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global fit including cross sections and edges of kinematic distributions. For illustration, we

focus on a minimal supergravity scenario and discuss how well it can be constrained at the

LHC operating at 7 and 14 TeV collision energy, respectively. We find that the inclusion

of cross sections greatly improves the accuracy of the SUSY parameter determination, and

allows to reliably extract model parameters even in the initial phase of LHC data taking

with 7 TeV collision energy and 1 fb−1 integrated luminosity. Moreover, cross section

information may be essential to study more general scenarios, such as those with non-

universal gaugino masses, and distinguish them from minimal, universal, models.
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number, q̃L and q̃R, averaging over the masses of q̃ ∈ (ũ, d̃, c̃, s̃) for each SU(2) quantum

number. Top and, to a lesser extend, bottom squarks mix to form mass eigenstates and

are thus treated separately, as mentioned above and explained in detail in Ref. [33]. The

NLO SUSY-QCD corrections are taken into account through K-factors, K ≡ σNLO/σLO,

as provided by Prospino. Note that the calculations [30, 31, 32] implemented in Prospino

sum over squark SU(2) quantum numbers and do not provide separate K-factors for the

production of q̃L and q̃R. We thus assume that the K-factors do not depend significantly on

the squark SU(2) quantum number. Furthermore, we average the K-factors for the q̃q̃ and

q̃q̃∗ channels. For our numerical results, we have set the renormalization and factorization

scales to the average mass of the produced sparticles and adopted the 2008 MSTW parton

distribution functions [47].

To illustrate the sensitivity of the SUSY cross section to the squark and gluino masses,

we show in Fig. 2 the NLO cross sections for pp → q̃q̃, q̃q̃∗, q̃g̃, g̃g̃ + X at the LHC with

14 TeV collision energy. In the Figure we sum over q̃ ∈ (ũ, d̃, c̃, s̃, b̃) and L/R quantum

numbers, and average over the squark masses.
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Figure 2: NLO QCD cross-section for inclusive squark and gluino production at the LHC (14 TeV)
in pb, as a function of the gluino and average squark masses.

Varying (mq̃, mg̃) in the range between 200 GeV and 2 TeV, the cross section changes

by seven orders of magnitude. It is evident that the sensitivity of the cross section to the

sparticle masses should play an important role in SUSY parameter fits.

Let us finally comment on the theoretical error of the cross section prediction. The

renormalization and factorization scale uncertainty of the NLO QCD cross section is <∼ 10%

– 6 –
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M0 [GeV] M1/2 [GeV] tan β A0 [GeV]

SPS1a 100 250 10 −100

7 TeV and 1 fb−1

I + rates 99.0 +9.9
−9.1 250.0 +8.7

−6.5 10.7 +4.0
−8.8 55.2 +1048

−254

14 TeV and 1 fb−1

I + rates 99.7 +4.3
−5.7 251.1 +7.5

−5.8 11.2 +3.5
−5.1 −50.9 +1233

−350

I + II,!!!rates 99.8 +3.3
−4.4 249.7 +6.6

−5.2 10.1 +3.8
−3.2 −94.1 +1610

−216

I + II + rates 99.8 +3.9
−4.2 251.3 +5.0

−5.0 10.7 +3.1
−3.1 −55.7 +263

−233

14 TeV and 10 fb−1

I + rates 100.0 +2.9
−3.2 250.7 +2.9

−3.0 11.0 +2.5
−3.1 −63.3 +165

−192

I + II,!!!rates 100.1 +1.7
−1.9 250.4 +1.2

−1.7 10.1 +1.1
−1.0 −89.8 +70.4

−80.3

I + II + rates 100.3 +1.6
−1.9 250.4 +1.4

−1.6 10.2 +1.2
−1.0 −96.5 +86.3

−68.5

I + II + III,!!!rates 100.2 +1.4
−1.6 250.3 +1.1

−1.4 10.1 +0.8
−0.8 −94.6 +48.2

−55.0

I + II + III + rates 100.1 +1.6
−1.5 250.3 +1.1

−1.4 10.3 +0.7
−1.0 −90.3 +52.1

−57.7

Table 2: Fits to universal mSUGRA parameters for SPS1a, with (“+rates”) and without (“!!!rates”)
event rates as an observable. The symbols I, II and III refer to the inclusion of the groups of
previously considered observables (mainly edges) defined in the main text.
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Figure 3: ∆χ2 = −2 lnL+ 2 lnLmax contours showing M0 against M1/2 for 7 TeV/1 fb−1 data.
Fits are based on the four standard edges of group I without rates (“I,!!!rates”, left) and with rates
(“I + rates”, right). L is the two-dimensional profile likelihood and Lmax the global maximum of
the likelihood. The black dotted contours represent ∆χ2 = 1 contours. See [15] for more details.

particular for the common scalar massM0. Note that the errors on tan β andM1/2 in the fit

“I + rates” in Table 2 would be twice as large had we based our rate estimates on LO cross

sections with the corresponding 100% uncertainty. Adding the observables of group II,

which involve information on third-generation particles, the lower endpoint of mq!! and

– 13 –
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We investigate the implications for supersymmetry from an assumed absence of any signal in the first

period of LHC data taking at 7 TeV center-of-mass energy and with 1 to 7 fb"1 of integrated luminosity.

We consider the zero-lepton plus four jets and missing transverse energy signature, and perform a

combined fit of low-energy measurements, the dark matter relic density constraint and potential LHC

exclusions within a minimal supergravity model. A nonobservation of supersymmetry in the first period of

LHC data taking would still allow for an acceptable description of low-energy data and the dark matter

relic density in terms of minimal supergravity models, but would exclude squarks and gluinos with masses

below 1 TeV.

DOI: 10.1103/PhysRevD.84.011701 PACS numbers: 12.60.Jv, 13.85.Rm, 14.80.Ly

I. INTRODUCTION

The Higgs sector of the standard model (SM) of
elementary particle physics suffers from the hierarchy
problem between the weak scale and the Planck scale.
Extending the SM through supersymmetry (SUSY) is a
very promising solution [1]. The new supersymmetric
particles must then have masses of order 1 TeV.
Furthermore, supersymmetric particles can contribute to
low-energy observables via radiative quantum corrections.
In fact, SUSY models provide an excellent fit to the
extensive data, see, for example, Refs. [2–6]. The fits
generically prefer a light SUSY spectrum, typically below
1 TeV.

The ATLAS and CMS experiments at the Large
Hadron Collider (LHC) at CERN have so far analyzed
35 pb"1 of integrated luminosity at 7 TeV center-of-mass
energy. A total integrated luminosity of 1 to 7 fb"1 can
realistically be achieved at this energy through 2012. These
data will significantly extend the search reach for SUSY
[7,8].

The minimal supersymmetric SM has 124 free parame-
ters. However, current precision observables and direct
search limits only provide sensitivity to very restricted
SUSY models with a small number of parameters, like
minimal supergravity (mSUGRA) [1] which only has 5
free parameters beyond those of the SM. In the following,
we thus focus on mSUGRA models. Specifically, they are
characterized by a common supersymmetric scalar mass
M0, a common gaugino mass M1=2, a universal trilinear
coupling A0, the ratio of the two Higgs vacuum expectation

values, tan!, and the sign of the Higgs mixing mass
parameter, signð"Þ.
At the LHC, supersymmetry can be searched for in

channels with jets, leptons and missing transverse energy
[9]. Studies by ATLAS and CMS reveal that squarks and
gluinos with masses up to about 700 GeV could be dis-
covered at 7 TeV energy and 1 fb"1 integrated luminosity
[7,8]. If no signal is found, one can significantly constrain
supersymmetric models and exclude squarks and gluinos
with masses close to 1 TeV.
To obtain consistent limits on the SUSY parameter space

and the resulting mass spectrum in the absence of a SUSY
signal at the LHC, one needs to combine potential LHC
exclusion limits and current low-energy precision observ-
ables in a global fit. In the following we employ the
FITTINO framework [6,12] to study such a scenario.

II. FIT OBSERVABLES

We follow the FITTINO analysis in Ref. [6] and consider
the following set of low-energy observables and existing
collider limits in light of the mSUGRA model: (i) rare
decays of B- and K-mesons; (ii) the anomalous magnetic
moment of the muon, a"; (iii) electroweak precision mea-
surements from LEP, SLAC Linear Collider (SLC) and the
Tevatron and the Higgs boson mass limit from LEP; and
(iv) the relic density of cold dark matter in the universe,
!#. In contrast to Ref. [6], we employ the program
HIGGSBOUNDS [13] and not a rigid Higgs mass limit. We
refer to Ref. [6] for a detailed discussion of the low-energy
inputs and the collider limits.

PHYSICAL REVIEW D 84, 011701(R) (2011)
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FIG. 1: mSUGRA parameter region in M0 and M1/2 com-
patible with low-energy observables, current collider data
from LEP, SLC and the Tevatron, and the dark matter
relic density. Shown are the two-dimensional 95% and one-
dimensional 68% CL regions. Also shown is our estimate
of the potential LHC 95% CL exclusion limits in the four-
jet, zero-lepton and Emiss

T channel for different integrated
luminosities.

results are in good agreement with current LHC lim-
its at 35 pb−1 [16, 17], and with the projected ATLAS
discovery potential at higher luminosities [7], bearing
in mind that we use an improved signal estimate in-
cluding the NLO+NLL QCD corrections.

We now combine the potential LHC exclusion lim-
its, the current low-energy precision and collider ob-
servables, and the dark matter relic density constraint
in a global fit. We assume 2 fb−1 integrated lumi-
nosity as our base scenario, but also discuss the im-
pact of the LHC exclusions at 35 pb−1, and at 1 and
7 fb−1 below. The result of our combined mSUGRA
fit assuming no SUSY signal at the LHC with 2 fb−1

is shown in Fig. 2. The best fit now corresponds to
M0 = 270+423

−143 GeV, M1/2 = 655+150
−81 GeV, A0 =

763+1238
−879 GeV and tanβ = 32+18

−21, with a minimum
χ2 value of 24 for 21 degrees of freedom. The corre-
sponding sparticle mass spectrum is presented in Fig. 3
and features most probable squark and gluino masses
beyond 1 TeV.

An LHC exclusion in the zero-lepton, four-jet plus
Emiss

T channel is mainly sensitive to the squark and
gluino masses and would drive M0 and M1/2 to
larger values. The low-energy precision observa-
bles and the relic density, on the other hand, are
mainly constraining the masses of colour-neutral spar-
ticles. Supersymmetric models with common scalar
and gaugino masses like mSUGRA connect these two,
leading to a tension between the two sets of observ-
ables. In addition, for larger M0 and M1/2 both aµ
and Ωχ require an increased tanβ. It is also note-
worthy that the global fit allows areas in the SUSY
parameter space at 95% CL, which are located in the
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FIG. 2: mSUGRA parameter region in M0 and M1/2 com-
patible with low-energy observables, current collider data
from LEP, SLC and the Tevatron, the dark matter relic
density, and a potential LHC exclusion limit in the four-
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T channel for 2 fb−1 integrated lu-
minosity. Also shown is the the potential LHC 95% CL
exclusion limit.
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FIG. 3: SUSY mass spectrum as predicted by a combined
mSUGRA fit of low-energy observables, current collider
data from LEP, SLC and the Tevatron, the dark mat-
ter relic density, and a potential LHC exclusion limit in
the four-jet, zero-lepton and Emiss

T channel for 2 fb−1 inte-
grated luminosity.

region of 95% CL exclusion of the LHC, see Fig. 2.
This is due to the weak dependence of the LHC con-
tribution to the χ2 on M1/2. Furthermore values of
M0 and M1/2 below the direct LHC limit allow for a
significantly better χ2 from the low energy data, com-
pensating the contribution from the LHC. Thus the
lower limits on the SUSY masses from the global fit
including the LHC are significantly lower than the di-
rect exclusion limits.
Fig. 4 presents the impact of the LHC exclusions

on the q̃R and l̃R mass spectrum from the global
mSUGRA fit, assuming 35 pb−1, and 1, 2 and 7 fb−1.
Already with 1 fb−1 the LHC exclusion would push
the lower limit on the squark mass above the TeV-
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Abstract We investigate the constrained Minimal Super-
symmetric Standard Model (cMSSM) in the light of con-
straining experimental and observational data from precision
measurements, astrophysics, direct supersymmetry searches
at the LHC and measurements of the properties of the Higgs
boson, by means of a global fit using the program Fittino.
As in previous studies, we find rather poor agreement of the
best fit point with the global data. We also investigate the
stability of the electro-weak vacuum in the preferred region
of parameter space around the best fit point. We find that the
vacuum is metastable, with a lifetime significantly longer
than the age of the Universe. For the first time in a global
fit of supersymmetry, we employ a consistent methodology
to evaluate the goodness-of-fit of the cMSSM in a frequen-
tist approach by deriving p values from large sets of toy
experiments. We analyse analytically and quantitatively the
impact of the choice of the observable set on the p value, and
in particular its dilution when confronting the model with a
large number of barely constraining measurements. Finally,

a e-mail: bechtle@physik.uni-bonn.de
b e-mail: jose.camargo@physik.uni-wuerzburg.de
c e-mail: desch@physik.uni-bonn.de
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l e-mail: wienemann@physik.uni-bonn.de

for the preferred sets of observables, we obtain p values for
the cMSSM below 10 %, i.e. we exclude the cMSSM as a
model at the 90 % confidence level.

1 Introduction

Supersymmetric theories [1,2] offer a unique extension of the
external symmetries of the Standard Model (SM) with spino-
rial generators [3]. Due to the experimental constraints on
the supersymmetric masses, supersymmetry must be broken.
Supersymmetry allows for the unification of the electromag-
netic, weak and strong gauge couplings [4–6]. Through radia-
tive symmetry breaking [7,8], it allows for a dynamical con-
nection between supersymmetry breaking and the breaking
of SU(2)×U(1), and thus a connection between the unifica-
tion scale and the electroweak scale. Furthermore, supersym-
metry provides a solution to the fine-tuning problem of the
SM [9,10], if at least some of the supersymmetric particles
have masses below or near the TeV scale [11]. Furthermore,
in supersymmetric models with R-parity conservation [12,
13], the lightest supersymmetric particle (LSP) is a promis-
ing candidate for the dark matter in the universe [14,15].

Of all the implementations of supersymmetry, there is one
which has stood out throughout, in phenomenological and
experimental studies: the constrained Minimal Supersym-
metric Standard Model (cMSSM) [16,17]. As we show in
this paper, eventhough it is a simple model with a great set of
benefits over the SM, it has come under severe experimental
pressure. To explain and – for the first time – to quantify this
pressure is the aim of this paper.

The earliest phenomenological work on supersymmetry
was performed almost 40 years ago [12,13,18–20] in the

123
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What is the P-value of the CMSSM?

For the first time, it has conclusively been shown that the most
constrained popular SUSY model can be excluded
Without (g �2)µ, the P-value with the given observable set is 51±3%
But the P-value without (g � 2)µ is meaningless. We only quoyte it
because some people suddenly don’t like the result anymore.
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Abstract SCYNet (SUSY Calculating Yield Net) is a tool
for testing supersymmetric models against LHC data. It uses
neural network regression for a fast evaluation of the pro-
file likelihood ratio. Two neural network approaches have
been developed: one network has been trained using the
parameters of the 11-dimensional phenomenological Min-
imal Supersymmetric Standard Model (pMSSM-11) as an
input and evaluates the corresponding profile likelihood ratio
within milliseconds. It can thus be used in global pMSSM-
11 fits without time penalty. In the second approach, the
neural network has been trained using model-independent
signature-related objects, such as energies and particle mul-
tiplicities, which were estimated from the parameters of a
given new physics model.

1 Introduction

Direct searches for new particles at the LHC are among the
most sensitive probes of beyond the Standard Model (BSM)
physics and play a crucial role in global BSM fits. Calculating
the profile likelihood ratio (referred to as χ2 in the follow-
ing) for a new physics model from LHC searches is straight-
forward in principle: for each point in the model parameter
space, signal events are generated using a Monte Carlo sim-
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i e-mail: tattersall@physik.rwth-aachen.de

ulation. χ2 is then calculated from the number of expected
signal events, the Standard Model background estimate and
the number of observed events for a given experimental sig-
nal region. The computation time for such simulations, can
be overwhelming however, especially when testing BSM sce-
narios with many model parameters. Global fits of supersym-
metric (SUSY) models, for example, are typically based on
the evaluation ofO(109) parameter points, see e.g. [1–3], and
the required Monte Carlo statistics for estimating the num-
ber of signal events for each parameter point requires up to
several hours of CPU time. In this study we have attempted
to provide a fast evaluation of the LHC χ2 for generic SUSY
models by utilizing neural network regression.

Global SUSY analyses which combine low-energy preci-
sion observables, like the anomalous magnetic moment of the
muon, and LHC searches for new particles strongly disfavour
minimal SUSY models, like the constrained Minimal Super-
symmetric Standard Model (cMSSM) [1]. Thus, more gen-
eral supersymmetric models have to be explored, including
for example the phenomenological MSSM (pMSSM-11) [4],
specified by 11 SUSY parameters defined at the electroweak
scale. The pMSSM-11 allows one to accommodate the
anomalous magnetic moment of the muon, the dark mat-
ter relic density and the LHC limits from direct searches.
However, the large number of model parameters poses a sig-
nificant challenge for global pMSSM-11 fits.

In this paper we introduce the SCYNet tool for the accu-
rate and fast statistical evaluation of LHC search limits—and
potential signals – within the pMSSM-11 and other SUSY
models. SCYNet is based on the results of a simulation of
new physics models that used CheckMATE 2.0 [5–7], and the
subsequently calculated χ2 from event counts in the signal
regions of a large number of LHC searches. The χ2-estimate
has been used as an input to train a neural network-based
regression; the resulting neural network then provides a very
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Towards the Fit of the pMSSM11

Building up a neural network

Recurrent neural networks not
considered

Example of pMSSM-11 network

A lot free parameters in net ! hyperparameter optimization

neural network: highly nonlinear interpolator

All neural nets implemented with TensorFlow
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Figure 1: The Transformer - model architecture.

3.1 Encoder and Decoder Stacks

Encoder: The encoder is composed of a stack of N = 6 identical layers. Each layer has two
sub-layers. The first is a multi-head self-attention mechanism, and the second is a simple, position-
wise fully connected feed-forward network. We employ a residual connection [11] around each of
the two sub-layers, followed by layer normalization [1]. That is, the output of each sub-layer is
LayerNorm(x + Sublayer(x)), where Sublayer(x) is the function implemented by the sub-layer
itself. To facilitate these residual connections, all sub-layers in the model, as well as the embedding
layers, produce outputs of dimension dmodel = 512.

Decoder: The decoder is also composed of a stack of N = 6 identical layers. In addition to the two
sub-layers in each encoder layer, the decoder inserts a third sub-layer, which performs multi-head
attention over the output of the encoder stack. Similar to the encoder, we employ residual connections
around each of the sub-layers, followed by layer normalization. We also modify the self-attention
sub-layer in the decoder stack to prevent positions from attending to subsequent positions. This
masking, combined with fact that the output embeddings are offset by one position, ensures that the
predictions for position i can depend only on the known outputs at positions less than i.

3.2 Attention

An attention function can be described as mapping a query and a set of key-value pairs to an output,
where the query, keys, values, and output are all vectors. The output is computed as a weighted sum
of the values, where the weight assigned to each value is computed by a compatibility function of the
query with the corresponding key.

3
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Figure 5. Comparison of data and sample distributions for QCD jets. We compare the particle
multiplicity (top left), log(pT ) (top right), �⌘ (bottom left), and mjet (bottom right) distributions
of all jet constituents. We use 200k jets for both the generated samples as well as the data from
the test set.

resembles that of �⌘. The pT distribution of all constituents is accurately reproduced, and

the jet mass is well-reproduced. Although the angular distributions exhibit some minor

deviations, with the sampling being slightly too central on average for QCD jets, the

generated samples show an impressive overall agreement with the data.

To assess the quality of our generated samples beyond one-dimensional distributions,

we train a ParticleNet classifier (see section 2) to di↵erentiate between the samples and

the data. This is an important test because generative models often produce samples that

are easily distinguishable from the real data by a classifier (see for example the discussion

in refs. [7, 10]). The resulting ROC curves, shown in figure 6, indicate that our generative

model produces samples of high fidelity. We display three separate curves, each corre-

sponding to independent training, sampling, and classification. Despite the ParticleNet

classifier’s high discriminative power, its AUC score of 0.62 is only slightly better than

random. The success of our generative model in passing this test can be attributed to its

excellent density estimation capabilities. Results for sampling without applying the top-k

method are discussed in appendix A.1. Results for evaluating the quality of the density

estimation for top jets by sampling can be found in appendix A.2.

– 9 –
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Figure 6. ROC curves for a ParticleNet classifier to distinguish 200k generated samples from the
200k jets of the test data set. We display three separate curves, each corresponding to independent
training, sampling, and classification. The dashed line shows the ROC curve of a random classifier.

4 Conclusion

Transformers are extremely powerful deep learning architectures that have set new stan-

dards in natural language processing. In particular, large and powerful models can be

trained if su�cient amounts of data are available. In this study, we investigate the use

of transformers for determining probability densities in jet physics. We consider low-level

information, such as the transverse momentum and angular position of the jet constituents,

rather than relying on hand-crafted high-level features. While low-level information can

capture important correlations in the data, density estimation in such a high-dimensional

space remains a challenging task.

We draw an analogy between sentences and words in natural language and jets and their

constituents in high-energy physics. To make the data more similar to natural language, we

pre-process the features of the jet constituents by discretizing them. We have shown that

this discretization does not lead to a significant loss of information. The discrete particle

states can then be viewed as words in a dictionary, and the process of combining particles

into jets is analogous to constructing sentences in natural language processing.

We use an auto-regressive approach to determine the probability density of QCD and

top-jets. In this approach, the transformer is trained to determine the probability of a jet

constituent given all the previous constituents of the jet. The design of the transformer

is flexible, allowing for both density estimation and the generation of artificial jet samples

with di↵erent numbers of constituents.

We train a standard transformer architecture on 600k Monte Carlo data to determine

– 10 –
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