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Logo: Large

Lawrence Berkeley National Laboratory

Jetscape 2018

Disclaimer: I have not attempted to have an equal balance across experiments.  In many cases, 
there are analogous results from other collaborations.  I can provide references upon request.

https://indico.bnl.gov/conferenceDisplay.py?confId=3958
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First: What is a measurement?
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Hint: Only one of these is a measurement …
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Logo: Large

First: What is a measurement?

New Physics 
Search
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e.g. quark/gluon tagging 
with machine learning

N.B. I won’t say more about ML in this talk … always happy to discuss 
though!  We also hosted a recent ML4Jets workshop at LBNL.

These are not 

measurements

Goal: Optimize/develop an algorithm, test it in data, 
develop a calibration, and/or derive uncertainties.

https://indico.physics.lbl.gov/indico/event/546/
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First: What is a measurement?
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teaches us 
about tracking 

inside jets

These are not 

measurements

Goal: Optimize/develop an algorithm, test it in data, 
develop a calibration, and/or derive uncertainties.

~isospin
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Logo: Large

First: What is a measurement?
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First: What is a measurement?
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First: What is a measurement?
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- correct for detector effects.

- goal: constrain the SM, probe it 
in a new regime, and/or provide 
input for MC/PDF tuning/fitting.

- aiming for O(%) uncertainties.
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Logo: Large

First: What is a measurement?

There are many measurements with 
jets, but I’ll focus on measurements 
of jets and their internal structure

These are 
measurements!
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Part I: Jet Multiplicity and Energies
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Part II: Event Shapes
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Part III: Inside Jets
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10Part I: Jet Multiplicity and Energies

 [GeV]
T

p
210 310

 [p
b/

G
eV

]
y

 d Tp
/d
σ2 d

-2310

-2010

-1710

-1410

-1110

-810

-510

-210

10

410

710

1010
1210

PreliminaryATLAS 
-113 TeV, 3.2 fb

=0.4R jets,  tanti-k

uncertainties
Systematic

 EW corr.×Non-pert. corr. 
×NLOJET++ (CT14nlo) 

)0 10×| < 0.5 (y|
)-3 10×| < 1.0 (y |≤0.5 
)-6 10×| < 1.5 (y |≤1.0 
)-9 10×| < 2.0 (y |≤1.5 
)-12 10×| < 2.5 (y |≤2.0 

)-15 10×| < 3.0 (y |≤2.5 

Relative uncertainty of 2.1% on the integrated luminosity not included

1711.02692

13 TeV

 [GeV]
T,jet

p

70 210 210×2 310 310×2

 d
|y

| [
pb

/G
eV

]
T,

je
t

/d
p

σ2 d

8−10

7−10

6−10

5−10

4−10

3−10

2−10

1−10

1

10

210

310

410

510

 |y| <0.5
)00.5 10× |y| <1.0 (≤0.5
)-11.0 10× |y| <1.5 (≤1.0
)-10.5 10× |y| <2.0 (≤1.5
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 MMHT2014EW k⊗
Pythia8AU2CT10
NPk ⊗NLO QCD

ATLAS preliminary 
-1= 8 TeV, 20.3 fbs

 R= 0.4tanti-k

8 TeV

~2 TeV @ 20.3 fb-1 ~3 TeV @ 3.2 fb-1

1706.03192

Inclusive anti-kt Jet Cross-Sections
Reach:

(binned in rapidity, y)

|y| ~ 0

|y| ~ 0

NLO is accurate over many 
orders of magnitude
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13 TeV8 TeV

Run 2 already reaching/surpassing 8 TeV precision!

Part I: Inclusive Jet Cross-sections

JES = jet energy scale (bias)
JER = jet energy resolution (standard deviation)

1706.03192

very important for probing proton structure, in particular the gluon PDF

1711.02692
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12

~2 TeV @ 20.3 fb-1 ~3 TeV @ 3.2 fb-1

Run 2 already reaching/surpassing 8 TeV precision!

Part I: Inclusive Jet Cross-sections

very important for probing proton structure, in particular the gluon PDF

- can be used to extract as 
(calculations now at NNLO so

 can even make the PDG!)
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Rhigh

Rhigh, NLO theory

Figure 10: The impact on the gluon PDF at NNLO of the ATLAS [23] and CMS [24] 7
TeV jet data. The percentage di↵erence in comparison to the baseline fit, with no jet data
included, is shown. Results are shown for the default NNLO fit, and to the same fit but using
the NLO theory, i.e. with the NNLO K-factors omitted. The left (right) plots correspond to
the ‘low’ and ‘high’ jet radii described in the text.

scale choices in the underlying theory prediction is not negligible. In addition, while the
qualitative trend in the NLO and NNLO fits is similar, the latter leads to a somewhat softer
gluon, which even lies somewhat outside the baseline PDF uncertainty band for the higher
jet radius.

Thus, to summarise the e↵ect of the LHC data and the accompanying theory improve-
ments, in all cases we observe some relative stability in the overall trend of the extracted
gluon, with the smallest di↵erences being due to the choice of scale, followed by the choice
of jet radius and finally the NLO vs. NNLO di↵erence being largest. We study this result in
more detail below.

To investigate the e↵ect of scale choice further, in Figs. 8 and 9 we show the data/theory
for both choices of scale, with lower and higher R choice, respectively. We show results for
the both the ATLAS and CMS data, in the central rapidity bin (although similar results
are seen at other rapidities). In the left hand plots we show the results prior to including
the systematic shift in the correlated errors. We concentrate our discussion below on the
lower R choice shown in Fig. 8, as here di↵erence with respect to the two scale choices is
more pronounced, but similar conclusions hold for the higher choice, shown in Fig. 9. An
approximately 10% di↵erence is observable at lower p?, with the p

max
? choice leading to

the larger result, consistent with the findings in [33]. We can see that in both cases the
description of the data is poor, highlighting the importance of the systematic experimental
uncertainties. However, once the data is allowed to shift by these errors this di↵erence largely
disappears, and good description of the data is achieved in all cases. The shift is somewhat
larger for the p

max
? case, with a ⇠ 5 (11) point increase in the �

2 due the shift penalty
found for the ATLAS (CMS) data, while for the higher R choice the overall shift penalty is

15

- important input to 
high-x gluon PDF

%
 d

iff
er

en
ce

L. Harland–Lang, A. Martin, 
R. Thorne, 1711.05757

1410.6765
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Dittmaier, Huss, Speckner
= 8 TeVs

 R= 0.4tanti-k

We are probing a regime where NP effects are negligible.

…but electroweak 
corrections are not small!

EW corrections

1706.03192
S. Dittmaier, A. Huss,  

C. Speckner, 1210.0438

4

(LO diagrams)

Part I: Beyond fixed order QCD
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Figure 3: Unfolded distribution from background-subtracted data of the angular separation between the muon and
the closest jet in the signal region along with several predictions from theory calculations. The lower panels show
the ratio of the theory predictions to the unfolded data. The error bars in the upper panel and the grey shaded
error bands in the lower ratio panels are the sum of the statistical and systematic uncertainties in the measurement.
The shaded error band on the ALPGEN+PYTHIA6 calculation is statistical uncertainty, the band on the PYTHIA8
calculation is statistical and PDF uncertainties and those on the SHERPA+OpenLoops and the W + � 1 jet Njetti
NNLO calculations are scale uncertainties.
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Figure 3: Unfolded distribution from background-subtracted data of the angular separation between the muon and
the closest jet in the signal region along with several predictions from theory calculations. The lower panels show
the ratio of the theory predictions to the unfolded data. The error bars in the upper panel and the grey shaded
error bands in the lower ratio panels are the sum of the statistical and systematic uncertainties in the measurement.
The shaded error band on the ALPGEN+PYTHIA6 calculation is statistical uncertainty, the band on the PYTHIA8
calculation is statistical and PDF uncertainties and those on the SHERPA+OpenLoops and the W + � 1 jet Njetti
NNLO calculations are scale uncertainties.

13

1609.07045

In fact, real EW emissions 
are measurable! 

1706.03192

W

7

Part I: EW Corrections

Not well-modeled by all setups, 
including dedicated weak shower

“W+jet”“W from jet”

https://arxiv.org/pdf/1609.07045.pdf
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15Part II: Event Shapes

1

�
d⌃

d cos� (cos�) =
P

events

Pnjets

i,j=1

ET,iET,j

(

Pnjet
k=1 ET,k)

2 �(cos�� cos�ij)

Event shapes played 
a key role in precision 

QCD at e+e-

One observable is the 
Transverse Energy-
Energy Correlation 

Function (TEEC)

with energy-energy correlations 

HT2 = pT1 + pT2

(sets the hard scale)

(defined as dimensionless cross-section)

)
φ

/d
(c

o
s 

Σ
) 

d
σ

(1
/

-210

-110

1

10 Data 2012

Pythia8

Herwig++

Sherpa

Preliminary ATLAS

-1 = 8 TeV; 20.2 fbs

 jets R = 0.4tanti-k

 > 1400 GeVT2H

φcos 
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

M
C

 /
 D

a
ta

0.5

1

1.5
 syst. unc.⊕Data stat. 

LO+LL does fairly well!

1707.02562



 = 8 TeV (NLO)sATLAS ATEEC 
This analysis

 = 7 TeV (NLO)sATLAS TEEC 
Phys. Lett. B 750 (2015) 427

 = 7 TeV (NLO)s 32ATLAS N
ATLAS-CONF-2013-041 (2013)

 = 7 TeV (NLO)sMalaescu & Starovoitov ATLAS jets 
Eur. Phys. J. C 72 (2012) 2041

 = 7 TeV (NLO)s 32CMS R
Eur. Phys. J. C 73 (2013) 2604

 = 7 TeV (NLO)sCMS inclusive jet cross section 
Eur. Phys. J. C 75 (2015) 288

 = 7 TeV (NLO)sCMS 3-jet mass 
Eur. Phys. J. C 75 (2015) 186

 = 7 TeV (NNLO)s cross section tCMS t
Phys. Lett. B 728, 496 (2013)

World average 2016
Chin. Phys. C 40 (2016) 100001

)
Z

(m
S

α

0.11 0.12 0.13 0.14 0.15 0.16 0.17

Experimental Uncertainty
Total Uncertainty
PDG Total Uncertainty

Preliminary ATLAS
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16Part II: Event Shapes

LO = O(↵3
s)

�2
fit for ↵s

using unfolded data

(N.B. )

consistent with other pp jet extractions

)
φ

/d
(c

o
s 

Σ
)d

σ
(1

/

0.05

0.1

0.15

0.2

0.25

0.3

Data (exp. unc.)

NLO pQCD (th. unc.)

Preliminary ATLAS -1 = 8 TeV; 20.2 fbs

 jets R = 0.4tanti-k

) = 0.1186
Z

(ms
partial

α

 > 1400 GeVT2H

NNPDF 3.0 (NNLO)

φcos 

-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8

D
a
ta

 /
 T

h
e
o
ry

0.8

1

1.2 dominated by scale uncertainties

1707.02562

Cut off near +/- 1 due to 
resummation sensitivity  

ratio observable useful to reduce 
experimental uncertainties



CMYK - 95c / 9m / 0y / 83kPantone - PMS 547U

Logo: Small Color: please use the mix appropriate to your application

Default Typefaces

DEFAULT SAN SERIF TYPEFACE DEFAULT SERIF TYPEFACE

Arial
Regular
Italic
Bold
Bold Italic

ABCDEFGHIJKLMNOPQRSTUVWXYZ
abcdefghijklmnopqrstuvwxyz
1234567890

Rev 09/23/14

RGB - R 0 / G 57 / B 90 

Berkeley Lab Logo Usage

Times New Roman
Regular
Italic
Bold
Bold Italic

ABCDEFGHIJKLMNOPQRSTUVWXYZ
abcdefghijklmnopqrstuvwxyz
1234567890

Logo: Large

17

ATL-PHYS-PUB-2017-009

Part III: Inside Jets

The radiation 
pattern inside jets 
probes a different 

regime of QCD

The most basic of 
all observables is 

particle multiplicity

Charged particle 
tracks are our 

proxy for particles
Multiplicity scales with the color charge 
(CF/CA): useful for distinguishing q/g*!

Not IRC safe but 
still very useful!

*At LL, this is actually all 
that distinguishes q/g

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2017-009/
http://1704.06266
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T

Jet p
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forward
gluon - fractioncentral
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forward
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central
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Charged-particle Multiplicity

We can use (jet) kinematic 
information to extract 

separate q/g jet substructure

q/g multiplicity separately measured by exploiting rapidity 
(for a fixed pT, quark jets tend to be more forward)

1602.00988

DRAFT

3 Systematic Uncertainties73

The core idea of this note is to use the measurement of the particle-level charged-particle multiplicity74

at
p

s = 8 TeV for quark and gluon jets [22] to derive uncertainties for our simulation at
p

s = 13 TeV.75

The uncertainties on the corresponding particle-level distribution are described in Section ??. Addi-76

tional uncertainties related to the detector-level track reconstruction at
p

s = 13 TeV are highlighted in77

Section ??.78

3.1 Modeling Uncertainties79

Dijet events, pp ! j j ( j = parton), are predominantly pp ! gg at low jet pT and mostly pp ! qq

0 at80

high pT (q = quark, g = gluon) as shown in the left plot of Figure ??. For intermediate jet transverse81

momenta, there is a mix of the gg, qg, qq final states. When the outgoing jets are well-balanced in pT, the82

one that is more forward (higher |⌘ |) has a higher energy and is more likely to be a scattering involving83

a valence quark. For the two highest pT jets in a dijet event, define the fraction in MC simulation that84

are labeled as a quark or gluon jet by f

f,c
q,g, where f (c) denotes the jet of the pair at the higher (lower)85

⌘.3 The fractions f

f,c
q,g are due to parton distribution functions (PDF) convolved with matrix element (ME)86

calculations. The di�erence f

c
g � f

f
g approaches zero at high and low pT and peaks above zero at pT ' 40087

GeV (Figure ??). One can describe
⌦
ncharged

↵
separately for quarks and gluons by the following system of88

equations4:89

⌦
n

f
charged

↵
= f

f
q
⌦
n

q
charged

↵
+ f

f
g
⌦
n

g
charged

↵

⌦
n

c
charged

↵
= f

c
q
⌦
n

q
charged

↵
+ f

c
g
⌦
n

g
charged

↵
, (1)

in each pT bin. If the distribution of the charged-particle multiplicity inside jets is independent of the90

rapidity, then Eq. (??) can be used to extract the average number of charged particles for quark- and91

gluon-initiated jets in a given pT range. Symbolically, for any q/g discriminant X (X = ntrack in this case),92

the method presented in this note will work given that the following is satisfied:93

Pr(X |f) = Pr(X |f, q) Pr(q |f) + Pr(X |f, g) Pr(g|f) (2)
= Pr(X |q) Pr(q|f) + Pr(X |g) Pr(g|f), (and the same for c)

where the first line is true by the law of total probability. Equation ?? is a special case of Eq. (??) when94

taking the mean. To demonstrate that Eq. (??) is valid, one has to show that extracting
⌦
n

q,g
charged

↵
using95

Eq. (??) or directly from labeled jets results in the same answer. This is shown to be true to much better96

than 1% across nearly the entire pT range in Figure ??5 - the open stars, circles, and up triangles are97

all on top of each other and separately the open crosses, squares, and down triangles are also on top of98

each other. In other words, Figure ?? demonstrates that the charged particle multiplicity inside jets (to an99

excellent approximation) only depends on the pT and type (quark or gluon) of the initiating parton.100

3 These definitions only involve the relative position of the two jets. No explicit requirement on the absolute |⌘ | is applied.
4 A similar method was used by UA1 to study quark and gluon jet properties [23]. The key di�erence, discussed below, is that

this analysis only uses rapidity which is largely independent of jet structure (as opposed to e.g. the jet pT).
5 This plot shows the closure for P�����, but a similar level of closure is also observed for H�����++.

10th May 2017 – 15:28 5

from PDF + MEo
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Even though it is not IRC-safe, it is still possible 
to estimate the pT-dependence in pQCD.
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1602.00988

Interestingly, we find a better description of the data by 
increasing the FSR as (but this creates tension with LEP tuning)

Charged-particle Multiplicity
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20Jet Charge
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1509.05190

Next: weight the 
tracks .. start with 

their charge!

CHAPTER 1. JET CHARGE 3

1.1 Background

The jet charge is defined in Sec. 1.1.1 and its important properties are reviewed
in Sec. 1.1.2. Section 1.1.3 describes the theoretical predictions for the jet charge
distribution. The section ends in Sec. 1.1.4 with some comments about charge tagging.

1.1.1 Constructing the jet charge

There is no unique way to define the jet charge. The most naïve construction is to add
the charge of all tracks associated with a jet. However, this scheme is very sensitive
to lost or extraneous soft radiation. Therefore, a weighting scheme is introduced to
suppress fluctuations. Using the tracks assigned to a jet by ghost association, the jet
charge QJ of a jet J is calculated using a transverse-momentum-weighting scheme [5]:

QJ =
1

(p
TJ)

X

i2Tracks

qi ⇥ (p
T,i

), (1.1)

where Tracks is the set of tracks associated with jet J, qi is the electric charge
of track i in units of the positron charge, p

T,i is transverse momentum of track i,
 is a free regularization parameter, and p

TJ is the transverse momentum of the
calorimeter jet. The distributions of QJ for various jet flavors are shown in Fig. 1.2
for  = 0.3. In the simulation, there is a clear relationship between the jet charge
and the initiating parton’s charge, as up-quark jets tend to have a larger jet charge
than gluon jets. Furthermore, gluon jets tend to have a larger jet charge than down-
quark jets. However, the jet charge distribution is already broad at particle level and
the jet charge response (Q

particle-level

- Q
detector-level

) resolution is comparable to the
differences in the means of the distributions for different flavors, so one can expect
only small changes in the inclusive jet charge distribution for changes in the jet flavor
composition. The three narrow distributions on top of the bulk response distribution
in Fig. 1.2(b) are due to cases in which only one or two charged particles dominate the
jet charge calculation at particle level. The two off-center peaks are due to cases in
which one of the two high-p

T

-fraction tracks is not reconstructed and the widths of the

Allows us to look 
inside the proton “by 

eye” - more up 
quarks at high x!

Data/MC

Reco/Particle

Increases: more up-quark jets
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What happens when we ‘remove’ the PDF?   
Does the jet charge for jets of a particular type depend on pT?

9
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FIG. 6. h(Qi
1)

2i at LO and NLO for kT -like quark jets (left panel) and gluon jets (right panel) with R=0.5 and  = 1. The
bands correspond to the perturbative uncertainties for ⇢ = 1.
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FIG. 7. The average charge for an anti-kT quark jet is shown as function of the jet energy E for various values of  and R. The
Pythia results for d (u) quarks are shown as squares (circles). The plots are normalized to 1 at E = 100 GeV and R = 0.5,
which removes the dependence on the nonperturbative input and thus the quark flavor.

normalized to 1 at E = 100 GeV, which removes the de-
pendence on the nonperturbative parameter in Eq. (6).
At LO we do not include the NLO jet algorithm cor-
rections, i.e. we take eJij = 2(2⇡)3�ij . As Fig. 5 shows,
the NLO corrections reduce the average jet charge by a
non-negligible amount.

The perturbative uncertainties are estimated by vary-
ing the renormalization scale µ up and down by a factor
of 2. To keep the normalization point fixed, we simulta-
neously vary the scale in the normalization. We show un-
certainty bands both with (darker) and without (lighter)
this additional prescription in Fig. 5. In all the following
plots we will use this additional prescription, which keeps
the normalization point fixed and leads to smaller uncer-
tainties. However, since these uncertainty bands do not
quite overlap, they may be a bit too optimistic. In ad-
dition, the prescription causes the NLO band to be only
slightly narrower than the LO result. (Neither of these
issues are present for the lighter uncertainty bands.)

In Fig. 6 we study the convergence of h(Qi
)

2i for i =
q, g, which enters in the width in Eq. (10). We can no
longer completely remove the nonperturbative input by
normalizing, because of the mixing between quarks and
gluons. We therefore make an assumption for

⇢ =
h(Qg

)
2i

h(Qq
)2i at µ0 = 1 GeV, (40)

which we for simplicity take equal for all five light quark
flavors. The solid curves and uncertainty bands corre-
spond to ⇢ = 1 and the dotted curves in Fig. 6 corre-
spond to ⇢ = 2. We find again that the convergence is
reasonable. The mixing causes the width to reduce more
slowly as function of E. (For quarks the e↵ect of the
mixing is stronger if ⇢ is larger, whereas for gluons it is
the opposite way around.)

1209.2421 & 1209.3019

(scale violation)hQJi = [1 +O(↵s)]
P

h Qh
eDh
q (, E ⇥R)

pT

hQi
d

dpT
hQi = ↵s

⇡
ePqq() ⌘ c()

Moment of a 
fragmentation function

h = hadron

Moment of a 
splitting function

non-perturbative…but we know 
how it evolves with scale!

Prediction:  
c < 0 and dc/dk < 0
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April 1, 2015 – 14 : 55 DRAFT 77

7.2 Exclusive Interpretations699

In addition to using the trends in the jet charge distribution to learn about PDFs, one can use PDFs to ex-700

tract information about jets of a particular flavour. These exclusive interpretations rely on flavour fraction701

information in PDFs and matrix element calculations to extract the jet charge distribution for particular702

jet flavours in each pT bin. The required non-perturbative information is summarized in Fig. 66. There703

is a clear increasing trend in the valence quark PDF at high pT , in particular for the up quarks. Note704

that jets with flavours other than up/down/anti-up/anti-down/gluon are not included in Fig. 66 and give a705

negligible contribution (⇠ 2%) in the highest pT bins.706
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Figure 66: The flavour fraction of the more forward and more central in bins of jet pT . The right plot is
the ratio of the fractions for the more forward jet over the more central jet.

7.2.1 Extracting the Up/Down Jet Charges707

One simple way of extracting the up and down average jet charges is to exploit the di↵erence in flavour708

fractions shown in Fig. 66 between the more forward the more central jets. Assuming the pT spectra for709

the more forward and the more central jet are identical (which is nearly so - see Fig. 14 and Fig. 15) and710

that the average jet charge of the sum of flavours that are not up/down/anti-up/anti-down is zero, we have711

in each bin i of pT :712

hQforward
i i =

⇣
f forward
up,i � f forward

anti-up,i

⌘
Qup

i + ( f forward
down,i � f forward

anti-down,i)Q
down
i (19)

hQcentral
i i =

⇣
f central
up,i � f central

anti-up,i

⌘
Qup

i + ( f central
down,i � f central

anti-down,i)Q
down
i . (20)

From Fig. 66, we know all of the fractions f and so in each bin of pT , this is a system of two equations and713

two unknowns for which we can extract the up and down jet charges. The discussion of the i dependance714

on Qup
i and Qdown

i will be discussed in Sec. 7.2.2. In principle, this extraction can happen in each of the715

10 bins of pT , but we find that there are two competing forces which make the extraction less interesting716

in the very high and very low pT bins:717

Can exploit the  
h-dependence of the 

flavor fractions f to extract 
the up- and down-quark 
jet charge in each pT bin.

sy
st

stat  
⊕ syst  
⊕ PDFPD

F
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Quark fraction increases

Up/Down difference increases
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22Jet charge per flavor: extraction
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Question: accounting 
for PDFs, does jet 

charge depend on pT? 
  

Data and theory agree: 
Yes!

April 1, 2015 – 14 : 55 DRAFT 83

7.2.3 Scale Violation - Extraction from the Data862

We cannot measure the jet charge of individual quark flavours, so we must take the flavour fractions per863

pT bin from the MC (from Fig. 66). The formula per quark flavour was derived in the previous section:864

pT

hQi
d

dpT
hQi = c, (33)

where c is the scale violation parameter given in Eq. 32 for various values of . The solution is given by865

Q = ↵pc
T , (34)

where ↵ is some constant of integration. Since c ⌧ 1, we can ignore the O(c2) terms in the Taylor866

expansion:867

Q(pT ) = Q̄(1 + c log(pT/ p̄T )) + O(c2), (35)

where Q̄ = Q( p̄T ) for some fixed (but arbitrary) pT pT,0. Therefore, for each pT bin i, we have the868

following model of the average jet charge869

hQii ⇡
X

f

↵ f ,iQ̄ f (1 + c f log(pT,i/p̄T )), (36)

where ↵ f ,i is the fraction of flavour f in bin i, Q̄ f is the average jet charge of flavour f , c f is a scale870

violation parameter (dimensionless), and p̄T is a fixed energy.871

Fitting the model in Eq. 36 directly to the data is not practical because there are three parameters872

(if c f = c for all f as in the prediction) and only 10 pT bins, some of which have very little sensitivity873

due to low fractions ↵ or large uncertainties on hQii. One way around this is to extract Q̄ f in one bin874

of pT (and call this p̄T ) as described in Sec. 7.2.1, and then Eq. 36 is highly constrained and has only875

one parameter for which each other bin of pT gives an estimate. Figure 68 shows the extracted value876

c for each bin of pT after extracting Q̄up and Q̄down from the pT bin 600 GeV < pT < 800 GeV (in877

particular this bin cannot be further used to extract c). Both the more forward and more central jet878

can be used to extract the scale violating parameter. The predicted value of c < 0 and dc()/d < 0.879

The results in Fig. 68 are tabulated by performing a �2 across bins, taking the sum in quadrature of the880

statistical uncertainty and the systematic uncertainty as the denominator for each term in the �2. The881

systematic uncertainties are propagated through the �2 procedure treated as fully correlated between882

bins and the statistical uncertainty is treated coherently by bootstrapping. Figure 69 shows the result of883

the �2 combination procedure and compares the values to the theory predictions. The data support the884

prediction that c < 0.885
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23Jet charge per flavor: pT dependence
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24Fully Perturbative: Jet Mass
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Recent theory advances: jet 
mass now calculated at (N)NLL!

Can we match the precision 
experimentally?
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25Soft-drop Jet Mass
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26Last measurement: colorflow
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Just to show that there 
is still work to do!

ATLAS-CONF-2017-069

The jet pull angle measures how 
much the radiation pattern from 

one jet leans toward another.

W -> qq’
Octet W

Singlet (SM) W

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2014-09/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-069/
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27New Tools

There are exciting new 
opportunities in the near 
future; in particular with 
tracking inside jets!
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1703.10485

Even more: 
constituent-based 
pileup subtraction.

More: track-assisted 
jet substructure, 

Track-Calo Clusters

The “vacuum” jet program 
is probing all aspects of 
the rich structure of QCD

EM Clusters
H Clusters

Tracks 

2

3

INNER DETECTOR

4

ECAL
65

HCAL

7

SOLENOID
t6

t2
t3

t4

t5

1

t1

c3

Figure 3: A schematic demonstrating the creation of seven TCC objects representing ¨ a simple track-cluster match,
≠ a topo-cluster without a matching track, Æ a track without a matching cluster, Ø and ∞ are each tracks matching a
single cluster but sharing that cluster’s energy, and ± and ≤ showing a much more complex scenario with multiple
track-cluster matches. Details on the exact reconstruction procedure and the seven TCC 4-vectors are provided in
the text.

TCCÆ = (p

t6
T , ⌘

t6, �t6,mt6 = 0) . (4)

Once there is a match between multiple tracks and a single cluster, multiple topo-clusters and a single
track, or especially multiple topo-clusters with multiple tracks, as in the case of ± and ≤, the situation
becomes more complex. The TCC reconstruction procedure still creates exactly one TCC object per
track originating from the primary vertex, where the track angular coordinates are used, but the scale
coordinates must be adapted to account for energy sharing between the di�erent matches.

For each track used to seed a TCC, all matching topo-clusters are found. For each of those matching
clusters, the energy is then divided between all of the tracks which match that cluster, with the split
defined by the fraction of pT contributed by a given track compared to all of the other matching tracks.
This provides a means of splitting the topo-cluster energy between tracks without requiring a precise
measurement of the track pT, as the pT of any individual track only enters as a ratio with respect to the
pT of the sum of all matching tracks. By only using ratios, the algorithm is less sensitive to the scale
of any particular track, and the more important metric is whether or not any individual track represents
a significant fraction of the total pT. Furthermore, this means that the tracker and calorimeter energy
measurements are never directly compared, rather only scale factors derived from one detector are used
to weight the energy split from the other detector.

As a simple starting example where there are two tracks matching a single topo-cluster, consider the case
of Ø and ∞. Regarding notation, p

a is the 4-vector corresponding to a given particle a, while pT[pa +p

b]

8

ATL-PHYS-PUB-2017-015

https://arxiv.org/abs/1703.10485
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28

Figure 6: Correlation coe�cients between reconstructed and true jet masses plotted as

a function of NPU for the di↵erent pileup mitigation schemes. PUMML was trained on

50k events with either NPU= 20 or NPU= 140 indicated by dashed vertical lines. The

performance of PUMML with Poissonian hNPUi = 140 is similar to the NPU= 140 curve.

PUMML is surprisingly performant well outside the NPU range on which it was trained and

consistently outperforms PUPPI and SoftKiller. Note that PUMML trained on the lower

NPU sample better reconstructs the jet mass in the low pileup regime.

performant outside of the NPU range on which it was trained. Further, we see that by this

measure of performance, PUMML consistently outperforms both PUPPI and SoftKiller.

A related robustness test is to probe how the performance of PUMML depends on the

pT spectrum of the training sample. To explore this, we generated two large training samples

(50k events): one with a scalar mass of 200 GeV and one with a scalar mass of 2 TeV; we did

not impose any parton-level pT cuts on these samples. After training these two networks, we

tested them on a set of samples generated from scalars with intermediate masses, from 300

GeV to 900 GeV.. As can be seen in Fig. 7, the performance of PUMML is very robust to

the pT distribution of the jets in the training sample: the networks trained on the 200 GeV

resonance and the 2 TeV resonance have identical performance. The figure also shows that

the performance of PUMML is less sensitive to of the pT of the testing sample than either

PUPPI or Soft-Killer. This robustness test speaks to the PUMML algorithm’s ability to learn

universal aspects of pileup mitigation.

A number of modifications of PUMML were also tried. Locally connected layers were

tried instead of convolutional layers and were found to perform worse due to a large increase

in the number of parameters of the model, while losing the translation invariance that makes

– 13 –
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ATL-PHYS-PUB-2017-020

P. Komiske, E. Metodiev, BPN, 
M. Schwartz, 1707.08600

New Tools: Constituent pileup subtraction

Precision jet 
(substructure) at the LHC 
and HL-LHC will require 
better pileup mitigation.

Many studies on-going to 
optimize/improve our 

algorithms.  This is a very 
active area in pp!

many of these also (will 
also) work for HI…
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The future
We have big ambitions … the fun times have just begun!

Jesse Thaler — Report of the Les Houches Jet Physics Subgroup(s) 28
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Even a 10% measurement of αs from jet shapes	
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M. Mangano and BPN, 1708.08369

I. Moult, BPN, G. Soyez, J. Thaler, et al. (Les Houches Jet WG 2017)

Jesse Thaler — Report of the Les Houches Jet Physics Subgroup(s) 28
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Jet substructure?



Questions?
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33Jet Energy Scale Uncertainty

PERF-2016-04ATLAS-CONF-2015-037

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/PERF-2016-04/fig_12a.png
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-037/fig_14b.png
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ATLAS Simulation preliminary

NP and EW corrections for inclusive jet cross-section

We are probing a regime where NP effects are negligible.

But electroweak corrections are not small!

NP corrections

EW corrections

1706.03192
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STDM-2016-10 By construction, 
designed to be less 

sensitive to JES 

(~5% for the xs 
measurement for 

comparable energy)

More sensitive in the 
middle to do softer 

gluon radiationjet angular resolution

Part II: Energy-energy correlation uncertainties

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2016-10/
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32CMS R CMS 3-jet mass

CMS inclusive jets  cross sectiontCMS t

D0 angular correlations D0 inclusive jets

ATLAS

Preliminary
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limited by scale 
uncertainties (~4-6%)

Part II: Running of the coupling

STDM-2016-10

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2016-10/
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37Part III: Multiplicity Extraction Closure
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Closure Test

ATL-PHYS-PUB-2017-009

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2017-009/
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38Part III: Multiplicity with various UE tunes

As part of this effort, 
we have also 

studied UE tuning

The ATLAS A14 tune 
is a better model than 

the Pythia 8 default 
(Monash) and the 

ATLAS AZNLO tune 
used for many Higgs 

analyses

This is a key 
challenge for the 

Hep-ex and Hep-ph 
communities!difference: alpha FSR 10% smaller

ATL-PHYS-PUB-2017-009

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2017-009/
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CHAPTER 1. JET CHARGE 3

1.1 Background

The jet charge is defined in Sec. 1.1.1 and its important properties are reviewed
in Sec. 1.1.2. Section 1.1.3 describes the theoretical predictions for the jet charge
distribution. The section ends in Sec. 1.1.4 with some comments about charge tagging.

1.1.1 Constructing the jet charge

There is no unique way to define the jet charge. The most naïve construction is to add
the charge of all tracks associated with a jet. However, this scheme is very sensitive
to lost or extraneous soft radiation. Therefore, a weighting scheme is introduced to
suppress fluctuations. Using the tracks assigned to a jet by ghost association, the jet
charge QJ of a jet J is calculated using a transverse-momentum-weighting scheme [5]:

QJ =
1

(p
TJ)

X

i2Tracks

qi ⇥ (p
T,i

), (1.1)

where Tracks is the set of tracks associated with jet J, qi is the electric charge
of track i in units of the positron charge, p

T,i is transverse momentum of track i,
 is a free regularization parameter, and p

TJ is the transverse momentum of the
calorimeter jet. The distributions of QJ for various jet flavors are shown in Fig. 1.2
for  = 0.3. In the simulation, there is a clear relationship between the jet charge
and the initiating parton’s charge, as up-quark jets tend to have a larger jet charge
than gluon jets. Furthermore, gluon jets tend to have a larger jet charge than down-
quark jets. However, the jet charge distribution is already broad at particle level and
the jet charge response (Q

particle-level

- Q
detector-level

) resolution is comparable to the
differences in the means of the distributions for different flavors, so one can expect
only small changes in the inclusive jet charge distribution for changes in the jet flavor
composition. The three narrow distributions on top of the bulk response distribution
in Fig. 1.2(b) are due to cases in which only one or two charged particles dominate the
jet charge calculation at particle level. The two off-center peaks are due to cases in
which one of the two high-p

T

-fraction tracks is not reconstructed and the widths of the

Jet Charge


