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Abstra
tWe study the e�e
t of soft gluon emission in the hadroprodu
tion of squark-antisquark andgluino-gluino pairs at the next-to-leading logarithmi
 (NLL) a

ura
y within the framework ofthe minimal supersymmetri
 model. The one-loop soft anomalous dimensionmatri
es 
ontrollingthe 
olour evolution of the underlying hard-s
attering pro
esses are 
al
ulated. We present theresummed total 
ross se
tions and show numeri
al results for proton-proton 
ollisions at 14 TeV.The size of the NLL 
ontribution to the 
ross se
tion and the redu
tion of the s
ale dependen
eof the theoreti
al predi
tions due to in
luding soft gluon e�e
ts are dis
ussed.
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1 Introdu
tionThe sear
h for new physi
s phenomena at the TeV s
ale begins at the Large Hadron Collider(LHC) this year. Among the proposed models of new physi
s, extentions of the StandardModel (SM) involving supersymmetry (SUSY) are one of the best motivated. Over the yearsmu
h attention has been fo
used on the Minimal Supersymmetri
 Standard Model (MSSM) [1℄,
hara
terized by the minimal 
ontent of supersymmetri
 parti
les and R-parity 
onservation. Inthe MSSM the SUSY partners of the SM parti
les are always produ
ed in pairs.The dominant produ
tion pro
esses of sparti
les at the LHC are those involving pairs of
oloured parti
les, i.e. squarks and gluinos, in the �nal state [2℄. The dis
overy of squarksand gluinos should be possible for masses of up to 2 TeV [3℄. Depending on the out
ome ofthe experimental sear
hes, predi
tions for the total rates for these produ
tion pro
esses willeither help to determine the masses of the sparti
les [4℄ or to draw ex
lusion limits for the massparameters. It is therefore important to know the LHC 
ross se
tions for produ
tion of squarksand gluinos with high theoreti
al a

ura
y. In parti
ular, 
ontrol over e�e
ts of higher-orderradiative 
orre
tions leads to a stabilization of the theoreti
al predi
tions w.r.t. variation of therenormalisation and fa
torisation s
ales and, 
onsequently, to a smaller theoreti
al error.The leading-order (LO) total 
ross se
tions and the 
orresponding next-to-leading order(NLO) SUSY-QCD 
orre
tions are known for all hadroprodu
tion pro
esses of pairs of squarksand gluinos [5, 6, 7℄. They have been found to be positive and large, espe
ially for the gluino-pairprodu
tion. As pointed out in [7℄, an important part of the 
ontributions to the hadroni
 
rossse
tions 
omes from the energy region near the partoni
 produ
tion threshold. The thresholdregion is rea
hed when the square of the partoni
 
enter-of-mass (
.o.m.) energy, ŝ, approa
hes4m2, where m is the average parti
le mass in the produ
ed pair. The velo
ity of the produ
edheavy parti
les in the partoni
 
.o.m. system � � p1� 4m2=ŝ is then small, � � 1. In thisregion, two types of 
orre
tions dominate: Coulomb 
orre
tions, due to ex
hange of gluonsbetween slowly moving massive parti
les, and soft gluon 
orre
tions, due to emission of lowenergy gluons o� the 
oloured initial and �nal states. The large size of the soft gluon emission
ontributions 
an be tra
ed down, for the perturbative n-th order 
orre
tion, to the logarithmi
terms of the form �ns logk(�2) where k = 2n; : : : ; 0. The e�e
ts of the soft gluon emission 
anbe taken into a

ount to all orders in perturbation theory by performing resummation of thethreshold logarithms. Resummed predi
tions are parti
ularly important for pro
esses with largemasses in the �nal states, sin
e then the bulk of the produ
tion 
omes from the threshold region.This is exa
tly the 
ase for the produ
tion of the sparti
les whi
h are expe
ted to be heavierthan the SM parti
les. Additionally, if the partoni
 subpro
esses involve gluons in the initialstate, the soft gluon e�e
ts, and thus the impa
t of resummation, are expe
ted to be signi�
antdue to the high 
olour 
harge of the gluons. 1



In this letter, we report on the 
al
ulation of threshold-resummed 
ross se
tions for hadropro-du
tion of gluino-gluino (~g~g) and squark-antisquark (~q�~q) pairs. Among the pair-produ
tion pro-
esses of 
oloured sparti
les at the LHC, the ~g~g produ
tion re
eives the largest NLO SUSY-QCD
orre
tion [7℄, and the NLO K-fa
tor, KNLO, 
an rea
h 2 for gluino mass m~g = 1 TeV. The
orre
tions to the ~q�~q total 
ross se
tion 
an be also sizeable KNLO ' 1:3 for the squark mass,m~q = 1 TeV, and are the se
ond largest in a 
ertain range of mass parameters. The hadroni
produ
tion of ~g~g and ~q�~q pairs are s
attering pro
esses with a non-trivial 
olour 
ow stru
ture.At the level of next-to-leading logarithms (NLL), resummation requires in
luding 
ontributionsfrom soft gluons emitted at wide angles. Su
h emission is sensitive to the 
olour 
ow of theunderlying hard s
attering and the evolution of the 
olour ex
hange is governed by the one-loopsoft anomalous dimension matrix [8, 9, 10, 11, 12℄. These matri
es have been 
al
ulated forheavy-quark and dijet produ
tion [9, 13, 8, 11℄ and the general results for any 2! n QCD pro-
ess with massless parti
les in the �nal state have been derived at one- [12℄, and two-loops [14℄.Re
ently, the two-loop anomalous dimension for the pair produ
tion of heavy quarks has beenalso determined in the threshold limit [15℄. Here we present the expli
it form of the soft anoma-lous dimension matri
es for partoni
 subpro
esses 
ontributing to ~g~g hadroprodu
tion and applythe resummation formalism at the NLL level to evaluate the 
orre
tion due to soft gluon emissionfor the produ
tion of ~g~g and ~q�~q pairs at the LHC.2 Soft gluon resummationIn this letter we 
onsider the hadroni
 produ
tion of gluino-pair and squark-antisquark �nalstates, h1h2 ! ~g~g and h1h2 ! ~q�~q, where we sum over the left- and right- 
hiralities of squarksand over the spins of gluinos. At LO, these two pro
esses re
eive 
ontributions from the followingpartoni
 
hannels: q�q ! ~g~g; �qq ! ~g~g; gg ! ~g~gand q�q ! ~q�~q; �qq ! ~q�~q; gg ! ~q�~q;respe
tively. The resummation of the soft gluon 
orre
tions is 
arried out in Mellin-N spa
e inthe variable � = 4m2=S with S being the square of the hadroni
 
.o.m energy and m the mass ofthe �nal-state parti
le. In the Mellin spa
e, the moments of the partoni
 
ross se
tion ij ! klare given by �̂ij!kl;N(m2; �2F ; �2R) � Z 10 d�̂ �̂N�1 �̂ij!kl(�̂;m2; �2F ; �2R) ; (1)with �̂ = 4m2=ŝ.The evolution of 
olour ex
hange in non-
ollinear soft gluon emission, whi
h has to be takeninto a

ount at the NLL a

ura
y, is governed by the soft anomalous dimension matrix �ij!kl [8,2



9, 10, 11, 12℄. In an orthogonal basis in the 
olour spa
e for whi
h the matrix �ij!kl is diagonal,the NLL resummed 
ross se
tion in the N -spa
e has the form [9, 13℄�̂(res)ij!kl;N = XI �̂(0)ij!kl;I;N eCij!kl;I �iN+1 �jN+1 �(int)ij!kl;I;N+1 ; (2)where we suppress expli
it dependen
e on the s
ales. The index I in Eq. (2) distinguishes be-tween 
ontributions from di�erent 
olour 
hannels. The 
olour-
hannel-dependent 
ontributionsto the LO partoni
 
ross se
tions in Mellin-moment spa
e are denoted by �̂(0)ij!kl;I;N and will bepresented elsewhere [16℄. The radiative fa
tors �iN des
ribe the e�e
t of the soft gluon radiation
ollinear to the initial state partons and are universal. Large-angle soft gluon emission is a
-
ounted for by the fa
tors �(int)ij!kl;I;N whi
h depend on the partoni
 pro
ess under 
onsiderationand the 
olour 
on�guration of the parti
ipating parti
les. The fun
tions eCij!kl;I are in generalobtained by 
omparison of the resummed formulas with the �xed-order expressions. They 
onsistof Coulomb 
orre
tions and N -independent terms (often referred to in the literature under the
ommon symbol Cij!kl), 
ontaining hard 
ontributions from virtual 
orre
tions. For the most
omplete treatment of the threshold e�e
ts, the Coulomb 
orre
tions should be resummed, seee.g. [17, 13℄. The 
on
urrent treatment of the Coulomb and soft gluon 
orre
tions is, however,beyond the s
ope of the work reported on here.The expressions for the radiative fa
tors in the MS fa
torisation s
heme read (see e.g. [13℄)ln�iN = Z 10 dz zN�1 � 11� z Z 4m2(1�z)2�2F dq2q2 Ai(�s(q2)) ;ln�(int)ij!kl;I;N = Z 10 dz zN�1 � 11� z Dij!kl;I(�s(4m2(1� z)2)) : (3)The 
oeÆ
ients F = Ai; Dij!kl;I are power series in the 
oupling 
onstant �s , F = (�s� )F (1)+(�s� )2F (2) + : : :. The universal LL and NLL 
oeÆ
ients A(1)i , A(2)i are well known [18, 19℄ andgiven by A(1)i = Ci ;A(2)i = 12 Ci  6718 � �26 !CA � 59nf! (4)with Cg = CA = 3, and Cq = CF = 4=3. The 
ustomary NLL expansions of the radiative fa
tors
an be found in [13℄. Sin
e after the expansion of the exponentials the terms 
onstant in N
ontained in Cij!kl generate 
ontributions of the next-to-next-to-leading logarithmi
 (NNLL)order, and we do not in
lude Coulomb 
orre
tions here, we keep eCij!kl;I = 1 for the purpose ofthe 
al
ulations.The NLL 
oeÆ
ients D(1)ij!~q�~q; I are the same as in the heavy-quark produ
tion and were
al
ulated in [9, 13℄ D(1)q�q!~q�~q;1 = D(1)gg!~q�~q;1 = 0 ;D(1)q�q!~q�~q;2 = D(1)gg!~q�~q;2 = �CA; (5)3



with the index I=1; 2 
orresponding to the singlet and o
tet f1;8g ex
hange in the s-
hannel.For the ~g~g produ
tion we �rst study the soft anomalous dimension matri
es �ij!~g~g and then de-rive the 
oeÆ
ients D(1)ij!~g~g;I . Apart from obvious 
olour-dependent modi�
ations, the matri
es�ij!~g~g are de�ned in the same way as the soft anomalous dimension matri
es for the heavy-quark produ
tion pro
ess in [9℄. For the purpose of this 
al
ulation we 
onsider the partoni
pro
esses q(p1; �1) �q(p2; �2)! ~g(p3; a3) ~g(p4; a4)and g(p1; a1) g(p2; a2)! ~g(p3; a3) ~g(p4; a4) ;where pi are the parti
le four-momenta and �i and ai are the 
olour indi
es in the fundamentaland adjoint representation of SU(3), respe
tively.Three independent tensors are forming the basis in the spa
e of 
olour ex
hanges for theq�q ! ~g~g pro
ess. We 
hoose an orthogonal s-
hannel basis f
qIg; I = 1; 2; 3:
q1 = Æ�1�2 Æa3a4 ; 
q2 = T b�2�1dba3a4 ; 
q3 = iT b�2�1f ba3a4 ; (6)where T b matri
es are the SU(3) generators, and the tensors 
orrespond to 1, 8S and 8Arepresentations, respe
tively. For the gg 
hannel there are eight independent 
olour tensors.Following [11℄ we 
hoose an orthogonal basis f
gIg (I = 1; 2; : : : ; 8) 
onsisting of �ve tensors 
g1,
g2, 
g3, 
g4, 
g5 
orresponding to the 1, 8S, 8A, 10� 10, 27 representations in the s-
hannel, andthree additional tensors 
g6, 
g7, 
g8. The base tensors are
g1 = 18Æa1a2Æa3a4 ;
g2 = 35da1a2bdba3a4 ;
g3 = 13fa1a2bf ba3a4 ;
g4 = 12 (Æa1a3Æa2a4 � Æa1a4Æa2a3)� 13fa1a2bf ba3a4 ;
g5 = 12 (Æa1a3Æa2a4 + Æa1a4Æa2a3)� 18Æa1a2Æa3a4 � 35da1a2bdba3a4 ;
g6 = i4 �fa1a2bdba3a4 + da1a2bf ba3a4� ;
g7 = i4 �fa1a2bdba3a4 � da1a2bf ba3a4� ;
g8 = i4 �da1a3bf ba2a4 + fa1a3bdba2a4� : (7)We introdu
e the notation �T � ln m2 � t̂pm2ŝ ! � 1� i�2 ;�U � ln m2 � ûpm2ŝ ! � 1� i�2 ;�S � �L� + 12 ; (8)4



where the Mandelstam variables are given byŝ = (p1 + p2)2; t̂ = (p1 � p3)2; û = (p1 � p4)2;and L� = 1� (1� 2m2=ŝ)�ln 1��1+� + i��. We also de�ne �� �T + �U , 
� �T � �U .Using the results for the one-loop eikonal integrals from [9℄ we 
al
ulate the matri
es �ij!~g~g [16℄.For the q�q 
hannel we obtain�q�q!~g~g = �s� 26666640BBBBB� 6 �S 0 �
0 3 �S + 32� �32
� 2
 �56
 3 �S + 32�
1CCCCCA � 43 i� Î 3777775 : (9)The matrix for the gg 
hannel has the blo
k form�gg!~g~g = �s� 240� �5 0̂0̂ �3 1A � 3i� Î 35 ; (10)where the �ve-dimensional matrix reads

�5 = 0BBBBBBBBBBBB�
6 �S 0 6
 0 00 3 �S + 32� 32
 3
 034
 32
 3 �S + 32� 0 94
0 65
 0 3� 95
0 0 23
 43
 4�� 2 �S

1CCCCCCCCCCCCA (11)
and the three-dimensional matrix �3 is diagonal,�3 = diag ( 3( �S + �U) ; 3( �S + �T ) ; 3( �T + �U) ): (12)As in [9℄, the matri
es � 
ontain terms from the one-loop eikonal integrals for 2! 2 s
atteringwith massive parti
les in the �nal state and are shifted by half of the soft anomalous dimensionfor the Drell-Yan 
ross se
tion 1. The matri
es (9), (10) 
omplement the results of [11℄ for the
ase of pair-produ
tion of massive 
olour-o
tet parti
les with equal masses.At the threshold, ŝ! 4m2, the soft anomalous dimension matri
es approa
h the diagonalform, �q�q!~g~g ! �s� diag (
g1 ; 
g2 ; : : : ; 
g8 ) ;�q�q!~q~q ! �s� diag (
q1 ; 
q2 ; 
q3): (13)1 Gauge dependen
e in the one-loop integrals 
an
els against gauge dependen
e of the in
oming-jet fa
tors(whi
h 
orresponds to gauge dependen
e of the soft fun
tion in the resummed Drell-Yan 
ross se
tion [11, 23℄),leaving the results presented here gauge-invariant. 5



The o�-diagonal terms, proportional to 
, vanish like � for � ! 0 and may be negle
ted. UsingD(1)gg!~g~g; I = 2Re (
gI ) and D(1)q�q!~g~g; I = 2Re (
qI ) [10, 11℄ we obtainfD(1)gg!~g~g; Ig = f0;�3;�3;�6;�8;�3;�3;�6gfD(1)q�q!~g~g; Ig = f0;�3;�3g: (14)Note that the values of the D(1)-
oeÆ
ients are the negative values of the quadrati
 Casimiroperators for the SU(3) representations for the outgoing state. This agrees with the physi
alpi
ture of the soft gluon radiation from the total 
olour 
harge of the heavy-parti
le pair produ
edat threshold [13℄.3 Numeri
al resultsIn the phenomenologi
al analysis we 
onsider a wide range of gluino and squark masses. Left- andright-handed squarks of all 
avours are assumed to be mass degenerate. For the ~g~g produ
tionwe vary 2 the gluino mass, m~g, between 200 GeV and 2 TeV. Similarly, for the ~q�~q produ
tion wetake 200 GeV< m~q < 2 TeV. We present the results for a �xed ratio of gluino and squark masses,r = m~gm~q , and 
hoose the following values r = 0:5; 0:8 1:2 1:6; 2:0. The ~q�~q 
ross se
tion a

ountsfor produ
tion of all ~q�~q 
avour 
ombinations apart from the ones with s
alar top parti
les.The main phenomenologi
al results of this letter are the resummation-improved predi
tionsfor the pp! ~q�~q and pp! ~g~g total 
ross se
tions at pS = 14TeV. The resummation-improved
ross se
tions are obtained through mat
hing the NLL resummed expressions with the full NLO
ross se
tions�(mat
h)h1h2!kl(�;m2; f�2g) = Xi;j=q;�q;g Z CMP+i1CMP�i1 dN2�i ��N f (N+1)i=h1 (�2F ) f (N+1)j=h2 (�2F )� � �̂(res)ij!kl;N(m2; f�2g) � �̂(res)ij!kl;N(m2; f�2g) ���(NLO) �+ �(NLO)h1h2!kl(�;m2; f�2g) ; (15)where f�2g = f�2F ; �2Rg, �̂(res)ij!kl;N is given in Eq. (2) and �̂(res)ij!kl;N j(NLO) represents its perturbativeexpansion trun
ated at NLO. The moments of the parton distribution fun
tions fi=h(x; �2F ) arede�ned in the standard way f (N)i=h (�2F ) � Z 10 dxxN�1 fi=h(x; �2F ):The inverse Mellin transform (15) is evaluated numeri
ally using a 
ontour in the 
omplex-Nspa
e a

ording to the \Minimal Pres
ription" method developed in Ref. [20℄.2For the highest masses 
onsidered here, the experimental exploration will require the integrated luminosityof O(100 fb�1). 6
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Figure 1: The relative NLL 
orre
tion KNLL � 1 for the ~g~g (a) and the ~q�~q (b) total produ
tion
ross se
tion at the LHC as a fun
tion of gluino and squark mass, respe
tively; r = m~g=m~q.The NLO 
ross se
tions are evaluated using Prospino [21℄, the numeri
al pa
kage basedon 
al
ulations employing the MS renormalisation and fa
torisation s
hemes. We use theCTEQ6M [22℄ parameterization of parton distribution fun
tions (pdfs) for all numeri
al pre-di
tions. Similarly to other available pdfs, the assumption of �ve massless quark 
avours a
tiveat large s
ales is made in the CTEQ6M parameterization. Consequently, in the NLO andNLL 
al
ulations we use the two-loop MS QCD running 
oupling 
onstant �s with nf = 5 and�(5)QCD = 0:226 GeV. The e�e
ts due to virtual top quarks and virtual sparti
les in the run-ning of �s and in the evolution of pdfs are thus not in
luded in our predi
tions. However, thevalue of the top mass, mt = 175GeV, enters the mat
hed NLL 
ross se
tions through the NLO
orre
tions.All numeri
al 
al
ulations were performed using two independent 
omputer 
odes. As a �rst
he
k we reprodu
ed numeri
ally, and analyti
ally, the LO results [7, 21℄. We also veri�ed thatthe NLL resummed expression in N -spa
e generates the same logarithmi
 terms as these presentin the Mellin transforms of the NLO 
orre
tion in the threshold limit given in [7℄.The relative 
orre
tions from soft gluon resummation to the ~g~g and ~q�~q NLO produ
tion
ross se
tions at the LHC, KNLL � 1 � �(mat
h)=�(NLO) � 1 ;7
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Figure 2: S
ale dependen
e of the total ~g~g (a) and ~q�~q (b) produ
tion 
ross se
tion at the LHC(see the text for explanation).are presented in Fig. 1a and Fig. 1b, respe
tively. In the plots we set the s
ales �F = �R = �0,where �0 = m~g (�0 = m~q) for the ~g~g produ
tion (the ~q�~q produ
tion). KNLL grows with the�nal-state mass and depends on the mass ratio r in a moderate way. The 
orre
tion, KNLL� 1,rea
hes 16% (8%) for the ~g~g produ
tion with r = 1:2 and m~g = 2 TeV (1 TeV), and 4% (2%)for the ~q�~q produ
tion with r = 2 and m~q = 2 TeV (1 TeV). The stronger e�e
t found in the~g~g produ
tion follows from the dominan
e of the gg ! ~g~g 
hannel, and hen
e more intense softgluon radiation.We also investigate the dependen
e of the mat
hed NLL 
ross se
tion on the values offa
torisation and renormalisation s
ales, in 
omparison to the NLO 
ross se
tion. To illustrateour results we 
hoose � = �F = �R and r = 1:2. In Fig. 2a and Fig. 2b we plot the ratios�NLO(� = ��0)=�NLO(� = �0) and �(mat
h)(� = ��0)=�(mat
h)(� = �0), obtained by varying �between � = 1=2 and � = 2, for ~g~g (�0 = m~g) and ~q�~q (�0 = m~q) produ
tion, respe
tively. Dueto resummation, the s
ale sensitivity of the ~g~g produ
tion 
ross se
tion redu
es signi�
antly, bya fa
tor of � 3 (� 2) at m~g = 2 TeV (m~g = 1 TeV). At m~g > 1 TeV the theoreti
al error ofthe mat
hed NLL ~g~g 
ross se
tion, de�ned by 
hanging the s
ale � = �F = �R around �0 = m~gby a fa
tor of 2, is around 5%. In the 
ase of the ~q�~q produ
tion, the redu
tion of the s
aledependen
e due to in
luding soft gluon 
orre
tions in the theoreti
al predi
tions is moderate.8
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