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Challenging weak-scale supersymmetry at colliders
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Experimental searches for supersymmetry are entering a new era. As future experiments explore the mass
range above the current lower bounds on superpartner masses, a failure to observe signals of superpartner
production will begin to erode the central motivation for supersymmetry at the weak scale. In this article we
present a detailed examination of which regions of supersymmetric parameter space are most natural and the
extent to which weak-scale supersymmetry becomes unnatural if no superpartners are observed at CERN LEP
I, the Fermilab Tevatron, possible upgrades of these machines, and the CERN LHC.

PACS numbe(s): 14.80.Ly, 11.30.Pb, 11.30.Qc, 12.60.Jv

[. INTRODUCTION the additional renormalization effects of superpartners cancel
the quadratic divergences in a supersymmetric theory. How-
Supersymmetry’s continued growth in popularity as aever, because supersymmetry is broken, these cancellations
candidate for physics beyond the standard model can bare only achieved up to the mass splittings between the stan-
traced to two sources. First, there is suggestive, circumstamard model particles and their superpartners. In this way, the
tial evidence for weak-scale supersymmetry. The lightest suscale of supersymmetry breaking assumes the role of the
perpartnerLSP) makes an attractive dark matter candidatecutoff in the previous discussion. Accordingly, as superpart-
and the measured value of &ftoincides with the prediction ner masses increase, a point is reached where supersymmetry
of supersymmetric grand unification. A second, and no les#s no longer able to provide a complete explanation of why a
influential, factor is the relative ease with which supersym-light weak scale is natural.
metry maintains consistency, both with precision tests of the Recently, we constructed a family of naturalness measures
standard model and with the failure to observe new particlegvhich reliably quantify how unnatural the supersymmetric
in collider experiments, when compared to many of its com-standard model becomes as the masses of superpartners in-
petitors. This is because supersymmetric deviations from thereasd 2]. These naturalness measures provide a significant
standard model can be made arbitrarily small by simply raisadvance over popular characterizations of naturalness. Previ-
ing the masses of superpartners. ous attempts to quantify naturalnds$d are known to over-
However, the search for weak-scale supersymmetry hagstimate fine-tuning by an order of magnitude or mi@g
reached a milestone. Although previous experiments coul@®ther less quantitative criteria are also problematic. For ex-
raise the lower bound on superpartner masses without posirample, it is often loosely stated that superpartners must lie
a serious challenge to supersymmetry, further increases iftat or below 1 TeV” if the weak scale is to arise naturally, or
this bound will begin to erode a dominant motivation for that superpartner masses should not lie “too far above the
supersymmetry at the weak scale. The central motivation foweak scale.” As defining rules for what constitutes natural-
the appearance of supersymmetry at the weak scale is itess, these compact statements are less than adequate. First,
ability to solve the naturalness probldr). In the standard there are dramatic differences between the upper bounds on
model, the mass of the Higgs boson is quadratically diverthe masses of different superpartners. If we are willing to
gent. If the standard model gives a complete description ofolerate solutions with 10 (20) times more fine-tuning than
nature below a scal&, quadratically divergent contributions ideally natural solutions require, squark masses may be as
to the square of the Higgs boson mass must cancel againgeavy as 750 (1200) GeV. By contrast, under this same cri-
bare terms to a part im3/A?2. If A is large, precise cancel- terion, the mass of the lightest neutralino cannot exceed
lations must be engineered at every order in perturbatiod45 (250) GeV. Second, the often quoted range of superpart-
theory. Without additional structure or organizational prin-ner masses “at or below 1 TeV” ignores ttmogressive
ciples beyond the standard model, it would be unnatural ifvorsening of the naturalness problem as superpartner masses
the Higgs boson mass were much lighter than the cutoffare increased from the weak scale to 1 TeV. A scenario with
since the cancellations that ensure a light Higgs boson masgy superpartner mass as heavy 1 TeV is significantly less
would be upset by a variety of minute changes in the fundanatural than a variety of lower mass solutions. For example,
mental parameters. a 1 TeV squark mass requires adjustments in the fundamen-
Supersymmetry allows scalar masses to remain light ial parameters with 16 times more precision than a 200 GeV
comparison to a cutoff without delicate fine-tuning becausesquark mass. Moreover, for some types of superpartners, a
mass of 1 TeV would be extremely unnatural. The mass of
the lightest chargino can only reach 1 TeV at the expense of
"Current address: Theory Department, MS106, Fermi Nationaf factor of 45 in fine-tuning, and an LSP of mass 1 TeV

Accelerator Laboratory, P.O. Box 500, Batavia, IL 60510. requires fine-tuning to at least a part in 65.
TCurrent address: Dept. of Physics, Florida State University, Tal- In this paper we attempt to provide a detailed picture of
lahassee, FL 32306. what regions of supersymmeti8USY) parameter space are
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most natural, where we should have the strongest expectancertainty in the naturalness measure. Consider an effective
tions of observing signals of supersymmetry, and how supeffield theory with a set of measurable paramed¥r&Jsing the
symmetry’s ability to accommodate a light weak scale naturenormalization group, th¥’s can be written in terms of the
rally will be progressively challenged if signals of presumably more fundamental, high-energy boundary condi-
superpartner production are not observed in the future. Aftetions of the effective theory. If we write the probability dis-
reviewing our quantitative naturalness measures, we cortribution for these “fundamental parameters” as

struct naturalness contours and compare them to the SUSY
discovery reach of current and future collider experiments.

II. QUANTIFYING NATURALNESS

dP=f(a)da, 2.1

This section describes the quantitative methods we use t@ naturalness measuyecan be constructed from the follow-
determine naturalness in the minimal supersymmetric staring prescription: Write the observables in terms of the fun-
dard mode(MSSM). A detailed derivation of these natural- damental parameteb$é=X(a), compute the probability that
ness measures and example applications can be found in Ref.lies within a specified interval abodt, average this prob-
[2]. If we parametrize our assumptions about the likelihoodability over the likelihood distribution of the fundamental

distribution of a theory’s fundamental parameters, a fineparameters, and then divide this average by the probability
tuning measure can be constructed directly from probabilitythat X lies within the specified interval about a particular
arguments, and we can retain a functional parametrization ofalue of X [2]. With this prescription, ideally natural solu-
our assumptions that can be used to estimate the theoretididns will have y=1, while finely tuned solutions
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yield y>1. If we define a sensitivity functiorc(X,a)
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FIG. 2. (a) SUSY discovery prospects as a
function of the gluino mass and the lightest
squark mass of the first two generations. Esti-
mates of the physics reach in missing energy and
jet events Eq) at Tevatron runs | and Il are com-
pared to naturalness contours. Individual data
points represent various estimates of the gluino
mass reach in th&rchannel for different squark
masses. For comparison, the dot-dashed curves
present the minimal and maximal physics reach
of chargino production at LEP Ikb) SUSY dis-
covery prospects as a function of the common
gaugino mas#,,, and the common scalar mass
my. Estimates of the physics reach in missing
energy and jet eventd() at Tevatron runs | and
Il are compared to naturalness contours. Indi-
vidual data points represent various estimates of
the my,, reach in theE; channel for different
squark masses. For comparison, dot-dashed
(dashedl curves approximate the minimal and
maximal physics reach of chargin@electron
production at LEP II.

parameter for electroweak symmetry breaking because it has

=|(a/X)(dX/sa)|, and if we define an average sensitivity a relatively simple dependence on the Lagrangian param-

c by

_ Jdaaf(a)c(X;a)~*
B af(a)fda ’

the naturalness measure can be written

y=clc.

As suggested by Eq¢2.3), the naturalness measure is

eters:

(2.2

—2 =2
1, M, MaEts
227 tardp-1 m

(2.9

The parameterﬁﬁ,d and rﬁfpu are the quadratic mass terms

2.3

for the two Higgs doublets with additional terms from the

one-loop corrections to the effective potentj@]. The u

parameter is a coupling between the two different Higgs dou-

equivalent to a refined version of Wilson’s naturalness criteP1€ts, and tag is the ratio of their vacuum expectation val-

ria[4]: Observable properties of a system, iX.,should not

be unusually unstablgvith respect to minute variations in the

fundamental parameters,

the MSSM, electroweak symmetry breaking is induced byMuz2-

ues.

In our study we focus on supersymmetric extensions of

the standard model compatible with minimal supergravity
We will use this measure to study the naturalness of th&nd unification for which the soft supersymmetry breaking

weak scale as the masses of superpartners are increased S P written in terms of four param_(zatefks_g’), mo, and

At low energies, the values ohq,d, Mg, A, and

radiative effects. Th&-boson mass serves as a useful ordettan3 can be written in terms of these four soft SUSY-
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breaking parameters and other couplings at the high-energlo evaluatey we must assume a distribution for the funda-
scale such as the top quark Yukawa coupling We can mental parameterf(a) and a suitable range of integration.
evaluate the naturalness of the weak scale with respect to aye will make two choices for the distributioih(a)=1 and
of these parameters. To accurately asses the naturalness of ga) =1/a. The difference between these respectigis a
particular solution it is necessary to compute the fine-tuningneasure of the theoretical uncertainty in naturalness con-
with respect to several parametérgnnatural solutions are tours. Inspection of Figs.(&) and Xb) shows that this theo-
typically only fine-tuned with respect to a few of the funda- retical uncertainty is much less than order one, and typically
mental parameters, and which parameters are fine-tuned wiles in the range of a few to tens of a percent.
vary from solution to solution. For our purposes it is suffi-  For each distribution, we average the sensitivity of the
cient to consider the naturalness with respect to two dimenweak scale over a range of the fundamental parameters
sionful parameters and one dimensionless coupling. For eadbllowing the method of Ref.2]. Since we employ two-loop
solution we define a cumulative naturalness measure by renormalization group equatiotRGE’S) for all parameters
(except the soft breaking onesmumerical methods are used
to solve the RGE’s and to integra(@.2). The procedure is
y=max y(y;),y(Mg),y(Myy)}. (2.5 time consuming, especially for cases in which the range of
a is large. We evaluated the naturalness of approximately
4000 different solution sets from which we constructed the
YComputing the fine-tuning with respect to only one of the funda-naturalness contours in Figs. 1-5. To efficiently determine
mental parameters leads to a significant underestimate of findhese contours, we selectively explored the more pertinent
tuning. regions of parameter space. Because the data points used to
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construct our naturalness contours were scattered over LEEP will soon be upgraded in energy to begin phase Il. LEP
large range of the fundamental parameters, no particuldt is expected to start a trial run just below tiéW threshold
choice of A or targ is implicit in the naturalness contours in late 1995, and by 1996 it is expected to achieve energies
found in Figs. 1-5. Particular choices fAror tand would  of \/s=175-190 GeV. Potential searches for supersymmetry
result in curves that would be more restrictive. Figures 2—%t LEP Il have been studied by many groups-7]. Typi-
compare the more conservative naturalness meaguréo  cally, chargino pair production and slepton pair production
various estimates of SUSY discovery reaches. Each comparare the two most promising channels for discovering super-
son is made both in terms of the gluino and squark massesymmetry at LEP |l, however in some cases neutralino pair
[Figs. da), 3(a), 4(a), and %a)], and in terms of the soft production can provide the largest reach. The heaviest reach
SUSY breaking parameters,,, and m, [Figs. 2b), 3(b), in slepton masses will come from selectron searches since,
4(b), and §b)]. unlike staus and smuons, selectron pairs can be produced by
t-channel neutralino exchange in addition to giehannel
production mediated throughsor Z. For smallm,, selec-
tron searches should probe up to nearly the kinematic limit,
At particle colliders, sparticles must be produced in pairsreaching masses of 8@8) [96] GeV for center of mass
to conserveR parity. Once produced, a superpartner decay®nergies of 175190 [205] GeV [7]. For largem,, searches
through a cascade ending in a stable, unobservable LSP. Afor charginos should probe masses up to(8%) [102] GeV
cordingly, signals of superpartner production at collidersfor center of mass energies of 17830 [205] GeV.
would consist of events with missing energy and various In Figs. 2 and 3 we compare the SUSY discovery reach in
combinations of leptons and jets. The CERNe™ collider  the selectron and chargino channels at LEP Il with Fermilab

Ill. CHALLENGES TO SUSY AT COLLIDERS
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Tevatron search reaches and naturalness corftolite  second stage of run | at the end of this year. Through the end
dashed curveg(88) andy™(95) represent the approximate of run I, the classic missing transverse energy and jet events
selectron and chargino mass reaches achievable witfE;) will provide the largest reach into SUSY parameter
Js=190 GeV at LEP II. Because the reaches in these charspace. The dotted lines in Figs. 2—5 display the mass limits
nels depend on tghand the sign ofum,;,, we have chosen on squarks and gluinos achieved by the Collider Detector at
values of tags which represent larger and smaller reaches fof~ermilab(CDF) and DO experiments during run [A1]. By
each case. Our convention for the signuofigrees with Refs.  the end of the current Tevatron run, run 1B, the CDF and DO
[9,10]. experiments can each be expected to have over 100 pb
Fermilab’s pp collider, the Tevatron, will complete the data on tape. Run Il, with the Tevatron’s Main Injectdfl)
upgrade, is anticipated for 1999. The MI run is expected to
achieve (\/§=2 TeV) and a yearly integrated luminosity of
2We caution the reader that estimates of search reaches should bel fb~! per experiment. Figures(@ and 2Zb) compare
interpreted carefully. A global determination of discovery reaches ig1aturalness contours to the discovery reach of missing en-
a complicated undertaking. The Tevatron search reaches quot&fgy and jet events during runs | and Il, as estimated by three
here have only been calculated for a few selected points in SUSYifferent analyse§9—-13. Although there is not always a
parameter spacéor recent work on a more global analysis of Clear consensus among these search reach estimates, several
search reaches see RES]). Moreover, there is sometimes signifi- features are apparent. First, if the weak scale is to arise natu-
cant differences between the reach estimates of different groupsally, the fundamental soft SUSY-breaking parametexs
and the various background cuts in these analyses have not beamdm,,, should be significantly lighter than 1 TeV. Accord-
optimized to yield the maximum reaches. ingly, it is very unlikely thatmg>mg unless the gluino is
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extremely light €1 GeV) and has somehow managed to see that searches in tl#s channel at a DiTevatron would
escape detectiofl4]. Second, to set the most significant cover most of the natural region of SUSY parameter space,
bounds from missing energy and jet events, the CDF and DWhile searches in thelXhannel would be very promising at
experiments should pay special attention to the regimehe TeV* if u<O0.
mg=mg. In addition, searches for chargino and selectron Finally we mention that the nonobservation of a signifi-
production at LEP Il will cover a significant amount of the cant amount of missing transverse energy and jet events at
natural region of parameter space, particularly gor 0. the CERN \/E: 14 TeV pp accelerator, the Large Hadron
Although missing energy and jet events will provide the Collider (LHC), will eliminate the possibility of supersym-
Tevatron’s strongest probe of supersymmetry during run Imetry accommodating the weak scale naturally. The esti-
searches in other channels will become important in the maimated search reaches of gluinos and squarks, which typically
injector era. During Tevatron run Il, missing energy eventsiie above 1 TeV, lie far outside the natural regions shown in
with same sign dileptons and trilepto3l) will provide a  these figures.
larger reach into parameter spatiean the background lim-
ited E+ channel for some values of ta&rand » [9,10]. Fig- V. CONCLUSIONS
ures 3 and 5 compare the physics reach of the trilepton N )
events, foru<0 and tagg= 2, to the discovery reach of LEP Searcht_as for supersymmetry have reac_:hed a critical mile-
Il and naturalness contours. While LEP Il provides its largesftone. While the absence of observable signals of supersym-
reach into SUSY parameter space fpr>0, Tevatron Metry atpast and present collider experiments has eliminated
searches in thel3hannel are most effective jf<0. More- ~ SOMe regions of parameters space, experiments have not yet
over, for <0, the chances for observing trilepton signals atP0Sed any significant challenge to the viability of the theory.
the Tevatron are promising for run Il. Except for a small It is still possible to find very natural solutions which satisfy
window where the branching ratio of the second heaviesfll Of the quoted, experimental bounds on superpartner
neutralino into an invisible neutrinox@— »%) approaches Masses. By contrast, as future searches extend beyond the

100%, the reach in the trilepton channel is largest for thd"aSS ranges already explored, failure to observe signals of
most natural region of parameter space supersymmetry will begin to undermine a supersymmetric

Further luminosity upgrades of the Tevatron, dubbed théaxplanation of Why the_ We"?"‘ scale remains light. If LEP Il
Tev*, and the DiTevatron have been considered. The Tev2nd the Tevatron’s Main Injector era do not produce super-

upgrade, achievable through antiproton recycling and storRartners, supersymmetry’s explanation of weak-scale stabil-
age, could reach integrated luminosities of 25 ppand the ity will be measurably, but not catastrophically, weakened.

use of Superconducting Super CollidésSCitype magnets Ezngﬁ;eclg (;]; iltj)pzrrsyr:nn;etr_y ri]zlrglfevan;rtoat::e\;veil; dsiil’lgﬁ
could allow a DiTevatron upgrade to achieye=4 TeV. In Serving a sig SUperp hroduct

; : t these machines is promising. If signals of SUSY are not
Figs. 4 and 5, we compare the SUSY @scovery prospects 0geen at the CERN Large Hadron Collider LHC, the stability
these proposed Tevatron upgrades with LEP Il operating &

A f the weak scale can no longer be completely explained b

\Js=205 GeV. The dashed curves in Figs. 4 and 5 labele w-ener g P y exp y
B oy > - gy supersymmetry.
e(96) andy " (102), represent the approximate mass reach
of LEP Il in these channel&]. From Figs. 4a) and 4b) we ACKNOWLEDGMENTS
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