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What are R-Hadrons

‣ Coloured Massive Particles, i.e. gluinos, 
squarks

‣ Assumed Long-lived (in our searches)

‣ Predicted by numerous BSM models 
including many SUSY scenarios

‣ Slow moving at LHC energies β<1

‣ Hadronises with light SM quarks into bound 
states called R-Hadrons

‣ Electrically charged in specific bound 
states

‣ Nuclear scattering of the light quark 
system with detector causing electrical 
charge change

‣ No interaction between detector and 
primary parton (σ ∝	  1/m2) assumed

g̃
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q

Introduction Motivation

Stable Massive Particles - why look for them?

Stable Massive Particles (SMPs)

predicted in a range of SUSY and

other BSM scenarios

Within SUSY: SMPs with di↵erent
color and electric charges

q̃ /g̃ (bound states)
˜̀ (and �̃+)
produced with � < 1
Production processes can have
high cross sections and low
background ) important early
analysis

(In this context “stable” means
c⌧ & size of modern collider experiment)

SMP LSP Scenario Conditions

⌧̃1 �̃0
1 MSSM ⌧̃1 mass (determined by m2

�̃L,R
, µ, tan �, and A� ) close to �̃0

1
mass.

˜G GMSB Large N , small M , and/or large tan �.

g̃MSB No detailed phenomenology studies, see [23].

SUGRA Supergravity with a gravitino LSP, see [24].

⌧̃1 MSSM Small m�̃L,R and/or large tan � and/or very large A� .

AMSB Small m0, large tan �.

g̃MSB Generic in minimal models.

˜`i1
˜G GMSB ⌧̃1 NLSP (see above). ẽ1 and µ̃1 co-NLSP and also SMP for

small tan � and µ.

⌧̃1 g̃MSB ẽ1 and µ̃1 co-LSP and also SMP when stau mixing small.

�̃+
1 �̃0

1 MSSM m�̃+

1

� m�̃0

1

�< m�+ . Very large M1,2 �> 2 TeV � |µ| (Hig-

gsino region) or non-universal gaugino masses M1 �> 4M2,

with the latter condition relaxed to M1 �> M2 for M2 � |µ|.
Natural in O-II models, where simultaneously also the g̃ can

be long-lived near �GS = �3.

AMSB M1 > M2 natural. m0 not too small. See MSSM above.

g̃ �̃0
1 MSSM Very large m2

q̃ � M3, e.g. split SUSY.

˜G GMSB SUSY GUT extensions [25–27].

g̃ MSSM Very small M3 � M1,2, O-II models near �GS = �3.

GMSB SUSY GUT extensions [25–29].

˜t1 �̃0
1 MSSM Non-universal squark and gaugino masses. Small m2

q̃ and

M3, small tan �, large At.

˜b1 Small m2
q̃ and M3, large tan � and/or large Ab � At.

Table 1

Brief overview of possible SUSY SMP states considered in the literature. Classified by

SMP, LSP, scenario, and typical conditions for this case to materialise in the given scenario.

See text for details.

2.1.1 The MSSM and CMSSM

At present, little is known for certain about the nature of the SUSY-breaking mech-

anism. Some special cases will be discussed below, but at the most general level we

define the minimal supersymmetric Standard Model (MSSM) to contain all pos-

sible SUSY-breaking interactions, which are consistent with gauge and Poincaré

invariance, and which do not cause the hierarchy problem to reappear (so-called

soft SUSY-breaking). This implies an additional mass term for each of the gaugi-
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R-Hadron detection in ATLAS

γβ
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Calo dE/dx
- Charge flipping

cds.cern.ch:1370233 
(thesis)

Pixel dE/dx
ATLAS-CONF-2011-016

Muon spec. ToF
arXiv:1106.4495
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Figure 1: Distribution of β for all candidates in data (points with
error bars), muons from the decay Z → µµ in data (full lines) and
smeared Monte Carlo (dashed lines), in the estimation used in the
slepton search (upper) and in the estimation used in the R-hadron
search (lower).

pT > 13 GeV. The trigger for the R-hadron search requires
an MS-standalone muon trigger with pT > 40 GeV. The
standalone triggers have less accurate pT estimates than
the combined ones.

The events are selected online by requiring at least
one level-1 muon trigger. As level-1 muon triggers are
accepted and passed to the high-level trigger only if as-
signed to the collision bunch crossing, late triggers due to
late arrival of the particles are lost. However, late trig-
gers due to late arrival of slow particles from the collision
bunch crossing are also lost. The level-1 trigger efficiency
for particles arriving late at the MS is difficult to assess
from data, where the overwhelming majority of candidates
are muons. Therefore the trigger tracking efficiency is es-
timated from Z → µµ data, while the effects of timing
are estimated from simulated R-hadron and GMSB events
passing the level-1 trigger simulation, which includes the
timing requirements of the trigger electronics. The es-
timated trigger efficiencies for GMSB slepton candidates
are between 80% and 81%. The R-hadron search is much
more adversely affected by the loss of trigger efficiency for
late candidates, since the reconstruction is seeded by the
trigger, and so even if an event is triggered by another ob-
ject, the candidate will be lost. For R-hadrons that could
be reconstructed because they are charged in the MS, the
trigger efficiencies range between 55% for mg̃ = 300 GeV
to 38% formg̃ = 700 GeV. The estimated trigger efficiency
with respect to all R-hadrons produced in the scattering
model of Ref. [7] varies from 25% for mg̃ = 300 GeV to
17% for mg̃ = 700 GeV. The effect of the trigger efficien-
cies can be seen in Tables 1 and 2 for the signal and data
in the slepton and R-hadron searches respectively.

5.2. Offline selection

Collision events are selected by requiring a good pri-
mary vertex with more than two ID tracks, and with |zvtx0 | <
150 mm (where zvtx0 is the z coordinate of the recon-
structed primary vertex).

Cosmic ray background is rejected by removing tracks
that do not pass close to the primary vertex in z. For
candidates with an associated ID track, candidates with
|ztrk0 − zvtx0 | > 10 mm are removed, where ztrk0 is the z co-
ordinate at the distance of closest approach of the track to
the origin. If no ID track is associated with the candidate,
then it is still rejected if |ztrk0 − zvtx0 | > 150 mm. Pairs of
candidates with approximately opposite η and φ are also
removed.

The analysis searching for sleptons requires two can-
didates in each event, because two sleptons are produced,
and both have a high probability to be observed in the
MS. However, only one of them is required to pass the LLP
selection. This requirement reduces background from W
production and QCD, but Z → µµ decays remain. Any
candidate that, when combined with a second muon, gives
an invariant mass within 10 GeV of the Z mass is rejected.
In the R-hadron search, no requirement of two candidates
per event is made, because R-hadrons may be neutral in
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Figure 1: Distributions of dE/dx
Pixel

(left) and �

Tile

(right) in data after the transverse momentum selection p

T

> 50GeV.
Spectra for simulated background processes are plotted for comparison. The uncertainty shown on the background is the
Monte Carlo statistical uncertainty.

properties, p, K and ⇡[27], and provide a relative dE/dx
Pixel

resolution of about 10% in the asymptotic
region (�� > 1.5). To reduce the backgrounds further, the final selection requires that dE/dx

Pixel

>

1.8MeVg�1cm2 compared to dE/dx
Pixel

⇠ 1.1MeVg�1cm2 deposited by a MIP. In the tile calorimeter,
the �-values are required to be less than 1.

The pixel detector and the tile calorimeter provide independent measurements from which the mass
of the SMP candidate can be estimated. Making requirements on both mass estimates is a powerful
means to suppress the tails in the individual distributions arising from instrumental e↵ects. In Figure 2
the estimated mass distributions based on dE/dx

Pixel

and �

Tile

are shown after the 50GeV transverse
momentum cut of the event selection. In contrast to the other figures in this paper, the signal distributions
are stacked on top of the background to illustrate the total expected spectra for the signal+background
scenarios.
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Figure 2: Mass estimated by the pixel detector (left) and the tile calorimeter (right). To obtain a mass estimate, a cut of
dE/dx

Pixel

> 1.1MeVg�1cm2 is imposed for the pixel detector distribution. This is a looser cut than used in the analysis
itself. For the tile calorimeter, the requirement is that �

Tile

< 1.

To establish signal regions for each mass hypothesis, the mean, µ, and Gaussian width, �, of the mass
peak is determined for both the pixel detector and the tile calorimeter measurement. The signal region is
then defined to be the region above the fitted mean minus twice the width (i.e. m

Pixel

> µ

Pixel

� 2�
Pixel

for the mass as estimated by the pixel detector and m

Tile

> µ

Tile

�2�
Tile

for the mass as estimated by the
tile calorimeter). The final signal region is defined by applying both of the individual mass requirements.
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‣Velocity as discriminator

‣Time of flight

‣Specific Energy Loss

‣No physics background, only instrumental effects

‣Estimate mass by velocity and momentum

‣Can become neutral after hadronic interactions

‣Unique charge flipping as signature
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Inner detector only search

‣ Most recent result (2.06 fb-1)
‣ Pixel dE/dx Estimator

‣ Calibrated on slow SM particles

‣ Missing Energy Trigger MET > 70 GeV
‣ Offline MET > 85 GeV
‣ p > 100 GeV
‣ Pixel dE/dx > 1.8 MeV g-1 cm2

‣ Distance to nearest track > 0.25
‣ Distance to nearest jet > 0.3

ATLAS-CONF-2012-022

Proton mass run stability2010 Pixel mass (ID+Calo) Signal dE/dx response Signal mass estimates
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Results

‣ Increased statistics

‣ No significant deviation from the 
Standard Model

‣ Upper limit: <0.1 pb (CLs method 
95% CL)

‣ Gluino mass exclusion up to 810 GeV 
for Split-SUSY models (ID+Calo 
2010 Limit: ~580 GeV)
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Conclusion

‣ Nearly all sub detectors in ATLAS 
have R-Hadron discrimination 
capabilities 

‣ New limit from ATLAS on inner 
detector only searches for R-
Hadrons.

‣ Many other searches ongoing

‣ We try to avoid heavy model 
dependence (beyond nuclear 
scattering) but input from theorists 
is welcomed!
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Pixel counting tables
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Table 1: Observed event yields at different steps of the selection procedure. The total efficiency is

computed with respect to the events that have been skimmed, passed the trigger and the data quality

decision. Trigger selects only those events which satisfy the calorimetric (Emiss
T > 70 GeV) online trigger.

Offline E
miss
T should exceed 85 GeV. Primary vtx requires a primary vertex with at least five tracks. Next

cuts require in the event at least one track with: High-pT corresponds to the request on high pT, cuts on

the impact parameters and Pixel/SCT clusters; Isolation refers to the requirement that the track satisfies

ΔRtrack,othertrack > 0.25 from any other track with pT > 5 GeV; High-p corresponds to the request on

p > 100 GeV, ionization is the request on the Pixel dE/dx as explained in the text.

Cut level # Events Cut Eff. Total Eff.
Trigger 2,413,863

Offline E
miss
T 1,421,497 0.589 0.589

Primary vtx 1,368,821 0.963 0.567

High-pT 212,464 0.155 0.0880

Isolation 32,188 0.151 0.0133

High-p 21,040 0.654 8.7E-03

ionization 333 0.016 1.4E-04

matical and geometrical properties of the candidate tracks at various stages of the selection are shown in181

Fig. 5.182

Table 2: Expected yields at different steps of the selection for signal Monte Carlo, based on the afore-

mentioned gluino R-hadrons samples.

Gluino 400 GeV Gluino 700 GeV Gluino 1000 GeV

Cut level Cut Eff. Total Eff. Cut Eff. Total Eff. Cut Eff. Total Eff.
Trigger 0.205 0.205 0.219 0.219 0.177 0.177

Offline E
miss
T 0.976 0.200 0.987 0.216 0.984 0.175

Primary vtx 0.998 0.200 1.000 0.216 1.000 0.175

High-pT 0.594 0.120 0.582 0.129 0.592 0.108

Isolation 0.840 0.100 0.838 0.105 0.879 0.091

High-p 0.993 0.099 0.988 0.104 0.999 0.091

ionization 0.663 0.067 0.804 0.085 0.923 0.084

The same selection cuts are applied to the signal Monte Carlo samples. Table 2 shows the cut-flow183

for gluino R-hadrons samples of different masses. About 10% of the selected events have more than one184

track fulfilling the requirements on isolation and ionization. The overall signal efficiency varies from185

6.7% for the lightest case shown in the table (400 GeV) to 8.4% for the heaviest (1000 GeV). The effect186

of the last cuts on the kinematical and geometrical properties of the tracks are shown in Fig. 6.187

5 Background estimation188

To estimate the background a data-driven approach is used. The method consists of using the data189

sample to parameterize the key variable distributions and their inter-dependence and then to generate a190

high-statistics random background sample based on these distributions. The choice of the control sample191

takes into account the non-negligible correlations between p, dE/dx and η . The ionization dependence192

on the path length in the sensor is not linear [39], the pixel dE/dx depends on η , increasing by ∼10%193
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Table 1: Observed event yields at different steps of the selection procedure. The total efficiency is

computed with respect to the events that have been skimmed, passed the trigger and the data quality

decision. Trigger selects only those events which satisfy the calorimetric (Emiss
T > 70 GeV) online trigger.

Offline E
miss
T should exceed 85 GeV. Primary vtx requires a primary vertex with at least five tracks. Next

cuts require in the event at least one track with: High-pT corresponds to the request on high pT, cuts on

the impact parameters and Pixel/SCT clusters; Isolation refers to the requirement that the track satisfies

ΔRtrack,othertrack > 0.25 from any other track with pT > 5 GeV; High-p corresponds to the request on

p > 100 GeV, ionization is the request on the Pixel dE/dx as explained in the text.

Cut level # Events Cut Eff. Total Eff.
Trigger 2,413,863

Offline E
miss
T 1,421,497 0.589 0.589

Primary vtx 1,368,821 0.963 0.567

High-pT 212,464 0.155 0.0880

Isolation 32,188 0.151 0.0133

High-p 21,040 0.654 8.7E-03

ionization 333 0.016 1.4E-04

matical and geometrical properties of the candidate tracks at various stages of the selection are shown in181

Fig. 5.182

Table 2: Expected yields at different steps of the selection for signal Monte Carlo, based on the afore-

mentioned gluino R-hadrons samples.

Gluino 400 GeV Gluino 700 GeV Gluino 1000 GeV

Cut level Cut Eff. Total Eff. Cut Eff. Total Eff. Cut Eff. Total Eff.
Trigger 0.205 0.205 0.219 0.219 0.177 0.177

Offline E
miss
T 0.976 0.200 0.987 0.216 0.984 0.175

Primary vtx 0.998 0.200 1.000 0.216 1.000 0.175

High-pT 0.594 0.120 0.582 0.129 0.592 0.108

Isolation 0.840 0.100 0.838 0.105 0.879 0.091

High-p 0.993 0.099 0.988 0.104 0.999 0.091

ionization 0.663 0.067 0.804 0.085 0.923 0.084

The same selection cuts are applied to the signal Monte Carlo samples. Table 2 shows the cut-flow183

for gluino R-hadrons samples of different masses. About 10% of the selected events have more than one184

track fulfilling the requirements on isolation and ionization. The overall signal efficiency varies from185

6.7% for the lightest case shown in the table (400 GeV) to 8.4% for the heaviest (1000 GeV). The effect186

of the last cuts on the kinematical and geometrical properties of the tracks are shown in Fig. 6.187

5 Background estimation188

To estimate the background a data-driven approach is used. The method consists of using the data189

sample to parameterize the key variable distributions and their inter-dependence and then to generate a190

high-statistics random background sample based on these distributions. The choice of the control sample191

takes into account the non-negligible correlations between p, dE/dx and η . The ionization dependence192

on the path length in the sensor is not linear [39], the pixel dE/dx depends on η , increasing by ∼10%193
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Detection methods

‣ Velocity as discriminator

‣ Time of flight

‣ Specific Energy Loss

‣ No physics background, only instrumental effects

‣ Estimate mass by velocity and momentum

‣ Can become neutral after hadronic interactions

‣ Unique charge flipping as signature
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Search strategies in ATLAS

‣ Multiple searches with variation of sub detectors to 
maximise model coverage

‣ General selection
‣ Trigger (MET or Muons)
‣ Momentum cut
‣ Isolation (from polluting tracks, jets)
‣ Data driven background estimation

‣ Search specific selection
‣ Short lifetime, High hadronic interaction probability 

ID only: Pixel dE/dx

‣ Intermediate lifetimes, moderate hadronic interaction 
ID+Calo: Pixel dE/dx and Calo ToF

‣ Long lifetime, low mass
MS only: Candidates that where neutral in ID 
but became charged by interactions.

‣ Inclusive, maximum detector acceptance
ID+Calo+MS: Require a minimum of compatible 
estimates, “semi-multivariate” methodology
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SUSY limits (dec 2011)
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Theoretical predictions

‣ “Split-SUSY”-like predictions
‣ Cross sections calculated with Prospino 2.1
‣ Decoupled mass scales, emulating infinite life-time by decay 

suppression
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Theoretical Prediction
CTEQ 6.6

Split SUSY, other masses: 10 TeV
Prospino 2.1

Mass (GeV) � (pb)
100 21200
200 625
300 62.1
400 10.4
500 2.34
600 0.634
700 0.194
800 0.0651
900 0.0233
1000 0.00867

Assumptions
Prospino 2.1 NLO
SUSY Splitting scale 10 TeV
√s = 7 TeV
CTEQ 6.6  & MSTW 2008
Th. uncertainty represents 
K-factor variation



For at ændre 
”Enhedens navn” og 
”Sted og dato”:

Klik i menulinjen, 
vælg ”Indsæt” > 
”Sidehoved / Sidefod”.
Indføj ”Sted og dato” i 
feltet for dato og 
”Enhedens navn” i 
Sidefod
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Limit
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Mass distribution
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Pixel dE/dx mass estimator - proton mass stability


