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Physics Motivations

Physics Process of Interest - Charged-Current Scattering

Feynman Diagram for CC DIS
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A greatly improved understanding of the quark sea in nucleons, especially at high x , is a key
science driver for the EIC program. Charged-Current (CC) Deep Inelastic Scattering (DIS) offers
one tool for probing the sea. An obvious target here is the strange quark, whose contributions (e.g.
s(x ,Q2) and helicity) are still poorly constrained (especially at high x).
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Physics Motivations Past experiments and current knowledge constraints

EXAMPLE: Neutrino scattering on a fixed target (NuTeV) [1]

The dimuon signal is very experimentally clean, and thanks to Cabibbo
suppression the inference that the preceding charm production is dominated by
s → c transitions is safe; the interpretation of the underlying strange sea is
challenging due to nuclear corrections and fragmentation/hadronization
functions that are convoluted with the underlying PDFs.

Experimental data from this and many other similar experiments have been a
key part of PDF fits in recent decades.
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Physics Motivations Past experiments and current knowledge constraints

Constraints on our understanding of s(x ,Q2)

Some Definitions

rs =
s + s
2d

Rs =
s + s
u + d

The above are functions of x
and Q2
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Example: CT18 PDF uncertainty
on s(x ,Q2) vs. x [2]

Example: LHC Heavy Ion W/Z
production [3] constraint on Rs

Dimuon measurements in ν DIS typically prefer a low value of Rs; kaon semi-inclusive DIS typically
prefers an even lower value; LHC electroweak boson measurements prefer a value consistent with
unity → while theoretical improvements are definitely being made, we as a community benefit
immensely from new data to fuel additional progress.

S. Sekula (SMU) CFNS HF EIC — CC DIS and Strangeness November 4, 2020 6



Physics Motivations Past experiments and current knowledge constraints

Rs and s(x ,Q2) across several PDF sets
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(Some) Experimental Approaches at the EIC SIDIS or Charm Jets? (why not both!)

The Potential of the EIC:
Approaches to Strangeness
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(Some) Experimental Approaches at the EIC SIDIS or Charm Jets? (why not both!)

Experimental Approaches at the EIC
There are some obvious approaches available to experiments at the EIC for probing the strange
quark content and structure of the proton:

I Semi-Inclusive Deep Inelastic Scattering (SIDIS)
I Employ approaches [4] like those at HERMES [5] and

COMPASS [6] (for example) to reconstruct single kaons
resulting from lepton-nucleon scattering.

I Advantages
I Experimental Simplicity: depending on the detector, you have

full reconstruction and/or identification. Also, DIS variables
directly accessible to experiment using the scattered beam lepton
from neutral current DIS.

I Experimental Cleanliness: focusing on single well-identified
particles can provide a strong advantage in signal-to-noise in the
reconstruction.

I Drawbacks
I Theoretical Challenge: the fragmentation function/hadronization

model becomes (strongly) entangled in the interpretation of the
underlying PDF.
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Example: HERMES measurement of
kaon multiplicity vs. x [5]

(nuclear-polarized deuteron gas
target, positron beam, DIS)
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(Some) Experimental Approaches at the EIC SIDIS or Charm Jets? (why not both!)

Experimental Approaches at the EIC
There are some obvious approaches available to experiments at the EIC for probing the strange
quark content and structure of the proton:

I Charm Jet Reconstruction amd Tagging
I Employ approaches [7] like those at ZEUS (for

example) to reconstruct and flavor tag whole jets from
s → c in charged-current (CC) DIS

I Advantages
I Theoretically Simpler: A bit more theoretically

straight-forward: no fragmentation function dependence,
since the jet is reconstructed.

I Drawbacks
I Experimental Complexity: jet reconstruction and

calibration depend on detector design; missing energy
reconstruction similarly influenced; flavor tagging
depends on good tracking resolution and hermeticity;
particle ID depends on dedicated systems and detector
design; DIS variables accessible through, for instance,
the Jacquet-Blondel approach (degraded resolution).

A 3-D visualization of an EIC-like detector,
including a CC DIS event with a true

charm-initiated and reconstructed jet (yellow
cone)
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(Some) Experimental Approaches at the EIC Charm Jets and Strangeness: ZEUS/HERA-II

The Potential of the EIC: Charm
Jets as a Probe for Strangeness
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(Some) Experimental Approaches at the EIC Charm Jets and Strangeness: ZEUS/HERA-II

Charm Jets: The ZEUS Experimental Approach [8]

I HERA-II e±p collision
data,

√
s = 318 GeV,

Le+ = 173pb−1, and
Le− = 185pb−1

I Tracking capabilities
included a microvertex
detector in addition to
the central tracking
detector

I Calorimetry based on a
uranium-scintillator
design with EM and
HAD capabilities

Reconstruct jets (kT , R=1) from energy
flow objects and identify charm jets
using displaced secondary vertex

(SVX) counting. Fit to flight information
of SVXs.

σ+
cEW = 8.5 ± 5.5(stat.) ± +0.2

−1.3(syst.) pb

σ−
cEW = −5.7 ± 7.2(stat.) ± +1.0

−1.2(syst.) pb

Statistical uncertainties dominate → expect
that to be vastly reduced by the
high-luminosity program at the EIC.

Dominant systematic uncertainties were
from secondary vertex corrections and
predictions of the QCD charm contribution;
sub-dominant systematics arose from
light-flavor background estimation, selection
efficiency, and jet energy scale.
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(Some) Experimental Approaches at the EIC Charm Jets at the EIC: Collider and Detector Perspectives

Collider Configuration[12] and Physics Goals (c.f. [7])

Image from Ref. [9]

The electron-hadron beam model employed for the studies shown here is
an e− and p+ collision with Ee = 10 GeV and Ep = 275 GeV. This achieves√

s =
√

4EeEp ≈ 105 GeV, high instantaneous luminosity, and can yield
≈ 100 fb−1/year [10, 11].
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(Some) Experimental Approaches at the EIC Charm Jets at the EIC: Collider and Detector Perspectives

Delphes and Detector Implementation[12]

Utilizing Delphes detector implementation [13][14] based on EIC
Detector Matrix [15]. See Appendix slides 30-31 for detailed

breakdown.

I Tracking: covers |η| < 3.5 with 85%-98%
efficiency depending on pT and η; track
impact parameter resolution is 20µm in d0
and z0. Tracking system immersed in 1.5T
magnetic field.

I ECal covers |η| < 4 with resolution of
σ = E × (1.0%)⊕

√
E × (2.0%) in the

backward direction worsening to
E × (2.0%)⊕

√
E × (12.0%) in the forward

direction. Granularity is
(∆η,∆φ) = (0.020,0.020).

I HCal covers |η| < 4 with resolution of
σ = E × (10%)⊕

√
E × (50%) in the

backward and forward direction, worsening
to E × (10.0%)⊕

√
E × (100%) in the

barrel. Granularity is best in
forward/backward region,
(∆η,∆φ) = (0.025,0.025), and more
coarse in the barrel, (∆η,∆φ) = (0.1,0.1)
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(Some) Experimental Approaches at the EIC Charm Jets at the EIC: Modelling CC DIS

Modeling CC DIS

I Charged-Current (CC) DIS is simulated using
PYTHIA8 [16, 17]
I Process: WeakBosonExchange:ff2ff(t:W)
I Q2 > 100 GeV2

I σPYTHIA8
Q2>100 GeV2 = 14.76 pb

I PDF set: CT18 from LHAPDF; baseline is
CT18NNLO

I Generated 20M events for study (using varying
amounts of this for the parts of this talk)

Feynman Diagram for CC DIS
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(Some) Experimental Approaches at the EIC Charm Jets at the EIC: Modelling CC DIS

Broader View of Charm Jet Production at the EIC
The CC DIS process W−s → c is, of course, not the only contributor to charm jet production at an
electron-hadron machine [8].

e−
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W−

s
c

g

s
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νe
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c
s

g

c

e−

νe

W−

c

s

LEFT DIAGRAM: modelled in PYTHIA8 for this study. Reported cross-section is σPYTHIA8
Q2>100 GeV2 = 14.76 pb.

MIDDLE AND RIGHT DIAGRAMS: Gluon splitting and charm-initiated graphs are also important contributors,
being sensitive to g(x ,Q2) and F cc

2 (including a possible nonperturbative charm component); these were not
modeled in this study. Also (not shown) need to consider final-state gluon radiation, g → cc. These components
need to be disentangled in a full-scale data analysis. They are ignored here and will be considered in future work
(this leads to a conservative underestimate of the charm jet yield for this study).
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(Some) Experimental Approaches at the EIC Charm Jets at the EIC: Modelling CC DIS

Differential Cross Sections and Yields for 100fb−1

All Jets [CT18NNLO]

Charm Jets [CT18NNLO]
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Theoretical expectation is
for thousands of charm jets
produced in 100fb−1 from
CC DIS (a few percent of
the total CC DIS jet yield).
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CC-DIS, 10GeVx275GeV, Q2 > 100GeV2

Charm jets (anti-kT , R=1) preferentially produced at low-angle (θ ≈ 35◦ or η ≈ 1.2,
approximately the transition region between barrel and hadronic endcap) but span

out to η ≈ 3.5− 4.0. Need good tracking and calorimetry coverage (and hermeticity!)
down to low forward angles to insure reliable reconstruction of these jets.
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(Some) Experimental Approaches at the EIC Reconstructing and Tagging Charm Jets

Jets and Missing Transverse Energy
Jets are reconstructed using a particle flow algorithm, taking advantage of the tracking information to improve
our knowledge of the final reconstructed jet. No effort at calibration or jet energy scale estimation is made here,
but we would assume a final 10% (or so) systematic error assuming a typical modern detector technology and
geometry configuration. Good jet calibration is essential to MET reconstruction (left) and the purity of the
Jacquet-Blondel computation of Q2 and x (right).
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(Some) Experimental Approaches at the EIC Reconstructing and Tagging Charm Jets

Example: Event Display of Charm Jet, 8 high-IP tracks, Emiss
T = 24.7 GeV,

pT = 24.5 GeV, η = 1.6

The displaced vertices in this jet (there are 2; 1 is highlighted) are about 0.5mm from the IP in x − y plane. The
jet was truth-matched to a charm jet and charm-tagged. Two true kaons are present, one emerging from each
displaced vertex. Good case for jet-level tagging but also inclusion of track-level particle identification (PID) in an
inclusive tagging algorithm.
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(Some) Experimental Approaches at the EIC Reconstructing and Tagging Charm Jets

Flavor-Tagging Jets: An Example Using High-Impact Parameter Track Counting

Graphic from ATLAS b-jet Trigger Signature Group

Delphes provides a nice, basic flavor tagging algorithm:
high-impact-parameter track counting inside a jet object. The signed
3-D impact-parameter is defined as:

sIP3D = sgn(~pj · ~L)×
√

(d0/σd0)
2 + (z0/σz0)
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CC-DIS, 10x275GeV, Q2 > 100GeV2

light jets
charm jets

We optimize hyper-parameters by minimizing the uncertainty on the
final light-jet-subtracted charm jet yield: track pmin

T = 0.5 GeV; sIP3D > 3
per track; ≥ 2 such tracks.
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(Some) Experimental Approaches at the EIC Reconstructing and Tagging Charm Jets

Flavor Tagging Efficiency

0 10 20 30 40 50 60
3−10
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2>100 GeV2CC-DIS, 10GeVx275GeV, Q

Charm Jets
Light Jets

Track counting efficiency on charm (light) jets
ranges averages to 20% (0.4%).

At this level of efficiency, and given the CC DIS
production cross-section and the high efficiency of
selecting events with a jet (95%) and with
Emiss

T > 10 GeV (75%), we expect ∼ 6000 events
in 100 fb−1 at the EIC (1 year of data-taking).

Modern state-of-the-art charm jet tagging
approaches (multivariate in nature, employing
track, vertex, and particle ID information) achieve
charm (light) efficiencies of ≈ 40% (0.5%). We can
expect this to be better with more exploratory
effort, so this is conservative for now.

SIDE NOTE: Adding kaon, electron, and muon PID to the tagging approach was studied → anticipate 50% gains
in charm jet efficiency with negligible impact on background rate. This approach is not used for the results on the
next slides.
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(Some) Experimental Approaches at the EIC Potential impact of Charm Jets on Strangeness
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nucleon strangeness remains comparatively less constrained

→ in CT, main inputs are from νDIS on heavy nuclei (nuclear corrs. relevant) 

→ of interest: the strange suppression ratio, 

→ typical QCD fits find Rs ~ 0.5; ATLAS W/Z production favors Rs ~ 1

→ question: can CC charm jet production off proton distinguish small from large Rs?

 Lagrange multiplier scans of Rs in CT18 analysis:

theory inputs: for

*

*

arXiv: 1912.10053 [hep-ph]
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(Some) Experimental Approaches at the EIC Potential impact of Charm Jets on Strangeness

Statistical Uncertainty (100 fb−1) vs. current theory uncertainty on Strangeness in
the Proton
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Compare two variations of the CT18 PDFs:
CT18NNLO with suppressed strangeness
(Rs = 2s

u+d
= 0.325) and CT18ZNNLO with

enhanced strangeness (Rs = 0.863). The
variation in charm jet yields from these two
cases vastly exceed statistical uncertainty on
the worst-case (suppressed) scenario!

Even considering obvious missing uncertainties
like jet energy scale (∼ 10%), selection and
other detector systematics, and the fact that we
think this charm tagging efficiency is
conservatively underestimated (we’ve only
employed a single method - mature taggers use
a multivariate combination of multiple
approaches, including the one used here), this
has the promise of greatly improving our
knowledge of the strange PDF.
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(Some) Experimental Approaches at the EIC Potential impact of Charm Jets on Strangeness

Statistical Uncertainty (100 fb−1) vs. current theory uncertainty on Strangeness in
the Proton
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We show here the same comparison of
yield uncertainty (grey, suppressed
strangeness) to the variation between
enhanced and suppressed strangeness
in the proton (blue markers), but for true
Bjorken x and for the experimentally
inferred "Jacquet-Blondel" x [19].

Our best experimental sensitivity to the differences between these extrema is anticipated in the region of
xJB ≈x= [0.05,0.5].
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(Some) Experimental Approaches at the EIC Potential impact of Charm Jets on Strangeness

Conclusions and Outlook
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Conclusions and Outlook

Conclusions and Outlook

I CC DIS has been for a long time a vital tool in probing instrinsic
strangeness in the proton.

I The neutrino beam experiments, kaon semi-inclusive DIS, and LHC
data (for example) have improved our knowledge of s(x ,Q2) but
there is so much more to be learned, especially at high-x

I SIDIS and CC DIS will be important tools for the EIC (I’ve only really
talked about CC DIS in this talk)

I Ultimately, a global analysis that combines approaches will be
the best way forward for s(x ,Q2) and our community as a whole →
take advantage of the strengths and weaknesses of each approach
while gaining from the statistically independent methodologies!

I Close coordination between experimental and theoretical segments
of the community is vital, especially to inform on (a) modeling the
EIC collision environment, including EW and QCD backgrounds; (b)
disentangling theory contributions to the final state that must be
handled to interpret the experimental results.

I NOT COVERED IN THIS TALK: EIC beam polarization provides a
vital opportunity to use SIDIS, CC DIS, etc. to probe strangeness
helicity and contribution to the nucleon spin.

Future Directions for CC DIS
Work

I Full secondary vertex
reconstruction (ala ZEUS!)

I Jet substructure for flavor
tagging

I More realistic PID
implementation (e.g.
specific detector ideas)

I Improved primary
interaction modeling
(polarization, backgrounds,
etc.)

I Pseudodata input to PDF
fits to test impact of EIC on
s(x ,Q2)
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Conclusions and Outlook

Appendix
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Appendix

Approaches and Challenges
Channels listed are increasingly demanding. For every row consider all requirements above as well. The (x ,Q2) dependence of the observables is

omitted for brevity. Table from Miguel Arratia.
Channel Observable Goal Physics-driven requirement Category numbers
e-jet (NC) dσ, AUT (∆φ) kT -dependence ∆φ res. << intrinsic width Jet res. jet dE/E < 15%
100 fb−1 of quark Sivers R = 1.0 → had. corr. O(1)% Acceptance 2π, |η| < 3.5 HCAL and ECAL

particle-flow reco Granularity endcap ∆φ×∆η ≤ 0.025 × 0.025
h-in-jet (NC) dσ, AUT (zh, jT ) q-transversity + dp/p at high z < jet dE/E Tracker dp/p < 5% at 50 GeV
100 fb−1 PID η < 3.5 and 40 GeV
ν-jet (CC) dσ, AUT u Sivers ∆φ << 0.3 rad Emiss

T res. dEmiss
T /Emiss

T < 15%
100 fb−1 Bkg. rej. to phot and NC Acceptance 2π, |η| < 3.5 HCAL and ECAL

E>100 MeV thres. ECAL
E>400 MeV thres. HCAL
pT > 100 MeV tracker

>70% survival prob. Jet/Emiss
T res. dx/x < 20%,

for 5 bins per-decade in x ,Q2 dEmiss
T /Emiss

T < 15%
h-in-jet (CC) dσ, AUT (zh, jT ) u-transversity — — —
100 fb−1

c-jet (CC) dσ, ALL s PDF& helicity charm-tagging Tracker c-jet tag at > 10% (<0.05%)
100 fb−1 DCA = 20 µm, ≈ 100% eff.

PID TBD
h-in-c-jet (CC) dσ, AUT (zh, jT ) s-transversity — — —
100 fb−1

c-jet (e+ CC) dσ, ALL s/s̄ asymmetry positrons — —
100 fb−1
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Appendix

CC DIS NLO Cross-Section Prediction
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20pb.

Figure is from Ref. [20].
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Appendix

Delphes and Detector Implementation[12]

Charged particle tracking covers |η| < 3.5 and is efficient for tracks
with pT > 0.1GeV. For this study, the track d0 and z0 resolution
formulas are each set to 20µm for all (pT , η) where this tracker

model has acceptance.

I Implementation in Delphes by
Miguel[13] based on EIC Detector
Matrix [15]; a fork is used for studies in
this talk [14]

I Consists of a tracking system, ECal, and
HCal. Tracker is immersed in 1.5T
solenoidal magnetic field.

Tracker Information

I For particles below 0.1 GeV in pT , or with
|η| > 3.5, efficiency is 0.

I For particles with pT = (0.1, 1.0],
efficiency varies from 95% for |η| ≤ 1.5,
to 92% for |η| = (1.5, 2.5], to 85% for
|η| = (2.5, 3.5].

I For particles with pT > 1.0, efficiency
varies from 98% for |η| ≤ 1.5, to 95% for
|η| = (1.5, 2.5], to 90% for
|η| = (2.5, 3.5].
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Appendix

Delphes and Detector Implementation[12]

The barrel and endcap electromagnetic calorimeters (|η| < 1.0 and
|η| = [1.0,4.0], respectively) are assumed to have a granularity of
(∆η,∆φ) = (0.020,0.020). The minimum cell energy threshold is

set to 0.2 GeV.

I Implementation in Delphes by
Miguel[13] based on EIC Detector
Matrix [15]; a fork is used for studies in
this talk [14]

I Consists of a tracking system, ECal, and
HCal. Tracker is immersed in 1.5T
solenoidal magnetic field.

ECal Information

I For |η| = (−4.0,−2.0],
σ2 = E2 × (1.0%)2 + E × (2.0%)2

I For |η| = (−2.0,−1.0],
σ2 = E2 × (1.0%)2 + E × (7.0%)2

I For |η| = (−1.0, 1.0],
σ2 = E2 × (1.0%)2 + E × (10.0%)2

I For |η| = (1.0, 4.0],
σ2 = E2 × (2.0%)2 + E × (12.0%)2
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Appendix

Delphes and Detector Implementation[12]

The EIC baseline detector does not describe the granularity of an
HCal. (an ≈ sPHENIX HCal is assumed). The barrel hadronic
calorimeter (|η| < 1.0) has (∆η,∆φ) = (0.1,0.1); the endcap

(|η| = [1.0,4.0]) has (∆η,∆φ) = (0.025,0.025), improved over
barrel. Resolution also improves in the endcap. The minimum cell

object threshold is set to 0.4 GeV.

I Implementation in Delphes by
Miguel[13] based on EIC Detector
Matrix [15]; a fork is used for studies in
this talk [14]

I Consists of a tracking system, ECal, and
HCal. Tracker is immersed in 1.5T
solenoidal magnetic field.

HCal Information

I For |η| = (−4.0,−1.0],
σ2 = E2 × (10.0%)2 + E × (50.0%)2

I For |η| = (−1.0, 1.0],
σ2 = E2 × (10.0%)2 + E × (100.0%)2

I For |η| = (1.0, 4.0],
σ2 = E2 × (10.0%)2 + E × (50.0%)2
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Appendix

Validation Plots for Reconstructed Jets (R=1.0)
Jets are reconstructed using tracks and calorimeter clusters in an EnergyFlow approach. The Anti-kT algorithm
builds the jet (R=1.0) and energy flow is used to determine the jet four-vector. The reconstruction implementation
comes from FastJet [21, 22].

Jet energy resolution
(Σ ≡ (EJ − E true

J )/E true
J ) in this

detector model varies with jet energy,
of course, but generally has an RMS
that varies between 15-20% at low
EJ to 5-10% at higher EJ .

Barrel jet resolution is worse than
endcap resolution (∼ 20% vs.
7.5 − 15%).

The “Transition” region is the one
between the barrel and endcap(s). I
set that to be between |η| = [0.5,1.5]
given the size of the jets.

True jets are matched to reconstructed jets if they fall within half the radius parameter of the reconstructed jet
axis. Closest in ∆R =

√
(∆φ)2 + (∆η)2 is retained.
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Appendix

Example: Delphes vs. CMS

Slide from Ref. [23]

Dedicated charm-jet taggers developed
for LHC experiments (e.g. ATLAS) use
multivariate discriminants that combine
2-D and 3-D track impact parameter
information with secondary vertex and
jet evolution information. In their loose
(tight) configurations they can select
40% (20%) of charm jets while keeping
only 25% (5%) of b-jets and 5% (0.5%)
of light jets. That’s “state-of-the-art” for
now.
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