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Abstract

We present new predictions for the total cross section oadgpair-production at Tevatron and
LHC through next-to-next-to-leading order within the Mimal Supersymmetric Standard Model.
The results are based on the numerically dominant soft coores. They are exact in all logarith-
mically enhanced terms near threshold, include the Couloconiections at two loops and exact
scale dependence. We translate the increased total crcigmnsat next-to-next-to-leading order
into improved exclusion limits for squark masses and westigate the scale dependence as well
as the sensitivity on the parton luminosity.


http://de.arxiv.org/abs/0901.0802v1

1 Introduction

Supersymmetry offers an attractive way for possible exterssof the Standard Model. Its most
popular incarnation for phenomenological studies is theiival Supersymmetric Standard Model
(MSSM) which features a rather rich spectrum of new (heaay)igdes. Active searches are cur-
rently being performed at the Tevatron and soon at LHC. Sguand gluinos as scalar and spin-
1/2 supersymmetric partners of quarks and gluons could beppadtuced at a hadron collider at
sizable rates (assumityparity). So far, Tevatron (CDF and DO collaboration [1+&} been pro-
viding lower limits on their masses depending on certainigggions about the parameter space of
the MSSM. At LHC in contrast, one expects for an initial luwsity of about 10fb* and typical
values of the MSSM parameters®12500) squark pairs for a mass of 300 GeV (1 TeV) [4, 5.
Given these large rates and the dedicated searches pedfatnsenatural to investigate the accu-
racy of the available theoretical predictions includingutum corrections.

With squarks (and gluinos) carrying color charge, it is napsising that Quantum Chromo-
dynamics (QCD) provides the dominant corrections to thelpcton cross section. This fact was
realized some time ago and led to the computation of the ceteplext-to-leading order (NLO)
QCD corrections [6]. The upshot is a large increase of the irmcomparison to leading order
(LO) QCD predictions along with a reduced scale dependertieating the improved theoretical
uncertainty. The origin of these large higher order QCDextions in hadro-production of (heavy)
colored patrticles is well known, since it is related to unsa QCD dynamics. As a typical pat-
tern so-called Sudakov logarithms show up which originegenfsoft gluon emission in regions of
phase space near partonic threshold. They depend on thexselacity B = (1— 4m¢/s)*/2 and
become large for center-of-mass energj&snear threshold for squark pair-producti; 4m§.
Sudakov logarithms can be organized to all orders of peatiob theory by means of a threshold
resummed cross section to a given logarithmic accuracy.

In this letter, we study soft gluon effects for the total aresction of squark hadro-production.
We employ Sudakov resummation to generate approximatetoaxxt-to-leading order (NNLO)
QCD predictions which are accurate in all (8g-enhanced terms at two loops. Moreover, we
include the complete two-loop Coulomb corrections as weth& exact dependence on the renor-
malization and factorization scale. To that end, we lardellw a similar study for top-quark
hadro-production at the Tevatron and the LHC [7,8]. The ingtce of Sudakov resummation for
the latter reaction has often been emphasized in the literésee e.g. Ref. [9]). Squarks are gener-
ally believed to be heavier than top quarks, but light endiodte pair-produced at these colliders
as well, so that the need for threshold resummation (ancttiaique) carries over from top-quark
pair-production. Recently, the soft gluon resummatiorstpwark and gluino hadro-production has
been performed to next-to-leading logarithmic (NLL) a@myrin Ref. [10], and results compatible
with ours were found.

The letter is organized as follows. We recall the dominamtgmechannels contributing to the
cross section of squark pair-production. Then we discuesBIttO QCD corrections. For the latter,
we have determined fits to the exact NLO scaling functionsdpresentative choices of squark and
gluino masses (presented in the Appendix). Next, we desthib steps necessary to achieve soft
gluon resummation to next-to-next-to-leading logaritt(NNLL) accuracy. Thereby, we focus on
the differences with respect to the well-known procedureédp-quarks. We employ the resummed
cross section to derive new (approximate) NNLO expresdmrtde scaling functions and analyze
the dependence of the hadronic cross section on the scalerapdrton distribution functions
(PDFs). For the finite order expansion to NNLO, we find goodaaept convergence properties
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and a markedly improved stability of the total cross sectidth respect to scale variations. We
give two examples, how our results translate into new limitshe squark masses.

2 Settingthe stage

We focus on the inclusive hadronic cross section of hadeghpetion of squark pairsy,, ,g6x
which is a function of the hadronic center-of-mass engygythe squark massg, and the gluino
massmy. In the standard factorization approach of perturbativédQiCreads

Opp—’an(S’ m%’ mé) - Z / ds Lij (Ss, uf2> 6ij—>qfi§’ m%’ mé ufzv urz) ) (1)

where the parton luminositigs; are given as convolutions of the PDFg, defined through
1 /d 5
A 2 V4 2 VA 2 S
Lij(5,s,1f) = g/;fi/p (Hfg) fj/p <uf72) . (2)

S

Factorization and renormalization scalgsandp, are identified |§; = p, = ) and the sum in
Eqg. () runs over all massless parton flavars £ 5 for LHC and Tevatron). The hard parton
scattering cross sectiad); 45 appearing in EqL{1) receives at Born level contributiomsrfithe
channels

g9 — Gk, 3)

a9q; — GkGi, (4)
wherei, j, kandl denote flavor indices. For the calculation of the hadronissisectiori (1) in this
paper, we always sum over all final state squark flavors alidsyequantum number conservation
in proton-(anti)-proton scattering except for top-sqeafgtops). The contributing diagrams are
displayed in Figl11.

While the gluon fusion proceds|(3) always leads to like flagprark pairsK = 1) and identical
chiralities (see e.g. Ref. [6] for details on the quantum bem), aqq initial state leads to a
more interesting flavor structure of the final state squaik eor the qg-scattering proces§i(4)
we have final states with the same flavor structure if the fawadrthe initial state are different
(i# j=1=kAj=1)due to a gluino exchange in tlhechannel. Likewise, if the initial flavors
are equali(= j), then the final flavors may be different from the initial flaspbut the flavors
of the (g-pair are equal due to a gluon exchange indtehannel (= j = k=1). Moreover, if
we keep the squark chirality as a second quantum number, e@eter a richer structure and
much of the discussion (including soft corrections) caroeer. For the subsequent study of NLO
and approximate NNLO perturbative QCD, we restrict ourselio cross sections summed over

all possible final squark flavors and chiralitiésR). The complete list of Born cross sections for
different flavors and chiralities is presented in the Append

For the processes of our interest, the total partonic Barsscsectiong® are given by (see e.g.



(d) (e) ()
Figure 1:Contributing diagrams to the processgs— G4 (diags. (a)—(d)) andq; — qiq_j (diags. (e),(f).

Diagram (f) is proportional to the squark-gluino Yukawa pling Gs and introduces dependence on the
gluino mass.

Ref. [6]),

68 (smR) = O‘Ein(l—sz){m—sme’ +(17-188°+ %) lo (1 B)} ®)
%9948 - mMg192 o

4100
~B o - sn3
Oqa—da ST = &Ny 275

o (v ) (142

B (1+2@> +2<§+@> L1] ,  (6)

with the strong coupling constaat and the squark-gluino Yukawa coupliag identical toas as
required by supersymmetry (see the discussion below). dderewe have abbreviated

b=l Ciig E%ﬁ) @

wherep = (1—4mg/s)*/2is the squark velocity.
For the studies of higher order QCD corrections, the pactorass section can be expressed in
terms of scaling function$;. For gluon fusion, we define

AmogAs
27s

+0ij

- af (N £ (KD) s
Ggg-aa(SMG) = e > (4ms) |Z fgg” (n) log <mc21>, (8)
=0 =0

and, likewise, foch—scatteringféi'g—j) with additional dependence on the gluino magssee Eq[(6).
Heren = s/(4m§) —1is a measure for the distance to the production threshcﬂd:aﬁtmg. The
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NLO QCD corrections are known [6] although they are not adé in analytical form (unlike
the case of top-quark hadro-production [11]). Instead ih R&], the authors present a numerical
program called RospPINOto calculate the complete hadronic Cross section at NLO. ave bsed
this program to extract values for the scaling functltb@%g qu : andfq,q] (all terms proportional
to log( 2/ma ) will be discussed below). Subsequently, we have deternfitedf these functions
to per mille accuracy based on the following ansatz,

1 = 1o (5100 (88%) - S loa (8p?) +

11n2

W = o ngﬁ”ja ( 0GP (882) — 1 10g(8R2) + 7;‘;)+hq.q,<s> (10

The threshold logarithms I¢8) as well as the Coulomb corrections (/) are kept exactly [6],
while the fit functionh(p) is given in Eq.[(A.1ll). These fits allow for an easy handlinghef NLO
QCD corrections in phenomenological applications.

The log B) terms appearing in Eqs$.J(9) aiid{10) can be resummed sys$taityato all orders
in perturbation theory employing the well established teghes (see e.g. Refs. [13-15]). The
resummation typically proceeds in Mellin space after idring moment& with respect to the
variablep = 4m¢/sas

1
5(N,me.me) = / dppN-L5(s . m). (11)
0

For scattering reactions with non-trivial color exchangee has to choose a suitable color basis
for the total cross-section. It is convenient to select adgmsition according to color-singlet and

color-octet final states,
Gijqq(SMGME) = D Gij1(SME,G). (12)

1=1,8

At Born level, we find the singlet component to be explicitlyen by

. af ngTp 1-B

Ogg1 = n%m [_[334—2[34— (1 B4) log (1‘1‘[3)} (13)
A G2 C2 2 _m

Gqq.1 = —r‘jﬁzggp B<1+mS ”ﬁnﬁm‘z‘nﬁ ) <1+2m€2’5m‘2‘>u], (14)

and the octet termg;; g can be easily derived from Eqgl (3) abtl (4). The resummed sextions
(defined in theMS-scheme) for the individual color structures of the satyy process are then
obtained as single exponentials in Mellin-space,

G (NG mg) ) o
IJI (N ma ms = gﬂ,l(méa”'é)'eXD(Gu,|(N+l))+O(N Llog"N), (15)

where all dependence on the renormalization and factaizatalep, andy; is suppressed and
the respective Born term is denotﬁ@ .- The exponenG;j | contains all large Sudakov logarithms

4



logN and the resummed cross sectibnl (15) is accurate up to terioh wémish as a power for
large MellinN. To NNLL accuracyGij,| is commonly written as

a
Gij,1(N) =logN g (M) +5,1 (N + 2261 M)+ (16)

whereA = BglogNas/(4m). The functionsg}‘j for the singlet and octet color structures are explic-
itly given in Ref. [7] and can be taken over from the case ofdoprk hadro-production (see also
Ref. [10] for the results to NLL accuracy). Agl{l k=0,...,3 depend on a number of anomalous
dimensions, i.e. the well-known cusp anomalous dimen&iaiie functionsD andDgqg control-
ling soft emission, and the coefficients of the Q@Bunction. At higher orders their precise
expressions also depend on the chosen renormalizatiomsghieus on the dynamical degrees of
freedom. At the center-of-mass energies of Tevatron and BRCfor the mass ranges currently
considered in MSSM phenomenology, mg ~ 0(200GeV—- 1TeV), a scheme which decouples
all heavy particles (top-quark, squarks, gluino) is appedp. Thus, we are left with the Standard
Model B-function coefficientfip = 11— 2/3ns andf3; = 102— 38/3ns and the same expressions
for the anomalous dimensiofh, D and Dqg as in the case of top-quark hadro-production (see
Ref. [7]). Our scheme choice is in line with the exact NLO QCd#calation [6] to facilitate
matching (see below). Throughout the papeyandmg denote pole masses.

Having Eq. [(15) and all quantities necessary for its exphkealuation at our disposal, we
use the resummed cross section as a generating functiarthefthreshold approximation to the

yet unknown NNLO QCD corrections, i.e. the inclusive partataling functions‘i(jzo) in Eq. (8).
Substituting all numerical values and setting= 5, we obtain for a representative choice of squark
and gluino massesy = 400 GeV andng = 500GeV in theMS-scheme the approximate NNLO
results,

(00)
(200 fgg .
fog’ = (16n2)2{4608log‘[3 18949144Iog°’[3+( 13095423—1—49630011[3) Iog B

1 1 1
+ (35239200+ 321 13660[§) logP+68.547138; — 19693242, + cld } Y

20 _ fégo) { 8192Iog4[3 — 40530701 log B+ (567 40606+ 982573951) log®
a (162)2] 9 ’ B
n (93292034+ 33672883%) logB + 2056414% - 634.79109% +cl } ., (18)
(20 _ foy { 8192, 04 B— 40530701104 B+ <45041183—|— 98257395}) log?B
aid (16m@)2) 9 B

(92362614+ 33672883ﬁ) logp + 20564141[32 - 63479109, +C§|3| } . (19)

where the coefficients of the 18f-terms are exact and we have used in the derivation the lin-
earization of the Born functions,
(00)

fogg” = EZT[BJFO(BS) (20)



0o _ 4 Mgmg
foq = §T@W+O(BS)~ (21)

For our phenomenological studies though, we have alwaystisuted the full Born result fof;
in Egs. [IT)-4(D).

A few comments on Eqs_(1L7)=(19) are in order here. The iesué accurate to all powers
in log(P) at two loops. This has been achieved by consistent matcHitigeaesummed cross
section to the exact NLO result for our choice of the massgs- 400GeV andrg = 500GeV.

To that end, we have used our f{t$ (9) and (10), specificallgtimstants; of Eq. (A.11) as given
in Tab.[3. These constants enter in the coefficients of(®gand logB) in Egs. [IT7)-4ID), i.e.
the quadratic and linear logarithm. Strictly speaking,tfee NLO matching separate constants are
required for the singlet and octet color structures at NL@ fam this reason the exact numerical
coefficient of the term linear in Idgwill differ slightly. However, experience from studies fimp-
quark hadro-production shows this effect to be margina] il well covered within our quoted
overall uncertainty for the threshold approximation. Op &d the threshold logarithms we have
also added in Eqs.(17)=(19) the complete two-loop Couloartections (as summarized e.g. in
Ref. [7]). Finally, we comment on the presence of the squgukio Yukawa couplingis, which is
identified with the strong coupling constamng as required by supersymmetry. In thiS-scheme
this is achieved by a (finite) renormalization, which is eatty implemented at one-loop level by
our matching procedure at NLO. At the two-loop level, theiiddal renormalization ofis would

only affect the constant terméhzo)l—j in Egs. [18),[(IP). Since we have no control over the latter, w

(00)
i

set all two-loop constantﬁ(jz) to zero in our phenomenological studies.

At this stage, it only remains to discuss those terms in[Bgvkfich describe scale dependence,
i.e. the terms proportional to Ing/mé). Through NNLO, this concern‘q(jll), fi(J-Zl) and fi(jzz)
which are entirely determined by renormalization groupuargnts (see. e.g. Refs. [16,17]). They

can be constructed with the help of lower order results, ithaébhe scaling functionéi(joo) and

fi(jlo) and the splitting functionB}j. The latter quantities govern the PDF evolution. They can be
expanded as

2
Ri(X) = Z_]STH(JO)(XH(Z_;) PYx) +..., (22)

and explicit expressions for tH'e(J-k) can be found in Refs. [18, 19]. Following Refs. [16,17] we
can calculate the scale dependence of the partonic crassrs€khis yields the following result

i = ﬁ (2Bofi™ — 17 @R — 10 2 RY) (23)
T I L)
erln2 (3[30 i1 159 0RY — 1% @ P,E?)) , (24)
1 = g (WO 0RD P+ 14 R or? + 11 ol or
+3p3£%% 2[30 i) @R — 2[30 19 Plﬁf’)) : (25)
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where® denotes the standard Mellin convolution, i.e. ordinarydoicis in Mellin space under
transformation[(11). The summation over repeated indiceadmissible parton contributions is
implied, although for phenomenological applications waniet ourselves in Eqd._(P4) arld (25) to
the (numerically dominant) diagonal parton channels atlb@ps. Note, that the scale dependent
two-loop contributions are exact at all energies also awagnfthreshold. In this context, we
remark that the usual definition of the splitting functiBgy (see e.g. Refs. [18, 19]) needs to
be divided with a factor 2;, because the standard definition implicitly contains a swer all
flavors. One other comment concerns the two-loop splitimgfionPyq in Eq. (24). Obviously,
only the flavor non-singlet splitting functiofyq = P5 enters the convolutioi (24) for the flavor

non-singlet scaling functlori( ) because flavor number is conserved. Likewise for the flavor

singlet case‘(gq ),

and pure-singlet) contributes. Finally(oo) depends only on the ratio of the gluino and squark

massrq = mg/mg. Therefore through Eqs._(23) and [25), the scaling funstltgf&fl and fg 22)
depend only on this ratio.

the flavor smglet splitting functioRyq = P+ Pps (i-e. the sum of non-singlet

3 Numerical Results

Let us start to illustrate the phenomenological consegeenthroughout this paper, we assume
for the gluino mass the relatiang = 1.25mg. Here our choice of parameterg = 400 GeV and
mg = 500GeV as a reference point has been influenced by the climétstfrom direct searches.
Thus far, lower limits onmg andmg are provided by Tevatron (CDF and DO collaboration [1-3])
and an absolute lower limit of 379 GeV and 308 GeV, respegtifer the masses of squarks and
the gluino in the mSUGRA frameworkdA§ = 0,1 < 0,tanf3 = 3) has been quoted. Moreover,
the non-stop-squarks are expected to be in a narrow mass,rhegause the Standard Model
quarks are (nearly) massless and, in this case, nearly regeserated squarks are a property of
MSUGRA. In the mSUGRA framework, tligis lighter and thd, heavier than the other squarks
and a typical particle spectrum can be found in Ref. [20] Ascamced already above, we have
excluded stop quarks from our considerations here. Cuyrehe NLO QCD corrections to stop
production are known [21] (see e.g. Ref. [22] for a searchiHerightest stof).

We display in Figs[ 12 and] 3 our results for the scaling funtias defined in EqLI(8) up to

second order ims and separated according to the parton initial sggfandqq. The results for

fi(jzo), fi(jZl) andfi(jzz) are new. To illustrate the effect of threshold logarithms,cempare the scale

independent functionq(joo), fi(jlo) and fi(j20) directly in Figs[2(8); 2(f) and 3(c). One clearly sees
the effect of the large logarithms [ at low n giving rise to large perturbative corrections. At
largern, the results forfi(jzo) from Eqs. [1¥)-+£(19) vanish quickly and our approximatioasas to

be valid forn Z o(1...10).

Let us next investigate the consequences for the hadroass gection[{1) for squark pair-
production at LHC and Tevatron. The necessary convolutfdheparton scaling functions with
the parton luminosity({2) emphasises the threshold regigrhase space. The parton luminosity
Lij is steeply falling with increasing energies. Consequerlig total hadronic cross section is
effectively saturated from partonic processes close testiold with the kinematics being very
similar to the case of top-quark hadro-production [7]. Asu@shot, one can conclude, that our
approximate NNLO result captures the numerically domiment of the complete (yet unknown)



L (00) ]
0.25- faa 3
: 100 :
0.2 f E
L qq ]
0.15- E
O E
0.05- E
o= """ T esmno: .
-0.05- 3
O el vl vl el il d
10* 10° 10® 100 1 100 1 18 10
n = s/(4nf) -1
(@)
. —_£@ NNLL 1
r ?2“1) 7
E - fgg), exact ]
; - qu , exact f:
Of——mmmmmms —
-O.l: EIETTTY BRI R TTI ST E AT RS AT SRR EEEra| \\HH%
10* 10° 102 100 1 100 1 188 10
n=sl/4 rr"r) -1
(c)
i {00 1
ra __ fao ]
EY . ]
04r \ - T B
r A\ ]
0.3~ E
0.2F B
0.1 -
0F 1
_0_1: T B RN RTTT! R RN ATTT R A RTTIT R ETIT BRI R | \\HH%
10* 10° 10° 100 18 100 18 1@ 10
n=si(4n-1
(e)

L L L L L B L B B B L B

(00)
fq1q2
__ fao

q1q1]
- fa
qlqg2]

-0.05 1
0.6l il vl sl sl sl sl o
10* 10° 10 100 1 100 1 1080 10
n= s/(4n?) -1
(b)
A — @, NNLL| ]
F - (e exact|
F - 18D, exact ]
_0.1: covnl v vl v vl vl vl vl il H\HE
10* 10° 10®° 100 1 100 1 188 10
n= s/(4n?) -1
(d)
P {00 1
0.5 qlqg2 -
FA __ fao ]
r \.\ qlql ]
y 2 ]
04 - e ]
r A ]
0.3+ \ B
. \. 4
L \ ]
_0'1: T B RN RTTT! R RN ATTT R A RTTIT R ETIT BRI R | \\HH%
10* 10° 10® 100 1 100 1 188 10
n= s/(4n?) -1

Figure 2: Scaling functionsféiq” (left column) andf(gf(jq)I (right column) withi =0...2, j <, for mg =
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Figure 4:The total hadronic cross section fop— d at LHC with \/s=14 TeV to LO, NLO, and NNLO
in QCD as function of the squark masg. For the gluino mass we assume the relatign= 1.25m;s.
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Figure 5:Same as Fid.]4 for Tevatron witjis= 1.96 TeV.

NNLO corrections. Eqs[(17)=(1L9) should thus represenranadiable estimate.

In Fig.[4, we present the total cross section at the LHC asetifumof the squark massg. We
use the PDF set CTEQ6.6 [23], if not stated otherwise. Indfidiure, we show the LO and NLO
QCD predictions for the cross sections along with theirrdoends due to the scale uncertainty for
scale choices = pu/mg = 2 andx = 1/2. In Fig.[4 on the right, we show the same comparison
for the LO and NNLO prediction. While the error band of the L&@ss section is quite large
(being entirely determined by the scale uncertainty of theng coupling constards) it shrinks
when considering the NLO QCD prediction. For the cross eacit NNLO accuracy, we apply

our newly derived scaling functiorfézo), fi(jZl) and fi(jzz) of the previous Section. We observe how
the error band contracts to a rather thin line, showing theiscantly reduced scale uncertainty at
this order of perturbation theory. In TdB. 1, we present nemslfor the hadronic cross section for
different squark masses and scales. The NLO cross sectinoréased by about 50% compared
to the LO cross section, and likewise, the approximate NNE@3< section is increased by about
9% compared to the NLO cross section. As a direct phenomgiwalicconsequence we translate
our result into shifts of the exclusion limits for the squanksses for one example. For instance,

a cross section of 30 pb corresponds at LO, NLO, and NNLO taiarkgmass of about 397 GeV,
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430GeV, and 437 GeV, respectively. B

In Fig.[H, we present the same plot for the total cross secifopp — ¢ at the Tevatron.
Here, the cross section is more than two orders of magnitod®ler than at LHC due to the
lower center-of-mass energy of Tevatron. Again, we obsienpeoved stability of the perturbative
predictions with respect to the scale variation. In Tdb. 8,give explicit values for the cross
section. Again, the NNLO result implies new exclusion lisnifor example for a cross section of
60fb one comes up with a squark mass of about 370GeV, 391 Ge@8¥GeV at LO, NLO, and
NNLO, respectively.

80 ; — C 7 10—
L 4 17
eor ] 10 ['NNLO @ LHC|
= ] _ 10 E
T U F
S 401 T 1 2 M= 400 GeV|
1S =
i 1 10k M =500GeV| |
200 i \ ] i
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% . TR | — 10—37”‘\H‘\H‘\H‘\H‘\H‘i
1 0.5 1 2 3 4 2 4 6 8 10 12 14

QM
(a) (b)

Figure 6:The total hadronic cross section fop — 6 at LHC as a function of the scaje(left figure) and
as a function of the center-of-mass ene(gy(right figure) for the reference point. On the left hand side w
compare the LO, NLO, and NNLO predictions for thelependence with/s= 14 TeV. On the right we
display the,/s dependence of our NNLO prediction at scale: my.

—_——————————————— ———————
1k = PDF uncertainty (Cteq6.6) . 1PF == PDF uncertainty (MRST2006 NNLQ)):

o) o)

! !

°10'F 4 Cu0F =
10H"\HH\HH\HH\H‘.'T: 10 T H N S B
%00 400 500 600 700 800 %00 400 500 600 700 800

Mg [GeV] M3 [GeV]

Figure 7:The PDF uncertainty of the NNLO cross section for the two PBX§ €ETEQ6.6 [23] (left figure)
and MRST2006nnlo [24] (right figure).

In order to illustrate the improved theoretical predictare to the reduced scale dependence,
we show in Fig[ 6(a) the LO, NLO, and NNLO predictions for thhess section at LHC with
v/s= 14 TeV. One observes a decreasing dependengevith increasing order of perturbation
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Mg o(LO)[pb) o(NLO)[ph) o(NNLO)[ph)

[GeV] | x=3 x=1 x=2| x=3 x=1 x=2| x=3 x=1 x=2

300| 1484 1166 932 | 1795 1742 1619 | 1774 1898 1934

400| 371 289 230 44.6 431 398 441 46.8 474

500| 119 9.3 7.3 14.4 138 127 14.2 150 151
600 451 349 275 5.47 522 478 5.39 566 568
700 1.91 147 116 2.33 221 201 2.29 240 240
800 0.87 067 053 1.07 101 092 1.06 110 110
900 0.43 033 025 0.53 050 045 0.52 054 053
1000 0.22 017 013 0.27 025 023 0.27 0.28 027

Table 1:Numerical values for the squark pair-production crossisectt LHC with /s = 14TeV and the
CTEQ®6.6 PDF set [23]. The QCD predictions are given at LO, Na@ NNLO accuracy and for different
squark masses and scaies p/my.

theory. Within the commonly chosen scale interxak 0.5...2, the LO, NLO, and NLO cross

section varies between 37 pb and 23pb, 45pb and 40pb, and &#hB7 pb, respectively (see
Tab.[1). This amounts to a residual theoretical uncertamit$% for our approximate NNLO

prediction.

The presently discussed schedule for the initial phase & lridludes operation at a center-of-
mass energy lower than 14 TeV, a value of 10 TeV has often dubta this reason, itis interesting
to study the energy dependence of the cross section. Ih fjwe display our new approximate
NNLO result as a function of the center-of-mass energy. Weenke, for instance, at 10TeV a
cross section of about 19 pb for our reference poigt-£ 400 GeV andng = 500 GeV) compared
to 47 pb for the design energy of 14 TeV.

The final point of interest is the sensitivity to the partomloosity and the associated uncer-
tainty. In Fig.[T, we show the NNLO cross section for squark-peoduction together with the
error band due to the PDF uncertainties. We used two sets BEPOTEQG6.6 (left figure, [23])
and MRST2006nnlo (right figure, [24]). At higher squark nesssthe error on the cross sec-
tion is significantly increased because the relevant phaseesprobes the gluon luminosity in the
highx region where the gluon PDF has a large uncertainty. Notetkieatjuoted error for the
MRST2006nnlo PDF set is significantly smaller than for theEQb.6 set.

4 Conclusion and Summary

In this letter we have investigated the effect of higher orsigft corrections on the total cross
section for hadronic squark pair-production. These radiatorrections make up numerically
for a large part of the higher order QCD effects. Startingrrine existing NLO calculation we
provide for the ease-of-use the NLO scaling functicﬁﬁllg) in the form of parametrizations which
are accurate at the per mille level. Subsequently we havdogerbwell established techniques
for soft gluon resummation to derive new approximate NNL8utes. Our two-loop expressions

for the scaling functionii(zo) are exact in all logarithmically enhanced terms near thokesand

j
they include the Coulomb corrections. All two-loop scalﬁulgctionsfi(j21) and fi(jzz) governing

the scale dependence have been computed exactly usingiaization group arguments.
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my o(LO)[fb] o(NLO)[fb] o(NNLO)|fb]

[GeV]| x=3 x=1 x=2| x=%1 x=1 x=2| x=3 x=1 x=2
200107350 76411 56066 | 133947 118367 100917 |127075 127497 121004
250 | 24505 17266 12543 | 31825 27666 23288 | 30434 30197 28350
300 6024 4199 3019 8169 6986 5804 7899 7752 7201
350 1518 1046 744 2152 1811 1484 2110 2049 1882
400 379 258 182 56.3 46.6 377 56.2 539 489
450 9.2 6.2 4.3 14.3 116 9.2 145 137 123
500 2.1 14 10 34 2.7 2.1 3.6 3.3 2.9

Table 2:Same as Tabl 1 for Tevatrongs= 1.96 TeV.

For Tevatron and LHC, our approximate NNLO cross sectioddda a cross section increase
of 9% compared to the NLO predictions, which translates mgier exclusion limits for squark
masses. Moreover, with our approximate NNLO result we hawmd significantly improved
stability with respect to variation of the renormalizatiemd factorization scale (keepipg = L).
This leads to a residual theoretical uncertainty of 3% pl(largely uncorrelated) error due to the
parton luminosity depending on the particular PDF set.

As a possible extension as far as the study of QCD correcisotsncerned we would like to
mention bound-state effects for squark pair-productionhaairon colliders, which depend on the
particular color and angular momentum quantum numberseofjdiFpair. This would allow the
resummation of the Coulomb corrections to all orders. Framilar recent work for top-quark
pairs [25, 26] we would expect a shift of the total cross sechy o (1%) due to these bound state
corrections.

Acknowledgments

We would like to thank T. Plehn for discussions and help wite BRospINO code [12]. The
Feynman diagrams have been prepared wikoBRAW [27] and for numerical integrations the
CuBA-library [28] has been used. We acknowledge support by thekidtz Gemeinschaft under
contract VH-NG-105 and in part by the Deutsche Forschungsgeschaft in Sonderforschungs-
bereich/Transregio 9.

Appendix A: Useful formulae

For the partonic cross section one can distinguish thevialg subprocesses for squark pair-
production according to the initial flavors and chiralities

9 — Grdr. 9 =ud,scb, (A.1)
99 —Ged. 9 =udsgcb, (A.2)
9 — QrQr,  0,Q=ud,scb, g#Q (A.3)
0Q —drQr,  0,Q=udscb g#Q, (A.4)
Q —dQ, 9Q=udscb q#Q (A.5)
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The same processes are possible if one replaces the ghinaléx R with L and vice versa. The
process[(A.ll) proceeds via gluon exchange irstbeannel and gluino exchange in thehannel,

the process (Al3) only via gluon exchange, and the procd@gsgh (A.4), and [(A.b) only via
gluino exchange. The corresponding Born cross sectiongiaea by

o(qd— GriR) = 2;?5 B>+p <1+ 20T %) . méR)) P mi3>2+ L
63 <1+ @) L1] , (A.6)
o(dg— GriL) = nggn;é (ri%ms_R i:%(;;jzné:;”fwi , (A.7)
oo~ GrGr) = g, (A8)
(O 55 = _21;2@ {2\/(”‘%R+W%R—S )2 —4mg m2
n <1+ 25 - mSéR _ méR) L1] , (A.9)
2rug rré \/ i+, 9 AT, (A.10)

o(0Q — qRé_L) =
s+
with mg, Mg andeR/L denoting squark masses angis defined in Eq.L{7).

We have parametrized the numerical result abBPINO[12] for the NLO scaling functions

in fééo), fééo), and fo(hlq?) by a fit (accurate at the per mille level), where the fit funectgp) in
Egs. [9) and(10) reads

h(B) =  B|as+asB-+aB?log(8B?) +aup?log(8B?)

+as log?(1+n) +ae log(1+n) + a7

1 1 L og(1E)
Vv1+n Vv1+n 1+n B
+agxlog?(n) + agxlog(n) + a1 log?(n) + a1 x2log(n)

+a1xClog?(n) +a1Clog(n) + a1t log?(n) + aisx* log(n)

+a1elog?(n) +a17x5log(r])] , (A.11)

andx is defined as

x= 1 B— /- (A.12)
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We present the coefficients bfp) in Tab.[3. For our choice of squark and gluino masses=
400GeV andng = 500GeV, the fit is accurate at the per mille level. Howeves, gshuark mass
dependence of the coefficierdsis weak, so that for the ratimg = 1.25mg, the fit may even be
used in the whole rangeyg = 200GeV...1TeV with a an error of less than 1%, the maximum
error being 07% at the lowest values of.

10 10 10
Y fog” fa” ngin)

a 0.49100112 (14999587 (14422667
ap —1.91412644 776393459 163082127
ag —0.60192840 (B7354296 —0.23767546
au 155221239 —-4.45797953 —0.59322814
as —0.00562902 (01846674 —0.00167924
ap 0.05091553 —-0.16690138 (01653721
az 0.96279970 —4.26865285 —0.88130118
ag —0.32470009 ®B1779585 (07212666
ag —0.12126013 109469670  (B6722998
aio —0.50416435 (B5492550  (0D3809051
a1l 0.70967285 —0.61743437 —0.48810751
a1 3.99890940 —8.15404313 —0.02789299
a;z  —9.83101731 409311643  2B7790285
a;4 —16.88306230 443618984 —0.60307995
a5 5283111706 —26.25150811 —7.30816582
age 2074447249 —-93.67735527 180344717
az7 —99.69494837 5774025069  B0489420

Table 3:Coefficients for the fit function§ [9), (10) arld (Al11) fog = 400 GeV andng = 500GeV.

Note that the values for the constanfor quark-anti-quark scattering in Tab. 3 can also be used
for other ratios of 4 = mg,/mg to very good accuracy because of the weak squark mass depende
at NLO. Sincea; = a1 (rq), we can be extract from Tab. 3 for the valuesgfatrq = 1.25:

1681 I3
400 (1+12)2

This is due to lim_,oh(B)/B = a; and Eq.[(21).

ay(rq) = ai(rq=1.25). (A.13)
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