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Discrete symmetries and new physics

1. Multiple examples of discrete symmetries in particle physics exist (within the 
Standard Model)


• Charge 


• Parity


2. Many BSM scenarios employ discrete symmetries and are intimately tied to dark 
matter phenomenology 


• SUSY neutralino dark matter-> R -parity


• Inert Doublet Model -> Z2 symmetry 


• Self interacting dark matter -> e.g. Z3 symmetry …


3. Collider signatures are a result of the symmetries, mass spectrum and couplings 
of the theory


• Result in classic missing energy searches 


• Can also lead to more exotic final states



28 November 2018S. Kulkarni  3

One model: many signatures

Ursula Laa, LPSC & LAPTh 
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• Results for Sneutrino LSP 
• Caveat: left plot inverted also shows many points non-excluded (not shown here) 
• Caveat: right plot also has dependence on LSP mass (not shown here)
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Figure 4: Scatter plots of points for which SMS results apply. The top row shows the ⌫̃⌧1 vs.
g̃, the bottom row the ⌫̃⌧1 vs. e�±

1 mass plane. In the panels on the left, the points excluded by
the SMS constraints (red) are plotted on top of those which are not excluded (blue); in panels
on the right this plotting order is inverted. Also shown (in grey) are the “not tested” points,
for which no SMS constraints exist.

(l = e or µ), with the ⌫̃l1 ! ⌫̃⌧1 + X decay being invisible (because of X being genuinely
invisible or very soft). Consequently, in Fig. 3 we see that chargino masses can be excluded
up to about me�±

1
⇡ 440 GeV by the dilepton + MET limits. (There is also a small region of

parameter space at low masses where ⌧
+
⌧
� +MET [77] gives the strongest limit.)

It is important to note here that the constraints on e�+
1 e��

1 ! l
+
l
� + MET actually stem

from the l̃
+
l̃
� ! l

+
l
�e�0

1e�0
1 simplified model (and analogously for ⌧

+
⌧
� + MET), which has

the opposite spin configuration than chargino-pair production followed by chargino decays into
sneutrinos. The validity of applying the limits from the slepton searches to the case of chargino-
pair production is discussed in Appendix A.

Also noteworthy is the fact that most of the excluded points in Figs. 2 and 3 have some
grey points lying below them, which are not excluded or not tested at all. This is corroborated
in Fig. 4, where we present the summary of not tested, allowed and excluded points in the ⌫̃⌧1

versus g̃ and ⌫̃⌧1 versus e�±
1 mass planes. In the plots on the left, the excluded points (red)

are plotted on on top of the allowed points (blue), while in the plots on the right this plotting
order is inverted. As can be seen, only a small part of the parameter space can genuinely be
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B Lifetimes of long-lived particles

As mentioned in Sec. 3.2, a considerable number of the scan points comprise long-lived spar-
ticles. These occur mostly when enforcing light gluinos or squarks; in this case about 30 % of
the points feature long-lived particles, while the fraction is below 1 % without this constraint.
The long-lived particles are predominantly gluinos (85 %), mostly in the case where it is the
NLSP, and in a few points where �̃

0
1 is slightly (up to about 50 GeV) lighter than the gluino.

Apart from that we find points with long-lived stops or staus in case they are the NLSP, as
well as single points with long-lived charginos. Here we will focus on the long-lived gluinos and
stops, long-lived staus have been discussed before in [27].

Figure 14: Lifetimes c⌧ in [m] for long-lived gluinos, the color code indicates the LSP mass
(left) and the sneutrino mixing angle (right).

In the MSSM long-lived gluinos appear when all squarks are extremely heavy, e.g. in split-
SUSY scenarios. In case of the MSSM+RN with a sneutrino LSP additional causes come into
play. If the gluino is the NLSP, its decay will proceed only via virtual squarks and gauginos,
yielding an e↵ective four body decay, g̃ ! qq⌫⌫̃ (virtual q̃ and �̃

0) or g̃ ! qq
0
l⌫̃ (virtual q̃ and

�̃
±). The gluino lifetime will therefore depend not only on the squark mass, but also on the

gaugino masses and mixings, as well as the sneutrino mixing angle. Meta-stable gluinos can
thus appear even if the squarks are not completely decoupled. The gluino lifetime as a function
of its mass is shown in Fig. 14. The left plot illustrates the depencence on the sneutrino mass,
the right plot the dependence on the sneutrino mixing. We can distinguish two general regions.
First, we observe an exponential dependence of the lifetime on the gluino mass for decay lengths
of 10 mm up to 104 m. Here the lifetime is largely independent of the sneutrino mass. Moreover
lifetimes at constant gluino masses are longer for heavier squarks and gauginos. In this region
we generally find large mixing angles sin ✓⌫̃ , but heavy gauginos and squarks. Points with very
small mixing angles may also appear in this region, in the case that the mass of the lightest
neutralino is below the gluino mass. The second region, with lifetimes longer than 104 m, and
up to 1017 m, shows a very di↵erent behaviour. We can see a clear correlation between gluino

21

Kulkarni et al. JHEP 1505 (2015) 142 
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One model - many signatures
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Current efforts beyond MET

• Apply efficiency maps given by experiments ‘by hand’ to single topologies (a 
la simplified models approach)

• Constrains specific parts of parameter space but difficult to get global 

picture for full models

• Improve fast detector simulators such as Delphes (see: Delphes 3.4.1)

• Classify signatures dynamically and confront them with experimental 
searches (SModelS) 

C.f. Evans et al  JHEP 1604 (2016) 056, Belanger et al arXiv:1811.05478

C.f. https://inspirehep.net/record/1667603/, LLP workshop talk

C.f. Heisig et al. arXiv:1808.05229, Ambrogi et al. arXiv:1811.10624 

https://indico.cern.ch/event/714087/contributions/2985931/attachments/1650672/2639847/MA5-LLP.pdf


(



http://smodels.hephy.at/
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SModelS
• A tool to confront arbitrary (incl. non-SUSY) theoretical models with LHC 

results via decomposing theory models into simplified models dynamically
C.f. Heisig et al. arXiv:1808.05229

• Assumptions:

- Model obeys Z2 symmetry (R-parity)


✴ Implications: applicable only to pair production of BSM particles (i.e. 
can’t handle resonance searches at the moment)


- All BSM particles decay to missing energy final states (SModelS v1.1.1)

- Model can be approximated by sum over simplified models (i.e. long 

decay chains don’t contribute to signal cross section significantly) 

- No dependence on nature of BSM particles (i.e. quantum numbers)

- Most relevant quantities for confronting theory with experimental results 

are: 

✴ masses of BSM particles

✴ SM final state particles

✴ cross sections X branching ratios
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Reading SMS result

• 95% CL UL is the maximum visible cross-section allowed for a specific 
decay chain and a mass combination

CMS-SUS-13-006

We should use 
these numbers

Useful but not 
the most 
important 
outcome

Is σ X BR (Mother mass, intermediate mass, LSP mass) of your model > the 
number on the plot? -- Yes, point excluded; No, point allowed
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Going beyond Missing Energy
J. Antonelli

• Signatures depend on quantum numbers of the underlying particles 

• More things matter than just masses of BSM particles

• Must keep track of the quantum numbers of the particles

See: talk by A. Escalante del Valle for experimental results
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Decay probabilities

Alicia Wongel SMODELS – SIGNATURES BEYOND MISSING ENERGY 12

⚫ Every particle (with a non-zero 
width) has probability to 
survive a certain distance

⚫ βγ not fixed

⚫ l not fixed in searches for 
displaced signatures

 15

It explodes!

• A single production channel gives rise to many many final states

• Exact weight of final state depends on the width of the particle

• Survival probability: 

Side remark:
Number of created elements

Alicia Wongel SMODELS – SIGNATURES BEYOND MISSING ENERGY 10

Large increasement of number of elements when signatures beyond 
missing energy are allowed
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 15

It explodes!

• A single production channel gives rise to many many final states

• Exact weight of final state depends on the width of the particle

• Survival probability: 

Side remark:
Number of created elements

Alicia Wongel SMODELS – SIGNATURES BEYOND MISSING ENERGY 10

Large increasement of number of elements when signatures beyond 
missing energy are allowed

Distance travelled

F ~ 0 F ~ 1

Long lived particle
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So start at extremes

• In the first step either concentrate on prompt or stable fraction

• Discard everything else

• Reduces the number of diagrams

• Also need to think how to reinterpret all possible searches

• Even with this one can constrain large range of lifetimes if the cross sections are 

large -> not as limiting approach as it may look 

Introduction

SM LLPs due to approximate symmetries, small couplings, mass degeneracies, etc.

Same principles apply to BSM particles ! easily get LLPs.

Great opportunity for NP (direct searches) at LHC – pretty much uncovered!

Di↵erent signatures – di↵erent types of searches:

Characterised by LLP mass, production + decay and lifetime.

A graphic example for ATLAS by H. Russell:

Carlos Vázquez Sierra HL/HE-LHC workshop June 18, 2018 3 / 23

Diagram for ATLAS by H. Russel
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Going beyond Missing Energy

• The cross section X branching ratio needs to be reweighted by the 
probabilities of BSM particles to decay promptly or outside the detector


• Reweight the theory cross section by this number

Figure 2: Decomposition into simplified model topologies and computation of weights in
SModelS v1.2.2.

Second, during the decomposition into simplified models, at each step in273

the cascade we compute the probabilities for the respective BSM particle to274

decay promptly (Fprompt) and to decay outside the detector (Flong) [14, 3].275

The procedure is illustrated schematically in Fig. 2. The fraction of decays276

which take place inside the detector (labeled simply as “displaced decays”)277

is approximated as Fdisplaced = 1�Flong �Fprompt. Note that the final states278

appearing in the displaced vertex are not stored during decomposition, since279

SModelS is currently not able constrain displaced decay signatures; this280

is left for future work. As a result, for the time being, all elements with281

displaced decays will be identified as missing topologies.282

Concretely, Flong and Fprompt are computed from the respective particle283

proper lifetime, ⌧ , using the approximation284

Fprompt = 1� exp

✓
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We choose h`inner/��ie↵ = 1mm and h`outer/��ie↵ = 7m,5 which provides a286

good approximation to the result of a full simulation as shown in Appendix B287

of [3].288

After decomposition the respective weight �̃ of each simplified-model289

5As we currently include CMS results only, `outer corresponds to the CMS detector size.
For the inclusion of ATLAS results h`outer/��ie↵ would have to be adjusted accordingly.
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SModelS - recent news

• A version dealing with Heavy Stable Charged particles and R-hadron results 
is released 


• Contains three analyses dealing with HSCP and R-Hadron searches

• Accounts for quantum numbers of particles in simple fashion: lists of 

quantum numbers

• Assumes constant boost for long lived particles

• Does not handle displaced vertices 

Figure 2: Decomposition into simplified model topologies and computation of weights in
SModelS v1.2.2.
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Assumes these to be constant

Kulkarni et al. arXiv:1811.10624 
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SModelS - going beyond

• Fraction of particles decaying at a given point depend on boost and lifetime

• We discard everything in between prompt and stable particles

• We miss out on potentially powerful searches which constrain ‘in between decays’

Introduction

SM LLPs due to approximate symmetries, small couplings, mass degeneracies, etc.

Same principles apply to BSM particles ! easily get LLPs.

Great opportunity for NP (direct searches) at LHC – pretty much uncovered!

Di↵erent signatures – di↵erent types of searches:

Characterised by LLP mass, production + decay and lifetime.

A graphic example for ATLAS by H. Russell:

Carlos Vázquez Sierra HL/HE-LHC workshop June 18, 2018 3 / 23

Diagram for ATLAS by H. Russel
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SModelS - going further

• An elegant way to handle exotic final states is to covert particles from strings 
to classes


• Basic particle properties well defined however mass, decay widths and 
decays are dynamically updated


• One of the crucial changes in the upcoming SModelS version 

• Also very important for going beyond Z2 symmetric models 

• Triggers higher level changes as particles are basic entities in the code; 

converting particle type leads to readapting major parts of the code Particle class
SM example: BSM example:

• For BSM added from file: mass, width, decays

• → Branches also consist of objects

• → Elements also consist of objects

Alicia Wongel SMODELS – SIGNATURES BEYOND MISSING ENERGY 18

e = Particle(
Z2parity='even‘, 
label='e-‘, 
pdg=11, 
mass=0.5*MeV,
eCharge=-1, 
colordim=0, 
spin=1./2, 
totalwidth = 0.*GeV, 
decays=[])

gluino = 
Particle(
Z2parity='odd', 
label='gluino', 
pdg=1000021, 
eCharge=0, 
colordim=8, 
spin=1./2)
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Topology dependent boostβγ distribution

Alicia Wongel SMODELS – SIGNATURES BEYOND MISSING ENERGY 13

red, green, blue:

purple:

→ Additional file in database with:
[ [[m1],[m1]] , [[t1], [t1]]  , F ]

βγ distribution

Alicia Wongel SMODELS – SIGNATURES BEYOND MISSING ENERGY 13

red, green, blue:

purple:

→ Additional file in database with:
[ [[m1],[m1]] , [[t1], [t1]]  , F ]

Topology dependent beta gamma

Dependence on the analysis

Simulate several different topologies

Reweight on the experimental side 
rather than theory
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Where are we now?

• Conversion of particle entities from simple string implementation to object 
oriented completed


• All higher level changes in the code taken care of

• Implementation of experimental searches and derivation of efficiency mops 

ongoing

• Validation (making sure that results are correct) ongoing

• Hope to start with some physics studies soon!
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Conclusions

• Absence of any concrete positive signal for BSM physics necessitates 
exploring signatures beyond missing energy searches 


• Exotic final states appear in many models besides supersymmetry 

• Automatic classification of final states in arbitrary models will be useful

• Needs a comprehensive database of experimental results which can be easily 

used in order to confront theory with the experiments 

• SModelS is making progress in this direction

• Recently released a version which can handle R-Hadrons and HSCP searches 

• Current development aims at improving existing treatment and going well 

beyond extremely long lived particles 


