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Abstra
tThe momentum spe
trum and the polarization of 
harginos and neutralinos in squark de
ays area�e
ted by gluon radiation in the de
ay pro
ess ~q ! q ~�(g). We determine these 
orre
tions andstudy their impa
t on the [q`℄ invariant mass distributions for leptoni
 ~� de
ays. The higher-order
orre
tions, though small in general, 
an be sizeable near pronoun
ed edges of the �nal-state distri-butions.
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1 Introdu
tionThe properties of supersymmetri
 parti
les, 
olored and non-
olored, 
an be studied at the LHC in
as
ade de
ays of squarks and gluinos, whi
h have large produ
tion 
ross se
tions in high-energy hadron
ollisions. In parti
ular, squarks that are lighter than gluinos de
ay ex
lusively to quarks and 
harginosor neutralinos, ~q ! q ~�. Subsequent de
ays of neutralinos into �nal states with two leptons are espe
iallywell suited to investigate properties of the supersymmetri
 spe
trum. Invariant mass distributions of the�nal-state leptons and jets 
an be exploited, for example, for pre
ision measurements of supersymmetri
parti
le masses (see e.g. [1{4℄). Moreover, 
orrelations among the parti
les in the de
ay 
hains allowspin measurements of intermediate parti
les [5{8℄.In the present arti
le we 
on
entrate on one aspe
t in the multitude of theoreti
al 
hallenges involvedin the des
ription of supersymmetri
 
as
ade de
ays, i.e. the super-QCD (SQCD) radiative 
orre
tionsat next-to-leading order (NLO) and their impa
t on energy distributions, polarization degrees, and onthe shape of quark-lepton invariant mass distributions. Pre
ise theoreti
al predi
tions for the shape ofthe distributions are required also at some distan
e away from kinemati
 edges and thresholds as toallow for suÆ
iently large, statisti
ally signi�
ant event samples. Moreover, the shapes may be neededto resolve possible ambiguities in mass determinations from kinemati
 endpoints [9℄, they are 
ru
ialfor the spin determination [5℄, and they allow to test models of supersymmetry breaking [10℄. Weinvestigate the impa
t of QCD radiation on the shape of distributions in NLO perturbation theory andderive, largely, analyti
al results whi
h provide us with the proper understanding of the SQCD e�e
ts.Extending the Monte Carlo 
al
ulation of QCD e�e
ts in Ref. [11℄, we in
lude gluon radiation o� the�nal-state quarks. [Hadroni
 jet fragmentation whi
h must �nally be added is beyond the s
ope of thepresent study, but the e�e
t 
an be estimated by means of QCD power 
orre
tions.℄We shall, for de�niteness, fo
us on 
as
ades of L-type squarks, ~qL, of the �rst two generationswithout noti
eable L=R mixing and 
onsider the de
ay 
hain~qL ! q ~�02 ! q`~̀R ! q``~�01 ; (1.1)whi
h has been dis
ussed in great detail in the literature for the SPS1a/a0 ben
hmark points [12, 13℄.The neutralino ~�01 is assumed to be the lightest supersymmetri
 parti
le (LSP) and thus is stable inR-parity 
onserving theories. Sin
e the Born terms 
an be fa
tored out, the NLO analysis applies,without modi�
ations, to all neutralino and 
hargino de
ay 
hains of the same form. R-type squarks,~qR, de
ay in large parts of the supersymmetri
 parameter spa
e, parti
ularly at the ben
hmark pointsSPS1a/a0, to the LSP, ~qR ! q ~�01, and do not develop 
as
ades.Spin 
orrelations are important for the proper des
ription of the 
as
ade de
ay (1.1). Sin
e onlythe gaugino 
omponents of the neutralino ~�02 
ouple e�e
tively to the squark/quark 
urrent if quarkmasses are negle
ted, the ~qL squarks de
ay to left-handedly polarized qL quarks. By angular momentum
onservation also the neutralino ~�02 is polarized left-handedly at the Born level. Gluon radiation in the1
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~�g~qFigure 1: Generi
 Feynman diagrams for virtual and real super-QCD 
orre
tions to the de
ay ~q ! q ~�.de
ay pro
ess leads to an admixture of right-handed neutralinos. The polarization is re
e
ted in theenergy and angular distributions of the de
ay produ
ts.The paper is organized as follows. In se
tion 2 we shall present the results for the NLO SQCD
orre
tions to the de
ay ~qL ! q ~� and their impa
t on the ~� energy distribution and polarization. Thephenomenology of the 
omplete ~qL de
ay 
hain (1.1), in
luding the spin 
orrelations, is dis
ussed inse
tion 3.1. In se
tion 3.2 we analyze the de
ay 
hains in the broader framework of squark produ
tionat the LHC, in
luding R-squarks and anti-squarks. We 
on
lude in se
tion 4.2 Supersymmetri
 QCD 
orre
tions to the de
ay ~q ! q ~�Squark and gluino de
ays are a�e
ted by SQCD 
orre
tions. For their mutual de
ay modes, dominatingif kinemati
ally allowed, the NLO 
orre
tions were determined in Ref. [14℄. The SQCD 
orre
tions tothe partial widths for the ele
troweak squark de
ay 
hannels,~q ! q + ~�+ (g) ; (2.1)were 
al
ulated in Refs. [15{18℄: Virtual gluon and gluino/squark ex
hanges renormalize the q~q ~� vertexand additional gluons are radiated in the �nal state, 
f. Fig. 1.Vertex 
orre
tions neither 
hange the ~� momentum nor its polarization state, but both are a�e
tedby gluon radiation. The ~� line spe
trum of the two-body de
ay be
omes a 
ontinuous spe
trum (se
-tion 2.1). Sin
e in radiative de
ays the ~� is not ba
k-to-ba
k anymore with the polarized zero-mass2



quark q, spin-
ipped ~� states are admixed (se
tion 2.2). While the e�e
t on the polarization is small,the overall impa
t of gluon radiation on the �nal-state distributions, parti
ularly near edges, is quitesigni�
ant, nota bene in view of the envisaged high-pre
ision analyses of these 
as
ade modes at theLHC.2.1 ~� Energy distributionThe Dalitz-plot distribution for the unpolarized de
ay ~q ! q ~�g, normalized to the Born-level de
aywidth �B, 1�B d�dxqdxg = 43 �s� 1(1� �)2 �2� 2�(1 + xq)� xg(1 + �+ xq)2xg(1 + �� x~�) � (1� �)� xgx2g � ; (2.2)is expressed by xq;g;~� = 2Eq;g;~�=M~q, whereM~q is the squark mass and Eq;g;~� are the energies of the quark,the gluon, and the ~� in the squark rest frame with x~� + xq + xg = 2 and 2p� � x~� � 1 + �. A usefulabbreviation is the mass ratio � =M2~�=M2~q . The partial width in Born approximation, Refs. [16, 17℄,�B = �4M~q(1� �)2f2~q~� ; (2.3)depends on the 
hargino and neutralino mixing parameters [19,20℄ in the 
oeÆ
ients f~q~�. Gluon radiation
ollinear with the �nal-state quark is des
ribed by the �rst term in Eq. (2.2) sin
e 1+��x~� =M2qg=M2~q ,where Mqg is the [qg℄ invariant mass. The se
ond term damps the infrared singularity.Gluon radiation redu
es the energy x~� of the ~� a

ording to the distribution1�B d�dx~� = 43 �s� 1(1� �)2 11 + �� x~� �(1� �) (2� x~�) log�2� x~� + p~�2� x~� � p~��+ 14p~� (x~� � 8 + 6�)� ; (2.4)where p~� =qx2~� � 4� denotes the s
aled neutralino momentum in the squark rest frame.Collinear and infrared gluon emission generate singularities at the maximum ~� energy x~� ! xmax~� =1 + �. The leading 
ontribution in Æ = xmax~� � x~� 
an be resummed by applying te
hniques analogousto thrust distributions [21{23℄ or lepto-quark de
ays [24℄:1�B d�dx~� ' 43 �s� 1Æ �log 1Æ + 
�) 43 �s� 1Æ �log 1Æ + 
� exp ��43 �s� �12 log2 1Æ + 
 log 1Æ�� (2.5)with the sub-leading 
oeÆ
ient 
 = �74 + log[(1 � �)2℄(1� �)2 : (2.6)Multiple gluon emission bends the distribution to zero at the kinemati
al boundary, 
orresponding tothe Sudakov suppression of a �nal state without any gluons. Depending in detail on the e�e
tive valueof �s, the turn-over point is very 
lose to the maximum of x~�.The ~� energy distribution is displayed in Fig. 2(a) for L-squark de
ays to ~�02, with parametersadopted from SPS1a0 (i.e. � = 0:108) and the QCD 
oupling set to �s(M~q) = 0:093.3



2.2 ~� Polarization ve
torGluon radiation at NLO also a�e
ts the ~� polarization. At the Born level the ~� polarization in ~qL de
aysmust be left-handed. While the ~� spin does not 
ip for 
ollinear and infrared gluon emission, be
ausethe intermediate left-
hiral quark is e�e
tively on-shell, the ~� spin 
an 
ip for non-
ollinear/non-infrared�nal-state 
on�gurations, with the angular momentum balan
ed by the emitted hard gluon.The polarization ve
tor ~P[ ~�℄ is de�ned in the ~� rest frame. The x-axis is 
hosen as the ~� 
ightdire
tion in the ~q rest frame, the [x; y℄-plane is identi�ed with the de
ay plane, the y-axis pointing tothe half-plane of shortest rotation from the ~� to the q momentum ve
tor. The polarization ve
tor lieswithin the de
ay plane, with 
omponents parallel, Pk = Px, and transverse, P? = Py, to the ~� 
ightdire
tion while the perpendi
ular polarization 
omponent vanishes (Pz = 0).The two 
omponents of the polarization ve
tor for �xed x~� 
an be 
ast into the formPk(x~�) = 14 1(1� �)2 1(1 + �� x~�) p~� �4 (2� x~�) (� [4� x~�℄� x~�) log�2� x~� + p~�2� x~� � p~��+([8� x~�℄ x~� � 4� [7� 2x~�℄) p~��=N ; (2.7)P?(x~�) = �8 1(1� �)2 p�p1 + �� x~� p~� �32 + 20�� 16p1 + �� x~� (2� x~�)� x~� (32� 3x~�)� =N :The normalization fa
tor N denotes the distribution (43 �s� �B)�1d�=dx~� at the point x~�. For �xedx~� < xmax~� the polarization ve
tor is independent of �s to leading order and depends only on theradiation dynami
s. In the infrared and 
ollinear limits of gluon radiation, x~� ! xmax~� , the Born valuesare approa
hed again,Pk ! �1 + �2(1� �)2 Ælog(1=Æ) ! �1P? ! 3�8 p�(1� �) pÆlog(1=Æ) ! 0 9>>>=>>>; for x~� ! xmax~� = 1 + � : (2.8)In the opposite limit, x~� ! xmin~� = 2p�, the polarization 
omponents approa
h the values Pk ! 0 andP? ! ��=4. The two 
omponents of the polarization ve
tor are displayed in Fig. 2(b), again for themass pattern of the SPS1a0 s
enario (� = 0:108).2.3 Average ~� energy and polarizationThe values of the average energy and the polarization 
omponents of ~� for the in
lusive NLO predi
tionare obtained by integrating over the Dalitz plot and in
luding the 2-body de
ay limit. Both, theQCD 
orre
ted 2-body and the 3-body part of the 
al
ulation are infrared divergent. Analogouslyto the methods employed in Refs. [16, 17℄, small quark and gluon masses are introdu
ed to regularize4
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Figure 2: (a) The di�erential de
ay rate for ~qL ! qg ~�02 as a fun
tion of the ~�02 energy x~� at theben
hmark point SPS1a0 (M~�=M~q = 0:329). The 
urve labeled \resum" shows the damping near xmax~�from multiple gluon radiation a

ording to Eq. (2.5). (b) The longitudinal and transverse polarizationof the neutralino ~�02.the singularities. It is suÆ
ient to know the regularized form of the di�erent 
ontributions for theunpolarized 
ase. Sin
e the polarization e�e
ts are not infrared-sensitive, the only divergent integralsare those already en
ountered in the unpolarized results. The averaged observables hx~�i, hPki, and hP?iglobally re
e
t the deviation from the Born predi
tion to order �s, and they are given byhx~�i = xmax~� � 19 �s� 1(1� �)2 �(1� �)(4 � �[17 � 7�℄) � 6(2� �)�2 log � � (2.9)and hPki = �1� 19 �s� 1(1� �)2 �4�2(�� 3)�� 48(� � 3)�Li2 �p��+ 12(1� �[8 � 3�℄)Li2(�)�3p� �22[1 + �℄�p�[45 � �℄�+ 6(1� �)(11 � 3�) log �p�+ 1�+3 �4[1 � �℄2 log(1� �) + �[4� 3�℄� log �� ; (2.10)hP?i = 2�s3 p�(1� �)2 �4 + 4 log �� 4�� �1 +p�� (15� �) E� 2 ��� 7p�� 8�K� :The fun
tion Li2 is the usual dilogarithm while K and E abbreviate the 
omplete ellipti
 integrals ofthe �rst and se
ond kind1, respe
tively, evaluated for the argument [(1�p�) = (1 +p�)℄2.For the referen
e point SPS1a0 (� = 0:108) adopted in the numeri
al analyses of the next se
tion,1The integrals are de�ned as K(z) = R �=20 (1� z sin2 x)�1=2dx and E(z) = R �=20 (1� z sin2 x)1=2dx.5



the mass-dependent 
oeÆ
ients of the O(�s) 
ontributions take valueshx~�i = xmax~� � 0:32 �s� ; (2.11)and hPki = �1 + 0:02 �s� ; hP?i = +0:08 �s3 : (2.12)The NLO SQCD e�e
t on the average longitudinal 
omponent of the ~� polarization ve
tor, hPki, is verysmall. This follows from the fa
t that in the 
ollinear and infrared regions, in whi
h the density of theDalitz plot is maximal, the deviation of the polarization ve
tor from the Born approximation approa
heszero. The average perpendi
ular polarization hP?i is positive, dominated by the 
ontributions from theregion of large ~� energies.3 Phenomenologi
al results3.1 The ~qL de
ay 
hainFor parameter points like SPS1a/1a0, the de
ays to lepton/slepton pairs of the �rst two generations,~�02 ! `+R + ~̀�R and `�R + ~̀+R ; (3.1)are ideal spin analyzers [R denoting right 
hirality℄ sin
e the de
ays into the L-type state ~̀�L are kine-mati
ally forbidden, and L=R slepton mixing as well as the ~�02 higgsino 
omponent are suppressed.[Small 
orre
tions due to non-zero lepton masses 
an easily be in
luded.℄For the sake of 
larity, we �rst fo
us on these `+R ~̀�R de
ay modes of the neutralino. Sin
e the positron`+R is left-handedly polarized, it will be emitted preferentially anti-parallel to the ~� spin dire
tion,1� d�d 
os �s = 12 (1�P[ ~�℄ 
os �s) ; (3.2)where �s is the angle between the ~� spin ve
tor and the `+ 3-momentum, and P[ ~�℄ the ~� degree ofpolarization. The angular 
orrelation Eq. (3.2) gives rise to an in
rease of the invariant mass of the[q`+℄ pair in the de
ay 
hain ~qL ! q + ~�02 + (g)! q + `+ + ~̀�R + (g) (3.3)
ompared with the isotropi
 distribution. [In this 
as
ade the lepton ` is generally termed \near lepton"as opposed to the \far lepton" emitted in the subsequent slepton de
ay ~̀! `~�01, whi
h will be in
ludedlater.℄We have implemented the NLO results presented above in a 
exible parton level Monte-Carlo pro-gram to 
al
ulate arbitrary di�erential distributions. Both phase-spa
e sli
ing and subtra
tion methodshave been employed to allow for internal 
ross 
he
ks.6



In the phase-spa
e sli
ing approa
h, approximate real radiation matrix elements are integrated an-alyti
ally in the soft/
ollinear regions using mass regularization. After adding the mass-regularizedvirtual 
orre
tions, the result is �nite and the regulating quark and gluon masses 
an be set to zero.The hard gluon region is integrated by standard Monte-Carlo te
hniques.Alternatively, a subtra
tion method has been applied whi
h is parti
ularly suited to 
onstru
t NLOparton-level Monte-Carlo programs. In the present simple 
ase the entire 3-parti
le di�erential de
aywidth 
an be used as subtra
tion term. For the observables O whi
h we 
onsider, the expression inNLO 
an be 
ast in the formhOiNLO = Z3 d�̂R3 [O3 �O2℄ + Z2[d�̂V2 + Z1 d�̂R3 ℄O2 : (3.4)Here, d�̂R3 is the di�erential 3-parton de
ay width, d�̂V2 the vertex-
orre
ted 2-parton de
ay width, bothnormalized to the NLO width �. Moreover, On denotes the observable O 
al
ulated for either n = 3 orn = 2 parton �nal states. The proje
tion from the n+1 onto the n parti
le phase spa
e is straightforward:at any given 3-body phase-spa
e point, O2 is evaluated for a neutralino momentum whi
h shares thedire
tion of 
ight with the neutralino momentum of the 3-body phase-spa
e point. The simple 2-body kinemati
s �xes the neutralino and quark momenta 
ompletely so that O2 
an be 
al
ulatedunambiguously. The �rst integral in Eq. (3.4) is �nite by 
onstru
tion and 
an be integrated by Monte-Carlo te
hniques. The se
ond and the third integral 
an be evaluated analyti
ally [in mass-regulatedform to isolate the infrared/
ollinear divergen
es, whi
h 
an
el in the sum of the virtual 
ontributionand the integrated subtra
tion term℄. Sin
e polarization e�e
ts are not infrared sensitive, it is suÆ
ientto use the unpolarized di�erential de
ay width d�̂R3 as a subtra
tion term even for observables in
ludingspin 
orrelations. In this 
ase, O2 is evaluated with the tree-level polarization ve
tor, whi
h providesthe 
orre
t limit of the 3-body kinemati
s in the soft/
ollinear regions. The results derived by using thesubtra
tion method agree with those obtained from phase-spa
e sli
ing.When gluon radiation is swit
hed on, the [q`+℄ invariant mass distribution is softened. To quantifythis e�e
t, the q-jet must be de�ned properly in an infrared-safe way. We will 
ombine the q and g partonsin the 
ollinear and infrared regimes to a single q̂-jet if their s
aled invariant mass y =M2[q̂ = qg℄=M2~qis less than y
 = 0:01. For events with non-
ollinear hard gluon emission we identify q̂ with the leadingparton jet, i.e. the jet with the highest energy in the squark rest frame, either q or, rarely, g.The invariant mass distributions M2[q̂`�℄ are displayed as solid 
urves in Fig. 3. In the upper leftpanel the distribution of the positively 
harged \near" leptons, produ
ed in ~�02 de
ays, is shown. Thedashed 
urve represents the invariant mass distribution at the Born level for 
omparison. The peakof the distribution at high invariant mass is more pronoun
ed than the triangular-shaped tree-leveldistribution with spin 
orrelations ignored [25℄. As expe
ted, the NLO 
orre
tions lead to the transferof events to smaller invariant masses 
ompared to the tree-level predi
tion.The transition from the 1-jet to the 2-jet 
lass of events gives rise to the tiny kink in the [q̂`+near℄7
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Figure 3: The [q̂l�℄ invariant mass distributions for positively (left panels) and negatively (rightpanels) 
harged leptons is shown at SPS1a0 [spe
i�
ally for ~uL masses and �rst and se
ond generationleptons with vanishing masses℄. The upper panels in
lude only \near" leptons while the lower panelsdisplay the sum of \near" and \far" leptons. The NLO predi
tions are represented by the solid linesfor y-
ut parameters y
 = 0.01 and 0.002, the Born result [approximately equivalent to NLO withy
 >� 0:05℄ by the dashed line.
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distribution in Fig. 3. Varying the experimentally de�ned jet-resolution parameter y
 reprodu
es anti-
ipated modi�
ations of the mass distributions: the distribution is softened for smaller y
, and the peakrounded o�, exempli�ed in Fig. 3 for y
 = 0:002, as a larger fra
tion of events with respe
t to the default
hoi
e y
 = 0:01 moves from the 1-jet to the 2-jet 
lass. For larger y
 the distribution is sharpened,moving ba
k towards the Born distribution, as more events are attributed to the 1-jet 
lass. The NLOdistribution be
omes almost identi
al to the LO predi
tion for y
 >� 0:05. Quite similar results for theinvariant mass distributions are found when using a 
one algorithm [26℄ de�ned in the squark rest frame.Parallel to the ~� energy distribution, exponential Sudakov damping of the invariant [q̂`+℄ massdistribution is expe
ted in a margin of one per
ent below the pronoun
ed kinemati
al edge when multiplegluon radiation is swit
hed on. Likewise, hadroni
 jet fragmentation will give rise to smearing e�e
ts,generally a

ounted for, see e.g. Ref. [27℄, by shifting the perturbative predi
tion of the distributiondownwards by a relative amount of approximately 1GeV =M~q. For squarks de
aying through ele
troweak
hannels, as at the present referen
e point, non-zero width e�e
ts / �~q=M~q are also limited to aboutone per
ent, on both sides of the kinemati
al edge, though.2 These e�e
ts will round o� the peak of thedistribution at the edge for y
 >� 0:01, with the overall impa
t limited however to a margin at the one-per
ent level for squark masses in ex
ess of 500 GeV. With details depending on the jet de�nition, themodi�
ation will qualitatively be similar to the thrust distribution in jet analyses of e+e� annihilationat high energies [27℄. The expli
it Monte Carlo simulation of QCD e�e
ts in Ref. [11℄ in
ludes onlygluon radiation o� the squarks whi
h turns out, as expe
ted, to have a very small e�e
t on the shapeof the distributions.The experimentally observed lepton `+ may also be the de
ay produ
t of the slepton in the 
hain3~�02 ! `�R ~̀+R ! `�R `+R ~�01. For this \far" lepton `+, the daughter of a spinless parent, the spin 
hara
ter-isti
s in the distributions are largely washed out and only the average energy redu
tion of the sleptondue to spin 
orrelations in the primary neutralino de
ay is e�e
tive.Adding up the 
ontributions from \near" and \far" `+ leptons, whi
h 
annot be separated exper-imentally on an event-by-event basis, we arrive at the distributions displayed in the lower left panelof Fig. 3. Due to the rather small mass di�eren
e between the sele
tron/smuon and the LSP ~�01 inSPS1a0, the lepton from the slepton de
ay is relatively low-energeti
. Thus the \far" lepton adds to thedistribution only at low invariant masses and the signature of the \near" lepton is still signi�
ant athigh invariant masses.If, instead, negatively 
harged leptons are observed the shapes of the two 
orresponding distributionsare rather di�erent. Sin
e the negatively 
harged leptons are right-handedly polarized the sign inEq. (3.2) 
ips and the \near" `� is preferentially emitted parallel to the q-jet, in 
ontrast to the anti-parallel emission of positively 
harged leptons. The energy of the negatively 
harged lepton `� is2The a

ura
y of the narrow-width approximation for 
as
ade de
ays has been addressed in Ref. [28℄.3Ele
troweak radiative 
orre
tions to the de
ay ~�02 ! l+l� ~�01 have been presented in Ref. [29℄.9



Born
NLO

NLO − Born

q̃L → q(g) l+l−χ̃0
1

A = l+−l−

l++l−

Mq̂l±

35030025020015010050

0.08

0.04
0.00

1.2

1

0.8

0.6

0.4

0.2

0

−0.2

−0.4

Figure 4: The asymmetry Eq. (3.5) as a fun
tion of the [q̂l�℄ invariant mass at SPS1a0 for ~qLde
ays [spe
i�
ally for ~uL masses℄ into �rst and se
ond generation lepton pairs (no anti-squark de
aysin
luded).therefore, on average, redu
ed in the squark rest frame for polarized ~�02 de
ays. For both reasons, the[q̂`�℄ invariant mass is redu
ed on average 
ompared to the predi
tion without spin 
orrelations [25℄.The redu
tion is slightly enhan
ed by gluon emission as demonstrated in the upper right panel of Fig. 3.The distribution for the sum of \near" and \far" `� leptons is shown in the lower right panel. Its shape
an easily be distinguished from the `+ results at large invariant masses.Spin 
orrelations are 
learly important for the des
ription of the invariant mass distributions; withouttaking spin 
orrelations into a

ount, all panels in Fig. 3 would be identi
al. Comparing the �naldistributions in the lower panels an asymmetry between positively and negatively 
harged leptons,A = `+ � `�`+ + `� ; (3.5)is predi
ted indeed [5℄. [The asymmetry is washed out somewhat in pp 
ollisions at the LHC wherealso anti-squarks ~q� are produ
ed; see se
tion 3.2℄. Fig. 4 shows the parton-level asymmetry for the~qL de
ay 
hain in SPS1a0. In parti
ular for high invariant masses the dominan
e of positively 
hargedleptons is evident. The NLO SQCD radiative 
orre
tions in
luded in our de
ay analysis have a verysmall in
uen
e on the asymmetry. This is evident from the lower panel of Fig. 3; near the kinemati
endpoint where the 
orre
tions to the invariant mass distribution of the positively 
harged lepton arebiggest, the asymmetry is 
lose to unity and 
hanges are marginal as a result.10



3.2 Squark 
as
ade de
ays in pp 
ollisions at the LHCThe more detailed numeri
al analysis presented in this �nal se
tion is also based on the referen
epoint SPS1a0 [12℄ in the mSUGRA s
enario. This point is lo
ated in the transition zone from thebulk to the 
oannihilation region in the [M1=2;M0℄ gaugino/s
alar mass plane. It 
orresponds to theregion of maximum probability in the analysis of ele
troweak pre
ision observables [30, 31℄, driven bythe 
ontribution to the muon anomalous magneti
 moment, g� � 2; the referen
e point is 
ompatiblewith the WMAP measurement of the density of 
old dark matter. The parameters of this mSUGRAs
enario are de�ned as follows: gaugino mass M1=2 = 250 GeV, s
alar mass M0 = 70 GeV, and trilinear
oupling A0 = �300 GeV at the uni�
ation s
ale; moreover tan � = 10 and sign(�) = +. Afterevolution down to the Teras
ale the squark, gluino, slepton, and neutralino masses that will be used inthe phenomenologi
al analysis are 
olle
ted in Table 1. While Suspe
t [32℄ has been employed for the
omputation of the entries in the table, the Spheno [33℄ and SOFTSUSY [34℄ spe
tra are quite similar,with di�eren
es at the level of 1% and less.Table 1 also presents the bran
hing ratios whi
h are based on NLO 
al
ulations as implementedin Susyhit [35℄ / Sde
ay [36℄. The L-squarks de
ay predominantly into the 
harginos ~��1 and theneutralino ~�02. R-squarks de
ay almost ex
lusively into the ~�01 LSP whi
h is bino-like. Hen
e, almostall of the squarks de
aying to ~�02 are indeed L-type squarks. Only a small admixture of R-type squarksdiminishes the observed spin 
orrelation and the asymmetry, Eq. (3.5), generated by the ~�02 de
ay 
hain.More than half (i.e. 57%) of the neutralinos ~�02 de
ay visibly into 
harged slepton-lepton-pairs. Sin
eleft-handed sleptons of the �rst two generations are heavy, the de
ays are dominated (BR = 0:527) byde
ays into mixed ~�1 states [37℄ with a redu
ed mass eigen-value, but still a signi�
ant fra
tion de
aysto ~eR; ~�R (BR = 0:024 for ea
h mode). If the e; � leptoni
 de
ays are used as experimental signals, thetransverse momenta of the 
as
ading � ! e; � �nal states are strongly redu
ed. A large fra
tion of the� ! e; � de
ay events will thus be lost in experimental 
uts, about 90% for a transverse momentum 
utof 10 GeV.Sin
e experiments will not distinguish quark from anti-quark jets, experimentally observable distribu-tions will also re
eive 
ontributions from anti-squark de
ay 
hains. For anti-squarks, by CP -invarian
e,the rôle of positively and negatively 
harged leptons is inter
hanged and the asymmetry A is redu
ed asa result. At the Tevatron, the equal rate for squark and anti-squark produ
tion even drives A to zero.However, the (non-CP -invariant) proton-proton initial state at the LHC ensures that more squarks thananti-squarks are produ
ed and a non-zero asymmetry is predi
ted.At the LHC, squarks are produ
ed either dire
tly in quark/anti-quark/gluon 
ollisions, or they arede
ay produ
ts of gluinos as M~g > M~q for the SPS1a0 referen
e point. The produ
tion 
ross se
tionsfor both spe
ies have been determined in
luding the next-to-leading order 
orre
tions of Ref. [38℄ asimplemented in Prospino [39℄. The NLO 
al
ulation of Ref. [38℄ has been performed for mass-degenerate11



Mass[GeV℄ BR([~g ! ℄ ~q ! ~�20)[%℄ Mass[GeV℄ BR(~�02 ! ~l)[%℄~uL 558 32.2 ~�01 98~dL 564 31.6 ~�02 183 ~e+R: 1.2~uR 542 0.6 ~�+1 : 26.4~dR 542 0.6 ~eR 124~g 605 ~uL= ~dL: 0.8/0.6 ~�1 108~uR= ~dR: 0.03/0.03Table 1: Masses and de
ay bran
hing ratios most relevant for evaluating the SPS1a0 squark/gluino
as
ades.L and R-squarks and mass-degenerate �rst and se
ond generation squarks of up and down type. Sin
ethe mass di�eren
es are in general small, in parti
ular for the spe
trum of the SPS1a0 referen
e pointwhere [M2L�M2R℄=[M2L+M2R℄ � 4%, this is a valid approximation. In our tree-level 
al
ulation, to whi
hwe apply the K-fa
tors, the exa
t kinemati
s is used. For the parton densities the CTEQ5 set [40℄ hasbeen adopted and the renormalization and fa
torization s
ales have been set to the average mass of theprodu
ed parti
les. The produ
tion 
ross se
tions are displayed for squarks and anti-squarks of the �rsttwo generations in Table 2. The pp initial state at the LHC 
learly favours the dire
t produ
tion ofsquarks over the dire
t produ
tion of anti-squarks. Though equal numbers of squarks and anti-squarksare generated by gluino de
ays, the ratio of the number of anti-squarks over squarks is only slightlydiminished be
ause the bran
hing ratio of gluinos into �rst and se
ond generation L-squarks is small.Table 2 also in
ludes the 
ross se
tions times bran
hing ratios �(~q)�BR(~q ! �02) and �(~g)�BR(~g !~q ! �02) for neutralino ~�02 produ
tion from squark de
ays, and the �nal 
ross se
tions times bran
hingratios for the signal �[e; �℄, i.e. lepton produ
tion from squark 
as
ades, with � de
ays separated. Witha nominal integrated luminosity of 300 fb�1, a sample of roughly 2 � 105 events is a

umulated for theSPS1a0 ben
hmark for e; � in the �rst two generations and, before experimental 
uts, an initial numberof 1:5 � 105 � events de
aying leptoni
ally into either ele
trons or muons. Although these 
al
ulationsare of purely theoreti
al nature, they provide nevertheless a solid platform for estimating expe
tationsbefore experimental simulations will �nally in
lude sele
tion 
uts, eÆ
ien
ies et
.Using these estimates of produ
tion 
ross se
tions and bran
hing ratios, the invariant mass distri-butions for the SPS1a0 de
ay 
hain 
an be 
al
ulated. Fig. 5 displays the LO and NLO [jet `�℄ invariantmass spe
trum for positively and negatively 
harged leptons as predi
ted for the LHC. The distribu-tions are normalized to the signal 
ross se
tions and are shown separately for ~�02 de
ays to �rst/se
ondgeneration leptons/sleptons and for �=~� de
aying leptoni
ally. L=R mixing of the � sleptons and the ~�02higgsino 
omponent exa
erbate the analysis of the �=~� 
hannel 
onsiderably; all these e�e
ts have been12



�(pp! ~q=~g)[pb℄ �(~q=~g ! ~�02)[pb℄ �(~lR)[pb℄ �(e; �)[pb℄~uL/~uR 14.4/15.4 4.6/0.1 ~eR + ~�R : 0.57 0.57~dL/ ~dR 6.7/7.4 2.1/0.05 ~�1 : 6.37 0.39~u�L/~u�R 1.7/1.9 0.6/0.01~d�L/ ~d�R 2.0/2.3 0.6/0.01~
L/~
R 0.8/0.9 0.3/0.01~sL/~sR 1.2/1.4 0.4/0.01~
�L/~
�R 0.9/1.0 0.3/0.01~s�L/~s�R 1.3/1.4 0.4/0.01~g 45.1 2.6Table 2: Cross se
tions for the produ
tion of squarks of the �rst two generations and gluino produ
tionin pp 
ollisions at the LHC, and the produ
tion 
ross se
tions for the neutralino ~�02 in the 
as
ades.Also shown are the 
ross se
tions for R-sleptons after summing up all 
as
ade 
hannels. The resulting
ross se
tions for ele
tron/muon pairs from dire
t ele
tron/muon produ
tion in the de
ay 
hain andfrom tau de
ays are 
olle
ted in the right-most 
olumn.taken into a

ount in the numeri
al analysis. However, the leptoni
 � de
ay signal is strongly redu
ed toa level of 10% if a transverse momentum 
ut of 10 GeV is applied as indi
ated by the dotted lines. [Forsimpli
ity, the 
ut is applied in the squark rest frame. This approximation is adequate sin
e squarks areprodu
ed predominantly at small velo
ities.℄ The experimentally observable distributions are 
learlydistin
t despite of the anti-squark admixture to the squark sample. As a result of the anti-squark ad-mixture, the `+=`� asymmetry (3.5) is slightly redu
ed at the LHC 
ompared with Figure 4 for pure~qL de
ays, with marginal NLO 
orre
tions as before. However, the asymmetry is still quite signi�
antfor large [jet `℄ invariant masses as demonstrated in Refs. [5{7℄, even after in
luding dete
tor e�e
ts.4 Con
lusionsEdges/thresholds, distributions and 
orrelations of parti
les in 
as
ades play an important rôle in de-termining properties of supersymmetri
 parti
les, i.e. masses and spins. Lepton-lepton and jet-leptoninvariant mass distributions are parti
ularly useful instruments in this 
ontext.In the present arti
le we have studied how the parton �nal states in ~q ! q ~� de
ays are a�e
ted bysuper-QCD 
orre
tions at next-to-leading order, in parti
ular by the radiation of gluons in the de
aypro
ess. The 
orre
tions modify the energy as well as the polarization of the parti
les. By performingan analyti
 next-to-leading order analysis we have provided a detailed understanding of origin and13
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Figure 5: Invariant [q̂l℄ mass distributions, y
 = 0:01, for muons and ele
trons produ
ed dire
tly inthe neutralino and slepton de
ay. For muon and ele
tron pairs produ
ed from tau de
ays in the de
ay
hain, the redu
tion of the NLO 
ross se
tions for a transverse momentum 
ut of 10 GeV is indi
atedby the dotted lines.size of these e�e
ts. Moreover, we have studied parti
ular de
ay 
hannels and [jet `�℄ invariant massdistributions, exempli�ed for the SPS1a0 ben
hmark s
enario, in ~qL ! q `+`� ~�01 de
ays. We have foundsigni�
ant gluoni
 
orre
tions to the shape of the invariant [jet `+℄ mass distribution near the pronoun
ededge at the kinemati
 endpoint.A
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