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DESY 09-030PITHA 09/08PSI-PR-09-02Gluino Polarization at the LHCM. Kr�amer1, E. Popenda1, M. Spira2, and P. M. Zerwas3;11 Institut f�ur Theoretis
he Physik E, RWTH Aa
hen University, D-52074 Aa
hen, Germany2 Paul S
herrer Institut, CH{5232 Villigen PSI, Switzerland3 Deuts
hes Elektronen-Syn
hrotron DESY, D-22603 Hamburg, Germany(Dated: February 22, 2009)Gluinos are produ
ed pairwise at the LHC in quark-antiquark and gluon-gluon 
ollisions: q�q; gg !~g~g. While the individual polarization of gluinos vanishes in the limit in whi
h the small massdi�eren
e between L and R squarks of the �rst two generations is negle
ted, non-zero spin-spin
orrelations are predi
ted within gluino pairs. If the squark/quark 
harges in Majorana gluinode
ays are tagged, the spin 
orrelations have an impa
t on the energy and angular distributions inre
onstru
ted �nal states. On the other hand, the gluino polarization in single gluino produ
tion inthe supersymmetri
 Compton pro
ess gq ! ~g~qR;L is predi
ted to be non-zero, and the polarizationa�e
ts the �nal-state distributions in super-Compton events.1. INTRODUCTIONGluinos in the Minimal Supersymmetri
 Standard Model [MSSM℄ [1, 2, 3℄ 
an be produ
ed 
opiously at the LHC,
f. Refs. [4, 5℄; gluino pairs in quark-antiquark and gluon-gluon 
ollisions, Figs. 1(a/b),q�q ! ~g~g (1.1)gg ! ~g~g ; (1.2)and single gluinos in asso
iation with squarks in the super-Compton pro
ess, Fig. 1(
),qg ! ~q~g : (1.3)After the gluinos de
ay, the �nal-state energy and angular distributions will in general depend on the degree ofpolarization with whi
h the gluinos are generated.1 Thus the distribution of experimentally re
onstru
ted events isa�e
ted by the polarization of the gluinos.However, polarization e�e
ts are to a large extent expunged by the Majorana 
hara
ter of the parti
les, in parti
ularwhen parton 
harges are not measured. For example, jet angular distributions in2~g ! qR;L ~q�R;L and ~g ! �qL;R ~qR;L (1.4)follow, mutually, the [1� 
os �℄ law with regard to the gluino spin ve
tor so that the sum of the spin-dependent termsvanishes, as a result of CP -invarian
e if q; ~q 
harges are not analyzed. [For the sake of simpli
ity we will restri
tourselves to the 
lass of SPS1a/a0-type s
enarios [7℄ in whi
h the gluinos are heavier than the squarks so that the
omplexity of gluino de
ay patterns is redu
ed to the maximum extent possible.℄If gluinos, on the other hand, were Dira
 parti
les ~gD as may be formalized in N=2 hybrid models [8, 9, 10, 11℄,the 
onservation of the Dira
 
harge D, with D = +1 for ~gD; ~qR and �1 for ~g
D; ~qL [8℄, allows only the produ
tion1 Spin measurements of supersymmetri
 parti
les sui generis at the LHC are widely dis
ussed in the literature; for a sample of methodsthat address the impa
t of spin on di�erential distributions see Ref. [6℄.2 The indi
es R,L denote the � heli
ities of quarks and antiquarks.

http://arXiv.org/abs/0902.3795v1
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)FIG. 1: Feynman diagrams for gluino produ
tion in quark annihilation (a), gluon fusion (b) and in the super-Compton pro
ess(
).of spe
i�
 pairs of supersymmetri
 parti
les and antiparti
les: ~gD~g
D; ~gD~qL; ~g
D~qR et
., followed by spe
i�
 de
aypatterns: ~gD ! qL~q�L but not ~gD ! �qR~qL, and 
rosswise for R-squarks/anti-squarks. This gives rise to stringentrestri
tions on polarization and spin-
orrelation e�e
ts. Observing or not observing su
h 
orrelations thus signals theDira
/Majorana 
hara
ter of gluinos.1) Gluino pairs: The masses of L and R-squarks of the �rst two generations are generally 
lose to ea
h other.Negle
ting the small mass di�eren
es, the super-QCD a
tion of the �rst two generations be
omes invariant underP -transformation 
ombined with the ex
hange of ~qL $ ~qR. As a result, the single polarization of gluinos vanishes inthe pair produ
tion pro
esses (1.1) and (1.2). However, spin 
orrelations within the gluino pair are non-trivial.As argued before, the sum of polarization asymmetries adds up to zero in CP -invariant theories, if the 
harges arenot measured in the gluino de
ay modes. Hen
e, the jets whi
h originate in equal shares from quarks and antiquarks in(1.4) are isotropi
ally distributed. The distribution in the s
aled jet-jet mass, m = 2Mjj=ps in the de
ay ~g~g ! qq0+Xis then moderately soft, isotropi
 : ��1d�=dm2 = logm�2 (1.5)for asymptoti
 energies s � M2~g � M2~q [6, 12℄. However, 
harges 
an be tagged in ~uL; ~dL de
ays to 
harginos,~qL ! q ~��1 ! ql��l ~�01. This is useful in s
enarios in whi
h ~�02 is not a pure wino or bino state so that the bran
hingratios of ~uL and ~d�L are di�erent. In su
h s
enarios polarization e�e
ts do not 
ompletely 
an
el among the de
ay
hains ~g ! �uR~uL ! �uRd~�+1 and ~g ! dL ~d�L ! dL�u~�+1 , whi
h result in identi
al �nal state 
harges, but have oppositepolarization signatures. Tagging of top and bottom 
harges in the third generation 
an be exploited in any 
ase. Inthe asymptoti
 limit in whi
h gluino fragmentation to quarks [plus a

ompanying squarks℄ is either hard or soft, i.e.� 2z or 2(1 � z) for quarks emitted preferentially parallel or anti-parallel to the gluino spin, various 
on�gurations
an be realized for the invariant mass distributions of the near-jet pairs3 in ~g~g ! qq0 +X �nal states [12℄:hard� hard : ��1d�=dm2 = 4m2 logm�2hard� soft : = 4 �(1�m2)�m2 logm�2�soft� soft : = 4 �(1 +m2) logm�2 � 2(1�m2)� : (1.6)The four mass distributions are 
ompared with ea
h other in Fig. 2(a). Evidently, the gluino polarization leads todistin
t patterns in the invariant jet-jet distributions.3 The far-jets will be taken into a

ount properly in the detailed phenomenology subse
tions.
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m(a) (b)FIG. 2: Invariant near-jet jet mass distributions in the gluino pair produ
tion pro
esses (a) and the super-Compton pro
ess(b) for various 
ombinations of hard and soft fragmentation ~g ! q.If no 
harges are measured, the MSSM Majorana theory predi
ts the moderately soft mass distribution Eq. (1.5)of the near-quark jets in the gluino de
ays. In a gluino Dira
 theory, on the other hand, pairs ~gD~g
D are generatedde
aying to ~qL~q�L but not ~qL~qL �nal states [8℄. Su
h a theory would therefore predi
t an invariant mass distributionof the hard-hard and soft-soft types for aligned gluino spins. Thus, the shape of the mass distributions dis
riminatesbetween standard Majorana and other Dira
 supersymmetri
 theories.2) Super-Compton pro
ess: Sin
e the pro
esses Eq. (1.3) are maximally P -violating if L and R-squarks aredis
riminated by their de
ay patterns, the produ
ed gluinos are polarized. The polarization 
an be measured byexploiting the same methods for the �rst two and the third generation as outlined above. The polarization re
e
tsitself in the invariant mass distribution of the near-quark jet in the gluino 
as
ade with the primary squark de
ay jet,for asymptoti
 energies: hard : ��1d�=dm2 = 2 (1�m2)soft : = 2 [logm�2 � (1�m2)℄ : (1.7)The two distributions are displayed in Fig. 2(b), exhibiting quite di�erent shapes for the hard and soft de
ay 
on�g-urations.Swit
hing from Majorana to Dira
 gluinos does not a�e
t the degree of gluino polarization. Nevertheless, as a resultof D-
onservation ~gD states are generated only in asso
iation with ~qL states, and ~g
D states only in asso
iation with~qR states, and 

 pairs 
orrespondingly [8℄. The de
ays of the ~g(
)D parti
les follow the pattern dis
ussed earlier.The report in
ludes two 
entral se
tions. In Se
tion 2 we analyze spin-spin 
orrelations in gluino pair produ
tion,followed by the dis
ussion of the super-Compton pro
ess in Se
tion 3. In both se
tions we present analyti
al resultsat the parton level, and we illustrate the spin e�e
ts by 
al
ulating jet-jet invariant mass distributions for gluinoprodu
tion and de
ay at the LHC. While only the basi
 theoreti
al points are elaborated to emphasize the salientfeatures of the spin 
orrelations, the analysis nevertheless demonstrates the potential impa
t of spin-
orrelations forhigh-pre
ision supersymmetry studies at the LHC in the future. Se
tion 4 
on
ludes the report.



42. GLUINO POLARIZATION IN PAIR PRODUCTION2.1. Gluino Produ
tion at the Parton LevelThe s and t-
hannel ex
hange me
hanisms, 
omplimented by the u-
hannel ex
hanges, are shown in Figs. 1(a) and(b) for quark-antiquark and gluon-gluon 
ollisions. For unpolarized beams the parton-parton 
ross se
tions are givenby [4, 5℄ �[q�q ! ~g~g℄ = ��2ss � 89 + 4m2~g9 !� ��s�̂ss " 2m2~g3 + m4�6 !L+ � �43 + 2m2�3 �#+��̂2ss 24 16m2�27 + 4m2~g27 �2�m2��!L+ �0�3227 + 32m4�27�4m2~q +m4��1A35�[gg ! ~g~g℄ = ��2ss " 94 + 9m2~g4 � 9m4~g16 ! log�1 + �1� ��� � 3 + 51m2~g16 !# (2.1)where L = log 1 + � �m2�=21� � �m2�=2 with � =q1�m2~g ;�s = g2s=4� and �̂s = ĝ2s=4� ;if the polarization of the gluinos in the �nal state is not measured. All masses are s
aled by the parton beam energyps=2 in the parton-parton 
.m. frame, i.e.m~g;~q = 2M~g;~q=ps and m� = 2qjM2~g �M2~q j=s : (2.2)The 
ouplings gs and ĝs are the QCD gauge and Yukawa 
ouplings, respe
tively, whi
h are identi
al in super-QCD.Though noted here in Born approximation [4℄, the 
ross se
tions are known more a

urately at next-to-leading orderin super-QCD [5℄ and in
luding threshold resummations [13℄. The angular distributions for gluino pair produ
tionread: d�d
[q�q ! ~g~g℄ = �s "�2s6 �2 +m2~g � �+���+ 2�s�̂s3 m2~g + �2+m2� � 2�++ �̂2s  3227 �2+(m2� � 2�+)2 + 432 m2~g(m2� � 2�+)(m2� � 2��)!#Sd�d
[gg ! ~g~g℄ = �2s�s 932 "�2+�2� � 2m2~g(m2~g � 1)2�+�� + 2 �+�� �m2~g(m2~g � �+)�2+ � 2�+�� + (�+ � ��)m2~g2�+ #S: (2.3)We use the de�nitions �� = 1� � 
os �[F ℄S=A = F (
os �)� F (� 
os �) : (2.4)from this point on. The polar angle � denotes the gluino 
ight dire
tion with respe
t to the in
oming parti
le momentain the parton-parton 
.m. frame. The angular distribution is forward-ba
kward symmetri
 for the produ
tion ofMajorana pairs. For the sake of brevity, the 
ross se
tions Eq. (2.3) will be denoted in the following by Nq�q and Nggfor the q�q and gg 
hannels, respe
tively.



5Quite generally, non-trivial polarization e�e
ts are generated in super-QCD introdu
ed by the parity violatingquark-squark-gluino Yukawa 
ouplings, while spin-spin 
orrelations among the �nal-state gluinos are generated alsoby parity 
onserving gluon-gluino-gluino intera
tions. However, parity-violating e�e
ts in the �rst two generationsof super-QCD are strongly suppressed by the small di�eren
es between the squark masses. In fa
t, the super-QCDa
tion is invariant under the P -transformation supplemented by L/R-squark ex
hange in the limit of equal-mass L/Rsquarks. Sin
e the modulus of the potential gluino polarization ve
tor jM2L �M2Rj=[M2L+M2R℄ � 10�2 is expe
ted tobe small [14℄, we negle
t these e�e
ts in the present analysis.Spin-spin 
orrelations are 
onveniently des
ribed by the tensor C�� following the formalism developed in Ref. [15℄:d�(s1; s2)d
 = d�d
 14 [1 + C��s�1s�2 ℄ : (2.5)The two gluinos in the parton-parton 
.m. frame are assigned the spin ve
tors s1 and s2; they are related to thespin ve
tors �s1;2 in the gluino rest frames by respe
tive Lorentz transformations s1;2 = �1;2�s1;2, the 
orrespondingmatrix �C asso
iated with the general spin-density matrix, see e.g. [16℄. Choosing the ẑ-axis along one of the gluino
ight dire
tions, the x̂-axis transverse to this ve
tor within the produ
tion plane and pointing into the obtuse wedgebetween initial and �nal-state momenta, and the ŷ-axis normal to the produ
tion plane, the longitudinal, transverseand normal spin ve
tors 
an be written as sl1;2 = [�; 0; 0;�1℄=m~gst1;2 = [0;�1; 0; 0℄sn1;2 = [0; 0;�1; 0℄ : (2.6)The longitudinal � 
omponents des
ribe heli
ity + states of the two gluinos; the spin ve
tors of the heli
ity � statesare given by �sl1;2. The matrix C is e�e
tively 2 � 2 � 1 � 1 dimensional; it is symmetri
 for Majorana gluinos and
onsists of four non-trivial 
omponents: ll; lt = tl; tt;nn. Based on the 
orrelation tensor, before orthogonalizationwith respe
t to the gluino momenta,q�q 
hannel : C�� = �s ��2s6 ��2 sin2 �g�� � 2�+k1;�k2��+ �s�̂s3 2�2 sin2 �g�� � (m2~g + 2��)k2�k1� + (m2~g � 2�+)k1�k2�m2� � 2�+� �̂2s  3227 m2~gk2�k1�(m2� � 2�+)2 � 427 �2 sin2 �g�� + (m2~g � 2�+)k1�k2�(m2� � 2��)(m2� � 2�+) !#S =Nq�qgg 
hannel : C�� = �2s �s 932 �12 (��+��g�� + 2�+k1�k2�)+ 2m2~g�2+ �(m2~g � �+)g�� + k2�k1��+ 1�+�� �(m4~g + �2 sin2 �)g�� + (m2~g � 2�+)k1�k2��+ 12�+ �2(�+�� +m2~g� 
os �)g�� + (m2~g � 2�+)k1�k2� � (m2~g + 2��)k2�k1���S =Ngg (2.7)with [F ℄S�� denoting the symmetrized tensor[F ℄S�� = F��(
os �; k1; k2) + F��(� 
os �; k2; k1) ; (2.8)



6and k1; k2 being the initial parton 4-momenta, the spin matrix-elements 
an easily be derived:q�q 
hannel : Cll = ��s "�2s6 ��2 + (1 +m2~g) 
os2 ��+ 2�s�̂s3 �2 + 2� 
os � + (1 +m2~g) 
os2 �m2� � 2�++�̂2s  3227 (� + 
os �)2(m2� � 2�+)2 + 427 m2~g 
os2 �(m2� � 2��)(m2� � 2�+)!#S =Nq�qClt = �m~gs sin � ��2s3 
os � + 2�s�̂s3 � + 2 
os �m2� � 2�++�̂2s �3227 � + 
os �(m2� � 2�+)2 + 427 
os �(m2� � 2�+)(m2� � 2��)��A =Nq�qCtt = ��s sin2 � "�2s6 (m2~g + 1) + 2�s�̂s3 m2~g + 1m2� � 2�++ �̂2s  3227 m2~g(m2� � 2�+)2 + 427 1(m2� � 2��)(m2� � 2�+)!#S =Nq�qCnn = �3s sin2 � ��2s6 + 2�s�̂s3 1m2� � 2�+ + 4 �̂2s27 1(m2� � 2�+)(m2� � 2��)�S =Nq�q (2.9)gg 
hannel : Cll = 9�2s�32m2~gs "�+ (� � 
os �)2 � �+��2 (1 + �2) + 2m2~g�2+ �(� + 
os �)2 + (1 + �2)(m2~g � �+)�� 1�+�� �(2�� �m2~g)(� + 
os �)2 � (1 + �2)(m4~g + �2 sin2 �)�+ 12�+ �(m2~g � 2�+)(� � 
os �)2 � (m2~g + 2��)(� + 
os �)2+2 (1 + �2)(�m2~g 
os � + �+��)��S =NggClt = �9�2s�32s sin �m~g "�� (� + 
os �) + 2m2~g�2+ (� + 
os �)� 1�+�� (� + 
os �)(2�� �m2~g)� m2~g�+ (� + 2 
os �)#A =NggCtt = 9�2s�32s "�+ (sin2 � � ��2 ) + 2m2~g�2+ (m2~g + sin2 � � �+)� 1�+�� �(2�+ � 1) sin2 � �m4~g�+ 1�+ (�m2~g 
os � + �+�� � 2 sin2 �)�S =NggCnn = �9�2s�32s "�+��2 � 2m2~g(m2~g � �+)�2+ � m4~g + �2 sin2 ��+�� � �+�� +m2~g� 
os ��+ #S =Ngg : (2.10)The index l denotes positive gluino heli
ity. The four 
orrelation matrix elements are displayed for ps = 2 TeVand SPS1a0 masses M~g = 607 GeV and M~q = M~uL = 565 GeV [7℄ in Figs. 3(a) and (b) in the q�q and gg 
hannels,respe
tively. The antisymmetri
 terms drop out if q�q��qq 
hannels are summed up for the symmetri
 pp kinemati
s. Asexpe
ted, Cll, 
orresponding to Sz = 0 for two equal gluino heli
ities in q�q ! ~g~g, approa
hes �1 for forward/ba
kwardprodu
tion, lifted [in parti
ular by means of the t=u-ex
hange ~u; ~d propagators℄ to larger values in between for non-zero gluino masses. Ctt, on the other hand, is maximal for perpendi
ular produ
tion. The 
orrelation of the normalpolarizations is negative for non-zero produ
tion angles but, as in the transverse dire
tion, approa
hes zero for forward
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hannels.produ
tion. The Sz = 0 
omponent of the gluon-gluon spin wave-fun
tion in gg ! ~g~g gives rise to maximal forwardprodu
tion of Sz = 0 gluino pairs and, as expe
ted, Ctt and Cnn approa
h equal values for forward produ
tion.2.2. Gluino De
aysIf gluinos are heavier than squarks, they de
ay to quarks and squarks [17℄. The squarks de
ay subsequently to quarksplus neutralinos or 
harginos. Parti
ularly at the referen
e point SPS1a/a0 the lightest neutralino ~�01 is almost a purebino state, while ~�02 is almost a pure wino state, like the 
hargino ~��1 . The heavier neutralinos and 
harginos arehiggsino-like states, and they do not play a signi�
ant role for matter parti
les of the �rst two generations. R-squarkswill therefore de
ay predominantly into the lightest neutralino ~�01 as LSP, while L-sqarks de
ay preferentially to theheavier neutralino ~�02 or 
hargino ~��1 , followed by subsequent ~� 
as
ades. The de
ay bran
hing ratios [18℄ are 
olle
tedin the following set for the referen
e point SPS1a0:�[~g ! q~qL℄ = 7:73% �[~g ! q~qR℄ = 17:0% q 6= b; t�[~g ! b~b1℄ = 10:8% �[~g ! b~b2℄ = 4:67%�[~g ! t~t1℄ = 9:81% : (2.11)The de
ay ~g ! t~t2 is kinemati
ally forbidden.If the gluinos are polarized along the axis ~�s in the rest frame, �nal-state distributions are determined by thepolarization ve
tor P�, d� = d�unpol [1�P�s�℄ ; (2.12)in a general Lorentz frame �s� ! s�.For gluinos polarized with degree unity, the angular distribution of the quark jets with respe
t to the spin axisdepends on the parti
le/antiparti
le 
hara
ter of the squarks, for the �rst two generations:1� d�d 
os � [~g ! qR;L ~q�R;L℄ = 12 [1� 
os �℄1� d�d 
os � [~g ! �qL;R ~qR;L℄ = 12 [1� 
os �℄ : (2.13)The mass eigenstates of sparti
les of the third generation, stop parti
les in parti
ular, are mixtures of R,L 
urrenteigenstates [19℄ . Denoting the ~tR 
omponent of the [light℄ ~t1 wave-fun
tion by 
os �~t, the 
oeÆ
ients of the 
os �-terms



8in Eqs.(2.13) are altered from unity to �~t1;2 = � 
os 2�~t �t ��1~t1;2 ; (2.14)where �~t1;2 = 1� 2 sin 2�~t (1� �2t )1=2 ;and �t is the velo
ity of the top quark in the gluino rest frame. As expe
ted, non-zero top mass and mixing dilutethe polarization e�e
ts.As dis
ussed previously, the spin information is washed out in in
lusive analyses of the �nal states. Adding upquarks/antisquarks and antiquarks/squarks, the 
os �-dependent terms 
an
el ea
h other. These �nal states 
an bedis
riminated however by tagging either the 
harge of the quark/antiquark t; b in the third generation, or by taggingthe squark/antisquark by measuring the 
harges in 
hargino de
ays. This method 
an su

essfully be applied withinthe �rst [se
ond℄ generation only if up- and down-states 
an be distinguished sin
e the states ~uL and ~d�L generate�nal states with the same 
harge topology but opposite quark/antiquark heli
ities. If, however, their de
ay bran
hingratios are di�erent, the spin-dependent 
ontributions of the two 
hannels do not add up to zero anymore but 
omewith the spin analysis power � = jBR ~d�BR~uj=[BR ~d+BR ~d℄ 6= 0. Though the partial widths for de
ays to 
harginosare the same by isospin invarian
e, the total widths of ~u and ~d= ~d� may be di�erent, nevertheless, for ~�02 and ~�01 notbeing pure wino and bino states [20℄. 2.3. Bypass: The Dira
 AlternativeIf the gluinos were Dira
 parti
les [8℄ as formulated in N=2 hybrid models, they 
ould only be produ
ed in thefermion-antifermion mode of gluino-pair produ
tion:q�q; gg ! ~gD~g
D : (2.15)The de
ay 
hannels would be restri
ted, by 
onservation of the Dira
 
harge, to~gD ! �qL~qR and qL~q�L (2.16)~g
D ! �qR~qL and qR~q�R : (2.17)Assuming, as done 
ommonly, the ~qR; ~q�R squarks to de
ay into the lightest, invisible neutralino ~�01 = LSP, and taggingthe ~qL; ~q�L squarks, the spins of the individual gluinos ~g and ~g
 
an be re
onstru
ted with spin-analysis power 1 in theDira
 theory. Unlike the Majorana theory, quark and antiquark always 
ome with opposite heli
ities in pairs.2.4. Spin-Phenomenology of Gluino-Pair Produ
tionThe spin-
orrelation e�e
ts in gluino-pair produ
tion will be illustrated by the analysis of jet-jet invariant masses asa simple indi
ator. Sin
e spin 
orrelations will play only a rôle in pre
ision measurements at LHC, our illustrationis designed to be of qualitative theoreti
al nature, without 
uts on observables and QCD radiative 
orre
tions, et
.Thus, only a 
oarse pi
ture of spin e�e
ts will be presented for illustration as [semi℄realisti
 experimental simulationsare far beyond the s
ope of this theoreti
al study.Quite generally, spin 
orrelation e�e
ts are des
ribed in the pro
ess pp ! ~g~g ! final state by the produ
tion
orrelation matrix C and the two de
ay polarization ve
tors P1 and P2 [15℄:d� = d�unpol [1 + C��P1�P2� ℄ : (2.18)The spin 
orrelation a�e
ts in prin
iple all �nal-state observables.The de
ay 
hains of the two gluinos, 
f. Fig. 4,~g1~g2 ! [�q1~q1℄ [�q2~q2℄! �q1q1�q2q2 ~�~� (2.19)
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q̄2

q1

q2FIG. 4: Squark de
ay 
hain in gluino-pair produ
tion; 
hains involving anti-squarks are to be added.give rise to six invariant masses M2ij = (pi + pj)2 whi
h 
an be formed within the four-jet ensemble of the �nal state.The invariant mass distribution of the two near-jets, labeled generi
ally by �q1 and �q2, is most sensitive to the gluinopolarization. While it will not be known in pra
ti
e whi
h of the observed �nal-state jets are asso
iated with thenear-jets in the gluino de
ays, in the vast majority of events for SPS1a/a0-type mass 
on�gurations these two jets 
anbe identi�ed with the jets of minimal transverse momentum. Ordering therefore the jets j1 to j4 a

ording to risingtransverse momenta, the j1j2 
ombination is expe
ted to retain most of the sensitivity to spin 
orrelations. Note thatfor gluino Majorana theories the �q1�q2 
ombination 
omes in all possible 
on�gurations: �qR~qL with �qR~qL and qL~q�L, i.e.equal-heli
ity as well as opposite-heli
ity (anti)quark states generating the low-p? jets. In 
ontrast, Dira
 theorieswould only allow opposite-heli
ity (anti)quark states generating these jets.To illustrate the e�e
t of spin 
orrelations we 
ompare the jet-jet invariant mass distributions for ~uL~uL and ~uL~u�Lintermediate states, asso
iated with �qR�qR and �qRqL near-quark jets. The L squarks ~uL; ~u�L 
an be tagged by observingleptoni
 de
ays of ~��1 and ~�02, whi
h dis
riminate L squarks from R squarks de
aying to the invisible ~�01, 
f. Ref. [8℄.By tagging the L squarks, kinemati
al e�e
ts due to di�erent L/R squark masses, with size similar to the spin e�e
ts,are eliminated. The spin-
orrelations will manifest themselves in di�erent values of the jet-jet invariant masses, whi
hdepend on the relative orientation of the gluino spins. The average values hM2i = (hM2~uL~uLi + hM2~uL~u�Li)=2 andthe di�eren
es �M2 = jhM2~uL~uLi � hM2~uL~u�Lij [the indi
es 
hara
terizing the intermediate squarks℄ are presented inTable I for all six jet-jet invariant masses. The numeri
al results have been obtained for the SPS1a0 s
enario withmasses M~g = 607 GeV, M~uL = 565 GeV, and M~� = M~�01 = 98 GeV. The CTEQ6L1 LO parton densities [21℄ havebeen adopted with the 
orresponding leading-order �s, and all s
ales have been set to � =M~g. All numeri
al resultspresented in this se
tion and below have been 
ompared with results obtained using MadGraph/MadEvent [22℄; theresults do agree with ea
h other.In the upper se
tion of Table I invariant masses for identi�ed jets are shown, and in the lower se
tion for jetsordered a

ording to transverse momenta. For the SPS1a/a0-type mass 
on�gurations 
onsidered here, the invariantmass distributions involving near jets from the ~g ! q~q de
ays are signi�
antly softer than those involving far jets from~q ! q ~� de
ays. The gluino polarization a�e
ts the invariant mass distribution involving the near jets, with a relativedi�eren
e between ~uL~uL and ~uL~u�L intermediate states of about 10%. For all other invariant mass 
ombinationsthe polarization e�e
ts are negligible. As evident from the lower se
tion of the table, the average invariant massand the invariant mass di�eren
e for the two jets with the smallest transverse momentum j1j2 are very 
lose to the
orresponding �q1�q2 jet values, in 
on
ordan
e with general expe
tations derived from the kinemati
s asso
iated with~q; ~g mass parameters 
hosen in this example.The di�erential distribution of the p?-ordered jet-jet invariant mass M2j1j2 is depi
ted in Fig. 5(a) for 
onstru
tivespin-
orrelation and 
ontrasted with destru
tive 
orrelation. Correlations among jets generated almost ex
lusively ins
alar squark de
ays are tiny as evident from the M2j3j4 distributions shown in Fig. 5(b). Without working out thedetails it should be noted that 
uts on the minimal missing energy 
ould be used to eliminate standard QCD strayjets. Lower p? 
uts of order 50 GeV suppress additional QCD brems-strahl jets emitted in the supersymmetri
 partonpro
ess itself; estimates indi
ate that the signal of the spin-
orrelations is redu
ed by some 50% when the 
uts areapplied.



10Gluino pairs:~g~g ! [�q~q℄ [�q~q℄! �q1q1�q2q2 ~�~�original quarks �q1q1 �q1�q2 �q1q2 q1�q2 q1q2 �q2q2hM2i [103 GeV2℄ 23.9 9.17 62.4 62.2 423 23.9�M2=hM2i [%℄ <0.1 10.8 0.8 0.8 <0.1 <0.1p? ordered jets j1j2 j1j3 j1j4 j2j3 j2j4 j3j4hM2i [103 GeV2℄ 9.56 30.1 43.7 39.6 64.7 417�M2=hM2i [%℄ 10.2 2.4 1.7 2.0 3.0 <0.1TABLE I: Invariant jet-jet masses for gluino-pair produ
tion and de
ay. The average values hM2i and the di�eren
es �M2 ofthe invariant mass distributions for ~uL~uL and ~uL~u�L intermediate states are shown for identi�ed jets (upper se
tion) and forjets ordered a

ording to transverse momenta (lower se
tion).
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ũLũL : < M2

jet >= 10.1 · 103 GeV2
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ũLũL
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(a) (b)FIG. 5: Mass distribution of (a) the two jets with the lowest p?, for whi
h maximal spin 
orrelations are predi
ted, and (b) thetwo jets with the highest p? where spin e�e
ts, within quark pairs generated almost ex
lusively by s
alar de
ays, are expe
tedto be very small. 3. SUPER-COMPTON PROCESS3.1. Parton LevelSingle polarization in gluino pair-produ
tion has been proved in the foregoing se
tion to be strongly suppressed atthe squark-mass level � jM2L �M2Rj=[M2L +M2R℄ for the two light generations sin
e the produ
tion pro
ess be
omese�e
tively parity-even in the limit ML ! MR. However, if the squarks are produ
ed as �nal parti
les, the L/R
hara
ter 
an be identi�ed and the parity-violation in the Yukawa vertex be
omes e�e
tive. For example, R-squarksmay de
ay into the invisible LSP while L-squarks 
an be marked by 
hargino de
ays. This 
onstellation is realized inthe super-Compton pro
ess Eq.(1.3).Symmetrizing qg � gq as relevant for parton 
ollisions at the symmetri
 pp 
ollider LHC, the spin-summed total
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ross se
tion [4, 5, 23℄ may be written�[qg ! ~qR;L~g℄ = ��s�̂ss " 1 + m2�2 � m2~qm2�8 !L+ + 2m2�9 � m2~qm2�8 � m4�18 !L��p�79 + 32m2�9 �� (3.1)with L� = log 1 + p�m2�=41� p�m2�=4 ; (3.2)while the angular dependen
e reads:d�d
[qg ! ~qR;L~g℄ = �s�̂s ps " 136 �~g� � 136�2~q+ (m2~q � �~q+)(m2� + 2�~q+)� 116�2~g� �m2~g(m2� � 2�~g�)� 2�~g�(�~g� + �~q+)�+ 1576�~q+ �m4� � 2(m2~g +m2~q) + 2�q+(m2� + 2)�+ 164�~g� �m4~g � 2m2~g(m2~q + �~g�) + (m2~q � 4)(m2~q + 2�~g�)�+ 132�~q+�~g� �m4~q �m4~g + �~g�(m2~q +m2~g)� 2�~q+(m2~q + �~g�)��S ; (3.3)where the abbreviations �~q� = �~q(1� �~q 
os �) (3.4)and m~q = 2M~q=ps �~q = 2E~q=ps = 1 + (m2~q �m2~g)=4�~q = p=�~q p =q[1� (m~q +m~g)2=4℄ [1� (m~q �m~g)2=4℄ (3.5)have been used; ~q , ~g 
orrespondingly. These spin-averaged 
ross se
tions, dis
ussed in detail in Ref. [5℄, areform-identi
al for ~qL and ~qR produ
tion.The polarization ve
tor of the gluino, d�(s)d
 = d�d
 12 [1� C�s�℄ ; (3.6)using the spin-ve
tor notation within the frame introdu
ed before, 
an easily be determined:C� = �s�̂s pm~gs "� 136k1� + 18�2~g� �(�~g+ � 2)k1� + (m2~g � �~g�)k2��+ 172�2~q+ �m2~g +m2~q � 2(p2 � �2~q + 2(1 + p 
os �))� k2�� 132�~g� �(�~g+ � 4)k1� + (�~g+ � 2�~q)k2��� 1576�~q+ [2(2 + p 
os � � �~q)k1� + 2(4� 3�~q + p 
os �)k2�℄+ 132�~g��~q+ �2(2 + p 
os � � �~q)k1� + 2(m2~g � p2 + �2~q)k2���S =Nqg : (3.7)
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cosHQLFIG. 6: Longitudinal and transverse 
omponents of the gluino polarization ve
tor for R-squarks in the �nal state of thesuper-Compton pro
ess.Nqg denotes the symmetrized angular distribution Eq.(3.3). Evaluation of the ve
tor in the gluino rest frame yieldsthe �nal results for the longitudinal, transverse and normal 
omponents:P l = �s�̂s ps " 136(�~g 
os � � p) + 18�2~g� �(2�~g � �~qm2~g) 
os � + p (m2~g � 2)�� 172�2~q+ �(p+ �~g 
os �)(3 (2�~g �m2~g)� (2�~q +m2~q) + 4p 
os �)�� 116�~g� �(p2 + �2~g) 
os � � 2p�~q�� 1288�~q+ �2(p2 + �~g(1� �~q)) 
os � + 2p (3� 2�~q)�� 116�~q+�~g� [�~g p 
os2 � � p4(5m2~g + 3m2~q + 4) + 14 (m4~q �m4~g � 4m2~q) 
os �℄�S =NqgPt = �s�̂s pm~g sin �s " 18�2~g� �2(�~g � 1)�m2~g�� 172�2~q+ �3(m2~g � 2�~g) + (m2~q + 2�~q)� 4p 
os ��+ �~g16�~g� + �~g � �~q288�~q+ � 116�~q+�~g� �2(m2~g � 2�~g) + �~q + 2� p 
os ���A =NqgPn = 0 (3.8)at the Born level for R-squarks in the �nal state, while the overall signs 
ip for L-squarks. The non-trivial longitudinaland transverse 
omponents of the polarization ve
tor are displayed in Fig. 6 for the parton invariant energy ps = 2TeV and the SPS1a0 masses M~g = 607 GeV and M~q = M~uR = 547 GeV. While the transverse polarization is verysmall for all produ
tion angles, the maximal parity violation of the Yukawa vertex renders the degree of longitudinalpolarization large in the forward dire
tion.Normal gluino polarization is zero in Born approximation, but it 
an be generated by vertex loop-
orre
tions whi
hrender the transition matrix formally T -odd. For example, the triangular ~q~gg super-QCD vertex 
orre
tion to theamplitude gq ! ~g~q is 
omplex, but the size of the normal polarization remains suppressed as a higher-order e�e
t[15℄ at a level of �s ~M=ps, with ~M denoting the typi
al supersymmetry mass s
ale.The Dira
 theory would generate, in the restri
ted set of pro
esses qg ! ~qR~g
D and ~qL~gD, the same degree ofpolarization.The single polarization ve
tor 
an be determined experimentally by using the two methods dis
ussed in the previousse
tion:(a) Tagging of the ~uL; ~d�L or ~dL; ~u�L squarks by sear
hing for `+ or `� �nal states allows to re
onstru
t the spin withanalysis power � = jBR ~d �BR~uj=[BR ~d +BR ~d℄ in the �rst two generations.
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FIG. 7: De
ay 
hains in the super-Compton pro
ess. While q is e�e
tively restri
ted to valen
e u; d quarks, the squark ~q2 maybe substituted by the 
orresponding anti-squark, the atta
hed [anti℄quarks 
orrespondingly.(b) Analysis of stop and sbottom �nal states allows the re
onstru
tion of the spin ve
tor, without dilution bydestru
tive interferen
e e�e
ts of di�erent 
avors but with some dilution due to the superposition of near and far-topquarks. 3.2. Spin-Phenomenology of the Super-Compton Pro
essThe spin e�e
ts in the super-Compton pro
ess are des
ribed by the polarization ve
tors C� and P� in the gluinoprodu
tion and de
ay pro
esses [15℄: d� = d�unpol[1� C�P�℄ : (3.9)Depending on the sign of the produ
t of the produ
tion and de
ay polarization ve
tors either 
onstru
tive or destru
tivespin e�e
ts are generated, a�e
ting, in prin
iple, all experimental observables.In parallel to the foregoing gluino-pair dis
ussion we illustrate the spin phenomenology in the super-Comptonpro
ess again by analyzing jet-jet invariant masses. The referen
e jet will be the primary squark de
ay jet q3 re
oilingagainst the gluino de
ay antiquark jet �q2 and the se
ondary quark de
ay jet q1 emitted in the squark de
ay of thegluino 
hain, 
f. Fig. 7: ~q~g ! [~q3℄ [�q2~q2℄! q3�q2q1 ~�~� : (3.10)The in
oming quarks will be taken as u; d valen
e quarks. Three invariant masses q1�q2; q1q3; �q2q3 
an be formed fromthe three �nal-state quark momenta. Sin
e the polarization ve
tor P 
an be varied by pi
king L squarks or antisquarksin the ~g de
ay state, di�erent values are predi
ted for the jet-jet invariant masses.Gluino Majorana theories generate equal- and opposite-heli
ity (anti)quark �nal states �q2q3 while Dira
 theoriesrestri
t these �nal states to equal-heli
ity pairs.The average values of the three jet-jet invariant masses for ~uL~uL and ~uL~u�L �nal states 
oming with uL and uL=�uRquark jets are presented in Tab.II, for identi�ed jets in the upper row, and jet pairs ordered a

ording to risinginvariant masses Minv in the se
ond row.As evident from the table, the 
ombination �q2q3, involving the primary antiquark de
ay jet of the polarized gluino,provides the highest sensitivity to spin e�e
ts. This 
ombination is mapped, on the average, to the se
ond largest in-variant mass in theMinv ordered three-jet ensemble. A 
lear distin
tion emerges between 
onstru
tive and destru
tivespin e�e
ts in this observable. If large invariant masses for the three-jet �nal states are sele
ted, say Mjjj > 2.5 TeV,the longitudinal gluino polarization is greatly enlarged, boosting forward or ba
kward the re
oiling de
ay squark, andraising or lowering the jet-jet invariant masses a

ordingly. The spin-dependent distributions of the se
ond largestinvariant mass are depi
ted in Fig. 8(a). [The 
ontamination due to same-side �q2q1 partons, whi
h generate the wedgewith the standard sharp edge at � [M2~g �M2~q ℄ but do not give rise to spin asymmetries, is subtra
ted for illustrationin the two lower 
urves.℄ Correlations among squark de
ay jets [q1q3℄ are small, Fig. 8(b), as expe
ted.



14Super-Compton:~q~g ! [~q℄ [�q~q℄! q3�q2q1 ~�~�original quarks q1�q2 q1q3 �q2q3hM2i [104 GeV2℄ 2.39 48.3 7.13�M2=hM2i [%℄ <0.1 0.8 7.9Minv ordered jets small medium largehM2i [104 GeV2℄ 1.80 7.33 48.7�M2=hM2i [%℄ 5.0 5.9 0.7Mjjj > 2:5 TeV : small medium largehM2i [104 GeV2℄ 2.46 76.3 775�M2=hM2i [%℄ 10.3 21.2 2.0TABLE II: Invariant jet-jet masses in the super-Compton pro
ess. The average values hM2i and the di�eren
es �M2 ofthe invariant mass distributions for ~uL~uL and ~uL~u�L intermediate states are shown for identi�ed jets (upper se
tion) and forjets ordered a

ording to invariant mass (middle se
tion). The lower se
tion shows the enhan
ed polarization e�e
ts if largeinvariant masses Mjjj > 2:5 TeV are sele
ted.
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(a) (b)FIG. 8: Mass distribution of (a) the se
ond largest invariant mass; the same-side q1�q2 parton 
ombination is subtra
ted in thelower 
urves; (b) the distribution for jets of maximal invariant mass, 
orresponding largely to partons q1q3.4. SUMMARYSpin 
orrelations in gluino-pair produ
tion and polarization e�e
ts in single gluino produ
tion of the super-Comptonpro
ess a�e
t the distributions of the experimentally observed �nal states. In this report we have analyzed thetheoreti
al basis of these e�e
ts, 
al
ulating the two-gluino spin-
orrelation matrix in the �rst 
ase and the gluinopolarization ve
tor in the se
ond. A few examples for jet invariant masses illustrate the size of these e�e
ts at thetheoreti
al level. They be
ome relevant only if L and R squarks, 
oming in asso
iation with R/L polarized antiquarks,et
., are dis
riminated by measuring, for instan
e, 
harges in the third generation. The spin e�e
ts are modest,typi
ally of about 10% in the spin-sensitive observables. Nevertheless, when the LHC potential is fully exploited forpre
ision measurements and analyses are performed to determine supersymmetry parameters like mixings, 
ouplings,et
., su
h e�e
ts must be 
ontrolled properly in the analyses of the measured �nal states. The report is intended toprovide a �rst step in this dire
tion.
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