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Introduction to the MSSMSupersymmetric extension of Standard Model:? fermion{boson mapping! stable scalar masses �m2m2 � g2 ~M2 �M2�2EW + g2 log �2EW�2P? uni�cation of gauge couplings! prediction of weak mixing angle? possible extension to supergravity and string models
Particle Content: spin charge d.o.f.light quark qL; qR 1/2 2/3 , �1/3 1+1squark ~qL; ~qR 0 2/3 , �1/3 1+1 5 avorstop quark tL; tR 1/2 2/3 1+1top squark ~tL; ~tR 0 2/3 1+1 mixinggluon G� 1 0 n� 2 ! 2 d.o.f.gluino ~g 1/2 0 2 Majoranagauge bosons ; Z 1 0 2+3Higgs bosons ho; Ho; Ao 0 0 3neutralinos ~�oi 1/2 0 4 � 2 Majoranagauge bosons W� 1 �1 2 � 3Higgs bosons H� 0 �1 2charginos ~��i 1/2 �1 2 � 4 Dirac



Supersymmetry BreakingMass di�erence between supersymmetric partners! soft SUSY breaking leaves masses stable:Lsoft = �(m20)ijC�i Cj � �12(m1=2)j�j�j + h:c:�� �16AijkCiCjCk +B�H1H2 + h:c:�At a given scale:{ scalar masses m0 for squarks and sleptons; chosen real{ gaugino masses m1=2{ trilinear couplings Aijk; conserving R charge{ complex Higgs mass parameter B�
Universality at uni�cation scale and ew. symmetry breaking:! 4 1/2 free parameters m0;m1=2; A0; tan�; sign(�)
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Mass Spectrum
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Typical features:? light gauginos [m ~B;m ~W � j�j;mZ inducing mixing]0BBBBB@ m ~B 0 �mZswc� mZsws�0 m ~W mZcwc� �mzcws��mZswc� mZcwc� 0 ��mZsws� �mZcws� �� 0
1CCCCCA

? heavy gluino [gauge coupling uni�cation] m ~B � 0:4 m1=2m ~W � 0:8 m1=2m~g � 2:6 m1=2? light mixing stop [mt in o�-diagonal terms]0@ m2Q +m2t + �12 � 23s2w�m2Zc2� �mt (At + � cot�)�mt (At + � cot �) m2U +m2t + 23s2wm2Zc2� 1A? heavy squark [approximate solution] m~q & 0:85m~g



Tevatron Searchessquarks/gluinos~q �! q ~�0j ; q0 ~�+j �! jets + =ET [+] + � � �~g �! q�q ~�0j ; q0�q ~�+j �! jets + =ET [+] + � � �gluinos~g �! q0�q ~�+j �! jets + =ET + `� + � � �! like-sign leptons
CDF Preliminary
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Neutralino/Chargino ProductionLeading order cross section:
q

γ,Z χ̃i

χ̃j

q̃

d�̂dt �q�q ! ~�0i ~�0j� = 14Nc" 4 Css titj + uiuj � 2smimj(s�m2Z)2� 8 Cst titj � smimj(s�m2Z)(t�m2~q) � 8 Cst uiuj � smimj(s�m2Z)(u�m2~q)+ 4 Ctu� titj(t�m2~q)2 + uiuj(u�m2~q)2 � 2smimj(t�m2~q)(u�m2~q)�#Neutralino production mechanism{ s channel [Drell{Yan like] Z ~�~� coupling to higgsinos{ t; u channel q~q ~� coupling to gauginosNext-to-leading order cross section:? Real/virtual SUSY-QCD corrections! LO factorization scale dependencebad measure for theoretical error! improvement of error bars! K � �NLO=�LO! improvement of central value

:

:



Regularization and SupersymmetryDimensional regularization breaks supersymmetrye.g. non-abelian gauge theory [Jack & Jones]:�SL[W a� ; �a; D] n!4�! 0! preserved Ward identity contains �SL0 = hZ dnx [J� �SW� + �j �S�+ �jD �SD + �SL]i! Dimensional Regularization can berendered consistent with SUSY
Yukawa coupling in supersymmetric limit:Y (qqh) = Y (~q~qh) �1 + g216�2C(r)� = Y (q~q~h) �1 + 3g232�2C(r)�di�erent behavior of scalar and fermion masses Y � mgmq = �1 + g216�2C(r)� m~q! gMS � g(qqh) = g(~q~qh) = g(q~q~h) �1 + g232�2C(r)� q q̃

? di�erence removed by �nite 'renormalization'[Martin & Vaughn]? check by comparison of Green's functionswith dimensional reduction



On-Shell SingularitiesNLO ~�~� production includes � G2F�s:gq ! ~q��i ! q�j�i pair productiongq ! ~q�i � BR(~q ! q�j) associated productionvia
q

g

χ̃j
o

q̃(M2)

(1) Possible inclusion of �nite widths:{ double counting of pair and associated production{ breaking of gauge invariance of � without �{ dependence on unknown physical widths(2) Splitting into on-shell and o�-shell squark:d�dM2 = � (gq ! ~q�i) m~q�~q=�(M2 �m2~q)2 +m2~q�2~q BR (~q ! q�j) +O� 1M2 �m2~q��! � (gq ! ~q�i) BR (~q ! q�j) �(M2 �m2~q) +O� 1M2 �m2~q�{ cross section in narrow widths approximation? divergences removed from ���? treatment compatible with experimental Monte-Carlos



Production Cross SectionsOnly ~�02 ~��1 and ~��1 ~�+1 visible at the TevatronWhole set of processes at the LHC[ higgsino cross sections suppressed ] 10
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Stop ProductionLeading order cross section:q�q=gg ! ~t1�~t1 ~t2�~t2 [~t1�~t2 �~t1~t2]
q

t̃j

�̂LO[q�q ! ~tj�~tj ] = �2s�s 227 �3�̂LO[gg ! ~tj�~tj ] = �2s�s (� 548 + 31m2~tj24s !+ 2m2~tj3s + m4~tj6s2! log�1� �1 + ��)
{ diagonal cross section function of �nal state mass{ factor 1=(2nf) compared to light-avor squarks{ t; u channel gluino exchange missing compared to light-avor squarks{ non-diagonal production via one loop amplitude;calculated for decoupled gluinos ! suppressed�̂1 = �4s� sin2(4~�)256�s 3754 ��m2~t1C0(s;m~t1)� (~t1 ! ~t2)��2 t̃1

t̃
–

2

Next-to-leading order cross section? LO cross section strongly dependent onrenormalization/factorization scale! large theoretical uncertainty? NLO dependence on additional mixing and mass parameters?



MSSM Stop MixingLO stop mass matrix diagonalized by ~�0NLO contribution �ij = �ji: t̃j t̃i

g

t

g̃Mixing absorbed into wave function renormalization:~t1;2 = Z�1=2 ~t01;2= Z�1=2D R(��~�) hR(~�0) ~t0R;Li with � = �T [CP ]= Z�1=2D R(~�0 � �~�) ~t0R;Lwritten as propagator diagonalization:D�1ren(Q2) � Z�1=2D R(~�0 � �~�)�1�Q2 1�MLR � Re �(Q2)�R(~�0 � �~�) Z�1=2D T! �~�(Q2) = �Re �12(Q2)=(m2~t1 �m2~t2)! ~�(Q02)� ~�(Q2) / cos(2~�)m2~t2 �m2~t1Re hB(Q02;m~g;mt)�B(Q2;m~g;mt)iVirtual stop state ! complex continuation
t t

t̃jRunning mixing angle:? symmetry ~t1 $ ~t2 restored? possible measurements in decays? numerical di�erence between schemes smallBartl et al., Djouadi et al. -0.01
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Production Cross SectionNLO cross section almost independent ofadditional parameters! ~t1 and ~t2 the same! no dependence on SUSY scenario[however: cascade decays] 10
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Addendum: R Parity violating Squarks
Soft SUSY breaking ! three-scalar interaction! leptoquark-like super�eld couplings �0 � LQD! R = (�1)3B+L+2S conservationBroken R parity:eq ! ~q HERA productionq�q=gg ! ~q�~q Tevatron production{ soft breaking coupling parameter �0 free [running]{ SU(3) gauge couplings �xed as for stop! QCD corrections to HERA processand Tevatron cross section �xed 1
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µ=m(q̃)Combined analysis of BR(~q ! eq):m~q = 200GeV e+d! ~c e+d! ~t e+s! ~tHERA: �0pBR � 0:017 � � � 0:025 � 0:025 � � � 0:033 � 0:15 � � � 0:25APV: �0 �0 . 0:055 �0 . 0:055LEP: �0 �0 . 0:6BR & 0:2 � � � 0:4 BR & 0:2 � � � 0:4 BR & 0:05 � � � 0:2Tevatron: BR BR . 0:5 � � � 0:7 BR . 0:5 � � � 0:7 BR . 0:5 � � � 0:7! heavy gauginos ! heavy gauginos



Conclusions and OutlookProcesses in next-to-leading order SUSY QCD:� Stop cross sections at hadron colliders� Neutralino/Chargino cross sections at hadron collidersResults:? QCD corrections to stop cross sectionsbetween �10% and +50%? QCD corrections to neutralino/chargino cross sectionsaround +30% [up to interference e�ects]? Scale dependence small in NLOConclusions & Outlook:? NLO stop cross sections only mildly dependent onmixing angle and internal masses? Corrections to neutralino/chargino cross sectionnon-negligiable and dependent on scenario=) NLO analyses at upgraded Tevatron and LHC



10
-3

10
-2

10
-1

1

10

100 150 200 250 300 350 400 450 500

⇑

⇑ ⇑

⇑

χ̃2
oχ̃1

+ t̃1t̃
−
1

q̃q̃
−

g̃g̃

NLO
LO

m [GeV]

σtot[pb]: pp
−
 → g̃g̃, q̃q̃

−
, t̃1t̃

−
1, χ̃2

oχ̃1
+

√S = 2 TeV

m(χ̃2
o) = 100 GeV

m(t̃1) = 230 GeV
m(q̃) = 380 GeV
m(g̃) = 425 GeV

10
-1

1

10

10 2

10 3

100 150 200 250 300 350 400 450 500

⇑

⇑
⇑ ⇑

⇓

χ̃2
oχ̃1

+

ẽLẽL
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+ẽL
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