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Abstract 

The supersymmetric extension of the standard model suffers from a problem of baryon-number 
violation. Discrete (and global) symmetries introduced to protect the proton are unstable under 
gravitational effects. We add a gauged U( 1 )x to the standard model gauge group GSM and require 
it to be anomaly-free. As new (chiral) superfields we only allow Gsr~-singlets in order to maintain 
the good unification predictions. We find the most general set of solutions for the rational singlet 
charges. We embed our models in local supersymmetry and study the breaking of supersymmetry 
and U(1)x to determine Mx. We determine the full non-renormalizable and gauge invariant 
Lagrangian for the different solutions. We expect any effective theory to contain baryon- and 
lepton-number violating terms of dimension four suppressed by powers of Mx/MpI. The power 
is predicted by the U( 1)x charges. We find consistency with the experimental bounds on the 
proton lifetime and on the neutrino masses. We also expect all supersymmetric models to have an 
unstable but longlived lightest supersymmetric particle. Consistency with underground experiments 
on upward going muons leads to stricter constraints than the proton decay experiments. These are 
barely satisfied. 

1. Introduction 

When incorporating supersymmetry into the Standard Model one immediately runs 

into a problem. The Standard Model conserves baryon- (B) and lepton-number (L)  

automatically and higher-dimensional AB, AL ~ 0 operators are suppressed by at least 4 
powers of  the scale of  baryon- or lepton-number violation. However, in supersymmetry 

[1] the most general interactions involving the Standard Model (super-) fields and 

invariant under the Standard Model gauge group 

GSM = S U ( 3 ) c  ® SU(2)L ® U( 1)r,  (lA) 

0550-3213/95/$09.50 (~) 1995 Elsevier Science B.V. All rights reserved 
SSD10550-3213(95)00253-7 



ELSEVIER Nuclear Physics B 458 (1996) 65-89 

N U C L E A R  
PHYSICS B 

Anomaly-free gauged R-symmetry in local 
supersymmetry 

A.H. Chamseddine, Herbi Dreiner 
Theoretische Physik, ETH-HOnggerberg, CH-8093 Ziirich, Switzerland 

Received 1 May 1995; revised 1 August 1995; accepted 6 November 1995 

Abstract 

We discuss local R-symmetry as a potentially powerful new model building tool. We first review 
and clarify that a U( 1 ) R-symmetry can only be gauged in local and not in global supersymmetry. 
We determine the anomaly-cancellation conditions for the gauged R-symmetry. For the standard 
superpotential these equations have no solution, independently of how many Standard Model 
singlets are added to the model. There is also no solution when we increase the number of families 
and the number of pairs of Higgs doublets. When the Green-Schwarz mechanism is employed to 
cancel the anomalies, solutions only exist for a large number of singlets. We find many anomaly- 
free family-independent models with an extra SU(3),, octet chiral superfield. We consider in detail 
the conditions for an anomaly-free family-dependent U( 1 )R and find solutions with one, two, three 
and four extra singlets. Only with three and four extra singlets do we naturally obtain sfermion 
masses of the order of the weak scale. For these solutions we consider the spontaneous breaking of 
supersymmetry and the R-symmetry in the context of local supersymmetry. In general the U(I)R 
gauge group is broken at or close to the Planck scale. We consider the effects of the R-symmetry 
on baryon- and lepton-number violation in supersymmetry. There is no logical connection between 
a conserved R-symmetry and a conserved R-parity. For conserved R-symmetry we have models 
for all possibilities of conserved or broken R-parity. Most models predict dominant effects which 
could be observed at HERA. 

1. Introduction 

Supersymmetry combines fields of different spin into supermultiplets. It includes 

the special possibility of a symmetry which distinguishes between the fermionic and 

the bosonic component of a N = I supersymmetric superfield. Such symmetries are 

called R-symmetries and they are particular to supersymmetry. As such, they deserve 

special attention when considering the implications of supersymmetry. R-parity can be 

thought of as a discrete R-symmetry and has been widely discussed in the context of the 
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2

· Modifications of gravity in mostcomes involve adding new fields

· Modifications of GM are motivated inorder to solve well

known problems such of adding higher curvature terms,

breaking differmorphism invaline, on inCosmology

by adding an inflodor, curvator,quintenance, or

in Hordinskimodel adding a scolorfield with height

sofe derivatives.



3

· Dark Matter

·various new particles and interactions are proposed toaccount

for missing mostly non-baryonicmother inthe universe.

such as supersymmetricneutraline, axious, WImp, dilation--

· Lack of directevidence for dark matter made some

topropose modifications ofGR atlarge scales.

· most modifications of GR are made tosolve are problem ata time.
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· Scale factor for metric

GR is notinvariantunder scole transformations of the webric:

fr ->09, I =ia)"xFgR(y)
rot-invariant

One gets inaddition a birdlic form for 50(x)

our proposal is to isolate scolefactorina couriantway.



Ex =Y,Y" 2x434) = YarS
You is an auxiliary metric

Inisinvariantunder scale transformation itwi

Implications:gav=Yar't -> grrender-grendants
=
1

..gazst=1)
metric gar isconstrained.



very Action -1)d"x gT) R 19(5))
with respectto a andto is equivalentto action

I = -(dixyR +fdxgh(gx-8,424 - 1)
=Logrange multiplies

Equations of motion:
Gr =Imattera

Y =232424 =(a-i)2er4



scolor field equation:S((G-T)442-4) =0

Equation 958,42-4= 1 is
the defining equation for a being

synchronous time. y =t=
y8(r(a

-+)) =0

where ds=d-Vij(X,6)dxidx;,

solution: 6 - T = * /
C(x) =mimetic dust

It vij=bijar) - 6 - T=



· itrGravita minimal modification ofGene

with some degrees of freedom exceptfor a longitudinal
mode of graviton gets excitedl

· Itis possible tocool toEinstein action any fundin

VI4) Aeonomgage VIE) without breaking

differmaphier invariance.



Equations of motion inthis core become

In =(a -i - yr)erde. 4

S1-T-yr1) = - v'(f)
With this itis possible to constructmany interesting

Cosmological models (In collaboration with A. Vilman (

Applications:Although idea issimple, the implications over

surprisingly robust.



· Resolving Singularities
one of the mainproblems in GRis the appearance of

singularities e.g. atinitial time to for Friedmann, Kuer

or black hole solutions

The constricton scolar field of isinvariantunder constant

shifts 4-4-2:To solve singulityproblem we willuse



instead of potential V(4), notinvoliantunder constantshift

afunction
f(K) when K =84

1 =Eg n (ggr-e-t)

In synchronous gange K=80(0) is the

8 =det.Vi;
prace of intrinsic curvature.

By=G8r4 -K=GE Kaw



Equations of motion, afteradding aterm tothe action

Saxg f(x)
contributes to energy-momentum tensor

Y =222424 +( - (18)-6 +9582,810-4-1darters)
To avoid singularity we implementideas of limiting curvature
choose:f(1) =1tK"- Karcsink -ATV

.....

(we rescab 12- Em Im limitingcurvature)
Taylor expansion f (K7 =0 (13) to agree

with GR



For Friedman Vij =a(H) Sij i,j =1,2,3

Einstein equations:to( =a(1-a) En =2km

8 =a =E +To

solution alt= (1+3SmtYsis on exactsolution

1 -an ->a(1)-43 as incold dominated universe

- we geta regular bounce

63 - we got a dust
dominated universe

Em



special currefore terms or regular during bance and all

curvature invariantsremainbounded.

The multivatual function (12) satisfy matching conditions

atbrough pointsto insure regularity of cosmologicalevolution.

· Non-Singular Kasner universe

Kasner metric is:ds= d-PaxPr dy"-143 dyv
P1+PrsPy=1, PRTPTB=1



This is a homogeneous anisotropic solution of Einsteinequations

Ravs RVO = - 4 PIPPs singular at6 =0

In our come.() -(1-5), 5sis"-custo
Exact (i) =35 (1+39m64)sexp/ sinhit))Solution

UIJ = Ui;

If EmdE36 -> Vilet:E ; : =I
reproduces familiar Rosin Solution



We also geta non-singular schwayschild solution which

is regular attwo but complicate behavior atevent

horizon.

Anon-singular black-hole solution isobtained inthe combext

ofasymptotically free mimetic gravity (with J. Rass)

Consider the action



S =IfdixFg(- 2 +3(gn-8,46.4-1))
2 =f(1R +21(x) +(f(x) - 1)R +h(π)

where R
=282404Gm -(*4+825088

In synchronous gauge R:
BRthe currature of the three-

curruton slices: - R =2k +k +kijkis +3.R

lonly space deratives)

Require:f(K=0) = 1, K-K- f(k0) =1-8
G(ko)

theory becomes asymptotically free.



Exactblack hole solution:n =2158-1)
f =-

1-

t+w)Ko =A-atoch -Earctor(s)
22 B(1+w)

For KK."
-f driedmann



Mimetic Hovava Gravity & Remormalizability

ExaminingComponents of Riemann Ricci fersons in synchronous gange:

Risk =0jni-8pRj; Ro = -80K-K!K,
-

Rio= ij-Kieki Ri=0,K!-;K

Roik
=8jKY-8pK"; R?=_R!-0K!- KK!

Risn=Riin+ Kilken-K2KesR = -180K-R-K!K.-R
=>

Rion=in-Ork: f(K) insynchronous gange - (8.1)"
does notchange graviton propagatin



The derivative (p=24 provides, in synchronousgoings, a normal

toprojectalong time direction:
Not, Ui=o

Dafine projection operator Pr=G - n,ar; nr=gren,

cow project any 4-dimensional tanson tospace directions:

PnP =Pp s E =PW - Y =0,
Ti =Vi

:M=24 can be used toconstructHovava type gravitywithout

breaking y-dimensional differmorphism invariance



we com include higher space-derivativesbutrestricting toonly

second ordertime derivativeimproving renormoliabilitywhile

avoiding non-unitarity.

Example:Rar=PYP, PRvap t28448848,9034
coincideswith Risk in synchronousgauge

Barss
=Ravis-84804 [PaYC4 Beurs-nesv7-RES]

+218848034 - 8283400x4)



The Roisn =0, Roioj =0. Rein-- "Reiin+ (KeiKin-KenKij)
has no second time derivatives

e.g. SX*gE =S **(R +15-12!K;)

-InXR -2So



Ghost free mimetic massive gravity
Formulation of gravitywith mimetic field of allows tosolve

problem of finding a consistentghost free massivegravity.
· Introduce P- scalar fields 4AA =

0, 1,2,3

·Consider induced metric HAB
=gN841erB

· Expand HAB:AB, TAB and add moss ferm

Fiery-Pauli Sd"XFg (I- ETP1) +higher orders



thisaction exhibits a ghost statethatcould be stabilized for

the combination SB:It - 85by using sty insteadof [*B

ghostmode getsexcited for time dependentbackground

Three scalar ficlots outof the 44Aone absorbed by gravitor

tobecome mossive with s degrees of freedom. The fourth sad

isa potention ghost mode



problem solved by identifying the mimetic field o = 40

I =(dxy)-R +y)- in [B) +d(95-24024- 1))
↑

now-fiery parli more ferm

for will absorb only 3-degrees of freedom tobecome mesme



· Mimetic inflation avoiding self-reproduction
swork with Mikhaldich abo

In slow roll inflation with scalar potentials there exists a regime

of self reproduction ofinflation begins atPlanck scale and one must

resortto fire tuning of initial conditions.
S

problem conful be solved by coupling inflator to minatic fields

consider the action



inflat

S=JdxF FER+3/gaert-1) +ge,erY-DVIY)]

For simplicity consider the special come

C(K) =1+ m <1 (in planch units)

VIy)= (tmy)

For y <1->Vly) describes a morescreenfield
421 + v13)-2m(l-r+myx)



In thisapproximation equations ofmotion become

12 =2m(1-5 +myy) +y *

y +ky+(1 +2)(2 +2m3y)) =0

In the slow will approximation we show that

I Smt, SU and inflation is

dominantly driven by potential, and condition for self-reproduction
is not fullfilled:decrever of classical background field



during typical Hubble line SY with isalway finger

show amplitude of quantum fluctuations inHubble scale

so that the scolor field decreases intotal

At ysn'tthe energy density sem

At 4) mit Kivebsc farm in equation A isdominiet

Slow roll condition isstill satisfied giving inflationary stage



Conclusions

· Mimetic modification of G has unexpected far reaching conditions

· Eliminates need to introduce arbitrary new scolor field to solve

multitude of problems

· Itoffers a simple solution toproblem of dock matter inthe form

of dust.



· provides anatural way to 3+) splitting ofspace-time using

redor M =G4

a can add higher powers of intrinsic currature withoutchanging

propogatorcausing non-unitarily

· Can resolve singularities of space-time yieldingsmooth friedman-

Rasner & black hole solutions at1 =0

Itappears thatthere is
unlimital number of applications
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