The Hirzebruch surfaces with degree larger than 2 satisfy

h="(S) = 0 but do not define the fully consistent decoupled models.

S must be a del Pezzo n surface d P, with n > 2 in which /°"(.S) = (.




GUT Models:

e The SU(5) and SO(10) gauge symmetries can be broken down to

the SM and SU(5) x U(1) gauge symmetries, respectively by

turning on /(1) fluxes.

The SM fermions and Higgs can be obtained from the intersections
between the observable seven-branes and the other seven-branes,

where the singularity is enhanced.

e The Yukawa couplings can be realized at the triple intersection of
three curves (two SM fermion curves and one Higgs curve), where
the singularity is enhanced further.

Unlike the perturbative D-brane model building, the exceptional
gauge groups appear rather naturally at the triple intersections, and

then all the SM fermion Yuakwa couplings can be generated.




Flipped SU(5) x U(1)yx Models:

e SO(10) models may be more interesting than SU(5) models since
they have not only gauge interaction unification but also fermion

unification.

In SO(10) models, to eliminate the zero modes of the chiral exotic
particles, we must break the SO(10) gauge symmetry down to the
flipped SU(5) x U(1)y gauge symmetry.

nterestingly, in flipped SU(5) x U(1)x models, we can solve the
Interestingly, in flipped S {/(1)yxy model 1 solve th
doublet-triplet splitting problem via the missing partner mechanism.
In flipped SU(5) x U(1)xy models with SO(10) origin, there are two
unification scales: the SU(2); x SU(3) unification scale My, and

the SU(5) x U(1)y unfication scale A;;.




Flipped SU(5) x U(1)y Models:

e To separate the mass scales M,; and My and realize the decoupling
scenario, we introduce sets of vector-like particles in complete
SU(5) x U(1)x multiplets, whose contributions to the one-loop beta
functions of the U(1)y, SU(2); and SU(3) gauge symmetries,

Aby, Aby and Ab; respectively, satisfy Aby < Aby, = Abs.

To avoid the Landau pole problem for the gauge couplings, we can
only introduce the following two sets of vector-like particles around

the TeV scale. which could be observed at the LHC

Z1: XF=(10,1), XF =(10,-1);
Z2:XF,XF, Xl=(1,-5), Xl=(1,5).
We define the flipped SU(5) x U(1)y models with Z1 and Z2 sets

of vector-like particles as Type I and Type 11 models, respectively.




TeV Scale VectoMultiplets
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Scenario Vector Super-Multiplets

SU(5), None
SU(5) A (YF = {XQ, XU XE}, YF)
SU(5)g 3® (Yf={XD*,XL}s,Yf

F-SU(5H), None
F-SU(5) 5 (XF = {XQ,XD¢, XN°40: XF) & (.\'l = {XE},, Xl)
F-SU(5)p (XF = {XQ,XD XN} W)

Inclusion ofTeV scale VectoMultiplets, as motivated by-heory, creates a
dramatic early adjustment to the running of the gauge couplings




StandardJUnification with & without Vector Multiplets

Implicit Heavy thresholds are required to force the triple unification.




Flipped Unificationwith & without Vector Multiplets

Inclusion ofTeV scale VectoMultipletslevels out the renormalization of the strong coupling, driving up the SU(5)
coupling, and speeding proton decdihe gap betwedhe M;,, scale couplings becomes extreme.
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No-Scale Supergravity
Boundary Conditions



Motivations forSupersymmetry

The SM has a scale stabilization problem: SUSY fixes
quadratic scalar Higgs divergences with ‘chirality
transmission’ and counter-balanced loops

The SM has too many free parameters: SUSY offers a
highly confining principle of constraint; one potential
produces masses and Yukawa couplings

New predictions: a very light Higgs, improved GUT
unification => longer proton lifetime, dark matter candidate

Also: A new proton decay mode that is more dangerous

Detection of Supersymmetric Particles is a key motivating goal of the Large Hadron Collider.




tan b

Minimal Supergravity (INSUGRA)

Universal soft scalar mass
Universal softgauginomass
Higgsino Mixing Parameter
Universal Trilinear Coupling
Higgs Bilinear Coupling

Ratio of Higgs VEVs

le] and B canbe determined by the requirement for REWSB,
so we are left with only five parameters:

My, M0, A, tan b, and sgn(e)



No Scale SUGRA: A Case Study in Reductionism

There is a function called th€&ihlerpotential which must be specified by the
model builder in order to fix the metric sfiperspaceand determine the scalar
potential. It is not fixed by the symmetries of the theory. There is however a
particularly natural choice.

K=-3In(T+T*-E (Fi)

The scalar potential is flat and

> V — O vanishing. Supersymmetrys exact,
SUGRA and there is no cosmological

constant. This is all desirable at the
Tree Level

CONSTRAINT: m=0, A=0, B=0 ml 0 for SUSY bDbr ¢
Thegauginomassm, ,, remainsundetermined &he classicalevel.

All softtermsthough, are dynamically evolveal terms
of only the single parameter (j3), which may itself be
determined byadiativecorrections to the potential !



Relation to String Theory

The nescale structure emerges naturally as the
infrared limit of string theory.

In particular,

A HeteroticM-theorycompactifications

A Type 1B flux compactificationg Flipped SU(5)

A F-theorycompactificationgnon-perturbativdimit
of Type 11B)



But e. | mpl ement at

A Simplest and most generic Universal Boundary
Conditions possiblei But fails to give consistent
results applied at Mg+

A The major problem is the non trivial
consequences of setting B=0 at the GUT scale.
The theory Is so highly constrained that it fights
against attempts at fine tuning. This tension is
alleviated If the boundary conditions are instead
applied closer to the Planck scale. (Ellis et. al)



Three ldeas Fit Hand to

Glove

A The Flipped SU(5) GUT has a two stage
unification. The lower stage sets the
proton decay scale, but the upper scale

may be associated with the rec
Planck Mass and gravitational

uced
physics.

A This association IS possible on

y If the

RGEs are modified, as occurs naturally
with the F-theory vectorlike multiplets.

A With both these pieces In place, the No-
Scale boundary conditions come into their
own as a perfect fit to phenomenology.



Methodology A: Closed Form
Approximate Solutions

Advantages: All calculations are transparenisible, and
dependencies are explicit so that algebraic and differential
manipulation of key parameters is possible.

Disadvantages: Approximations may limit the predictive
power of the solution. The number of complex
Interdependencies is so large that ensuring globally
consistent results is difficult or impossible.



Light Thresholds
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As the renormalization scale passes the mass threshold depersymmetripartner, they begin to
participate in quantum loops. This alters the slope of the coupling renormalization from that point onward.




Beta Function Coefficients of the MSSM

To correctly isolate the effects of the light thresholds, it is essential to know the individual
contributions to the CMSSM beta function coefficients from esagyerpartner




Qy = ;—;(n(.,,,(g\l;/‘)/ cos? Ow ) gy = Qe (M7z)/sin* Ow a3 = (M)

Qo (M7z) = : . as(Myz) = .1176 £ .0020

127.9254.016

sin? ONS(My) = 23119 +.00014 ; My = 91.1876 & .0021 GeV

The cumulative effect of a threshold presence may be absorbed into one constant for each coupling.




Improvement in Detail of the Threshold Analysis
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In prior studies, the thresholds were applied to an effective shift in only the second coupling.
Presently, we account the shift individually to each of the three couplings.




The Second Loop
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A fresh numerical evaluation of the Second Loop has been performed for each scenario under
consideration, including each distinct selection of Faafd the MSSM mass spectrum




Coefficients of the Second Loop




Improvement in Detail of the Twhoop Analysis

ansatz: a; ' = —(bt+¢)/2r ;  t = In(u)
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As with the light thresholds, we expand the flwop analysis to individually account for contributions to the
running of each of the three couplings, expanding the prior definition of our three effective parameters.




Closed Form Approximate Twboop Solution

3 - 3 (a(My)/a(u) "
27 (b + ¢')a(Mz)

We have developed a closed form approximation to thie@p contribution
which generally agrees with numerical evaluation to about 20%.




Renormalization Group Equations WRF Order Effects

Both Thresholc&and Second Loop Corrections are absorbed into an EffectiveS§unered
Weinberg angle Plus a corresponding shift term for the Hypercharge and Strong Coupling.




The Standard SU(5) Limit
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The Amaxo | imit corresponds to a strict triple uni
effective Weinberg angle is a dependent variable. Failure to match the expected value signals a failure of unifitati




The Standard SU(5) Limit with MSSM Field Content
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Note that the fApr edi c tsquared Weirdbérgiaaglefisagood natch fer thé expetimentad nun
This implies that the actual®rder effects must finely cancel if the Standard SU(5) unification is to be consisten




Flipped SU(5) Solutions

It is critically important to select a propeythogonalizesget of dependent functions. For Flipped SU(5) it is convenie
to choose the SU(5) and Ulgouplings.and either thenification scale M, OR the effective Weinberg angle



