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1. Introduction

Supersymmetry (SUSY) and its realization in Rgarity conserving Minimally Supersym-
metric Standard Model is a well-studied and motivated extension of the Staktbatel. It could
provide a solution to shortcomings of the SM such as the absence of a daek ozandidate and
it might stabilize the electroweak scale against quantum corrections. ahghder SUSY at the
TeV scale is therefore a central part of the physics program of thgelldadron Collider (LHC).
At hadron colliders, the production of squarks and gluinos, the sapegrs of quarks and glu-
ons, is expected to be the dominant signature. Current LHC limits excludeoghaisses up to
mg = 1.3 TeV and superpartners of the quarks of the first two generations lmejgs 800 GeV.
Equal squark and gluino masses can be excluded o to 1.7 TeV [1]. However, these bounds
depend on assumptions e.g. on the mass of the lightest supersymmetric padicéde evaded
for instance by compressed mass spectra. The search for SUSY wéfdfeeremain a focus of
the 13-14 TeV run of the LHC that has the potential to discover or exclgdarks and gluinos in
the 3 TeV range. Turning exclusion limits on production cross sections intodsoon superparti-
cle masses requires precise predictions for these cross sections. dorttribution we report on
the status of predictions for squark and gluino production at the LHC essgpt first results of a
combined NNLL resummation of soft-gluon and Coulomb corrections [2].

2. Squark and gluino production at the LHC

At hadron colliders, light-flavour squarks and gluinos, denoted jointlg, I§yc {q,(i@}, can
be pair-produced through partonic production processes of thedprr §§X from the incoming
partonsp, p’ € {q,q,9}. The relevant production channels at leading order [3] are given by

99, qq — G4, qq— Gd, 9q— G4, 9g.9q— 44,  (2.1)

and the corresponding charge-conjugated channels for squat&gouF indices of quarks and
squarks have been suppressed. For the light-flavour squarks a comassmg will be used.

In this contribution we will not consider the production of stop pairs that heen discussed
in [4]. In the upper plots in Figure 1 the relative contribution of the proegg2.1) to the in-
clusive squark and gluino production cross secti®@isy = Ogq. g+ gi+gg IS Shown for the LHC
with \/s= 8 TeV centre-of-mass energy. The left-hand plot displays the reladin&ibutions of
the processes (2.1) as a function of a common squark and gluino massinthéeight-hand plot
the relative contributions are shown as a function of the squark-gluine raéie. The results for
the K-factor KyLo = OnLo/0Lo for the NLO SUSY-QCD corrections [5] obtained with the pro-
gramPROSPI NO [6] in the lower plots in Figure 1 show that the NLO corrections can be of the
order of 100% of the tree-level cross section.

The large NLO K-factors can be attributed to the enhancement of rad@tivections in the
threshold limitB = \/1—4M2/5— 0, with the average sparticle mags= 3(ms+mg) and the
partonic centre-of-mass energy Ih this limit the partonic cross section is dominated by soft-
gluon emission off the initial- and final-state coloured particles and by Coulotebations of
the two non-relativistic heavy particles, which give rise to singular termseofaim asIn®* 8 and
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Figure 1: Top: Relative contribution of the different squark and gtuiproduction processes to the total
Born production rate of coloured sparticles,sy, for the LHC with,/s= 8 TeV. Below: NLOK-factor for
squark and gluino production processes at the LHC. The et phow the mass dependencerfgr=mg =

M while the right plot shows the dependence on the nagpmy for a fixed average magsg + mg) /2 =
1.6 TeV. In theK-factors the MSTW2008NLO PDFs [7] have been used for the LONHI@ cross sections.

as/B, respectively. The radiative corrections in the threshold limit can be wiittersimple and
process-independent form using a colour decomposition of the totahpacross section,

N n ~ ~ a A
Gop (8 1) = %of,?}%,uo {1+ 2ty Gr+. ), (2.2)

where s is the factorization scaleR, are the irreducible representations in the decomposition
R®R = ¥ Ry of the product of th&SU(3) representationR andR’ of the two final-state sparticles
and 697 are the Born cross sections projected on the colour chd®n¢8, 9]. The relevant

pp
decompositions for squark and gluino production are given by

d4: 393=18, d4: 393=3®6, 23
Gj: 308=306®15, §j: 8®8=1®8:®8,10510427. '

The NLO scaling functione‘.éﬁ’R" assume a simple form in the threshold limit [10]:

(.Ra /o __2n2DRa 2m , [ 8MB? _11n2
fop (S Hf) = B v +4(C +Cy) |In m +8 4

—4(Cr, +4(C; +Cv))In <

8M B2

) +12Cg, +hiyR +0(B).  (2.4)

Herem, = msmy /(Ms+ Mg ) is the reduced mass,andr’ are the colour representations of the
initial partonsp and p’, andCx is the quadratic Casimir invariant for a representaf®onThe
Coulomb coefficients for sparticles in the representatRasdR in the colour channeR, read
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Dr, = %(CRG —Cr—Cr) Where negative (positive) values correspond to an attractive (repuls
Coulomb potential. The process-dependent coefficiﬂa(jﬁg" have been recently computed for all
squark and gluino production processes [11-14]. The singulattbicesorrections, i.e. all terms
in (2.4) apart from constants, usually dominate the total NLO cross seatibiéfer from the
exact NLO result by typically only 18 30% [4]. This motivates the computation of the higher-
order threshold-enhanced terms, as discussed in the remainder ofrttribut@on.

3. Joint soft and Coulomb resummation

Near the partonic production threshg@d— 0 the conventional perturbative expansioroin
breaks down and the perturbative series has to be rearranged tinygtteath threshold logarithms
asIlnB and Coulomb correctionss/3 as quantities of order one. The accuracy of the rearranged
perturbative series can be defined by representing the resummedectiss schematically as

Opp = 6‘()23 > (%)k exp[Into(asInB)+gl(orsln[3)+asgz(asln[3) +} {1+ascNNLL +}
=0 (LL) (NLL) (NNLL)
(3.1)
Methods for the separate resummation of threshold logarithms [15-17] anldrGb correcti-
ons [18] are well known. Applications to squark and gluino productiofughe NLL resummation
of threshold logarithms [8,9, 19], Coulomb resummation [8,12, 19, 2@kaqmate NNLO calcu-
lations [13,21] and NNLL resummation of threshold logarithms for some pease[11, 22].

The combined NLL resummation of Coulomb and soft effects has beernrpaddor squark-
antisquark production in [19] and all other processes in [4], wherea& found that Coulomb
corrections and soft-Coulomb interference can be as large as theosttons alone. In the
following, we discuss the extension of this result to NNLL. Up to this acguyrpartonic cross
sections in the limi3 — 0 factorize into a hard functioH "¢, a soft functionVR* and a Coulomb
functionJg, [19, 23]:

Opp (S, Ht) = %Hr?‘r}(nh,mg,uf) /deRa(MBZ— %’)WR“(w,uf)- (3.2)

The hard function encodes the partonic hard-scattering procesdes eglated to squared on-
shell scattering amplitudes at threshold. The potential function sums eelbéoulomb gluons
associated to corrections (as/B)" while the soft function sums the threshold logarithms. The
convolution of the soft- and potential functions accounts for the enesgp/dbthe squark/gluino
system due to soft gluons with energy of the ondgd2. Near threshold, soft-gluon radiation is only
sensitive to the total colour sta®g of the non-relativistic squark/gluino system, as has been shown
to all orders in the strong coupling [23], consistent with explicit one-loalgdations [8, 9, 16].
The formula (3.2) has been derived for particles dominantly produced$mwaave, i.e. with a cross
sectiond ~ B, which is the case for all production channels of light-flavour squankisgguinos,
and for processes with a leadiffgwave contributiond ~ 2 [4], as for stop-antistop production
from a quark-antiquark initial state.

Resummation of threshold logarithms is performed by evolving the soft funrbom a soft
scaleus ~ MB? to a hard-scattering scalg ~ M using a renormalization-group equation derived
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in [23] with results from [24] (equivalent results have been obtainegpeddently in the traditional
Mellin-space approach [25]). The hard function is evolved from desgga~ 2M to us. In the
momentum-space formalism [17] the resummed cross section can be written as

VAN e 2N 2 Jg (MB2—%) [0\
) B oS (2)

~res/ & HRa 2 T
Opp (S i) ——g pﬁ(“h)URa(UhaU37Uf)<[[S w s
(3.3)

Resummation at NNLL accuracy requires the expansions of the hartddnrand the Laplace-
transformed soft function [23] up to NLO,

HEs (1) = HES (1) {1+ As(bh) (RD) () 4 o(a2)] (3.4)

4mr PP

s

Fa(p,p) = /wd‘”e_stR"(w,u) =1+
0 4t

(G +C) (pz + 7;2> —2Cr(p — 2)] +0/(ag),
(3.5)

with s= 1/(e¥* ueP/?). The one-loop hard coefficients are the same as in (2.4). The funttigns
andn contain logarithms of the ratios of the various scales, the explicit expressatddNLL can
be found in [17].

For NNLL accuracy, the NLO potential function is required that can higewas [26]

JR(E) = 2Im | GLR(0,0;E) Anc(E) + GER(0,0;E) + ..., (3.6)

whereG(CcRq is the solution to the Schrodinger equation with the leading Coulomb potential, re-

summing all(as/B)" corrections. The functioﬁE(C%)R sumsas x (as/B)" corrections by solving
perturbatively the Schrodinger equation with one insertion of the NLO Qaloijpotential,

6\7(p, q = 4rDRras(u) as(u) <

q2
- AR ) (o, o % ). (3.7)

wheref3; is the one-loop beta-function coefficient, amd= 3gch - %Om T¢. The factorA\nc arises
from non-Coulomb NNLO potential terms [27]. For squark and gluino potidn, these read [2]

mas(u?)|| (Dr 2my
ey > M +Ca

~ AnDRas( U2
MNuwo(P,d) = qus(u )

rrgr; — Sn?;é (2memg + ME C2(Me ) + NG Co (M) )

+

1 P .

o, ollgd @[o",oXg+... 3.8
Tomgr (00l @10 0+, (3.8)
where terms not contributing to squark and gluino production process@e®gshown. For scalars
the spin-dependent terms are set to zero. The matching coeffigibas the tree-level value zero
(one) for scalars (fermions). Projecting on the relevant spin statesotiéCoulomb correction
in (3.6) is obtained as

Bnc(E) = 1+ ad(pc) In B [~2DR (14 Vspin) + DRCa) 6(E), (3.9)
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where the spin-dependent coefficient for the squark and gluinauptioth processes is given by

Vspin(qq_) = Vepin(d) = _i%’ Vspin(G0) = % <W'm§b~)2 a 1> 7 (3.10)
Vepr((@0)5-0) =0, Vepn((@0)s-1) = 5.

The gluino pairs are produced with sp8= 0 for the symmetric colour representations 1, 8
27 and withS= 1 for anti-symmetric colour representationg &0 (see e.g. [12]). In the colour
channels with an attractive Coulomb potential, the Coulomb Green functiofogeveound-state
poles below threshold. We include these bound-state contributions amdlg@nthem with the
soft corrections as described in [26]. If the finite decay width of scgiand gluinos is taken into
account, the bound-state poles are smeared out. This has been invéstigéité accuracy in [28]
with the conclusion that foFs/mg < 5% the uncertainties due to finite width effects are smaller
than the uncertainties of the NLL calculation.

4. Squark and gluino production at NNL L

We have implemented the NNLL resummation discussed in Section 3 following tlmé&ea
of top-quark pair production in [26,29]. A public program based opi xs [29] is in preparation.
As in the previous NLL resummation [4], the LO hard functions are expressterms of the exact
colour separated Born cross sections. No resummation is performediéarr channels that are
suppressed at threshold. The convolution of the resummed partonscsarctson with the PDFs is
regularized as discussed in [26]. The NNLL cross section is matched suth®f the exact NLO
result [5] fromPROSPI NOand the approximate NNLO cross section [10] where double counting
is avoided by subtracting the NNLO-expansion of the resummed crossrsedtiaorder to see
the impact of Coulomb resummation we also consider an approximation NMLt where the
product of hard and Coulomb corrections is replaced by its expansitndifa?).

The scale uncertainty of the NNLL predictions is estimated by varyingnd i, as well as
the scale used in the potential function from half to twice their default valbesthe soft scale,
we employ the prescription [23}s = ksM Max[3?, B2,] with ks = 1. The default value o is
determined following [26] and the resulting uncertainty is estimated by sdiing).5,2 as well
as varyingfBeut by £20% and taking the envelope of several resummed and fixed-ordesxappr
imations. As a measure of power-suppressed terms, the non-relativistigydns? is replaced
by E = v/§—2M. Finally, a constant terni|h':(wl)|2 is added as an estimate of unknown NNLO
corrections beyond the threshold limit. The uncertainties from the variawse® are added in
quadrature. Our results for the K-factors beyond NKQ = ox /onio With X = NLL, NNLL fixeq-c
and NNLL, for the four squark and gluino production processestares in Figure 2. The results
show a full NNLL correction of up to 25% relative to the NLL results. Théeef of Coulomb
resummation can be important in particular for squark-antisquark and gpaimgroduction. The
comparison to the approximate NNLO results shows that corrections b&h@® become size-
able beyond sparticle masseso1.5 TeV. The NNLLxeq-c results appear to be in good agreement
with results of the Mellin-space approach to resummation [11] where a simigox@mation is
used. As can be seen in Figure 3 the relative uncertainty is reducedifraan30% at NLO, to at
most 20% at NLL and to the 10%-level at NNLL.
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Figure 2. Higher-order corrections relative to the NLO cross secfmnsquark and gluino production
at the LHC with/3= 8 TeV for full NNLL resummation (solid blue), NNLL with fixedrder Coulomb
corrections (dotted red) , approximate NNLO (dot-dashedt)pand NLL (dashed orange). The NLL and
NLO (NNLOgppand NNLL) cross sections are computed with the NLO (NNLO) MEI08 PDFs.

PP>GG (Vs = 8 TeV, mg=0.75m)

(oxxATx)/oX

1.2}

1.1¢

0.9}
0.8

PP>gg (Vs = 8 TeV, m;=0.75my)

(ox+Aox)/ox

1.3t
1.2t
1.1F

0.9

0.8¢
0.7t

100C 1500 2000

- M
2500

[GeV]

PPoA (Vs = 8 TeV, my=0.75m,)

(oxxAoy)/ox

1.2t

1=

0.9},

: : ‘ - M[GeV]
100C 1500 2006 2500

0.8+

PP>Gg (Vs = 8 TeV, my=my)

(oxxAox)/ox

1.2¢
1.1k

: : ‘ - M[GeV]
100C 1500 2000 2500

0.95
0.8+

Figure 3: Total theoretical uncertainty of the NLO approximationtfdd black), NLL (dashed orange) and
NNLL (solid blue) resummed results at the LHC wigts = 8 TeV. All cross sections are normalized to one
at the central value of the scales.
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