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Often the lightest neutralino assumed to be the (stable) LSP  ➜ missing Energy + DM 

e.g.

but also: 
•more or less jets 
•more or less leptons 
•b-tagged jets

in general 
•many particles in the final state 

The MSSM



EXCLUSION LIMITS

Squarks and gluinos at the LHC
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Figure 6: Exclusion limits for a simplified phenomenological MSSM scenario with only strong produc-
tion of gluinos and first- and second-generation squarks (of common mass), with direct decays to jets
and lightest neutralinos. Three values of the lightest neutralino mass are considered: m�̃0

1
= 0, 395 and

695 GeV. Exclusion limits are obtained by using the signal region with the best expected sensitivity at
each point. The dashed lines show the expected limits at 95% CL, with the light (yellow) band indicating
the 1� experimental and background-theory uncertainties on the m�̃0

1
= 0 limit. Observed limits are

indicated by solid curves. The dotted lines represent the m�̃0
1
= 0 observed limits obtained by varying the

signal cross-section by the theoretical scale and PDF uncertainties. Previous results for m�̃0
1
= 0 from

ATLAS at 7 TeV [17] are represented by the shaded (light blue) area. Results at 7 TeV are valid for
squark or gluino masses below 2000 GeV, the mass range studied for that analysis.

In Fig. 7 limits are shown for three classes of simplified model in which only direct production of
(a) gluino pairs, (b) light-flavour squarks and gluinos or (c) light-flavour squark pairs is kinematically
possible, with all other superpartners, except for the neutralino LSP, decoupled. This forces each light-
flavour squark or gluino to decay directly to jets and an LSP. Cross-sections are evaluated assuming
decoupled light-flavour 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-flavour squarks are set to 0.96 times
the mass of the gluino. The expected limits for case (c) do not extend substantially beyond those obtained
from the previous published ATLAS analysis [17] because the events closely resemble the predominant
W/Z + 2-jet background, leading the background uncertainties to be dominated by systematics.

In Fig. 8 limits are shown for pair produced gluinos each decaying via an intermediate �̃±1 to two
quarks, a W boson and a �̃0

1, and pair produced light squarks each decaying via an intermediate �̃±1 to
a quark, a W boson and a �̃0

1. Results are presented for models in which either the �̃0
1 mass is fixed to

60 GeV, or the mass splitting between the �̃±1 and the �̃0
1, relative to that between the squark or gluino

and the �̃0
1, is fixed to 0.5.

In Fig. 9 the results are interpreted in the context of a Non-Universal Higgs Mass model with gaugino
mediation (NUHMG) [73] with parameters tan � = 10, µ > 0, m2

H2
= 0, and A0 chosen to maximize the

mass of the lightest Higgs boson. The two remaining free parameters of the model m1/2 and m2
H1

are
chosen such that the next-to-lightest SUSY particle (NLSP) is a tau-sneutrino with properties satisfying
Big Bang Nucleosynthesis constraints.

In Fig. 10(left) limits are presented for a simplified phenomenological SUSY model in which pairs
of gluinos are produced, each of which then decays to a top squark and a top quark, with the top squark
decaying to a charm quark and �̃0

1.
In addition to these interpretations in terms of SUSY models, an alternative interpretation in the

context of the minimal universal extra dimension (mUED) model [75] with similar phenomenological

14
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Figure 7: Exclusion limits for direct production of (case a – top left) gluino pairs with decoupled squarks,
(case b – top right) light-flavour squarks and gluinos and (case c – bottom) light-flavour squark pairs with
decoupled gluinos. Gluinos (light-flavour squarks) are required to decay to two jets (one jet) and a neu-
tralino LSP. 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 1� excursions due to experimental and background-theory 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 signal cross-section by the theoretical scale and PDF uncertain-
ties. Previous results from ATLAS [17] are represented by the shaded (light blue) areas and light blue
dotted lines. The black stars indicate the benchmark models used in Figs. 1–4.

properties to R-parity conserving SUSY is also presented in Fig. 10(right). This scenario is the minimal
extension of the SM with one additional spatial dimension. The properties of the model are fully deter-
mined by three parameters: the compactification radius of the extra dimension R, the cut-o↵ scale ⇤ and
the Higgs boson mass mh. In this analysis the Higgs boson mass is fixed to 125 GeV while R and ⇤ are
treated as free parameters. 1/R sets the mass scale of the new Kaluza-Klein (KK) particles predicted by
the model while ⇤ · R is related to the degree of compression of the KK-particle mass spectrum: mod-
els with small values of ⇤ · R possess small mass splittings between KK-particle states and vice versa.
Exclusion limits are set in the 1/R versus ⇤ · R plane.

In the CMSSM/MSUGRA case, the limit on m1/2 is greater than 340 GeV for m0 < 6 TeV and
reaches 800 GeV for low values of m0. Equal mass light-flavour squarks and gluinos are excluded below
1700 GeV in this scenario. A limit of 1700 GeV for equal mass light-flavour squarks and gluinos is found
for the simplified MSSM scenario with a massless lightest neutralino shown in Fig. 6. In the simplified
model cases of Fig. 7 (a) and (c), when the lightest neutralino is massless the limit on the gluino mass
(case (a)) is 1350 GeV, and that on the light-flavour squark mass (case (c)) is 780 GeV.
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Accurate exclusion limits. 
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S = 14 TeV). Parton densities:
GRV94, with scale Q = m; top-quark mass: mt = 175 GeV.
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[Beenakker et al.’96]

Why higher orders?



Production  Decay

Squark-Squark production: 
LO QCD: Baer, Tata ’85 
NLO QCD: Beenakker, Höpker, Spira, Zerwas ’96 
Tool: PROSPINO2 (inclusive), Plehn et. al. 
Automatization: Goncalves-Netto et al. ’12 
LO EW: Bornhauser, Drees, Dreiner, Kim  ’07 
NLO EW: Germer, Hollik, Mirabella, Trenkel ‘10 
Beyond NLO (resummed): 
Beenakker et al. ’09 & ’11 (soft) 
Falgari, Schwinn, Wever ‘12 +‘13 (soft+coulomb) 
POWHEG-BOX: Gavin et. al. ‘13

Squark decay: 
NLO QCD: Djouadi, Hollik, Jünger ’96 
Tool: SDECAY (integrated widths),  
Mühlleitner, Djouadi, Mambrini  
NLO EW: Guasch, Hollik, Sola ’02 
!
NLO QCD to EW decay chain:  
Horsky, Krämer, Mück, Zerwas ’08

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. 

Squarks at the LHC

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+ 6ET (+X) via squark–squark pro-
duction and direct decay into the lightest neutralino, pp ! q̃q̃0 ! jj�̃0

1�̃
0
1(+X),

in next-to-leading order QCD within the framework of the minimal supersym-
metric Standard Model.
We provide a consistent, fully di�erential 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+ 6ET and we choose for illustration several benchmark scenarios.
We compare resulting di�erential 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 ! q̃q̃0 ! qq0�̃0
1�̃

0
1(+X)

1

SPS1a ũL ũR d̃L d̃R g̃ �̃0
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 di�erent SUSY

scenarios considered. All masses are given in GeV.

10.1.5 ũL ũR d̃L d̃R g̃ �̃0
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 di�erent 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⇤ ⇥ jj⇤̃0

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

the framework of the minimal supersymmetric Standard Model.
We provide a consistent, fully di⇥erential 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 di⇥erential
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⇤⇤̃0
1⇤̃

0
1(+X)

M =
X

i,j⌅{0,1}

Ni,j

[(k1 ± �1,iq)2 �m2
q̃ + i�q̃mq̃][(k2 ± �1,jq)2 �m2

q̃ + i�q̃mq̃]
=

X

i,j⌅{0,1}

Mi,j (1)

M⇤ =
X

i0,j0⌅{0,1}

N ⇤
i0,j0

[(k1 ± �1,i0q)2 �m2
q̃ + i�q̃mq̃][(k2 ± �1,j0q)2 �m2

q̃ + i�q̃mq̃]
=

X

i,j⌅{0,1}

Mi0,j0

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

d⇥(0+1)

NWA(pp ⇥ q̃q̃⇤ ⇥ q⇤̃0
1q

⇤⇤̃0
1(+X)) =

1

�(0)
q̃ �(0)

q̃0

h
d⇥(0)

pp⇥q̃q̃0d�
(0)
q̃⇥q�̃0

1
d�(0)

q̃0⇥q0�̃0
1

⇣
1�

�(1)
q̃

�(0)
q̃

�
�(1)
q̃0

�(0)
q̃0

⌘

+d⇥(0)
pp⇥q̃q̃0d�

(1)
q̃⇥q�̃0

1
d�(0)

q̃0⇥q0�̃0
1
+ d⇥(0)

pp⇥q̃q̃0d�
(0)
q̃⇥q�̃0

1
d�(1)

q̃0⇥q0�̃0
1

+d⇥(1)
pp⇥q̃q̃0d�

(0)
q̃⇥q�̃0

1
d�(0)

q̃0⇥q0�̃0
1

i

qq⇤ ⇥ q̃q̃⇤ ⇥ q⇤̃0
1q

⇤⇤̃0
1

2j + ⇤ET (+X)

– 1 –

We study the experimental signature 

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

Combining production and direct decay at NLO
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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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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
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[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,
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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
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[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
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[L: define p? ] As explained in Appendix ??, in the narrow width approximation (NWA) the Born
partonic total cross section can now be expressed as
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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,
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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
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0
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∗
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[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
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2 +m2
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→
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mq̃Γq̃
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[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,
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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.
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Fully differential decay.	
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identity, that relates the QCD coupling in the        QCD vertex and 
the     coupling in the        SQCD vertex.	


MS
qqg

ĝs
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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 [40]. 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
to be done in accordance with the scheme for αs in the PDFs, the MS scheme with five flavours;
this corresponds to the renormalization constant [25]

δZgs = −
αs

4π

[

∆
β0

2
+

1

3
log

m2
t

µ2
R

+ log
m2

g̃

µ2
R

+
1

12

∑

q̃

log
m2

q̃

µ2
R

]

, (3.7)

with the UV divergence ∆ = 2/ϵ − γE + log(4π) and the renormalization scale µR. β0 = 3 is the
leading term of the β function for the QCD coupling in the MSSM. We choose to use dimensional
regularization for the calculation. This breaks the supersymmetric Slavnov-Taylor identity that
relates the qqg vertex function and the qq̃g̃ vertex function at one-loop order. However, this identity
can be restored (see [25,73]) by an extra finite shift of the ĝs coupling in the qq̃g̃ vertex with respect
to gs in the qqg vertex,

ĝs = gs(1 + δZĝs) , δZĝs = δZgs +
αs

3π
. (3.8)

The second term dσ̂soft
qq′→q̃q̃′(g) in eq. (3.6) contains the contributions from real gluon emission

integrated over the soft-gluon phase space with Eg < ∆E. It is similar to the case of soft-photon
emission [74, 75], yielding a multiplicative correction factor to the LO cross section. In the case of
gluons, however, the color structures are different for emission from t and u channel diagrams and
hence the various bremsstrahlung integrals enter the cross section with different weights. Accord-
ingly, we decompose the partonic LO cross section for qq′ → q̃q̃′ in the following way in obvious
notation,

dσ̂(0)
qq′→q̃q̃′ = dσ̂(tt)

q̃q̃′ + dσ̂(ut)
q̃q̃′ + dσ̂(uu)

q̃q̃′ =
[

C(tt)
q̃q̃′ + C(ut)

q̃q̃′ + C(uu)
q̃q̃′

]

dσ̂(0)
qq′→q̃q̃′ , (3.9)

where the coefficients C(tt,ut,uu)
q̃q̃′ for the individual channels can be easily read off from the LO

cross sections in eqs. (3.1)–(3.4). Defining ϵi = 1 for incoming and ϵi = −1 for outgoing particles,
the soft gluon contribution at partonic level can be written as follows, using the label assignment
{q, q′, q̃, q̃′} ↔ {1, 2, 3, 4},

dσ̂soft
qq′→q̃q̃′(g) = −

αs

2π

{

4
∑

i,j=1;i≤j

ϵiϵj Iij
}

dσ̂(0)
qq′→q̃q̃′ . (3.10)

The Iij involve the bremsstrahlung integrals and the weight factors C(tt,ut,uu)
q̃q̃′ . Explicit expressions

are listed in eq. (B.1) of Appendix B.
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SUSY restoring counterterm



On-shell subtraction for quark radiation

non-resonant resonant

�g̃

DS scheme

and numerically:                   � ! 0

DR scheme

In the DS scheme the contribution from the LO on-shell production of a squark–gluino pair
with the gluino decaying into a squark is removed:

dσ̂DS
qig→q̃ia q̃ib q̄i ∼

[

|Mnonres|
2 + 2Re(MnonresM∗

res) + |Mres|
2
]

dΠ(2→3)

−
[

∣

∣Mres,1

∣

∣

2
+
∣

∣Mres,2

∣

∣

2
]

dΠ(2→2)×(1→2) . (3.16)

In eq. (3.16), dΠ(2→2)×(1→2) is the phase-space with three particles in the final state applying con-
sistently the on-shell condition (pq̃ + pq)2 = m2

g̃ for the two different resonant cases. Eq. (3.16) is
conceptually equal to the DS scheme explained in [77] and the “Prospino scheme” in [25, 78]; in
practice there is a small difference with respect to our approach, which is explained in more detail in
appendix D. We subtract at global level exactly what we would obtain from LO on-shell production
of a squark–gluino pairs with the gluino decaying into a squark. This is done by producing two
different sets of events corresponding to the two lines of eq. (3.16), respectively. In [25, 77, 78] a
local subtraction of the on-shell contribution involving a mapping or reshuffling of momenta from
the general dΠ2→3 phase-space into an equivalent on-shell configuration is performed. These two
implementations of the DS scheme give slightly different results even in the limit Γg̃ → 0. The

threshold conditions p2g̃ > m2
q̃ and

√
s >

(√

p2g̃ +mq̃

)

in the local subtraction, together with the

convolution of the PDFs and the precise on-shell mapping, produce small differences from numerical
results of the global subtraction. The DS scheme, both in the local approach discussed in [77] and
in the global approach, defined in eq. (3.16), is gauge invariant in the limit Γg̃ → 0. The decay
width of the gluino is used as a numerical regulator and not as a physical parameter.

In an extreme approach, the quark radiation calculation could even be completely excluded
from the NLO corrections in the squark–squark channel. Then, all diagrams, resonant and non-
resonant, constituting a gauge invariant subset, have to be included in the squark–gluino production
and decay channel (in this way, we would alter the organisational separation of squark/gluino chan-

nels). Since the term |Mnonres|2 contains initial state collinear singularities, also the subtraction
term of the PDFs has to be excluded and computed within the squark–gluino channel. It is worth
to mention, that even if we want to include in all production and decay channels only on-shell
configurations for the resonant intermediate supersymmetric particles (as performed here for the
squark–squark channel), quark radiation in the NLO corrections introduces unavoidably off-shell
contributions.

The DR scheme represents, in a certain sense, an intermediate step between the DS scheme
and a complete removal as explained above. Here, one removes, from a diagrammatic perspective,
the minimal set of contributions in the squared amplitude that contain a resonant gluino. In our
calculation this results in
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In the different flavor cases the third term in eq. (3.17) does not appear. Comparing eq. (3.17) with

eq. (3.15), it is clear that the removed terms are |Mres,1|2 and |Mres,2|2. In the definition of DR
given in [77] also the interference term 2Re(MnonresM∗

res) is removed (with a study of the impact
of the inclusion of this contribution), whereas we keep this interference term. Although the DR
scheme formally violates gauge invariance, a consistent description is achieved when the procedure
presented here is combined with off-shell contributions. It should not be forgotten that the narrow-
width approximation, both in the DR and the DS scheme is not an exact description in any case;
as an approximation it has a natural uncertainty arising from missing off-shell contributions and
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eq. (3.15), it is clear that the removed terms are |Mres,1|2 and |Mres,2|2. In the definition of DR
given in [77] also the interference term 2Re(MnonresM∗

res) is removed (with a study of the impact
of the inclusion of this contribution), whereas we keep this interference term. Although the DR
scheme formally violates gauge invariance, a consistent description is achieved when the procedure
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Numerical results
For SPS1a (14 TeV): Scale variation: µf = µr =(m/2,m,2m), m: average    mass 

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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(PDFs: CTEQ6.6 both for LO and NLO)
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CMSSM 10.1.5 (14 TeV)  
Comparison between NLO and LO rescaled by global K-factor

SPS1a ũL ũR d̃L d̃R g̃ �̃0
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 di�erent SUSY

scenarios considered. All masses are given in GeV.

10.1.5 ũL ũR d̃L d̃R g̃ �̃0
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 di�erent 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⇤ ⇥ jj⇤̃0

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

the framework of the minimal supersymmetric Standard Model.
We provide a consistent, fully di⇥erential 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 di⇥erential
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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Figure 10: Differential distributions of benchmark point 10.1.5 at a center of mass energy
√
S = 14. In

the upper part of the plots we show in black LO, in red NLO and in blue LO distributions rescaled by the

ratio KNLO between the integrated NLO and LO results. In the lower part of the plots NLO corrections in

the shapes are shown, defined as the full NLO divided by the rescaled LO · KNLO distribution. From top

left to bottom right we show differential distributions in pT1 , p
T
2 , meff, ̸ET , HT (all in fb/GeV) and in αT

(in pba).
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Figure 9: Differential distributions of benchmark point SPS1a at a center of mass energy
√
S = 14. In

the upper part of the plots we show in black LO, in red NLO and in blue LO distributions rescaled by the

ratio KNLO between the integrated NLO and LO results. In the lower part of the plots NLO corrections in

the shapes are shown, defined as the full NLO divided by the rescaled LO · KNLO distribution. From top

left to bottom right we show differential distributions in pT1 , p
T
2 , meff, ̸ET , HT (all in fb/GeV) and in αT

(in pb).
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SPS1a ũL ũR d̃L d̃R g̃ �̃0
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 di�erent SUSY

scenarios considered. All masses are given in GeV.

10.1.5 ũL ũR d̃L d̃R g̃ �̃0
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 di�erent 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⇤ ⇥ jj⇤̃0

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

the framework of the minimal supersymmetric Standard Model.
We provide a consistent, fully di⇥erential 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 di⇥erential
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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Figure 1: HT distribution after preselection, for data as well as for all standard model back-
grounds and two SUSY signal samples with parameter sets LM0 and LM1, normalized to an
integrated luminosity of 35 pb�1. The hatched area corresponds to the uncertainty in the SM
estimate as defined in Section 3.1. The SM distributions are only displayed for illustration
purposes, as they are the result of Monte Carlo simulation, while the actual estimate of the
background from SM processes in this search is based on data, as described in detail in Sec-
tion 4.

W + jets, Z ⇥ ⇥⇥̄ + jets and tt̄ + jets events, which will be referred to collectively as the elec-
troweak (EWK) backgrounds in what follows, are simulated using MADGRAPH [32]. The SM
distribution, i.e. the sum of the QCD multijet and EWK distributions, is indicated in Fig. 1
as a hatched band representing the combined statistical and systematic uncertainties from the
jet energy scale and resolution. The expected HT distributions for two low-mass SUSY signal
points, LM0 and LM1, are overlaid. With the exception of tt̄, the SM processes fall off expo-
nentially over the entire HT range, whereas a broad peak at values of a few hundred of GeV
is expected for the signal models. The selection is tightened by requiring the HT of all jets to
exceed 350 GeV, thus ensuring large hadronic activity in the event. This requirement substan-
tially reduces the contributions from SM processes while maintaining a high efficiency for the
SUSY topologies considered.

3.2 Final event selection for SUSY search

Jet mismeasurements, caused by possible detection inefficiencies or by nonuniformities in the
calibration of the calorimeters, are the dominant source of large missing transverse energy E/T
in events from QCD multijet production. To control this background and to separate it from a
genuine missing energy signal, a variable that is robust against energy mismeasurements, �T,
is used. For events with two jets, �T, first introduced in Refs. [21, 33] and inspired by Ref. [34],
is defined as

�T = ET
j2 /MT,

where ET
j2 is the transverse energy of the less energetic of the two jets in the event and MT is

the transverse mass of the di-jet system, defined as
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SPS1a ũL ũR d̃L d̃R g̃ �̃0
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 di�erent SUSY

scenarios considered. All masses are given in GeV.

10.1.5 ũL ũR d̃L d̃R g̃ �̃0
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 di�erent 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⇤ ⇥ jj⇤̃0

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

the framework of the minimal supersymmetric Standard Model.
We provide a consistent, fully di⇥erential 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 di⇥erential
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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Effect on cut-and-count searches performed by ATLAS in 2j -signal region: 

realistic prediction on the level of partonic jets 5. In general we use a jet radius of R = 0.4, as
in the SUSY searches performed by the ATLAS collaboration [?]. CMS instead uses a radius of
R = 0.5 [?]. We employ R = 0.5 in the distributions and signatures used by CMS (i.e. particularly
the αT distribution as described below). Although we did not perform a systematic study, our
results seem to be independent of this choice. After performing the jet clustering we sort the
partonic jets by their pT and in the following anaysis we keep only jets with

pTj1/2 > 20 GeV |ηj | < 2.8, (5.2)

pTji > 50 GeV |ηj | < 3.0 (for CMS observables) . (5.3)

Cuts of eq. (5.2) are used everywhere but in the observables used specifically by CMS (αT , as
defined below), where cuts of eq. (5.3) .

Before showing results for the experimental signature 2j+ ̸ET (+X), in section 5.3.1 we compare
values for NLO total cross sections of squark-squark production, without decay included, with
results obtained using Prospino 2. In section 5.3.2 we investigate the effect of NLO corrections,
for different benchmark points, on the following differential distributions:

• the transverse momentum of the two hardest jets pT1/2,

• the pseudorapidity of the two hardest jets η1/2,

• the missing transverse energy ̸ET ,

• the effective mass meff =
∑

i=1,2
pTi + ̸ET ,

• the scalar sum of the pT of all jets (visible after cuts of eq. (5.3)), HT =
∑

i=1,2(,3)

pTi ,

• the invariant mass of the two hardest jets minv(jj),

• the cosine of the angle between the two hardest jets cosΘjj , which depends on the spin of the
produced particles and therefore might help to distinguish SUSY from other BSM models [10],

• cos Θ̂ = tanh
(

∆ηjj

2

)

, ηjj = η1 − η2, introduced in [9] as a possible observable for early spin

determination at the LHC,

• the αT variable, first defined in [80], where for hard real radiation events with three jets and
pT3 > 50 GeV, these jets are reclustered into two pseudojets by minimizing the difference of
the respective HT of the two pseudojets, as explained in [81, 82]. Furthermore, in all αT

distributions we require HT > 350 GeV as in [?].

Searches for sparticle production performed by ATLAS are based on pT, ̸ET and meff cuts; CMS
instead uses αT to reduce SM backgrounds. In section 5.3.3 we examine NLO corrections in the
resulting event rates after cuts. Explicitly we employ the following cuts used by ATLAS,

pTj1 > 130 GeV, pTj2 > 40 GeV, |ηj1/2 | < 2.8, ∆φ(j1/2, ̸⃗ET ) > 0.4, (5.4)

meff > 1 TeV, ̸ET /meff > 0.3,

in their two-jet analysis. Here,∆φ(j1/2, ̸⃗ET ) denotes the angular seperation between the two hardest
jets and the direction of missing energy. Instead the CMS signal region is defined as

pTj1/2 > 100 GeV, |ηj1 | < 2.5, |ηj2 | < 3.0, (5.5)

HT > 350 GeV, ̸HT / ̸ET < 1.25, αT > 0.55,

5With the term partonic jets we mean that the jet-clustering-algorithm has been applied to events as produced
from our calculation. No QCD showering or hadronization is included in the simulation.
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5.3.3 Event rates

After investigating inclusive cross sections and differential distributions, we now proceed to event
rates, i.e., cross sections integrated on signal regions defined to reduce background contributions.
By this study, we want to quantify a possible impact of our calculation on current searches for
supersymmetry and future measurements of event rates at the LHC.

In table 8 we list cross sections after applying cuts of eq. (5.4) and in table 9 cross sections after
applying cuts of eq. (5.5). We show LO and NLO cross sections for all three benchmark points and
all three energies together with resulting K-factors. For comparison we again list inclusive K-factors
of just production, already shown in table 5. From these results, a fully differential description of
all squark and gluino channels including NLO effects in production and decay seems inevitable
for a conclusive interpretation of SUSY searches (or signals) at the LHC. Numbers in table 8 and
table 9 again show that, for compressed spectra like p19MSSM1A, a pure LO approximation is
unreliable for a realistic phenomenological description of the experimental signatures considered
here. Furthermore, as already suggested in [91] and expected from the differential distributions
shown in section 5.3.2, in particular interpretations based on αT seem to be highly affected by
higher order corrections.

benchmarkpoint Energy [TeV] N
(0)
ATLAS N

(0+1)
ATLAS KNATLAS Kpp→q̃q̃′

7 0.066pb 0.083pb 1.26 1.37
SPS1a 8 0.097pb 0.121pb 1.25 1.35

14 0.347pb 0.424pb 1.22 1.28

7 0.313 fb 0.503 fb 1.61 1.57
10.1.5 8 0.861 fb 1.344 fb 1.56 1.52

14 13.82 fb 19.77 fb 1.43 1.40

7 0.140 fb 20.76 fb ∼ 150 1.40
p19MSSM1A 8 0.339 fb 37.96 fb ∼ 110 1.39

14 0.0044pb 0.264pb ∼ 60 1.34

Table 8: LO N (0)
ATLAS and NLO N (0+1)

ATLAS cross section predictions and K-factors KNATLAS for the three

benchmark scenarios SPS1a, 10.1.5, p19MSSM1A and center of mass energies
√
S = 7, 8, 14 TeV where the

cuts of eq. (5.4) are applied. For comparison we also list is the inclusive NLO production K-factor Kpp→q̃q̃′

already shown in table 5.

benchmarkpoint Energy [TeV] N
(0)
CMS N

(0+1)
CMS KNCMS Kpp→q̃q̃′

7 0.112pb 0.141pb 1.26 1.37
SPS1a 8 0.157pb 0.197pb 1.25 1.35

14 0.488pb 0.614pb 1.26 1.28

7 0.201pb 0.261pb 1.30 1.57
10.1.5 8 0.542 fb 0.674 fb 1.24 1.52

14 8.129 fb 8.884 fb 1.09 1.40

7 10−6 pb 0.095pb O(104) 1.40
p19MSSM1A 8 10−6 pb 0.151pb O(104) 1.39

14 2 · 10−5 pb 0.687pb O(104) 1.34

Table 9: LON (0)
CMS and NLON (0+1)

CMS cross section predictions and K-factorsKNCMS for the three benchmark

scenarios SPS1a, 10.1.5, p19MSSM1A and center of mass energies
√
S = 7, 8, 14 TeV where the cuts of

eq. (5.5) are applied. For comparison we also list is the inclusive NLO production K-factor Kpp→q̃q̃′ already

shown in table 5.
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in the SUSY searches performed by the ATLAS collaboration [?]. CMS instead uses a radius of
R = 0.5 [?]. We employ R = 0.5 in the distributions and signatures used by CMS (i.e. particularly
the αT distribution as described below). Although we did not perform a systematic study, our
results seem to be independent of this choice. After performing the jet clustering we sort the
partonic jets by their pT and in the following anaysis we keep only jets with

pTj1/2 > 20 GeV |ηj | < 2.8, (5.2)

pTji > 50 GeV |ηj | < 3.0 (for CMS observables) . (5.3)

Cuts of eq. (5.2) are used everywhere but in the observables used specifically by CMS (αT , as
defined below), where cuts of eq. (5.3) .

Before showing results for the experimental signature 2j+ ̸ET (+X), in section 5.3.1 we compare
values for NLO total cross sections of squark-squark production, without decay included, with
results obtained using Prospino 2. In section 5.3.2 we investigate the effect of NLO corrections,
for different benchmark points, on the following differential distributions:

• the transverse momentum of the two hardest jets pT1/2,

• the pseudorapidity of the two hardest jets η1/2,

• the missing transverse energy ̸ET ,

• the effective mass meff =
∑

i=1,2
pTi + ̸ET ,

• the scalar sum of the pT of all jets (visible after cuts of eq. (5.3)), HT =
∑

i=1,2(,3)

pTi ,

• the invariant mass of the two hardest jets minv(jj),

• the cosine of the angle between the two hardest jets cosΘjj , which depends on the spin of the
produced particles and therefore might help to distinguish SUSY from other BSM models [10],

• cos Θ̂ = tanh
(

∆ηjj

2

)

, ηjj = η1 − η2, introduced in [9] as a possible observable for early spin

determination at the LHC,

• the αT variable, first defined in [80], where for hard real radiation events with three jets and
pT3 > 50 GeV, these jets are reclustered into two pseudojets by minimizing the difference of
the respective HT of the two pseudojets, as explained in [81, 82]. Furthermore, in all αT

distributions we require HT > 350 GeV as in [?].

Searches for sparticle production performed by ATLAS are based on pT, ̸ET and meff cuts; CMS
instead uses αT to reduce SM backgrounds. In section 5.3.3 we examine NLO corrections in the
resulting event rates after cuts. Explicitly we employ the following cuts used by ATLAS,

pTj1 > 130 GeV, pTj2 > 40 GeV, |ηj1/2 | < 2.8, ∆φ(j1/2, ̸⃗ET ) > 0.4, (5.4)

meff > 1 TeV, ̸ET /meff > 0.3,

in their two-jet analysis. Here,∆φ(j1/2, ̸⃗ET ) denotes the angular seperation between the two hardest
jets and the direction of missing energy. Instead the CMS signal region is defined as

pTj1/2 > 100 GeV, |ηj1 | < 2.5, |ηj2 | < 3.0, (5.5)

HT > 350 GeV, ̸HT / ̸ET < 1.25, αT > 0.55,

5With the term partonic jets we mean that the jet-clustering-algorithm has been applied to events as produced
from our calculation. No QCD showering or hadronization is included in the simulation.
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via squark-squark production and an attached 
EW decay chain. 
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•  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]

(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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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 di�erent SUSY

scenarios considered. All masses are given in GeV.
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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 di�erent 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⇤ ⇥ jj⇤̃0

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

the framework of the minimal supersymmetric Standard Model.
We provide a consistent, fully di⇥erential 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 di⇥erential
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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Comparison between NLO and LO corrections purely in the shapes of 
distributions.

 [GeV]jllm
0 200 400 600 800 1000 1200 1400

jll
/d

m
K

 d
K

1/

0

0.01

0.02

0.03

0.04

0.05

0.06
10.1.5

T
miss E- l+ j lA Lu~

LO
NLO

LHC 14 TeV

 [GeV]jl(high)m
0 200 400 600 800 1000 1200 1400

jl(
hi

gh
)

/d
m

K
 d

K
1/

0

0.01

0.02

0.03

0.04

0.05 10.1.5

T
miss E- l+ j lA Lu~

LO
NLO

 [GeV]jl(low)m
0 200 400 600 800 1000

jl(
lo

w
)

/d
m

K
 d

K
1/

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07
10.1.5

T
miss E- l+ j lA Lu~

LO

NLO



Conclusion 

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

Knowledge of higher-order corrections to squark/gluino processes are 
important for precise description of physical observables and thus for 
setting accurate limits and even more for 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 of further experimental signatures and non-factorizable corrections. 

Outlook 

(Hopefully) discovery of SUSY in the next run of the LHC.

Using a flat K-factor is not always a reliable approximation.
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Figure 11: Differential distributions of benchmark point p19MSSM1 at a center of mass energy
√
S = 14.

In the upper part of the plots we show in black LO, in red NLO and in blue LO distributions rescaled by

the ratio KNLO between the integrated NLO and LO results. In the lower part of the plots NLO corrections

in the shapes are shown, defined as the full NLO divided by the rescaled LO ·KNLO distribution. From top

left to bottom right we show differential distributions in pT1 , p
T
2 , meff, ̸ET , HT (all in fb/GeV) and in αT

(in pba).
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Figure 11: Differential distributions of benchmark point p19MSSM1 at a center of mass energy
√
S = 14.

In the upper part of the plots we show in black LO, in red NLO and in blue LO distributions rescaled by

the ratio KNLO between the integrated NLO and LO results. In the lower part of the plots NLO corrections

in the shapes are shown, defined as the full NLO divided by the rescaled LO ·KNLO distribution. From top

left to bottom right we show differential distributions in pT1 , p
T
2 , meff, ̸ET , HT (all in fb/GeV) and in αT

(in pba).

– 25 –

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

– 2 –

see also: Plehn, Rainwater, Skands ’07; 
Alwall, de Visscher, Maltoni ’08

p19MSSM1A (14 TeV)  
Comparison between NLO and LO rescaled by global K-factor: 
corrections purely in the shapes



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 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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benchmark
√
S [TeV] σ(0)

pp→q̃q̃′ KDR
pp→q̃q̃′ KDS

pp→q̃q̃′ KProspino
pp→q̃q̃′

7 1.01 pb 1.37 1.39 1.41
SPS1a 8 1.48 pb 1.35 1.38 1.40

14 5.31 pb 1.28 1.34 1.38

7 0.89 fb 1.58 1.58 1.59
10.1.5 8 2.59 fb 1.53 1.53 1.54

14 49.87 fb 1.39 1.40 1.41

7 7.65 pb 1.39 1.41 1.37
p19MSSM1A 8 10.17 pb 1.37 1.41 1.37

14 28.34 pb 1.31 1.39 1.38

Table 7: LO cross sections σ(0)
pp→q̃q̃′ and NLO K-factors for inclusive squark-squark production from our

computation in the DR scheme, KDR
pp→q̃q̃′ , in the DS scheme KDS

pp→q̃q̃′ and also from Prospino 2, KProspino
pp→q̃q̃′ .

All squark masses taken to the average squark mass mq̃.

NLO bands are outside the LO bands. Still, for example in the pT distributions, in the high-pT
tail the NLO bands move entirely inside the LO bands.

Second, in figure 7 we illustrate the difference between the schemes introduced in section 3.2.2
for the benchmark point SPS1a and a center of mass energy

√
S = 14 TeV. In figure 7 we show

distributions in ̸ET and HT . These are the distributions where we observe the largest deviations
between the DS and DR schemes. The upper part of these plots show the same band plots as
already displayed at the bottom of 6, however in a log scale. In the lower part we show, for the DR
scheme, the ratio of the NLO results at µ = 2mq̃ and µ = mq̃/2 over the LO results at µ = mq̃.
We also display the ratio between the NLO result in the DS scheme and the LO result, both at
the central µ = mq̃. In these two distributions the difference between the two schemes increases in
the tail of the distributions. However the DS scheme remains within the theoretical uncertainty of
the DR scheme. As explained the chosen distributions ̸ET and HT show the largest differences we
observe for the benchmark points and energies considered.

Third, we investigate the change in the shape of distributions relevant for searches for super-
symmetry at the LHC when going from LO to NLO. Here, we present distributions for a center of
mass energy

√
S = 14 TeV. Lower center of mass energies show qualitatively the same behaviour.

For benchmark point SPS1a plots are shown in figure 8, for 10.1.5 in figure 9 and for p19MSSM1A
in figure 10. We present distributions in pT1 , p

T
2 , meff, ̸ET (all in fb/GeV), where the ATLAS jet

choice R = 0.4 and cuts of eq. (5.2) are applied. Also distributions in HT (in fb/GeV) and in αT (in
pb) are displayed, where the CMS jet choice R = 0.5 and corresponding cuts of eq. (5.2) are applied.
In the αT distribution, events are reclustered into two pseudojets and a cut of HT > 350 GeV is
applied. In the upper part of any plot we show each distribution at LO in black, NLO in red and in
blue the LO prediction rescaled by the ratio, KNLO, between the integrated NLO and LO result. In
the lower part of any plot we show the NLO divided by the rescaled LO ·KNLO distribution. In this
way we present corrections purely in the shape and not in the normalization of the distributions.
For SPS1a and 10.1.5 corrections are qualitatively very similar and rather flat for pT1 , p

T
2 and ̸ET ,

as expected from [25]. Corrections in the (inclusive) HT distribution grow for larger HT and can
be sizeable. This can be explained from the high-pT behaviour of the contribution from hard real
gluon radiation to this observable. Corrections to the shape of the αT observable change sign at
the physical boundary [88] αT = 0.5 and fall off continuously in the signal region αT > 0.55.
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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.

q̃ia

qi

χ̃0
j

g̃

qi

q̃ia
q̃ia

qi

χ̃0
j

g

q̃ia

qi
q̃i,a

qi

χ̃0
j

q̃

q

χ̃0
j g

q

q̃

q

χ̃0
j

g

q̃

(a) (b)

Figure 4: Loop and counterterm diagrams (a) and gluon radiation diagrams (b) for squark decays.

– 11 –

NLO decay

NLO total decay



ũL ũR d̃L d̃R g̃ l̃L l̃R χ̃0
2 χ̃0

1

SPS1a 563.6 546.7 569.0 546.6 608.5 202.4 144.1 180.2 97.0

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 the 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 χ̃0
2 → Z

SPS1a 98.5 1.0 1.5 31.2 − 13.1 -

10.1.6 99.8 0.03 1.5 32.1 28.4 0.2 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-handed sleptons. Squarks and leptons of the first two families are considered, where branchings

into second and first generation sleptons and their charge-conjugate contributions are summed.

and 10.1.6 defined in [88, 89]. The scenario SPS1a has already been excluded by searches at LHC.
However, it still serves as viable benchmark scenarios, where many detailed studies are available
in the literature. The scenario 10.1.6 is still viable and can be tested in the near future. The low
energy spectrum for both scenarios has been obtained with the program SOFTSUSY [90]. Sparticle
on-shell masses relevant for our analysis are listed in table 1. Non-vanishing Yukawa corrections
implemented in SOFTSUSY result in small mass splittings between first and second generation squarks
and sleptons. We verified that, for the CMSSM scenarios SPS1a and 10.1.6, the phenomenological
effects originating from these small mass splittings are negligible in the study presented here. Thus,
we set all second-generation masses equal to their first-generation counterparts.

In both scenarios the gluino is heavier then all light flavor squarks. Thus, all these squarks decay
exclusively into charginos and neutralinos. In table 2 corresponding branching ratios, calculated
with SDECAY [91], 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.
Branching ratios into first and second-generation sleptons are identical, and in 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 τ -slepton, 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 than
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 (and also into χ̃0

1Z) 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 [92]. Furthermore we define a jet to
fulfil the cut conditions

pTji ≥ 20 GeV , |ηji | ≤ 2.8 . (4.1)

Thus, we arrive at an experimentally well defined result. When analyzing combined production and

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.
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next to the decay into a τ -slepton, 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 than
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2. Due to its wino-like nature the χ̃0
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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 (and also into χ̃0
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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 [92]. Furthermore we define a jet to
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benchmarkpoint m0 m1/2 A0 tanβ sign(µ)

SPS1a 100 GeV 250 GeV −100 GeV 10 +

10.1.5 175 GeV 700 GeV 0 10 +

Table 1: High energy input parameters for the two considered CMSSM scenarios.

benchmarkpoint M1 M2 M3 Ai tan β sign(µ)

p19MSSM1A 300 GeV 2500 GeV 360 GeV 0 10 +

Table 2: Low energy input parameters for the p19MSSM1A scenario. The first two generation sfermion

soft-masses (apart from the right handed sleptons) equal the gluino mass m
f̃
1st/2nd gen
L/R

= M3. All other

parameters are at a higher scale m
f̃3rd gen
L/R

= mẽR,µ̃R = µ = MA = M2.

benchmarkpoint ũL ũR d̃L d̃R g̃ χ̃0
1

SPS1a 563.6 546.7 569.0 546.6 608.5 97.0

10.1.5 1437.7 1382.3 1439.7 1376.9 1568.6 291.3

p19MSSM1A 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.

benchmark point.

For SUSY parameters, we refer to three different benchmark scenarios. First, we investigate
the well studied CMSSM parameter point SPS1a [81]. Although being practically excluded by
recent searches at the LHC [4, 5, 82], this point still serves as a valuable benchmark to compare
with numerous numerical results available in the literature. Second, we study the benchmark point
CMSSM10.1.5 introduced in [83]. Due to its larger m1/2 parameter, compared to SPS1a, squark
and gluino masses are considerably larger, resulting in a generally reduced production cross section
at the LHC. Not excluded yet, this parameter point can be tested in the near future. The overall
spectrum, though shifted to larger masses, is very similar to the one of SPS1a. Third, we consider
a phenomenological benchmark point defined at the scale Q = 1 TeV. We follow the definitions
of [83], where such a point sits on a line called p19MSSM1. It can be parametrized by essentially
one parameter, the gaugino mass parameter M1. A unified parameter for the gluino and the light-
generations sfermion soft masses M3 = m

f̃1st/2nd gen
L/R

is fixed to M3 = m
f̃1st/2nd gen
L/R

= 1.2 M1 on this

line and we choose M1 = 300 GeV for our benchmark scenario p19MSSM1A. All other masses and
parameters as well as the soft masses for the first two generation right-handed sleptons are at a
higher scale and irrelevant for our analysis. This benchmark point is chosen to study a particular
parameter region with rather light squarks and gluinos which is difficult to exclude experimentally.
Due to a small mass splitting between the χ̃0

1 and the light squarks (and gluino) resulting jets tend
to be very soft and thus escape the experimental analyses. Particularly in such parameter regions
precise theoretical prediction of the resulting SUSY signal including higher orders on the level of
distributions seems to be necessary for a conclusive study.

Parameters of the CMSSM benchmark scenarios are defined universally at the GUT scale and
are shown in table 1. They act as boundary conditions for the renormalization group running of
the soft-breaking parameters down to the SUSY scale MSUSY. This running is performed with
the program SOFTSUSY [84] which also calculates physical on-shell parameters for all SUSY mass
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to be very soft and thus escape the experimental analyses. Particularly in such parameter regions
precise theoretical prediction of the resulting SUSY signal including higher orders on the level of
distributions seems to be necessary for a conclusive study.

Parameters of the CMSSM benchmark scenarios are defined universally at the GUT scale and
are shown in table 1. They act as boundary conditions for the renormalization group running of
the soft-breaking parameters down to the SUSY scale MSUSY. This running is performed with
the program SOFTSUSY [84] which also calculates physical on-shell parameters for all SUSY mass
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benchmarkpoint ũL ũR d̃L d̃R g̃

SPS1a Γ(0) 5.361 1.148 5.253 0.287 6.849
Γ(0+1) 5.357 1.131 5.255 0.283

10.1.5 Γ(0) 12.47 2.854 12.46 0.710 10.04
Γ(0+1) 12.31 2.821 12.30 0.702

p19MSSM1A Γ(0) 2.414 · 10−3 0.1625 3.411 · 10−3 3.917 · 10−2 3.441
Γ(0+1) 2.497 · 10−3 0.1621 3.503 · 10−3 3.912 · 10−2

Table 4: Leading order Γ(0) and next-to-leading order Γ(0+1) total widths of light squarks and gluino for

the considered SUSY scenarios. All widths are given in GeV.

eigenstates. We use the resulting on-shell parameters directly as input for our calculation. Low scale
soft input parameters for the p19MSSM1A benchmark scenario are given in table 2. The physical
spectrum is equivalently calculated with SOFTSUSY. For all considered benchmark scenarios we
summarize relevant low energy physical masses in table 3. Due to non-vanishing Yukawa corrections
implemented in SOFTSUSY the physical on-shell masses for second-generation squarks are slightly
different from their first-generation counterparts. To simplify our numerical evaluation we set all
second-generation squark masses to their first-generation counterparts. We checked that in the
results this adjustment is numerically negligible. However, the general setup of our calculation is
independent of this choice. For all considered benchmark scenarios the gluino is heavier than all
light flavour squarks mg̃ > mq̃. Thus, these squarks decay only into electroweak gauginos and
quarks. For SPS1a and 10.1.5, right-handed squarks dominantly decay directly into the lightest
neutralino χ̃0

1 (due to its bino nature). In contrary, left-handed squarks decay dominantly into
heavier (wino-like) neutralinos and charginos, which subsequently decay via cascades into a χ̃0

1, and
only a small fraction decays directly into a χ̃0

1. In this paper we only investigate the direct decay
of any light flavour squark into the lightest neutralino. For point p19MSSM1A all neutralinos and
charginos, but the lightest one, are heavier than any light-flavour squark. Thus, only the direct
decay is allowed and all channels contribute equally to the signature under consideration.

In table 4 we list all needed total decay widths of the squarks at LO and NLO, calculated as
explained in section 4. NLO corrections in the total decay widths are of the order of a few percent
for all three benchmark scenarios 5 . The total decay width of the gluino is calculated with SDECAY

at LO and also listed in table 4. In the calculation presented here this width is not used explicitly.
Instead, we numerically employ the limit Γg̃ → 0. However we checked that, using the physical
widths, all the results showed in the following present negligible differences.

Besides physical quantities, in our calculation phase-space slicing and regulator parameters en-
ter as inputs in the calculation of virtual and real NLO contributions, as explained in sections 3
and 4. In the results shown in this article we set δs = 2 · 10−4, δθ = 10−4 and mq = 10−1.5 GeV,
both for production and decay. Numerically we checked carefully that varying their values our
results remain unchanged on the level of individual distributions once jets are recombined using a
clustering algorithm, as explained below. We made sure that this holds for all terms of eq. (2.7)
individually.

5Numerically we observed a disagreement with the partial decay widths at NLO for p19MSSM1A obtained from
SDECAY, despite the fact that the NLO contributions in SDECAY are based on the analytical results calculated in [47]
and in Appendix C. After corresponding with the authors, this problem was solved by correcting a typo in SDECAY.
We thank M. Mühlleitner for helpful discussions.
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Benchmark points


