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Abstract. High-precision analyses of supersymmetry parameters aigtanstructing the fundamental super-
symmetric theory and its breaking mechanism. A well defirfrembtetical framework is needed when higher-
order corrections are included. We propose such a scherperSunmetry Parameter Analysis SPA, based on a
consistent set of conventions and input parameters. A itepp$or computer programs is provided which con-
nect parameters in different schemes and relate the Laigmapgrameters to physical observables at LHC and
high energye’ e linear collider experiments, i.e., masses, mixings, dedgayhs and production cross sections
for supersymmetric particles. In addition, programs fdcaokating high-precision low energy observables, the
density of cold dark matter (CDM) in the universe as well asdioss sections for CDM search experiments are



included. The SPA scheme still requires extended effortbath the theoretical and experimental side before
data can be evaluated in the future at the level of the depheision. We take here an initial step of testing the
SPA scheme by applying the techniques involved to a specifiersymmetry reference point.



order corrections, can be extracted from the/expétiientgiine 5w scale. Fixing the scal independent of pa-
observables. In addition, the solutions of the renormallzlaameters within the supersymmetry scenarios is preferable

tion group equations are included by which extrapolationger choices relating to specific parameters, such as squark
from the laboratory energies to the Grand Unification (Gumasses, that can be fixed only at the very end. By defini-
and Planck scales can be performed aiod versaAnother i this point can also be used to characterize uniquely

category contains programs which relate the SUpersymmeyjtiple-scale approaches.
try (SUSY) parameters with the predictions of cold dark Mixing parameters, in particular t@ could have been

matter in the universe and the corresponding cross sectiqfgoquced in different ways [29]; however, choosing the

for search experiments of cold dark matter (CDM) particlepR efinitions proposed above has proven very convenient
It is strongly recommended that the programs availabjg practical calculations.

in the repository adopt the structure of Ref. [15] for the La- " the masses of Higgs bosons [30], in the MSSM of the

grangian, including flavor mixing and CP phases, and foéharged—li, of the neutralCP-odd A, and of the twoCP-
low the generally accepted' Su.persymmetry !_es Houch@\%nh, H particles, are understood as pole masiks, a i .
Accord, SLHA, for communication between different Progor givenMa, the pole massedy , of the CP-even Hiégs

grams [16]. For definiteness, we reproduce from [16] t . a2 )
superpotential (omitting-parity violating terms), in terms'fgz?;srs:r&btamed as potfs= M, of the dressed prop

of superfields,

W = g4 | (Ye )i AZLPE | + (Yo)i: HEOPD oy _(@F-Ma+Zun(d®)  Zan(oP) ) '
| o OIS B @) ( So(@) G (D)
+(Y0)ij HIQMU | — AGHS| | (1)
) ] o involving the tree-level masses 1, and the diagonal and
where the chiral superfields of the Minimal Supersymmefpn-diagonal on-shell-renormalized self-energiesn the
ric Standard Model (MSSM) have the followir®J(3)c ©®  on-shell scheme, the input parameters are renormalized on-

SU(2)L ®U (1)y quantum numbers shell quantities, in particular thA-boson mass, with ac-
. 1= . 1= 5 cordingly defined counter terms.
L:(1,2,-5),E:(1,1,1),Q:(3,2,5),U:(3,1,-9%) Owing to the momentum dependence of the self-energies,
D: (3—,, 1, %)7 Fg - (1,2, _%)7 Fy (1,2,3). there is no unique mixing angle for the neutralCP-even

Higgs system beyond the tree level, and the SPA choice can

The indices of theSU(2), fundamental representation ard€ understood as a convention for an “improved Born ap-
denoted bya,b = 1,2 and the generation indices by = proximation :Aconven_lentchowe faf inthe self-ene_:rgle_s
1,2,3. Color indices are everywhere suppressed, since oMfich minimizes the difference of such an approximation
trivial contractions are involvedsay is the totally antisym- With respectto calculations involving the proper self-gyes
metric tensor, witheg — 12 = 1. in physical matrix elements, is given loy = M.

The soft SUSY breaking part is written as The physical on-shell masses are introduced in the de-
cay widths and production cross sections such that the phase
space is treated in the observables closest to experimen-

_ - SHa[b & L HaoP §x
Lsoft = Eap [(TE)” HaLi, &g + (To)ij Ha Qi djg tal on-shell kinematics. This applies to the heavy parsicle

ybRa while the masses of the light particles can generally be ne-
+H(T)i H“Q‘LUJR} +he. glected in high energy processes.
+ mad Hy HE + ”ﬁuHJaHS — (mgeangHE +h.c.) In the chargino/neutralino sector the number of observ-
<, xa o o able masses exceeds the number of free parameters in the
+Qha(mg)ij Q5 + Lia(mf )i L5, system, gaugino/higgsino mass parameters anfl. tathe
SR L d () dF L& () & most convenient set of input chargino/neutralino masses is
o g ()1 B+ Che () I+ 8 (M) €5 dictated by experiment [the three lowest mass states in this
i % (MyBb + MaWAWA + Ms§*§*) + h.c., (2) sector, for example] while the additional masses are subse-

quently predicted uniquely. Similar procedures need to be

where theH; are the scalar Higgs fields, the fields with éollowed in the sfermion sector.

tilde are the scalar components of the superfield with the

identical capital letter; the bino is denoted lasthe un-

broken SU(2). gauginos asv*=-23, and the gluinos as 3 PROGRAM BASE

=18, in 2-component notation. THE matrices will be

decomposed a§; = Aj;Yij, whereY are the Yukawa ma- 3.1 PROGRAM CATEGORIES

trices andA the soft supersymmetry breaking trilinear cou-

plings. The computational tasks that are involved in the SPA Project
Much work on both the theoretical and the experimenta&n be broken down to several categories. Each of the codes

side is still needed before data could be evaluated in ttheat will be collected in the SPA program repository is in-

future at the desired level of accuracy. These tasks of tbkeided in one or more of these categories. It is understood

SPA Project will be defined in detail in Sect.4. that in each case the theoretical state-of-the-art prtisi
In Sect.5 we introduce the SUSY reference point SPSisimplemented. For communication between codes SLHA

as a general setup for testing these tools in practice. THi§] is strongly recommended, which is extended in a suit-

reference point is defined at a characteristic scale of 1 Telsle way where appropriate.
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SPA CONVENTION

— The masses of the SUSY patrticles and Higgs bosons are defirpmleamasses.

— All SUSY Lagrangian parameters, mass parameters and ogsplincluding tap, are given in theDR
scheme and defined at the scille= 1 TeV.

— Gaugino/higgsino and scalar mass matrices, rotation cegtand the corresponding angles are defined in
the DR scheme al, except for the Higgs system in which the mixing matrix is defi in the on-shell
scheme, the momentum scale chosen as the light Higgs mass.

— The Standard Model input parameters of the gauge sectohasen aSe, o, Mz andaMS(Mz). All lep-
ton masses are defined on-shell. Tlyiark mass is defined on-shell; thec quark masses are introduced
in MS at the scale of the masses themselves while taken at anelization scale of 2 GeV for the light
u, d, squarks.

— Decay widths/branching ratios and production cross sestéwe calculated for the set of parameters spec-
ified above.

Table 1. Definition of the supersymmetry parameter convention SPA

1) Scheme translation tools: energy effective Lagrangian to those at the high-scale
The communication between codes that employ differ- where the model is supposed to match to a more funda-
ent calculational schemes requires a set of translation mental theory. High-scale constraints are implemented
rules. In the SPA program repository we therefore col- on the basis of well-defined theoretical assumptions:

lect tools that implement, in particular, the definitions gauge coupling unification,
and relations between on-shélR andMS parameters MSUGRA, GMSB, AMSB scenarios, etc.
in the Lagrangian as listed in Sect. 3.2 below. 7) Auxiliary programs and libraries:

2) Spectrum calculators: Structure  functions, beamstrahlung, numerical

This category includes codes of the transition from the methods, SM backgrounds, etc.
Lagrangian parameters to a basis of physical particle _ . . -
masses and the related mixing matrices. This task mainlgThIS Is an open system and the responsibility for all

consists of deriving the on-shell particle masses (inclum SE€ programs remains V‘."th the authors. SPA provides the
ing higher-order corrections) and of diagonalizing thganslatlon tables and the links to the computer codes on the

mixing matrices in a consistent scheme, making use \g]eb-page
the abovementioned tools as needed. http://spa.desy. de/ spa/
3) Calculation of other observables:
3A) Decay tables:
compute the experimentally measurable widths a
branching fractions.
3B) Cross sections:
calculate SUSY cross sections and distributions for

LHC and ILC.
3C) Low-energy observables: 3.2 SCHEME TRANSLATION

compute the values of those low-energy, high-precigiga s psection presents a few characteristic examples of
observablesd.g, b — sy, Bs — pu gy — 2] thatare  ¢|ations between on-shell observables &R MS quan-
sensitive to SUSY effects. . tities at the electroweak scald; and the SUSY scali.

3D) Cosmological and astrophysical aspects: £y previty, here only the approximate one-loop results are
this category of programs covers the derivation Qfien [31]: it is understood that the codes in the program

cold dark matter (CDM) relic density in the uni-rehqsitory include the most up-to-date higher-loop result
verse, cross sections for CDM particle searches, as-

trophysical cross sections, etc. in the SUSY contex®) Couplings:

4) Event generators: e gauge couplings
Programs that generate event samples for SUSY and
background processes in realistic collider environments. Vs DR (gP_R)Z

5) Analysis programs: g =0" 1= 9z G ®)
These codes make use of some or all of the above to ex-
tract the Lagrangian parameters from experimental data e Yukawa couplings between the gaugipthe chiral
by means of global analyses. fermiony and the scalaxy:

6) RGE programs: _ _

By solving the renormalization-group equations, the pro- WS DR ( (gPR)2 S (gPR)? rk)
k- =0 |1+ G (4)

grams connect the values of the parameters of the low- 322 G- l; 322

Conveners responsible for specific tasks of the SPA Project
ﬁ'H“ be listed on this web-page; the information will be rou-
tinely updated to reflect the momentary state of the project
at any time.
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e Yukawa couplings between the scafarand the two e scalar pole masses

chiral fermionsy; and y: I .
Y W A similar relation holds for the squared scalar masses

3 (ng_R)Z r ri I 2D
Yuk *Y 1+I: 322 [CI 2CI +CI ] ®) rTﬁzpole —Zq _mzpme (10)

The one-loop QCD corrections for the left squarks of

 trilinear scalar couplings the first two generations in the limit of vanishing quark

These couplings do not differ in the two schemes. masses may serve as a simple example:
Ci andC are the quadratic Casimir invariants of the mé = |\/|2:ﬁ M) (11)
adjoint representation and the matter representatain _
the gauge grou;, respectively. They are given Iy = 20(S
[3,2,0] for [SU(3),SU(2),U (1)] andCl = [4/3,3/4,3/5x ”ﬁ mg)Bo (M, mg. 0)
V2] for the fundamental representatlonﬂﬂ( ),SU(2),
and theU (1) hypercharg;. = 2”12150(”121, Mg, 0) + Ao(M§) — Ao(Img)
SUSYDR, MS and pole masses:
e gaugino mass parameters (c) SM parameters
s (g DR)Z The following paragraphs summarize the SM input val-
M;™> = M 1+ 162 G (6) ues for the analysis. Only approximate formulae are pre-
sented for brevity, while the complete set of relations is

available on the program repository.

* higgsino mass parameter In a few cases the evolution from the sce to M

is carried out by means of RGEs instead of fixed-order
MS _ DR (4 9| ) 7 perturbation theory because they have proven, presently,
P =p + Z —cf! (7) . .
lerm more accurate; this may change once the necessary multi-

loop calculations will be completed.
Cl' denoting theSU(2) andU (1) Casimir invariants of _ .
the Higgs fields. e a, aPR(Mz), aPB(M):

o sfermion mass parameters aﬁ(Mz) _ a (12)

1-Adasw —Adsysy

These parameters do not differ in A& andMS schemes.
mH+

Adsysy = —6—

o fermion pole masses

. . mg
The pole masses can be written schematically as + Z ZNCQ% In—u ]

Mi pole = MiDR —ReZ (g = mi pole) (8)

Aoy summarizes the SM contributions from the lep-
whereZ denotes the fermion self-energy renormalized tons, quarks and the/-boson. In the SUSY contribu-
according to thédR-scheme at the scal. As an ex- tions,Adsusy, f sums over all charged sfermiond, is
plicit example we note the one-loop relation between the color factor an®s the (s)fermion charge.
the SU(3) gaugino mass paramekés(M)PR and the

gluino pole massng [without sfermion mixing] at the aPR(Mz)
one-loop order: . 26DR(M
o af() = e
mg = MZR(M) ©) 1420 Mz) MG
aBR () NP2 micog OR(7) - W1
+ =——1mg( 15+ 9In— —
I ms) aPR(Mz)
2 BR /v sir? 80R(My)
5 - < M) = — 14
+ 35 M ()| T = — iy O

4Tsir?@0R(Mz) M2
whereB; is the finite part of one of the one-loop two-
point functions at the scale in tH2R schemeM (and sin28PR at M» and atNi:
analogoushyAg, By to be used later), cf. Ref. [32]. ¢ ‘ ' o
The electroweak mixing parameter$8YR (M) is given



Supersymmetry Farameter Analysis: SFA Convention an@etro

by
sif8PR(Mz) | 1— sir?6PR(My)

mPR(Mz)
V2M32GE (1 - AF)

(15)

where the contributions from loops of SM and SUSY
particles are denoted Wyf [33,34]. At the scaléVi the
electroweak mixing parameter can be calculated subse-
guently from
tar?8°R(M) = (M)

) given in the

apR(M) /5"

by making use of the couplingsPR(Ni
preceeding paragraph.

(16)

o sin?08PR andsin? Bes at My:

The electroweak mixing angle in the effective leptonic
(electronic) vertex of th& boson is defined as

e
Sin? Begr = sin? 6.9 (M) = % (1 _Re

g%) an

in terms of the effective vector and axial vector cou-
plingsg§ , of theZ to electrons. The relation to SIB°R (Mz)
is given by (at one-loop order)

Sin?6PR(Mz) = sir? B (18)
z(M3) +Myz(0)

2M2

My
+ SiN20ef - f€,
involving the photonZ non-diagonal self-energlylyz(qz)
and the non-universal electrafvertex correction form
factorsfy A(q?),

f=3f7(M2) — (3 —2sifBer) fR(MZ),  (19)
with all the loop quantities renormalized in tB& scheme
at the scaléviz. For explicit expressions see [33,34].

e aPR at Mz andM, related toaMS(My):
MS
DR as-(Mz)
M5) = 20
Os (Mz) 1— Ads (20)
as(MZ) 1 2 m
Aog = = — =Ih—
%= "on {2 3" Mz
2 -
— 2InE - = In —']
Mz 6;; Mz
L aPR(My
ag" (M) = — SD_R( L (21)
1—4-ag (Mz)lnm%

¢ W, Z bosons, pole an@R masses

The pole massdsdly (V =W, Z) and theDR masses at
Mgz are related by
MG = Mg OR(Mz) -

ReMyy (PP =M3)  (22)

involving the renormalized transverse vector-boson self-
energies in th®R scheme at the scald;. TheZ pole
mass is a direct input parameter, whereas\WWheole
mass is derived from the relation to the low-energy pa-
rameterst and Fermi constar@g according to the SPA
Convention:

) !

2
Miv (1_ V2Gg (1—Ar)’

Ar summarizes the loop contributions from the SM and
SUSY particles as given explicitly in [33-35].

The self-energies at the scafecan be written symbol-
ically as

M&

M2 (23)

167, = 16T[2H£Z,SM+Higgs
- Z“chv%z,iszz(M%,rTl%,m%j)

(24)

+ ~(Z [fiiZH(M%mf(iamf(j)

+ 20ijz Bo(MZ, Mg, .y, )]
16Ty = 16MCThyw s+ Higgs
- Z 2N Vi Baa (M,

(25)

i)

+ Z [fijWH(M\%vn’])”(Pvn’l)”(T)
1]
+ 29iijo(M5v,I”ﬂ>~<io,m;(j+)}

wherevyyjj are the couplings of the gauge boson to
sfermions andfijjy andgijy are combinations of left-
and right-couplings to charginos and neutralinBs;
andH are combinations of thB; andA; loop functions.
Detailed formulae are given in [36].

e charm and bottom runninyS mass at n, andDR
mass at M, cf. [37,38}

oS %
ay's(Mz)

alS(my)
232 R
721

@M(MZ) = mos(mo)

alR

3n

X

1 (26)

mERw(Mz) + ReZj(Mz)
1—Amy(Mz)

éismgutanBl m% m% mg)

+ Tom 2/smtanﬁl (Mg, g 1%

2
- 16m@

mER(Mz) =
Amy(Mz)

(27)

Maoutan

x [cos' 8¢ 1 (Mg, M3, 1) + = {t—>b}

+ {cos— sin; Q; — Qz}]
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a’b*loga®/b? + cyclic The decay widths are defined as inclusive quantities in-

(a2 — b?) (b2 — c?)(a? — c?) cluding all radiative corrections; the masses of the heavy
particles are taken on-shell, light particle masses are set

with 5 (Mz) = Zp(Mz) —mPR(Mz)Amy(Mz) andp(Mz)  Ze€ro.
being the self-energy of the bottom quark due to super-
symmetric particles and heavy SM particles amay(Mz) (0) Cross sections fare” collisions:
including the large finite terms proportional to fawhich Cross sectiongj(ete™ — {F}) for the production of
have been resummed [38]. In the case of the charm quarka set of supersymmetric particles/Higgs bos@m are
the additional running betweean, andmy, has to be in- defined at the experimental leveléie collisions in-
cluded. The SUSY contributions are in general small cluding up-to-date radiative corrections except hard
and no resummation is necessary. The masses are evolvegtemsstrahlung to exclude large contributions from ra-
from the scaleMz to M by means of the RGEs for the  diative return.

|(@2,0%,2) =

Yukawa couplings as described below. In general, large QED-type photonic corrections cannot
be disentangled from genuine SUSY-specific
e top quark pole mass aridR mass at M: parts, and in the comparison of theoretical predictions
with experimental data all higher-order terms have to
58 5aSD_R O(E_R M3 be included. To elucidate the role of the specific su-
m(Mz) =m|1— an log (W) persymmetric loop corrections, a reasonable and con-
sistent prescription for cut-independent reduced cross
O(SD_R 2 sections shall therefore be defined. Since the leading
—G (?) -2 (28) QED terms arising from virtual and real photon contri-
butions that contain large logarithms can be identified

and isolated, the “reduced” genuine SUSY cross sec-
tions are defined, at the theoretical level, by subtracting
the logarithmic terms log&4E? /s in the soft-photon en-
ergy cut-offAE and in logs/m; from non-collinear and
collinear softy radiation off light fermionsf = e ...

and virtual QED corrections. In this definition of re-
duced cross sections [see also [39]], the logarithmically

wherec; (M2 /n¥) is the gluonic two-loop contribution
andZ accounts for the electroweak as well as the SUSY
contributions. The mass is evolved to the sdsley
means of the Yukawa RGES; see next.

¢ Yukawa couplings and running masses of SM parti-

cles atM: o o large QED radiative corrections are consistently elimi-
The vacuum expectation valug§R and VQR are ini- nated in a gauge-invariant way. By the same token, the
tially given by: reduced cross sections are defined without taking into
1 account beamstrahlung.
M& (Mz) = Zg>PR(M 29 . .
w(Mz) 4g (Mz) (29) (c) Cross sections for hadron collisions:
X {vﬁvﬁ(Mz) + vs- R(Mz)} Cross sections for proton collisions at Tevatron and LHC,
o(pp— {F}), include all QCD and other available cor-
VPR(Mz) AVBR(Mz) = tanBPR(Mz) (30) rections, with infrared and collinear singularities tamed

by defining inclusive observables, or properly defined
jetcharacteristics, and introducing the renormalized par

DR -
tanB~"(Mz) must be gvolved down from the conven ton densities, provided parametrically by the PDF col-
tional parameter taBPR(M) by means of RGE. From  |aporations [40,41].

the DR masses atl the Yukawa couplings are calcu-
lated:

YDR (Mz) = \/—m[DR Mz) /V (Mz) (31) 4 TASKS OF THE SPA PROJECT

YLPTR(MZ) — \/Errﬁ?(Mz)/ng(Mz) (32) A successful reconstruction of the fundamental structifire o
' ' the supersymmetric theory at the high scale and the proper
In a second step, they are evolved together with thinderstanding of the nature of cold dark matter from exper-
gauge couplings and the vacuum expectation valuesineental data require the precise analysis of all informatio
M via RGEs. At this scale the running SM fermion mas#&a will become available from collider experiments, low-
and gauge boson masses are related to the Lagrangiarrgy experiments, astrophysical and cosmological ebser
parameters by the usual tree-level relations. This is gmiggtions. Preliminary studies [see Sect.5], initiating tBPA
a better approach for the evolution of the Yukawa courroject, have shown that while this aim can in principle be
plings than fixed-order perturbation theory. achieved, it still needs much additional work both on the
theoretical as well as on the experimental side. In particu-
lar, we identify the following areas of research as central
3.3 WIDTHS AND CROSS SECTIONS tasks of the SPA Project:

(a) Decay widths: Higher-order calculations
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While the precision of SUSY calculations has gradualljnake possible high-precision investigations of the weakly
shifted from leading-order (LO) to next-to-leading ordeinteracting sector. Feedback and coherently combined anal
(NLO) accuracy [and, in some areas, beyond], the presgses, which will greatly benefit from a concurrent running
level still does not match the expected experimental precifboth colliders, are indispensable for a meaningful amswe
sion, particularly in coherent LHC+ILC analyses. The exe the questions raised in the present context. Studies-as in
perimental precision, however, has to be fully exploited iated by the LHC/LC Study Group [45] are a vital part of
order to draw firm conclusions on the fundamental theorthe SPA Project.

To close this gap, the SPA Project foresees new efforts to

push the frontier in higher-order SUSY calculations to thetermining SUSY Lagrangian parameters

line necessary for the proper interpretation of experiraken
analyses.

RNhiIe atleading order the Lagrangian parameters connected
with different supersymmetric particle sectors can in gen-
eral be isolated and extracted analytically from closely as
sociated observables, the analysis is much more complex at

TheDR scheme recommended for higher-order calculatiofigher orders. Higher orders introduce the interdepenelenc
can be formulated in a mathematically consistent way [28f all sectors in the observables. The development of censis
and is technically most convenient. Many explicit checks tnt analyses for the global determination of the Lagramgia
the one-loop level have shown that tB® method gener- parameters in this complex situation has started and, con-
ates the correct counter terms. However, there is no cofarm with general expectations for iterative steps in per-
plete proof yet that it preserves supersymmetry and gaugébative expansions, they can be carried out consistently
invariance in all cases. Therefore, as the precision of SUSWth as few assumptions as possible. The set of Lagrangian
calculations is pushed to higher orders, the SPA Project agarameters and their experimental error matrix can be de-
requires further investigation of the symmetry identities termined, including higher-order corrections. Howeviee t
theDR scheme. experimental procedure must still be supplemented by cor-
Moreover, there is an obvious dichotomy between tHgsponding theoretical errors and their correlations.
DR scheme, which is convenient for the definition of SUSY
parameters and their renormalization group evolution, afibld dark matter
th?'\"S schemez which is generally adopted for the CaIC'A's the precision is refined, astrophysical data play an in-
B e 2 21 b0ieasingl mporiant e ncoffoning supersymmetyui
persymmetry, in th®R scheme a finite shift from the Com_experlments. _The cla_ss of mod_els conserving R—pan_ty pre-
monly usedw_é density functions to thBR density func- dict a weakly interacting, massive, stablg pa'rt|c':le. Thie re
tions has to be carried out [42]. Moreover, for massive fa}bundan_ce of thls_ particle imposes crucial limits on super-
nal state particles spurious dens;ity functioﬁs for(#he D) %ymmetnc scenarios [46]. While among the supersymmetry
gluon components have to be introduced to comply with t bregkmg models versions of MSUGRA {:md of gaugino me-
factorization theorem, see [43,44] for details. Formulgti ation [47] have been analyzed in detail, the analyses have
an efficient combinatibn of the’ most attractivé eIements&ﬁ be extended system{:mcally to other scenarios. In models
at account for the relic density, specific requirements on

g(r)‘ti?nspcglf?gl?falgkdfistﬁgbig?gjQc?tdronIC processes is there & accuracies must be achieved when the CDM particle is
' studied in high-energy physics laboratory experiment$ [48
In turn, predictions based on the comprehensive parame-
ter analysis of high-energy experiments determine thescros
The set of observables that has been included so far in &gctions for astrophysical scattering experiments by whic
perimental analyses, by no means exhausts the opportiing nature of the cold dark matter particles can be estab-
ties which data at LHC and at ILC are expected to providished. The SPA Project provides a platform for a system-
in the future. SPA Project studies will aim to identify anyatic and continuous interplay between the astrophysics and
new channels that can give additional information, eithéigh-energy physics disciplines and the mutual refinement
independent or redundant [improving fit results], and thegf their programs in the future.
will include them in a unified framework. In connection
with realistic estimates of theoretical uncertaintiespbds Extended SUSY scenarios

account of error sources and correlations has to be achiev . .
Furthermore, the sophistication of the experimental mesufﬁe MSSM, in particular the parameter set SP3fat we

will be refined by including more precise signal and bac suggest for a first study, provides a benchmark scenario for

; : - : eveloping and testing the tools needed for a successful
?Or:)yufr(l;: t%eg?rﬁtlysri]ss ’o??ed allmdg'[gved simulations as marmganalysis of future SUSY data. However, neither this specific

point nor the MSSM itself may be the correct model for
low-scale SUSY. Various parameter sets [for instance other
representative mSUGRA points as well as non-universal
We put particular emphasis on the coherent combination®UGRA, GMSB, AMSB, and other scenarios, see Ref. [49]
future data obtained at LHC and ILC. While the LHC willfor a brief summary] and extended models have therefore to
most likely discover SUSY particles, if they exist, and wilbe investigated within the SPA Project. In particular, nlede
allow for the first tests of the SUSY paradiget,e” data which incorporate the right-handed neutrino sector, must

Improving the understanding of tfi2R scheme

Improving experimental and theoretical precision

Coherent LHC + ILC analyses
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| Parameter| SM input || Parameter| SM input ParametefSPSlélvaIueH ParametefSPSlévalue

Me 5.110-10~% mPo'e 1727 g 0.3636 M, 1033

my 0.1057 My (M) 4.2 g 0.6479 Mo 1932

My 1.777 mz 911876 Os 1.0844 M3 5717
my(Q) 3.10°3 Gk 1.1664 10> \A 0.1034 A —4452
ma(Q) 7-10°3 1/a 137036 Y; 0.8678 A —5651
ms(Q) 0.12 paf, 0.02769 Yo 0.1354 Ay —9434

me (M) 1.2 aMS(my) 0.119 H 3960 tanB 100

M, 1598 [Mn, | 3783

Tgble 2 Numtferic;l V?lufs of thtz;1| tShM input tlgtﬁPSI\TAasses are]c ML, 1810 ML, 1793
o s e mecmes ond e o e o | W | ST | we | o
for ¢, b, or, for u, d, s, at the scale ©2 GeV. Mo, 5258 Mqs 4714
My, 507.2 Mu, 3875

Mp, 5050 Mp, 5009

ge ar!flly;e:j tgxterf1IS|Ver .[Slo]ti Furlilhl\(/larsn;?\/lm? \golailond Table 3. TheDR SUSY Lagrangian parameters at the scille=
-parity vioiation, Tlavor violation, and exten edl TeVin SPS1afrom [56] [mass unit inGeV, Mﬁu negative]. In

gauge.groups are among the roads that ”atE”e may hQMSition, gauge and Yukawa couplings at this scale are gimen
taken in the SUSY sector. The SPA conventions are fQf.BR scheme.

mulated so generally that they can be applied to all these
scenarios. The goal of deriving the fundamental structure

from data will also to be pursued for many facets in thigeg) for the tighter original definition] in the set
more general context.

My = 250GeV sigiy) = +1
Mo 70GeV ta3(M) = 10
5 EXAMPLE: REF POINT SPS1a’ Ag = —300GeV

To test the internal consistency of the SPA scheme andTtBe left column, listing the universal gaugino mass),,
explore the potential of such extended experimental afte scalar masslg and the trilinear couplindy [Yukawa
theoretical analyses we have defined, as an example, ¢8&iplings factored out], is defined at the GUT sddieur.

CP and R-parity invariant MSSM reference point SPS1d he pointis close to the original Snowmass point SPS1a[17];
Of course, the SPA Convention is set up to cover also mdfte scalar mass paramekég is lowered slightly at the GUT
general scenarios. scale from 100 GeV to 70 GeV amdy is changgd from

The results for SPS1aresented below are based o 100 GeV t0—300 GeV. The values of the SM input pa-
preliminary experimental simulations. In some cases, howdmeters are collected in Table 2. Extrapolation of the abov
ever, extrapolations from earlier analyses for SPS1a aftPUGRA parameters down to thé = 1 TeV scale gen-
other reference points have been used in order to sub&fiates the MSSM Lagrangian parameters. Table 3 displays
tute missing information necessary for a first comprehefe couplings and mass parameters after being evolved from
sive test of all aspects of the SPA Project. It is obvious thiteuT to M using the RGE part of the prograsfheno [56]
many detailed simulations are needed to demonstrate Yaich is based on two-loop analyses of functions as
full power of predicting the fundamental supersymmetriWeH as the other evolution coefficients (other codes can be
parameters from future sets of LHC and ILC data. used equally v/vell).. _ . _

In et~ annihilation experimental progress is expected 1S SPS1asetis compatible with all high-energy mass
for the heavy chargino and neutralinos. Combining the r@ounds and with the low-energy precision data, as well as
sults of such studies with LHC data appear very promisifjth thi‘observed CDM data, calcmilﬁ)ted A — sy) =
and lead to improved mass determinations [51j. New tecf0 10 X [57], Alg—- 2]u/§ = 34-10"7 [58], Apsusy =
niques to determine slepton masses from cascade decays10 " [58], andQcomh® = 0.10 [57]. .
as very narrow resonances [52,53] should be applied. For The physical [pole] masses of the supersymmetric par-
cross section measurements and other sparticle propertig§s are presented in Table 5. The connection between
methods to determine the decay branching ratios should!h@ Lagrangian parameters and the physical pole masses
developed. At the LHC a recently proposed mass relatishpresently encoded at the one-loop level for the masses

method offers substantial improvements in the reconstr-the SUSY particles, and at the two-loop level for the
tion of squark and gluino masses [54]. Higgs masses. QCD effects on the heavy quark masses are

accounted for to two-loop accuracy.

A systematic comparison with the other public programs
| SAJET [59], SOFTSUSY [60] and SuSpect [61] has been
The roots defining the Reference Point SP&tathe mSUGR&rformed in [62] to estimate the technical accuracy that
parameters [in the conventional notation for CMSSM — s@an presently be reached in the evolution. The codes include

Analysis of SUSY Lagrangian parameters
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| Particle|| Mass[GeV] | 3scaie[GeV | including the point SPS1aTypical cross sections for pair
o 1160 13 production of charginos, neutralinos and sleptons at tige 1L
HO 4250 0.7 are presented for the point SPSaa a function of the col-
=5 lider energy.
X2 97.7 0.4
X3 1839 12
%0 4139 12 | Particle| Mass [| “LHC” [ “ILC”" || “LHC+ILC”
Xi 1837 13 ho | 1160 || 025 | 0.05 0.05
&r 1253 12 HO 4250 15 15
& 1899 0.4 5(? 97.7 4.8 0.05 0.05
T 107.9 0.5 )"(‘2) 1839 4.7 12 0.08
R 547.2 9.4 %9 |4139| 51 |3-5 25
1R 564.7 10.2 Xi 1837 0.55 0.55
f 3665 54 &r 1253 4.8 0.05 0.05
51 5063 8.0 & 1899 5.0 0.18 0.18
s} 607.1 14 1 1079 || 5-8 | 0.24 0.24
. Gr 5472 || 7—-12 - 5-11
Table 4. Supersymmetric masses for the SUSY sidale 1 TeV, i 5647 || 87 _ 4.9
and their variation ifM is shifted td0.1 TeV. £ 3665 19 19
by |5063| 7.5 — 5.7
g 607.1 8.0 - 6.5

full two-loop RGEs for all parameters as well as one-loop
formulas for threshold corrections. The agreement betwe?a(ble 6. Accuracies for representative mass measurements of

the actual versions of these calculations is in generaimiths sy particles in individual LHC, ILC and coherent “LHC+IEC
one percent. A special case are the on-shell masses of {h&yses for the reference point SPS[rmass units inGeV]. dr

Higgs stonS which have been cal.culatedeynHi 995 anddq represent the flavors u,d, c,s. [Errors presently extrap-
[58] starting from theSPheno Lagrangian parameters as inpjated from SPS1a simulations.]

put. Here, discrepancies for the mass of the lightest Higgs
boson amount to 2% or more which can be attributed to dif-

ferent renormalization schemes (see also [63] for detailed If SPS14 or a SUSY parameter set in the range of sim-

discussions). _ _ ilar mass scales, is realized in nature, a plethora of inter-
Besides the comparison between different codes for Seaging channels can be exploited to extract the basic su-
trum calculations, a crude internal estimate of the theorebersymmetry parameters when combining experimental in-
cal errors at the present level of the loop calculations mgyrmation from sharp edges in mass distributions at LHC
be obtained by shifting the matching poMtfrom 1 TeV  yith measurements of decay spectra and threshold excita-
down to 0.1 TeV. A sample of particle mass shifts ass@pn curves at arete~ collider with energy up to 1 TeV
ciated with such a variation of the SUSY scale paramet@n|. From the simulated experimental errors the data anal-
is displayed in Table 4. With errors at the percent levejgis performed coherently for the two machines gives rise to
the experimental precision at LHC can be matched in g€fivery precise picture of the supersymmetric particle spec-
eral. However, itis obvious that another order of magnitudgm as demonstrated in Table 6.
the per-mil level, is required in the theoretical preciston  \yhjle the picture so far had been based on evaluating
match the expected experimental precision at ILC and jRe experimental observables channel by channel, global
coherent LHC/ILC analyses — i.e., calculations of the ”eéhalysis programs have become available [67,68] in which
loop are called for. the whole set of data, masses, cross sections, branching ra-
To perform experimental simulations, the branching raios, etc. is exploited coherently to extract the Lagrangia
tios of the decay modes are crucial: these have been calgdrameters in the optimal way after including the available
lated usingFeynH ggs [58] and SDECAY [65]; similar re- radiative corrections for masses and cross sections. With
sults may be obtained usir@Super H [66]. The most im- increasing numbers of observables the analyses can be ex-
portant decay channels of the supersymmetric particles ighded and refined in a systematic way. The present qual-
Higgs bosonsin SPSare collected in the Appendix, whilejty of such an analysis [68] can be judged from the results
the complete set is available from the SPA web-site. Cro§own in Table 7. These errors are purely experimental and
sections for the production of squarks, gluinos, gauging® not include the theoretical counterpart which must be
and sleptons at the LHC are presented as a function of mgfproved considerably before matching the experimental
standards.
1 with B functions and evolution coefficients in the RGEs al-
ready available to third order [22], the calculation of ta@tloop  Extrapolation to the GUT scale
order for the relation between the Lagrangian parameteddtzan 5
physical pole masses have been carried out in the apprasimatBased on the parameters extracted at the ddalere can
of massless vector bosons [64] approach the reconstruction of the fundamental supersym-
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| Particle| Mass [GeV]|| Particle| Mass [GeV]| m[GZO\?] [ SPS1a’ mass spectrum
hO 1160 i 107.9 200 i
HO 4250 %, 1949 [ i b
AD 4249 U1 1705 ar 22
H+ 4327 iR 547.2 P00 -
X9 97.7 a. 564.7 HO, A)— H* ol )
5 1839 d | 5469 400 L n="x :
%9 4005 d 5701 '
X9 4139 t 3665 300 |
X1 1837 ) 5855
X3 4154 by 5063 200 | i % w .
& 1253 By 5457 7 v Xo——X
§L 1899 g 607.1 wol P — lr Ay
Je 1725

0

Table 5. Mass spectrum of supersymmetric particles [56] and Higgsobs [58] in the reference point SP$1@he masses in the
second generation coincide with the first generation.

— 00T D U, E, L
— e N LN )
5 0.009 = ‘\(']>J 300 jﬂ f 1 Ly
(] E r
¢ 0008 g -
< 0.007 - = 200 =
> 0.006 — s -
0.005 [ 100
0.004 £ B
_, - oL
0.003 = -
E -1 L
0.002 M3 r
g —100 [
0.001 E -
o \‘ \‘ \‘ \‘ \‘ \‘ \‘ \‘ \‘ \‘ \‘ \‘ \‘ \‘ \‘ \‘ \‘ \‘ \‘ \‘ \‘ \‘ \‘ \‘ \‘ \‘ \‘ \‘
102 10° 10 10'" 10'*10'® 102 10° 10 10'" 10'*10'®
Q [GeV Q[GeV|

Fig. 1. Running of the gaugino and scalar mass parameters as a mofithe scale Q in SPS1f6]. Only experimental errors are
taken into account; theoretical errors are assumed to beiced to the same size in the future.

metric theory and the related microscopic picture of thieo/higgsino sector, as well as in the non-colored slepton
mechanism breaking supersymmetry. The experimental Bector, is very precise, the picture of the colored scaldr an
formation is exploited to the maximum extent possible iHiggs sectors is still coarse, and strong efforts should be
the bottom-up approach [12] in which the extrapolation fromade to refine it considerably.

M to the GUT/Planck scale is performed by the renormal-  On the other hand, if the structure of the theory at the
ization group evolution for all parameters, with the GUhigh scale was knowa priori and merely the experimental
scale defined by the unification point of the two electFOWEQ}éterminaﬂon of the high-scale parameters were lacking,
couplings. In this approach the calculation of loops angien the top-down approach would lead to a very precise
B functions governing the extrapolation to the high scalgarametric picture at the high scale. This is apparent from
is based on nothing but experimentally measured parafie fit of the mSUGRA parameters in SPSdsplayed in
eters. Typical examples for the evolution of the gauginmaple 8 [67]. A high-quality fit of the parameters is a nec-
and scalar mass parameters are presented in Fig. 1. Wiigary condition, of course, for the theory to be correct —
the determination of the high-scale parameters in the gaw@wever it is not a sufficient condition; deviations from the



Supersymmetry Farameter Analysis: SiFA Lonvention aoj@aetr

Parameter]| SPS1avalue | Fit error [exp] | dark matter abundance is achievable. A systematic analy-
My 103.3 01 sis _of various scenarios is being carried out in the LCC
M, 193.2 01 project [72] as well as by other groups.

M3 571.7 7.8
u 396.0 11
My, 181.0 0.2
Mg, 115.7 0.4
My, 179.3 12
Mo, 525.8 5.2
Mp, 505.0 17.3
Mo, 4714 49 6 SUMMARY AND OUTLOOK
ma 372.0 0.8
At -565.1 24.6
tanf3 10.0 0.3

Table 7. Excerpt of extracted SUSY Lagrangian mass and Higgs
parameters at the supersymmetry sddle- 1 TeVin the reference
point SPS1a[mass units inGeV].

If supersymmetry is realized in Nature, future experiments

theory may hide in large errors of some observables whi f the LHC and the ILC wil provide very precise measure-
do not spoil the quality of the fit in the top-down approacﬁ:‘ems of supersymmetric particle spectra and couplings. On

. , . e theoretical side these measurements must be matched
but which are manifest in the bottom-up approach. by equally precise theoretical calculations and numerical
analysis tools. The SPA Project, a joint theoretical and ex-
perimental effort, aims at providing

| Parameter” SPS1iavalue | Experimental err0r|

McuT 2.47-10% GeV | 0.02-10'6 Gev
-1
OGuT 24.17 0.06
M% 250 GeV 0.2 GeV
Mo 70 GeV 0.2 GeV — a well-defined framework for SUSY calculations and
Ao -300 GeV 13.0 GeV data analyses,
u 396.0 GeV 03 GeV — all necessary theore.tlcal and computational tools,
¢ 10 0.3 — atestground scenario SP$la
anp i — a platform for future extensions and developments.

Table 8. Comparison of the ideal parameters with the experimen-
tal expectations in the top-down approach [68].

On this basis coherent analyses of experimental data
Cold dark matter can be performed and the fundamental supersymmetric La-
- _grangian parameters can be extracted. They can serve as a
Constraints on SUSY cold dark matter can be obtainedfgn pase for extrapolations to high scales so that the ulti-
LHC by specifying the underlying scenario and analyzing\ate supersymmetric theory and the supersymmetry break-

From a study of the SPS1a point, based on very large statis-

tics [69], one may expect that the relic density can be de- N .
termined to~ 6% for the SPSZascenario. For SPSAahe Much work is still needed on the experimental and the-

relic density depends on the parameters of the neutraliifFtical side to achieve these goals at the desired levetofa
and sfermion sector as the dominant channels are annffffacy- Some of the short- and long-term subprojects have
lation of neutralinos into fermion pairs and coannihilatio °€€n identified and should be pursued in the near future.
with staus. In particular, for the most sensitive component

coannihilation processes, the relic density is esseyntjalen The SPA Project is a dynamical system expected to evolve
by the mass difference between the lightest slefitoand continuously. The current status of the SPA Project, names
the LSP)”(‘{, which can be directly measured at the ILCof the conveners responsible for specific tasks as well as
Studies oft; production at threshold [70] and decay spedinks to the available calculational tools, can be found at
tra t0)”(‘l) in the continuum [71] suggest that for SP§®aen the SPA home page

with moderate luminosity, a precision 6f2% on the cold http://spa. desy. de/ spa/.
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Table 9. Higgs masses and branching ratid> 2% in SPS1a

from [58].
X || mT[GeV] | decay B |decay B
X9 97.7
X9 1839 | &sef 0.025 Veve 0.116

0.083 || i1 0.578 Urv; 0.152
X3| 4005 |[xyWT 0.582 %9Z2° 0.104
24 %920 0.224
9| 4139 | i5TT 0.033%;WT 0.511]
29 Veve 0.042 %92° 0.022
Urve 0.042 %92° 0.024

%9n% 0.070

%3n° 0.165

APPENDIX %] 1837 [ ffvc 0536 17 0.185

0.077 Veet 0.133

(a) Decays of Higgs and SUSY particles in SPS1a’ %5 || 4154 &ve 0.041 %W 0.063

31 T3vr 0.046/XIWT 0.252

The branching ratios of Higgs bosons and SUSY patrticles fib 0.109 %{Z° 0.221

exceeding 2% are presented in Tables 9-12. The complete X1 o0.181

listing including all decays is available on the SPA wele-sit

http://spa. desy. de/spa/. Table 10. Neutralino and chargino masses, widths and branch-

ing ratios B > 2% in SPS1afrom [65]; branching ratios for the
second generation are the same as for the first generation.
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7 ||mr[GeV|| decay B |decay 3 10° F
&|| 1253 | %%e 1.000 10% F
0.10 10 E
& (| 1899 | x%e= 0.925 % ;ve 0.049 =
0.12 %%e~ 0.026 = 1
Ue|| 1725 | %9ve 1.000 p 107"
0.12 102 b
T 1079 | %%t 1.000 B
0.016 107 F
To|| 1949 | %t 0.868 X v: 0.08§ 04 S N
0.18 )N(gr* 0.046 500 1000 1500 2000 2500 3000
Ur || 1705 | %9v¢ 1.000 mg [GeV]
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103, L L L
Table 11.Slepton masses, widths and branching raths 2%in
SPS1afrom [65]; branching ratios for the second generation are 10? F E
the same as for the first generation. 10 b ]
g 1|
g | mriGeV ||decay B |decay B p 107t F .
ir|| 5472 %%u 0.99 102 .
1.2 10° b ]
a || 5647 XJu 0322 %;d 0.65
55 10747”\””\””\””\”” 1
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