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1. Introduction



Unexpected SUSY?
‣ SUSY with R-parity (≡(-1)3(B-L)+2S) conservation (RPC) is 

really popular:
- Provides elegant solutions to the dark matter and hierarchy problems.
- Leads to natural GUT.

‣ But currently one can squeeze the parameter space:
- No significant excess of events having large missing transverse momentum 

(Etmiss) at LHC searches.
- Indication of mH~125GeV.
- Flavor constraints from b→sγ, B→τν, Bs→μμ etc.
- Constraints from dark matter direct detection experiments.
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‣ Some viable RPC models still survive, but we certainly must 
all possibilities.



R-parity violating SUSY
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‣ There’s no reason why R-parity should be exactly conserved... R-parity violating 
(RPV) terms are allowed in the superpotential:

‣ If all terms appear, proton becomes unstable...

‣ “Part of them need not to be zero” → Proton still stable & rich phenomenology
- Resonant/associated single SUSY particle production is possible.
- The lightest SUSY particle (LSP) is no longer stable.

- Etmiss is diluted (or absent!)

‣ R-parity has played some roles.... advantages and disadvantages:
- No dark matter candidate :-(

- Could explain large mixing angles and hierarchical masses of neutrinos :-))
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Figure 3: Proton decay, p → π0e+, via one baryon number violating vertex and one lepton
number violating vertex through the propagation of a (heavy) sparticle. On a more general
note, it is not difficult to realize that something baryonic has to change into something
leptonic for proton decay to be kinematically allowed, and so L and B must both be
broken for this to happen.

metry is introduced, a light Higgs boson does not lead to this instability, and so a light
Higgs would be suggestive of the existence of supersymmetry. This scenario is presently
awaiting confirmation from the Tevatron and the LHC.

2.4 R-breaking Supersymmetry

In the above, I have essayed to outline the most important motivations for supersymmetry.
There is, however, a snake in this apparent paradise which immediately makes its presence
known; the most general SUSY Lagrangian is utterly incompatible with experiment. It
contains renormalizable Lepton and Baryon number violating interactions [9] which, being
suppressed only by 1

(sparticle mass scale)2
(from the propagation of heavy SUSY particles, see

fig. 3), result in a proton lifetime much lower than the experimental limit of τproton ≥ 1031yr
[29]. The bounds on the B and L violating couplings from this measurement are so strict
that at least one of them must be almost exactly zero [33]. The only natural way for this
to come about is if there were a symmetry in the theory that would exactly forbid these
reactions. Thus, in a supersymmetric scenario, there must be some extra symmetry to
protect the proton, but which symmetry? A very sober discussion of this question can be
found in [34]. Generally, there are three types of discrete symmetries which draw special
attention to themselves; R-parity, B-parity (Baryon parity), and L parity. They will be
discussed in detail in section 3.1. The latter two are slightly favoured since B and L
violating operators of dimension 5 from supersymmetric GUT- and string-inspired models
must be extremely suppressed relative to their “natural” values in the R-parity conserving
models [35], requiring the introduction of additional symmetry, whereas both B and L
parity automatically forbid all relevant baryon or lepton number violation, respectively.
However, R-parity is considered much more often in the literature due to its providing a
natural dark matter candidate and due to its comparatively much simpler phenomenology.

In order to outline the difference, the dominant aspects of R-conserving phenomenology
are now briefly described. As the name suggests, the Lagrangian is required to be invariant
under a discrete symmetry known as R-parity [36]:

R̂L = L (7)

where R̂ is an operator acting on products of fields by returning the product of the R-
parities of each field (i.e. R-parity is a multiplicative quantum number) defined by:

R = (−1)3B+L+2S (8)

�0 �00



RPV signatures
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So, what we’re looking for is...

Signature RPV scenario
multileptons (         ) ,

multiple   s   ,

like-sign dileptons

dilepton resonance (    )

late-decaying  ,

… …

eeµµ
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Also for bilinear RPV(   ) and BNV (     ).�00
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2. RPV-SUSY searches 
Multilepton final state

NEW! 2 fb-1

ATLAS-CONF-

2012-035



4-lepton search
‣ Very low SM background, high signal-to-background ration

- Promising channel to find something new!
- Interpretations using the results already reported (ATLAS-CONF-2012-001)
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Figure 2: The Emiss
T

distribution for selected events before Emiss
T

and Z veto cuts are applied. Both data

and SM MC simulation are shown, together with the model predictions for the original BC1 benchmark

point and another model point with m1/2 = 740 GeV and tan β = 22. The hatched band represents

systematic uncertainties on the SM background added in quadrature.

energy resolution. Experimental systematic uncertainties (energy scales, resolutions and detection effi-

ciencies) are estimated for the signal model in the same way.

Signal cross sections are calculated to next-to-leading order in the strong coupling constant, including

the resummation of soft gluon emission at next-to-leading-logarithmic accuracy (NLO+NLL) where

possible [20, 21].1 An envelope of cross section predictions is defined using the 68% CL ranges of

the CTEQ6.6M [22] (including the αS uncertainty) and MSTW2008NLO [23] PDF sets, together with

independent variations of the factorisation and renormalisation scales by factors of two or one half. The

nominal cross section value is taken to be the midpoint of the envelope and the uncertainty assigned is

half the full width of the envelope, closely following the PDF4LHC recommendations [24].

In general, theoretical uncertainties are no larger than 20% anywhere in the parameter space consid-

ered. In certain regions, such as where τ̃1-τ̃1 pair production dominates at high tan β, the uncertainty is

much lower.

6 Results and interpretation

Figure 2 shows the expected SM background and the observed data from Ref. [1] before Emiss
T

or Z veto

requirements are applied, together with the BC1 benchmark point and another model point near the

1The NLL correction is used for squark and gluino production when the squark and gluino masses lie between 200 GeV and

2 TeV. Following the convention used in the NLO calculators the squark mass is defined as the average of the squark masses in

the first two generations. In the case of gluino-pair (associated squark-gluino) production processes, the NLL calculations were

extended up to squark masses of 4.5 TeV (3.5 TeV). For masses outside this range and for other types of production processes

(i.e. electroweak and associated strong and electroweak) cross sections at NLO accuracy obtained with PROSPINO 2.1 [20]

are used.
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‣ Selection:
1. Single-lepton trigger followed by offline pT 

cut
- >25GeV for electron
- >20GeV for muon

2. 4 leptons with pT>10GeV
3. Etmiss > 50GeV
4. |MSFOS(*)-MZ| > 10GeV (Z-veto)

w/o Z-veto W/ Z-veto

BG exp. 1.7±0.9 0.7±0.8

Observed 4 0

(24 events before Etmiss cut)

‣ Limits on visible cross section of BSM:  <3.5(1.5) fb w(w/o) Z-veto

(*) Same Flavor Opposite Sign



BG breakdown
‣ Very high S/B ratio, but hard to estimate SM BG processes with very 

low rates.
- BG estimation fully based on MC.

- Validation regions to confirm that nothing goes wrong in the BG model.
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≥4 leptons + 
Etmiss>50GeV

+ Z-veto

ttbar 0.17±0.14 0.13±0.11

single t 0±0.04 0±0.04

ttbar+V 0.48±0.21 0.07±0.04

ZZ 0.44±0.19 0.019±0.020

WZ 0.25±0.10 0.09±0.05

WW 0±0.015 0±0.015

Zγ 0±0.5 0±0.5

Z+LF-jets 0.33±0.67 0.33±0.67

Z+HFjets 0.024±0.035 0.024±0.035

Drell-Yan 0±0.05 0±0.05

BG Total 1.7±0.9 0.7±0.8

Data 4 0

‣ Validation samples
‣ ZZ:  4 leptons + low Etmiss(<50GeV)
          MC : 23±5 
          Data : 20

‣ Top : 2 OFOS leptons + 2 fakes (reversed 
isolation) + 1 b-tagged jet.

          MC : 8.4±0.8
          Data : 8

“Z+light-flavor jets” dominates and large 
uncertainty due the limited MC statistics.



Signal Model
- BC1-like tanβ-m1/2 grid with   -LSP (hep-ph/0609263, arXiv:1008.1580v2)

- m0 = A0 = 0,   μ > 0,  λ121 = 0.032 (at MGUT)

- Production mode:
- Strong, weak(          ), stau-pair, slepton-pair

- Decay channel:

- Final state:
- 2e±, 2(e or mu), 2taus + Etmiss
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Table 1: Masses and dominant branching ratios (BR) for the four least massive particles for the original

BC1 benchmark point. Adapted from [9].

Mass [GeV] Channel BR Channel BR

τ̃−1 148 τ−µ±e∓
(−)
ν e 50.1% τ−e±e∓

(−)
ν µ 49.9%

ẽ−R 161 e−νµ 50.0% µ−νe 50.0%

µ̃−R 161 τ̃±1 τ
∓µ− 99.9%

χ̃0
1 162 τ̃±1 τ

∓ 99.6%

χ̃
0
1

∗

ẽ
± ∗
R

τ̃
−
1

(−)

ν µ (
(−)

ν e)

e
±(µ±)

e
∓

τ
−

Figure 1: Illustration of the four body τ̃1 decay in the BC1 model.

The parameters are: the universal scalar (m0) and gaugino (m1/2) masses; the trilinear scalar coupling

(A0); the ratio of the Higgs vacuum expectation values (tan β); the sign of the bilinear Higgs mixing pa-

rameter (µ); and the coefficients from Equation (1) (Λ), one of which is non-zero at the grand unification

scale (mGUT).

The original BC1 benchmark point was proposed with the following parameters:

m0 = A0 = 0 GeV;m1/2 = 400 GeV; tan β = 13; µ > 0; λ121 = 0.032 at mGUT. (3)

The masses and decays of the lightest supersymmetric particles for this point are shown in Table 1, and

the four body τ̃1 decay is illustrated in Figure 1. The model parameters are chosen to ensure a τ̃1 LSP.

As pointed out in Ref. [9], the τ̃1 is a natural LSP in large regions of the mSUGRA/CMSSM parameter

space, even for non-zero values of m0 and A0. The RPV coupling is small enough that SUSY particle

pair production still dominates, but large enough that the τ̃1 LSP decays promptly. All sparticle cascades

(except direct ẽR production) finish with the τ̃1 LSP, and may produce jets, soft τ leptons and other

particles in the final state. The decay products of the two τ̃1 particles give some missing transverse

momentum, two τ leptons, two electrons and a further two leptons in each event. This suggests that a

search for anomalous events with multiple leptons would be very sensitive to this model. One such search

strategy for this scenario was explored in Ref. [10]; here we use the results of the ATLAS four-lepton

search.

In this note, we consider the m1/2-tan β plane containing the original BC1 benchmark point. Across

this plane, SOFTSUSY [11] is used to calculate the particle spectrum, while decay rates of all particles

except the LSP are calculated with ISAWIG 1.200 and ISAJET 7.64 [12]. Theoretical and experimental

constraints were taken into account when defining the relevant range of parameter values. Regions with

tachyons or a non-τ̃1 LSP were not considered further, and experimental limits from LEP on the Higgs

2
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ẽ
± ∗
R

τ̃
−
1

(−)

ν µ (
(−)

ν e)

e
±(µ±)

e
∓

τ
−

Figure 1: Illustration of the four body τ̃1 decay in the BC1 model.

The parameters are: the universal scalar (m0) and gaugino (m1/2) masses; the trilinear scalar coupling

(A0); the ratio of the Higgs vacuum expectation values (tan β); the sign of the bilinear Higgs mixing pa-

rameter (µ); and the coefficients from Equation (1) (Λ), one of which is non-zero at the grand unification

scale (mGUT).
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As pointed out in Ref. [9], the τ̃1 is a natural LSP in large regions of the mSUGRA/CMSSM parameter

space, even for non-zero values of m0 and A0. The RPV coupling is small enough that SUSY particle

pair production still dominates, but large enough that the τ̃1 LSP decays promptly. All sparticle cascades
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search for anomalous events with multiple leptons would be very sensitive to this model. One such search

strategy for this scenario was explored in Ref. [10]; here we use the results of the ATLAS four-lepton

search.

In this note, we consider the m1/2-tan β plane containing the original BC1 benchmark point. Across

this plane, SOFTSUSY [11] is used to calculate the particle spectrum, while decay rates of all particles
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m1/2=400GeV, tanβ=13 (BC1 benchmark)

�̃0
, �̃

±

4-body decay



Production process
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Figure 11: Relative contribution to the signal expectation from strong production (top left), gaugino-

gaugino (top right), τ̃1-τ̃1 (bottom left) and other "̃-"̃ pairs (bottom right) production as a function of

m1/2 and tan β. The solid shaded areas are excluded from this analysis, see Figure 4 for details.
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Figure 11: Relative contribution to the signal expectation from strong production (top left), gaugino-

gaugino (top right), τ̃1-τ̃1 (bottom left) and other "̃-"̃ pairs (bottom right) production as a function of

m1/2 and tan β. The solid shaded areas are excluded from this analysis, see Figure 4 for details.
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tachyonic stau

LEP limit (mstau>81.9GeV)

Neutralino-LSP

Higgs bound

Strong Weak

             ⌧̃1 � ⌧̃1             ˜̀� ˜̀

‣ Weak prod. dominates for most of parameter space.
‣ Stau-pair prod. dominates at high-tanβ region.



Interpretation
- Selection cuts with Z-veto.
- Limits on BC1-like grid:
- m1/2 < ~800GeV (corresponding gluino mass ~1770GeV) for tanβ < 40
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Figure 3: New excluded region (Observed) at 95% Confidence Level (CL) as a function of m1/2 and

tan β in signal region SR2. The expected exclusion and its ±1σ variations are indicated by dashed lines.

The other solid shaded areas are excluded from this analysis by LEP results on the Higgs mass [13] or

because mτ̃1 < 80 GeV.

current sensitivity limit. No significant excess was found: in SR1, 4 events were observed, with 1.7± 0.9
expected from the Standard Model background; the equivalent numbers for SR2 were zero and 0.7 ± 0.8
events, respectively. SR2 is used to place limits on the BC1-like model, given its greater sensitivity to this

scenario. Plots of the acceptance and efficiency of this selection can be found in Appendices A and B.

Limits were set using the profile likelihood procedure from Ref. [1], with the addition of the uncer-

tainties on the signal model descibed in Section 5. Systematic uncertainties that affect both signal and

background, such as the jet energy scale, are treated with appropriate correlations.

The observed and expected 95% Confidence Level (CL) exclusion limits are calculated with the

CLs method and are shown in Figure 3. The region with m1/2 < 800 GeV is excluded, if tan β < 40,

corresponding to a limit on the gluino mass of approximately 1770 GeV within this range. As tan β

increases, keeping m1/2 fixed, reconstruction becomes more difficult due to changes in the τ̃1 lifetime

and decay modes (see Figures 5 in Appendix A and 10 in Appendix B).

These results has been produced considering the single value λ121(mGUT) = 0.032. Taking different

values would affect the sparticle spectrum, but this effect is small below the upper limit of λ121(mGUT) =

0.1 from neutrino mass constraints [4]. More significantly, lowering λ121 would increase the τ̃1 lifetime,

thus reducing the reconstruction efficiency. The current analysis is sensitive to τ̃1 LSPs with a lifetime

! O(1 ps) (see Appendix B, especially Figure 10). Changing the value of λ121 would therefore primarily

affect the excluded region at high tan β, where the τ̃1 lifetime is already within this range (Figure 5).

7 Conclusion

In this note, the results of a search for new physics in final states with four or more leptons and moderate

missing transverse momentum are interpreted using an R-parity violating mSUGRA/CMSSM model

5

(Poor acceptance for tanβ>40 due to a small 4-body decay 
branch and a significant lifetime of stau.)
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- RPV tau sneutrino with LNV-decay:

- Signature: e-μ resonance
- Excess expected in meμ distribution

- Low SM background.

SUSY searches at the Tevatron and the LHC 37PIC 2011, 31-08-11 Xavier Portell

RPV searches
RPV: ljλ

ijkli

∼

νk

λ
ijk
L
i
L
j
E
k
+ λ'

ijk
L
i
Q

j
D

k

Experiments usually assume only λ'
311
 and λ

312
≠ 0

^ ^  ^            ^ ^   ^

(experimentally less constrained)

n
t
 -> eµ~

Main backgrounds (for tau sneutrino):

1) SM processes with eµ final states:

Z/g*->tt, ttbar, single top, WW, WZ, ZZ

2) Instrumental backgrounds (lepton from mis-identified 
or from conversions): W/Z+γ/jets, QCD

More info
rmation 

about 

RPV:

R. Barbie
r et al.,

 Phys. 

Rep. 420
, 1 (200

5) 

(arXiv:he
p-ph/04

06039)

Another possibility explored is a 

gluino decay to jets (l
uds
 term)

RPV sneutrino
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Electron:
- pT > 25 GeV
- |η|<1.37 or 1.42<|η|< 2.47
- Isolated && shower shape 

requirements

Muon:
- pT > 25 GeV
- |η|<2.4
- Reconstructed in Inner 

Detector&Muon Spectrometer.
- Isolated

Selection:
‣ Exactly one electron and one muon with “opposite-sign charge”
‣ No requirements on jets and Etmiss

�0
311 6= 0 && �312 6= 0



Jet fake background

Matrix method
2

664

NTT

NTL

NLT

NLL

3

775 =

2

664

rr rf fr ↵
r(1� r) r(1� f ) f (1� r) f (1� f )
(1� r)r (1� r)f (1� f )r (1� f )f

(1� r)(1� r) (1� r)(1� f ) (1� f )(1� r) (1� f )(1� f )

3

775

2

664

NRR

NRF

NFR

NFF

3

775 (1)

r is the e�ciency of tight lepton quality cuts w.r.t loose quality cuts.
f is same e�ciency for jet – called fake rate.

For electron, loose quality is “loose electron”, tight quality is
“medium isolated electron”.

For muon, loose quality is without isolation, and tight quality is with
isolation.

Use this matrix and the four selections (TT, TL, LT and LL), NRR ,
NRF , NFR and NFF can be solved. The the contribution from RF, FR
and FF to TT sample can be calculated.

Scott Aefsky1, Liang Han2 Suen Hou3, Minghui Liu2, Dan Pomeroy1
Dongliang Zhang

2,3, Junjie Zhu4 (1Brandeis University2University of Science and Technology of China3Institute of Physics, Academia Sinica4University of Michigan)eµ search update July 4, 2011 9 / 32

BG estimate
- SM background processes:
- Z/γ*(→ττ), top, diboson
- Estimated using MC

- Instrumental background (jet/γ faking to a lepton)
- W/Z+γ by MC
- QCD/W+jets background derived using a data-driven matrix method:

15

1) Define loose/tight lepton definitions apply 
on all events to get NTT,NTL,NLT and NLL.

2) Estimate efficiency (r) and fake rate (f) for 
a lepton that has passed the loose definition 
to also pass the tight definition.
3) Solve 4×4 matrix and obtain (RF,FR,FF) 
contributions to TT.

The efficiency “r” is measured using Z→ll events 
selected with one tight (tag) and one loose 
(probe) leptons with 80<mll<100GeV.

The jet fake rate “f” is measured using QCD jet 
events; e.g. for electrons
✓Select two same-sign electrons passing loose criteria 

but one fails tight (tag).
✓Veto real lepton from Z:  mee<70 or >110GeV, Δφee>2



Results
- Primary contributions to the systematic uncertainty on the BG 

estimation come from the theoretical cross section uncertainties.
- 12% for top pair production (dominant BG) and 5-10% for the 

others.
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Table 1 Estimated backgrounds in the selected sample, together with
the observed event yield. The total integrated luminosity is 1.07 fb−1

Process Number of events

t t̄ 1580±170

Jet fake 1175±120

Z/γ ∗ → ττ 750 ± 60

WW 380 ± 31

Single top 154 ± 16

W/Z + γ 82 ± 13

WZ 22.4±2.3

ZZ 2.48±0.26

Total background 4145±250

Data 4053

Fig. 1 Observed and predicted eµ invariant mass distributions. Signal
simulations are shown for mν̃τ

= 650 GeV and mZ′ = 700 GeV. The
couplings λ′

311 = 0.10 and λ312 = 0.05 are used for the RPV ν̃τ model.
The production cross section is assumed to be the current published
limit of 0.178 pb for the LFV Z′ model [8]. The ratio plot at the bottom
includes only statistical uncertainties

agreement is found for all mass regions and no statistically
significant data excess is observed. Limits are set on the con-
tributions of new physics processes to the high mass region
from two scenarios: the production of ν̃τ in an RPV SUSY
model and of an LFV Z′ in extra-gauge boson models.

The process dd̄ → ν̃τ → eµ in a SUSY RPV model is
considered. The RPV sneutrino couplings allowed in the su-
persymmetric Lagrangian are 1

2λijkL̂i L̂j Êk +λ′
ijkL̂iQ̂j D̂k ,

where L and Q are the lepton and quark SU(2) doublet su-
perfields, and E and D denote the singlet fields for charged
leptons and down type quarks, respectively. The indices
i, j, k = 1,2,3 refer to the fermion generation numbers.
The coupling constants λ satisfy λijk = −λjik . Only the tau
sneutrino is considered in this Letter since stringent lim-
its already exist on the electron sneutrino and muon sneu-
trino [1]. By fixing all RPV couplings except λ′

311 (ν̃τ to

Table 2 Estimated total backgrounds in the selected sample, together
with the observed event yields for 11 high eµ mass regions

meµ Data SM prediction

>200 GeV 286 288 ± 22

>250 GeV 152 136 ± 11

>300 GeV 70 67 ± 6

>350 GeV 35 34.0 ± 3.0

>400 GeV 22 17.7 ± 1.7

>450 GeV 10 10.5 ± 1.2

>500 GeV 7 6.8 ± 0.9

>550 GeV 3 4.3 ± 0.6

>600 GeV 3 2.4 ± 0.4

>650 GeV 1 1.49±0.31

>700 GeV 0 1.07±0.25

dd̄) and λ312 (ν̃τ to eµ) to zero, and assuming that ν̃τ is
the lightest supersymmetric particle, the contributions to
the eµ final state originate from the ν̃τ only. The cross
section is 0.154 pb for mν̃τ

= 650 GeV, λ′
311 = 0.10 and

λ312 = λ321 = 0.05 [30, 31]. The total decay width is %ν̃τ
=

(3λ′2
311 + 2λ2

312)mν̃τ
/16π . Using couplings that are consis-

tent with the current limits, the decay width is less than
1 GeV for mν̃τ

= 1 TeV, which is well below the contribu-
tion from detector resolution. MC samples with ν̃τ masses
ranging from 0.1 to 2 TeV are generated with HERWIG [19,
20, 32].

An eµ resonance also appears in models containing a
heavy neutral gauge boson, Z′ [33], with non-diagonal lep-
ton flavor couplings. Rare muon decay searches have placed
extremely stringent limits on the combination of the mass
and the coupling to ee and eµ in such models [2]. The eµ

searches at hadron colliders are not able to match the sen-
sitivity of dedicated µ → e conversion experiments. A limit
on the production cross section times branching ratio to eµ

is placed on the Z′-like boson model to represent the pro-
duction of vector particles that can decay to the eµ final
state. To calculate the efficiency and acceptance, the Z′ is
assumed to have the same quark and lepton couplings as the
SM Z except a non-zero Z′ to eµ coupling, which is as-
sumed to be the same as the Z′ to ee coupling. The cross
section is 0.61 pb for mZ′ = 700 GeV [34]. MC samples
with Z′ masses ranging from 0.7 to 2 TeV are generated
with PYTHIA.

Both ν̃τ and Z′ samples are processed through the stan-
dard chain of the ATLAS simulation and reconstruction.
The overall product of acceptance and efficiency is 36% for
mν̃τ

= 100 GeV and increases to 64% for mν̃τ
= 1 TeV. The

corresponding number is ∼ 60% for Z′ with mass mZ′ =
700 GeV to mZ′ = 2 TeV. The predicted meµ distributions
for a ν̃τ with mν̃τ

= 650 GeV and a Z′ with mZ′ = 700 GeV
are also shown in Fig. 1.

Result: no significant excess observed. (KS-test prob: 56%)

ttbar 1580 ± 170

Jet fake (QCD, W+jets) 1175 ± 120

Z/γ* (→ ττ) 750 ± 60

WW 380 ± 31

single t 154 ± 16

W/Z+γ 82 ± 13

WZ 22.4 ± 2.3

ZZ 2.48 ± 0.26

BG total 4145 ± 250

Data 4053



Interpretations
- Limits on                                       as a function of

- tau-sneutrino having a mass below 1.32(1.45) TeV are excluded 
assuming                          and  

- Limits on        coupling as a function of         for various values of
- sneutrino mass > 270GeV assuming                  (most stringent limit to 

date)
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The meµ spectrum is examined for the presence of a
new heavy particle. For each assumed mν̃τ

value in the
range 100 GeV to 2 TeV, a search region, which depends
on the simulated eµ mass resolution, is used.2 The num-
ber of observed and predicted background and signal events
in each search range are used to set an upper limit on
σ (pp → ν̃τ ) × BR(ν̃τ → eµ). A Bayesian method [35] is
used with a uniform prior for the signal cross section for a
given mν̃τ

. Figure 2a shows the expected and observed 95%
confidence level (C.L.) limits, as a function of mν̃τ

, together
with the limits previously published by ATLAS [8], which
were based on 35 pb−1 of data, and the expected ±1 and
±2 standard deviation uncertainty bands. For a ν̃τ with a
mass of 100 GeV (1 TeV), the limit on the cross section
times branching ratio is 135 (4.5) fb. The limits obtained
extend 7 (34) times beyond the previous ATLAS results.
The theoretical cross sections for λ′

311 = 0.10, λ312 = 0.05
and λ′

311 = 0.11, λ312 = 0.07 are also shown. Tau sneutrinos
with a mass below 1.32 (1.45) TeV are excluded, assuming
coupling values λ′

311 = 0.10 and λ312 = 0.05 (λ′
311 = 0.11

and λ312 = 0.07). The limits are significantly better than
the limits from the previous ATLAS analysis using 35 pb−1

of data. The 95% C.L. observed upper limits on λ′
311 as a

function of mν̃τ
are shown in Fig. 2b for three values of

λ312, together with the exclusion region obtained from the
D0 experiment [7] and previously by the ATLAS experi-
ment [8]. The limits on λ′

311 are tighter than the D0 results
for mν̃τ

> 270 GeV sneutrinos assuming λ312 = 0.07. Better
sensitivity can be obtained for mν̃τ

< 270 GeV by applying
selection cuts on missing transverse energy and number of
jets in the event to improve the signal and background ratio,
but it will make the search model-dependent.

A similar method is used to set limits on the LFV Z′-
like vector boson; however, as opposed to the sneutrino
limits, a unique mass window is defined for each poten-
tial signal mass. The 95% C.L. upper limits on σ (pp →
Z′)× BR(Z′ → eµ) are shown in Fig. 3. The expected limit
is the same as the observed limit for the high mass points be-
cause both the median background event count expectation
and the observed number of events are zero. For a Z′ with
mass of 0.7 TeV (1.0 TeV), the limit on the cross section
times branching ratio is 9.6 fb (4.8 fb). This result improves
upon previous ATLAS limits by roughly a factor of 20 (40).

In conclusion, a search has been performed for high mass
eµ events using pp collision data at

√
s = 7 TeV recorded

by the ATLAS detector. The observed meµ distribution is

2The search region is normally defined to be (mν̃τ
− 3σ , mν̃τ

+ 3σ ),
where σ is the expected meµ resolution (e.g., σ = 11 GeV for mν̃τ

=
400 GeV). If mν̃τ

− 3σ < 700 GeV and mν̃τ
+ 3σ > 700 GeV, the re-

gion above mν̃τ
−3σ is used. If mν̃τ

−3σ > 700 GeV, the region above
700 GeV is used. The mass window changes around 700 GeV because
the MC statistics is not sufficient in the meµ > 700 GeV region.

Fig. 2 (a) The observed 95% C.L. upper limits on σ (pp → ν̃τ ) ×
BR(ν̃τ → eµ) as a function of mν̃τ

. The expected limits are also shown
together with the expected ±1 and ±2 standard deviation uncertainty
bands. The previous ATLAS published limit and two theoretical cross
sections for λ′

311 = 0.10, λ312 = 0.05 and λ′
311 = 0.11, λ312 = 0.07

calculated using MADGRAPH with next-to-leading order k-factors ap-
plied [30, 31] are also shown. (b) The 95% C.L. upper limits on the
λ′

311 coupling as a function of mν̃τ
for three values of λ312. The re-

gions above the three curves represent ranges of λ′
311 values that are

excluded. These results are compared with the exclusion regions ob-
tained from the D0 experiment and the previously published ATLAS
analysis. The cross section times branching ratio for pp → eµ is pro-
portional to λ′2

311λ
2
312/(3λ′2

311 + 2λ2
312), which causes the weak depen-

dence of the λ′
311 limits on λ312 for low mass tau sneutrinos

found to be consistent with SM predictions. With no evi-
dence for new physics, 95% C.L. exclusion limits are placed
on the production cross sections and RPV coupling values of
the tau sneutrinos in an RPV SUSY model, and tau sneu-
trinos with a mass below 1.32 (1.45) TeV are excluded,
assuming coupling values λ′

311 = 0.10 and λ312 = 0.05
(λ′

311 = 0.11 and λ312 = 0.07). The results presented here
are the most stringent results to date for mν̃τ

> 270 GeV.
More stringent constraints are also set on the production
cross sections of Z′ bosons in an LFV model. These two
benchmark models can be used to represent the production
of any narrow scalar and vector particles that can decay to
the eµ final state.
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value in the
range 100 GeV to 2 TeV, a search region, which depends
on the simulated eµ mass resolution, is used.2 The num-
ber of observed and predicted background and signal events
in each search range are used to set an upper limit on
σ (pp → ν̃τ ) × BR(ν̃τ → eµ). A Bayesian method [35] is
used with a uniform prior for the signal cross section for a
given mν̃τ

. Figure 2a shows the expected and observed 95%
confidence level (C.L.) limits, as a function of mν̃τ

, together
with the limits previously published by ATLAS [8], which
were based on 35 pb−1 of data, and the expected ±1 and
±2 standard deviation uncertainty bands. For a ν̃τ with a
mass of 100 GeV (1 TeV), the limit on the cross section
times branching ratio is 135 (4.5) fb. The limits obtained
extend 7 (34) times beyond the previous ATLAS results.
The theoretical cross sections for λ′
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and λ′
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with a mass below 1.32 (1.45) TeV are excluded, assuming
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of data. The 95% C.L. observed upper limits on λ′
311 as a
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are shown in Fig. 2b for three values of

λ312, together with the exclusion region obtained from the
D0 experiment [7] and previously by the ATLAS experi-
ment [8]. The limits on λ′

311 are tighter than the D0 results
for mν̃τ

> 270 GeV sneutrinos assuming λ312 = 0.07. Better
sensitivity can be obtained for mν̃τ

< 270 GeV by applying
selection cuts on missing transverse energy and number of
jets in the event to improve the signal and background ratio,
but it will make the search model-dependent.

A similar method is used to set limits on the LFV Z′-
like vector boson; however, as opposed to the sneutrino
limits, a unique mass window is defined for each poten-
tial signal mass. The 95% C.L. upper limits on σ (pp →
Z′)× BR(Z′ → eµ) are shown in Fig. 3. The expected limit
is the same as the observed limit for the high mass points be-
cause both the median background event count expectation
and the observed number of events are zero. For a Z′ with
mass of 0.7 TeV (1.0 TeV), the limit on the cross section
times branching ratio is 9.6 fb (4.8 fb). This result improves
upon previous ATLAS limits by roughly a factor of 20 (40).

In conclusion, a search has been performed for high mass
eµ events using pp collision data at

√
s = 7 TeV recorded

by the ATLAS detector. The observed meµ distribution is

2The search region is normally defined to be (mν̃τ
− 3σ , mν̃τ

+ 3σ ),
where σ is the expected meµ resolution (e.g., σ = 11 GeV for mν̃τ

=
400 GeV). If mν̃τ

− 3σ < 700 GeV and mν̃τ
+ 3σ > 700 GeV, the re-

gion above mν̃τ
−3σ is used. If mν̃τ

−3σ > 700 GeV, the region above
700 GeV is used. The mass window changes around 700 GeV because
the MC statistics is not sufficient in the meµ > 700 GeV region.

Fig. 2 (a) The observed 95% C.L. upper limits on σ (pp → ν̃τ ) ×
BR(ν̃τ → eµ) as a function of mν̃τ

. The expected limits are also shown
together with the expected ±1 and ±2 standard deviation uncertainty
bands. The previous ATLAS published limit and two theoretical cross
sections for λ′

311 = 0.10, λ312 = 0.05 and λ′
311 = 0.11, λ312 = 0.07

calculated using MADGRAPH with next-to-leading order k-factors ap-
plied [30, 31] are also shown. (b) The 95% C.L. upper limits on the
λ′

311 coupling as a function of mν̃τ
for three values of λ312. The re-

gions above the three curves represent ranges of λ′
311 values that are

excluded. These results are compared with the exclusion regions ob-
tained from the D0 experiment and the previously published ATLAS
analysis. The cross section times branching ratio for pp → eµ is pro-
portional to λ′2

311λ
2
312/(3λ′2

311 + 2λ2
312), which causes the weak depen-

dence of the λ′
311 limits on λ312 for low mass tau sneutrinos

found to be consistent with SM predictions. With no evi-
dence for new physics, 95% C.L. exclusion limits are placed
on the production cross sections and RPV coupling values of
the tau sneutrinos in an RPV SUSY model, and tau sneu-
trinos with a mass below 1.32 (1.45) TeV are excluded,
assuming coupling values λ′

311 = 0.10 and λ312 = 0.05
(λ′

311 = 0.11 and λ312 = 0.07). The results presented here
are the most stringent results to date for mν̃τ

> 270 GeV.
More stringent constraints are also set on the production
cross sections of Z′ bosons in an LFV model. These two
benchmark models can be used to represent the production
of any narrow scalar and vector particles that can decay to
the eµ final state.

�(pp ! ⌫̃⌧ )⇥ BR(⌫̃⌧ ! eµ) m⌫̃⌧

�0
311 = 0.10(0.11) �312 = 0.05(0.07)

�0
311 m⌫̃⌧ �312

�312 = 0.07



2. RPV-SUSY searches 
Late-decaying    -LSP�̃0
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Neutralino-LSP decay

‣     could decay via non-zero λ, λ’ couplings:

‣ The lifetime is proportional to (λ)-2, (λ’)-2

‣ Decay prompt for λ, λ’ ≳ 10-5.
‣ If the RPV coupling is smaller than that (e.g. ≲ 10-7), a decay vertex 

with a significant distance from its production point can be seen.

‣ →Perform a search using a displaced vertex (DV) reconstruction 
technique.
‣ The result presented today is based on 2010 data, non-zero λ’ with muon final 

states.
‣ More to come using 2011 full dataset covering variety of signatures:

- Final states including e/tau
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LLĒ(�) : �̃0
1 ! ll0 + ⌫

LQD̄(�0) : �̃0
1 !

✓
e, µ, ⌧
⌫

◆
+ 2 jets

�̃0
1

B3-Phenomenology: Main Changes

1. Resonant/Associated Single SUSY Production possible

uL

d̄R

!̃+
g

dR

!̃+
t̄R

!̃−

2. LSP is no longer stable

χ̃01
u

ũ d̄

µ±

3. LSP ∈ {χ01, χ
+
1 , ν̃L, !̃

±
L,R, τ̃

±
1 , q̃L,R, g̃}

4. In CMSSM/mSUGRA spectrum can differ

CERN-PH-EP-2011-131

Search for displaced vertices arising from decays of new heavy particles

in 7 TeV pp collisions at ATLAS

The ATLAS Collaboration

Abstract

We present the results of a search for new, heavy particles that decay at a significant distance from their production
point into a final state containing charged hadrons in association with a high-momentum muon. The search is conducted
in a pp-collision data sample with a center-of-mass energy of 7 TeV and an integrated luminosity of 33 pb�1 collected in
2010 by the ATLAS detector operating at the Large Hadron Collider. Production of such particles is expected in various
scenarios of physics beyond the standard model. We observe no signal and place limits on the production cross-section of
supersymmetric particles in an R-parity-violating scenario as a function of the neutralino lifetime. Limits are presented
for di↵erent squark and neutralino masses, enabling extension of the limits to a variety of other models.

1. Introduction

Various scenarios of physics beyond the standard model
predict the production at the Large Hadron Collider
(LHC) of heavy particles with lifetimes that may be of
order picoseconds to about a nanosecond. An exam-
ple of such a scenario is gravity-mediated supersymmetry
(SUGRA) with R-parity violation (RPV), where current
limits on RPV couplings [1] allow for the decay vertex of
the lightest supersymmetric particle to be within the range
accessible to collider-based particle detectors. In gauge-
mediated supersymmetry models, the next-to-lightest su-
persymmetric particle may be long lived due to suppres-
sion of its decay by the large supersymmetry-breaking
scale [2]. Additional scenarios allowing for such a sig-
nature include split-supersymmetry [3], hidden-valley [4],
dark-sector gauge bosons [5], stealth supersymmetry [6],
or a meta-stable supersymmetry-breaking sector [7].

Searches for related signatures have been performed at
the Tevatron with

p
s = 1.96 TeV pp̄ collisions. The D0

collaboration has searched for a long-lived neutral particle
decaying into a final state containing two muons [8] or a bb̄

pair [9]. No signal was observed, and limits were computed
in the context of RPV and hidden-valley model scenarios.

In this letter, we report the results of a search for a
heavy particle decaying into several charged particles at a
distance of order millimeters to tens of centimeters from
the pp interaction point, in events containing a muon with
high transverse momentum (p

T

). We report the results
of the search in terms of limits within the SUGRA sce-
nario, where this signature corresponds to the decay of
the lightest supersymmetric particle due to non-zero RPV
couplings �

0
2ij

, via a diagram such as the one shown in
Fig. 1. However, it may also be the result of other mod-
els with heavy, long-lived particles that decay into or are

produced in association with a high-p
T

muon.

µ~0~χ λ

jq

iq‘

µ

~χ
ij2

λ iq‘

Figure 1: Example of a diagram of a new massive particle �̃0 (such
as the lightest neutralino) decaying into a muon and two jets via a
virtual smuon, with lepton-number and R-parity violating coupling
�0
2ij .

2. The ATLAS detector

The ATLAS detector [10] comprises a tracking inner de-
tector (ID) system, a calorimeter system, and an extensive
muon spectrometer (MS).

The ID operates in a 2 T magnetic field and provides
tracking and vertex information for charged particles in the
pseudorapidity range |⌘| < 2.5, where ⌘ ⌘ � ln tan(✓/2)
and ✓ is the polar angle, defined with respect to the cylin-
drical symmetry axis (the z axis) of the detector. At small
radii, high-resolution pattern recognition capability is ob-
tained using silicon pixel layers and stereo pairs of silicon
microstrip layers. The pixel system comprises three barrel
layers, and three forward disks on each side of the interac-
tion point. Of particular significance to this analysis are
the barrel pixel layers, which are positioned at radii of 50.5,
88.5, and 122.5 mm. The silicon microstrip tracker (SCT)
has four barrel layers, and nine forward disks on each side.
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where |d
0

| is the impact parameter of the track with re-
spect to the transverse position of the PV, (x

PV

, y

PV

). In
the MC, this requirement rejects 98% of all tracks origi-
nating from the primary pp interaction.

The selected tracks are used to search for displaced
vertices using an algorithm based on the incompatibility-
graph approach, similar to that used in Ref. [16]. The algo-
rithm begins by reconstructing 2-track seed vertices from
all track pairs, and keeping those that have a vertex-fit �2

less than 5. A seed vertex is rejected if one of its tracks
has hits between the vertex and the PV. Seed vertices are
combined into multi-track vertices in an iterative process,
as follows. If a track is used in two di↵erent vertices, the
action taken depends on the distance D between the ver-
tices: if D < 3�

D

, where �

D

is the estimated uncertainty
on D, then the tracks of the two vertices are combined
and refitted to a single vertex; otherwise, the track is as-
sociated with only the vertex relative to which it has the
smaller �

2. If the �

2 of a track relative to the resulting
vertex is greater than 6, the track is removed from the ver-
tex, and the vertex is refitted. The process continues until
no tracks are shared among di↵erent vertices. Finally, ver-
tices that are separated by less than 1 mm are combined
and refitted. Events containing at least one such displaced
vertex are said to satisfy the event selection criteria.

The typical position resolution of the DV in the sig-
nal MC samples is tens of microns for r

DV

and about 200
microns for z

DV

near the interaction point. For vertices
beyond the outermost pixel layer, which is located at a ra-
dius of 122.5 mm, the typical resolution is several hundred
microns for both coordinates.

To ensure the quality of the DV fit, we require the �

2

per degree of freedom (DOF) of the fit to be less than
5. The DV position is required to be within the bar-
rel pixel fiducial region, defined by the longitudinal and
transverse ranges |z

DV

| < 300 mm, r
DV

< 180 mm, re-
spectively. To suppress background from tracks that orig-
inate from the PV, we require the transverse distancep

(x
DV

� x

PV

)2 + (y
DV

� y

PV

)2 between the primary and
the displaced vertices to be at least 4 mm. We require the
number of tracks N trk

DV

in the DV to be at least four, to sup-
press background from random combinations of tracks and
from material interactions. Background due to particle in-
teractions with material is further suppressed by requiring
m

DV

> 10 GeV, where m

DV

is the invariant mass of the
tracks originating from the DV. We refer to vertex candi-
dates that satisfy (fail) the m

DV

> 10 GeV requirment as
high-m

DV

(low-m
DV

) vertices.
Low-m

DV

vertices from particle-material interactions
are abundant in regions of high-density detector material.
High-m

DV

background may arise from random spatial co-
incidence of such a vertex with a high-p

T

track, especially
when this track and the particle that created the material-
interaction vertex originate from di↵erent primary inter-
actions, which may result in a large angle between their
momentum vectors. An example of such a random com-
bination of a material-interaction vertex with a high-p

T

track is shown in Fig. 2.

Figure 2: An event from a jet-trigger data sample, where a high-
mass vertex (circled) is the result of an apparently random, large-
angle intersection between a track (labeled as “Large angle track”)
and a low-mDV hadronic-interaction vertex produced in a pixel mod-
ule. Tracks originating from this vertex are shown in blue, those
from the primary vertex are green, and other tracks are orange. The
beampipe and pixel modules with track hits are shown.

To suppress this type of background, we veto vertices
that are reconstructed within regions of high-density ma-
terial, mapped using low-m

DV

material-interaction candi-
date vertices in data and true material-interaction vertices
in minimum-bias MC events. We use the z

DV

and r

DV

po-
sitions of these vertices to form a 2-dimensional material-
density map with a bin size of 4 mm in z

DV

and 1 mm in
r

DV

. Studies have shown [16] that the positions of pixel
layers and associated material are well simulated in the
MC detector model, while the simulated beampipe posi-
tion is shifted with respect to the actual position. Thus,
the use of data events to construct the material map en-
sures the correct mapping of the beampipe material, while
MC events make possible the high granularity of the map
at the outer pixel layers, where material-interaction ver-
tices in the data are relatively rare due to the low density
of primary particles. Material-map bins with vertex den-
sity greater than an r

DV

- and z

DV

-dependent density crite-
rion are designated as high-density-material regions, which
constitute 34.4% of the fiducial volume |z

DV

| < 300 mm,
4 < r

DV

< 180 mm. High-m
DV

vertices reconstructed
within these bins are rejected. We refer to the combina-
tion of all the requirements above as the vertex-selection
criteria.

In addition to the vertex-selection criteria, events are re-
quired to contain a muon candidate reconstructed in both
the MS and the ID with p

T

> 45 GeV, which is well into
the e�ciency plateau of the 40 GeV level-1 trigger. The
muon candidate must satisfy

p
��

2 +�⌘

2

< 0.1, where
�� (�⌘) is the di↵erence between the azimuthal angle
(pseudorapidity) of the reconstructed muon candidate and
that of the muon identified by the trigger. The ID track
associated with the muon candidate is required to have at
least six SCT hits, with at most one SCT hit that is ex-
pected but not found, and must satisfy an |⌘|-dependent
requirement on the number of TRT hits. No pixel-hit re-

3

Displaced vertex
‣ Vertexing:

1. Select tracks with pT > 1GeV and |d0| 
> 2mm wrt the primary vertices (PVs).

2. Make 2-track “seed” vertices.
3. Make all possible N-track 

combinations, then iteratively split, 
merge, remove tracks etc. until there 
are no tracks shared between vertices.
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‣ Selection:
1. Vertex in |z| < 300mm and r < 180mm
2. Vertex χ2/DOF < 5
3. |rDV − rPV | > 4mm
4. One muon with pT > 45GeV
5. Material veto (hadronic interactions, 

dominant background)

Efficiency

Vetoed regions
(Beam pipe, Pixel layers)
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Figure 5: Comparison of the mDV (top), Ntrk
DV (center), and rDV

(bottom) distributions of data and MC events in the control region
mDV < 10 GeV. Other than the material veto and the Ntrk

DV � 4
and mDV > 10 GeV requirements, all selection criteria are applied.
In addition, the Ntrk

DV and rDV distributions include a veto on K0
S

decays. The MC histograms are normalized to the integrated lumi-
nosity of the data, with the MC cross-section given by PYTHIA [11].

background to satisfy the muon-selection criteria sepa-
rately from the e�ciency to satisfy the other selection cri-
teria. We then combine the results assuming that the two
e�ciencies are uncorrelated.

We use the background MC samples (see Section 3) to
estimate the number of data events of each background
type that are expected to satisfy the selection criteria,
without applying any trigger requirements or the muon-
selection criteria. Multiplying this number by the proba-
bility for each MC event type to satisfy the muon-trigger
and the o✏ine muon-selection criteria yields the expected
background for each sample. The W

� ! µ

�
⌫̄

µ

sample
yields no selected vertices, but has high e�ciency for sat-
isfying the muon requirements. As a result, for this back-
ground we find the highest upper limit of all the other
samples. Given 0 observed W

� ! µ

�
⌫̄

µ

MC events and
the luminosities of the data and of the MC sample, we
find the expected W

� ! µ

�
⌫̄

µ

background yield to be
N

bgd

< 0.03 events at 90% confidence level. The expected
background yield from Z, tt̄, and dijet events is at least
an order of magnitude smaller.

We validate the use of MC to estimate the background
by comparing displaced-vertex yields in a sample of non-
di↵ractive MC events and data collected with minimum-
bias triggers. For this study, we select vertices with
m

DV

< 10 GeV and reject vertices with m

DV

correspond-
ing to K

0

S

or ⇤0 decays or to photon conversions, in or-
der to increase the purity of material-interaction vertices
with high position resolution. From MC, we determine
R

int

(r
DV

), the radius-dependent fraction of vertices that
are due to particle interactions with material. This frac-
tion is close to unity in detector material and much smaller
than unity in gap regions between material layers, which
are filled with N

2

gas. Using R

int

(r
DV

) and the number of
2-track vertices in a pixel layer and in the adjacent gap,
we determine an e↵ective pixel-layer-to-gas mass-density
ratio ⇢. From ⇢, R

int

(r
DV

), and the number of N trk

DV

> 2
vertices seen in each pixel layer, we predict the expected
number of such vertices in the adjacent gap. Comparing
this with the number of vertices actually observed, we find
the prediction to be accurate within expected statistical
variations in both MC and data.

As a further cross-check of the estimated background
level in the muon-trigger sample, we study a control sam-
ple of events selected with jet-based triggers and which
fail the p

T

> 45 GeV muon trigger. These events are
required to satisfy all the selection criteria, except the
muon-selection and m

DV

> 10 GeV requirements. We
denote with N

jet

pass

the number of control-sample events
containing a vertex that satisfies the m

DV

> 10 GeV re-
quirement. Then an estimate for the m

DV

> 10 GeV
background yield in the muon-trigger sample is N

bgd

=

N

jet

pass

N

µ

fail

/N

jet

fail

= 0.003 ± 0.002 events, where N

µ

fail

= 3

(N jet

fail

= 4170) is the number of selected muon-trigger
(control-sample) events with no vertices that pass the
m

DV

> 10 GeV requirement, and N

jet

pass

= 4. We perform
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Figure 5: Comparison of the mDV (top), Ntrk
DV (center), and rDV

(bottom) distributions of data and MC events in the control region
mDV < 10 GeV. Other than the material veto and the Ntrk

DV � 4
and mDV > 10 GeV requirements, all selection criteria are applied.
In addition, the Ntrk

DV and rDV distributions include a veto on K0
S

decays. The MC histograms are normalized to the integrated lumi-
nosity of the data, with the MC cross-section given by PYTHIA [11].

background to satisfy the muon-selection criteria sepa-
rately from the e�ciency to satisfy the other selection cri-
teria. We then combine the results assuming that the two
e�ciencies are uncorrelated.

We use the background MC samples (see Section 3) to
estimate the number of data events of each background
type that are expected to satisfy the selection criteria,
without applying any trigger requirements or the muon-
selection criteria. Multiplying this number by the proba-
bility for each MC event type to satisfy the muon-trigger
and the o✏ine muon-selection criteria yields the expected
background for each sample. The W

� ! µ

�
⌫̄

µ

sample
yields no selected vertices, but has high e�ciency for sat-
isfying the muon requirements. As a result, for this back-
ground we find the highest upper limit of all the other
samples. Given 0 observed W

� ! µ

�
⌫̄

µ

MC events and
the luminosities of the data and of the MC sample, we
find the expected W

� ! µ

�
⌫̄

µ

background yield to be
N

bgd

< 0.03 events at 90% confidence level. The expected
background yield from Z, tt̄, and dijet events is at least
an order of magnitude smaller.

We validate the use of MC to estimate the background
by comparing displaced-vertex yields in a sample of non-
di↵ractive MC events and data collected with minimum-
bias triggers. For this study, we select vertices with
m

DV

< 10 GeV and reject vertices with m

DV

correspond-
ing to K

0

S

or ⇤0 decays or to photon conversions, in or-
der to increase the purity of material-interaction vertices
with high position resolution. From MC, we determine
R

int

(r
DV

), the radius-dependent fraction of vertices that
are due to particle interactions with material. This frac-
tion is close to unity in detector material and much smaller
than unity in gap regions between material layers, which
are filled with N

2

gas. Using R

int

(r
DV

) and the number of
2-track vertices in a pixel layer and in the adjacent gap,
we determine an e↵ective pixel-layer-to-gas mass-density
ratio ⇢. From ⇢, R

int

(r
DV

), and the number of N trk

DV

> 2
vertices seen in each pixel layer, we predict the expected
number of such vertices in the adjacent gap. Comparing
this with the number of vertices actually observed, we find
the prediction to be accurate within expected statistical
variations in both MC and data.

As a further cross-check of the estimated background
level in the muon-trigger sample, we study a control sam-
ple of events selected with jet-based triggers and which
fail the p

T

> 45 GeV muon trigger. These events are
required to satisfy all the selection criteria, except the
muon-selection and m

DV

> 10 GeV requirements. We
denote with N

jet

pass

the number of control-sample events
containing a vertex that satisfies the m

DV

> 10 GeV re-
quirement. Then an estimate for the m

DV

> 10 GeV
background yield in the muon-trigger sample is N

bgd

=

N

jet

pass

N

µ

fail

/N

jet

fail

= 0.003 ± 0.002 events, where N

µ

fail

= 3

(N jet

fail

= 4170) is the number of selected muon-trigger
(control-sample) events with no vertices that pass the
m

DV

> 10 GeV requirement, and N

jet

pass

= 4. We perform
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Data/MC reasonably agree.  Materials are well described in MC.

Nvtx
trk and rDV in control region (no material veto)



Result & interpretation

‣ Signal region:
- mDV > 10GeV

- # of tracks in DV ≥ 4
‣ SM MC background expectation

- NBG < 0.03
‣ No signal observed.
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ficiency is di�cult to distinguish from an e↵ect due to
tracking-reconstruction e�ciency. A vertex-reconstruction
e�ciency di↵erence is likely to lead to di↵erences in the
vertex-fit �2

/DOF. Comparing the fraction of vertices for
which the �

2

/DOF is below 2.5 in data and MC, we esti-
mate a systematic uncertainty of 0.7%.

We take the systematic uncertainty on the luminosity
to be 3.4% [17].

The impact of multiple pp interactions per bunch cross-
ing on the level of background is studied with jet-trigger
events with multiple primary vertices, and is determined
to be negligible. The impact on signal e�ciency, studied
with the hµi = 5 signal MC sample, is negligible as well.
Therefore, no systematic uncertainties are assigned due to
multiple interactions.

Propagation of the systematic uncertainties to the final
results of the analysis is described in the following section.

8. Results

Figure 7 shows the distribution of m

DV

vs. N

trk

DV

for
vertices in the selected data events, including vertices that
fail the requirements on m

DV

and N

trk

DV

, overlaid with the
signal distribution for the MH sample. We observe no
events that satisfy all the selection criteria.
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Figure 7: Vertex mass (mDV) vs. vertex track multiplicity (Ntrk
DV)

for displaced vertices in events that pass the selection requirements
except the mDV and Ntrk

DV requirements, which are not applied.
Shaded bins show the distribution for the signal MC MH sample
(see Table 1), and data are shown as filled ellipses, with the area of
the ellipse proportional to the number of vertices in the correspond-
ing bin. The figure contains 487 data vertices, of which 251 are in
the bin corresponding to K0

S decays.

Based on this null observation, we set upper limits on
the supersymmetry production cross-section � times the
branching fraction B of the complete simulated signal de-
cay chain for di↵erent combinations of squark and neu-
tralino masses and for di↵erent values of c⌧ , where ⌧ is
the neutralino lifetime.

The limits are determined in the following way. For
each value of c⌧ , we use the two-dimensional rapidity-vs.-
velocity distribution of the generated neutralinos in each
signal MC sample to produce a distribution of DV posi-
tions with respect to the PV. This distribution is convolved
with a Gaussian representing the z distribution of the PV,
and then multiplied by the 2-dimensional e�ciency map
for vertices in that signal MC sample, obtaining the ex-
pected distribution of r

DV

vs. z

DV

. This distribution is
generated separately for two cases. In the first case the
reconstructed DV and muon originate from the same neu-
tralino, and in the second they originate from di↵erent
neutralinos. This allows us to correctly account for the
muon-reconstruction e�ciency for the desired value of c⌧ ,
despite the fact that the signal MC is produced with a dif-
ferent lifetime, c⌧

MC

. Integrating over the r
DV

vs. z
DV

dis-
tributions, we obtain the total e�ciency for reconstructing
at least one vertex and one muon in the event given our se-
lection criteria and the value of c⌧ . From the e�ciency and
luminosity, we obtain the expected average signal-event
yield for any value of the signal production cross-section.
The expected background yield is taken to be zero with
a conservative uncertainty of 0.03 events, which is the
90% CL upper limit on the background (see Section 6).
The upper limit on �B is then calculated using the CL

s

method [18], where signal-only and signal-plus-background
p-values are evaluated using pseudo-experiments generated
from distributions based on counting statistics. The un-
certainties on luminosity, e�ciency, and background are
treated as nuisance parameters.

The systematic uncertainty on the track-reconstruction
e�ciency is taken into account in the limit calculation by
use of the alternative e�ciency functions described in Sec-
tion 7. All other e�ciency systematic uncertainties are
used when converting the limit on the number of signal
events to the limit on �B.

The resulting limits are shown in Figure 8, with the
PROSPINO-calculated cross-sections for squark masses of
150 GeV and 700 GeV. Since no background is expected,
the expected and observed limits are indistinguishable. In
addition, based on the observation of no signal events in
a data sample of 33 pb�1, we set a 95% confidence-level
upper limit of 0.09 pb on the cross-section times the detec-
tor acceptance times the reconstruction e�ciency for any
signal vertex.

9. Summary and conclusions

We have searched for new, heavy particles with life-
times and velocities such that they decay at radial dis-
tances between 4 mm and 180 mm from the pp interaction
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Figure 8: Upper limits at 95% CL on the production cross-section
times branching fraction vs. the neutralino lifetime times the speed
of light for di↵erent combinations of squark and neutralino masses,
based on the observation of zero events satisfying all criteria in a
33 pb�1 data sample. The horizontal lines show the cross-sections
calculated from PROSPINO for squark masses of 700 GeV and
150 GeV.

point, in association with a high-transverse-momentum
muon. Fewer than 0.03 background events are expected in
the data sample of 33 pb�1, and no events are observed.
We present limits on the product of di-squark produc-
tion cross-section and decay-chain branching fraction in
a SUGRA scenario where the lightest neutralino produced
in the primary-squark decay undergoes R-parity-violating
decay into a muon and two quarks. Limits are reported
as a function of the neutralino lifetime and for a range
of neutralino masses and velocities, which are the factors
with greatest impact on the limit. Limits for a variety of
other models can thus be approximated from our results,
based on the neutralino mass and velocity distribution in
a given model.
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‣ Exclude ε×σDV > 0.09pb @95% 
CL

‣ Interpretation (λ‘2ij≠0):
- m(squark)=150GeV excluded.
- Limits on      lifetime�̃0

1



2. RPV-SUSY searches 
LNV with bilinear terms
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Bilinear RPV
‣ Bilinear RPV (bRPV) terms introduce neutrino masses and mixings.

- Currently constrained by neutrino oscillation experiments.

‣ bRPV terms can be embedded in any RPC-SUSY model:
- bRPV in mSUGRA:

24

Large variety of final states to explore 

χ1
0 decays other

1.8

ττν
29.8

µW
10.3

τW
11

Zν
8.3

bbν
9.2

τeν
14.8

τµν
14.8

- Same cascades as in RPC scenarios
- LSP may decay, but results in  

“lepton+Etmiss+jets” final states 
(most of LSP decays involve 
leptons/taus/neutrinos).

- bRPV parameters are motivated by 
the neutrino oscillation parameters.

- bRPV interpretation based on the 
1-lepton analysis result with 1fb-1.



SR & BG estimate
- Signal region:

- Exactly one isolated muon 
with pT>20GeV
- (electrons are highly suppressed in the 

model)

- ≥4 jets with pT>40GeV
- leading jet with pT>60GeV

- Δφ(jets, Etmiss) > 0.2
- MT > 100GeV
- Etmiss > 200GeV
- Etmiss/Meff > 0.15
- Meff > 500GeV
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region. The “Data/SM” plots show the ratio between data and the summed standard model expectation. The uncertainty
band on the standard model expectation combines the MC statistical uncertainty and systematic uncertainties on the jet energy
scale and resolution, b-tagging, the lepton resolution and identification efficiencies, pile-up and luminosity.
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- BG estimation:
- W+jets, top 

- Normalize MC to data in background 
specific control regions (WR,TR).

- Extrapolate to Signal Regions using MC 
shapes

- QCD by the matrix method.

WR TR

Δφ(jets, Etmiss) > 0.2Δφ(jets, Etmiss) > 0.2

40 < MT < 80GeV40 < MT < 80GeV

30 < Etmiss < 80GeV30 < Etmiss < 80GeV

Meff > 300GeVMeff > 300GeV

N(b-jet)=0 N(b-jet)≥1



Interpretation
- bRPV interpretations were done in “1-lepton + Etmiss” RPC-SUSY 

search.
- Observed: 7
- BG exp.: 6±2.7

26
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FIG. 9: Observed and expected 95% CL exclusion limits, as
well as the ±1σ variation on the expected limit, for the bi-
linear R-parity violation model in MSUGRA parameter space
using the 4JT selection in the muon channel. The region with
LSP lifetimes cτ > 15 mm is not shown.

for the decay ratio x > 1/2, LSP masses below 200 GeV
are excluded for gluino masses below 600 GeV. For the
first time at the LHC, limits are set on supersymmetric
models with bilinear R-parity violation.
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Summary
‣ No sign of RPC SUSY yet... unexpected SUSY could be there.
‣ R-parity is conserved or violated?
‣ Pros and cons on both.
‣ RPC-SUSY parameter space is being squeezed... all possibilities 

should be considered.

‣ ATLAS is trying to cover possible RPV signatures:
‣ 4 results were presented in context of LLE, LQD and bilinear RPV 

(LNV) SUSY.
‣ Many analyses are being performed.
‣ More to come in coming months (BNV, variety of signatures...)

‣ Also keep a close eye on 8TeV collision data to find something 
unexpected!!
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Backup



MSFOF

- Before applying Etmiss cut, 24 events remain.
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Figure 2: For events with at least four leptons with Ee
T
(p
µ
T
) above 10GeV, distributions of (a) the jet

multiplicity, (b) Emiss
T

, (c) MSFOS and (d) Meff are shown for data and MC simulation. Also shown are the

two SUSY benchmark scenarios. In events where multiple SFOS lepton pairs are present, the pair with

invariant mass closest to the Z boson mass is plotted in (c). Meff is defined as the scalar sum of the Emiss
T

,

the pT of the leptons and the pT of the jets with pT > 40GeV in the event. The hatched band represents

systematic uncertainties added in quadrature.
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RPV stau
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A Appendix: Model characteristics

In this Appendix, the characteristics of the BC1-like model are illustrated. Figure 4 shows the regions

excluded from this analysis, while Figure 5 shows the lifetime and the four-body branching fraction of

the τ̃1 LSP.
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Figure 5: Branching ratio of the τ̃1 four-body decay (left) and the τ̃1 lifetime (right) as a function of m1/2

and tan β. The solid shaded areas are excluded from this analysis, see Figure 4 for details.

B Appendix: Analysis expectations

Some details of the expected analysis results are shown in this Appendix. Figure 6 shows the expected

number of events in SR2 with this analysis. Figure 7 shows the total product of kinematic acceptance

and selection efficiency, while Figure 8 shows the same for groups of SUSY production processes. The

acceptance and efficiency are shown separately in Figures 9 and 10 respectively, while Figure 11 shows

the expected fractional contribution to SR2 from each process group after the full event selection.
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B Appendix: Analysis expectations

Some details of the expected analysis results are shown in this Appendix. Figure 6 shows the expected

number of events in SR2 with this analysis. Figure 7 shows the total product of kinematic acceptance

and selection efficiency, while Figure 8 shows the same for groups of SUSY production processes. The

acceptance and efficiency are shown separately in Figures 9 and 10 respectively, while Figure 11 shows

the expected fractional contribution to SR2 from each process group after the full event selection.
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- Branching ratio of stau 4-body decay and lifetime.


