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•  Lecture 1: Jets and QCD 
•  The physics of jets 
•  Jets from perturbative QCD 
•  Jet algorithms 
•  Some data 
 

•  Lecture 2: Modern jet physics 
•  Jet substructure 
•  Jet grooming 
•  Jet properties 

•  Color flow 
•  Jet charge 
•  Quark and gluon jets 

•  The future of jets 
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Jet-to-parton map 

We observe jets: 

+ 

We want to see quarks and gluons: 

Jet algorithms 

Parton 
shower 

missing  
energy 
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Application: resonance searches 
Example: Tiny extra dimensions of space 

Higher harmonics have larger masses 

M = 0 (gluon) 

m1 = 0 (KK gluon) 

m2 = 0 (KK gluon 2) 

How do we see a heavy 
gluon? jet 

jet 

jet 

jet 

Decays to 
quarks 

Decays to 
gluons 

dijets 
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KK gluon searches 
Heavy KK gluons from extra 
dimensions 

jet 

jet 

jet 

jet 

Decays to 
quarks 

Decays to 
gluons 

Dijet background 
      from the standard model  
                  is enormous! 

How else can we find KK gluons? 
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Other decay modes 
Look at decays to top quarks: 

Looks like 6 Jets 

A
nti- 

top 

b u 

d 

b 

u 

d 
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For heavy KK gluons (> 1000 GeV)  
 tops are ultrarelativistic (boosted) 
 

Now it looks like 2 jets! 

Problems at high mass 

dijets 

tt (SM) 

•  Take R large (R=1.0) and you only get 2 jets not 6 
•  Take R small (R=0.4), end up with too many tiny jets 

m = 1TeV
E
= 500

Ge
V

E
=
500GeV
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Typical background jets 

Typical top jets Moderate boost (PT = 500 GeV) 
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Typical background jets 

Typical top jets Large boost (PT = 1500 GeV) 



Jet substructure 
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New concept 

A jet is not a parton: it has substructure! 

Quick history: 
•  M. Seymour : look within a jet (Z. Phys. C62 (1994) 127) (1994) 
•  Butterworth et al : boosted Ws in WW scattering (hep-ph/0201098) (2002) 
•  Butterworth et al : boosted Higgs (arXiv:0802.2470) (2008) 
•  Kaplan et al boosted tops (arXiv:0806.0848) (2008)  
•  2008-today: hundreds of papers 



Top-tagging 
1.  Find fat jets (R = 1.2)  

2.  Reverse clustering steps 

3.  Filter: 
•  If clustered particle is soft, discard 

4.  Top jets should have 3 subjets 

5.  Kinematic subjet cuts 
•  W mass peak, top mass peak, and helicity angle 

Hopkins top-tagger 
Kaplan et al. arXiv:0806.0848 
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KK gluon 

100 pb-1 

Hopkins top-tagger 
Kaplan et al. arXiv:0806.0848 
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KK gluon 

100 pb-1 

After top-tagging 

Hopkins top-tagger 
Kaplan et al. arXiv:0806.0848 
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Top-tagging in data 

Unboosted Boosted 

Top-antitop events  

CMS, 2011 

August 27, 2012 Matthew Schwartz 



Summer 2011: 0.8 fb-1 analyzed 
resonances excluded to 1.5 TeV 

Spring 2012: 5 fb-1 analyzed 
Resonances excluded up to 2.1 TeV 

10 4 Systematic uncertainties
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Figure 3: Results for (a) 1+1 and (b) 1+2 event selections and background estimates. The yellow
(light) histograms are the non-top multijet (NTMJ) estimates from data, as described in the
text, and the red (dark) histograms are the MC estimates from SM tt production. The black
points are the data. The hatched gray boxes combine the statistical and systematic uncertainties
on the total background. For comparison, expectations for some Z0 hypotheses are shown
for the assumption of 1% resonance width, with cross sections taken from the expected limits
discussed in Sec. 5.1.

5.1 Resonance analysis 13
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Figure 4: The 95% CL upper limits on the product of production cross section (s) and branch-
ing fraction (B) of hypothesized objects into tt, as a function of assumed resonance mass. (a)
Z0 production with GZ0/mZ0 = 1% (1% width assumption) compared to predictions based on
Refs. [4–6] for GZ0/mZ0 =1.2% and 3.0%. (b) Z0 production with GZ0/mZ0 = 10% (10% width
assumption) compared to predictions based on Refs. [4–6] for a width of 10%. (c) Randall–
Sundrum Kaluza–Klein gluon production from Ref. [12], compared to the theoretical predic-
tion of that model. The ±1 and ±2 standard deviation (s.d.) excursions are shown relative to
the results expected for the available luminosity.

Top-tagging in data 
August 27, 2012 Matthew Schwartz 



W boson in top jet 

CMS (April, 2012) 
arXiv:1204.2488 

I

within filtered fat jets 

Atlas version  
(less efficient algorithm) 
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BOOSTED HIGGS 
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Higgs to bb 
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How can we measure the Hbb coupling? 

•  H + W/Z has enormous W/Z + bb background 
•  top background is also very large (tt -> WW bb) 
•  Z -> neutrinos difficult because neutrinos go back to back 

and there’s no missing energy   

Go to boosted regime! 
•  Demand pT > 200 GeV for the higgs (at 14 TeV) 
•  Signal cross section drops to 5% 
•  W+jets drops to 0.1% 
•  Tops no longer a problem 

H 

W/Z 

b 

b 

W H 
b 

b 
Butterworth et al (BDRS) 

 arXiv:0802.2470 



Boosted Higgs bosons 
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30 

Identifying a Boosted Higgs 

•  Using the Cambridge-Aachen jet algorithm 
–  Recombines closest pair of objects in the event up to R 

•  When finding a jet that passes a pT cut 
–  Clustering can be undone one step at a time 

–  Reverse clustering until a large drop in mass is observed 

–  Check this splitting is not too asymmetric 

–  Recluster remaining constituents with smaller R   

42 

Results 
ZH→vvbb 

S/√B = 1.6 at 30fb-1 
WH→lvbb 

S/√B = 3.0 at 30fb-1 

ATLAS-PUB-2009-088 

Simulation Simulation 

40 

Results 

•  Try 

Phys. Rev. Lett. 100, 242001 (2008) J. Butterworth, AD, G. Salam, M. Rubin  

Z→ll Z→νν 

W→lν Combined 

Parton level study 
B’s not decayed 

ATLAS  
Full simulation 

Not feasible at 8 TeV 
 
Possibly with 14 TeV 
data… 

Hadronic W peak  
for validation 

14 TeV 30 fb-1 

Butterworth et al (BDRS) 
 arXiv:0802.2470 
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N-subjettiness 
August 27, 2012 Matthew Schwartz 
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N-subjettiness

Jet shape “counts” number of subjets!

0τN: 1

≤ N > N# subjets:
0 0.5 1 1.5

4.5

5

5.5

6

Boosted Top Jet, R = 0.8

�

�

�N =
1
d0

X

k

pT,k min {�Rk,1, �Rk,2, . . . , �Rk,N}

Generalization of jet width 
to multiple (sub)jets!

Adapted from “N-jettiness”, used to define exclusive jet bins
[Stewart, Tackmann, Waalewijn: 1004.2489; see Iain Stewart’s Talk]

Axes from exclusive kT

Jet Substructure and N-subjettiness

N-subjettiness

definition
TN ≡ min

n1,...,nN

∑

j∈J

min{pj · n1, . . . , pj · nN}.

Example

Zµ
−→ n1

−→ n2
=⇒ T2 % T1 =⇒ T2/T1 % 1

(
T2 ≈

m2
1

2E1

+
m2

2

2E2

)

−→ n =⇒ T2 ≈ T1 =⇒ T2/T1 ≈ 1

(
T1 ≈

m2

J

2EJ

)

Ilya Feige (Harvard University) Precision Jet Substructure March 29, 2012 5 / 24
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Why Substructure?
Why not use smaller jets and use proximity for combinatorics?

Small subjets: Loss of resolution from out-of-jet effects 
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Boosted Top Jet, R = 0.8

�

�vs.

Finds subjets without fixed jet size 



N-subjettiness 
Jet Substructure and N-subjettiness

N-subjettiness

definition
TN ≡ min

n1,...,nN

∑

j∈J

min{pj · n1, . . . , pj · nN}.

Example

Zµ
−→ n1

−→ n2
=⇒ T2 % T1 =⇒ T2/T1 % 1

(
T2 ≈

m2
1

2E1

+
m2

2

2E2

)

−→ n =⇒ T2 ≈ T1 =⇒ T2/T1 ≈ 1

(
T1 ≈

m2

J

2EJ

)

Ilya Feige (Harvard University) Precision Jet Substructure March 29, 2012 5 / 24

Jet Substructure and N-subjettiness

N-subjettiness

definition
TN ≡ min

n1,...,nN

∑

j∈J

min{pj · n1, . . . , pj · nN}.

Example

Zµ
−→ n1

−→ n2
=⇒ T2 % T1 =⇒ T2/T1 % 1

(
T2 ≈

m2
1

2E1

+
m2

2

2E2

)

−→ n =⇒ T2 ≈ T1 =⇒ T2/T1 ≈ 1

(
T1 ≈

m2

J

2EJ

)

Ilya Feige (Harvard University) Precision Jet Substructure March 29, 2012 5 / 24

Jet Substructure and N-subjettiness

N-subjettiness

definition
TN ≡ min

n1,...,nN

∑

j∈J

min{pj · n1, . . . , pj · nN}.

Example

Zµ
−→ n1

−→ n2
=⇒ T2 % T1 =⇒ T2/T1 % 1

(
T2 ≈

m2
1

2E1

+
m2

2

2E2

)

−→ n =⇒ T2 ≈ T1 =⇒ T2/T1 ≈ 1

(
T1 ≈

m2

J

2EJ

)

Ilya Feige (Harvard University) Precision Jet Substructure March 29, 2012 5 / 24

J
et

S
u
b
st
ru

ct
u
re

an
d
N
-s
u
b
je
tt
in
es
s

N
-s
ub
je
tt
in
es
s

de
fin
it
io
n

T N
≡

m
in

n 1
,..
.,n

N

∑

j∈
J

m
in
{p

j
· n

1
, .
. .
, p

j
· n

N
}.

E
xa
m
pl
e

Z
µ

−
→

n
1

−→
n 2

=
⇒

T 2
%

T 1
=
⇒

T 2
/T

1
%

1

( T 2
≈

m
2
1

2E
1

+
m

2
2

2E
2

)

−→
n

=
⇒

T 2
≈
T 1

=
⇒

T 2
/T

1
≈
1

( T 1
≈

m
2 J

2E
J

)

Il
ya

F
ei
ge

(H
ar
va

rd
U
n
iv
er
si
ty
)

P
re
ci
si
on

J
et

S
u
b
st
ru

ct
u
re

M
ar
ch

29
,
20

12

5
/
24

J
et

S
u
b
st
ru

ct
u
re

a
n
d
N
-s
u
b
je
tt
in
es
s

N
-s
ub

je
tt
in
es
s

de
fin

it
io
n

T N
≡

m
in

n 1
,.
..,
n N

∑

j∈
J

m
in
{p

j
· n

1
, .
. .
, p

j
· n

N
}.

E
xa
m
pl
e

Z
µ

−
→

n
1

−→
n
2

=
⇒

T 2
%

T 1
=
⇒

T 2
/T

1
%

1

( T 2
≈

m
2
1

2E
1

+
m

2
2

2E
2

)

−
→

n

=
⇒

T 2
≈
T 1

=
⇒

T 2
/T

1
≈
1

( T 1
≈

m
2 J

2E
J

)

Il
y
a
F
ei
g
e

(H
a
rv
a
rd

U
n
iv
er
si
ty
)

P
re
ci
si
o
n
J
et

S
u
b
st
ru

ct
u
re

M
a
rc
h

2
9
,
2
0
1
2

5
/
2
4

QCD jet 

Boosted W/Z jet 
(small τ2, large τ1) 

(all τn small) 

Jet Substructure and N-subjettiness
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Good discriminant 
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Ratios τ2/τ1 and τ3/τ2  

Jet Substructure and N-subjettiness

N-subjettiness

definition
TN ≡ min

n1,...,nN

∑

j∈J

min{pj · n1, . . . , pj · nN}.

how it’s used [Thaler, Van Tilburg]

TN " 1 =⇒ jet with ≤ N subjets

TN % 0 =⇒ jet with > N subjets

TN/N−1 ≡ TN/TN−1 good for
identifying boosted heavy objects
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Useful for distinguishing boosted W or top jets from QCD jets 
Jet Substructure and N-subjettiness
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Tagging with τN/τN–1
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QCD jets (blue/open)
Top jets (red/filled)

...but suggests 
multivariate cut!

Some raw distinguishing power...
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Flexible cut to adjust 
signal acceptance vs. 
background rejection

 τ3/τ2:  Boosted Tops
 τ2/τ1:  Boosted W/Z/H
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Top-tagging 

Jesse Thaler — Progress in N-subjettiness

Jet Substructure at the Tevatron and LHC 35

(a) all pT , optimised (b) pT 500–600 GeV, optimised

(c) all pT (d) pT 500–600 GeV

Figure 15. Mis-tag vs. e�ciency for several top tagging methods, as tested
on herwig++ tt̄ and dijet samples. For Figures (a) and (b), the input
parameters are optimised for each e�ciency point. The input parameters for
the unoptimised scans are taken from the 35% e�ciency point in Figure (b).

and Thaler and Wang taggers still being outperformed. Considering the right-hand

plots in Figure 17, we can see that in some cases taggers appear to do better after

detector simulation, especially at low signal e⇥ciency. This e�ect is at least partly due

to statistical noise in the e⇥ciency scans, but warrants further study.

The results we have presented in this report, while certainly not providing the last

word in boosted object tagging, suggest some conclusions. By any metric, methods

that use only subjet kinematic information, like the ATLAS and Thaler and Wang

taggers, are outperformed by groomed, hybrid, and jet shape taggers. Di�erences

between the rest of the taggers are largely of similar magnitude to di�erences between

Monte Carlo samples and before and after detector simulation: more careful study

Jet Substructure at the Tevatron and LHC 34

(a) all pT , optimised (b) pT 500–600 GeV, optimised

(c) all pT (d) pT 500–600 GeV

Figure 14. Mis-tag vs. e�ciency for several top tagging methods, as tested
on herwig 6.5 tt̄ and dijet samples. For Figures (a) and (b), the input
parameters are optimised for each e�ciency point. The input parameters for
the unoptimised scans are taken from the 35% e�ciency point in Figure (b).

http://atlas.physics.arizona.edu/~loch, and is also provided with SpartyJet as

the RadialSmearingTool tool. You can use it in a SpartyJet analysis via:

builder = SJ.JetBuilder()

builder.add_jetTool_input(SJ.RadialSmearingTool())

<add analyses and run...>

Comparing Figures 14–16 with 17 we can see that including realistic detector

resolution generally degrades the best achievable performance and changes how

algorithms compare to each other. Compared to other taggers, N-subjettiness does

worse. For each MC sample the spread between taggers is still small, with the ATLAS

10

Top Tagging c. 2012

Better

Better

500 GeV < pT < 600 GeV

Boost2011 Top Benchmark

Herwig++Herwig 6.5

Pythia 6.4 more optimistic, Sherpa more pessimistic.
Detector effects also important.

Ideally:  Calibrate in Data & Validate with Calculations

Single variable τ3/τ2 works well for top-tagging 
•  Simulations somewhat inconsistent  



Atlas data (QCD only) 
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ATLAS Studies of N-subjettiness
Calibration of Background (1203.4606)

QCD-likeSignal-like QCD-likeSignal-like

τ3/τ2τ2/τ1

Great to see updates this week!

Jet Substructure and N-subjettiness

N-subjettiness

current status

(March 20, 2012)
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With more data, could be a precision observable. 



Comparison to theory 

Results I

Results I
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Τ21

1
Σ

d Σ
d Τ21

Pythia vs. N3LL!NNLL
Q # 0 GeV
Q # 1000 GeV

Boosted Z Signal Predictions
Good agreement between (tuned) Pythia and N3LL

Tails match beautifully with NP shift
Extra machinery needed

for precise peak shape
(Fit NP shift at Q = 0, use for Q = 1000 GeV)

Theory agrees well with pythia for W jets 

Can τN for QCD jets be calculated? 
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JET GROOMING 
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Jets with pileup 2010 pileup 
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Jets with pileup 2011 pileup 
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PileHup+(
Pile-up is one of the main challenges 
for jets at the LHC: 
•  Additional energy (offset)  
•  Pile-up fluctuations:  

o  increase the noise term of the jet 
energy resolution (event-by-event 
global fluctuations) 

o  additional fake jets (local fluctuations) 

•  Large effect on jet mass and 
properties 

 

Pile-up corrections are a key component 
of the jet calibration strategy at the LHC: 
•  Bring the jet response to NPV=1 and 

make jet performance independent  
of varying pile-up conditions 

•  Reduce fluctuations (pile-up 
subtraction) 

•  Reject pile-up jets (pile-up suppression) 

Nint,~30,in,20127

Expect much higher pile-up  
after the 2013 shutdown 

See John Backus Mayes’ talk 

2012 pileup Jets with pileup 
August 27, 2012 Matthew Schwartz 
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Jets with pileup 2015 pileup? 

(This is a heavy ion collision from 2010) 



Jet grooming 
Can we remove piluep without destroying the event? 

Basic idea: remove soft radiation which is not collinear 

Filtering 
(Butterwort et al 2008) 

•  Recluster fat jet 
           into R=0.3 subjets 
 
•  Keep 3 hardest subjets 

q  Boosted Higgs  
q  Boosted top 

Trimming 
(Krohn et al 2008) 

Pruning 
(Ellis et al 2008) 

•  Recluster fat jet 
           into R=0.3 subjets 
 
•  Keep subjets which  
           have energy > 5% jet energy 

q  Parton momentum reconstruction 
q  Pileup removal 

•  Undo clustering steps 
 
•  Cluster 1 with 2 if 

•  E1 , E2  > 0.1 (E1+E2) 
•  or R12 < 0.2 
•  otherwise, drop softer of 1,2 

 
q  Jet mass searches 
q  Qjets 

Designed for 
C/A algorithm 

Designed for 
anti-kT algorithm 

Designed for 
kT algorithm 

q  All help with jet substructure 
q  All help with pileup removal 

August 27, 2012 Matthew Schwartz 
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Figure 5: Step by step illustration of the jet trimming procedure. Proceeding from left to right,
top to bottom, we show a jet as initially clustered (using anti-kT with R

0

= 1.5), the constituent
kT subjets with R

sub

= 0.2, the subjets surviving the pTi < f
cut

· pT cut (where f
cut

= 0.03), and
the final trimmed jet. To make the figure easier to read, the area of each cell is proportional to the
log of the cell’s pT .

This procedure is illustrated in Figs. 5 and 6. The dimensionless parameter f
cut

quanti-

fies the expected pT scale hierarchy between FSR and ISR/MI/pileup. In principle, this

procedure could be iterated such that subjets that fail the softness criteria in one seed jet

could be tested for inclusion in a di↵erent seed jet. However, this is only relevant if the

original jets were e↵ectively overlapping, or if the removal of subjets substantially changes

the position of the trimmed jets relative to the original seed jets.

The precise jet definition used in step 1 is largely irrelevant for the jet trimming

procedure. In Sec. 4, we will trim two di↵erent jet algorithms, anti-kT [16] and VR [3],

finding improvements in reconstruction with both.

The jet definition used in step 2, however, is more important as it determines how the

subjets are found. We use the kT algorithm [26, 27] rather than a Cambridge-Aachen [24,

25] or anti-kT algorithm [16], because subjets formed by the kT algorithm tend to better

share the energy between subjets. That is, imagine that the dominant FSR depositions in

– 9 –

ηΔ
-1.5 -1 -0.5 0 0.5 1 1.5

φ
Δ

-1.5

-1

-0.5

0

0.5

1

1.5

ηΔ
-1.5 -1 -0.5 0 0.5 1 1.5

φ
Δ

-1.5

-1

-0.5

0

0.5

1

1.5

ηΔ
-1.5 -1 -0.5 0 0.5 1 1.5

φ
Δ

-1.5

-1

-0.5

0

0.5

1

1.5

ηΔ
-1.5 -1 -0.5 0 0.5 1 1.5

φ
Δ

-1.5

-1

-0.5

0

0.5

1

1.5

Figure 5: Step by step illustration of the jet trimming procedure. Proceeding from left to right,
top to bottom, we show a jet as initially clustered (using anti-kT with R

0

= 1.5), the constituent
kT subjets with R

sub

= 0.2, the subjets surviving the pTi < f
cut

· pT cut (where f
cut

= 0.03), and
the final trimmed jet. To make the figure easier to read, the area of each cell is proportional to the
log of the cell’s pT .

This procedure is illustrated in Figs. 5 and 6. The dimensionless parameter f
cut

quanti-

fies the expected pT scale hierarchy between FSR and ISR/MI/pileup. In principle, this

procedure could be iterated such that subjets that fail the softness criteria in one seed jet

could be tested for inclusion in a di↵erent seed jet. However, this is only relevant if the

original jets were e↵ectively overlapping, or if the removal of subjets substantially changes

the position of the trimmed jets relative to the original seed jets.

The precise jet definition used in step 1 is largely irrelevant for the jet trimming

procedure. In Sec. 4, we will trim two di↵erent jet algorithms, anti-kT [16] and VR [3],

finding improvements in reconstruction with both.

The jet definition used in step 2, however, is more important as it determines how the

subjets are found. We use the kT algorithm [26, 27] rather than a Cambridge-Aachen [24,

25] or anti-kT algorithm [16], because subjets formed by the kT algorithm tend to better

share the energy between subjets. That is, imagine that the dominant FSR depositions in

– 9 –

ηΔ
-1.5 -1 -0.5 0 0.5 1 1.5

φ
Δ

-1.5

-1

-0.5

0

0.5

1

1.5

ηΔ
-1.5 -1 -0.5 0 0.5 1 1.5

φ
Δ

-1.5

-1

-0.5

0

0.5

1

1.5

ηΔ
-1.5 -1 -0.5 0 0.5 1 1.5

φ
Δ

-1.5

-1

-0.5

0

0.5

1

1.5

ηΔ
-1.5 -1 -0.5 0 0.5 1 1.5

φ
Δ

-1.5

-1

-0.5

0

0.5

1

1.5

Figure 5: Step by step illustration of the jet trimming procedure. Proceeding from left to right,
top to bottom, we show a jet as initially clustered (using anti-kT with R

0

= 1.5), the constituent
kT subjets with R

sub

= 0.2, the subjets surviving the pTi < f
cut

· pT cut (where f
cut

= 0.03), and
the final trimmed jet. To make the figure easier to read, the area of each cell is proportional to the
log of the cell’s pT .

This procedure is illustrated in Figs. 5 and 6. The dimensionless parameter f
cut

quanti-

fies the expected pT scale hierarchy between FSR and ISR/MI/pileup. In principle, this

procedure could be iterated such that subjets that fail the softness criteria in one seed jet

could be tested for inclusion in a di↵erent seed jet. However, this is only relevant if the

original jets were e↵ectively overlapping, or if the removal of subjets substantially changes

the position of the trimmed jets relative to the original seed jets.

The precise jet definition used in step 1 is largely irrelevant for the jet trimming

procedure. In Sec. 4, we will trim two di↵erent jet algorithms, anti-kT [16] and VR [3],

finding improvements in reconstruction with both.

The jet definition used in step 2, however, is more important as it determines how the

subjets are found. We use the kT algorithm [26, 27] rather than a Cambridge-Aachen [24,

25] or anti-kT algorithm [16], because subjets formed by the kT algorithm tend to better

share the energy between subjets. That is, imagine that the dominant FSR depositions in

– 9 –

Jesse Thaler — Jet Substructure

Jet Trimming

1)  Make seed jet with anti-kT (R0 large)
2)  Recluster into subjets with kT (R0 small)
3)  Remove subjets if pT < fcut Λhard

4)  Kept subjets give trimmed jet

ηΔ
-1.5 -1 -0.5 0 0.5 1 1.5

φ
Δ

-1.5

-1

-0.5

0

0.5

1

1.5

ηΔ
-1.5 -1 -0.5 0 0.5 1 1.5

φ
Δ

-1.5

-1

-0.5

0

0.5

1

1.5

ηΔ
-1.5 -1 -0.5 0 0.5 1 1.5

φ
Δ

-1.5

-1

-0.5

0

0.5

1

1.5

After anti-kT

R0 ~ 1.5
After kT

R0 ~ 0.2
No subjets below 

1% of total event pT

Aggressive, jet-by-jet removal of soft radiation 

32Jesse Thaler — Jet Substructure

Jet Trimming

1)  Make seed jet with anti-kT (R0 large)
2)  Recluster into subjets with kT (R0 small)
3)  Remove subjets if pT < fcut Λhard

4)  Kept subjets give trimmed jet

ηΔ
-1.5 -1 -0.5 0 0.5 1 1.5

φ
Δ

-1.5

-1

-0.5

0

0.5

1

1.5

ηΔ
-1.5 -1 -0.5 0 0.5 1 1.5

φ
Δ

-1.5

-1

-0.5

0

0.5

1

1.5

ηΔ
-1.5 -1 -0.5 0 0.5 1 1.5

φ
Δ

-1.5

-1

-0.5

0

0.5

1

1.5

After anti-kT

R0 ~ 1.5
After kT

R0 ~ 0.2
No subjets below 

1% of total event pT

Aggressive, jet-by-jet removal of soft radiation 

32

Jesse Thaler — Jet Substructure

Jet Trimming

1)  Make seed jet with anti-kT (R0 large)
2)  Recluster into subjets with kT (R0 small)
3)  Remove subjets if pT < fcut Λhard

4)  Kept subjets give trimmed jet

ηΔ
-1.5 -1 -0.5 0 0.5 1 1.5

φ
Δ

-1.5

-1

-0.5

0

0.5

1

1.5

ηΔ
-1.5 -1 -0.5 0 0.5 1 1.5

φ
Δ

-1.5

-1

-0.5

0

0.5

1

1.5

ηΔ
-1.5 -1 -0.5 0 0.5 1 1.5

φ
Δ

-1.5

-1

-0.5

0

0.5

1

1.5

After anti-kT

R0 ~ 1.5
After kT

R0 ~ 0.2
No subjets below 

1% of total event pT

Aggressive, jet-by-jet removal of soft radiation 

32

Jesse Thaler — Jet Substructure

Jet Trimming

1)  Make seed jet with anti-kT (R0 large)
2)  Recluster into subjets with kT (R0 small)
3)  Remove subjets if pT < fcut Λhard

4)  Kept subjets give trimmed jet

ηΔ
-1.5 -1 -0.5 0 0.5 1 1.5

φ
Δ

-1.5

-1

-0.5

0

0.5

1

1.5

ηΔ
-1.5 -1 -0.5 0 0.5 1 1.5

φ
Δ

-1.5

-1

-0.5

0

0.5

1

1.5

ηΔ
-1.5 -1 -0.5 0 0.5 1 1.5

φ
Δ

-1.5

-1

-0.5

0

0.5

1

1.5

After anti-kT

R0 ~ 1.5
After kT

R0 ~ 0.2
No subjets below 

1% of total event pT

Aggressive, jet-by-jet removal of soft radiation 

32



Trimming 
August 27, 2012 Matthew Schwartz 

Grooming(
•  Grooming algorithms significantly reduce sensitivity to  

pile-up (reduced jet area) 

32 

Grooming(
•  Grooming algorithms significantly reduce sensitivity to  

pile-up (reduced jet area) 

32 

Helps experimentally  
     with pileup subtraction 

Jet mass dependence 
On NPileup-Vertices 

Pileup  

2010: <NPV>~2 (28% of events NPV=1)  special dataset

The Number of reconstructed Primary Vertices - NPV – can tell us 
how much additional radiation we are dealing with. 

2011: <NPV> ~ 10  

2012 
2012*: <NPV> ~ 25+.  

20 NPV = 30 

Before trimming After trimming 



Jet mass with grooming 
August 27, 2012 Matthew Schwartz 

comparing di-jet and V+jet

28N.B. stat. err. only

For visualization purposes, 
present di-jet and V+jet 

distributions with one above 
the other.  

pT bin:
300-450 GeV

N.B. not the exact same observables
mJ vs <mJ> in bins of pT, <pT>

Shows the difference in jet 
mass for di-jet and V+jet 

processes where the former 
(latter) radiates more (less) 
due to larger composition of 
gluon (quark)-initiated jets
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ATLAS simulation 
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Jet Mass

groomed

QCD

boosted top

Z' (1.6 TeV) / QCD dijets

SM semileptonic tt selection + fat jet

● top quark fat jet mass ≈ top mass

if boost large enough
● highly sensitive to UE + PU for

QCD and W+jets

ATLAS-CONF-2012-065

Top jets  
unnaffected by grooming 

QCD jets 
decimated  

by grooming 
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Jet-parton map 
We observe jets: 

+ 

We want to see quarks and gluons: 

Parton 
shower 

Assumption: this  exists 

Reality: this  exists 
Jet algorithms 

missing  
energy 

August 27, 2012 Matthew Schwartz 



What is wrong with the jet-parton map? 
It treats jets as 4-vectors 

 
•  Jets have substructure 

•  Fat-jet boosted top/higgs searches 
•  Can be groomed 

 
•  Jets have superstructure 

•   color connections between jets 

•  Partons have quantum numbers 
•  Electric charge 
•  QCD charge (quark or gluon?)  

 

Can these be     
      measured? 

August 27, 2012 Matthew Schwartz 



COLOR FLOW 

August 27, 2012 Matthew Schwartz 



Color coherence in soft radiation 
August 27, 2012 Matthew Schwartz 

q

q̄
q

q̄
q

q̄

3 quark color dipoles Gluons act like ends of 2 dipoles 

qq

Accurate up to 1/N2 ~10% effects 
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FIG. 5: On the left is the electric field lines for two charges in flat space. The middle shows the

imaginary part of the electric field for two charges in AdS, after projecting to rectangular coordi-

nates with x = β sin θ and y = β cos θ. The right (from [63]), shows the distribution of radiation

from a color singlet scalar decaying to two jets at the LHC. The axes in this case are psuedorapidity

and azimuthal angle, and the contours correspond to factors of two in the accumulated energy dis-

tribution. The rightmost plot is included to remind the reader that a color dipole radiates between

the color charges, which roughly corresponds to the region where the energy density has support

in the AdS picture. The sharp drop-off of the radiation pattern in the effect of color coherence. In

a qualitative sense only, this corresponds to the exponential decay of the radiation away from the

dipole axis in the AdS picture.

divergences cancel between virtual and real emission diagrams and Λ is replaced by the
observed momenta of particles, Λ → k.

To secure a clearer physical picture of what this growing imaginary energy means, consider
the case of two outgoing lightlike partons, such as in dijet production. In Figure 5, we
contrast the electric field of a normal pair of charges, in flat space, with the imaginary part
of the electric field for two charges in AdS. As the total energy grows with separation, the
electric field approaches a constant between the charges. Notice that in the presence of two
opposite Abelian charges, Im(E) is always negative, as should be the case for the energy of
an unstable state. Back in Minkowski space, this corresponds to a roughly constant density
of radiation between the two charges. The third panel of Figure 5, shows this behavior in a
Monte Carlo simulation [64]. To generate this distribution, a 200 GeV dijet event produced
at 7 TeV center of mass energy at the LHC was simulated. The figure shows the accumulated
energy distribution. Note that the radiation is concentrated between the two charges, and
suppressed away from the dipole axis, just as the energy distribution is in AdS.

Linear growth of energy with separation is normally an indication of confining behavior.
In this case, since the energy is imaginary, it is not confinement in the usual sense, but can
still be interpreted as a type of confinement. In a sense, this linear growth of the (imaginary)
energy with separation is related to the fact that high energy quarks always appear with
an accompanying jet, whose dynamics are described with Sudakov factors. Although this
“Sudakov confinement” of quarks inside jets has little in common with confinement in QCD,
it is not an unreasonable phrase for the linearly growing energy in AdS.
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Color coherence 

Angular ordering 

Destructive interference 
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Dipole shower 
Dipole showers in its rest frame  

•  Boost → string showers in dipole-momentum direction 
•  Alternative to angular ordering 

August 27, 2012 Matthew Schwartz 



Signal vs Background in H+W/Z 
Signal Background 

August 27, 2012 Matthew Schwartz 



How do they show up? 

Shower same event 
millions of times 

August 27, 2012 Matthew Schwartz 



Signal vs background 

Signal (Higgs) 
Color singlet 

Background (QCD) 
Color connected to beam 

August 27, 2012 Matthew Schwartz 



Pull 

•  Find jets (e.g. anti-kT) 
•  Construct pull vector (~ dipole moment) 
       on radiation in jet 
 
 
 
 
•  Angle between pull vectors measures 

color connections 
 
 
 
 

Gallichio et al. Phys.Rev.Lett. 105 (2010) 022001  

August 27, 2012 Matthew Schwartz 



Can be validated on ttbar 

Clean top tag on leptonic 
side 

b-tag Measure pull 

August 27, 2012 Matthew Schwartz 



Measured by D0  (2011) 

D0 (arXiv:1101.0648) 

August 27, 2012 Matthew Schwartz 



Ruled out color octet W D0 (arXiv:1101.0648) 

W is color singlet 

W is color octet 

August 27, 2012 Matthew Schwartz 



JET QUANTUM 
NUMBERS 
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•  Could distinguish up-quark jets from down-quark jets 
•  Could help distinguish up squarks from down squarks 

 
 
 
 
 
 
 
 
 
 

•  W prime vs Z prime 
 

•  Many many uses for characterizing new physics (if seen) 

Jet charge 
Can the charge of a jet be measured? 

P 

P 

ũ

ũ

u

ū

P 

P 

d̄

d

d̃

d̃
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Here a definite scale scale appears. We recognize this as the propagator for a massive particle,
which is the Fourier transform of the Yukawa potential. Thus the form of the proton is charac-
terized by an exponential shape ρ(r) ∼ e−r/r0, with characteristic size r ∼ (0.8 GeV)−1 = 1.47fm.
(More precisely, one can show that a exponential charge distribution with 〈r2〉 = (0.81 fm)2

would lead to this form factor.)
The conclusion is the proton has a characteristic size of order 1 fm. The value of this size is

not surprising, since it’s of order the proton’s Compton wavelength (
1

mP
= 1.2 fm), what sur-

prising is that there is a scale at all. In scattering electrons off of tauons, all we would ever see
is a form factor with logarithmic dependence on energy. The tauon’s size is not of order

1

mτ
– if

it has a finite size at all, it is much much smaller than mτ
−1.

To learn more about the proton, experiments had to go to higher energy. At energies
|q2|> 1 GeV2, you might expect e−p+ to elucidate an even more complicated charge distribution
with more and more scales. Instead, what happens is that the form factors do not get more and
more complicated. Instead, as we will now explain, they simplify back to the point scattering
case! That is, very high energy e−p+ scattering reveals pointlike constituents within the proton,
i.e. quarks.

2.3 Inelastic e
−

p
+ scattering

Up until now we have discussed elastic scattering: e−p+ → e−p+. At center-of-mass energies
above mP , the proton can start to break apart. For example, the first threshold is e−p+ →
e−p+π0. At very high energy the proton breaks apart completely, as shown in Figure 1.
Remarkably, the physics simplifies in this deeply inelastic regime, and we will be able to make
precise theoretical predictions.

P

k

q ↓

k′

P

k

q ↓

k′

P

k

q ↓

k′

Figure 1. As energy is increased, e
−

p
+ scattering goes from elastic to slightly inelastic, with e

−

p
+

π
0 in

the final state, to deeply inelastic, where the proton breaks apart completely.

In deriving the parametrization of the cross section in terms of F1(q2) and F2(q2), we needed
to use the reduction of the photon-proton interactions to the sum of ψ̄γµψ and ψ̄σµνψqµ terms.
When the proton breaks apart we can’t do that anymore; we need to parametrize photon-
proton-X interactions, where X is anything the proton can break up into. Thus it makes sense
to parametrize the cross section (instead of the vertex), in terms of the momentum transfer qµ

and the proton momentum P µ.
In the lab frame, the cross section can be written as

(

dσ

dΩdE ′

)

lab

=
α2

q4

E ′

E
LµνWµν ∼ (10)

where Lµν is the lepton tensor, which encodes polarization information for the electron, or
equivalently, the off-shell photon. For unpolarized scattering, it is given by

Lµν =
1
2
Tr
[(

k
′+m

)

γµ(k +m)γν
]

= 2(k ′µkν + k ′νkµ − (k · k ′−m2)gµν) (11)

where k and k ′ are the electron’s initial and final momentum. Note that Lµν = Lνµ.
The hadronic tensor W µν can depend on the proton momentum P µ and qµ only. In unpo-
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since the interaction is only through a photon. Thus the most general parametrization is

W µν =−W1

(

−gµν +
qµqν

q2

)

+
W2

mP
2

(

P µ − P · q
q2

qµ

)(

P ν − P · q
q2

qν

)

(12)

4 Section 2

Long history… 

•  Late 1970s: do quarks exist? 
•  Deep-inelastic neutrino-proton or anti-neutrino-proton scattering 

ν	



u
d 
u

? 

Here a definite scale scale appears. We recognize this as the propagator for a massive particle,
which is the Fourier transform of the Yukawa potential. Thus the form of the proton is charac-
terized by an exponential shape ρ(r) ∼ e−r/r0, with characteristic size r ∼ (0.8 GeV)−1 = 1.47fm.
(More precisely, one can show that a exponential charge distribution with 〈r2〉 = (0.81 fm)2

would lead to this form factor.)
The conclusion is the proton has a characteristic size of order 1 fm. The value of this size is

not surprising, since it’s of order the proton’s Compton wavelength (
1

mP
= 1.2 fm), what sur-

prising is that there is a scale at all. In scattering electrons off of tauons, all we would ever see
is a form factor with logarithmic dependence on energy. The tauon’s size is not of order

1

mτ
– if

it has a finite size at all, it is much much smaller than mτ
−1.

To learn more about the proton, experiments had to go to higher energy. At energies
|q2|> 1 GeV2, you might expect e−p+ to elucidate an even more complicated charge distribution
with more and more scales. Instead, what happens is that the form factors do not get more and
more complicated. Instead, as we will now explain, they simplify back to the point scattering
case! That is, very high energy e−p+ scattering reveals pointlike constituents within the proton,
i.e. quarks.

2.3 Inelastic e
−

p
+ scattering

Up until now we have discussed elastic scattering: e−p+ → e−p+. At center-of-mass energies
above mP , the proton can start to break apart. For example, the first threshold is e−p+ →
e−p+π0. At very high energy the proton breaks apart completely, as shown in Figure 1.
Remarkably, the physics simplifies in this deeply inelastic regime, and we will be able to make
precise theoretical predictions.
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Figure 1. As energy is increased, e
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the final state, to deeply inelastic, where the proton breaks apart completely.

In deriving the parametrization of the cross section in terms of F1(q2) and F2(q2), we needed
to use the reduction of the photon-proton interactions to the sum of ψ̄γµψ and ψ̄σµνψqµ terms.
When the proton breaks apart we can’t do that anymore; we need to parametrize photon-
proton-X interactions, where X is anything the proton can break up into. Thus it makes sense
to parametrize the cross section (instead of the vertex), in terms of the momentum transfer qµ

and the proton momentum P µ.
In the lab frame, the cross section can be written as
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Here a definite scale scale appears. We recognize this as the propagator for a massive particle,
which is the Fourier transform of the Yukawa potential. Thus the form of the proton is charac-
terized by an exponential shape ρ(r) ∼ e−r/r0, with characteristic size r ∼ (0.8 GeV)−1 = 1.47fm.
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case! That is, very high energy e−p+ scattering reveals pointlike constituents within the proton,
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e−p+π0. At very high energy the proton breaks apart completely, as shown in Figure 1.
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Here a definite scale scale appears. We recognize this as the propagator for a massive particle,
which is the Fourier transform of the Yukawa potential. Thus the form of the proton is charac-
terized by an exponential shape ρ(r) ∼ e−r/r0, with characteristic size r ∼ (0.8 GeV)−1 = 1.47fm.
(More precisely, one can show that a exponential charge distribution with 〈r2〉 = (0.81 fm)2

would lead to this form factor.)
The conclusion is the proton has a characteristic size of order 1 fm. The value of this size is

not surprising, since it’s of order the proton’s Compton wavelength (
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= 1.2 fm), what sur-

prising is that there is a scale at all. In scattering electrons off of tauons, all we would ever see
is a form factor with logarithmic dependence on energy. The tauon’s size is not of order
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– if

it has a finite size at all, it is much much smaller than mτ
−1.

To learn more about the proton, experiments had to go to higher energy. At energies
|q2|> 1 GeV2, you might expect e−p+ to elucidate an even more complicated charge distribution
with more and more scales. Instead, what happens is that the form factors do not get more and
more complicated. Instead, as we will now explain, they simplify back to the point scattering
case! That is, very high energy e−p+ scattering reveals pointlike constituents within the proton,
i.e. quarks.
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Up until now we have discussed elastic scattering: e−p+ → e−p+. At center-of-mass energies
above mP , the proton can start to break apart. For example, the first threshold is e−p+ →
e−p+π0. At very high energy the proton breaks apart completely, as shown in Figure 1.
Remarkably, the physics simplifies in this deeply inelastic regime, and we will be able to make
precise theoretical predictions.
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In deriving the parametrization of the cross section in terms of F1(q2) and F2(q2), we needed
to use the reduction of the photon-proton interactions to the sum of ψ̄γµψ and ψ̄σµνψqµ terms.
When the proton breaks apart we can’t do that anymore; we need to parametrize photon-
proton-X interactions, where X is anything the proton can break up into. Thus it makes sense
to parametrize the cross section (instead of the vertex), in terms of the momentum transfer qµ
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The hadronic tensor W µν can depend on the proton momentum P µ and qµ only. In unpo-

larized scattering, it must be symmetric. It also should satisfy qµW µν = 0 by gauge invariance
since the interaction is only through a photon. Thus the most general parametrization is
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Knowing the charge of the underlying parton initiating a light-quark jet in hadronic collisions could
be extremely useful both for testing aspects of the standard model and for characterizing possible
beyond-the-standard-model signals. We show that despite the complications of hadronization and
out-of-jet radiation, a weighted sum of the charges of the jet constituents can distinguish differently
charged jets to good accuracy. Potential applications include distinguishing leptophobic Z-prime
from W -prime resonances as well as standard model tests, such as jet charge in dijet events or
jet charge in hadronically-decaying W bosons in top-antitop events. We develop a systematically
improvable method to calculate moments of these charge distributions by coming multi-hadron
fragmentation functions with perturbative jet functions and perturbative evolution equations. We
show that the dependence on energy and jet size for the average and width of the jet charge can be
calculated despite the large experimental uncertainty on fragmentation functions. Conversely, jet
charge provides a way to measure moments of fragmentation functions more precisely.

The Large Hadron Collider (LHC), currently running
at CERN, provides an opportunity to explore properties
of the standard model in unprecedented detail, and to
search for new physics in previously unfathomable ways.
The extremely precise detectors at the atlas and cms

experiments can practically measure the energy and mo-
menta of every reasonably hard particle coming out of
each collision. In particular, they have excellent abil-
ity to see charged particles. One application of the
charged particle spectrum is in b-tagging: distinguish-
ing jets which originated from hard b-partons is critical
to many standard model and beyond the standard model
searches. In recent years, many additional ways to ex-
ploit the LHC detectors precision have been envisioned
and implemented, boosted jet tagging [1–3], new jet sub-
structure observables, jet grooming [4, 5], color-flow mea-
surements [6, 7], quark/gluon jet discrimination [8], etc.
(see [9] for a recent review). In this paper, we consider
the feasibility of measuring the charge of a jet.

The idea correlating some jet-based observable to the
charge of an underlying hard parton has a long his-
tory. In an effort to determine to what extent jets from
hadron collisions were similar to jets from leptonic col-
lisions, Field and Feynman [10] argued in 1977 that ag-
gregate jet properties such as jet charge could be mea-
sured and compared. Such properties were soon after
measured at Fermilab [11] and CERN [12] in charged-
current deep-inelastic scattering experiments, with clear
up- and down-quark jet discrimination, confirming as-
pects of the parton model. Another important historical
application was the light-quark forward backward asym-
metry in e+e− collisions, a precision electroweak observ-
able [13]. Despite its historical importance, there seem to
have been no attempts so far to see whether the charge
of light-quark jets can be measured at the LHC.

Most of the experimental studies of jet charge have
measured variants on the energy-weighted jet charge. We
define this observable for a jet of flavor i as

Qi
κ =

1

Ejet

∑

j∈jet

Qj(Ej)
κ (1)

where the sum is over particles in the jet, Qj is the in-
teger charge of the color-neutral object observed, and
κ is a free parameter. One can use transverse momen-
tum instead of energy with similar results. In the aleph
study [13], the projection of momentum on the thrust
axis was used and κ = 1.0 was found optimal for measur-
ing the forward-backward asymmetry. In some of the DIS
experiments [11] κ = 0.2 and 0.5 were used, as suggested
in [10].
In hadron-hadron collisions at high energy, such as at

the LHC, the particle multiplicities in the final state are
significantly larger than at low energy and at e+e- or
lepton-hadron colliders. Thus one naturally expects that
measuring the charge of a light quark jet at the LHC
should be extremely difficult, with the primordial quark
charge quickly getting washed out. In fact, it does seem
impossible on a jet-by-jet basis to tell whether jets origi-
nated from up or down quarks. However, as we will show,
the quark charge can in fact be extracted on a statisti-
cal basis. Moreover, the scale and jet-size dependence
of moments of the the jet charge can be calculated in
perturbative QCD.
Being able to measure jet charge would be tremen-

dously useful. First of all, it opens the door to a whole
new class of tests of the standard model test. For exam-
ple, the relative rates of uū or uu jets in a dijet sample
could be compared to QCD or the charge of hadronically
decaying W bosons from top quarks could be directly
measured. Secondly, jet charge would provide a unique

Measured the energy-weighted jet charge: 

•  Suggested by Feynman and Field (1977) 
•  Early calculations in parton model (no QCD!) 
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beyond-the-standard-model signals. We show that despite the complications of hadronization and
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charged jets to good accuracy. Potential applications include distinguishing leptophobic Z-prime
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show that the dependence on energy and jet size for the average and width of the jet charge can be
calculated despite the large experimental uncertainty on fragmentation functions. Conversely, jet
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at CERN, provides an opportunity to explore properties
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charged particle spectrum is in b-tagging: distinguish-
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application was the light-quark forward backward asym-
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able [13]. Despite its historical importance, there seem to
have been no attempts so far to see whether the charge
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events. To compare with the predictions which are calculated for 10 GeV quark jets, 
we select c.m. energies above 6 GeV. Corresponding predictions by Field and 
Feynman are shown for the d- and u-quark jets with the two values of r, r = 0.2 and 
r = 0.5 [6]. It is important to recognize that even though the Field and Feynman 
approach involves a parametrization of (other) leptoproduction data it gives predic- 
tions for the weighted charge which differ according to the flavour of the fragment- 
ing quark. The average weighted charge values are given in table 1 with the 
predictions. Experimental results for the weighted charge for antineutrino (neutrino) 
charged current events are consistent with the predictions for the d-quark (u-quark) 
jets but not with the predictions for the u-quark (d-quark) jets. 

We have considered possible effects caused by the use of a nuclear target in this 
experiment. Nuclear break-up products generally increase the visible net charge of 
the observed final state hadrons. Our selection criteria for the current fragments 
usually removes the slow secondary particles arising from the nuclear break-up, but 
it is expected that a small contamination from the nuclear fragments remains in our 
sample of events. To study these effects, we have selected a sample of events in 
which the net visible charge of the final state hadrons, Qv, corresponds to the initial 
state charge within one unit, i.e., we select - 2  < Qv < 1. Effects of this selection on 
the measured jet net charge and on the measured weighted charge are summarized in 
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experiments. From the K +/~r + ratio in high energy proton-proton experiments [23] 
extrapolated to the Feynman x of one (to avoid resonance contributions), we 
estimate Ps/P ~0 .50 .  Another estimate of Ps/P can be obtained from the cross 
section ratios (J/q~ ~ K + K*)/(Jfl~b ~ p~') corrected for phase-space factors [241. 
The result pJp = 0.49 __ 0.11 implies p = 6.40 __+ 0.02. An electroproduction experi- 
ment obtains for the ratio (K ° + K.°)/(~r + + ~ r - )  a value of 0.13 _+ 0.03 which the 
authors  interpret  as the ratio Ps/P (ref. [25]); this value would mean  considerably  
s t ronger  SU(3) symmet ry  violation in the quark  jets. A jet  net charge measurement  
in the same experiment ,  on the other  hand,  gives p~/p = 0.36 (ref. [261), which is 
again consistent with our  measurements .  

Field and F e y n m a n  have proposed  an alternative way of distinguishing quark jets 
of  different f lavour [6]. There, one weights each particle with a z-dependent  weight 
such that  particles closer to the overlap region get a small weight and particles with 
large fractional energy z (further f rom the overlap region) get a large weight; i.e., the 
weighted charge is defined as Q ~  = Y~(zi)re~, where r is a small n u m b e r  and e~ is the 
integer charge of the i th hadron  in the final state. Result ing distr ibutions f rom our 
exper iment  are shown in fig. 10 (fig. 11) for ant ineutr ino (neutrino) charged current  
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beyond-the-standard-model signals. We show that despite the complications of hadronization and
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charged jets to good accuracy. Potential applications include distinguishing leptophobic Z-prime
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jet charge in hadronically-decaying W bosons in top-antitop events. We develop a systematically
improvable method to calculate moments of these charge distributions by coming multi-hadron
fragmentation functions with perturbative jet functions and perturbative evolution equations. We
show that the dependence on energy and jet size for the average and width of the jet charge can be
calculated despite the large experimental uncertainty on fragmentation functions. Conversely, jet
charge provides a way to measure moments of fragmentation functions more precisely.

The Large Hadron Collider (LHC), currently running
at CERN, provides an opportunity to explore properties
of the standard model in unprecedented detail, and to
search for new physics in previously unfathomable ways.
The extremely precise detectors at the atlas and cms

experiments can practically measure the energy and mo-
menta of every reasonably hard particle coming out of
each collision. In particular, they have excellent abil-
ity to see charged particles. One application of the
charged particle spectrum is in b-tagging: distinguish-
ing jets which originated from hard b-partons is critical
to many standard model and beyond the standard model
searches. In recent years, many additional ways to ex-
ploit the LHC detectors precision have been envisioned
and implemented, boosted jet tagging [1–3], new jet sub-
structure observables, jet grooming [4, 5], color-flow mea-
surements [6, 7], quark/gluon jet discrimination [8], etc.
(see [9] for a recent review). In this paper, we consider
the feasibility of measuring the charge of a jet.

The idea correlating some jet-based observable to the
charge of an underlying hard parton has a long his-
tory. In an effort to determine to what extent jets from
hadron collisions were similar to jets from leptonic col-
lisions, Field and Feynman [10] argued in 1977 that ag-
gregate jet properties such as jet charge could be mea-
sured and compared. Such properties were soon after
measured at Fermilab [11] and CERN [12] in charged-
current deep-inelastic scattering experiments, with clear
up- and down-quark jet discrimination, confirming as-
pects of the parton model. Another important historical
application was the light-quark forward backward asym-
metry in e+e− collisions, a precision electroweak observ-
able [13]. Despite its historical importance, there seem to
have been no attempts so far to see whether the charge
of light-quark jets can be measured at the LHC.

Most of the experimental studies of jet charge have
measured variants on the energy-weighted jet charge. We
define this observable for a jet of flavor i as

Qi
κ =

1

Ejet

∑

j∈jet

Qj(Ej)
κ (1)

where the sum is over particles in the jet, Qj is the in-
teger charge of the color-neutral object observed, and
κ is a free parameter. One can use transverse momen-
tum instead of energy with similar results. In the aleph
study [13], the projection of momentum on the thrust
axis was used and κ = 1.0 was found optimal for measur-
ing the forward-backward asymmetry. In some of the DIS
experiments [11] κ = 0.2 and 0.5 were used, as suggested
in [10].
In hadron-hadron collisions at high energy, such as at

the LHC, the particle multiplicities in the final state are
significantly larger than at low energy and at e+e- or
lepton-hadron colliders. Thus one naturally expects that
measuring the charge of a light quark jet at the LHC
should be extremely difficult, with the primordial quark
charge quickly getting washed out. In fact, it does seem
impossible on a jet-by-jet basis to tell whether jets origi-
nated from up or down quarks. However, as we will show,
the quark charge can in fact be extracted on a statisti-
cal basis. Moreover, the scale and jet-size dependence
of moments of the the jet charge can be calculated in
perturbative QCD.
Being able to measure jet charge would be tremen-

dously useful. First of all, it opens the door to a whole
new class of tests of the standard model test. For exam-
ple, the relative rates of uū or uu jets in a dijet sample
could be compared to QCD or the charge of hadronically
decaying W bosons from top quarks could be directly
measured. Secondly, jet charge would provide a unique
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Fig. II. Weighted charge Q~ = ]~,(zi)rei for the neutrino charged current induced hadrons traveling 
forward in the hadronic c.m.s. (a) for r = 0.2, and (b) for r = 0.5. The solid curves represent the Field and 
Feynman  predictions for the 10 G e V / c  u-quark jets and the dashed lines the corresponding predictions 

for the 10 G e V / c  d-quark jets. 

events. To compare with the predictions which are calculated for 10 GeV quark jets, 
we select c.m. energies above 6 GeV. Corresponding predictions by Field and 
Feynman are shown for the d- and u-quark jets with the two values of r, r = 0.2 and 
r = 0.5 [6]. It is important to recognize that even though the Field and Feynman 
approach involves a parametrization of (other) leptoproduction data it gives predic- 
tions for the weighted charge which differ according to the flavour of the fragment- 
ing quark. The average weighted charge values are given in table 1 with the 
predictions. Experimental results for the weighted charge for antineutrino (neutrino) 
charged current events are consistent with the predictions for the d-quark (u-quark) 
jets but not with the predictions for the u-quark (d-quark) jets. 

We have considered possible effects caused by the use of a nuclear target in this 
experiment. Nuclear break-up products generally increase the visible net charge of 
the observed final state hadrons. Our selection criteria for the current fragments 
usually removes the slow secondary particles arising from the nuclear break-up, but 
it is expected that a small contamination from the nuclear fragments remains in our 
sample of events. To study these effects, we have selected a sample of events in 
which the net visible charge of the final state hadrons, Qv, corresponds to the initial 
state charge within one unit, i.e., we select - 2  < Qv < 1. Effects of this selection on 
the measured jet net charge and on the measured weighted charge are summarized in 
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experiments. From the K +/~r + ratio in high energy proton-proton experiments [23] 
extrapolated to the Feynman x of one (to avoid resonance contributions), we 
estimate Ps/P ~0 .50 .  Another estimate of Ps/P can be obtained from the cross 
section ratios (J/q~ ~ K + K*)/(Jfl~b ~ p~') corrected for phase-space factors [241. 
The result pJp = 0.49 __ 0.11 implies p = 6.40 __+ 0.02. An electroproduction experi- 
ment obtains for the ratio (K ° + K.°)/(~r + + ~ r - )  a value of 0.13 _+ 0.03 which the 
authors  interpret  as the ratio Ps/P (ref. [25]); this value would mean  considerably  
s t ronger  SU(3) symmet ry  violation in the quark  jets. A jet  net charge measurement  
in the same experiment ,  on the other  hand,  gives p~/p = 0.36 (ref. [261), which is 
again consistent with our  measurements .  

Field and F e y n m a n  have proposed  an alternative way of distinguishing quark jets 
of  different f lavour [6]. There, one weights each particle with a z-dependent  weight 
such that  particles closer to the overlap region get a small weight and particles with 
large fractional energy z (further f rom the overlap region) get a large weight; i.e., the 
weighted charge is defined as Q ~  = Y~(zi)re~, where r is a small n u m b e r  and e~ is the 
integer charge of the i th hadron  in the final state. Result ing distr ibutions f rom our 
exper iment  are shown in fig. 10 (fig. 11) for ant ineutr ino (neutrino) charged current  
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Fig. 10. Weighted charge Q~; = Yi(z,)re, for the antineutrino charged current induced hadrons traveling 
forward in the hadronic'c.m.s. (a) for r=  0.2, and (b) for r = 0.5. The solid curves represent the Field and 
Feynman predictions for the hadrons arising from the fragmentation of a u-quark with 10 GeV/c incident 

momentum and the dashed lines the corresponding predictions for the 10 GeV/c d-quark jets. 
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Knowing the charge of the underlying parton initiating a light-quark jet in hadronic collisions could
be extremely useful both for testing aspects of the standard model and for characterizing possible
beyond-the-standard-model signals. We show that despite the complications of hadronization and
out-of-jet radiation, a weighted sum of the charges of the jet constituents can distinguish differently
charged jets to good accuracy. Potential applications include distinguishing leptophobic Z-prime
from W -prime resonances as well as standard model tests, such as jet charge in dijet events or
jet charge in hadronically-decaying W bosons in top-antitop events. We develop a systematically
improvable method to calculate moments of these charge distributions by coming multi-hadron
fragmentation functions with perturbative jet functions and perturbative evolution equations. We
show that the dependence on energy and jet size for the average and width of the jet charge can be
calculated despite the large experimental uncertainty on fragmentation functions. Conversely, jet
charge provides a way to measure moments of fragmentation functions more precisely.

The Large Hadron Collider (LHC), currently running
at CERN, provides an opportunity to explore properties
of the standard model in unprecedented detail, and to
search for new physics in previously unfathomable ways.
The extremely precise detectors at the atlas and cms

experiments can practically measure the energy and mo-
menta of every reasonably hard particle coming out of
each collision. In particular, they have excellent abil-
ity to see charged particles. One application of the
charged particle spectrum is in b-tagging: distinguish-
ing jets which originated from hard b-partons is critical
to many standard model and beyond the standard model
searches. In recent years, many additional ways to ex-
ploit the LHC detectors precision have been envisioned
and implemented, boosted jet tagging [1–3], new jet sub-
structure observables, jet grooming [4, 5], color-flow mea-
surements [6, 7], quark/gluon jet discrimination [8], etc.
(see [9] for a recent review). In this paper, we consider
the feasibility of measuring the charge of a jet.

The idea correlating some jet-based observable to the
charge of an underlying hard parton has a long his-
tory. In an effort to determine to what extent jets from
hadron collisions were similar to jets from leptonic col-
lisions, Field and Feynman [10] argued in 1977 that ag-
gregate jet properties such as jet charge could be mea-
sured and compared. Such properties were soon after
measured at Fermilab [11] and CERN [12] in charged-
current deep-inelastic scattering experiments, with clear
up- and down-quark jet discrimination, confirming as-
pects of the parton model. Another important historical
application was the light-quark forward backward asym-
metry in e+e− collisions, a precision electroweak observ-
able [13]. Despite its historical importance, there seem to
have been no attempts so far to see whether the charge
of light-quark jets can be measured at the LHC.

Most of the experimental studies of jet charge have
measured variants on the energy-weighted jet charge. We
define this observable for a jet of flavor i as

Qi
κ =

1

Ejet

∑

j∈jet

Qj(Ej)
κ (1)

where the sum is over particles in the jet, Qj is the in-
teger charge of the color-neutral object observed, and
κ is a free parameter. One can use transverse momen-
tum instead of energy with similar results. In the aleph
study [13], the projection of momentum on the thrust
axis was used and κ = 1.0 was found optimal for measur-
ing the forward-backward asymmetry. In some of the DIS
experiments [11] κ = 0.2 and 0.5 were used, as suggested
in [10].
In hadron-hadron collisions at high energy, such as at

the LHC, the particle multiplicities in the final state are
significantly larger than at low energy and at e+e- or
lepton-hadron colliders. Thus one naturally expects that
measuring the charge of a light quark jet at the LHC
should be extremely difficult, with the primordial quark
charge quickly getting washed out. In fact, it does seem
impossible on a jet-by-jet basis to tell whether jets origi-
nated from up or down quarks. However, as we will show,
the quark charge can in fact be extracted on a statisti-
cal basis. Moreover, the scale and jet-size dependence
of moments of the the jet charge can be calculated in
perturbative QCD.
Being able to measure jet charge would be tremen-

dously useful. First of all, it opens the door to a whole
new class of tests of the standard model test. For exam-
ple, the relative rates of uū or uu jets in a dijet sample
could be compared to QCD or the charge of hadronically
decaying W bosons from top quarks could be directly
measured. Secondly, jet charge would provide a unique
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Log-likelihood distribution for 1 TeV resonance,  
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2σ with 30 events 
5σ with 200 events  
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Calibrate on standard model 
2D charges (parton level) 
 for different pT 

Fractions 
(parton level) 

Jet charge  
(hadron level) 
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Can also test on top quarks 
Measure sum of jet charges from 
       W decay products 

•  Measure hadronic W charge 
•  Measure top charge 
•  Measure top polarization  

Top Applications 
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No LHC data yet 



QCD charge: quark or gluon 
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New physics mostly quark jets Backgrounds mostly gluon jets 

•  Quark and gluon discrimination already used in 
•   b-tagging 
•  Jet calibration 

•  Is it possible to distinguish quarks from gluons on an event-by-event basis? 



Jet shape variables 
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Charged particle count 
Radial Moment – a measure of the “girth” of the jet

Weight pT deposits by distance from jet center
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Variables for discrimination in ATLAS MCVariables for discrimination in ATLAS MC
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: number of good quality tracks within a cone of 0.4 in η−φ around the jet 
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 Track Width: we use tracks associated to the jet, 
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Linear radial moment 
(girth/track width) 
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2D distributions 
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Combining Variables: Girth and Charged Count
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•  Keep 50% of quark jets 
•  Reduce gluon jets by a factor of 8 (to 12.5%) 

Cut here 



Data (July 2012) 
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Template method: Template method: Data measurement Data measurement   

 Relative to the last set, only the template has changed (from MC sim to data)

 Track width shows good agreement.   

 Gluon induced jet templates for n
trk

 show disagreement between data and MC 

simulation, demonstrating a MC mis-modeling of the gluon induced jet 
properties.  
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Data and simulation do not agree 
For charged particle multiplicity 

•  Future of Q vs G needs better understanding 

Data 
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Factor of 2 worse gluon rejection in data than simulation 
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Jet-to-parton map 
We observe jets: 

+ 

We want to see quarks and gluons: 

Parton 
shower 

Assumption: this  exists 

Reality: this  exists 
Jet algorithms 

missing  
energy 

Parton-shower is not invertible 
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Different algorithms, different results 

Cacciari, Salam, Soyez JHEP 0804:063 (2008) 
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e.g. reconstruct W invariant mass 

W ! q̄q



Parton shower is not invertible 
Parton shower gives an event 

or or ?= 

What is the inverse? 

•  Is there a way to have “fuzzier” jets 
           which account for non-unique inverse? 
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One possibility: Qjets 

Instead of choosing smallest dij, choose pair with a probability 

P / exp(�↵dij)

and and = 

Add randomness into the jet algorithm 

Generates ensemble of trees for each event 

Ellis et al. arXiv:1201.1914 
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What did we do with the Qjets? 

As an example, we can prune them 

•  Pruning discards radiation in clustering that is soft but not collinear 

2

assigned to the trees is reduced and we find that we can
use process-independent weights.

The idea we have described – associating a weighted
set of trees to a jet – would not be feasible if one had to
consider every tree which could be formed from a given
set of final state four-momenta in a jet. Fortunately, good
approximations to such weighted distributions obtained
using every tree can be captured through a procedure
analogous to Monte-Carlo integration, allowing us to use
a very small fraction of the trees. This can be achieved
since infrared and collinear safe jet observables must be
insensitive to small reshu✏ings of the momenta, implying
that large classes of trees give very similar information.

The algorithm we propose, which assembles a tree via
a series of 2 ! 1 mergings, functions as follows:

1. At every stage of clustering, a set of weights !ij for
all pairs hiji of the four-vectors is computed, and
a probability ⌦ij = !ij/N , where N =

P
hiji

!ij is
assigned to each pair.

2. A random number is generated and used to choose
a pair hiji with probability ⌦ij . The chosen pair
is merged, and the procedure is repeated until all
particles all clustered.

This algorithm directly produces trees distributed ac-
cording to their weight

Q
mergings

⌦ij . To produce a dis-
tribution of the observable for each jet, this algorithm is
simply repeated a number of times, yielding a di↵erent
tree (essentially) every time. Note that any algorithm
which modifies a tree during its construction (e.g., jet
pruning) can be adapted to work with this procedure as
demonstrated below.

One particularly interesting class of weights !(↵)

ij ,
parametrized by a continuous real number ↵ we term
rigidity is given by

!(↵)

ij ⌘ exp

⇢
�↵

(dij � dmin)

dmin

�
. (1)

Here, dij is the jet distance measure for the hiji pair,
e.g.,

dij =

(
d
kT ⌘ min{p2

Ti, p
2

Tj}�R2

ij

d
C/A

⌘ �R2

ij

, (2)

where �R2

ij = �y2

ij + ��2

ij , and dmin is the minimum
over all pairs at this stage in the clustering. Note that
with this metric, our algorithm reduces to a traditional
clustering algorithm of the type defined by the distance
dij when ↵ ! 1, i.e., in that limit the minimal dij is
always chosen. In this sense, it is helpful to think of
the traditional, single tree algorithm as the “classical”
approach, and ↵ ⇠ 1/~ controlling the deviation from
the “classical” clustering behavior. With this analogy,
we call the trees constructed in this non-deterministic

FIG. 1. Distribution of pruned jet mass for a single boosted
QCD-jet in a single event with pT ⇠ 500 GeV. The black
and red solid lines show the classical pruned masses when
C/A and kT algorithms are used to cluster the jet. The black
and dashed (red and dot-dashed) line shows the pruned jet
mass distribution of 1000 Qjets (constructed from the same
jet in the same event), when the C/A (kT) measure is used
in Eq. (1). These distributions result from clusterings with
rigidity ↵ = 1.0 (top) and ↵ = 0.01 (bottom).

fashion Qjets (“quantum” jet) and the number of trees
used N

Qjet

.
We now demonstrate, as an illustrative example, how

the use of Qjets can have important e↵ects in an analy-
sis employing jet pruning to study hadronically decaying
boosted W s. As described in Ref. [6] pruning is one of the
jet grooming tools [7] used to sharpen signal and reduce
background when considering boosted heavy objects. It
functions by modifying the mergings in a given tree that
involve both a large angular separation and asymmetric
energy sharing by removing the lower energy daughter
from the tree. In detail, if a clustering algorithm at-
tempts to cluster two four-momenta i and j which satisfy

zij ⌘ min
�
pTi , pTj

�

| ~pTi + ~pTj |
< z

cut

and

�Rij > D
cut

,

(3)

then the merging is vetoed and the softer of the two four-
momenta is discarded. By applying jet pruning to a set
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jet grooming tools [7] used to sharpen signal and reduce
background when considering boosted heavy objects. It
functions by modifying the mergings in a given tree that
involve both a large angular separation and asymmetric
energy sharing by removing the lower energy daughter
from the tree. In detail, if a clustering algorithm at-
tempts to cluster two four-momenta i and j which satisfy

zij ⌘ min
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pTi , pTj
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| ~pTi + ~pTj |
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cut

and

�Rij > D
cut

,

(3)

then the merging is vetoed and the softer of the two four-
momenta is discarded. By applying jet pruning to a set

Defining Reconstructed Tops – Search Mode
 A jet reconstructing a top will have a mass within the top mass window, and a 

primary subjet mass within the W mass window - call these jets top jets

 Defining the top, W mass windows:
• Fit the jet mass and subjet mass distributions with (asymmetric) Breit-Wigner 

plus continuum  widths of the peaks

• The top and W windows are defined separately for pruned and not pruned -
test whether pruning is narrowing the mass distribution

pruned
unpruned

sample
mass fit

25US ATLAS Hadronic Final State Forum     
S.D. Ellis 4/09/09

Other variants filtering or 
trimming work similarly 

Butterworth, Cox, Forshaw Phys.Rev. D65 (2002)  

Krohn, Thaler, Wang  JHEP 1002 (2010) 
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Pruned Qjets 

This is one event 

•  Construct 100 trees  
          from each jet in each event 
 
•  Apply pruning to each tree 

•  Histogram resulting masses  
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assigned to the trees is reduced and we find that we can
use process-independent weights.

The idea we have described – associating a weighted
set of trees to a jet – would not be feasible if one had to
consider every tree which could be formed from a given
set of final state four-momenta in a jet. Fortunately, good
approximations to such weighted distributions obtained
using every tree can be captured through a procedure
analogous to Monte-Carlo integration, allowing us to use
a very small fraction of the trees. This can be achieved
since infrared and collinear safe jet observables must be
insensitive to small reshu✏ings of the momenta, implying
that large classes of trees give very similar information.

The algorithm we propose, which assembles a tree via
a series of 2 ! 1 mergings, functions as follows:

1. At every stage of clustering, a set of weights !ij for
all pairs hiji of the four-vectors is computed, and
a probability ⌦ij = !ij/N , where N =

P
hiji

!ij is
assigned to each pair.

2. A random number is generated and used to choose
a pair hiji with probability ⌦ij . The chosen pair
is merged, and the procedure is repeated until all
particles all clustered.

This algorithm directly produces trees distributed ac-
cording to their weight

Q
mergings

⌦ij . To produce a dis-
tribution of the observable for each jet, this algorithm is
simply repeated a number of times, yielding a di↵erent
tree (essentially) every time. Note that any algorithm
which modifies a tree during its construction (e.g., jet
pruning) can be adapted to work with this procedure as
demonstrated below.

One particularly interesting class of weights !(↵)

ij ,
parametrized by a continuous real number ↵ we term
rigidity is given by

!(↵)

ij ⌘ exp

⇢
�↵

(dij � dmin)

dmin

�
. (1)

Here, dij is the jet distance measure for the hiji pair,
e.g.,

dij =

(
d
kT ⌘ min{p2

Ti, p
2

Tj}�R2

ij

d
C/A

⌘ �R2

ij

, (2)

where �R2

ij = �y2

ij + ��2

ij , and dmin is the minimum
over all pairs at this stage in the clustering. Note that
with this metric, our algorithm reduces to a traditional
clustering algorithm of the type defined by the distance
dij when ↵ ! 1, i.e., in that limit the minimal dij is
always chosen. In this sense, it is helpful to think of
the traditional, single tree algorithm as the “classical”
approach, and ↵ ⇠ 1/~ controlling the deviation from
the “classical” clustering behavior. With this analogy,
we call the trees constructed in this non-deterministic

FIG. 1. Distribution of pruned jet mass for a single boosted
QCD-jet in a single event with pT ⇠ 500 GeV. The black
and red solid lines show the classical pruned masses when
C/A and kT algorithms are used to cluster the jet. The black
and dashed (red and dot-dashed) line shows the pruned jet
mass distribution of 1000 Qjets (constructed from the same
jet in the same event), when the C/A (kT) measure is used
in Eq. (1). These distributions result from clusterings with
rigidity ↵ = 1.0 (top) and ↵ = 0.01 (bottom).

fashion Qjets (“quantum” jet) and the number of trees
used N
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We now demonstrate, as an illustrative example, how

the use of Qjets can have important e↵ects in an analy-
sis employing jet pruning to study hadronically decaying
boosted W s. As described in Ref. [6] pruning is one of the
jet grooming tools [7] used to sharpen signal and reduce
background when considering boosted heavy objects. It
functions by modifying the mergings in a given tree that
involve both a large angular separation and asymmetric
energy sharing by removing the lower energy daughter
from the tree. In detail, if a clustering algorithm at-
tempts to cluster two four-momenta i and j which satisfy

zij ⌘ min
�
pTi , pTj

�

| ~pTi + ~pTj |
< z

cut

and

�Rij > D
cut

,

(3)

then the merging is vetoed and the softer of the two four-
momenta is discarded. By applying jet pruning to a set
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FIG. 1. Distribution of pruned jet mass for a single boosted
QCD-jet in a single event with pT ⇠ 500 GeV. The black
and red solid lines show the classical pruned masses when
C/A and kT algorithms are used to cluster the jet. The black
and dashed (red and dot-dashed) line shows the pruned jet
mass distribution of 1000 Qjets (constructed from the same
jet in the same event), when the C/A (kT) measure is used
in Eq. (1). These distributions result from clusterings with
rigidity ↵ = 1.0 (top) and ↵ = 0.01 (bottom).
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sis employing jet pruning to study hadronically decaying
boosted W s. As described in Ref. [6] pruning is one of the
jet grooming tools [7] used to sharpen signal and reduce
background when considering boosted heavy objects. It
functions by modifying the mergings in a given tree that
involve both a large angular separation and asymmetric
energy sharing by removing the lower energy daughter
from the tree. In detail, if a clustering algorithm at-
tempts to cluster two four-momenta i and j which satisfy
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Distributions become much smoother 
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Need fewer events for same precision 

Algorithm Mass uncertainty 
 

Relative Luminosity 
required 

kT 3.15 GeV 1.00 
Qjets α=0 2.20 GeV 0.50 
Qjets α=0.001 2.04 GeV 0.45 

For example,   
•  Take 10 boosted W events (pT>500)  
•  Construct jet mass 
•  Look at variance of the the mean W-jet mass over many pseudo-experiments 

�hmi

Qjets needs half as much luminosity as conventional jet algorithms 
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Signal vs background 
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assigned to the trees is reduced and we find that we can
use process-independent weights.

The idea we have described – associating a weighted
set of trees to a jet – would not be feasible if one had to
consider every tree which could be formed from a given
set of final state four-momenta in a jet. Fortunately, good
approximations to such weighted distributions obtained
using every tree can be captured through a procedure
analogous to Monte-Carlo integration, allowing us to use
a very small fraction of the trees. This can be achieved
since infrared and collinear safe jet observables must be
insensitive to small reshu✏ings of the momenta, implying
that large classes of trees give very similar information.

The algorithm we propose, which assembles a tree via
a series of 2 ! 1 mergings, functions as follows:

1. At every stage of clustering, a set of weights !ij for
all pairs hiji of the four-vectors is computed, and
a probability ⌦ij = !ij/N , where N =

P
hiji

!ij is
assigned to each pair.

2. A random number is generated and used to choose
a pair hiji with probability ⌦ij . The chosen pair
is merged, and the procedure is repeated until all
particles all clustered.

This algorithm directly produces trees distributed ac-
cording to their weight

Q
mergings

⌦ij . To produce a dis-
tribution of the observable for each jet, this algorithm is
simply repeated a number of times, yielding a di↵erent
tree (essentially) every time. Note that any algorithm
which modifies a tree during its construction (e.g., jet
pruning) can be adapted to work with this procedure as
demonstrated below.

One particularly interesting class of weights !(↵)

ij ,
parametrized by a continuous real number ↵ we term
rigidity is given by
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Here, dij is the jet distance measure for the hiji pair,
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, (2)

where �R2
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ij , and dmin is the minimum
over all pairs at this stage in the clustering. Note that
with this metric, our algorithm reduces to a traditional
clustering algorithm of the type defined by the distance
dij when ↵ ! 1, i.e., in that limit the minimal dij is
always chosen. In this sense, it is helpful to think of
the traditional, single tree algorithm as the “classical”
approach, and ↵ ⇠ 1/~ controlling the deviation from
the “classical” clustering behavior. With this analogy,
we call the trees constructed in this non-deterministic

FIG. 1. Distribution of pruned jet mass for a single boosted
QCD-jet in a single event with pT ⇠ 500 GeV. The black
and red solid lines show the classical pruned masses when
C/A and kT algorithms are used to cluster the jet. The black
and dashed (red and dot-dashed) line shows the pruned jet
mass distribution of 1000 Qjets (constructed from the same
jet in the same event), when the C/A (kT) measure is used
in Eq. (1). These distributions result from clusterings with
rigidity ↵ = 1.0 (top) and ↵ = 0.01 (bottom).
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used N
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We now demonstrate, as an illustrative example, how

the use of Qjets can have important e↵ects in an analy-
sis employing jet pruning to study hadronically decaying
boosted W s. As described in Ref. [6] pruning is one of the
jet grooming tools [7] used to sharpen signal and reduce
background when considering boosted heavy objects. It
functions by modifying the mergings in a given tree that
involve both a large angular separation and asymmetric
energy sharing by removing the lower energy daughter
from the tree. In detail, if a clustering algorithm at-
tempts to cluster two four-momenta i and j which satisfy

zij ⌘ min
�
pTi , pTj

�

| ~pTi + ~pTj |
< z

cut

and

�Rij > D
cut

,

(3)

then the merging is vetoed and the softer of the two four-
momenta is discarded. By applying jet pruning to a set
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W-tagging: cut on volatility 

Work in progress with 
     David Krohn and Dilani Kahawala 

✏Sp
✏B

Qjets+n-subjettiness 

pruning 

Qjets 

n-subjettiness 
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Qjets on dijet events (no pruning) 

α = 100 
(classical anti-kT) 

August 27, 2012 Matthew Schwartz 



Qjets on dijet events (no pruning) 

α = 10 

Work in progress, with D. Krohn and D. Kahawala 
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Qjets on dijet events (no pruning) 

α = 1 

Work in progress, with D. Krohn and D. Kahawala 
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Qjets on dijet events (no pruning) 

α = 0.1 

Work in progress, with D. Krohn and D. Kahawala 
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Qjets on dijet events (no pruning) 

α = 0.01 

Work in progress, with D. Krohn and D. Kahawala 
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Qjets on dijet events (no pruning) 

α = 0.001 

Work in progress, with D. Krohn and D. Kahawala 
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Qjets on dijet events (no pruning) 

α = 0.001 

May help resolve 
ambiguities with  
overlapping jets 

Work in progress, with D. Krohn and D. Kahawala 
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Summary from Lecture 1 
August 27, 2012 Matthew Schwartz 

•  Jets exist because QCD is weakly coupled at short distances and 
strongly coupled at long distances 
 
•  Collinear and soft regions dominate cross sections 

•  Semi-classical approximation “Sudakov factors and splitting-functions” works excellently 

•  Jet algorithms reconstruct parton momenta from jets 

•  Different algorithms             Different goals 

•  Excellent agreement of theory with data 

d� = e�
R
dPdP

⇠ e
�↵ ln2

⇣
µ1
µ2

⌘ ✓
↵s

2⇡

1 + z

1� z2

◆
dz

So
we
fin
d

σ(
e +
e −
→
q̄q
) =
3 4π
α
e 2

E
C
M

2
(

(

23 )

2
+ (

− 13 )

2
+ (

− 13 )

2
+ (

23 )

2
+ (

− 13 )

2
+ (

23 )

2 )

(2
1)

wh
er
e
th
e
fa
ct
or
3
ou
t f
ro
nt
co
m
es
fro
m
th
e
su
m
ov
er
qu
ar
k
co
lo
rs
in
th
e
fin
al
st
at
e.H
er
e
we
ha
ve

su
m
m
ed
ov
er
al
l 6
qu
ar
ks
an
d
ad
de
d
th
e
fa
ct
or
of
3
in
fro
nt
by
ha
nd
fo
r t
he
co
lo
r s
um
. I
n
m
os
t

e +
e −
ex
pe
rim
en
ts
, s
uc
h
as
LE
P
1,
wi
th
E
C
M
=
90
G
eV
, t
he
ce
nt
er
of
m
as
s e
ne
rg
y
ha
s b
ee
n
be
low

th
e t
op
qu
ar
k
pa
ir
pr
od
uc
tio
n
th
re
sh
ol
d
(∼
35
0
G
eV
),
an
d
so
it
wo
ul
d
be
m
or
e a
pp
ro
pr
ia
te
to
su
m

ov
er
on
ly
5
qu
ar
ks
.

Th
us
, a
t t
re
e
lev
el,
we
sh
ou
ld
fin
d
at
LE
P
1

R
=
σ(
e +
e −
→
γ→
ha
dr
on
s)

σ(
e +
e −
→
γ→
µ +
µ −
)

=
3 ∑

q=
u

b

Q
q 2
=

113
=
3.
67

(2
2)

Th
e
eq
ui
va
len
t
ra
tio
th
ro
ug
h
an
in
te
rm
ed
ia
te
Z
bo
so
n
is
20
.0
9.
Th
e
m
ea
su
re
d
va
lu
e
at
LE
P
1,

wh
ich
ra
n
at
E
C
M
=
M
Z
wa
s 2
0.
79
± 0
.0
4
wh
ich
is
ve
ry
clo
se
, b
ut
ab
ou
t 3
.5
%
hi
gh
er
. N
on
et
he
les
s,

th
is
co
m
pa
ris
on
is
co
ns
ist
en
t w
ith
th
er
e
be
in
g
3
co
lo
rs
of
qu
ar
ks
(n
ot
4
or
2)
an
d
5
fla
vo
rs
. T
hi
s

co
rr
ec
tio
n
of
th
e f
ew
pe
rc
en
t l
ev
el
is
wh
at
on
e e
xp
ec
ts
fro
m
lo
op
co
rr
ec
tio
ns
. N
ev
er
th
ele
ss
, t
hi
s i
s

By
th
e
wa
y
it’
s
ve
ry
co
nv
en
ien
t,
an
d
no
n-
tr
iv
ia
l,
th
at
we
ca
n
su
m
ov
er
qu
ar
ks
an
d
m
ea
su
re

ha
dr
on
s.
Th
e r
ea
so
n
th
is
wo
rk
s i
s t
ha
t t
he
qu
ar
ks
ar
e p
ro
du
ce
d
at
sh
or
t d
ist
an
ce
an
d
ha
dr
on
iza
tio
n

oc
cu
rs
at
lo
ng
di
st
an
ce
. B
ec
au
se
th
e
lo
ng
di
st
an
ce
ph
ys
ics
is
to
o
slo
w
to
aff
ec
t t
he
sh
or
t d
ist
an
ce

ph
ys
ics
, t
he
to
ta
l r
at
e
ge
ts
fro
ze
n
in
we
ll
be
fo
re
ha
dr
on
iza
tio
n.
Th
e
wa
y
to
pr
ov
e
th
is
is
kn
ow
n
as

fa
ct
or
iz
at
io
n,
an
d
on
e
of
th
e
m
os
t p
ro
fo
un
d,
im
po
rt
an
t,
an
d
su
bt
le
co
nc
ep
ts
in
Q
CD
. U
nf
or
tu
-

na
te
ly
, p
ro
of
s o
f f
ac
to
riz
at
io
n
ar
e
be
yo
nd
th
e
sc
op
e
of
th
es
e
lec
tu
re
s.

3.
2
N
ex
t-
to
-le
ad
in
g
or
de
r

N
ow
let
’s
co
ns
id
er
th
e
ra
di
at
iv
e
co
rr
ec
tio
ns
to
th
e
to
ta
l e

+
e −
→
ha
dr
on
s
ra
te
.
A
ga
in
, w
e
wi
ll
be

ab
le
to
st
ea
l t
he
re
su
lts
fo
r t
he
ra
di
at
iv
e
co
rr
ec
tio
ns
to
e +
e −
→
µ +
µ −
, w
hi
ch
we
co
m
pu
te
d
in
th
e

lec
tu
re
on
in
fra
re
d
di
ve
rg
en
ce
s,
m
od
ify
in
g i
t o
nl
y
wi
th
th
e a
pp
ro
pr
ia
te
co
lo
r f
ac
to
rs
wh
en
ne
ce
ss
ar
y.

Th
er
e
ar
e
tw
o
co
nt
rib
ut
io
ns
at
ne
xt
to
lea
di
ng
or
de
r.
Re
ca
ll
th
at
fo
r
e +
e −
→
µ +
µ −
, t
he
re
al

em
iss
io
n
co
nt
rib
ut
io
n
gi
ve
s

+

d 2σds
dt

=
σ0
αe2π [

st +
ts +
2ust ]

In
th
is
ca
se
, t
he
ve
rt
ice
s g
et
m
od
ifi
ed
by
th
e i
ns
er
tio
n
of
a
co
lo
r f
ac
to
r T

a
. T
he
n
th
e m
at
rix
ele
m
en
t

sq
ua
re
d
gi
ve
s
a
fa
ct
or
of
tr
(T

a
T b)
=
C
F δ

a
b.
Th
e
δ a

b
fa
ct
or
te
lls
us
th
at
th
e
gl
uo
n
co
lo
r
m
us
t
be

th
e
sa
m
e
in
M
an
d
M

†
. S
o
th
e
re
su
lt
fo
r t
he
di
ffe
re
nt
ia
l c
ro
ss
se
ct
io
n
is
no
w

d 2
σ

ds
dt

=
σ0
C
F αs2π [

st +
ts +
2ust ]

(2
3)

wh
er
e
no
w
th
is
σ0
re
fer
s
to
th
e
tr
ee
lev
el
e +
e −
→
q̄q
cr
os
s
se
ct
io
n.
In
te
gr
at
in
g
ov
er
ph
as
e
sp
ac
e

gi
ve
s t
he
sa
m
e
th
in
g
as
in
Q
ED
, u
p
to
αe
→
αs
, t
he
C
F
an
d
th
e
di
ffe
re
nt
σ0
. S
o
we
ha
ve

σR
=
σ0 (

αs2π )

C
F





8εI
R 2

+ 6+
4l
og

µ̃ 2Q
2

εI
R

+
2l
og

2 µ̃
2Q 2 +

lo
g µ̃ 2Q 2 +

192
− 7π

26 



(2
4)

Th
e
vi
rt
ua
l g
ra
ph
s

(2
5)

H
ow
st
ro
ng
is
th
e
st
ro
ng
fo
rc
e?

5

p 
q 

θ 

Cone algorithms 
Cambrideg/Aachen 
kT 
Anti-kT 
 

Reconstruct parton momenta 
Infrared safe 
Insensitive to pileup 
Easy to calibrate experimentally 



Summary from Lecture 2 
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•  Jets have substructure 
•  Top-tagging – CMS data 
•  Boosted higgs for 14 TeV 
•  N-subjettiness 

•  Jets can be groomed 
•  Trimming, Pruning and Filtering remove pileup 
•  Allow better reconstruction of parton 4-momenta 

 
•  Jets are not just 4-vectors 

•  They have superstructure 

•  They have charge 
     
 
 
 
 

 

Long history… 

Jet charge at hadron colliders

David Krohn,∗ Tongyan Lin,† and Matthew D. Schwartz‡

Department of Physics, Harvard University, Cambridge MA, 02138

Wouter J. Waalewijn§

Department of Physics, University of California at San Diego, La Jolla, CA 92093
(Dated: June 22, 2012)

Knowing the charge of the underlying parton initiating a light-quark jet in hadronic collisions could
be extremely useful both for testing aspects of the standard model and for characterizing possible
beyond-the-standard-model signals. We show that despite the complications of hadronization and
out-of-jet radiation, a weighted sum of the charges of the jet constituents can distinguish differently
charged jets to good accuracy. Potential applications include distinguishing leptophobic Z-prime
from W -prime resonances as well as standard model tests, such as jet charge in dijet events or
jet charge in hadronically-decaying W bosons in top-antitop events. We develop a systematically
improvable method to calculate moments of these charge distributions by coming multi-hadron
fragmentation functions with perturbative jet functions and perturbative evolution equations. We
show that the dependence on energy and jet size for the average and width of the jet charge can be
calculated despite the large experimental uncertainty on fragmentation functions. Conversely, jet
charge provides a way to measure moments of fragmentation functions more precisely.

The Large Hadron Collider (LHC), currently running
at CERN, provides an opportunity to explore properties
of the standard model in unprecedented detail, and to
search for new physics in previously unfathomable ways.
The extremely precise detectors at the atlas and cms

experiments can practically measure the energy and mo-
menta of every reasonably hard particle coming out of
each collision. In particular, they have excellent abil-
ity to see charged particles. One application of the
charged particle spectrum is in b-tagging: distinguish-
ing jets which originated from hard b-partons is critical
to many standard model and beyond the standard model
searches. In recent years, many additional ways to ex-
ploit the LHC detectors precision have been envisioned
and implemented, boosted jet tagging [1–3], new jet sub-
structure observables, jet grooming [4, 5], color-flow mea-
surements [6, 7], quark/gluon jet discrimination [8], etc.
(see [9] for a recent review). In this paper, we consider
the feasibility of measuring the charge of a jet.

The idea correlating some jet-based observable to the
charge of an underlying hard parton has a long his-
tory. In an effort to determine to what extent jets from
hadron collisions were similar to jets from leptonic col-
lisions, Field and Feynman [10] argued in 1977 that ag-
gregate jet properties such as jet charge could be mea-
sured and compared. Such properties were soon after
measured at Fermilab [11] and CERN [12] in charged-
current deep-inelastic scattering experiments, with clear
up- and down-quark jet discrimination, confirming as-
pects of the parton model. Another important historical
application was the light-quark forward backward asym-
metry in e+e− collisions, a precision electroweak observ-
able [13]. Despite its historical importance, there seem to
have been no attempts so far to see whether the charge
of light-quark jets can be measured at the LHC.

Most of the experimental studies of jet charge have
measured variants on the energy-weighted jet charge. We
define this observable for a jet of flavor i as

Qi
κ =

1

Ejet

∑

j∈jet

Qj(Ej)
κ (1)

where the sum is over particles in the jet, Qj is the in-
teger charge of the color-neutral object observed, and
κ is a free parameter. One can use transverse momen-
tum instead of energy with similar results. In the aleph
study [13], the projection of momentum on the thrust
axis was used and κ = 1.0 was found optimal for measur-
ing the forward-backward asymmetry. In some of the DIS
experiments [11] κ = 0.2 and 0.5 were used, as suggested
in [10].
In hadron-hadron collisions at high energy, such as at

the LHC, the particle multiplicities in the final state are
significantly larger than at low energy and at e+e- or
lepton-hadron colliders. Thus one naturally expects that
measuring the charge of a light quark jet at the LHC
should be extremely difficult, with the primordial quark
charge quickly getting washed out. In fact, it does seem
impossible on a jet-by-jet basis to tell whether jets origi-
nated from up or down quarks. However, as we will show,
the quark charge can in fact be extracted on a statisti-
cal basis. Moreover, the scale and jet-size dependence
of moments of the the jet charge can be calculated in
perturbative QCD.
Being able to measure jet charge would be tremen-

dously useful. First of all, it opens the door to a whole
new class of tests of the standard model test. For exam-
ple, the relative rates of uū or uu jets in a dijet sample
could be compared to QCD or the charge of hadronically
decaying W bosons from top quarks could be directly
measured. Secondly, jet charge would provide a unique

Measured the energy-weighted jet charge: 

•  Suggested by Feynman and Field (1977) 
•  Early calculations in parton model (no QCD!) 

              would  
include beam remnants   

           would let one 
particle dominate 
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Fig. II. Weighted charge Q~ = ]~,(zi)rei for the neutrino charged current induced hadrons traveling 
forward in the hadronic c.m.s. (a) for r = 0.2, and (b) for r = 0.5. The solid curves represent the Field and 
Feynman  predictions for the 10 G e V / c  u-quark jets and the dashed lines the corresponding predictions 

for the 10 G e V / c  d-quark jets. 

events. To compare with the predictions which are calculated for 10 GeV quark jets, 
we select c.m. energies above 6 GeV. Corresponding predictions by Field and 
Feynman are shown for the d- and u-quark jets with the two values of r, r = 0.2 and 
r = 0.5 [6]. It is important to recognize that even though the Field and Feynman 
approach involves a parametrization of (other) leptoproduction data it gives predic- 
tions for the weighted charge which differ according to the flavour of the fragment- 
ing quark. The average weighted charge values are given in table 1 with the 
predictions. Experimental results for the weighted charge for antineutrino (neutrino) 
charged current events are consistent with the predictions for the d-quark (u-quark) 
jets but not with the predictions for the u-quark (d-quark) jets. 

We have considered possible effects caused by the use of a nuclear target in this 
experiment. Nuclear break-up products generally increase the visible net charge of 
the observed final state hadrons. Our selection criteria for the current fragments 
usually removes the slow secondary particles arising from the nuclear break-up, but 
it is expected that a small contamination from the nuclear fragments remains in our 
sample of events. To study these effects, we have selected a sample of events in 
which the net visible charge of the final state hadrons, Qv, corresponds to the initial 
state charge within one unit, i.e., we select - 2  < Qv < 1. Effects of this selection on 
the measured jet net charge and on the measured weighted charge are summarized in 
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experiments. From the K +/~r + ratio in high energy proton-proton experiments [23] 
extrapolated to the Feynman x of one (to avoid resonance contributions), we 
estimate Ps/P ~ 0 .50 .  Another estimate of Ps/P can be obtained from the cross 
section ratios (J/q~ ~ K + K*)/(Jfl~b ~ p~') corrected for phase-space factors [241. 
The result pJp = 0.49 __ 0.11 implies p = 6.40 __+ 0.02. An electroproduction experi- 
ment obtains for the ratio (K ° + K.°)/(~r + + ~ r - )  a value of 0.13 _+ 0.03 which the 
authors  interpret  as the ratio Ps/P (ref. [25]); this value would mean  considerably  
s t ronger  SU(3) symmet ry  violation in the quark  jets. A jet  net charge measurement  
in the same experiment ,  on the other  hand,  gives p~/p = 0.36 (ref. [261), which is 
again consistent with our  measurements .  

Field and F e y n m a n  have proposed  an alternative way of distinguishing quark jets 
of  different f lavour [6]. There, one weights each particle with a z-dependent  weight 
such that  particles closer to the overlap region get a small weight and particles with 
large fractional energy z (further f rom the overlap region) get a large weight; i.e., the 
weighted charge is defined as Q ~  = Y~(zi)re~, where r is a small n u m b e r  and e~ is the 
integer charge of the i th hadron  in the final state. Result ing distr ibutions f rom our 
exper iment  are shown in fig. 10 (fig. 11) for ant ineutr ino (neutrino) charged current  
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Fig. 10. Weighted charge Q~; = Yi(z,)re, for the antineutrino charged current induced hadrons traveling 
forward in the hadronic'c.m.s. (a) for r=  0.2, and (b) for r = 0.5. The solid curves represent the Field and 
Feynman predictions for the hadrons arising from the fragmentation of a u-quark with 10 GeV/c incident 

momentum and the dashed lines the corresponding predictions for the 10 GeV/c d-quark jets. 
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Higher pT means more tracks and more ‘time’ to establish CA/CF .

Jason Gallicchio (Harvard/Davis) Gluon Tagging and Quark & Gluon Samples28 November 2011 21 / 48
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Variables for discrimination in ATLAS MCVariables for discrimination in ATLAS MC

  n
trk

: number of good quality tracks within a cone of 0.4 in η−φ around the jet 

axis.

 Track Width: we use tracks associated to the jet, 
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•  The LHC has much higher energy than any collider ever 
•  More jets 
•  Harder (more energetic) jets 
•  More jet-like (collimated) jets 

  
•  LHC experiments can measure jets really well 

•  Better energy resolution than Tevatron 
•  Better spatial resolution than Tevatron 
•  Can identify individual particles!! 

Jet physics is entering a 

New experimental 
 techniques 

Revolution in the last 4 years 

What will the future bring?? 

New ideas  
and algorithms 

New theoretical 
methods 


