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Gluino pair production at linear e*e™ colliders
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We study the potential of high-energy linegifre™ colliders for the production of gluino pairs within the
minimal supersymmetric standard mod®&SSM). In this model, the process™e™—4gg is mediated by
quark/squark loops, dominantly of the third generation, where the mixing of left- and right-handed states can
become large. Taking into account realistic beam polarization effects, photo#%abdson exchange, and
current mass exclusion limits, we scan the MSSM parameter space for vafietiscenter-of-mass energies
to determine the regions where gluino production should be visible.
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I. INTRODUCTION [13,14), the exclusive production of gluino pairs & e~
annihilation is mediated bys-channel photons and®
SupersymmetrySUSY) is generally considered to be one bosons, which couple to the gluinos via triangular quark and
of the most promising extensions of the standard m¢glel)  squark loops. In earlier studies of this process only the very
of particle physics. Its attractive features include the cancellow center-of-mass energy regio/'§=20 GeV) with pure
lation of quadratic divergences in the Higgs sector, whichphoton exchange and no squark mixifib] or Z° boson
implies that the soft SUSY breaking masses of et un-  decays into light ng<my/2) [16,17 and very light (g
observedl superpartners of the SM particles cannot be much=3 ... 5 GeV) [18,19 gluinos have been considered.
greater than the electroweak scale. If SUSY is indeed resporfome authors have presented results onlynfigi=0 GeV
sible for the stabilization of this scale against the Planckand outdated top quark masses of 20 ... 50 G&§[19,
scale, supersymmetric particles should therefore be discoyhile others have neglected the mixing of left- and right-
ered either at run Il of the Fermilab Tevatrfib-5] or at the handed. squark interaction eigenstates into light and heavy
CERN Large Hadron CollidefLHC) [6,7]. In particular, the ~MaSS elgenstat¢$5—l7_|, which turns out to control the pro-
strongly coupling squarks and gluinos should be copiousl)fiuc'“_On cross section to a large extent. : .
produced at hadron colliders and lead to first measurements It is the aim of this article to study the potential of high-

. g : X )
of their masses and production cross secti@jsPrecision energy lineare”e " colliders for the production of gluino

o Fl)girs within the MSSM. Taking into account realistic beam
measurements of masses, mixings, quantum numbers, a T
polarization effects, photon ar#f boson exchange, and cur-

couplings must, however, be performed in the clean environfent mass exclusion limits, we scan the MSSM parameter
ment of a future lineae™e™ collider because of the large space for various™ e~ center-of-mass energies to determine
hadronic SM background and theoretical scale and partofye regions where gluino production should be visible. Fur-
density uncertainties at the Fermilab Tevatron and CERNphermore, we clarify the theoretical questions of the relative
LHC. For example, ire"e " annihilation the center-of-mass gjgn petween the two contributing triangular Feynman dia-
energy of the collision is exactly known, and threshold en-grams, of the possible presence of an axial vector anomaly,
ergy scans allow for a precise mass determination of pairang the conditions for vanishing cross sections—three re-
produced SUSY particles. It will then be possible to establishated issues, which have so far been under debate in the
whether the masses and couplings of the electroweak gaugjterature. The remainder of this paper is organized as fol-
nos and of the gluino are indeed related, as expected. A glqows. In Sec. II, we present our analytical results and com-
bal analysis should ultimately lead to a reconstruction of thgyare them with existing results in the literature. Various nu-
SUSY breaking model and its parameters. Along these linesnerical cross sections for gluino pair production at future
detailed studies have recently been performed for squarkgigh-energy lineare*e™ colliders are computed and dis-
sleptons, charginos, and neutraliri3, but not for gluinos,  cyssed in Sec. Ill, and Sec. IV contains our conclusions. Our
the reason being that gluino pairs are produceel'& col-  conventions for squark mixing are defined in Appendix A,
liders only at the one-loop level, while all other particles areand a summary of all relevant Feynman rules is given in
produced at the tree level. At the tree level, gluinos can beppendix B.

produced in pairs only in association with two quafi§)],

or they are produced singly in association with a quark and a
squark[11,12. Both processes result in multijet final states,
where phase space is limited and gluinos may be hard to The scattering process

II. ANALYTICAL RESULTS

isolate.
In the minimal supersymmetric standard mo@diSSM) e (p1. A )e (P2, N2)—a(ky)g(ky) 1)
with incoming electron and positron momerga, and he-
*Email address: michael.klasen@desy.de licities \;, and outgoing gluino moment#, , proceeds
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epriy) 5 Ek)  e(pdy) . fe66 Bk into the lepton current
q;/
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\ Lu=v(pz N[ —iey,(vi—alys)u(prry), ()
N\
& (pha) e k) S ah) e #)
(A) (B) the photon and@® boson propagators
FIG. 1. Feynman diagrams for gluino pair production in .
electron-positron annihilation. The exchanged photons ZAd iDr— —19 V=1y 20 (4)
bosons couple to the produced gluinos through triangyeg (A) Voo mi+in T

andg;q;q (B) loops with flavor flow in both directions.

which depend on the squared center-of-mass engrgp;

through the two Feynman diagrams A and B in Fig. 1 with
s-channel photon an&® boson exchange and triangular
qguark and squark loops. Higgs boson exchange is not con-
sidered due to the negligibly small electron Yukawa cou-
pling, but it could well be relevant at muon colliders. The
process occurs only at the one-loop level, since the gluino as
the superpartner of the gauge boson of the strong interaction
couples neither directly to leptons nor to electroweak gauge
bosons. Taking into account chiral squark mixifsge Ap-
pendix A and using the Feynman rules in Appendix B, we
decompose the corresponding scattering amplitude

GV

+p,)?, and the gluino current

=—eU(k2)% {2 (iIT2ALVITP +iT" 2ALVIT P)

; ii,VRij,Vi b
+ZJ(IFﬁ1FH BIViTY,

U(kl) (5)

+il’ 8 r)VBIVIT]Y)

M= 2 LViDﬁ”G\V’ (2)  with gluino color indicesa,b, squark mass eigenstatesg
viyzo f ={1,2,
Ai'V:f d°q 44D (G+ Ko+ Mg) ¥, (vg— g ¥5) (G — Ky +my) ®
' (2m)°P (@*=mZ+in)[(q—ky)*—mg+inl[(q+kp)?—m;+izn]
and
Bi;,v:f "a o (4—mq) (29— ki +ko), @
’ 2m°"  (@P=mi+in[(a—ky)?—mi+ig][(q+ke)>—mi+iz]
|
and the quark flavog flowing both ways in the correspond- v iy 2 2 . .
ing diagrams A and B, so th&,'=A}"Y(vy— —vy), B AcFZ [Co (Mgagiv—Mgagiv+2MgMgagiv)
=—B!"Y, andl'"=CI''C =T [20]. . i ,
Equation (5) can be simplified with the Dirac equation +CY'4mg(myaqiv—Mgagy) + Co(2—D)agy
and the anti-commutation relations for Dirac matrices, and 2. i 9 4
the tensor loop integrals in Eq&) and(7) can be expressed —Cfi2mgagy+ Cly(s—2m)ag,y ], 9
through the standard coefficient functiog,y of the metric
tensorg,,,, and tensors constructed from the outgoing gluino
momentak, , andk, , [20,21]. The gluino current then re- BXZZ Cg(i)ijqijVa (10)
1]

duces to

g 8 where Cl,=Cyp(mé,s,mé,m2 .m2,m?) and CYJ
GY=ies> ulky)y,ys0(kn) S (AY+BY) (8 S0~ Cuay (Mg M, Mg o) i
™ a =Coo(rr5,s,ma,m§,ma.,ma,) are massive(infrared-finitg
J | . . .
three-point functions an@{'=CJ' andC{}=C%, in diagram
with A.
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* \% * \Y
agy=vqs(ShSH —-sisty+ay, 1
qiV q( 1111 32 |2) q O'(S):— E Orx (S) (15)
4\ mx12 "2
A _ 4V g% g QO*
agiv=4a +S4LSH), 11
av=3q(ShSZ + ST 1y in Eq. (4.5 of Kileng and Osland, if we identify18,23
bqijv=3.“13?fF3’V—S«q§5?zF2'V C8i=—Fggi,
are combinations of vectow(y), axial vector @y), and de- Cy=+F,
rivative couplings I"q"v), and elements of the squark mix- _
ing matrix S. Pairs of identicalMajorana gluinos are there- Cd= —Gyqil2, (16
fore produced by a parity violating axial vector coupling .
induced by mass differences between the chiral squarks and Cli=— Fgfﬂ,
the axial vector couplingag of the Z° boson. The(mass .
independent ultraviolet singularities contained in th€g, Cl=—Faai-

functions cancel amond,; and By in D=4-2¢ dimen- i

sions. As we have checked explicitieven for complex and reverse the sign df, to account for opposite conven-
squark mixing matrices adding the two amplitudes induces tions of squark mass eigenstates. However, our result for
not only a cancellation of the ultraviolet singularities and ofdiagram B disagrees in sign with E¢4.5 of Kileng and

the logarithmic dependence on the scale parametitro-  Osland, if we identify{18,23

duced in Egs(6) and(7) in order to preserve the mass di- .

mension of the loop integrals, but also a destructive interfer- Cdo = — Gijq/2. (17
ence of the finite remainders. This happens separately for ) , i , i .
each weak isospin partner, as is to be expected for triangulaf the sign of diagram B is reversed, the ultraviolet singulari-
loop diagrams involving one axial vector and two scéteot ties cancel only after adding the contributions from the two

vecton couplings and no closed fermion loop. W('aak'isospin partners with opposite vaIuesTdf. We trage
The (finite) total cross section for incoming electrons and this sign discrepancy to the Feynman rules employed in Ref.
positrons with helicities\; ,= * 1/2 is then [18], which exhibit a relative minus sign to those in Rgf4]
’ for the Z° boson coupling to quarks, but not to squarks,
5 2 s 3 ViV, where{:\s our Feynman _rul_e(see Appendix B_a_lgree with
oy (S)= agag(Ng—1)B%s Sy those in Re_f.[14]_ in the _I|m|t of no squark mixing. E)gcejpt
AAg 24 Vid, | (s— m\zll)(s_ m\zlz) for the relative sign of diagrams A and B and in the limit of

vanishing gluino mass, we also find agreement with Djouadi
and Dreeq19]. We confirm, however, the relative sign for
diagrams A and B of Campbell, Scott, and Sundar¢&ah
who found(for nonmixing chiral squarks of different mass
that the ultraviolet singularities cancel separately for each
weak isospin partner, and that there is no anomaly. This had
also been claimed previously by Kane and Rolritk]| for
ViVy Vi Vy . Viv2 chiral squarks of equal mass. In their limit, the cross section
)\l)\z_(ve Ve tag'ae")(1—4N1N,) depends only on the weak isospin and not on the charge of
Vi V2. VoV the (s)quarks[16], and the contribution of the photon van-
—(vg'ag"tv %a ) (2N 1—2X,), (13 isheg[15]. For the contribution of th&® boson to vanish, we
must have[18] (1) mass degeneracy in each quark isospin

color factor Nc=3, and gluino velocityB= \/1—4mg/s, doublet,my=m, etc., (2) mass degeneracy in each squark

which contains the expected factors/@t ands for P-wave ~ 1SOSPIn doubletmg, =mg, =nmg =, etc., which contra-

production of two spin-1/2 Majorana fermions. The distribu- dicts the conditiorm,= i found by Kane and RolnickL6].

tion in the center-of-mass scattering angle Condition (1) is violated most strongly for the third genera-
tion, as is condition(2) for most SUSY breaking models.

; (Ag+BH (A2 +B?)* (12)

with

do-)\l)\Z

dQ

3
(s)= %(14—00529)0')\1)\2(8), (14 lIl. NUMERICAL RESULTS

The analytical results presented in the previous section
is independent of the gluino mass and has to be integratdaave been obtained in two independent analytical calcula-
over just one hemisphere, since the two final state particlesons. They have been implemented in compBORTRAN
are identical [18,22. As a consequence, the forward- computer codes, which depend on ttmoproolskF library
backward asymmetry vanishes for Majorana fermions, buf24,25 for the evaluation of the massive tensor three-point

not for Dirac fermions. functions. As a third independent cross check, we have re-
Our result for diagram A agrees with the unpolarized re-calculated the production of gluino pairs @i e~ annihila-
sult tion with the computer algebra programeymartsfFormcalc
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[26] and found numerical agreement up to 15 digits. m:, Dependence of 7, Z° Contributions

Our calculations involve various masses and couplings of 0.025 prrrr Ty
SM particles, for which we use the most up-to-date values 0.0225 -V; =300 Gev ]
from the 2002 review of the Particle Data Gro[gv7]. In 002 P Mg =200GeV ]
particular, we evaluate the electromagnetic fine structure b Mgygy=325 GeV ]
constanta(m;) =1/127.934 at the mass of th&’ boson, 00175F v +z°,EL’R+5L'R 3

m,=91.1876 GeV, and calculate the weak mixing angje
from the tree-level expression &ity=1—mG/mz with my,
=80.423 GeV. Among the fermion masses, only the one of .
the top quarkm,=174.3 GeV, plays a significant role due to Y
its large splitting from the bottom quark massn, : ]
=4.7 GeV, while the latter and the charm quark masg,
=1.5 GeV, could have been neglected like those of the three
light quarks and of the electron and positron. The strong
coupling constant is evaluated at the gluino mass scale from : ) ]
the one-loop expression with five active flavors aklggs %0 4(')0 =00 8001000 1200 1400
=83.76 MeV, corresponding tag(mz)=0.1172. A varia- my [GeV]
tion of the renormalization scale by a factor of four about the
gluino mass results in a cross section uncertainty of about FIG-2. Dependence of the photon afftiboson contributions to
+25%. Like the heavy top quark, all SUSY particles havethe procese”e”—gg on the right-handed top squark mass param-
been decoupled from the running of the strong coupling con€ter ms. The photon contributiottdashed curveis dominated by
stant. top (s)quarks and cancels me= M. The Z° boson contribution
We work in the framework of the MSSM with conserved from top (dotted curvg and bottom squark&ot-dashed curyen-
R- (matter) parity, which represents the simplest phenom-terferes constructively with the photon contributigall curve).
enologically viable model, but which is still sufficiently gen-
eral to not depend on a specific SUSY breaking mechanis

b R)

niP-type squark mass parameteng ¢ 7 between 200 and
Models with brokenR-parity are severely restricted by the 1500 GeV.(Il) On the other hand, the superpartners of the
nonobservation of proton decay, which would violate bothN€&vy quarks can mix into light and heavy mass eigenstates

baryon and lepton number conservation. We do not considd®€€ APpendix A This alternative is restricted by the CERN
light gluino mass windows, on which the literature has fo--EP limits on the light top and bottom squark masses,

cused so far and which may or may not be excluded from™100 GeV andm; =99 GeV[31], and on SUSY one-loop
searches at fixed target and collider experimd@®. In-  contributions[32—34 to the p-parameter,ps,sy<0.0012
stead, we adopt the current mass limig=200 GeV from [27]. In this case we assume the maximally allowed top
the Collider Detector at FermilatCDF) [28] and DO[29]  squark mixing with 6;=45.2°, m;, =110 GeV, andnm;,

searchgs in the jets with missing energy channel, relevant far g GeV, which can be generated by choosing appropriate
nonmixing squark masses of;=325 GeV and ta=3.  \4jyes for the Higgs mass parametgr= —500 GeV, and
Values for the ratio of the Higgs vacuum expectation values,nq trilinear top squark couplingd, =534 GeV. For small
tang, below 2.4 are already excluded by the CERNe values of tan3, mixing in the bottom squark sector remains

collider LEP experiments, although this value is obtainedgmai and we takér=0°. Although the absolute magnitude
using one-loop corrections only and depends in addition ORy the cross section depends strongly on the gluino mass and

the top quark masg30]. In order to delimit the regions of cqjjiger energy, the relative importance of the different con-
large gluino cross sections, we have scanned the MSSM pgip tions is very similar also for higher gluino masses and
rameter space over t#he[1.6;50, the Higgs mass param- collider energies.

eter u=[—2;2] TeV, the trlinear coupling Aqe First we examine the conditions found in Sec. Il for van-
[—6:6] TeV, and the squark mass parameWlsysy jshing of the photon an@® boson contributions, restricting
€[200;200Q GeV. We found that the cross section is Vis- 5yrselves to the third generation. Since we expect the photon
ible only for parameter choices resulting in large squarkeontripution to cancel for equal left- and right-handed squark
mass splittings, specified below, and that its sensitivity Onasses, we vary the right-handed top squark mass parameter,

individual parameter choices is small. M7=, , between 200 and 1500 GeV, but keWL:mé

If herwi ill lari ) .
not stated otherwise, we will present unpolarized cross_ M= Msuey=325 GeV fixed(case J, since top and bot-

tom squarks generally interfere destructively due to their op-
; = posite charge and weak isospin quantum numbers. As can be
(TESLA), gluino masses ofmg=200 GeV, and squark seen from Fig. 2, the photon contribution cancels indeed for

masses M;=mg=Mmz=Mmy=Mg=Mg=mMg=my=m o
g tQ D U ST e BT T SUSY =y _=m; =mgygy. This is due to the fact that for pho-
=325 GeV. We will consider two cases of large squark mass ' _ 'R L SUSY P

splittings: (1) On the one hand, the masses of the superpartonsag;,=0 andby,,=bg21,=0 in Eq.(11), while unitarity
ners of left- and right-handed quarks need not be equal tof the squark mixing matrix leads tay;,=—a4,, and
each other. In this scenario we will vary the right-handedbgi11,= —bg22,. Therefore, the photon contributions cancel

sections for a/éz 500 GeV linear™ e~ collider such as the
DESY TeV Energy Superconducting Linear Accelerator
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Mass Dependence of q Loop Contributions Mixing Angle Dependence of t, b Loop Contributions
LN I LR A LN DL NN L BN NN R LR LI N B [rTrryTrTrYy Ty TT T TTT YT T T T T T T T T T T T T T T T T T T T

0.25 ¢ 0.05

E Vs =500GeV ] F Vs = 5
0225 i E 0.045 Vs =500GeV ]
R ——— m=m{Ls,m = 325GeV C 1
& uoT TSusY 0.035 | Msysy= 325 GeV .
0175 p} e m = my 7, Mgyey = 1000 GeV - . ]
rs ’ ] r —t,+b ., 0-=0° 3
LY m=m; ,mgg= 325GV ] 003} 12T T ]
2 L 1 Zoosf ta 3
=0.125 | = © r - R 1
© Y ; 002 f T b .8=0 ]
01F : : —_— ]
0.015 [ mmmrseast ] sasssissnns
0.075 P oor : : E

0.05 | 0,005 ]
0.025 | 0 bt
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1 1 FEN NPT SRR WORDH RUNOT TN WY S | 4. Py ~ O
%00 400 600 800 1000 1200 1400 6501
m [GeV] FIG. 4. Mixing angle dependence of thedashed andb (dot-

FIG. 3. Dependence of the loop contributions to the process ted loop contributions to the process e —gg, which interfere
e*e”—gg on the right-handed up-type squark mass parametepestructively(fuII curve_), exce_pt forg;=45.2°, where th_e_ima}gi-
mg=mgz=nr . When these mass parameters differ simultaneousi'2"Y parts of the amplitudes interfere constructively. Mixing in the
from mgysy=325 GeV (full curve) or mg,sy= 1000 GeV(dashed b sector(dot-dashed curyeenhances the cross section only slightly.
curve, all three(s)quark generations contribute significantly to the
total cross section, so that it becomes much larger than in the cageERN LEP limits onnw, Mg, and thep-parameter.

where onlymy is varied(dotted curvé: When mgysy and the diagonal elements of the squark

for all flavorsq with equal squark masses. Because of their <IN9 matrix (see Appendix A become much larger than

charge, top(s)quarks contribute four times as much as bot—the quark masses and the off-diagonal elements of the ma-

ST trix, the role of squark mixing is expected to be reduced.
tom (s)quarks, whose contribution is even more suppresse

by the conditionm; =mg_. The Z° boson contribution can his is conﬁrmed_ numencall_y in Fig. 5, Where the d(_epen-
L R dence of the gluino production cross section mgysy is

never cancel, sincen>m,, and therefore it depends only spown for the cases of maximal and vanishing top squark
weakly onms, but it can become minimal fomy=m;_ mixing. Squarks from the first two generations contribute at
=M =M =My =Msysy. As My gets significantly larger most 10% at lowmsysy and are otherwise strongly sup-
(or smallej than msygy, the photon contribution starts to Ppressed.

dominate over th&® boson contribution. At future lineare™ e~ colliders it will be possible to ob-

If only my differs from mgsy, the third generation con- tain relatively high degrees of polarization, i.e. about 80%
tributes almost 100% to the total cross section. However, ifor electrons and 60% for positrofi8]. In Fig. 6 we there-
my=mg=ms are varied simultaneously, all three genera-fore investigate the effect of choosing different electron and
tions contribute to the total cross section, which can therePOsitron polarizations on the gluino pair production process,
fore become significantly larger. This is shown in Fig. 3,including contributions from al(s)quarks. Since thet +
where(s)quark loop contributions from all three generationsand — — helicity amplitudes vanish for both photons azti
have been taken into account. bosons, we only show the squares of the remaining and

When mg=mz=ms=mg,sy and large mass splittings — + amplitudes, which coincide for photons, but not iolg
are generated only by mixing in the top squark se¢ase bosons. The unpolarized cross section falls short of the po-
Il), photon contributions are suppressed by more than twérized ones, so that a high degree of polarization is clearly
orders of magnitude. Figure 4 shows that #eboson con-  desirable.
tributions from top and bottom squarks interfere destruc- With the realistic degrees of polarization mentioned
tively due to opposite values of their weak isospin quantunfbove, we show in FigZ a scan in the center-of-mass energy
numbers, except fof;=45.2°, where the imaginary parts of of a futuree”e™ collider for various gluino masses and
the amplitudes interfere constructively. It is therefore advanmaximal top squark mixingcase 1). The cross section rises
tageous to keep the bottom squark mass splitting small. As iather slowly due to the factos® in Eq. (12) for P-wave
also evident from Fig. 4, mixing in the bottom squark sectorproduction of the gluino pairs. Famy=200 GeV we ob-
is of little importance. Note that the central region with Serve an interesting second maximum, which arises from the
maximal top or bottom squark mixing is excluded by theintermediate squark pair resonance afs=2 mgysy
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Polarisation Effects in y, Z° Contributions
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FIG. 6. Center-of-mass energy dependence of the process

FIG. 5. Squark mass dependence of the loop contributions frong "€~ —gg for unpolarized(full curve) and polarizeddashed and

third generation squarks with maximélll curve) and vanishing

dotted curvesincoming electrons and positrons and maximal top

mixing (dashed curve The contributions from the first two genera- squark mixing. The photon contributiqdot-dashed curyes sup-

tions (dotted curve are highly suppressed.

pressed by more than two orders of magnitude.

=650 GeV. At threshold, the cross section depends stronglgquark mixing, but large left-/right-handed squark splitting

on the gluino mass and is largest fiog=200 GeV, which

(case } is shown in Fig. 9 for lightfull and dashed curves

we consider to be the lowest experimentally allowed value. I&nd heavy(dotted and dot-dashed curyegluino masses.
drops fast withmy, so that form>500 GeV no events at Since the photon contributes now significantly to the cross
colliders with luminosities of 1000 fb* per year can be ex- Section, it proves to be advantageous to choose the lepton

pected, irrespective of their energy. Smaller squark mixing
(cf. Fig. 4) or larger values ofng gy (cf. Fig. 5 will reduce

the cross section even further. Far above threshold, it drop:
off like 1/s and becomes independent of the gluino mass.

The slow rise of the cross section can be observed evel
better in Fig. 8, where the sensitivity of ds=500 GeV
collider like DESY TESLA to gluino masses around 200
GeV has been plotted. For the CERN LHC experiments, a
precision of= 30, ...,60 (12, ...,25) GeV isxpected for
gluino masses of 5401004 GeV [6,7]. If the masses and
mixing anglés) of the top(and bottom squarks are known, a
precision of £5,...,10 GeV can bechieved at DESY
TESLA for mg=200 GeV and maximal top squark mixing
with an integrated luminosity of 100 3 per center-of-mass
energy point.

As has already been mentioned above, the Majorana na
ture of the gluino leads to a vanishing forward-backward
asymmetry. In order to establish this feature experimentally,
the asymmetry has to be measured with an accuracy of a
least 7—10 %, which are the values relevant for Dirac fermi-
ons such as uptcharm and down-type(strange, bottom
quarks[27]. As a consequence, the production cross sectior
must be known with about the same precision. In view of the

o [fb]

¢ (80%-) €' (60%+) > g g
T T T T T T T T
Mgy = 325 GeV

-1
10—

10

mi; =110 GeV
6;=45.2°

[y

0

10-4
0

Lo |" . 1 . 1 \ 1 f-ﬁ
500 1000 1500 2000 2500 3000

Vs [GeV]

results obtained in Fig. 8, such a measurement appears to be FIG. 7. Center-of-mass energy dependence of the polarized

extremely difficult if not impossible.

e*e”—0gg cross section for various gluino masses and maximal

A center-of-mass energy scan for the scenario with naop squark mixing.

115014

-6



GLUINO PAIR PRODUCTION AT LINEARe*e™ COLLIDERS

0.09
0.08
0.07
0.06

—_

£0.05

©
0.04
0.03
0.02
0.01

%

0.1 ———m
F mg g, =325 GeV —e—i £=100 fb™/point
Fmp, =110 GeV ]
Lo =452 ]
. m;=200 GeV .
[ -eeneees 8mg= 5 GeV ]
— 5mg =10Gev . z
S P I I T
00 410 420 430 440 450 460

FIG. 8. Sensitivity of the polarized"e™—gg cross section to
the gluino massmy for maximal top squark mixing. The central
values and statistical error bars of the data points have been calc
lated assumingny=200 GeV and a luminosity of 100 3 per

€ (80%-) e"(60%+) > g g
L L L

Vs [GeV]

center-of-mass energy point.

polarization such that thZ° boson interferes constructively
with the photon, even though it is by itself slightly smalle
than for the opposite choice. Since all three generations a
now to the cross section, it can become almost an order
magnitude larger than in the mixing scenatease ), and

even gluino masses of 1 TeV may be observable at a multiz

¢ (80%+) e'(60%-) —> g g
T T T T T T T
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TeV collider such as the CERN Compact Linear Collider
(CLIC). However, also here the cross section drops sharply
when the squark mass splitting is reduced from 1500 TeV
(full and dotted curvesto values close tong sy (dashed and
dot-dashed curves

IV. CONCLUSIONS

The purpose of this paper has been twofold: First, we
have resolved a long-standing discrepancy in the literature
about the relative sign of the quark and squark loop contri-
butions to the production of gluino pairs & e~ annihila-
tion. We confirm the result of two older papers that the di-
vergence cancels for each squark flavor separately and not
between weak isospin partnef$6,17] and trace the sign
problem in one case to the Feynman rules employed in the
corresponding calculatiori8]. Our results rely on two com-
pletely independent analytical calculations and one computer
algebra calculation.

Second, we have investigated the prospects for precision
measurements of gluino properties, such as its mass or its
Majorana fermion nature, at future linezfe™ colliders. We
have taken into account realistic beam polarization effects,

hoton andZ® boson exchange, and current mass exclusion
mits. Previously, only light gluinos at center-of-mass ener-
gies up to thez® boson mass had been investigated. Within
the general framework of the MSSM, we have concentrated
on two scenarios of large left-/right-handed up-type squark
, mass splitting and large top squark mixing, which produce

omisingly large cross sections for gluino masses up to 500
{éev or even 1 TeV. Gluino masses of 200 GeV can then be
5 GeV
luminosities  of
100 fb~Y/point. However, when both the left-/right-handed
squark mass splitting and the squark mixing remain small,
gluino pair production ire*e™ annihilation will be hard to
observe, even with luminosities of 1000 ftiyear.

easured with a precision of about
in center-of-mass energy scans with
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APPENDIX A: SQUARK MIXING

The (generally complexsoft SUSY-breaking term&,, of
the trilinear Higgs-squark-squark interaction and taéso
generally complexoff-diagonal Higgs mass parameferin
the MSSM Lagrangian induce mixings of the left- and right-

1 E T T
10 F
S0 1 .
© | ]
F mg,gy = 325 GeV
) = 200 GeV
10 + = 1000 GeV E
e 500Gev ¢ s ]
[ mg 57 =1500 GeV ]
10 4 1 . 1 . 1 , | i 1 .
0 500 1000 1500 2000 2500 3000

handed squark eigenstafqa_sR of the electroweak interaction

Vs [GeV] into mass eigenstatéia_vz. The squark mass matr[X4,35
FIG.~2. Center-of-mass energy dependence of the polarized mEL_,_mg mquR
e"e”—gg cross section for various gluino masses and mass split- M?= 2 9 (A1)
tings between left- and right-handed up-type squarks. MgMLr  MgrT My
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with
2mgm
tan 20& = Zq—LR

2 3 , 2 2 > - (A7)
m{ L= (T~ €,Sin 6y)mzcos 28+ mg, (A2) m;, —Mgg

2 H 2
M4 = €,SiN? f,ym5cos 28 . . .
RR™ ™4 Wiz If m g is complex, one may first choose a suitable phase

m% for up-type squarks, rotation q;= €' #qr to make the mass matrix real and then
+ (A3)  diagonalize it forg, andqy. tanB=uv,/v4 is the(rea) ratio
of the vacuum expectation values of the two Higgs fields,
which couple to the up- and down-tygg®quarks. The weak
(A4) isospin quantum numbers for left-handed up- and down-type
(s)quarks with hypercharg¥,=1/3 areTg={+ 1/2,-1/2,
whereas Y,={4/3,-2/3} and Tg=0 for right-handed
(s)quarks, and their fractional electromagnetic charges are
eq=T§+ Y4/2. The soft SUSY-breaking mass terms for left-

2
m=

5 for down-type squarks,

A . cotB for up-type squarks
M R=Aq— M

tanB for down-type squarks

is diagonalized by a unitary matrixS SM?2S'
=diag (m?,m3), and has the squared mass eigenvalues

1 and right-handed squarks argy andmg , mg, respectively,
mi o= M+ = (M| + Mie™ V(M| —m&p)?+4m;im /3.  andm; is the mass of the neutral electroweak gauge boson
! 2 ZO
(A5) '
For real values ofm g, the squark mixing angleg;, O
< %$w/2, in APPENDIX B: FEYNMAN RULES
. ~ ~ Denoting squark mass eigenstatesiby, ..., Lorentz
o= cosdy  sindyq with a1 _s A (A6) indices byu, v, ..., andcolor indices of the fundamental
—sing; cos; U Ur (adjoiny representation of the color symmetry group(SU
byl,m, ... (&, b, ...), weobtain the following propa-
can be obtained from gators in the Feynman gauge:
_ 0
m Q/\NY/\_/';YAfV\M v —ig"” 2 2
— , my ={0,m (B1)
) i(p+mg)d
1 & —> ® m q)Vlm (B2)
- 2 2
P p* = mg £
q :
i] &-~——-= > i ® jim 7'(()‘ijélm
= 2 2t (B3)
P pt—mg -+

Dirac fermions carry an arrow, which indicates the fermion number flow, whereas Majorana fermions, such as gluinos, do not
carry arrows. An additional arrow is depicted next to all fermion lines in order to obtain a unique orientation of the fermion
flow, which is evaluated according to the ruleq86]. The interaction vertices are given pi/4]

m
Y o
e (oY — a¥oe)s vf = ey af=0
—iey, (vi —ayvs)6
I3 f f’y m vZ _ T3—2€f sin2 9W aZ . T3
f 2sinfw cosfyw f T 2sinbw cosOw
1 (B4)
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. j’m

oql

. —ie(p + pl)ul—‘f]j’vfslm

“ iT?, =

ir?,z = _i\/igs mi(SiiPr — S5 PL) -

PHYSICAL REVIEW D66, 115014 (2002

5,7 — .
I = e 6

Fij’zoz (Tq3—eq sin2 ew)Sjl S{l—eq sin? Gwsjzs;z (85)

q sin Oy cos Ow
—iV2§,T¢, (S P, — SinPr) (B6)
(B7)

The Feynman rules in E4B4) apply to photon an&® boson interactions with quarks and charged leptons. The latter carry
electromagnetic charge = —1 and weak isospiif> = — 1/2 (left-handedl and O(right-handed, but no color §,—1). The
gauge couplingg andg’ of the weak isospin and hypercharge symmetries SJéhg U(1), have been expressed in terms
of the electromagnetic coupling=gsiné, and the sine and cosine of the weak mixing angleégiftosé,=g'/g. The
gluino-quark-squark vertices depend on the generators of tt4@) 8olor symmetry groupl(,, and on the Yukawa coupling

ds, which is identical to the strong gauge coupliggin leading order, and on the squark mixing matfixbut not on the

orientation of the fermion flow.
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