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Introduction and outline

 Objective: reconstruction of displaced decays 

 Motivations:
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HNL searches Dark Z in dileptons

HNL signatures

l HNL are sterile ! only produced via ⌫-N mixing

l Consider processes involving neutrinos, e.g. W decays

l 3-` or 2-` + 2-jets final state

l N Dirac or Majorana

l N lifetime depends on mass mN

and N-⌫` e↵ective coupling VN`:

⌧N / |VN`|�2m�5
N

16-10-2017 LL-HNL-3L Team — HNL searches with displaced signatures 3/25

displaced

Hadrons from a Hidden Sector



Introduction and outline

Where are we standing today? 
 - Particle flow in CMS 
 - Jet reconstruction and classification 
 - Hadronic τ reconstruction 

First steps towards displaced vertex reconstruction: 
 - Tagger for displaced jets 
 - Reconstruction of displaced object in specific analyses 
 - Proper description of nuclear interaction
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Particle Flow

S�`iB+H2 6HQr *Ja S_6@R9fyyR
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! _2+QMbi`m+i �M/ B/2MiB7v 8 +H�bb2b Q7 T�`iB+H2b,
◃ 2H2+i`QMb ◃ T?QiQMb ◃ +?�`;2/fM2mi`�H ?�/`QMb ◃ KmQMb

! _2+QMbi`m+i �M/ B/2MiB7v ?�/`QMB+ i�m /2+�vb #�b2/ QM /2i�BH2/ BM7Q`K�iBQM Q7 D2i
+QMbiBim2Mib

j Q7 Rj h�m _2+QMbi`m+iBQM BM *Ja % iXKmHH2`!+2`MX+? % LQp2K#2` Rj- kyR3

Combines infos from all the sub-detectors  

Reconstruct five classes of particles: muons, electrons, photons, charged 
and neutral hadrons 

Jet and hadronic τ reconstruction/identification 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Jet reconstruction6.1 Jets 47
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Figure 23: Jet energy composition in observed and simulated events as a function of pT (top
left), h (top right), and number of pileup interactions (bottom). The top panels show the mea-
sured and simulated energy fractions stacked, whereas the bottom panels show the difference
between observed and simulated events. Charged hadrons associated with pileup vertices are
denoted as charged PU hadrons.
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Jets:  highly collimated hadrons and photons 

Produced by the fragmentation of an highly 
energetic coloured particle 

 Reconstructed with the anti-kT algorithm



How does it look like?
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HF tagging @ CMS — arXiv:1712.07158

M. Verzetti (CERN and FWO)

https://arxiv.org/abs/1712.07158
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HF tagging @ CMS — arXiv:1712.07158

M. Verzetti (CERN and FWO)

Not used for tagging

Only for calibration

https://arxiv.org/abs/1712.07158


Jet tagging - DeepJet
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Two taggers currently supported in CMS:

  DeepCSV

  DeepJet: convolutional networks, significantly outperforms DeepCSV 
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Jet tagging - DeepJet

Two taggers currently supported in CMS:

  DeepCSV

  DeepJet: convolutional networks, significantly outperforms DeepCSV 

ROC for c vs b

4

Performance of the c jet identification efficiency algorithms demonstrating the 
probability for b jets to be misidentified as c jet as a function of the efficiency to correctly 
identify c jets. The curves are obtained on simulated ttbar events using jets within 
tracker acceptance with pT>30 GeV , b jets from gluon splitting to a pair of b quarks are 
considered as b jets. The lines shown are for CSVv2, DeepCSV CvsB, c-tagger CvsB
and cMVAv2. cMVAv2 and the c-tagger use also the information from the soft leptons 
inside jets, while CSVv2, DeepCSV do not.

ROC c vs. light

5

Performance of the c jet identification efficiency algorithms demonstrating the probability for 
light jets to be misidentified as c jet as a function of the efficiency to correctly identify c jets. 
The curves are obtained on simulated ttbar events using jets within tracker acceptance with 
pT>30 GeV , b jets from gluon splitting to a pair of b quarks are considered as b jets. The 
lines shown are for CSVv2, DeepCSV CvsL, c-tagger CvsL and cMVAv2. cMVAv2 and the c-
tagger use also the information from the soft leptons inside jets, while CSVv2, DeepCSV do 
not. The irregularity observed in the ROC curve of the c-tagger is caused by a sharp feature 
in the discriminator distribution due to jets without any selected tracks.
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Tau reconstruction

 5 hadronic τ decay mode considered  


 Low particle multiplicity compared to QCD jets

 Standard e/μ reconstruction 
for leptonic decays 
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Tau reconstruction

Hadron Plus Strip algorithm 

 Decays isolated from hadronic activity

  Long lifetime : Displaced tracks and decay vertices

  Low particle multiplicity (mτ = 1.778 GeV) 

.Bb+`BKBM�iBQM Q7 τ? *�M/B/�i2b �;�BMbi C2ib *Ja h�l@Refyyj
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d Q7 Rj h�m _2+QMbi`m+iBQM BM *Ja % iXKmHH2`!+2`MX+? % LQp2K#2` Rj- kyR3

 Inputs: PF candidates in AK4 jet

 Consider all the possible decay modes: 

τ± →[1,3]h±+[0−2]π0+ντ 


 Search for ρ(770) and a1(1260) intermediate 
resonances

 Highest pT candidate taken
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Properties of τ decay:



A/2MiB}+�iBQM S2`7Q`K�M+2 BM J* *Ja h�l@Refyyj
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A/2MiB}+�iBQM S2`7Q`K�M+2 BM J* *Ja h�l@Refyyj
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Tau identification

 BDT to discriminate taus from jets.  
  Based on : 
  - Lifetime  
  - Decay mode 
  - Particle multiplicity 
  - Charged/neutral isolation sum

 Cut-based discriminator agains muon: 
   - misidentification probability < 0.5%

 BDT discriminator agains electrons
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Global tagger with τ ? 

Charged (16 features) x25

Dense
200 nodes x1,
100 nodes x5

b 
bb 
c 

uds  
g
τ?   

Neutral (6 features) x25

1x1 conv. 64/32/32/8

1x1 conv. 32/16/4

1x1 conv. 64/32/32/8

RNN 150 

RNN   50 

RNN   50 Secondary Vtx (12 features) x4

Global variables (15 features)

Feasible, but..

larger number of features to include

larger dataset needed

How to calibrate?

Interplay among classes to be studied 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Displaced jets

Displaced jet tagger developed for displaced jets 
search analysis  

Relies on PF objects

 Based on DeepJet, additional class for LLP objects: 
-  Final jets may be non-pointing in the direction of the gluino 
- Ghost tagging cannot be used 
-Tag jets as displaced if most of their p stems from a LLP decay vertex  
- Jet pT > 30 GeV

�Ɵʉ ƁŒʉƟǊȴɫǩƟɻ Œȣƌ ʉɫʞʉǞ ƌƟǇǩȣǩʉǩȴȣɻ

ࡱ߾ # Œȣƌ + ǽƟʉɻ  ɻʉŒȣƌŒɫƌ +�ð ɠɫȴƁƟƌʞɫƟ
ࡦ ċɻƟ ࡪࢨʉŒǊǊǩȣǊ࢙ǊǞȴɻʉࢧ ɻŒȝƟ ȝƟʉǞȴƌ Œɻ ʞɻƟƌ ŷˈ #üĨ
ࡦ ðƁŒȋƟ ƌȴʿȣ ǊƟȣƟɫŒʉȴɫ ǞŒƌɫȴȣ ȝȴȝƟȣʉŒ ʉȴ ȣƟǊȋǩǊǩŷȋƟ ʻŒȋʞƟɻ
ࡦ æƟƁȋʞɻʉƟɫ ǽƟʉɻ ʿǩʉǞ ǊƟȣƟɫŒʉȴɫ ǞŒƌɫȴȣɻ
ࡦ xǇ ŒǇʉƟɫ ɫƟƁȋʞɻʉƟɫǩȣǊ ʉǞƟ ǽƟʉ ǩȣƁȋʞƌƟɻ Œ ǊƟȣƟɫŒʉȴɫ ŷ ȴɫ Ɓ ǞŒƌɫȴȣࡪ ȋŒŷƟȋ ʉǞƟ ǽƟʉ ŒƁƁȴɫƌǩȣǊȋˈ

ࡱ߿ ċ5ð Œȣƌ c ǽƟʉɻ  ɻʉŒȣƌŒɫƌ +�ð ɠɫȴƁƟƌʞɫƟ
ࡦ ßŒɫʉȴȣɻ ɠɫȴƌʞƁƟƌ ǩȣ ǞŒɫƌ ǩȣʉƟɫŒƁʉǩȴȣ ŷƟǇȴɫƟ ǞŒƌɫȴȣǩɻŒʉǩȴȣ ʞɻƟƌ Œɻ ǊǞȴɻʉ ɠŒɫʉǩƁȋƟɻ

ࡱࠀ ��ß ǽƟʉɻ  ȴʿȣ ȝƟʉǞȴƌ
ࡦ `ǩȣŒȋ ǽƟʉɻ ȝŒˈ ŷƟ ȣȴȣ࢙ɠȴǩȣʉǩȣǊ ǩȣ ʉǞƟ ƌǩɫƟƁʉǩȴȣ ȴǇ ʉǞƟ Ǌȋʞǩȣȴ
ࡦ cǞȴɻʉ ʉŒǊǊǩȣǊ ƁŒȣȣȴʉ ŷƟ ʞɻƟƌ
ࡦ üŒǊ ǽƟʉɻ Œɻ ƌǩɻɠȋŒƁƟƌ ǩǇ ȝȴɻʉ ȴǇ ʉǞƟǩɫ ɛ ɻʉƟȝɻ Ǉɫȴȝ Œ ��ß ƌƟƁŒˈ ʻƟɫʉƟˇ

ßȴǩȣʉǩȣǊ ǽƟʉɻ £ȴȣ࢙ɠȴǩȣʉǩȣǊ ǽƟʉɻ £ȴȣ࢙ɠȴǩȣʉǩȣǊ ǽƟʉɻ
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ࠆ

(From Imperial College Group)
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Displaced jets

(From Imperial College Group)
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Tracking efficiency

Displaced charged hadrons have 
necessary to decay in the tracker  

Muon displaced have specific 
reconstruction algorithms with no 
requirements in the tracker 

 No dedicated algorithm for electron 
displaced 



Nuclear interaction 2018 JINST 13 P10034

 Nuclear interaction provides a source of displaced vertices

 Precise map of the detector material needed

2018 JINST 13 P10034

BPIX detector  
support rails 

Pixel detector  
support tube 

BPIX detector  
longitudinal  
support  

BPIX detector  
outer shield 

Beam pipe 

BPIX detector 
inner shield 

BPIX detector 
layer 1, 2, and 3 

TIB detector 
layer 1 

Figure 4. Hadrography of the tracking system in the x-y plane in the barrel region (|z | < 25 cm). The density
of NI vertices is indicated by the color scale. The signatures of the beam pipe, the BPIX detector with its
support, and the first layer of the TIB detector can be observed above the background of misreconstructed
NIs.

The “hadrography” in the x-y plane of the tracking system in the barrel region (|z | < 25 cm) is
provided in figure 4. The signatures of the beam pipe, the BPIX detector with its support, and the
first layer of the TIB detector can be seen.

4 Analysis method

In this analysis we focus on the measurement of the positions of the inactive elements within
the inner tracking system. All the inactive elements under consideration except for the support
rails have a cylindrical geometry with their axes being collinear to the beam axis. For all the
structures but the support rails, the axis position is within a few millimeters of (0, 0), the origin of
the CMS o�ine coordinate system, which is discussed in section 7.1. By design, the thicknesses
of the structures do not exceed a few millimeters to keep the amount of material within the inner
tracking system to a minimum. These properties of the components under consideration allow a
significant simplification of the fitting technique. Instead of a complex fit of a 3D structure, we fit
the parameters of a function in the x-y plane using shapes such as circles, half-circles, or ellipses.

The slight displacement of the structures’ axes with respect to the beam axis induces di�erences
in the azimuthal hadron fluxes seen by di�erent elements of the structure. We correct for that e�ect

– 8 –
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Is this the right direction?
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Displaced object decay products may decay in larger cone than the usual 
CMS jet


 Alternative vertex reconstruction algorithm might be more efficient


 Jets can be used to recover part of neutrals
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Summary

 Reconstruction in CMS is not optimised for displaced object


 Two directions to investigate: 

 - develop of reconstruction algorithm dedicated to long lived particles 

 - good understanding and modelling of background sources
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Backup
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