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• Typical hierarchical spectra

• Examples are MUED, MSSM
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13 TeV results

Limits on compressed squarks and gluinos     800-1000 GeV

⇠

CMS-Moriond 2017
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Usual Search Strategy
• Lack of visible energy

• Solitary hard-jet and MET

pjetT > 100 GeV

MEFF > 500 GeV

• SM backgrounds: V+jets, QCD

• Typical Cuts

��(jet,MET) > 1.0
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Process

�m = mA �mB = mB �mC ... = mD �mE

• Case 1

Compressed Spectrum
�m = 25 GeV

D =
�m

mA
= 1/15

• Case 2

Super-compressed Spectrum
�m = 5 GeV
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�m

mA
= 1/75
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Track Observables
• Associated with the primary vertex 

• Not part of any reconstructed objects such as jets or leptons 

• Angular separation between the jet and tracks > size of jet 

• Number of tracks are IR unsafe objects 

• Tracks binned in  

I. 

II. 

III. 

• Conventional variables:  

• Additional variables: 

pT

⇠(5) ⌘ ptrackT > 5 GeV

⇠(1) ⌘ 1 GeV < ptrackT < 5 GeV

⇠(0.5) ⌘ 0.5 GeV < ptrackT < 1 GeV

pT ,MET, HT ,MEFF

⇠(0.5), ⇠(1), ⇠(5)

6



Soft tracks from Data
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Procedure
• Zj, AAj (MadGraph), showering and hadronization (Pythia-8) 
• Detector simulation with Delphes, used pile-up  
• Used in built pile-up subtractor
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Track variables
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Tracks: Compressed & super-compressed
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Correlations
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ROC for D=1/15
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• Solid line with                   ,  Dashed line with 
• Black: Conventional, Blue: Selected, Red: All variables 
• Pile-up robust 
• Selected variables outperforms conventional variables

Vcon = {pjetT ,Me↵,MET,HT }

Vsel = {Me↵, ⇠(0.5), ⇠(1), ⇠(5)}
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hNPUi = 20 hNPUi = 40

Vall = {Vcon, ⇠(0.5), ⇠(1), ⇠(5)}



Results

180

200

220

240

260

280

300

320

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

I
(%

)

eS

IS =
(✏S/

p
✏B)M

(✏S/
p
✏B)C

IS |D=1/15 ⇠ 200%

IS |D=1/75 ⇠ 30%

13

Compressed:

Super Compressed:



Applications: SUSY and MUED

SUSY 
Ex: Mirage mediation, 

Scherk-Schwarz

MUED
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1.40 TeV  R�1  1.46 TeV

Relic density const.

Vacuum Stability

Particle physics of Brane worlds  
and Extra Dimensions: Sreerup, 

Sridhar

⇤R  4



MUED Limits

Debajyoti Choudhury, Kirtiman Ghosh Phys.Lett. B763 (2016) 155-160 
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Cut based Analysis (MUED)
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Signals C0 C1 C2

UED: BP1 1423.3 fb 511.1 fb 54.2 fb

UED: BP2 360.2 fb 123.6 fb 13.18 fb

MSSM: BP1 92.3 fb 36.94 fb 4.48 fb

MSSM: BP2 207.9 fb 75.76 fb 7.0 fb

Table 4: Cross-sections for the MUED and MSSM benchmarks at 13 TeV after subsequent

implementation of the cuts as mentioned in the text.

which are outside a distance z, where z is the minimum resolution of the tracker. In a

previous work [? ] it was shown that the identification of primary vertex gives robustness

against pile-up and the counting the number of soft tracks binned in pT is indeed a pile-up

stable object. In this work we did not take pile-up into consideration.

5.2 Cut based Analysis

⇢⇢ET HT Me↵ ⇠(1) ⇠(5) Luminosity (fb�1)

w/o track 400.0 700.0 800.0 – – 500.0

BP2

with track 400.0 500.0 1000.0 5.0 5.0 40.42

Table 5: Luminosity required to achieve 5� significance for the cut based analysis (with
and without tracks) for MUED benchmarks. ⇢⇢ET , HT , Me↵ are expressed in units of GeV.

In the usual cut based approach, we employ well-known pT -based observables⇢⇢ET , HT ,

Me↵ to get appropriate signal significance over SM background. Furthermore, to see the

e↵ect of tracks as useful discriminating variable, we also provide significance numbers with

and without tracks. A naive estimation from fig. (??) reveals that ⇠(1) and ⇠(5) are the

most e↵ective variables amongst tracks. Table ?? and ?? show the luminosity required to

achieve 5� significance for the optimized set of cuts for two MUED and MSSM benchmark

points respectively. It is clear that tracks turn out to be robust observables than other

variables.

We can see from table ?? that 500 fb�1 of integrated luminosity will be required to rule

out BP2 in MUED. Similar outcome can hold true for the MSSM benchmarks as well. A

careful glance at tables ?? and ?? reveals that ruling out MSSM requires more luminosity

at the LHC as compared to MUED. The cuts a↵ect both the signal topologies in a similar

manner. But, the MUED cross section (after cut) is much larger than the corresponding

MSSM numbers as can be seen in table ??.

5.3 Multivariate Analysis

To optimize our search strategy and to show the relevance of adding soft tracks as a powerful

discriminating variable, we perform a multivariate analysis using the Boosted Decision Tree

– 15 –

⇤R = 2

R�1 = 1.45 TeV



Conclusion
• Monojet + MET: Challenging scenario at LHC 

• Conventional analysis fails to utilise the full event information 

• Soft tracks, associated with primary vertex is pile up robust 

• Carries the information of particle multiplicity in an event 

• Uncorrelated with the conventional variables 

• Increases the signal purity and signal significance by many orders 

• Compressed MUED can already be ruled out with soft tracks 

• Significant enhancement in              can be obtained in MSSM 

• Soft tracks can be estimated in a data driven way
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Take Home Message

Follow the tracks
18



Backup1: Multivariate Analysis

Root Node
⇠ > c1 ⇠ < c1

⇠ > c2 ⇠ < c2

Signal Background
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Talk by Christian Boser, Institut für Experimentelle Kernphysik, KIT



ROC for D=1/15
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cut based analysis  

• Cut based analysis with      outperforms MVA analysis with conventional 
variables
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SUSY

21

Hidden Sector Visible Sector

Messengers
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The spectrum depend on the mediation mechanism

bQ, bVbX
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Compressed Spectra:  
Low scale mediation 

Scherk-Schwarz

DM: Bino  overabundance 
Coannihilation solves  

the problem
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Other way around
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MUED Constraints
• Mass of nth KK state:  

• For small     , all the particles have degenerate tree level mass 

• Loop corrections creates slight splitting in these masses 

• Loop corrections depend on the cut-off scale  

• The spectrum is completely fixed with two parameters 

•                                                           , Relic density constraints 

•             ,  compressed. Vacuum stability: 

m2
n = m2

0 +
n2

R2

R

⇤

1.40 TeV  R�1  1.46 TeV

⇤ = 2 ⇤  4
A Dutta, S Raychaudhuri Phys.Rev. D87 (2013) no.3, 035018 
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Cheng, Matchev, Schmaltz, PRD 66 (2002) 66, 056006

Particle physics of Brane worlds and Extra Dimensions: Chapter 9: S Raychaudhuri, K. Sridhar



Parameters BP1 BP2 Parameters BP1 BP2

MSSM MUED

M1 1.440 1.200 ⇤R 2 2

M2 1.380 1.200 R
�1 1.2 1.45

M3 1.300 1.150 mG1 1.285 1.553

At 3.700 3.700 mD1 1.254 1.515

µ 2.000 2.000 mU1 1.254 1.515

tan� 20 20 mS1 1.254 1.515

meg 1.422 1.264 mC1 1.254 1.515

meqL 1.470 1.310 mB1 1.246 1.506

meqR 1.460 1.301 mT1 1.244 1.499

met1 1.409 1.225 mL1 1.208 1.460

met2 1.712 1.564 mZ1 1.214 1.466

meb1 1.451 1.409 mW1 1.214 1.466

meb2 1.597 1.457 mH1 1.196 1.447

mè
L

1.413 1.410 md1 1.247 1.507

mè
R

1.406 1.405 mu1 1.247 1.507

me⌧1 1.482 1.229 ms1 1.247 1.507

me⌧2 1.532 1.285 mc1 1.247 1.507

me⌫L 1.410 1.407 mb1 1.247 1.507

me�0
2

1.423 1.210 mt1 1.258 1.516

me�±
1

1.388 1.210 ml1 1.203 1.454

me�0
1

1.387 1.187 m�1 1.189 1.436

mh (GeV) 126.0 125.0 mh (GeV) 125.0 125.0

⌦h2 0.109 0.110 ⌦h2 0.082 0.119

�
p

SI (pb) 8.01⇥ 10�10 1.21⇥ 10�10
�
p

SI (pb) 1.03⇥ 10�10 3.23⇥ 10�11

�mi (GeV) 83.0 123.0 �mi (GeV) 96.0 117.0

Table 1: The benchmark points corresponding to compressed spectra in the framework of

minimal supersymmetric standard model and minimal universal extra dimension are shown

in the left and right side of the table respectively. All the dimensionful input parameters

and masses are expressed in units of TeV unless mentioned explicitly. Both the benchmarks

are subjected to the constraints from DM relic density and direct detection. Conventional

notations are used for MSSM benchmark, whereas, notations for MUED are explained in

the text in sec. 2.

For such choices, the typical MUED spectra follows a hierarchical structure such as

mG1 > mQ1 > mZ1 > m`1 > m�1 . Instead of the doublet Q1, the singlet KK quarks q1

would also appear in the decay chain. Similarly, both W1, i.e., the KK W -boson and Z1

would appear in the cascade. The relevant branching ratios are noted later in this section.

While choosing MSSM benchmark points, we keep the following hierarchy of masses:

– 7 –

Benchmark points
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Comparison between MSSM and MUED
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