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AbstratWe study the e�et of soft gluon emission in the hadroprodution of squark-antisquark andgluino-gluino pairs at the next-to-leading logarithmi (NLL) auray within the framework ofthe minimal supersymmetri model. The one-loop soft anomalous dimensionmatries ontrollingthe olour evolution of the underlying hard-sattering proesses are alulated. We present theresummed total ross setions and show numerial results for proton-proton ollisions at 14 TeV.The size of the NLL ontribution to the ross setion and the redution of the sale dependeneof the theoretial preditions due to inluding soft gluon e�ets are disussed.
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1 IntrodutionThe searh for new physis phenomena at the TeV sale begins at the Large Hadron Collider(LHC) this year. Among the proposed models of new physis, extentions of the StandardModel (SM) involving supersymmetry (SUSY) are one of the best motivated. Over the yearsmuh attention has been foused on the Minimal Supersymmetri Standard Model (MSSM) [1℄,haraterized by the minimal ontent of supersymmetri partiles and R-parity onservation. Inthe MSSM the SUSY partners of the SM partiles are always produed in pairs.The dominant prodution proesses of spartiles at the LHC are those involving pairs ofoloured partiles, i.e. squarks and gluinos, in the �nal state [2℄. The disovery of squarksand gluinos should be possible for masses of up to 2 TeV [3℄. Depending on the outome ofthe experimental searhes, preditions for the total rates for these prodution proesses willeither help to determine the masses of the spartiles [4℄ or to draw exlusion limits for the massparameters. It is therefore important to know the LHC ross setions for prodution of squarksand gluinos with high theoretial auray. In partiular, ontrol over e�ets of higher-orderradiative orretions leads to a stabilization of the theoretial preditions w.r.t. variation of therenormalisation and fatorisation sales and, onsequently, to a smaller theoretial error.The leading-order (LO) total ross setions and the orresponding next-to-leading order(NLO) SUSY-QCD orretions are known for all hadroprodution proesses of pairs of squarksand gluinos [5, 6, 7℄. They have been found to be positive and large, espeially for the gluino-pairprodution. As pointed out in [7℄, an important part of the ontributions to the hadroni rosssetions omes from the energy region near the partoni prodution threshold. The thresholdregion is reahed when the square of the partoni enter-of-mass (.o.m.) energy, ŝ, approahes4m2, where m is the average partile mass in the produed pair. The veloity of the produedheavy partiles in the partoni .o.m. system � � p1� 4m2=ŝ is then small, � � 1. In thisregion, two types of orretions dominate: Coulomb orretions, due to exhange of gluonsbetween slowly moving massive partiles, and soft gluon orretions, due to emission of lowenergy gluons o� the oloured initial and �nal states. The large size of the soft gluon emissionontributions an be traed down, for the perturbative n-th order orretion, to the logarithmiterms of the form �ns logk(�2) where k = 2n; : : : ; 0. The e�ets of the soft gluon emission anbe taken into aount to all orders in perturbation theory by performing resummation of thethreshold logarithms. Resummed preditions are partiularly important for proesses with largemasses in the �nal states, sine then the bulk of the prodution omes from the threshold region.This is exatly the ase for the prodution of the spartiles whih are expeted to be heavierthan the SM partiles. Additionally, if the partoni subproesses involve gluons in the initialstate, the soft gluon e�ets, and thus the impat of resummation, are expeted to be signi�antdue to the high olour harge of the gluons. 1



In this letter, we report on the alulation of threshold-resummed ross setions for hadropro-dution of gluino-gluino (~g~g) and squark-antisquark (~q�~q) pairs. Among the pair-prodution pro-esses of oloured spartiles at the LHC, the ~g~g prodution reeives the largest NLO SUSY-QCDorretion [7℄, and the NLO K-fator, KNLO, an reah 2 for gluino mass m~g = 1 TeV. Theorretions to the ~q�~q total ross setion an be also sizeable KNLO ' 1:3 for the squark mass,m~q = 1 TeV, and are the seond largest in a ertain range of mass parameters. The hadroniprodution of ~g~g and ~q�~q pairs are sattering proesses with a non-trivial olour ow struture.At the level of next-to-leading logarithms (NLL), resummation requires inluding ontributionsfrom soft gluons emitted at wide angles. Suh emission is sensitive to the olour ow of theunderlying hard sattering and the evolution of the olour exhange is governed by the one-loopsoft anomalous dimension matrix [8, 9, 10, 11, 12℄. These matries have been alulated forheavy-quark and dijet prodution [9, 13, 8, 11℄ and the general results for any 2! n QCD pro-ess with massless partiles in the �nal state have been derived at one- [12℄, and two-loops [14℄.Reently, the two-loop anomalous dimension for the pair prodution of heavy quarks has beenalso determined in the threshold limit [15℄. Here we present the expliit form of the soft anoma-lous dimension matries for partoni subproesses ontributing to ~g~g hadroprodution and applythe resummation formalism at the NLL level to evaluate the orretion due to soft gluon emissionfor the prodution of ~g~g and ~q�~q pairs at the LHC.2 Soft gluon resummationIn this letter we onsider the hadroni prodution 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 proesses reeive 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;respetively. The resummation of the soft gluon orretions is arried out in Mellin-N spae inthe variable � = 4m2=S with S being the square of the hadroni .o.m energy and m the mass ofthe �nal-state partile. In the Mellin spae, the moments of the partoni ross setion 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 exhange in non-ollinear soft gluon emission, whih has to be takeninto aount at the NLL auray, is governed by the soft anomalous dimension matrix �ij!kl [8,2



9, 10, 11, 12℄. In an orthogonal basis in the olour spae for whih the matrix �ij!kl is diagonal,the NLL resummed ross setion in the N -spae 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 expliit dependene on the sales. The index I in Eq. (2) distinguishes be-tween ontributions from di�erent olour hannels. The olour-hannel-dependent ontributionsto the LO partoni ross setions in Mellin-moment spae are denoted by �̂(0)ij!kl;I;N and will bepresented elsewhere [16℄. The radiative fators �iN desribe the e�et of the soft gluon radiationollinear to the initial state partons and are universal. Large-angle soft gluon emission is a-ounted for by the fators �(int)ij!kl;I;N whih depend on the partoni proess under onsiderationand the olour on�guration of the partiipating partiles. The funtions eCij!kl;I are in generalobtained by omparison of the resummed formulas with the �xed-order expressions. They onsistof Coulomb orretions and N -independent terms (often referred to in the literature under theommon symbol Cij!kl), ontaining hard ontributions from virtual orretions. For the mostomplete treatment of the threshold e�ets, the Coulomb orretions should be resummed, seee.g. [17, 13℄. The onurrent treatment of the Coulomb and soft gluon orretions is, however,beyond the sope of the work reported on here.The expressions for the radiative fators in the MS fatorisation sheme 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 oeÆients 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 oeÆients 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 fatorsan be found in [13℄. Sine after the expansion of the exponentials the terms onstant in Nontained in Cij!kl generate ontributions of the next-to-next-to-leading logarithmi (NNLL)order, and we do not inlude Coulomb orretions here, we keep eCij!kl;I = 1 for the purpose ofthe alulations.The NLL oeÆients D(1)ij!~q�~q; I are the same as in the heavy-quark prodution and werealulated 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 otet f1;8g exhange in the s-hannel.For the ~g~g prodution we �rst study the soft anomalous dimension matries �ij!~g~g and then de-rive the oeÆients D(1)ij!~g~g;I . Apart from obvious olour-dependent modi�ations, the matries�ij!~g~g are de�ned in the same way as the soft anomalous dimension matries for the heavy-quark prodution proess in [9℄. For the purpose of this alulation we onsider the partoniproesses 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 partile four-momenta and �i and ai are the olour indies in the fundamentaland adjoint representation of SU(3), respetively.Three independent tensors are forming the basis in the spae of olour exhanges for theq�q ! ~g~g proess. We hoose an orthogonal s-hannel basis fqIg; I = 1; 2; 3:q1 = Æ�1�2 Æa3a4 ; q2 = T b�2�1dba3a4 ; q3 = iT b�2�1f ba3a4 ; (6)where T b matries are the SU(3) generators, and the tensors orrespond to 1, 8S and 8Arepresentations, respetively. For the gg hannel there are eight independent olour tensors.Following [11℄ we hoose an orthogonal basis fgIg (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 areg1 = 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 introdue 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 alulate the matries �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 blok 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 matries � ontain terms from the one-loop eikonal integrals for 2! 2 satteringwith massive partiles in the �nal state and are shifted by half of the soft anomalous dimensionfor the Drell-Yan ross setion 1. The matries (9), (10) omplement the results of [11℄ for thease of pair-prodution of massive olour-otet partiles with equal masses.At the threshold, ŝ! 4m2, the soft anomalous dimension matries approah the diagonalform, �q�q!~g~g ! �s� diag (g1 ; g2 ; : : : ; g8 ) ;�q�q!~q~q ! �s� diag (q1 ; q2 ; q3): (13)1 Gauge dependene in the one-loop integrals anels against gauge dependene of the inoming-jet fators(whih orresponds to gauge dependene of the soft funtion in the resummed Drell-Yan ross setion [11, 23℄),leaving the results presented here gauge-invariant. 5



The o�-diagonal terms, proportional to 
, vanish like � for � ! 0 and may be negleted. 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)-oeÆients are the negative values of the quadrati Casimiroperators for the SU(3) representations for the outgoing state. This agrees with the physialpiture of the soft gluon radiation from the total olour harge of the heavy-partile pair produedat threshold [13℄.3 Numerial resultsIn the phenomenologial 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 produtionwe vary 2 the gluino mass, m~g, between 200 GeV and 2 TeV. Similarly, for the ~q�~q prodution 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 setion aountsfor prodution of all ~q�~q avour ombinations apart from the ones with salar top partiles.The main phenomenologial results of this letter are the resummation-improved preditionsfor the pp! ~q�~q and pp! ~g~g total ross setions at pS = 14TeV. The resummation-improvedross setions are obtained through mathing the NLL resummed expressions with the full NLOross setions�(math)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 trunated at NLO. The moments of the parton distribution funtions 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 numerially using a ontour in the omplex-Nspae aording to the \Minimal Presription" 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 orretion KNLL � 1 for the ~g~g (a) and the ~q�~q (b) total produtionross setion at the LHC as a funtion of gluino and squark mass, respetively; r = m~g=m~q.The NLO ross setions are evaluated using Prospino [21℄, the numerial pakage basedon alulations employing the MS renormalisation and fatorisation shemes. We use theCTEQ6M [22℄ parameterization of parton distribution funtions (pdfs) for all numerial pre-ditions. Similarly to other available pdfs, the assumption of �ve massless quark avours ativeat large sales is made in the CTEQ6M parameterization. Consequently, in the NLO andNLL alulations we use the two-loop MS QCD running oupling onstant �s with nf = 5 and�(5)QCD = 0:226 GeV. The e�ets due to virtual top quarks and virtual spartiles in the run-ning of �s and in the evolution of pdfs are thus not inluded in our preditions. However, thevalue of the top mass, mt = 175GeV, enters the mathed NLL ross setions through the NLOorretions.All numerial alulations were performed using two independent omputer odes. As a �rsthek we reprodued numerially, and analytially, the LO results [7, 21℄. We also veri�ed thatthe NLL resummed expression in N -spae generates the same logarithmi terms as these presentin the Mellin transforms of the NLO orretion in the threshold limit given in [7℄.The relative orretions from soft gluon resummation to the ~g~g and ~q�~q NLO produtionross setions at the LHC, KNLL � 1 � �(math)=�(NLO) � 1 ;7
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