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Figure 19: The K-factors [Eq. (68)] for the Tevatron (
√

S = 1.8 TeV). Parton densities:
GRV94, with scale Q = m; mass parameters: mt = 175 GeV and (a) mg̃ = 200 GeV, (b)
mq̃ = 200 GeV.
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Figure 20: The K-factors [Eq. (68)] for the LHC (
√

S = 14 TeV). Parton densities:
GRV94, with scale Q = m; top-quark mass: mt = 175 GeV.
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SQUARKS AT THE LHC

Production  Decay

Squark-Squark production:
LO QCD: Baer, Tata ’85
NLO QCD: Beenakker et al.’96
Tool: PROSPINO2 (inclusive), Plehn
Automatization: Goncalves-Netto et al. ‘12
LO EW: Bornhauser et.al. ’07, NLO: Germer et. al. ‘10
Beyond NLO (resummed):
Beenakker et al. ’09 (soft)
Falgari, Schwinn, Wever ‘12 +‘13 (soft+coulomb)

Squark decay:
NLO QCD: Djouadi, Hollik, Junger ’96
Tool: SDECAY (integrated widths), 
          Mühlleitner et. al.  
NLO EW: Guasch, Hollik, Sola ’02

For a systematic treatment at NLO production and decays have to be combined. 

Higher-order corrections are generally large for inclusive cross sections. 

Differential distributions at NLO in terms of experimental signatures have not 
been studied.

http://arxiv.org/find/hep-ph/1/au:+Beenakker_W/0/1/0/all/0/1
http://arxiv.org/find/hep-ph/1/au:+Beenakker_W/0/1/0/all/0/1


NLO corrections to on-shell squark–squark
production and decay at the LHC

W. Hollik, J. M. Lindert, D. Pagani

May 20, 2012

We present the analysis of the signature jj+ �ET (+X) via squark–squark pro-
duction and direct decay into the lightest neutralino, pp → q̃q̃� → jjχ̃0

1χ̃
0
1(+X),

in next-to-leading order QCD within the framework of the minimal supersym-
metric Standard Model.
We provide a consistent, fully differential calculation of NLO QCD factorizable
corrections to the given processes with on-shell squarks.
Clustering final states into partonic jets, we investigate the experimental inclu-
sive signature jj+ �ET and we choose for illustration several benchmark scenarios.
We compare resulting differential distributions with leading-order approxima-
tion rescaled by a flat K-factor and examine a possible impact for cut-and-count
searches for supersymmetry at the LHC.

pp → q̃q̃� → qq�χ̃0
1χ̃

0
1(+X)

1
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′

q̃
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q̃
′

q

q
′

χ̃
0
1

χ̃
0
1

SPS1a ũL ũR d̃L d̃R g̃ χ̃0
1

mass (GeV) 563.6 546.7 569.0 546.6 608.5 97.0

Table 1: On-shell masses of the squarks, the gluino, and the lightest neutralino within the different SUSY

scenarios considered. All masses are given in GeV.

10.1.5 ũL ũR d̃L d̃R g̃ χ̃0
1

mass (GeV) 1437.7 1382.3 1439.7 1376.9 1568.6 291.3

Table 2: On-shell masses of the squarks, the gluino, and the lightest neutralino within the different SUSY

scenarios considered. All masses are given in GeV.

We present the analysis of the signature jj+ �ET (+X) via squark–squark production and direct
decay into the lightest neutralino, pp → q̃q̃� → jjχ̃0

1χ̃
0
1(+X), in next-to-leading order QCD within

the framework of the minimal supersymmetric Standard Model.
We provide a consistent, fully differential calculation of NLO QCD factorizable corrections to the
given processes with on-shell squarks.
Clustering final states into partonic jets, we investigate the experimental inclusive signature jj +
�ET and we choose for illustration several benchmark scenarios. We compare resulting differential
distributions with leading-order approximation rescaled by a flat K-factor and examine a possible
impact for cut-and-count searches for supersymmetry at the LHC.
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We study the experimental signature

via squark-squark production and direct 
decay into the lightest neutralino.

[Falgari, Schwinn, Wever, ’12]

LO, LHC 7 TeV

Why squark-squark channel?Full LO process

Combining production and direct decay at NLO



LO in NWA

problem of unstable particles

idea of calcultaion

overview of article

When squarks and gluino not too heavy large production cross section for colored sparticle pro-
duction. And due to PDFs for rather heavy q̃, g̃ one of the largest contributions is q̃q̃ production.

2. Method

We investigate the production of squark-squark pairs of the first two generations induced by proton-
proton collision, with subsequent decays of the squarks into lightest neutralinos. The only partonic
subprocesses that contribute are

qiqj → q̃i,aq̃j,b → qiχ̃
0
1qjχ̃

0
1 , q̄iq̄j → q̃∗i,aq̃

∗
j,b → q̄iχ̃

0
1q̄jχ̃

0
1 , (2.1)

[L: correct to put here also the c.c. process, right? ] where i, j = {u, d, c, s} denote the flavours of
the (s)quarks and a, b = {L,R} their chiralities. For the sake of clarity we will use the notation
qq′ → q̃q̃′ → qχ̃0

1q
′χ̃0

1 where the specific chiralities and flavour are not important in the discussion.
Also, we will usually drop the explicit notion of the charge conjugate subprocess, as all following
arguments hold identically. We include it however in our numerical evaluation.
In the considered process, squarks appears as intermediate particles [L: particles vs. states? i don’t
care]. In the limit Γq̃/mq̃ → 0, where Γq̃ and mq̃ are the total decay width and mass of the squarks,
their contribution from the propagators in the squared amplitude can be rewritten as following

1

(p2 −m2
q̃)

2 +m2
q̃Γ

2
q̃

→
π

mq̃Γq̃
δ(p2 −m2

q̃) . (2.2)

[L: define p? ] As explained in Appendix ??, in the narrow width approximation (NWA) the Born
partonic total cross section can now be expressed as

σ̂(0)

NWA = σ̂(0)(qq′ → q̃q̃′)×BR(0)(q̃ → qχ̃0
1)× BR(0)(q̃′ → q′χ̃0

1) . (2.3)

Thus, the squarks are produced on-shell and the 2 → 2 partonic cross section at Born level is given
by σ̂(0), the respective Born level branching ratios (BR) by BR(0). In this limit we exclude off-shell
squark contributions and we can consistently consider the process as independent production of the
squarks and their following decays. Thus, the calculation can be factorized into two [L: three?? two
decays! don’t now ] steps. [L: suggest to drop: , making analytical and numerical computations.]
[P: I would drop the sentence: The Born case is anyway straightforward also without narrow width
approximation, so it can be used to estimate the numerical effects of neglecting the subleading terms
in the expansion Γ/m → 0.][L: jep, we can put a note on our other paper: ”Will be presented
elsewhere..]
[L: drop: The main goal of this work is the study of differential distributions including higher order
effects.] Due to the scalar nature of the squark and thus the lack of spin correlations between pro-
duction stage and decay stages of the considered process, at LO eq. (2.3) can directly be generalized
to a complete differential form,

dσ̂(0)

NWA
dtdφd cos(θ̃1)dφ̃1d cos(θ̃2)dφ̃2

=
dσ̂(0)

qq′→q̃q̃′

dtdφ

1

Γtot
q̃

dΓ(0)
q̃→qχ̃0

1

d cos(θ̃1)dφ̃1

1

Γtot
q̃′

dΓ(0)
q̃′→q′χ̃0

1

d cos(θ̃2)dφ̃2

. (2.4)
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decays! don’t now ] steps. [L: suggest to drop: , making analytical and numerical computations.]
[P: I would drop the sentence: The Born case is anyway straightforward also without narrow width
approximation, so it can be used to estimate the numerical effects of neglecting the subleading terms
in the expansion Γ/m → 0.][L: jep, we can put a note on our other paper: ”Will be presented
elsewhere..]
[L: drop: The main goal of this work is the study of differential distributions including higher order
effects.] Due to the scalar nature of the squark and thus the lack of spin correlations between pro-
duction stage and decay stages of the considered process, at LO eq. (2.3) can directly be generalized
to a complete differential form,

dσ̂(0)

NWA
dtdφd cos(θ̃1)dφ̃1d cos(θ̃2)dφ̃2

=
dσ̂(0)

qq′→q̃q̃′

dtdφ

1

Γtot
q̃

dΓ(0)
q̃→qχ̃0

1

d cos(θ̃1)dφ̃1

1

Γtot
q̃′

dΓ(0)
q̃′→q′χ̃0

1

d cos(θ̃2)dφ̃2

. (2.4)
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Formal expansion in     :αs

Born

NLO decay
NLO production

“master formula”

dσ
(0+1)

NWA(pp → q̃q̃′ → qχ̃0
1q

′χ̃0
1(+X)) =
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NLO decay

NLO total decay width �

χ0
i ,χ

±
j

NLO production

Fully differential cross-section.

p

p

q̃

q̃
′

q̃′
q′

χ̃0
i /χ̃

±
j

q̃

q

χ̃
0
1

pMSSM19,A ũL ũR d̃L d̃R g̃ χ̃0

1

mass (GeV) 339.6 394.8 348.3 392.7 414.7 299.1

Table 3: On-shell masses of the squarks, the gluino, and the lightest neutralino within the different SUSY

scenarios considered. All masses are given in GeV.

dσ
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Fully differential decay.

Universal form factor                 FQCD

For every chirality and flavour configuration:

pMSSM19,A ũL ũR d̃L d̃R g̃ χ̃0

1

mass (GeV) 339.6 394.8 348.3 392.7 414.7 299.1

Table 3: On-shell masses of the squarks, the gluino, and the lightest neutralino within the different SUSY

scenarios considered. All masses are given in GeV.

dσ
(1)
pp→q̃q̃′(+X) = dσvirtual+soft

pp→q̃q̃′(g) + dσcoll
pp→q̃q̃′(g) + dσhard

pp→q̃q̃′g + dσreal-quark
pp→q̃q̃′ q̄(′)
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COMBINATION

For all different combinations of light flavours and 
chiralities, weighted events for squark-squark 
production are produced in the LAB frame.

Weighted decay events are generated in the 
respective squark rest-frame.

“master formula”boost of decay events

Fully differential distributions of factorizable NLO 
contributions in NWA.

+
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q
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NUMERICAL RESULTS
SPS1a (14 TeV) 
Scale variation: µf = µr =(m/2,m,2m),  m: average squark mass 

pT1 Emiss
T

SPS1a ũL ũR d̃L d̃R g̃ χ̃0

1

mass (GeV) 563.6 546.7 569.0 546.6 608.5 97.0

Table 1: On-shell masses of the squarks, the gluino, and the lightest neutralino within the different SUSY

scenarios considered. All masses are given in GeV.

10.1.5 ũL ũR d̃L d̃R g̃ χ̃0

1

mass (GeV) 1437.7 1382.3 1439.7 1376.9 1568.6 291.3

Table 2: On-shell masses of the squarks, the gluino, and the lightest neutralino within the different SUSY

scenarios considered. All masses are given in GeV.

We present the analysis of the signature jj+ !ET (+X) via squark–squark production and direct
decay into the lightest neutralino, pp → q̃q̃′ → jjχ̃0

1χ̃
0
1(+X), in next-to-leading order QCD within

the framework of the minimal supersymmetric Standard Model.
We provide a consistent, fully differential calculation of NLO QCD factorizable corrections to the
given processes with on-shell squarks.
Clustering final states into partonic jets, we investigate the experimental inclusive signature jj +
!ET and we choose for illustration several benchmark scenarios. We compare resulting differential
distributions with leading-order approximation rescaled by a flat K-factor and examine a possible
impact for cut-and-count searches for supersymmetry at the LHC.
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0
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(PDFs: CTEQ6.6)



Emiss
T

CMSSM 10.1.5 (14 TeV) 
Comparison between NLO and LO rescaled by global K-factor

SPS1a ũL ũR d̃L d̃R g̃ χ̃0
1

mass (GeV) 563.6 546.7 569.0 546.6 608.5 97.0

Table 1: On-shell masses of the squarks, the gluino, and the lightest neutralino within the different SUSY

scenarios considered. All masses are given in GeV.

10.1.5 ũL ũR d̃L d̃R g̃ χ̃0
1

mass (GeV) 1437.7 1382.3 1439.7 1376.9 1568.6 291.3

Table 2: On-shell masses of the squarks, the gluino, and the lightest neutralino within the different SUSY

scenarios considered. All masses are given in GeV.

We present the analysis of the signature jj+ �ET (+X) via squark–squark production and direct
decay into the lightest neutralino, pp → q̃q̃� → jjχ̃0

1χ̃
0
1(+X), in next-to-leading order QCD within

the framework of the minimal supersymmetric Standard Model.
We provide a consistent, fully differential calculation of NLO QCD factorizable corrections to the
given processes with on-shell squarks.
Clustering final states into partonic jets, we investigate the experimental inclusive signature jj +
�ET and we choose for illustration several benchmark scenarios. We compare resulting differential
distributions with leading-order approximation rescaled by a flat K-factor and examine a possible
impact for cut-and-count searches for supersymmetry at the LHC.
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CMSSM 10.1.5 (14 TeV) 
Comparison between NLO and LO rescaled by global K-factor:
corrections purely in the shapes
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The ‘golden’ decay chain

•  Search for SUSY in ‘jets + OSSF leptons’ channel
•  Possible to measure masses of intermediate sparticles from invariant      
mass distribution endpoints and shapes (         ,                  ,                , ... ).
•  Possible to measure spin of sparticles via charge asymmetries.

  

[Smillie, Webber’05]

Text

mjll mjl(high)mjl(low)

(a) (b)

Figure 11: Detector-level rescaled mass distributions for (a) jet + l+ (b) jet + l−, for the SUSY
mass spectrum in table 2. Dashed: SUSY. Solid/red: UED.

except at very high and low masses, where the asymmetry is the ratio of two vanishing

quantities.

(a) (b)

Figure 12: Detector-level charge asymmetries with respect to the jet + lepton rescaled invariant
mass, for the (a) UED and (b) SUSY mass spectra given above. Dashed: SUSY. Solid/red: UED.

7. Conclusions

We have presented results of a comparative study of spin correlations in models with

supersymmetry and universal extra dimensions. Complete results were obtained for a

decay chain that is likely to be important if either model is relevant at LHC energies.

The analytical expressions for two-particle invariant mass distributions in section 4 can be

used to test the models for any combination of masses and chirality of the new particles

involved in the decay chain. We presented numerical and graphical results for two particular

mass scenarios: one UED-like and one SUSY-like (SPS 1a). In the former case the near-

degeneracy of the mass spectrum of new particles would make it difficult to verify the spin
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SUSY

PS

UED

A =
l+ − l−

l+ + l−

 0  200  400  600  800  1000  1200
[GeV]

CMSSM 10.1.5

mjll
mjl(high)
mjl(low)

mjll

mjl(high)

mjl(low)

NLO QCD corrections calculated in [Horsky, Krämer, Mück, Zerwas ’08]



Combining production and the ‘golden’ decay chain

We study the experimental signature

via squark-squark production and an 
attached EW decay chain.

2j + 2l + �ET (+X)

pp → q̃Lq̃
�
R → qχ̃0

1q
�l+l−χ̃0

1(+X)
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CMSSM 10.1.5 (14 TeV) 
Comparison between NLO and LO rescaled by global K-factor
Comparison between normalized LO and NLO prediction. Corrections purely 
in the shapes of distributions.

LHC 14 TeV
ũL ũR d̃L d̃R g̃ l̃L l̃R χ̃0

2 χ̃0
1

10.1.6 1531.7 1472.2 1533.6 1466.1 1672.1 536.6 340.6 592.4 313.3

Table 1: On-shell masses of first generation squarks and sleptons, the gluino and the lightest and second

lightest neutralino within the different SUSY scenarios considered. All masses are given in GeV.

BR (%) q̃R → χ̃0
1 q̃R → χ̃0

2 q̃L → χ̃0
1 q̃L → χ̃0

2 χ̃0
2 → l̃±L χ̃0

2 → l̃±R
SPS1a 98.5 1.0 1.5 31.2 − 13.1

10.1.6 99.8 0.03 1.5 32.1 31.6 0.2

Table 2: Branching ratios for the decay of squarks into χ̃0
1 and χ̃0

2 and for the decay of a χ̃0
2 into right and

left sleptons. Squarks and leptons of the first two families are considered, where branchings into second

and first generation sleptons and their charge conjugated contributions are summed.

calculated with SDECAY, are listed 1. The right-handed squarks decay dominantly directly into the
bino-like χ̃0

1,the left-handed squarks into the χ̃0
2 and the lighter chargino, χ̃±

1 .
In table 2 we also list branching ratios for the second lightest neutralino into light flavor sleptons.

Branchings into first and second-generation sleptons are identical and in table table 2 we sum those
contributions. For benchmark point SPS1a only the right-handed l̃R is lighter then the χ̃0

2. Thus,
next to the decay into a stau this is the only available two-body decay. In our numerical analysis
of SPS1a, both for the decay chain alone and combined with the production, only the decay via
a right-handed slepton is considered. In contrast, for 10.1.6 both sleptons are lighter then the
χ̃0
2. Due to its wino-like nature the χ̃0

2 here decays dominantly into the left-handed l̃L despite the
smaller mass of the l̃R. For simplification in our numerical analysis of 10.1.6 only the decay via a
left-handed slepton is considered. As can be seen from table 2, the contribution from the decay
into a l̃R can be neglected safely.

In all numerical results presented in the following we employ the anti-kT jet clustering algorithm
with a jet radius of R = 0.4 implemented in FastJet 3.0.2 [88]. Furthermore we require for any
jet

pTji ≥ 20 GeV , |ηji | ≤ 2.8 . (4.1)

Thus, we arrive at an experimentally well defined result. As a first step we do not apply any cut
on the leptons in the final state and in this way we analyze the isolated decay chain, eq. (1.1), in
section 4.2. When analyzing combined production and decay in section 4.3, however, the following
realistic experimental cuts are introduced:

pTj1 ≥ 150 GeV , pTj2 ≥ 100 GeV , |ηj,l| ≤ 2.5 ,

pTl1,2 ≥ 20 GeV (OS-SF) , $ET ≥ 100 GeV , (4.2)

where we implicitly require the two leptons to have opposite charge and same flavor (OS-SF).
These cuts efficiently reduce SM backgrounds [?,?,16]. Furthermore, we assume that contributions
from leptonic decays of tau leptons (from SM processes or the corresponding signal decay chain
with an intermediate tau sleptons), charginos and W± bosons are removed in the standard way by
subtracting events with opposite-sign different-flavor lepton pairs (OS-DF), see e.g. [12, 13, 15–17].
Thus these cuts help to isolate the decay chain under consideration.

4.2 Squark Decay Chain

Here we want to investigate NLO corrections to the isolated decay chain eq. (1.1) evaluated in
1In table 2 we list the average of the value of the branching ratios for up and down type squarks, that, however,

differ at most by ∼ 1%. Differences between branching ratios at LO and NLO for squark decays are negligible (less
than per mill) for the considered scenarios and so not shown.

– 6 –

Consistency cuts applied to reduce jet combinatorial problem.
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Figure 7: LO (black) and NLO (red) normalized differential distributions for SPS1a in mjl(low), mjl(high),

mjll and mjll(thresh) (from top left to bottom right) for combined production and decay.

From the discussion above usefulness of the threshold of mjll(thresh) seems questionable. Addi-
tionally, a measurement of a lower endpoint is always subject to large experimental backgrounds.
As this threshold was introduced to solve ambiguities in the mass determination due to the near-far
indistinguishability, new techniques for this purpose should be investigated. In [23] the authors
argue that all invariant mass distributions used for mass determination from the given decay chain
should be build symmetrically under the interchange lnear ↔ lfar. In this spirit they introduce a
new set of invariant mass distributions. Here we do not want do discuss these distributions or their
advantage in detail, but we want to investigate NLO QCD corrections for those. In figure 9 we
show the normalized LO and NLO distributions in m2

jl(u) ≡ m2
jln

∪m2
jlf

, m2
jl(d) ≡ |m2

jln
−m2

jlf
|,

m2
jl(s) ≡ m2

jln
+ m2

jlf
and m2

jl(p) ≡ mjln · mjlf against a quadratic scale. Shapes of these distri-
butions are slightly changed due to NLO corrections, however, the possibility of measuring their
upper endpoints (both endpoints in the case of mjl(u)) seems to be unaffected.

Besides mass determination the given decay chain can also be used for spin determination or more
precisely for spin distinction. As pointed out in [31] and many subsequent works, the asymmetry
between the mjl+ and mjl− distributions defined as

A =
dσ/dmjl+ − dσ/dmjl−

dσ/dmjl+ + dσ/dmjl−
(4.4)
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in the signal region defined by the cuts of eq. (4.2), the total cross section at LO applying also
the consistency cuts N (0),cons. cuts

2j+2l+!ET
and the correspondent K-factors KN2j+2l+ !ET

and Kcons. cuts
N2j+2l+ !ET

.
Furthermore, we list the K-factors for just production including all q̃Lq̃′R channels Kpp→q̃Lq̃′R

and
including also all other chirality configurations Kpp→q̃q̃′ .

The difference between the K-factors including the cuts defining the signal region, KN2j+2l+ !ET
,

and the K-factors for just production of q̃Lq̃R pairs, Kpp→q̃Lq̃R , is small, namely 2%. This difference
increases to 8% for SPS1a and 5% for 10.1.6 if the K-factor for just the production includes also the
other chirality configurations, Kpp→q̃q̃′ . Thus, for the scenarios analyzed here, NLO corrections can
be safely approximated rescaling LO predictions with the K-factor obtained from just production,
provided that only the contributing chirality configurations are included in the calculation of the
K-factor6. This feature, however, cannot easily be generalized. As can be seen in table 3, e.g.
including consistency cuts, differences between these two approximations increase.

Consistency cuts are designed for the study of distributions relevant for parameter determina-
tion, as the ones discussed in the previous section. However, they decrease the cross sections, as
can be seen comparing N (0)

2j+2l+!ET
and N (0),cons. cuts

2j+2l+ !ET
, without adding any obvious benefit in the

context of searches. On the other hand, so far, we did not discuss the different normalization of the
LO and NLO distributions shown in the previous sections. The values of Kcons. cuts

N2j+2l+ !ET
are exactly

the ratios between the normalization of the LO and NLO results. These values are smaller than
the K-factors obtained without consistency cuts. As discussed, such cuts are ideated to solve the
jet combinatorical problem. Doing so, they also reduce (positive) contributions from real radiation
of a gluon or a quark at NLO and consequently reduce the resulting K-factors. Thus, in contrast to
the case without consistency cuts applied, for unnormalized observables including such cuts fully
differential factorizable corrections have to be taken into account for a precise estimation of NLO
effects.

5. Conclusions

In this paper we provided, for the first time, an analysis at NLO of the contribution from squark-
squark production to the experimental signature 2j + l+l− + !ET (+X), taking into account decays
and experimental cuts. We focused on the impact of NLO corrections on invariant mass distributions
that can be used, in case of discovery of supersymmetric particles, for parameter determination. It
seems that general shapes, besides smoothing of edges, are not strongly changed.
We also analyzed the impact of NLO corrections including decays on the predictions for cut-and-
count strategies used in discovery searches. The predictions depend on the cuts applied and in
general can be different from the result obtained rescaling LO predictions with flat K-factors ob-
tained from the cross-section of just production without decays and cuts included. However, in

6Here we want to comment on the difference between the DR and DS schemes, as defined in [?], in the calculation
of the NLO contributions of the production. For a heavy spectrum like 10.1.6 differences in all K-factors considered
here are smaller than 1%.[L: I checked this only for the production K-factors yet, but I’m convinced it will be the
same for the others as well]

N (0)
2j+2l+ !ET

N (0),cons. cuts
2j+2l+ !ET

KN2j+2l+ !ET
Kcons. cuts

N2j+2l+!ET
Kpp→q̃Lq̃′

R
Kpp→q̃q̃′

SPS1a 38.2 fb 23.0 fb 1.36 1.23 1.34 1.28

10.1.6 0.628 fb 0.243 fb 1.46 1.39 1.44 1.41

Table 3: LO N (0) and NLO N (0+1) cross section predictions and K-factors KN for the two benchmark

scenarios SPS1a, 10.1.6 at a center of mass energy
√
S = 14 TeV where the cuts of eq. (??) are applied.

For comparison we also list the inclusive NLO production K-factor Kpp→q̃q̃′ and Kpp→q̃Lq̃′R
.
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section 4.2. When analyzing combined production and decay in section 4.3, however, the following
realistic experimental cuts are introduced:

pTj1 ≥ 150 GeV , pTj2 ≥ 100 GeV , |ηj,l| ≤ 2.5 ,

pTl1,2 ≥ 20 GeV (OS-SF) , #ET ≥ 100 GeV , (4.2)

where we implicitly require the two leptons to have opposite charge and same flavor (OS-SF).
These cuts efficiently reduce SM backgrounds [?,?,16]. Furthermore, we assume that contributions
from leptonic decays of tau leptons (from SM processes or the corresponding signal decay chain
with an intermediate tau sleptons), charginos and W± bosons are removed in the standard way by
subtracting events with opposite-sign different-flavor lepton pairs (OS-DF), see e.g. [12, 13, 15–17].
Thus these cuts help to isolate the decay chain under consideration.

4.2 Squark Decay Chain

Here we want to investigate NLO corrections to the isolated decay chain eq. (1.1) evaluated in
the squark rest frame. In figure 4 we show various invariant mass distributions in the final state
leptons and jet(s) for the benchmark scenario SPS1a, LO distributions are shown in black and NLO
distributions in red. As explained in section ??, shapes of such distributions are very important for
the determination of masses and spins of sparticles. In order to highlight NLO corrections purely in
the shapes, here and in section 4.3 we show all distributions, both at LO and at NLO, normalized
to one.

Two kinds of combinatorial problems arise in studying invariant mass distributions involving
the final state leptons and jet(s). First, as already mentioned in section 1, from an experimental
point of view we cannot distinguish between the near and the far lepton on an event-by-event basis.
This is a well known problem and many solutions have been suggested in the literature [12]. Second,
it is not obvious which jet to choose to built the desired invariant mass distributions. Considering
only the isolated decay chain starting with q̃L, at LO only the jet from the squark decay is present
in the final state. But at higher orders, due to real gluon radiation, further jets can be present.
Here we always choose the hardest available jet to build the invariant mass distributions.

In the upper left/right part of figure 4 we show (unobservable) distributions in the invariant mass
of the hardest jet and the negatively/positively charged near/far lepton from the decay chain ũL →
jl−n l

+
f χ̃

0
1. In the center left/right part, on the other hand, we show (again unobservable) distributions

in the invariant mass of the hardest jet and the negatively/positively charged far/near lepton from
the decay chain with the opposite charges for far and near leptons, ũL → jl+n l

−
f χ̃

0
1. Finally, in the

lower part of figure 4 we show, in some sense, the sums of the two previous contributions. The lower
left/right panel shows the invariant mass of the hardest jet and the negatively/positively charged
lepton summed over near and far contributions (mjl− and mjl+). These two distributions are in
principle experimentally observable (after combination with the corresponding production process).

In the case of the decay of a left-handed anti-squark, all the distributions introduced so far are
equal to the charge conjugated ones of the corresponding squark, e.g, the mjl+n

distribution from
an ũ∗

L decay chain is equal to the mjl−n
distribution from an ũL decay chain. Hence, the analogue

of figure 4 for q̃∗L would present the shapes of the distributions of the left column exchanged with
the ones of the right column. These differences between squarks and anti-squarks obviously do not
appear for quantities that are inclusive on the different charges of the leptons.

In all of the plots in figure 4 NLO corrections tend to shift the distributions to smaller invariant
masses, however, locations of endpoints are unaffected. Kinematical edges in the NLO predictions
are rounded off compared to LO, still, overall shapes of the considered contributions seem to be
unaltered. Results of the same type and distributions, as already stated, have been calculated
in [19]. In their numerical evaluation the slightly different parameter point SPS1a’ was investigated
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in the signal region defined by the cuts of eq. (4.2), the total cross section at LO applying also
the consistency cuts N (0),cons. cuts

2j+2l+!ET
and the correspondent K-factors KN2j+2l+ !ET

and Kcons. cuts
N2j+2l+ !ET

.
Furthermore, we list the K-factors for just production including all q̃Lq̃′R channels Kpp→q̃Lq̃′R

and
including also all other chirality configurations Kpp→q̃q̃′ .

The difference between the K-factors including the cuts defining the signal region, KN2j+2l+ !ET
,

and the K-factors for just production of q̃Lq̃R pairs, Kpp→q̃Lq̃R , is small, namely 2%. This difference
increases to 8% for SPS1a and 5% for 10.1.6 if the K-factor for just the production includes also the
other chirality configurations, Kpp→q̃q̃′ . Thus, for the scenarios analyzed here, NLO corrections can
be safely approximated rescaling LO predictions with the K-factor obtained from just production,
provided that only the contributing chirality configurations are included in the calculation of the
K-factor6. This feature, however, cannot easily be generalized. As can be seen in table 3, e.g.
including consistency cuts, differences between these two approximations increase.

Consistency cuts are designed for the study of distributions relevant for parameter determina-
tion, as the ones discussed in the previous section. However, they decrease the cross sections, as
can be seen comparing N (0)

2j+2l+!ET
and N (0),cons. cuts

2j+2l+ !ET
, without adding any obvious benefit in the

context of searches. On the other hand, so far, we did not discuss the different normalization of the
LO and NLO distributions shown in the previous sections. The values of Kcons. cuts

N2j+2l+ !ET
are exactly

the ratios between the normalization of the LO and NLO results. These values are smaller than
the K-factors obtained without consistency cuts. As discussed, such cuts are ideated to solve the
jet combinatorical problem. Doing so, they also reduce (positive) contributions from real radiation
of a gluon or a quark at NLO and consequently reduce the resulting K-factors. Thus, in contrast to
the case without consistency cuts applied, for unnormalized observables including such cuts fully
differential factorizable corrections have to be taken into account for a precise estimation of NLO
effects.

5. Conclusions

In this paper we provided, for the first time, an analysis at NLO of the contribution from squark-
squark production to the experimental signature 2j + l+l− + !ET (+X), taking into account decays
and experimental cuts. We focused on the impact of NLO corrections on invariant mass distributions
that can be used, in case of discovery of supersymmetric particles, for parameter determination. It
seems that general shapes, besides smoothing of edges, are not strongly changed.
We also analyzed the impact of NLO corrections including decays on the predictions for cut-and-
count strategies used in discovery searches. The predictions depend on the cuts applied and in
general can be different from the result obtained rescaling LO predictions with flat K-factors ob-
tained from the cross-section of just production without decays and cuts included. However, in

6Here we want to comment on the difference between the DR and DS schemes, as defined in [?], in the calculation
of the NLO contributions of the production. For a heavy spectrum like 10.1.6 differences in all K-factors considered
here are smaller than 1%.[L: I checked this only for the production K-factors yet, but I’m convinced it will be the
same for the others as well]

N (0)
2j+2l+ !ET

N (0),cons. cuts
2j+2l+ !ET

KN2j+2l+ !ET
Kcons. cuts

N2j+2l+!ET
Kpp→q̃Lq̃′

R
Kpp→q̃q̃′

SPS1a 38.2 fb 23.0 fb 1.36 1.23 1.34 1.28

10.1.6 0.628 fb 0.243 fb 1.46 1.39 1.44 1.41

Table 3: LO N (0) and NLO N (0+1) cross section predictions and K-factors KN for the two benchmark

scenarios SPS1a, 10.1.6 at a center of mass energy
√
S = 14 TeV where the cuts of eq. (??) are applied.

For comparison we also list the inclusive NLO production K-factor Kpp→q̃q̃′ and Kpp→q̃Lq̃′R
.
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section 4.2. When analyzing combined production and decay in section 4.3, however, the following
realistic experimental cuts are introduced:

pTj1 ≥ 150 GeV , pTj2 ≥ 100 GeV , |ηj,l| ≤ 2.5 ,

pTl1,2 ≥ 20 GeV (OS-SF) , #ET ≥ 100 GeV , (4.2)

where we implicitly require the two leptons to have opposite charge and same flavor (OS-SF).
These cuts efficiently reduce SM backgrounds [?,?,16]. Furthermore, we assume that contributions
from leptonic decays of tau leptons (from SM processes or the corresponding signal decay chain
with an intermediate tau sleptons), charginos and W± bosons are removed in the standard way by
subtracting events with opposite-sign different-flavor lepton pairs (OS-DF), see e.g. [12, 13, 15–17].
Thus these cuts help to isolate the decay chain under consideration.

4.2 Squark Decay Chain

Here we want to investigate NLO corrections to the isolated decay chain eq. (1.1) evaluated in
the squark rest frame. In figure 4 we show various invariant mass distributions in the final state
leptons and jet(s) for the benchmark scenario SPS1a, LO distributions are shown in black and NLO
distributions in red. As explained in section ??, shapes of such distributions are very important for
the determination of masses and spins of sparticles. In order to highlight NLO corrections purely in
the shapes, here and in section 4.3 we show all distributions, both at LO and at NLO, normalized
to one.

Two kinds of combinatorial problems arise in studying invariant mass distributions involving
the final state leptons and jet(s). First, as already mentioned in section 1, from an experimental
point of view we cannot distinguish between the near and the far lepton on an event-by-event basis.
This is a well known problem and many solutions have been suggested in the literature [12]. Second,
it is not obvious which jet to choose to built the desired invariant mass distributions. Considering
only the isolated decay chain starting with q̃L, at LO only the jet from the squark decay is present
in the final state. But at higher orders, due to real gluon radiation, further jets can be present.
Here we always choose the hardest available jet to build the invariant mass distributions.

In the upper left/right part of figure 4 we show (unobservable) distributions in the invariant mass
of the hardest jet and the negatively/positively charged near/far lepton from the decay chain ũL →
jl−n l

+
f χ̃

0
1. In the center left/right part, on the other hand, we show (again unobservable) distributions

in the invariant mass of the hardest jet and the negatively/positively charged far/near lepton from
the decay chain with the opposite charges for far and near leptons, ũL → jl+n l

−
f χ̃

0
1. Finally, in the

lower part of figure 4 we show, in some sense, the sums of the two previous contributions. The lower
left/right panel shows the invariant mass of the hardest jet and the negatively/positively charged
lepton summed over near and far contributions (mjl− and mjl+). These two distributions are in
principle experimentally observable (after combination with the corresponding production process).

In the case of the decay of a left-handed anti-squark, all the distributions introduced so far are
equal to the charge conjugated ones of the corresponding squark, e.g, the mjl+n

distribution from
an ũ∗

L decay chain is equal to the mjl−n
distribution from an ũL decay chain. Hence, the analogue

of figure 4 for q̃∗L would present the shapes of the distributions of the left column exchanged with
the ones of the right column. These differences between squarks and anti-squarks obviously do not
appear for quantities that are inclusive on the different charges of the leptons.

In all of the plots in figure 4 NLO corrections tend to shift the distributions to smaller invariant
masses, however, locations of endpoints are unaffected. Kinematical edges in the NLO predictions
are rounded off compared to LO, still, overall shapes of the considered contributions seem to be
unaltered. Results of the same type and distributions, as already stated, have been calculated
in [19]. In their numerical evaluation the slightly different parameter point SPS1a’ was investigated
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Additional consistency cuts

4.3 Combination of production and decay

Now we want to investigate the combined process, eq. (1.3), where cuts defined in eq. (4.2) have been
applied. In section 4.3.1 we first examine the impact on various differential distributions important
for parameter determination. Afterwards, in section 4.3.2 we investigate the impact of NLO QCD
corrections on inclusive OS-SF dilepton observables and thus on searches currently performed at
the LHC.

4.3.1 Invariant mass distributions

Here we investigate various differential distributions where we combine production and decay at
NLO according to eq. (2.1).

When combining production and decay already at LO a combinatorial problem arises when
looking at invariant mass distributions. As already mentioned in section 4.2 it is not clear which
jet to choose for building the different invariant masses. Just choosing the hardest jet as was done
in section 4.2 does not seem to be sensible. This is a well known problem in the application of the
endpoint methods for mass determination and various methods have been developed to reduce this
background [?]. The easiest method is to always use the jet which gives e.g. the smallermjllvalue. In
this way one improves the measurements of the upper endpoints without losing statistics, however,
shapes are heavily distorted. In principle there are advanced techniques to solve this problem,
amongst others, full kinematic event reconstruction [?, 89] or hemisphere techniques [?]. However,
these techniques are quite involved, parameter point dependent and not generically applicable.
Here, we apply consistency cuts, also discussed in [17] to reduce the impact of jet combinatorics.
Applying such consistency cuts means, we only include events where only one jet ji out of the two
hardest jets ji, jk gives an invariant mass smaller than mmax

jll and the other jet jk an invariant mass
larger than mmax

jll ,

mjill < mmax
jll < mjkll . (4.3)

This technique5 is very efficient in reducing jet combinatorics, however, event rates are reduced.
For SPS1a events rates are lowered by 40% at LO and 56% at NLO, for 10.1.6 by 61% at LO and
63% at NLO. These differences in the normalization between LO and NLO applying kinematical
cuts are discussed again in section 4.3.2.

In figure 7 we show for SPS1a the same invariant mass distributions as already shown in fig-
ure 5. Here, production and decays are combined at NLO, cuts of eq. (4.2) and further consistency
cuts are applied. As already observed before, due to NLO corrections distributions are in gen-
eral shifted so smaller invariant masses. Comparing just LO predictions in figure 7 and figure 5
particularly mjll and mjll(thresh) show a slightly different behavior introduced by the consistency
cuts: the plateau is less prominent in figure 7. Here, again we observe a dilution of the threshold
in the mjll(thresh) distribution at NLO. Similar observations can be made looking at figure 8 (and
comparing with figure 6) for the combined results of parameter point 10.1.6. Overall, changes to
the shapes are moderate and, concerning the measurements of the upper endpoints only for mjl(low)

an experimentally detectable effect is expected. Here we want to note one thing: the consistency
cuts, eq. (4.3), are based only on mjll and this is why, already at LO, we observe contributions also
beyond the theoretical upper endpoint. This effect is enhanced at NLO.

5From an experimental point of view the endpointmmax
jll is assumed to be measured in a first step where for example

always the jet is chosen yielding the smaller mjll. Here, we use the theoretical endpoints mmax
jll = 450.6, 1147.7 GeV

for SPS1a and 10.1.6.
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CONCLUSION

We provide a consistent fully differential calculation of factorizable NLO 
QCD corrections in NWA for squark-squark production and two different 
decays.

Thank you for your attention.

These NLO corrections are important for precise description of physical 
observables and thus for setting accurate limits and even more for future  
parameter determination. 

Fully differential NLO QCD predictions of combined production and 
decay for all squark/gluino channels are desirable (matched to a NLO PS). 

Study further experimental signatures (monojets,other EW decay chains). 

OUTLOOK

Study of off-shell and non-factorizable NLO effects under way.
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ATLAS search regions

Requirement

Channel

A B C D E

2-jets 3-jets 4-jets 5-jets 6-jets

Emiss

T
[GeV] > 160

pT( j1) [GeV] > 130

pT( j2) [GeV] > 60

pT( j3) [GeV] > – 60 60 60 60

pT( j4) [GeV] > – – 60 60 60

pT( j5) [GeV] > – – – 60 60

pT( j6) [GeV] > – – – – 60

∆φ(jet,Emiss

T
)min [rad] > 0.4 (i = {1, 2, (3)}) 0.4 (i = {1, 2, 3}), 0.2 (pT > 40 GeV jets)

Emiss

T
/meff(N j) > 0.3/0.4/0.4 (2j) 0.25/0.3/– (3j) 0.25/0.3/0.3 (4j) 0.15 (5j) 0.15/0.25/0.3 (6j)

meff(incl.) [GeV] > 1900/1300/1000 1900/1300/– 1900/1300/1000 1700/–/– 1400/1300/1000

Table 1: Cuts used to define each of the channels in the analysis. The Emiss

T
/meff cut in any N jet channel

uses a value of meff constructed from only the leading N jets (indicated in parentheses). However, the final

meff(incl.) selection, which is used to define the signal regions, includes all jets with pT > 40 GeV. The

three Emiss

T
/meff(N j) and meff(incl.) selections listed in the final two rows denote the ‘tight’, ‘medium’

and ‘loose’ selections respectively. Not all channels include all three SRs.

(SR’s) with ‘tight’, ‘medium’ or ‘loose’ selections distinguished by requirements placed on Emiss

T
/meff

and meff(incl.). The SR’s requiring large values of Emiss

T
/meff are optimised for sensitivity to models with

small sparticle mass splittings, where the presence of initial state radiation jets may allow signal events to

be selected even in cases where the sparticle decay products are soft. The lower jet multiplicity channels

focus on models characterised by squark pair production with short decay chains, while those requiring

high jet multiplicity are optimised for gluino pair production and/or long cascade decay chains.

In Table 1, ∆φ(jet,Emiss

T
)min is the smallest of the azimuthal separations between Emiss

T
and the re-

constructed jets. For channels A and B, the selection requires ∆φ(jet,Emiss

T
)min > 0.4 radians using up

to three leading jets with pT > 40 GeV if present in the event. For the other channels an additional

requirement ∆φ(jet,Emiss

T
)min > 0.2 radians is placed on all jets with pT > 40 GeV. Requirements on

∆φ(jet,Emiss

T
)min and Emiss

T
/meff are designed to reduce the background from multi-jet processes.

Standard Model background processes contribute to the event counts in the signal regions. The

dominant sources are: W+jets, Z+jets, top quark pairs, single top quarks, and multiple jets. Diboson

production is a minor component. The majority of the W+jets background is composed of W → τν
events, or W → eν, µν events in which no electron or muon candidate is reconstructed. The largest

part of the Z+jets background comes from the irreducible component in which Z → νν̄ decays generate

large Emiss

T
. Top quark pair production followed by semi-leptonic decays, in particular tt̄ → bb̄τνqq

with the τ-lepton decaying hadronically, as well as single top quark events, can also generate large

Emiss

T
and pass the jet and lepton requirements at a non-negligible rate. The multi-jet background in

the signal regions is caused by misreconstruction of jet energies in the calorimeters leading to apparent

missing transverse momentum, as well as by neutrino production in semileptonic decays of heavy quarks.

Extensive validation of the Monte Carlo (MC) simulation against data has been performed for each of

these background sources and for a wide variety of control regions (CRs).

To estimate the backgrounds in a consistent and robust fashion, four control regions are defined for

each of the 12 signal regions, giving 48 CRs in total. The orthogonal CR event selections are designed to
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Figure 6: 95% CL exclusion limits for MSUGRA/CMSSM models with tan β = 10, A0 = 0 and µ > 0
presented (left) in the m0–m1/2 plane and (right) in the mg̃–mq̃ plane. Exclusion limits are obtained by
using the signal region with the best expected sensitivity at each point. The blue dashed lines show the
expected limits at 95% CL, with the light (yellow) bands indicating the 1σ excursions due to experimen-
tal uncertainties. Observed limits are indicated by medium (maroon) curves, where the solid contour
represents the nominal limit, and the dotted lines are obtained by varying the cross section by the the-
oretical scale and PDF uncertainties. Previous results from ATLAS [17] are represented by the shaded
(light blue) area. The theoretically excluded regions (green and blue) are described in Ref. [63].

Data from all the channels are used to set limits on SUSY models, taking the SR with the best
expected sensitivity at each point in several parameter spaces. A profile log-likelihood ratio test in com-
bination with the CLs prescription [59] is used to derive 95% CL exclusion regions. Exclusion limits are
obtained by using the signal region with the best expected sensitivity at each point. The nominal signal
cross section and the uncertainty are taken from an ensemble of cross section predictions using different
PDF sets and factorisation and renormalisation scales, as described in Ref. [52]. Observed limits are
calculated for both the nominal cross section, and ±1σ uncertainties. For each of these three individual
limits, the best signal region at each point is taken. Numbers quoted in the text are evaluated from the
observed exclusion limit based on the nominal cross section less one sigma on the theoretical uncertainty.
In Fig. 6 the results are interpreted in the tan β = 10, A0 = 0, µ > 0 slice of MSUGRA/CMSSM models
2. For the nominal cross sections, the best signal region is E-tight for high m0 values, C-tight for low m0
values and D-tight between the two. Results are presented in both the m0–m1/2 and mg̃–mq̃ planes. The
sparticle mass spectra and decay tables are calculated with SUSY-HIT [60] interfaced to SOFTSUSY [61]
and SDECAY [62].

An interpretation of the results is presented in Figure 7 as a 95% CL exclusion region in the (mg̃,mq̃)-
plane for a simplified set of SUSY models with mχ̃0

1
= 0. In these models the gluino mass and the masses

of the squarks of the first two generations are set to the values shown on the axes of the figure. All other
supersymmetric particles, including the squarks of the third generation, are decoupled.

In Fig. 8 limits are shown for three classes of simplified model in which only direct production of (a)
gluino pairs, (b) ‘light’-flavor squarks (of the first two generations) and gluinos or (c) light-flavor squark
pairs is kinematically possible, with all other superpartners, except for the neutralino LSP, decoupled.
This forces each light-flavor squark or gluino to decay directly to jets and an LSP. Cross sections are
evaluated assuming decoupled light-flavor squarks or gluinos in cases (a) and (c), respectively. In all
cases squarks of the third generation are decoupled. In case (b) the masses of the light-flavor squarks are

2Five parameters are needed to specify a particular MSUGRA/CMSSM model: the universal scalar mass, m0, the universal
gaugino mass m1/2, the universal trilinear scalar coupling, A0, the ratio of the vacuum expectation values of the two Higgs fields,
tan β, and the sign of the higgsino mass parameter, µ = ±.
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NLO corrections to on-shell squark–squark
production and decay at the LHC
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We present the analysis of the signature jj+ �ET (+X) via squark–squark pro-
duction and direct decay into the lightest neutralino, pp → q̃q̃� → jjχ̃0

1χ̃
0
1(+X),

in next-to-leading order QCD within the framework of the minimal supersym-
metric Standard Model.
We provide a consistent, fully differential calculation of NLO QCD factorizable
corrections to the given processes with on-shell squarks.
Clustering final states into partonic jets, we investigate the experimental inclu-
sive signature jj+ �ET and we choose for illustration several benchmark scenarios.
We compare resulting differential distributions with leading-order approxima-
tion rescaled by a flat K-factor and examine a possible impact for cut-and-count
searches for supersymmetry at the LHC.

pp → q̃q̃� → qq�χ̃0
1χ̃

0
1(+X)

1

SPS1a ũL ũR d̃L d̃R g̃ χ̃0
1

mass (GeV) 563.6 546.7 569.0 546.6 608.5 97.0

Table 1: On-shell masses of the squarks, the gluino, and the lightest neutralino within the different SUSY

scenarios considered. All masses are given in GeV.

10.1.5 ũL ũR d̃L d̃R g̃ χ̃0
1

mass (GeV) 1437.7 1382.3 1439.7 1376.9 1568.6 291.3

Table 2: On-shell masses of the squarks, the gluino, and the lightest neutralino within the different SUSY

scenarios considered. All masses are given in GeV.

We present the analysis of the signature jj+ �ET (+X) via squark–squark production and direct
decay into the lightest neutralino, pp → q̃q̃� → jjχ̃0

1χ̃
0
1(+X), in next-to-leading order QCD within

the framework of the minimal supersymmetric Standard Model.
We provide a consistent, fully differential calculation of NLO QCD factorizable corrections to the
given processes with on-shell squarks.
Clustering final states into partonic jets, we investigate the experimental inclusive signature jj +
�ET and we choose for illustration several benchmark scenarios. We compare resulting differential
distributions with leading-order approximation rescaled by a flat K-factor and examine a possible
impact for cut-and-count searches for supersymmetry at the LHC.

pp → q̃q̃� → qq�χ̃0
1χ̃

0
1(+X)

M =
�

i,j∈{0,1}

Ni,j

[(k1 ± δ1,iq)2 −m2
q̃ + iΓq̃mq̃][(k2 ± δ1,jq)2 −m2

q̃ + iΓq̃mq̃]
=

�

i,j∈{0,1}

Mi,j (1)

M� =
�

i�,j�∈{0,1}

N �
i�,j�

[(k1 ± δ1,i�q)2 −m2
q̃ + iΓq̃mq̃][(k2 ± δ1,j�q)2 −m2

q̃ + iΓq̃mq̃]
=

�

i,j∈{0,1}

Mi�,j�

Mi,j = Mprod
Mdecay1Mdecay2

K1K2
M�

i,j = M�
prod

M�
decay1

M�
decay2

K1K2
(2)

|Mreal|2 = |Mreal,prod|2 + |Mreal,decay1|2 + |Mreal,decay2|2 +
2Re(Mreal,prod,M∗

real,decay1) + 2Re(Mreal,prod,M∗
real,decay2) + 2Re(Mreal,decay1,M∗

real,decay2)

Re(M∗
i,jM�

i,j) = Re(M∗
prodM�

prod)Re(M∗
decay1

M�
decay1

)Re(M∗
decay2

M�
decay2

)
1

|K1|2|K2|2

dσ(0+1)

NWA(pp → q̃q̃� → qχ̃0
1q

�χ̃0
1(+X)) =

1

Γ(0)
q̃ Γ(0)

q̃�

�
dσ(0)

pp→q̃q̃�dΓ
(0)
q̃→qχ̃0

1
dΓ(0)

q̃�→q�χ̃0
1

�
1−

Γ(1)
q̃

Γ(0)
q̃

−
Γ(1)
q̃�

Γ(0)
q̃�

�

+dσ(0)
pp→q̃q̃�dΓ

(1)
q̃→qχ̃0

1
dΓ(0)

q̃�→q�χ̃0
1
+ dσ(0)

pp→q̃q̃�dΓ
(0)
q̃→qχ̃0

1
dΓ(1)

q̃�→q�χ̃0
1

+dσ(1)
pp→q̃q̃�dΓ

(0)
q̃→qχ̃0

1
dΓ(0)

q̃�→q�χ̃0
1

�

qq� → q̃q̃� → qχ̃0
1q

�χ̃0
1

2j + �ET (+X)
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We study the experimental signature

via squark-squark production and direct 
decay into the lightest neutralino.

Combining production and direct decay at NLO

Standard procedure:
Production of events with a parton shower generator with LO matrix elements 
and rescaling with a global K factor for NLO QCD corrections to the total cross-
section of squark-squark production (calculated with Prospino).

Our procedure:
Including fully differential NLO corrections to both the decay and production, 
where in the calculation all flavour and chirality configurations of intermediate 
squarks are treated independently.



Besides the dominating QCD contributions, there are also tree-level electroweak production chan-
nels [36, 43] with chargino and neutralino exchange, which can interfere with the QCD amplitude
providing a contribution to the cross-section of O(ααs). In principle these terms can be numerically
of similar importance as the NLO QCD O(α3

s) corrections we are investigating. For the present
study, the electroweak contributions are neglected.

3.2 NLO squark–squark production

The NLO QCD corrections to squark–squark production have been known for many years [24] and
an efficient public code (Prospino 2) is available for the calculation of total cross sections at NLO.
However, in order to study systematically the 2j + !ET (+X) signature emerging from production
of squark–squark pairs and subsequent decays into the lightest neutralino, also the complete dif-
ferential cross section is necessary. To this purpose, we perform an independent (re)calculation
of the NLO QCD corrections, where we treat the masses for q̃L, q̃R and all chirality and flavour
configurations independently. In [24] different squark chiralities are treated as mass degenerate and
NLO contribution are always summed over all chirality and flavour combinations.

NLO calculations involve, in intermediate steps, infrared and collinear divergences. Since our
calculation does not involve any diagrams with non-Abelian vertices, infrared singularities can be
regularized by a gluon mass (λ) . Collinear singularities, in analogy, can be regularized by a quark
mass (mq), that is kept at zero everywhere else in the calculation. The cancellation of these two
kinds of singularities is obtained by summing the virtual loop contributions and the real gluon
bremsstrahlung part, with subsequent mass factorization in combination with the choice of the
parton densities.

The complete NLO corrections to the differential cross section can be written symbolically in
the following way,

dσ(1)
pp→q̃q̃′(+X) = dσvirtual+soft

pp→q̃q̃′(g) + dσcoll
pp→q̃q̃′(g) + dσhard

pp→q̃q̃′g + dσreal-quark
pp→q̃q̃′ q̄(′)

. (3.5)

With dσvirtual+soft
pp→q̃q̃′(g) we denote the summed contributions from the renormalized virtual corrections

and soft gluon emission; dσcoll
pp→q̃q̃′(g) corresponds to initial state collinear gluon radiation including

the proper subtraction term for the collinear divergences; dσhard
pp→q̃q̃′g denotes the remaining hard

gluon emission outside the soft and collinear phase space regions. dσreal-quark
pp→q̃q̃′ q̄(′)

is the contribution
from real quark emission from additional quark–gluon initial states contributing at NLO.

Technically, the calculation of the loop corrections and real radiation contributions is performed
separately for every flavour and chirality combination, qiqj → q̃iaq̃jb, with the help of FeynArts [69]
and FormCalc [70,71]. Appendix A shows a collection of the contributing Feynman diagrams. Loop
integrals are numerically evaluated with LoopTools [70].

3.2.1 Virtual corrections and real gluon radiation

In the term dσvirtual+soft
pp→q̃q̃′(g) the virtual and soft contributions are added at the parton level, according

to

dσvirtual+soft
pp→q̃q̃′(g) =

∫ 1

τ0

dτ Lqq′ (τ) dσ̂
virtual+soft
qq′→q̃q̃′(g) (τ) ,

dσ̂virtual+soft
qq′→q̃q̃′(g) (τ) = dσ̂virtual

qq′→q̃q̃′ + dσ̂soft
qq′→q̃q̃′(g) . (3.6)

The fictitious gluon mass λ for infrared regularization cancels in the sum of dσ̂virtual
qq′→q̃q̃′ and dσ̂soft

qq′→q̃q̃′(g).

At NLO, UV finiteness requires renormalization by inclusion of appropriate counterterms, which
can be found explicitly in [39]. All mass and field renormalization constants are determined accord-
ing to the on-shell scheme. The renormalization of the QCD coupling constant (δgs = gs δZgs) has
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A. Diagrams of NLO corrections

Here, for completeness, we display all relevant diagrams used in our NLO calculation of squark-
squark production. The contribution of some of them vanish under the assumption mq = 0. For
example, this is the case for the 5th diagram on the 1st line when a != b; any helicity state of the
quark in the propagator can interact either with q̃ia or with q̃jb but not with both of them.
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Figure 11: Loop diagrams contributing to all flavour and chirality structures of squark–squark production.
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Figure 12: Loop diagrams contributing only for squarks with equal flavour.
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Figure 13: Real gluon radiation diagrams contributing to all the flavour and chirality structures. Addi-

tional diagrams contributing only for equal flavour squarks are obtained from the above ones by a simple

crossing of the initial state quarks.
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Figure 2: Resonant (a) and non-resonant (b) diagrams contributing to qig → q̃iaq̃jbq̄j .
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Figure 3: Resonant (a) and non-resonant (b) diagrams contributing to qjg → q̃iaq̃jbq̄i.

In the ”Prospino scheme” [24, 76] contributions from squared matrix elements with resonant
diagrams are eliminated in a different way. A small non-physical width is used to regularize and
subtract on-shell gluino-squark production with associated gluino decay. The ”Prospino scheme”
is well suited for calculations of production processes. It can not straightforwardly be extended to
calculations where decays and/or off-shell effects are included in all channels.

For the practical calculation of the real quark radiation contributions, one has to perform the
phase space integration over the final state quark. The squared non-resonant terms in eq. (3.14)
and eq. (3.15) lead to initial state collinear singularities. Again, these singular terms have to be
subtracted since they are factorized and absorbed into the PDFs. Like in the case of gluon radiation,
we divide the emission of a quark into a collinear and a non-collinear region (since no IR singularities
occur, a separation into soft and hard quark emission is not required),

dσreal-quark
q̃ia q̃jb q̄i/j

=
∑

k=i,j

1

1 + δi,j

[

dσcoll-quark
pp→q̃ia q̃jb q̄k

+ dσnoncoll-quark
pp→q̃ia q̃jb q̄k

]

. (3.16)

The non-collinear contribution

dσnoncoll-quark
pp→q̃ia q̃jb q̄k

=

∫ 1

τ0

dτ Lnoncoll-quark
ijk (τ) dσ̂qiqj→q̃ia q̃jb q̄k(τ) , (3.17)

contains Lnoncoll−quark
ijk (τ) as given in eq. (B.9). The collinear emission together with the subtraction

terms for the PDFs instead can be written as follows,

dσcoll-quark
pp→q̃ia q̃jb q̄k

= (δik + δjk)

∫ 1

τ0

dτ

∫ 1

τ

dx

x

∫ 1

x

dz

z
Lcoll-quark
ijk (τ, x, z) dσ̂coll-quark

qig→q̃ia q̃jb q̄k
(τ, z) ,

(3.18)

with Lijk(τ, x, z)coll-quark and dσ̂coll-quark
qig→q̃ia q̃jb q̄k

(τ, z) defined in eq. (B.7) and eq. (B.8) of Appendix B.
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Figure 2: Resonant (a) and non-resonant (b) diagrams contributing to qig → q̃iaq̃jbq̄j .
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Figure 3: Resonant (a) and non-resonant (b) diagrams contributing to qjg → q̃iaq̃jbq̄i.

In the ”Prospino scheme” [24, 76] contributions from squared matrix elements with resonant
diagrams are eliminated in a different way. A small non-physical width is used to regularize and
subtract on-shell gluino-squark production with associated gluino decay. The ”Prospino scheme”
is well suited for calculations of production processes. It can not straightforwardly be extended to
calculations where decays and/or off-shell effects are included in all channels.

For the practical calculation of the real quark radiation contributions, one has to perform the
phase space integration over the final state quark. The squared non-resonant terms in eq. (3.14)
and eq. (3.15) lead to initial state collinear singularities. Again, these singular terms have to be
subtracted since they are factorized and absorbed into the PDFs. Like in the case of gluon radiation,
we divide the emission of a quark into a collinear and a non-collinear region (since no IR singularities
occur, a separation into soft and hard quark emission is not required),

dσreal-quark
q̃ia q̃jb q̄i/j

=
∑

k=i,j

1

1 + δi,j

[

dσcoll-quark
pp→q̃ia q̃jb q̄k

+ dσnoncoll-quark
pp→q̃ia q̃jb q̄k

]

. (3.16)

The non-collinear contribution

dσnoncoll-quark
pp→q̃ia q̃jb q̄k

=

∫ 1

τ0

dτ Lnoncoll-quark
ijk (τ) dσ̂qiqj→q̃ia q̃jb q̄k(τ) , (3.17)

contains Lnoncoll−quark
ijk (τ) as given in eq. (B.9). The collinear emission together with the subtraction

terms for the PDFs instead can be written as follows,

dσcoll-quark
pp→q̃ia q̃jb q̄k

= (δik + δjk)

∫ 1

τ0

dτ

∫ 1

τ

dx

x

∫ 1

x

dz

z
Lcoll-quark
ijk (τ, x, z) dσ̂coll-quark

qig→q̃ia q̃jb q̄k
(τ, z) ,

(3.18)

with Lijk(τ, x, z)coll-quark and dσ̂coll-quark
qig→q̃ia q̃jb q̄k

(τ, z) defined in eq. (B.7) and eq. (B.8) of Appendix B.
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NLO total decay

analytical universal form factor,
 recalculated with independent regulators

[Djouadi, Hollik, Jünger; ’97]

NLO decay q̃

q

χ̃
0
1

4. Squark decay

4.1 Squark decay at LO

The LO decay width for a squark decaying into a neutralino and a quark, q̃ia → qiχ̃0
j , depends on

the flavour and chirality of the squark. For mq = 0 the width can be written as follows,

Γ(0)
q̃ia→qiχ̃0

j
=

α

4
mq̃ia

(

1−
m2

χ̃0
j

m2
q̃ia

)

f2
a . (4.1)

The coupling constants fa can be expressed in terms of the isospin Iq3L and the charge eq of the
quark, together with the neutralino mixing matrix (Njk) including the electroweak mixing angle
through sW = sin θW and cW = cos θW ,

fL =
√
2
[

eqN
′
j1 + (Iq3L − eqs

2
W )

1

cW sW
N ′

j2

]

, (4.2)

fR =−
√
2
[

eqN
′
j1 − eq

sW
cW

N ′
j2

]

, (4.3)

N ′
j1 =cWNj1 + sWNj2, N ′

j2 = −sWNj1 + cWNj2 . (4.4)

For a scalar particle decaying in its rest frame there is no preferred direction, and hence the dif-
ferential decay distribution is isotropic. For squark decays into neutralino and quark, the decay
distribution is thus simply given by

dΓ(0)
q̃→qχ̃0

j
=

1

4π
Γ(0)
q̃→qχ̃0

j
dcosθ dφ (4.5)

with polar angle θ and azimuth φ referring to the quark momentum.

4.2 NLO squark decay distribution

The differential decay width for q̃ → qχ̃0
j at NLO is obtained in analogy to the steps in section

3.2 by adding the virtual loop corrections and the real gluon bremsstrahlung contribution from the
soft, collinear, and hard non-collinear phase space regions, yielding the full NLO contribution in
the form

dΓ(1)
q̃→qχ̃0

j
= dΓvirtual

q̃→qχ̃0
j
+ dΓsoft

q̃→qχ̃0
j (g)

+ dΓcoll
q̃→qχ̃0

j (g)
+ dΓhard

q̃→qχ̃0
jg

. (4.6)

The virtual corrections dΓvirtual
q̃→qχ̃0

j
formq = 0 correspond to the two vertex loop diagrams in figure 4(a)

and the vertex counter term (indicated by the cross in figure 4(a)), which consists of the wave-
function renormalization constants of the external quark and squark line. As for the production
amplitudes, the renormalization constants are determined in the on-shell renormalization scheme.
Details on the vertex counter term can be found in [39], and the explicit analytical expression is
given in eq. (C.3) of Appendix C.
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Figure 4: Loop and counterterm diagrams (a) and gluon radiation diagrams (b) for squark decays.
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On-shell subtraction 

non-resonant resonant

Γg̃

DS scheme

and usually:             numerically.       

[Binoth et. al.; ’11]

Γ → 0

p19MSSM1 ũL ũR d̃L d̃R g̃ χ̃0

1

mass (GeV) 339.6 394.8 348.3 392.7 414.7 299.1

Table 3: On-shell masses of the squarks, the gluino, and the lightest neutralino within the different SUSY

scenarios considered. All masses are given in GeV.

dσ
(1)
pp→q̃q̃′(+X) = dσvirtual+soft

pp→q̃q̃′(g) + dσcoll
pp→q̃q̃′(g) + dσhard

pp→q̃q̃′g + dσreal-quark
pp→q̃q̃′ q̄(′)

dΓ(1)
q̃→qχ̃0

1
= dΓvirtual+soft

q̃→qχ̃0
1(g)

+ dΓcoll
q̃→qχ̃0

1(g)
+ dΓhard

q̃→qχ̃0
1g

δgs = gsδZgs (3)

dσ
(0)

NWA(pp → q̃q̃′ → qχ̃0
1q

′χ̃0
1(+X)) =

1

Γ(0)
q̃ Γ(0)

q̃′

[

dσ
(0)
pp→q̃q̃′dΓ

(0)
q̃→qχ̃0

1
dΓ(0)

q̃′→q′χ̃0
1

]

|M|2(sqq̃)

(sqq̃ −m2
g̃)

2 +m2
g̃Γ

2
g̃

−→
|M|2(sqq̃)

(sqq̃ −m2
g̃)

2 +m2
g̃Γ

2
g̃

−
|M|2(m2

g̃)

(sqq̃ −m2
g̃)

2 +m2
g̃Γ

2
g̃

. (4)
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