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Hadronization
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 Quarks    form hadrons (“hadronize”)    decay

➢ u, d, s light hadrons

➢ c charm hadrons

➢ b bottom hadrons

➢ t decays to b+W
flavor tagging = to differentiate these hadrons



Standard technology of b/c-tagging in ATLAS experiment
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8     10-8 4     0.03  15 [m]

0.3   0.1   0.06 [mm]

0.5   0.5 [mm]                  x Lorentz boost

flavor tagging = to detect decays @ 1–10 cm

Note:
ATLAS installed a new layer

“insertable b-layer” @ 3.3cm at the beginning of Run 2.
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Standard technology of b-tagging in ATLAS experiment
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 impact parameter (IP3D, IP2D)

 secondary vertex (SV)

 soft lepton detection

Figure from Lorenzo Feligioni’s talk slides
(but not sure who made this figure)

https://indico.in2p3.fr/event/305/contributions/26239/attachments/21076/25852/101807_TW.pdf
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 impact parameter (IP3D, IP2D)

 secondary vertex (SV)

 soft lepton detection

B

tracks
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 impact parameter (IP3D, IP2D)

 secondary vertex (SV) : ATLAS simulation for 13 TeV (ttbar)

 soft lepton detection

 “JetFitter” … to reconstruct the whole decay chain

etc…
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http://cds.cern.ch/record/2270366


Standard technology of b-tagging in ATLAS experiment
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 impact parameter (IP3D, IP2D)

 secondary vertex (SV) : ATLAS simulation for 13 TeV (ttbar)

 soft lepton detection

 “JetFitter” … to reconstruct the whole decay chain

etc…

ATL-PHYS-PUB-2017-011

charm-jet = between b-jet and light-jet

http://cds.cern.ch/record/2270366


State-of-art: b-tagging in ATLAS experiment
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 tracker-based: IP3D + RNNIP

 vertex-based: SV, JetFitter

 lepton-based: soft muon tagger

➢ boosted decision tree (MV2)
➢ deep learning (DL1)

• RNN analyzes correlation between IPs of multiple tracks.
Light rejection x2, c rejection x1.2, compared to IP3D.

[recurrent neural network]

ATL-PHYS-PUB-2017-013

http://cds.cern.ch/record/2273281
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ATL-PHYS-PUB-2017-013

with significant pT dependence
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ATL-PHYS-PUB-2017-013

with significant pT dependence

http://cds.cern.ch/record/2273281
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ATLAS Simulation Preliminary√
s = 13 TeV, tt̄
DL1 70% b-tagging efficiency
DL1 77% b-tagging efficiency
DL1 80% b-tagging efficiency

State-of-art: b-tagging in ATLAS experiment
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ATL-PHYS-PUB-2017-013

with significant pT dependence

(MV ~ DL)
* “DL1 does provide specific advantages in terms of possible future R&D.” 

http://cds.cern.ch/record/2273281
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Standard technology of c-tagging in ATLAS experiment
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 impact parameter (IP3D, IP2D)

 secondary vertex (SV)

 soft lepton detection

 “JetFitter” … to reconstruct the whole decay chain

➢ decay products:

 smaller multiplicity

 larger energy & rapidity

etc…



State-of-art: c-tagging in ATLAS experiment

22 /58

ATL-PHYS-PUB-2017-013
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ATLAS Simulation Preliminary√
s = 13 TeV, tt̄
DL1 20% c-tagging efficiency
DL1 25% c-tagging efficiency
DL1 30% c-tagging efficiency
DL1 40% c-tagging efficiency

http://cds.cern.ch/record/2273281


State-of-art: c-tagging in ATLAS experiment
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ATL-PHYS-PUB-2017-013

http://cds.cern.ch/record/2273281


Future prospects (HL-LHC)
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 High-Luminosity LHC (2025–): 14 TeV, 3000/fb in 20 years

➢ a new tracker for ATLAS

➢more statistics  smaller systematic uncertainty

➢ 200 collisions together with “interesting” collision (pile-up)

 optimistic results obtained: similar tracker performance

➢ R&D in machine learning?

 effect to c-tag?

➢ “A bit too early to know“

ATL-PHYS-PUB-2017-013

Figure from HL-LHC Preliminary Design Report (2015)

http://cds.cern.ch/record/2273281
https://cds.cern.ch/record/2116337
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Applications of c-tagging
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 Higgs

➢ to measure

 SM flavor

➢ FCNC / t–c mixing

 SUSY

➢ charm squark

➢ compressed top squark

➢ to measure squark flavor

Perez, Soreq, Stamou, Tobioka [1505.06689]

ATLAS [1407.0608], CMS [1707.07274]

ATLAS [1501.01325]
(cf. Mahbubani, Papucci, Perez, Ruderman, Weiler [1212.3328])

(e.g. “flavored naturalness”
Blanke, Giudice, Paradisi, Perez, Zupan [1302.7232])

https://arxiv.org/abs/1505.06689
http://arxiv.org/abs/1407.0608
https://arxiv.org/abs/1707.07274
http://arxiv.org/abs/1501.01325
https://arxiv.org/abs/1212.3328
https://arxiv.org/abs/1302.7232


Applications of c-tagging
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 Higgs

➢ to measure

 SM flavor

➢ FCNC / t–c mixing

 SUSY

➢ charm squark

➢ compressed top squark

➢ to measure squark flavor

 ASSUME:

➢ SUSY is discovered at the HL-LHC,                                                      . 

 WONDER:

➢ where is the gluino?

➢ {how many / which} squarks are found?

SUSY model discrimination with c-tagger.



Basic idea: PDF-dependence of squark-production
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 Four QCD diagrams for 
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 Four QCD diagrams for 

➢ no gluino.
➢ squark flavor democratic.

➢ with gluino.
➢ squark flavor depends on initial parton.



Basic idea: PDF-dependence of squark-production
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 Four QCD diagrams for 

➢ no gluino.
➢ squark flavor democratic.

➢ with gluino.
➢ squark flavor depends on initial parton.

✓ if mass non-degenerate?
 distinguishable; treat separately.

✓ are irrelevant.
(b & t from proton = negligible)



Simplifying assumptions
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 some                      are light (~TeV) and degenerate;    -LSP. 

➢ others (incl.               ) are heavy (not produced).

➢ three scenarios:

 No flavor violation. (confirmable from flavor expm?)

➢ underlying scenario: “flavored gauge mediation”
… flavor-viol. among       is suppressed.

✓ if mass non-degenerate?
 distinguishable; treat separately.

✓ are irrelevant.
(b & t from proton = negligible)

Ierushalmi, SI, Lee, Nepomnyashy, Shadmi [1603.02637]

http://arXiv.org/abs/arXiv:1603.02637


 some                      are light (~TeV) and degenerate;    -LSP. 

➢ others (incl.               ) are heavy (not produced).

➢ three scenarios:

 No flavor violation. (confirmable from flavor expm?)

➢ underlying scenario: “flavored gauge mediation”
… flavor-viol. among       is suppressed.

Simplifying assumptions
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Ierushalmi, SI, Lee, Nepomnyashy, Shadmi [1603.02637]

* Investigation through c-tagging would be possible
if the tagger efficiency were super good… (or your idea is super good).

should be very heavy

http://arXiv.org/abs/arXiv:1603.02637


What we want to do
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 Discrimination of the models in this scenario:

&    -LSP are light and accessible.



What we have
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 Discrimination of the models in this scenario:

➢ number of events  crosssection

➢mT2 analysis 
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What we have
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 Discrimination of the models in this scenario:

➢ number of events  crosssection

➢mT2 analysis 

➢ charm fraction

* We can also utilize “charm-jet deposition”                                   ,
where         is the number of events with n c-jets.

Here we simply use Fc, which is 

(among hardest 2 jets)



Charm fraction

(no mistag, 100% efficiency)

/5837

With

➢ an “ideal” c-tagger

➢ no SM background,

➢ decoupled gluino

flavor-universal only.

(hardest 2 jets are considered;
N(jet) = 2N(event))



Charm fraction

(no mistag, 100% efficiency)

 in reality, “smeared” by

/5838

With

➢ an “ideal” c-tagger

➢ no SM background,

➢ decoupled gluino

➢ tagger performance,

➢ SM background, and

➢ gluino contribution.



Charm fraction: Gluino mass dependence

Fc measured by ideal c-tagger

SUSY events only

SM only

(uncertainty: stat only)

/5839



Charm fraction: Gluino mass dependence

Fc measured by ideal c-tagger

SUSY events only

SM only

(uncertainty: stat only)

/5840

reduces Fc



Charm fraction

(no mistag, 100% efficiency)

 in reality, “smeared” by

/5841

With

➢ an “ideal” c-tagger

➢ no SM background,

➢ decoupled gluino

➢ tagger performance,

➢ SM background, and

➢ gluino contribution.

our benchmarks:



Charm fraction
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our benchmarks:
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ATLAS Simulation Preliminary√
s = 13 TeV, tt̄
DL1 20% c-tagging efficiency
DL1 25% c-tagging efficiency
DL1 30% c-tagging efficiency
DL1 40% c-tagging efficiency

Deep learning, ttbar MV2MuRnn, 4 TeV Z’

optimistic, but not “very”.
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Before seeing the results…

We want to discriminate

with three “measurements”:

/5844

✓ larger for heavier

✓ typically SUSY > SM

➢ smeared by tagger



Result (1)

mT2 edge
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numbers: gluino mass
(decreases from left to right.)
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numbers: gluino mass
(decreases from left to right.) excluded @ Moriond 2017

(35.9/fb)
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Systematic uncertainty
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 simulation       data

 “commissioning” :
compare against collider data.

 systematic uncertainties example

uncertain   statistical uncertainty

From ATLAS squark search (2j+MET)
[ATLAS-CONF-2016-078]

jet energy scale calibration,
jet energy resolution
missing energy modeling

background simulation model / scales

background number estimation
(stat. unc. + syst. unc. in control regions)

http://cds.cern.ch/record/2206252


Result (1)

/5849

several syst. unc. cancelled.

but suffered from uncertainty on c-tagging.

➢ commissioning using ttbar sample is ongoing.
… “~~~10%”

No reliable estimate for our case.
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10%
(syst. dominant)

2-3σ exclusion
may be possible.
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two handles for discovery
 helps SUSY discovery?
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SM

(uncertainty: stat only, y-axis only)

450

10
13

5
67.5

4

450

10

13

56

7.5

4

450

10
13

5

6
7.5

4

450

10
13

450

13

Hollow points are excluded
by 13TeV 13.3/fb data.

Analysis based on ATLAS HL-LHC (PHYS-PUB-2014-010; Meff-2j-3100).
SUSY and SM by MG5+Pythia6/taoula+Delphes3.3.0 (default-CMS but dR=0.4). 
SUSY: prospino NLO SM: rescaling w.r.t. ATLAS simulation

ATL-CONF-2016-078 (Meff-2j-2000)

/5853



Summary

 Flavor tagging @ LHC

➢ crucial + rapidly developing (deep learning tagger @ Jul. 2017)

➢ BSM application: “uncertainty”

 charm-tagging for SUSY model discrimination

➢ interesting because 1st + 2nd gen. are “expected” to be degenerate.

c in proton  indirect gluino mass meas.

54 /58
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c-tagger fast simulation
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 Fast simulation for c-tagging?

➢ impose                     on each jet.

 how to define “truth jet flavor” in simulation?

 our naive method (we modified Delphes3)

➢ a jet is “truth-level b-jet” if b-parton/hadron in jet,

➢ else: “truth-level c-jet” if c-parton/hadron in jet, else “light-jet”.

 subtlety:

 “truth c” [incorrect!]



c-tagger fast simulation

➢ big effect to SM

➢ smaller for squark process

➢ In our simulation:
another syst. unc. on “SM”

➢ At experiment:
calibrated in “commissioning”

57 /58

➢ also affects squark proc.

➢ negligible
@ current precision

➢ careful stud required
for future (higher precision)

ex) flavor violation in SUSY



Summary

 Flavor tagging @ LHC

➢ crucial + rapidly developing (deep learning tagger @ Jul. 2017)

➢ BSM application: “uncertainty”

 charm-tagging for SUSY model discrimination

➢ interesting because 1st + 2nd gen. are “expected” to be degenerate.

c in proton  indirect gluino mass meas.
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Moriond 2017 (squark)
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Moriond 2017 squark searches (2j+MET)

Based on the same simplified model as ours, but

/5860



Moriond 2017 squark searches (2j+MET)
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Moriond 2017 squark searches (2j+MET)

but they will do better…. /5862



Details of simulation
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Background simulation details
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MC method details
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SR details
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Event-based approach
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1.5TeV 8-squark; MC unc. only
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1.5TeV 8-squark; MC unc. only
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(uncertainty: stat only, y-axis only)
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(uncertainty: stat only, y-axis only)
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(uncertainty: stat only, y-axis only)
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(uncertainty: stat only, y-axis only)


