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1. Introduction

Supersymmetry (SUSY), and in particular the minimal supareetric Standard Model [1],
can provide a solution to the hierarchy problem, accomneogatige coupling unification and offer
a dark matter candidate. Since these issues are addredgéfitlom SUSY scale is comparable to
the weak scale, one would expect new SUSY particles (sfasliwvith masses in the TeV range,
which could be measured at the Large Hadron Collider (LH@iti€ularly the coloured sparticles,
squarks @) and gluinos @), would be pair-produced copiously in hadronic collisiamsl thus offer
the strongest sensitivity. Searches at the LHC with a casftreass (CM) energy of/S= 7 TeV
have placed lower limits on squark and gluino masses arour@y/12, 3].

The leading order (LO) predictions for inclusive squark ghaino hadroproduction depend
strongly on the renormalization and factorization scaleis Hependence is reduced significantly if
higher-order SUSY-QCD corrections are included. If theoramalization and factorization scales
are chosen close to the average mass of the produced matteeorrections generally increase the
size of the cross section compared to the LO prediction. €prently, the SUSY-QCD corrections
have a substantial impact on the determination of mass @rdimits and lead to a significant
reduction of the uncertainties on SUSY mass or parametaesah the case of discovery [4, 5].

The squark-antisquark production processes have beemkitowuite some time at next-to-
leading order (NLO) in SUSY-QCD [6, 7]. A significant part ¢fet NLO QCD corrections can
be attributed to the threshold region, where the partoniceDirgy is close to the kinematic pro-
duction threshold and the NLO corrections are dominatecftygduon emission off the coloured
particles in the initial and final state. These soft-gluorrections can be taken into account to all
orders in perturbation theory by means of threshold resuimmgechniques [8,9]. This has been
done for all MSSM squark and gluino production processe®stto-leading-logarithmic (NLL)
accuracy [10-14].

Recently, resummation at NNLL accuracy for squark-antiskupair production was pre-
sented [15]. Compared to the NLL calculation the new ingreti are the one-loop matching
coefficients, which contain the NLO cross section near ttolel and the two-loop soft anomalous
dimensions. We will discuss the impact of the correctiormovide an estimate of the theoretical
uncertainty due to scale variation.

In section 2 we discuss NNLL resummation for squark-aniskjipair-production. In sec-
tion 3 we present the calculation of the hard matching caeffts. The numerical results for the
LHC with a CM energy of/S= 7 TeV are presented in section 4. We conclude in section 5.

2. Threshold resummation at NNLL
We first briefly review the formalism of threshold resummatfor §6 production. The inclu-

sive cross sectiony, p, g4 Can be written in terms of its partonic versiop_ 45 as:

O (P P) =5 [aracbedtp&(p— L) 1m0 2 im0 )01 P ()47
;)

where {n?} denotes all masses entering the calculationisare the initial parton flavoursf; Jhy
andf; n, the parton distribution functiong is the common factorization and renormalization scale
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andxy» are the momentum fractions of the partons in hadtmnandh,. The hadronic threshold
for the inclusive production of two squarks with masg corresponds to a hadronic CM energy
squaredsS= 4m§. Therefore we define a threshold variaple- 4m§/S and its partonic equivalent
p = 4mg/s, with s = x;xS the partonic CM energy squared. The resummation of thegsoftr
contributions is performed after taking a Mellin transfaindicated by a tilde) of the cross section,

1
5h1h2ﬁqa(N7{mz}) E/o do "t Uhlhzec"ﬁ(p&mz})
= fim(N+1,12) Fjn, (N+1,1) G _gq (N, {mP}, %) . (2.1)
]

The threshold limit — 1 corresponds tbl — «. Near threshold, fixed-order perturbation theory
does not converge well due to logarithmically enhanced serBy resumming large logarithmic
corrections containing = log(N) to all orders, a new perturbative expansion arises, whestelfie
leading logarithmic (LL) corrections are resummed, fokalby the NLL, NNLL, ... contributions.
The relation between this new perturbative expansion aed{order perturbation theory is shown
schematically in Figure 1.

LO
NLO
NNLO
N3LO

Figure 1: Schematic form of the logarithmically enhanced terms wlith £O cross section factored out.
The terms enclosed in the solid line occur in the LL approsiom which completes the first column. The
new terms in the NLL approximation are enclosed in the ddttexland complete the second column. The
shaded region corresponds to new terms coming from the NNpraximation, which completes the third
and fourth column. We resum the logarithms to all ordersheacblumns extend downwards to infinity.

The all-order summation of these logarithmic terms is basettie near-threshold factorization
of different classes of radiation: hard, (soft)-collineand wide-angle soft radiation [8, 9, 16—19].
Near threshold the resummed partonic cross section to NNturacy has the form [8, 9, 20]:

5N (P} p2) = Z ) i (NP} )eXp[Lgl(asL)+gz,|(asL)+asgs,|(asL)]
< (1 2R L) (1 2P (). @2)

Whereéi(j(zqal are the colour-decomposed LO cross sections in Mellin-nmirsygace. The colour
labell corresponds to an irreducible representation of the caltsucture of the process, which for
squark-antisquark production can be either a singlet orctet §10, 11, 21]. The exponent in the
first line of Eq. (2.2) captures all dependence on the largarlthmL. The last line contains the
one-loop Coulomb contributio“°"(1) and hard matching coefficiefat?.
Setting the hard matching and Coulomb coefficients to O amgbikg only theg; term in

Eqg. (2.2) constitutes the LL approximation. Including tipeterm as well corresponds to NLL.
For NNLL accuracy also thgz term and the one-loop hard matching and Coulomb coefficients
need to be taken into account, as can be seen explicitly gnekpg Eq. (2.2) and comparing it to
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figure 1. Thegs term can be found in [15, 22—-24] and the ingredients‘ef:r?ﬂg’éll) in [15, 25, 26].

The calculation of the NLO hard matching coeﬁicieﬁﬁ%ﬂqal will be discussed in section 3.

The hadronic cross sectiaw, ,, g5 can be recovered by taking the inverse Mellin transform.
We retain the information contained in the complete NLO srm&ection [7] by combining the NLO
and NNLL results through a matching procedure that avoidsbocounting of the NLO terms:

NLO-+NNLL match dN ~ ~
Grglhzjﬁ matched (p,{n?}, u?) ZZ/CTEP N (N+ 1, 12) fj iy (N + 1, ) (2.3)

~ NNLL ~ NNLL NLO
x| G (N AP 1) = G (N AP 1) | o | + O (0 AP 122).

We adopt the “minimal prescription” of Ref. [27] for the cont CT of the inverse Mellin transform
in Eq. (2.3). In order to use standard parametrizations gbpalistribution functions irx-space
we employ the method introduced in Ref. [28].

3. Calculation of the hard matching coefficients

We now discuss the calculation of the one-loop hard matcbirgficientsz’ (). The calcula-
tions were done usingORM[29]. After performing an expansion of the NLO cross seciiof,
the hard matching coefficien!) are determined by the terms in the NLO cross section that are
proportional toB, Blog(B) andBlog?(B). Terms that contain higher powers @fare suppressed
by powers of ¥N in Mellin-moment space and do not contribute to the matclioefficient. In
contrast to the case of top-pair production in Ref. [30]ye¢his no full analytic result for the real
corrections to squark-antisquark production, so we catahkat the explicit threshold limit.

The virtual corrections for squark-antisquark productian be obtained from the full analytic
calculation as presented in Ref. [7]. First we need to cettemompose the result. We only need
the colour decomposition of the LO matrix element. Due todhbogonality of thes-channel
colour basis that we use, the full matrix element squareukis automatically colour-decomposed:

| Lo, = 2RE( Mo M)

Then we are left with an expression in terms of masses, Matagelvariables and scalar integrals.
Since we need the cross sectionZtg3), we have to expanfi#|? to zeroth order ir to obtain
the virtual part of the hard matching coefficients.

The integrated real corrections at threshold are formdilsp-space suppressed near threshold
unless the integrand compensates this suppression. dhereé can construct the real corrections
at threshold from the singular behaviour of the matrix eletsguared, which can be obtained
using dipole subtraction [31, 32]. First we recall that thess section can be split into three parts:
a part with three-particle kinematiest®, one with two-particle kinematice?}, and a collinear
countertermo® to remove the initial-state collinear singularities. Tégmrts are well-defined in
n =4 — 2¢ dimensions, but their constituents diverge §or> 0. With the aid of an auxiliary cross
sectiong®, which captures all singular behaviour, all parts are mauefand integrable in four
space-time dimensions. This auxiliary cross section israoted from the real correctiorns® at
the integrand level to obtaia{3 and added to the virtual correctiond’, which definesr{2}:

o0 = / [doR —do*] 570+/ [doV + /dGA] cot0c=0¥ 40?40
3 =0 ) 1 =

4
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Compared to the case of two-parton kinematics, the phase sga {3 is limited by the energy
of the third, radiated massless particle. Near the twogbarthreshold, the maximum energy of
the radiated particle, and thus the available phase spagals&mnax = /s— 2mg O B2. Since after
subtractingg® no divergences are left in the integranddf’, the leading contribution af {3} is at
most proportional t@? and can thus be neglected. So at threshold the real radiatammpletely
specified by the singular behaviour containedfhand can therefore be determined by summing
over dipoles that correspond to pairs of ordered partonsdi3@ taking the threshold limit.

After combining the real and the virtual corrections thedhawatching coefficients can be ob-
tained by taking the Mellin transform and omitting the Coulocorrections and the Igly) terms.
The complete expressions for the hard matching coefficigintise squark-antisquark production
processes can be found in Ref. [15]. Their behaviour forimgrgluino mass is shown in Fig. 2.
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Figure 2: Gluino-mass dependence of the colour-decomposed NLO hatching coefficients for thgq
initiated channel (a) and trgg initiated channel (b). We have sgt= mg = 1.2 TeV andm = 1729 GeV.

4. Numerical results

We now present humerical results for NNLL-resummed sqaatisquark pair-production at
the LHC for a CM energy of 7 TeV. We use the 2008 NLO MSTW partatrithution functions [33]
with the correspondings(M2) = 0.120. We have used a top quark masspf= 1729 GeV [34].

In order to study the effects from the hard matching coeffitsieind the Coulomb corrections sep-
arately, we compare the NLL matched cross sectidh°®*+Nt- which is based on the calculations
presented in [10-12], the NNLL matched cross section wittioel Coulomb contributions to the
resummatiorgNEO+NNLLw /0 Coulomb \yhich hasgCoul(h) = 0 in Eq. (2.2), and the NNLL matched
cross sectiomN-O+NNLL \which does include the Coulomb correctigiY®(1) . All cross sections
are matched to the NLO result calculated WROSPI NO[7, 35] using Eq. (2.3).

Figure 3(a) shows the mass dependence of the scale unteftaithe squark-antisquark cross
section. The squark and gluino mass have been taken equ#th@sdale has been varied in the
rangemg/2 < u < 2mg. We see that the scale uncertainty reduces when higherwodections are
included. In this range of squark masses, the NNLL resuntmatithout the Coulomb corrections
¢Couh(1) already reduces the scale uncertainty to at most 10%. Thesion of the Coulomb term
% Cou () in the resummed NNLL prediction results in a scale uncetyasfionly a few percent.



NNLL resummation for squark-antisquark production Irene Niessen

1.40 T T T T T T T 1.5(] T T T T T T T
ol ;((:O)) (pp— 44+ X) | 145 F Ke(pp — Gq + X) E
- po=mg, mg=mg e L0 L VS =7TeV, r= % =10 i
120 fVS =TTV e 1 e | NLO + NNLL A
-------------- 9 - NLO + NNLL w/o Coulomb -+~
LSS U — 130 f —— NLO+NLL 1
1.00 F ) B 1.25 | e 5
0.90 L | 1.20 P g B
___________________________________________ 115 | g ]
080 F i pn T, 1 ST e
----------- NLO, p={1mg, 2mg} 1.10 [
——NLO+NLL, p={4mg,2mg}y | | e
0.70 o NLO+NNLL w/o Coulomb, p={ 3mg, 2mg}] 1.05 £ _ _
77777 NLO+NNLL, /1,:{%777@, 2mg} HF = HR = Mg
(].6() 1 1 1 1 1 1 1 1.00 1 1 1 1 1 1 1
600 800 1000 1200 1400 1600 1800 2000 600 800 1000 1200 1400 1600 1800 2000
(@) mg|GeV] (b) mg(GeV]

Figure 3: The scale uncertainty (a) and K-factor (b) of the LO, NLO, NtM@.L and NLO+NNLL (both
with the Coulomb par’©°ut(l) and without it) squark-antisquark cross sections for th€lad 7 TeV. The
central scale and the gluino mass have been taken equaldqubek mass. In (a) the common renormaliza-
tion and factorization scale has been varied in the range < u < 2my.

In figure 3(b) we study the mass dependence oKiactorK, = 0% /agN-C at the central scale
U = mg andmg = mg. The theoretical prediction of the cross section increasasore corrections
are included. The effect is more pronounced for higher ngssiace in that case particles are
produced closer to threshold. The NNLL resummation withbatCoulomb correctiong “out(1)
already results in a 25% increase of the cross section wébert to the NLO cross section for
squarks of 2 TeV. The contribution from the Coulomb term t® tasummed NLO+NNLL cross
section is even larger, yielding a totidHfactor of 1.45. Although the effect from the Coulomb
corrections could be somewhat smaller in reality due to thitefiifetime of the squarks, figure 3(b)
suggests that the NNLL contribution will remain large.

5. Conclusions

We have discussed the NNLL resummation of threshold coorestfor squark-antisquark
hadroproduction and presented numerical results for th@-NINLL resummed cross section for
squark-antisquark production at the LHC with a CM energy ®&Y. For a squark mass of 2 TeV,
the NLO+NNLL squark-antisquark cross section is up to 45egdathan the corresponding NLO
cross section. The correction is reduced to 25% if the resatmmcontributions due to Coulombic
interactions are omitted. The scale dependence is redigrafiGantly, particularly after inclusion
of the Coulomb corrections. However, the observed redadtiahe scale dependence might be
modified somewhat by the inclusion of the width of the pagsobr by matching to the full NNLO
result, which is not available. A very conservative estenat the scale uncertainty is provided
by the NLO+NNLL w/o Coulomb results, which do not include t@eulomb corrections. This
information could be used to improve current limits on SUS&ssES or, in the case that SUSY is
found, to more accurately determine the masses of the cleatti
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