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Reconstructing supersymmetric theories at high energy scales
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We have studied the reconstruction of supersymmetric theories at high scales by evolving the fundamental
parameters from the electroweak scale upwards. Universal minimal supergravity and gauge mediated super-
symmetry breaking have been taken as representative alternatives. Pseudo-fixed-point structures require the
low-energy boundary values to be measured with high precision.
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Supersymmetric theories in which fermionic and boso
particles are assigned to common multiplets allow stable
trapolations to high energy scales of orderMU.231016

GeV, where the electroweak and the strong couplings
expected to unify@1#. Since supersymmetry is not an exa
symmetry, a variety of breaking mechanisms have been
posed, based on rather different physical ideas. Among th
schemes are supergravity theories@2# and gauge mediate
supersymmetry breaking@3#. The scales at which thes
mechanisms become effective extend from the grand u
cation scale near 1016 GeV down to scales as low as order
TeV. First indications about which of the scenarios could
realized in nature may be derived from the mass spect
once supersymmetric particles are observed experimen
@4#. Moreover, dynamical signatures can be exploited
gauge mediated supersymmetry breaking, for example, s
as delayed photon decays of the lightest neutralino or
state@5#.

In this Brief Report we address the extent to which t
structure of supersymmetric theories at high scales can
reconstructed directly from future precision measurement
the properties of supersymmetric particles. Since the st
ture of the theory at the high scale cannot be assumed kn
a priori, top-down approaches may not reflect all facets
the theory in equal focus, while bottom-up approaches m
fest the quality of the reconstruction in a more transpar
form. The analysis is based on the assumption that no in
mediate scale is realized between the electroweak scale
the fundamental high-energy scale. If present, however,
basic theory would be modified drastically and the evolut
equations would have to be adjusted accordingly. While t
down approaches have been discussed frequently in the
erature~see e.g. Refs.@5–8#!, the direct reconstruction of th
supersymmetric theory at the high scale, being much m
difficult in practice, has not widely been addressed befo
Theoretical elements in the context of fixed-point structu
have been discussed in Refs.@9#. The analysis in this paper i
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phenomenological in nature, based on the experimental
curacies expected in the supersymmetric particle sector a
CERN Large Hadron Collider~LHC! and combined with
expectations from futuree1e2 linear colliders ~LC!. The
task relies on a comprehensive picture of the supersymm
theory at the electroweak scale. Given the phenomenolog
complexity ~see e.g.@10#!, it will require the experimental
information gathered in many years of collider operations

As paradigm we will choose minimal supergravi
~mSUGRA!. The universal set of soft supersymmetry brea
ing parameters in this theory is generated near the Pla
scale where supersymmetry breaking is mediated by gra
from a hidden sector@11#. Deviations from the universal val
ues of the gaugino and scalar masses may be induced b
evolution down to the grand-unification scale~GUT! of the
gauge couplings@12#, or by contributions from non-singletF
terms; the deviations may even be dramatic in superst
models ~cf. Ref. @13# for details!. Since the pattern of the
mass terms may therefore not be regular at the GUT s
itself, the bottom-up approach is needed to uncover th
more complicated structures.

We will confront the mSUGRA extrapolation with th
alternative gauge mediated supersymmetry break
~GMSB!, characterized by a messenger scaleMm in the
range between;10 TeV and;106 TeV. In this scenario the
mass parameters of particles carrying the same gauge q
tum numbers squared are universal. The regularity for sc
masses would be observed at the scaleMm , while the
gaugino mass parameters should unify at one-loop orde
the GUT scaleMU as before.

The extrapolation from the electroweak scale to the G
scale in the mSUGRA scenario is based on the supersym
ric renormalization group equations@14#. To leading order,
the gauge couplings and the gaugino and scalar mass pa
eters of soft supersymmetry breaking depend on the ev
tion coefficients
©2000 The American Physical Society03-1
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, ~1!

with b@SU3 ,SU2 ,U1#523, 1, 33/5; the scalar mass param
eters also depend on the Yukawa couplingsht , hb , andht
of the top quark, bottom quark andt lepton. Denoting the
unified coupling at the GUT scaleMU by aU , the universal
gaugino mass byM1/2, the universal sfermion and Higg
mass parameter byM0, and the universal trilinear couplin
by A0, the renormalization group equations lead to the f
lowing relations for the low-scale parameters@15#:

gauge couplings:a i5Zi aU ~2!

gaugino mass parameters:Mi5Zi M1/2 ~3!

scalar mass parameters:M j
25M0

21cjM1/2
2

1 (
b51,2

cj b8 DMb
2 ~4!

trilinear couplings:Ak5dkA0 1dk8M1/2. ~5!

The coefficientscj @ j 5Ll ,El ,Ql ,Ul ,Dl ,H1,2; l 51,2,3#
for the slepton and squark doublets/singlets of generatiol,
and for the Higgs doublets, are linear combinations of
evolution coefficientsZi ; the coefficientscj b8 are of order
unity. The shiftsDMb

2 are nearly zero for the first two fami
lies of sfermions, but they can be rather large for the th
family and the Higgs mass parameters, depending on
coefficientsZi , the universal parametersM0

2, M1/2 andA0,
and on the Yukawa couplingsht , hb , ht . The coefficients
dk of the trilinear couplingsAk @k5t,b,t# depend on the
corresponding Yukawa couplings and are approxima
unity for the first two generations, while being O(1021) and
smaller if the Yukawa couplings are large; the coefficie
dk8 , depending on gauge and Yukawa couplings, are of o
unity.

In the present analysis the evolution equations have b
solved to two–loop order@16# and threshold effects hav
been incorporated at the low scale@17#. We have checked
that the points under study are compatible withb→sg @18#
and ther parameter@19#. The mSUGRA point we have ana
lyzed in detail is characterized by the following paramete
M1/25190 GeV,M05200 GeV,A05550 GeV, tanb530,
and sgn(m)52. The modulus ofm is calculated from the
requirement of radiative electroweak symmetry breaking

The initial experimental values, are generated by evolv
the universal parameters down to the electroweak scale
cording to standard procedures@20,17#. These parameters de
fine the experimental observables, including the supers
metric particle masses and production cross sections, w
are endowed with errors as in the continuum and from sc
ning the threshold regions; the threshold analysis provide
general the most accurate value. The analysis of the e
particle spectrum requires LC energies up to 1 TeV and
integrated luminosity of about 1 ab21. The errors given in
Ref. @8# are scaled in proportion to the masses of the sp
trum. Moreover, they are inflated conservatively for partic
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that decay predominantly tot channels, according to typica
reconstruction efficiencies such as those given in Ref.@21#.
Typical examples are shown in Table I. The LC errors on
squark masses~see e.g. Ref.@22#! are set to an average valu
of 3 GeV; varying this error within a factor of 2 does n
change the conclusions significantly since the measurem
of the cross sections provides the maximal sensitivity in t
sector. For the cross sections we use purely statistical er
assuming a conservative reconstruction efficiency of 20
Parameter combinations from the fits to the spectrum and
cross sections which lead to charge and/or color break
minima @23# are not accepted.

These observables are interpreted as the experimenta
put values for the evolution of the mass parameters in
bottom-up approach to the grand unification scale. The
sults for the evolution of the mass parameters to the G
scaleMU are shown in Fig. 1. The left-hand side~a! of the
figure presents the evolution of the gaugino parametersMi
which apparently is under excellent control, as is the
trapolation of the slepton mass parameter in Fig. 1~b!. The
accuracy deteriorates for both the squark mass param
and the Higgs mass parameterMH2

. The origin of the differ-
ences between the errors for slepton, squark, and Higgs m
parameters can be traced back to the size of the coeffici
in Eq. ~4!, for which typical examples read as follows:

ML̃1

2 .M0
210.52M1/2

2 ~6!

MQ̃1

2 .M0
216.7M1/2

2 ~7!

MH̃2

2 .20.18M0
222.2M1/2

2 20.35A0M1/2

20.08A0
2 . ~8!

While the coefficients for sleptons are of order unity, t
coefficientcj for squarks grows very large,cj.6.7, so that
small errors inM1/2

2 are magnified by nearly an order o
magnitude in the solution forM0. By close inspection of Eq
~4! for the Higgs mass parameter, it turns out that the f

TABLE I. Representative experimental mass errors used in
fits to the mass spectra~see the text for details!.

Particle M (GeV) DM (GeV)
Mass LHC LHC1LC

h0 109 0.2 0.05
A0 191 3 1.5

x1
1 133 3 0.11

x1
0 72.6 3 0.15

ñe
233 3 0.1

ẽ1
217 3 0.15

ñt
214 3 0.8

t̃1
154 3 0.7

ũ1
466 10 3

t̃ 1
377 10 3

g̃ 470 10 10
3-2
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mally leadingM0
2 part is nearly canceled by theM0

2 part of
cj ,b8 DMb

2 . Inverting Eq.~4! for M0
2 therefore gives rise to

large errors in the Higgs case. A representative set of m
values and the associated errors, as evolving from the e
troweak scale toMU , is presented in Table II. The accurac
improves considerably if the LHC measurements
complemented by the high–precision LC measurements.
tracting the trilinear parametersAk is difficult and more re-
fined analyses based on sfermion cross sections and H
and/or sfermion decays are necessary to determine thes
rameters more accurately. Moreover, theAt coupling, the
best measured coupling among theAk parameters, shows
pseudo–fixed point behavior@9# sincedt.0.2 is small com-
pared todt8.2. All other trilinear couplings have only a
weak impact on physical observables so that large exp
mental errors are expected. As a result, the fundamenta
rameterA0 cannot be determined as precisely as the ot
parameters at the GUT scale.

It is apparent from this discussion that the errors in
tracting the squark mass parameterM0 depend strongly on
whetherM0 is larger thanM1/2 ~the case studied above!, or

FIG. 1. mSUGRA: Evolution of~a! gaugino and~b! sfermion
mass parameters in the bottom–up approach. The mSUGRA p
probed is characterized by the parametersM05200 GeV, M1/2

5190 GeV, A05550 GeV, tanb530, and sgn(m)5(2). ~The
widths of the bands indicate the 95% C.L.!
01770
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whetherM0 is smaller thanM1/2. As an example in the latte
case, the large Yukawa couplings of the third generation
enhance the pseudo–fixed point behavior, leading to la
errors forM0 in the third generation.

Inspecting Fig. 1~b! leads to the conclusion that the top
down approach eventually may generate an incomplete
ture. Global fits based on mSUGRA without allowing fo
deviations from universality are dominated byM1,2 and the
slepton mass parameters due to the pseudo-fixed point
havior of the squark mass parameters. Therefore, the s
ture of the theory in the squark sector is not scrutinized st
gently at the unification scale in the top-down approach.
contrast, the bottom-up approach very clearly demonstr

FIG. 2. GMSB: Evolution of sfermion mass parameters in t
bottom–up approach. The GMSB point has been chosen asMm

523105 TeV, L528 TeV, N553, tanb530, and sgn(m)5
(2). ~The widths of the bands indicate the 95% C.L.!

int

TABLE II. Representative mass parameters as determined a
electroweak scale and evolved to the GUT scale; based on L
~left–hand side! and LC simulations~right–hand side!. L1,3, Q1,3

are the slepton and squark isodoublet parameters of the first
third family. The minus sign (2) in front of MH2

refers to the
negative value ofMH2

2 at the electroweak scale.~The errors quoted
correspond to 1s.)

LHC LC
exp. input GUT value exp. input GUT value

M1 75.663.2 189.667.6 75.660.2 189.660.7
M2 143.663.1 190.663.8 143.660.2 189.460.9
M3 452.3611.9 190.165.7 452.369 190.064.2

ML1
236.862.1 200.666.9 236.860.1 200.560.9

MQ1
459.667.4 200.7630.5 459.760.6 200618

ML3
218.662.8 199.5612.3 218.660.6 196.567.2

MQ3
392645 1926251 391.261.0 233646

MH1
132.4612 3616324 132.461.5 224690

uMH2
u (2)251.962.2 279698 (2)251.960.2 211627

At 10162590 2106432 100692 3196340
Ab 212563920 80661292 21266286 1296571
At 2186639 6086169 2186.363.2 505681
3-3
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the extent to which the theory can be tested at the high sc
To confront the mSUGRA analysis with an alternati

scenario, the analysis has been repeated at energies up
TeV for gauge mediated supersymmetry breaking~GMSB!.
Regularity among particles carrying the same gauge quan
numbers squared should in this scenario be observed in
evolution of mass parameters at the messenger scale.
evolution of the sfermion mass parameters of the first/sec
generation and the Higgs mass parameterMH2

is presented

in Fig. 2. It is obvious thatMH2
approaches the mass param

eter for the left-chiral sleptons at the GMSB scale. Moreov
the figure clearly demonstrates that GMSB will not be co
fused with the mSUGRA scenario since no more regula
can be observed at the GUT scaleMU .

In summary, the model–independent reconstruction of
fundamental supersymmetric theory at the high scale,
grand unification scaleMU in supergravity or the intermedi
ate scaleMm in gauge mediated supersymmetry breakin
appears feasible. Regular patterns can be observed by e
v.
,

et

.

ci

N/
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ing the gaugino and scalar mass parameters from the m
sured values at the electroweak scale to the high scales.
accuracy is significantly improved if, in addition to the LH
input values, high–precision LC values are also includ
The future experimental input from LC is particularly impo
tant if the universality at the GUT scale is~slightly! broken.
Precision data are therefore essential for stable extrapola
to high energy scales.
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