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Probing colour properties

• one key aspect of the LHC physics program is the characterisation of  (new) particle 
properties  

• these include spin, CP properties and gauge charges 

• in particular we would like to understand whether new particles carry colour charge 

• a powerful way to extract this information is to study QCD radiation that accompanies the 
hard process 

• this is often done with jet vetoes (central jet vetoes are a way of enhancing VBF against 
ggF Higgs production) 

• jet shapes, which measure energy flow within a jet, are also sensitive to the colour flow of 
the jet environment
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Jet Pull
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H→bb vs g→bb
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FIG. 2: Accumulated pT after showering a particular par-
tonic phase space point 3 million times. Left has the b and
b̄ color-connected to each other (signal) and right has the b
and b̄ color-connected to the beams (background). Contours
represent factors of 2 increase in radiation.

In order to extract the color connections, they must
persist into the distribution of the observable hadrons.
The basic intuition for how the color flow might show
up follows from approximations used in parton show-
ers [7, 8]. In these simulations, the color dipoles are al-
lowed to radiate through Markovian evolution from the
large energy scales associated with the hard interaction
to the lower energy scale associated with confinement.
These emissions transpire in the rest frame of the dipole.
When boosting back to the lab frame, the radiation ap-
pears dominantly within an angular region spanned by
the dipole, as indicated by the arrows in Figure 1. Alter-
natively, an angular ordering can be enforced on the radi-
ation (as in herwig [9]). The parton shower treatment of
radiation attempts to include a number of features which
are physical but hard to calculate analytically, such as
overall momentum and probability conservation or co-
herence phenomena associated with soft radiation.

It is more important that these effects exist in data
than that they are included in the simulation. In fact,
color coherence effects have already been seen by vari-
ous experiments. In e+e− collisions, for example, evi-
dence for color connections between final-state quark and
gluon jets was observed in three jet events by JADE
at DESY [10]. Later, at LEP, the L3 and DELPHI
experiments found evidence for color coherence among
the hadronic decay products of color-singlet objects in
W+W− events [11, 12]. Also, in pp̄ collisions at the Teva-
tron, color connections of a jet to beam remnants have
been observed by D0 in W+jet events [13]. All of these
studies used analysis techniques which were very depen-
dent on the particular event topology. What we will now
show is that it is possible to come up with a very general
discriminant which can help determine the color flow of
practically any event. Such a tool has the potential for
wide applicability in new physics searches at the LHC.

For an example, we will use Higgs production in asso-
ciation with a Z. The Z allows the Higgs to have some
pT so that its bb̄ decay products are not back-to-back
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FIG. 3: Event-by-event density plot of the pull vector of the b
jet in polar coordinates. The signal (connected to b̄ jet) is on
the left, the background (connected to the left-going, y = −∞

beam) is on the right. 105 events are shown.

in azimuthal angle, φ. Our benchmark calculator will
be madgraph [14] for the matrix elements interfaced to
pythia 8 [15] for the parton shower, hadronization and
underlying event, with other simulations used for valida-
tion.
To begin, we isolate the effect of the color connec-

tions by fixing the parton momentum. We compare
events with Zbb̄ in the final state (with Z → leptons) in
which the quarks are color-connected to each other (sig-
nal) versus color-connected to the beam (background).
In Figure 2, we show the distribution of radiation for
a typical case, where (y,φ) = (−0.5,−1) for one b and
(y,φ) = (0.5, 1) for the other, with pT = 200 GeV for
each b, where y is the rapidity. For this figure, we have
showered and hadronized the same parton-level configu-
ration over and over again, accumulating the pT of the
final-state hadrons in 0.1 × 0.1 bins in y-φ space. The
color connections are unmistakable.
The superstructure feature of the jets in Figure 2 that

we want to isolate is that the radiation in each signal jet
tends to shower in the direction of the other jet, while in
the background it showers mostly toward the beam. In
other words, the radiation on each end of a color dipole
is being pulled towards the other end of the dipole. This
should therefore show up in a dipole-type moment con-
structed from the radiation in or around the individual
jets. For dijet events, like those shown in Figure 2, one
could imagine constructing a global event shape from
which the moment could be extracted. However, a lo-
cal observable, constructed only out of particles within
the jet, has a number of immediate advantages. For one,
it will be a more general-purpose tool, applying to events
with any number of jets. It should also be easier to cali-
brate on data, since jets are generally better understood
experimentally than global event topologies. Therefore,
as a first attempt at a useful superstructure variable, we
construct an observable out of only the particles within
the jets themselves.
In constructing a jet moment, there are a number of

ways to weight the momentum, such as by energy or pT ,

Gallichio and Schwartz  (2010)
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tonic phase space point 3 million times. Left has the b and
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In order to extract the color connections, they must
persist into the distribution of the observable hadrons.
The basic intuition for how the color flow might show
up follows from approximations used in parton show-
ers [7, 8]. In these simulations, the color dipoles are al-
lowed to radiate through Markovian evolution from the
large energy scales associated with the hard interaction
to the lower energy scale associated with confinement.
These emissions transpire in the rest frame of the dipole.
When boosting back to the lab frame, the radiation ap-
pears dominantly within an angular region spanned by
the dipole, as indicated by the arrows in Figure 1. Alter-
natively, an angular ordering can be enforced on the radi-
ation (as in herwig [9]). The parton shower treatment of
radiation attempts to include a number of features which
are physical but hard to calculate analytically, such as
overall momentum and probability conservation or co-
herence phenomena associated with soft radiation.

It is more important that these effects exist in data
than that they are included in the simulation. In fact,
color coherence effects have already been seen by vari-
ous experiments. In e+e− collisions, for example, evi-
dence for color connections between final-state quark and
gluon jets was observed in three jet events by JADE
at DESY [10]. Later, at LEP, the L3 and DELPHI
experiments found evidence for color coherence among
the hadronic decay products of color-singlet objects in
W+W− events [11, 12]. Also, in pp̄ collisions at the Teva-
tron, color connections of a jet to beam remnants have
been observed by D0 in W+jet events [13]. All of these
studies used analysis techniques which were very depen-
dent on the particular event topology. What we will now
show is that it is possible to come up with a very general
discriminant which can help determine the color flow of
practically any event. Such a tool has the potential for
wide applicability in new physics searches at the LHC.

For an example, we will use Higgs production in asso-
ciation with a Z. The Z allows the Higgs to have some
pT so that its bb̄ decay products are not back-to-back
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in azimuthal angle, φ. Our benchmark calculator will
be madgraph [14] for the matrix elements interfaced to
pythia 8 [15] for the parton shower, hadronization and
underlying event, with other simulations used for valida-
tion.
To begin, we isolate the effect of the color connec-

tions by fixing the parton momentum. We compare
events with Zbb̄ in the final state (with Z → leptons) in
which the quarks are color-connected to each other (sig-
nal) versus color-connected to the beam (background).
In Figure 2, we show the distribution of radiation for
a typical case, where (y,φ) = (−0.5,−1) for one b and
(y,φ) = (0.5, 1) for the other, with pT = 200 GeV for
each b, where y is the rapidity. For this figure, we have
showered and hadronized the same parton-level configu-
ration over and over again, accumulating the pT of the
final-state hadrons in 0.1 × 0.1 bins in y-φ space. The
color connections are unmistakable.
The superstructure feature of the jets in Figure 2 that

we want to isolate is that the radiation in each signal jet
tends to shower in the direction of the other jet, while in
the background it showers mostly toward the beam. In
other words, the radiation on each end of a color dipole
is being pulled towards the other end of the dipole. This
should therefore show up in a dipole-type moment con-
structed from the radiation in or around the individual
jets. For dijet events, like those shown in Figure 2, one
could imagine constructing a global event shape from
which the moment could be extracted. However, a lo-
cal observable, constructed only out of particles within
the jet, has a number of immediate advantages. For one,
it will be a more general-purpose tool, applying to events
with any number of jets. It should also be easier to cali-
brate on data, since jets are generally better understood
experimentally than global event topologies. Therefore,
as a first attempt at a useful superstructure variable, we
construct an observable out of only the particles within
the jets themselves.
In constructing a jet moment, there are a number of

ways to weight the momentum, such as by energy or pT ,

• consider radiation pattern of a colour 
singlet (signal) vs colour octet 
(background) 

• simulation shows dominant  colour-
connections:  

• between the two b’s for the singlet 
• between each b and the initial-state 

for the background

• pull angle shows much more 
sensitivity to colour flow than the pull 
magnitude 
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Experimental measurements
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FIG. 2: (Color online) The average of the two jet θpullrel dis-
tributions for jets in pairing (a) w and (b) b, in events with
exactly four jets, at least two b-tags, and the MW requirement
on the w-pair jets. The χ2/ndf compares the data to the total
MC distribution.
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FIG. 3: (Color online) (a) Leading-pT and (b) second-leading-
pT jet θpullrel distributions for w-pair jets, in events with two
jets and no b-tagged jets. The χ2/ndf compares the data to
the total MC distribution.

particularly in regions between the central and forward245

cryostats. The angle of the jet pull direction relative to246

the line defined by the centers of the jet pair (θpullrel ) is247

also of interest, as we expect color-connected jets to have248

pulls pointing towards each other. The θpullrel quantity is249

calculated for each jet in the pair of highest-pT b-tagged250

jets (b pair) and the pair with highest pT which are not251

amongst the two highest pT b-tagged jets (w pair).252

To select events with a higher purity of properly identi-253

fied jet pairs from hadronic W boson decays, we split the254

sample into events where the invariant mass of the w-pair255

jets is consistent with the W boson mass, |mjj −MW | <256

30 GeV, and events where it is not. For the former, these257

two jets are found to match the partons from the W bo-258

son decay within ∆R < 0.5 in 66% of tt̄ MC events with259

four jets and 46% of events with 5 or more jets. In the260

latter case, additional gluon radiation in the initial or fi-261

nal state leads to possible additional color configurations,262

diluting the measurement.263

Since the w-pair jets in tt̄ events are often from the264

W boson decay, we expect them to be color-connected,265

thus the jet pulls should generally point towards each266

other. We expect b-pair jets to have one of the b-jets267

color-connected to the proton beam and the other to the268

anti-proton beam, thus the jet pulls should be generally269

pointing away from each other. This tendency is seen in270

data as shown in Fig. 2, with smaller θpullrel in the w pair271

than in the b pair. However, the jets in w and b pairs have272

different kinematics, separation in the detector, and fla-273

vor. A direct interpretation of the effects from color-flow274

is therefore not possible from this comparison. Further-275

more, there are detector and reconstruction effects on jet276

pulls from overlapping jet pull cones, calorimeter noise277

and pileup, and calorimeter response inhomogeneity. For278

instance, there would be fewer cone overlaps if the jet pull279

was defined using only calorimeter cells within ∆R < 0.5,280

producing on average smaller values for θpullrel . With this281

alternative definition the shape in Fig. 2(a) would peak282

more towards zero and that in Fig. 2(b) would be flatter.283

These effects are found to be well-modeled by the simu-284

lation, and the jet pull definition based on the ∆R < 0.7285

cone gives a slightly improved singlet-octet separation.286

The relative jet pulls θpullrel in data are also found to be287

well-modeled by simulation for other jet pairings, such as288

a random w-pair jet and a random b-pair jet. In control289

samples consisting of events with a leptonic W boson de-290

cay, and two, three, or four jets, none identified as b-jets,291

various jet pairings also have jet pulls that agree with292

simulations. Figure 3 shows the θpullrel distributions for293

jets in a control sample with a leptonic W boson decay294

and two not-b-tagged jets.295

To quantify the method’s sensitivity to the color-296

flow structure (color-singlet versus color-octet) for the297

hadronic W boson decay, we fit the data to two hypothe-298

ses: (i) standard model tt̄ with a color-singlet hadroni-299

cally decaying W boson (singlet MC) and (ii) tt̄ with a300

hypothetical color-octet “W” boson (octet MC). We de-301

termine the fraction of events coming from color-singlet302

W boson decay (fSinglet) using the fitting procedure from303

the D0 combined tt̄ cross section analysis [6]. We simul-304

taneously measure the tt̄ cross section to avoid any possi-305

ble influence of the tt̄ signal normalization on the fSinglet306

measurement. The discriminating variable used for the307

fit is derived from the θpullrel angles of the w-pair jets and308

depends on the∆R between the two jets and their ηd. For309

events failing the W mass requirement, we do not split310

the regions further; for other events we split the data311

sample according to the ηd of the jets and ∆R between312

the jets. For events where the two jets are highly sepa-313

rated (∆R > 2), we use the θpullrel of the leading-pT jet.314

Little discrimination is possible for these events, since the315

additional color radiation is distributed over a large area316

of the calorimeter. When the two jets are close (∆R < 2)317

and |ηd| < 1.0 for both jets, we use the minimum θpullrel of318

the two jets. This is the most sensitive region, and the jet319

pull is accurately reconstructed in the central calorime-320

ter due to less pileup energy and uniformity of response.321

Otherwise, if |ηd| of the leading-pT jet is < 1.0 (> 1.0),322

the θpullrel of the leading-pT (second-leading pT ) jet is used.323

Table II lists the contribution of each non-negligible324

source of systematic uncertainty on fSinglet. For all but325

the theoretical cross sections, MC statistics, and normal-326

ization of theW+heavy flavor jets background uncertain-327

ties, we apply the systematic uncertainties just to the tt328

Phys. Lett. B750 (2015) 475

Phys.Rev. D83 (2011) 092002

Eur. Phys. J. C 78 (2018)

• abundant production of top quarks offer nice 
lab for these studies  

• pull angle can be measured on different  types 
of colour connections 

6
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Les Houches studies
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pre
lim

ina
ry • astonishing precision of 13 TeV data allows for 

stringent test of different MC tools 
• on-going study started at LH 19 aimed at 

understanding this observable better  
• intricate interplay of different ingredients:

• spread in parton shower modelling is 
comparable (if not bigger) than 
spread due to non-perturbative 
contributions

• we hope to achieve a clearer picture for the proceedings!
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Can we make firmer theory 
predictions?

• besides MC study we can try and understand jet pull 
with analytic calculations 

• we aim at a description that matches together fixed-
order and resummed prediction 

• let’s look at next-to-leading log (NLL) 

• pull magnitude is IRC safe: 

• if two emissions p1, p2 become collinear, we are only 
sensitive to p1+p2  

• if emission p1 becomes soft pt1→0 and it does not 
contribute to the magnitude 

• we can calculate this distribution in perturbation 
theory! not quite IRC safe!
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• we consider the resummation of the magnitude of a 2-D vector: 

• situation very similar to well-known QT-resummation (but in the final state) 
• we we work in a conjugate Fourier space 
• on the other hand, its scaling properties are the similar to the jet mass

Resummation of the pull 
magnitude

t = | ⃗t | = ∑
i∈jet a

pti

pt
| ⃗ri | ⃗ri

9

1

2t = | ⃗t1 + ⃗t2 | ≃ |z(1 − z)2 − (1 − z)z2 |θ2
12

= |z(1 − z)(1 − 2z) |θ2
12



NLL resummation
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• in the collinear limit, i.e. up to term of O(R2) the all-order behaviour is 

1
σ0

dσ
dt

= ∫
∞

0
db b J0(bt) exp [Lf1(λ) + f2c(λ)] Sng(λ)

λ = αsβ0 log (b
eγE

2 )
• remarkably, the f1 and f2c have the same function have the same functional 

form as for the jet mass distribution 

• Sng accounts for non-global logarithms



Pull angle: IRC un-safety

11

• so what’s the issue with the pull angle?

y

ϕ

⃗t
θp?

jet a

jet b

11

• if particle i is soft, its 
contribution to the 
magnitude vanishes but 
its pull angle is 
undefined  

• equivalently: in order to 
define the pull angle we 
need two emissions



aside: Sudakov safety
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• we know of other observables that suffers from similar problems (ratio of angularities, 
soft-drop momentum balance) 

• we can make sense of these observables if we are able to resolve the singularities with the 
help of a (safe) companion variable 

• we say that the IRC unsafe variable u is Sudakov safe if there exists an IRC safe observable 
s such that 

• p(s) must be calculated to all-orders in order to (Sudakov) suppress the s=0 singularity

p(u) = ∫ ds p(u |s) p(s)

Larkoski, Thaler (2013) 
Larkoski, SM, Thaler (2015)



Perturbative calculation
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1
σ

dσ
dθp

= ∫ dt p(θp | t) pres(t)

• our natural candidate for the safe companion is the pull magnitude itself

computed at fixed-order

resummed at NLL in the collinear limit 
(but with no non-global logs a the 
moment)

1
σ

dσ
dθp

θp/π



Non-perturbative effects
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• for IRC safe observable we can make relatively strong statements about the scaling of non-
perturbative corrections 

• for Sudakov safe observable we do not have such luxury 

• we make some rough estimate

pnp(t, θp) ∝ tanh ( 1
aθp(2π − θp) ) δ (t −

Ω
EJ )

Ω ≃ ΛQCD , 0 ≤ a ≤ 0.25

ptot = pnp
⃗⊗ ppert

uniform to peaked in 𝜙p=0 

1
σ

dσ
dθp

θp/π



Comparison to the data
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• we can now compare to the Run I measurement by the ATLAS collaboration 
• our calculation is in fair agreement with the data (similar to the Monte Carlo prediction) 
• however it suffers from large theory uncertainties 

• perturbative uncertainties: Sudakov safe 
observables do not admit standard 
expansion in terms of Feynman diagrams: 
we have to combine fixed-order and 
resummed ingredients (and several 
questions remain open) 

• non-pert. uncertainties: lack of IRC safety 
prevents us from clearly separating  
perturbative and non-perturbative regions

1
σ

dσ
dθp

θp/π



Safe use of jet pull
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ϕ
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NLL resummation
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• the new variables  and  are IRC safe: we can combine fixed-order and resummed 
prediction in the standard way 

• their resummation is relatively straightforward  

• it closely follows the formalism develop for analogous projections of QT i.e. aT (and )

t// t⊥

ϕ*
Banfi, Dasgupta and Duran Delgado (2010)

1
σ0

dσ
dt∥(⊥)

=
2
π ∫

∞

0
db cos(bt∥(⊥))exp [Lf1(λ) + f2(λ)] Sng(λ)

1
σ0

dσ
dt

= ∫
∞

0
db b J0(bt) exp [Lf1(λ) + f2(λ)] Sng(λ)

• real that resummed spectrum for the pull magnitude has a similar from



Towards phenomenology

18

• in order achieve full NLL resummation we include 

• soft radiation at wide angle (through an expansion in powers of the jet radius) 

• non-global logarithms 

• notice that soft radiation is crucial (this is what we want to probe) but it does depend on 
the jet environment 

• we have to specify the process and the event selection, e.g.  

and measure the pull between the b (sub)jets

pp → H( → bb̄) + Z( → l+l−)



NLL results 
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• we find decent agreement between NLL and parton-shower results 
• NP contributions are sizeable but they are parametrically power-corrections (the power of 

IRC safety!)

ptot = pnp
⃗⊗ ppertno matching yet
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• we have defined projections to be positive-definite  
• nice all-order properties but some important information is lost

• radiation pattern is markedly asymmetric in the parallel direction
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Figure 5: Monte-Carlo simulations of the ~t · n̂k and ~t · n̂? distributions, left and right respec-

tively, measured on H ! bb̄ events generated with Pythia v8.240. The plots show results at

both parton and hadron level.

definitions of the projections, see Eq. (2.4) resulted in observables that share many similarities

in their all-order behaviour with variables that are among the most-studied in particle physics,

such as the transverse momentum of a vector boson and its projections. However, we cannot

fail to notice that presence of the absolute value in Eq. (2.4) leads to a loss of information. For

instance, an emission in rapidity-azimuth region between the two jets and an emission outside,

could potentially contribute to the same value of t? or tk. Therefore, in order to fully exploit

the radiation pattern, we can construct asymmetric distributions by directly considering the

projections of the pull vector along the two directions of interest, i.e. ~t · n̂k and ~t · n̂?. We note

that the dot products, as opposed to tk and t?, are not positive-definite.

In Fig. 5 we perform a Monte-Carlo study of these distributions for the colour singlet decay

H ! bb̄, using again the event generator Pythia v8.240, with the same kinematical settings of

the previous section. For each distribution we show both parton-level and hadron-level results.

We would expect the ~t · n̂? to be roughly symmetric about zero, while the distribution of ~t · n̂k
should be skewed in the direction of the colour-connected leg of the dipole, here the positive

direction. The plots show that this is indeed the case. In order to emphasise these features

even more, we can build the following asymmetry distributions

Ak =
tk
�

d�

dtk

���
~t·n̂k>0

�
tk
�

d�

dtk

���
~t·n̂k<0

, (5.1)

A? =
t?
�

d�

dt?

���
~t·n̂?>0

�
t?
�

d�

dt?

���
~t·n̂?<0

(5.2)

We expect Ak to be more marked than A? and this is indeed what is found in the simulations,

as shown in Fig. 6.

We note that the above asymmetries are still IRC safe and therefore can be calculated in

perturbation theory. Indeed, we could argue that Ak is essentially the IRC safe version of the

pull angle distribution. The definitions of the asymmetries in Eq. (5.1) make explicit references

to the sign of the scalar product which is used to project the pull vector. This constraint

essentially introduces a new boundary in phase-space which renders the all-order structure of

these observables richer. While we expect that this resummation can still be achieved, in this
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• we define asymmetry distributions that expose these properties 
• MC simulations are encouraging: it would be interesting to achieve resummation as well 
• very sensitive to sub-leading colour effects
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• jet pull is an interesting observable to probe colour flow  
•pull angle distributions measured by D0 and ATLAS: fair agreement 

with MC but small experimental uncertainties expose shortcomings 
of simulations 

•theory analysis possible but conclusions are not very firm because 
of IRC unsafely 

•this can be alleviated by looking at safe projections of the jet pull 
vector 

•safe projections pave the way for more solid theoretical studies 
•asymmetry distributions can help us further exposing colour 

radiation patterns
THANK YOU VERY MUCH!


