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Introduction
Partons to Jets:  We tend to discuss QCD in terms 
of quarks and gluons, yet we only measure hadrons

After being produced partons quickly fragment
and hadronize, leading to a collimated spray of 
hadrons



Jet Event



Jets as Avatars
To a large extent, jets are meant to be 
proxies for partons.

However the concept of partons is a bit 
ambiguous.

Their branching, or splitting probabilities are 
divergent implies one needs a regularization, 
or prescription for defining what exactly one 
means by a parton

p = p1 + p2

p1 = zp2
p

p1 p2
Collinear Splitting

Z
d✓212
✓212
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And this where jets come in :  Defining what we 
mean by a jet will give us a natural  prescription for 
defining partonic cross-sections.

Once we understand the algorithms , currently used  to 
define jets  and how they behave, we will address the 

methods in performing some physics analysis
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(7) = -m(tanti/Z))) and azimuth (4) (CDF, UAI, DO, UA2). B is the polar 
angle with respect to the beamline. The (~,c5) metric has the virtue of tak- 
ing into account the Lorentz boosts of jet systems, and is an integral part of 
most new calorimeter designs [5] [6]. 

Several important properties that should be met by a jet definition are 
[31: 

1. Simple to implement in an experimental analysis; 

2. Simple to implement in the theoretical calculation; 

3. Defined at any order of perturbation theory; 

4. Yields finite cross section at any order of perturbation theory; 

5. Yields a cross section that is relatively insensitive to hadronization. 

We have studied various jet cluster definitions and have reached an agree- 
ment on a standard definition. As a starting point for experimental data, it is 
assumed that a cluster of energy has been identified in a segmented calorime- 
ter. The theoretical starting point is that partons have been identified with 
some separation in the 7 - 4 metric. 

We propose to use a standard jet definition using cones in n-4 space. This 
has the advantage that it is related to the prescription for handling radiation 
in QCD introduced by Sterman and Weinberg [7]. The cone algorithms in 
pp collisions were first explored by the UAl collaboration [S]. This technique 
is to be contrasted to nearest neighbor algorithms where clusters are formed 
from contiguous towers above some energy threshold. Clusters are defined ss 
separate if some local minimum can be found between peaks of energy [9]. 

A cone of a radius R. is used to define the energy associated with the jet. 
Calorimeter cells or partons have a distance from the jet center defined by the 
radius R G (+i - &.)s + (vi - q,,)‘, where 4. and 71~ represent the center of 
the cone and 4i and vi are the coordinates of the parton or the center of the 
calorimeter tower. Either partons or the energy found in calorimeter towers 
are associated with the jet if they lie inside the cone, that is, R 5 R,,. 

There is no precise guidance for the choice of the value of R., but studies 
involving the simulation of jet fragmentation at transverse energies in excess 
of 20 GeV indicate that values between 0.4 and 1.0 yield results where the 
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Snowmass accod set out some general desired 
properties of jet algorithms

So I will try to give an overview of the 
algorithms, developed in the mean time 
(not really)  and some of the problems they 
encounter



IR divergences 
The x-sections for production of quarks and gluons

After integrating over loop mtm, and renormalzing UV 
diverg. We are left over with IR divergences, that are 
only cancelled when we integrate over the phase 
space of real interactions.

How much of the phase spc. must we integrate 
over ??



IR divergences 
In pQCD is enough to place a cone around the quarks 
with an opening angle,

As long as these jets have        of the energy of the 
event

are parameters of jet algorithm

�

1� ✏

�, ✏

Sterman, Weinberg Jets



Experimentally, it isn’t always obvious to where
place the cones.

How do I measure, or deal with, overlapping jets ?

Given a set of 4-mtm can YOU find the jet 
axis ?

1) Try to find the correct (stable) Jet axis
2) USE ALL Possible Jet axes
3) No Jet axis (a priori)



The Iterative Cones
Or where do I place my cone ?

1) Pick one pcle as seed, call that the jet axis
2) Sum the mtm of all pcles within a cone, or 
circle in the         - plane, of size R.  (y,�)

3) Use the sum of mtm as the new seed, jet axis.
keep doing until you have stable cone 

 

�R2
ij = (yi � yj)

2 + (�i � �j)
2 < R

R now replaces the cone opening angle, �



What Should I use the initial seed, or the 
next seed once I find a jet ??

What to do when they overlap ?

IC- Progressive Removal,  “UA1”-type

Hardest pcle is the first seed.
Once a stable cone is found 

remove all pcles in the jet.
Hardest pcle is the next seed.

possible solution: Forgetaboutit



Unfortunately it’s Infrared Unsafe...

p1 > p2 > p3

p1

p2 p3
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Unfortunately it’s Infrared Unsafe...

p1 > p2 > p3

p1

p2 p3

R

p1 > p2 > p3 > p1a, p1b

p3

p1 = p1a + p1b

p1a ⇠ zp2a

p2Collinear Split
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R R

Virtual Correction
↵s ⇥1 �↵s ⇥1

Real Correction

IR Cancellations

In pQCD at a fixed order, after integration of the 
loop mtm, any infinities need to cancel with the 
ones coming from the real corrections.



R R

Virtual Correction
↵s ⇥1 �↵s ⇥1

Real Correction

IR Cancellations

IC-PR



IC-Split Merge
1) Find ALL stable cones 

2) Apply Split-Merge: 
Now some pcles will be shared btw jets

Merge two jets if  they share more than a 
fraction f of the softer cone’s transverse mtm

pT,shared

pT,b pT,a
pT,shared

pT,b
> f

pT,apT,b <



Where if the criteria is met, the pcles of the 
softer jet that are not shared are not merged 
but are simply dropped

Also  IC-Split Drop

Nonetheless, IC-SM type also have IR problems

Addition of soft mtm  causes the 
jet algorithm to find new stable 

cones

<2R
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IC-SM with mid-point

Solution:  MORE SEEDs! include the point btw jets as 
a new seed, now you remove the ambiguities at lower
orders.

Problem ? Now all you have done is push the 
problem to higher orders.



IR unsafe measurements
What can one do with measurements that 
were done with IR unsafe methods ?

Depends on the size of effects due to IR 
unsafety

One can compare methods and see the size of 
differences when one uses different methods



Sequential Algorithms
JADE Algorithm: 

No axis is chosen a priori

yij =
2EiEj

Q2
(1� cos ✓ij)

1) for each pair of pcles compute
✓ij

2) Find the smallest     , if below some  yij ycut

recombine i and j into a new particle.

3) Otherwise all remaining pcles are jets



JADE Algorithm
# of jets that one finds depends on the value of 

As ycut is reduced, softer and more collinear 
emissions get resolved into jets into their own 
right.
It is completely IR safe since any collinear or soft 
emissions gets merged right at the start of the 
clustering.



Problem ? two very soft pcles, in opposite directions 
are recombined in a single jet at the 
beginning.

yij ⇠ EiEj

Emotionally disturbing

Leads to a non-trivial structure in 
higher-order calculations



kT Algorithm
Don’t use the particles mass , use their relative 
transverse mtm.

Using the minimal energy ensures that distance btw
two soft back-to-back is larger than that between a 
soft pcle and a hard one that’s nearby in angle

yij =
2min(E

2
i ,E

2
j )

Q2
(1� cos ✓ij)



dPk!ij

dEid✓ij
⇠ ↵S

min(Ei,Ej)✓ij

Also Branching probabilities in QCD have a similar 
structure

This relation to the structure of QCD divergences, 
made it possible to carry out all-order resummation 
of the distribution in yn,n+1



kT Algorithm
Total energy (at least in a pp collider ) is not 
well defined 

dij = min(Ei,Ej)(1� cos ✓ij

diB = E2
i (1� cos ✓iB)

for Hadronic Colliders

We can also introduce the idea of a beam Jet.

Now  if  :
then we group i to the beam

dij > diB

�

y�1 1

In pp colliders one also tends to 
choose variables invariant under beam 
boosts dij = min(kT,i, kT,j)�Ri,j



kT Algorithm
inclusive case

dij = min(kT,i, kT,j)
�Ri,j

R

1) find the smallest
2a) if      is the smallest, combine them
2b) if      is smaller, then i becomes a jet on its 
own, and gets removed from lists of jets

diB = kT,i

diBdij

dij

diB

No concept of beam jet
       no longer exist, it is now determined by 
R parameter
If pcle i has no other pcles within R,      will be 
smaller and i becomes its own jet

diB

dcut



Cambridge/Aechen 
Algorithms

dij =
�Ri,j

R
1) find the smallest, 

2) merge if   

diB = kT,i

dij < diB

Merging is done by geometrical distance and
reconstructs the angle ordered emission.



Anti-kT Algorithm

dij = min(kpT,i, k
p
T,j)

�Ri,j

R

Generalizes

1) p=1 kT Algorithm
2) p=0 C/A

3) p=-1 anti-kT

Unlike the kt algorigthm, it starts group hard 
particles first, then slowly building up the jet.



Branching History



Shower Ordering

ppart.

p1p2
p3p4

For example: PT ordered Shower

p1 > p2 > p3 > p4

Pcle is showered,  
by subsequent emmisions with lower

pt mtm



Ordering

ppart.

p1p2
p3p4 Applying the Kt Algorithm

p1 > p2 > p3 > p4

1st iteration



Ordering

ppart.

p1p2
p3p4 Applying the Kt Algorithm

p1 > p2 > p3 > p4

2nd iteration



Ordering

ppart.

p1p2
p3p4 Applying the Kt Algorithm

p1 > p2 > p3 > p4

2nd iteration



Ordering

ppart.

p1p2
p3p4 Applying the Anti-Kt Algorithm

p1 > p2 > p3 > p4

1st iteration
ignoring the geo-distance



Ordering

ppart.

p1p2
p3p4 Applying the Anti-Kt Algorithm

p1 > p2 > p3 > p4

2nd iteration



Ordering

ppart.

p1p2
p3p4 Applying the Anti-Kt Algorithm

p1 > p2 > p3 > p4

3rd iteration



Ordering

p1

p2
p4

✓1

✓2

✓3

✓1 > ✓2 > ✓3

Angle Ordered Shower



Ordering

p1

p2
p4

✓1

✓2

✓3

✓1 > ✓2 > ✓3

C/A 



Ordering

p1

p2
p4

✓1

✓2

✓3

✓1 > ✓2 > ✓3

C/A 



Branching History
 kT & C/A  : gives a possible shower history

Anti - kT : doesn’t give shower history.
However, it builds the jet from the hardest pcle.
Giving the jet an anchor to which it can build 
itself
This leads to uniform shape jets!



Figure 1: A sample parton-level event (generated with Herwig [8]), together with many random soft
“ghosts”, clustered with four different jets algorithms, illustrating the “active” catchment areas of
the resulting hard jets. For kt and Cam/Aachen the detailed shapes are in part determined by the
specific set of ghosts used, and change when the ghosts are modified.

the jets roughly midway between them. Anti-kt instead generates a circular hard jet, which clips a
lens-shaped region out of the soft one, leaving behind a crescent.

The above properties of the anti-kt algorithm translate into concrete results for various quanti-
tative properties of jets, as we outline below.

2.2 Area-related properties

The most concrete context in which to quantitatively discuss the properties of jet boundaries for
different algorithms is in the calculation of jet areas.

Two definitions were given for jet areas in [4]: the passive area (a) which measures a jet’s
susceptibility to point-like radiation, and the active area (A) which measures its susceptibility to
diffuse radiation. The simplest place to observe the impact of soft resilience is in the passive area for
a jet consisting of a hard particle p1 and a soft one p2, separated by a y − φ distance ∆12. In usual
IRC safe jet algorithms (JA), the passive area aJA,R(∆12) is πR2 when ∆12 = 0, but changes when
∆12 is increased. In contrast, since the boundaries of anti-kt jets are unaffected by soft radiation,
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[1]! M. Cacciari, G. P. Salam, and G. Soyez, arXiv 0802.1189v2

Jet “Shape”

Experimentally this is particular relevant when 
trying to correct jet’s energy, or transverse mtm.



Substructure

Re-analysing the our events using a algorithm that 
gives a possible branching allows us to further filter
the Jet.

Filters like BDRS, Prumming.. etc

Place cuts on these subjets, in order to clean the jet
from all the radiation, thus allowing us to get closer
scales of the hard interaction:
 e.g. mass of particles initiating the jet, 
       fundamental coupling of some new interaction 
       in the hard interaction



Jet x-sections

Soft 
Function

Hard 
function

{Color decomposed}

Jet Functions
Color diagonal

(NP)

the QCD jet background analytically as well as through MC simulations. In this section,
we present the summary of our analytic calculations of the QCD jet mass distribution
based on the factorization formalism [39, 40], which is presented in the Appendix. We
compare our theoretical prediction with simulated MC data. Note that the final states,
which induce the jet masses, simulated by MC event generators are much more complicated
(due to radiation, showering etc.) than our simple two body final states. Yet, as we shall
see, we can consistently describe the simulated MC data.

3.1 Analytic Prediction

We are interested in looking at the following processes:

Ha(pa) + Hb(pb) → J1(m
2
J1

, p1,T , R) + X

Ha(pa) + Hb(pb) → J1(m
2
J1

, p1,T , R) + J2(m
2
J2

, p2,T , R) + X

where, Hi are the initial hadrons, pi being the corresponding momenta, and the final states
include jets in the direction of the outgoing partons of the underlying process, with a fixed
jet mass, mJi

, “cone size” R2 = ∆η2 +∆φ2 and tranverse momenta, pi,T .

We begin with the factorized hadronic cross section for single inclusive jet processes,

dσHAHB→J1X(R)

dpT dmJdη
=

∑

abc

∫

dxa dxb φa(xa) φb(xb)
dσ̂ab→cX

dpTdmJdη
(xa, xb, pT , η, mJ , R) ,

(3.1)

which in the limit of small R, we can further factorize into (see Appendix B),

dσHAHB→J1X(R)

dpT dmJdη
=

∑

abc

∫

dxa dxb φa(xa) φb(xb)Hab→cX(xa, xb, pT , η, R)

×Jc
1(mJ , pT , R). (3.2)

The factorization and renormalization scales are chosen to be pT , φi is the PDF for the initial
hadrons, Hab→cX denotes the perturbative cross section, and Jc denotes jet functions, whose
matrix elements are defined in Appendix A (see e.g. [41] for recent reviews and references
therein). Furthermore the Jcs are, by definition, normalized as

∫

dmJ Jc = 1 . (3.3)

We have used the fact that the jet functions do not depend on η in the leading expansion
(see Appendix A). Therefore, we can write Eq. (3.2) for the hadronic cross section as

dσ(R)

dpT dmJ
=

∑

c

Jc(mJ , pT , R)
dσ̂c(R)

dpT
, (3.4)

7



Quarks jets

Gluons jets

Appendix

A Jets at Fixed Invariant Mass

Here we give details of the definitions and calculations for the jet functions that we employ
in section 3. Single inclusive Jet cross sections have been studied intensively [38, 46, 47, 48].
Here, we are interested in computing the QCD background to jets of measured mass. The
main background to the production of tt̄ pairs is from dijet production from hadronic
collisions,

Ha(pa) + Hb(pb) → J1(m
2
J1

, p1,T , η1, R) + J2(m
2
J2

, p2,T , η2, R) + X, (A.1)

where the final states are jets in the directions of the outgoing partons, each with a fixed jet
mass m2

J , a “cone size” R2 = ∆η2 +∆φ2, and transverse momenta, pi,T . For simplicity we
choose the cone sizes equal for the two jets, although they can be different. For R < 1, we
can isolate the leading (R0) dependence of such cross-sections in factorized “jet” functions,

dσHAHB→J1J2

dpT dm2
J1

dm2
J2

dη1dη2
=

∑

abcd

∫

dxa dxb φa(xa) φb(xb)Hab→cd (xa, xb, pT , η1, η2, αS(pT ))

×Jc
1(m

2
J1

, pT cosh η1, R, αS(pT )) Jd
2 (m2

J2
, pT cosh η2, R, αS(pT )),

(A.2)

with corrections that vanish as powers of R. Here the φ’s are parton distribution functions
for the initial hadrons, Hab→cd is a perturbative 2 → 2 QCD hard-scattering function,
equal to the dijet Born cross section at lowest order, and the Ji are jet functions, which are
defined below. Jet function Ji summarizes the formation of a set of final state particles with

fixed invariant mass and momenta collinear to the ith outgoing parton. Corrections to the
cross section of order R0 can only occur through collinear enhancements which factorize
into these functions [49].

Following Ref. [40] we define jet function for quarks at fixed jet mass by

Jq
i (m2

J , p0,Ji
, R) =

(2π)3

2
√

2 (p0,Ji
)2

ξµ

Nc

∑

NJi

Tr
{

γµ〈0|q(0)Φ(q̄)†
ξ (∞, 0)|NJi

〉〈NJi
|Φ(q̄)

ξ (∞, 0)q̄(0)|0〉
}

×δ
(

m2
J − m̃2

J (NJi
, R)

)

δ(2)(n̂ − ñ(NJi
))δ(p0,Ji

− ω(NJc)), (A.3)

where m̃2
J(NJi

, R) is the invariant mass of all particles within the cone centered on direction
n̂ in state NJi

. Correspondingly, gluon jet functions are defined by

Jg
i (m2

J , p0,Ji
, R) =

(2π)3

2(p0,Ji
)3

∑

NJi

〈0|ξσF
σν(0)Φ(g)†

ξ (0,∞) |NJi
〉〈NJi

|Φ(g)
ξ (0,∞)F ρ

ν (0)ξρ|0〉

×δ
(

m2
J − m̃2

J(NJi
, R)

)

δ(2)(n̂ − ñ(NJi
))δ(p0,Ji

− ω(NJc)). (A.4)
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equal to the dijet Born cross section at lowest order, and the Ji are jet functions, which are
defined below. Jet function Ji summarizes the formation of a set of final state particles with

fixed invariant mass and momenta collinear to the ith outgoing parton. Corrections to the
cross section of order R0 can only occur through collinear enhancements which factorize
into these functions [49].

Following Ref. [40] we define jet function for quarks at fixed jet mass by

Jq
i (m2

J , p0,Ji
, R) =

(2π)3

2
√

2 (p0,Ji
)2

ξµ

Nc

∑

NJi

Tr
{

γµ〈0|q(0)Φ(q̄)†
ξ (∞, 0)|NJi

〉〈NJi
|Φ(q̄)

ξ (∞, 0)q̄(0)|0〉
}

×δ
(

m2
J − m̃2

J (NJi
, R)

)

δ(2)(n̂ − ñ(NJi
))δ(p0,Ji

− ω(NJc)), (A.3)

where m̃2
J(NJi

, R) is the invariant mass of all particles within the cone centered on direction
n̂ in state NJi

. Correspondingly, gluon jet functions are defined by

Jg
i (m2

J , p0,Ji
, R) =

(2π)3

2(p0,Ji
)3

∑

NJi

〈0|ξσF
σν(0)Φ(g)†

ξ (0,∞) |NJi
〉〈NJi

|Φ(g)
ξ (0,∞)F ρ

ν (0)ξρ|0〉

×δ
(

m2
J − m̃2

J(NJi
, R)

)

δ(2)(n̂ − ñ(NJi
))δ(p0,Ji

− ω(NJc)). (A.4)
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Figure 19: Feynman rules associated with the F+ν operator at the end of a Wilson line.
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Figure 20: Feynman rules associated with eikonal lines, from the expansion of the Wilson
lines.

(a) (b) (c)

Figure 21: Real contributions to the quark jet function at order αS.
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Jet Properties
If the jets are meant as proxies for the partons, how 
closely are the properties of jets to that of the 
parent parton.

Jet’s Transverse Momentum
We can compute its transverse distribution from the 
functions above, and fully analytically in the R<1 limit

Of particular interest, is how much of partons’ mtm 
goes into our jets of a fixed size R. 



Jet’s PT 
�pT = pT,jet � pT,part

�pT
pT

=

↵s

⇡
Ci logR+O(↵s)

Ci ! CA, CF

�pT =

Z
dz

Z
✓2

✓2
pT (max(z, 1� z)� 1)

↵S

⇡
Pqq(z)⇥(✓ � R)



Choosing a jet size of R=0.4 

A “quark” jet has ~5% less transverse mtm 
from its parent quark.

A “gluon” jet has ~10% less transverse 
mtm from its parent parton.

Gluon Jets tend to be fatter!



Jet Mass Distribution
J (f) = 2

αS

π

Cf

mJ
log

(

p2
T R2

m2
J

)

equivalent to a no recoil approximation, thus resulting
overall in a harder process than the result in Eq. (A16) at
fixed scales.
For the purpose of comparing the mass distributions

obtained from jet functions and the MC simulations,
Eq. (3.5) can be matched to ðd!cðRÞ=dpTÞMC obtained
from MC, leading to the following relation:

d!c
predðRÞ

dpTdmJ

¼ JcðmJ; pT; RÞ
!
d!cðRÞ
dpT

"

MC
(3.7)

for the prediction of quark and gluon-jet mass distribution
based on perturbative calculated jet functions, Eqs. (A14)
and (A16). Note, however, that this would require us to
split the MC output in terms of the parton flavors c, which
for realistic simulation leads to ambiguities, especially
when matching is used. Therefore, for our analysis, in-
stead, we use the analytic result to suggest bounds for the
‘‘data’’ distribution from the MC. There is, however, no
a posteriori way to determine the flavor that initiated the
jet (as with real data). Thus, we write
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Gluon Jet Functions, PT 1 TeV, R 0.4
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Fixed coupling

Running coupling

FIG. 2 (color online). Various theoretical gluon-jet mass dis-
tributions, along with a 1=mJ curve, are plotted for pT ¼ 1 TeV
and R ¼ 0:4. Plotted are the jet mass distribution from (A16)
with running (red, dashed), and fixed (blue, dotted) coupling,
along with the eikonal jet function (green, dashed-dotted) with
fixed coupling. For the jet functions with no running the scales
were chosen be pT .
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FIG. 3 (color online). The jet mass distributions for SHERPA, PYTHIA, and MG/ME are plotted for different pT and jet cone sizes. The
quark and gluon mass distributions from the jet functions are overlaid, using Eqs. (3.8) and (3.9). The upper left plot corresponds to
950 GeV $ pT $ 1050 GeV and R ¼ 0:4. The upper right plot corresponds to 950 GeV $ pT $ 1050 GeV and R ¼ 0:7. The lower
left plot corresponds to 1450 GeV $ pT $ 1550 GeV and R ¼ 0:4. The lower right plot corresponds to 1450 GeV $ pT $
1550 GeV and R ¼ 0:7.
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FIG. 2: The normalized jet mass distribution for Midpoint jets with pT > 400 Gev and

|⌘| 2 (0.1, 0.7). The uncertainties shown are statistical (black lines) and systematic (yellow

bars). The theory predictions for the jet function for quarks and gluons are shown as solid

curves and have an estimated uncertainty of ⇠ 30%. Also shown is the PYTHIA MC

prediction (red dashed line). The inset compares Midpoint (full black circles) and anti-kT

(open green squares) jets [72]

C. Angularity

Angularity was shown to qualitatively distinguish between QCD jets and other two-body

decays [36]. The reviewed study showed that the shape of the angularity distribution agrees

with the two-prong description of high pT massive QCD jets, an assumption that the jet

function is also based upon. This agreement is manifested in the two kinematical limits:

⌧min
�2

⇠ (mj/2pT,j)3 is obtained from decay configurations in which both daughter particles

are emitted at the same angle with respect to the direction of the mother particle and have

the same energy. ⌧max
�2

⇠ 2�3R2mj/pT,j is obtained when one of the decay daughters is hard

and almost collinear with the mother particle, whereas the second decay daughter is soft

and emitted at a large angle, limited by the size parameter R.

Fig. 3 shows that the angularity distribution indeed lies between the two expected limits.

A good agreement is observed between the data and the PYTHIA sample. Furthermore, as

in the jet mass case, an agreement is observed between the Midpoint results and those of

anti-kT .

22

Measured jet mass distributions at CDF for relt. 
high Pt

By comparing to jet distribution from analytical 
calculations, we can say:

80% of these events can be described by quark jets.
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Example: analogy 

ffiffiffi
S

p
¼ 38:8 GeV. We recall that we sum over the charges of

the produced hadrons. The cuts applied by E711 were
pT;i > 2 GeV, and average over "0:4< jYj< 0:2. The
cut on the individual hadron transverse momenta is, in
fact, irrelevant for the values of M considered here.
Furthermore, as stated in Fig. 6 of [10] for the pair mass

distribution we apply ppair
T < 2 GeV, and 0:1< j cos!#j<

0:25. Figure 2 shows the data and our results. As before, the
agreement between NLO and the NLO expansion of the
resummed calculation is excellent. Again, resummation
leads to an increase of the predicted cross section and a
reduction of scale dependence. Even though the resummed
results agree with the data much better than the NLO ones
for the scales we have chosen, they tend to lie somewhat
above the data, in particular at the highest values of M.
Keeping in mind the results for NA24, one may wonder if
this might be in part related to the fragmentation functions
for summed charged hadrons, which are probably slightly
less well understood than those for pions, due to the con-
tributions from the heavier kaons and, in particular, bary-
ons. The trend for the resummed result to lie a bit high is,
however, somewhat less pronounced for the AKK set
which again produces results that are a bit steeper than
the DSS ones.

Figures 3 and 4 show the comparison of our results (for
the DSS set) to the E706 data sets for neutral pion pair
production in pp and pBe scattering at

ffiffiffi
S

p
¼ 38:8 GeV

(800 GeV beam energy), respectively. We do not take into
account any nuclear effects for the beryllium nucleus,
except for the trivial isospin one. This has a very minor
effect on the cross section, compared to pp. E706 used cuts
fairly different from those applied in the data we have
discussed so far. There were no explicit cuts on cos!#,

ppair
T or Y, but instead cuts pT;i > pcut

T ¼ 2:5 GeV and

either "1:05< "i < 0:55 (for the
ffiffiffi
S

p
¼ 38:8 GeV data)

or "0:8< "i < 0:8 (for the
ffiffiffi
S

p
¼ 31:6 GeV data) on the

transverse momenta and rapidities of the individual pions.
The cut on transverse momentum, in particular, has a
strong influence at the lowerM: in a rough approximation,
it leads to a kinematic limit M$ 2pT;i > 5 GeV, so that
the cross section has to decrease very rapidly once one
decreasesM toward 5 GeV. This behavior is indeed seen in
the figures.
As in the previous cases, the NLO expansion of the

resummed and the full NLO cross section agree extremely
well, typically to better than 2%. For the two scales we
have chosen, the NLO cross sections fall well short of the

FIG. 2 (color online). Same as Fig. 1, but for charged-hadron
production for pp scattering at

ffiffiffi
S

p
¼ 38:8 GeV and with cuts

appropriate for comparison to E711. The data are from [10].

FIG. 3 (color online). Comparison of the NLO (dashed lines)
and resummed (solid lines) calculations (for the DSS fragmen-
tation set) to the E706 pp data at

ffiffiffi
S

p
¼ 38:8 GeV [11], for two

different choices of the renormalization and factorization scales,
# ¼ M (upper lines) and # ¼ 2M (lower lines). The crosses
display the NLO Oð$sÞ expansion of the resummed cross
section.

FIG. 4 (color online). Same as Fig. 3, but for proton-beryllium
scattering.
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the produced hadrons. The cuts applied by E711 were
pT;i > 2 GeV, and average over "0:4< jYj< 0:2. The
cut on the individual hadron transverse momenta is, in
fact, irrelevant for the values of M considered here.
Furthermore, as stated in Fig. 6 of [10] for the pair mass

distribution we apply ppair
T < 2 GeV, and 0:1< j cos!#j<

0:25. Figure 2 shows the data and our results. As before, the
agreement between NLO and the NLO expansion of the
resummed calculation is excellent. Again, resummation
leads to an increase of the predicted cross section and a
reduction of scale dependence. Even though the resummed
results agree with the data much better than the NLO ones
for the scales we have chosen, they tend to lie somewhat
above the data, in particular at the highest values of M.
Keeping in mind the results for NA24, one may wonder if
this might be in part related to the fragmentation functions
for summed charged hadrons, which are probably slightly
less well understood than those for pions, due to the con-
tributions from the heavier kaons and, in particular, bary-
ons. The trend for the resummed result to lie a bit high is,
however, somewhat less pronounced for the AKK set
which again produces results that are a bit steeper than
the DSS ones.

Figures 3 and 4 show the comparison of our results (for
the DSS set) to the E706 data sets for neutral pion pair
production in pp and pBe scattering at

ffiffiffi
S

p
¼ 38:8 GeV

(800 GeV beam energy), respectively. We do not take into
account any nuclear effects for the beryllium nucleus,
except for the trivial isospin one. This has a very minor
effect on the cross section, compared to pp. E706 used cuts
fairly different from those applied in the data we have
discussed so far. There were no explicit cuts on cos!#,

ppair
T or Y, but instead cuts pT;i > pcut

T ¼ 2:5 GeV and

either "1:05< "i < 0:55 (for the
ffiffiffi
S

p
¼ 38:8 GeV data)

or "0:8< "i < 0:8 (for the
ffiffiffi
S

p
¼ 31:6 GeV data) on the

transverse momenta and rapidities of the individual pions.
The cut on transverse momentum, in particular, has a
strong influence at the lowerM: in a rough approximation,
it leads to a kinematic limit M$ 2pT;i > 5 GeV, so that
the cross section has to decrease very rapidly once one
decreasesM toward 5 GeV. This behavior is indeed seen in
the figures.
As in the previous cases, the NLO expansion of the

resummed and the full NLO cross section agree extremely
well, typically to better than 2%. For the two scales we
have chosen, the NLO cross sections fall well short of the

FIG. 2 (color online). Same as Fig. 1, but for charged-hadron
production for pp scattering at

ffiffiffi
S

p
¼ 38:8 GeV and with cuts

appropriate for comparison to E711. The data are from [10].

FIG. 3 (color online). Comparison of the NLO (dashed lines)
and resummed (solid lines) calculations (for the DSS fragmen-
tation set) to the E706 pp data at

ffiffiffi
S

p
¼ 38:8 GeV [11], for two

different choices of the renormalization and factorization scales,
# ¼ M (upper lines) and # ¼ 2M (lower lines). The crosses
display the NLO Oð$sÞ expansion of the resummed cross
section.

FIG. 4 (color online). Same as Fig. 3, but for proton-beryllium
scattering.
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data. It was noted in [14,15] that in order for NLO to match
the data, very low scales of ! ¼ 0:35M have to be chosen.
The resummed cross section, on the other hand, has much
reduced scale dependence and describes the data very well
for the more natural scales M and 2M, except at the lower
M where the cut pcut

T on the pT;i becomes relevant. One
observes that the data extend to lower M than the theoreti-
cal cross section, which basically cuts off atM ¼ 5 GeV as
discussed above. A new scale becomes relevant here, the
difference jM" 2pcut

T j. Higher-order effects associated
with this scale (which are different from the ones addressed
by threshold resummation) and/or nonperturbative effects
such as intrinsic transverse momenta [11] probably control
the cross section here. It is also instructive to see that the
cross section is very sensitive to the actual value of the cut

on the pT;i. In Fig. 5 we show the resummed results for
scale ! ¼ 2M for pT;i > 2:5 GeV (as before) and pT;i >
2:2 GeV. One can see that with the lower cut the data are
much better described. Experimental resolution effects
might therefore have a significant influence on the com-
parison between data and theory here.
In order to check consistency, E706 also presented their

pBe data set at
ffiffiffi
S

p
¼ 38:8 GeV when the E711 cuts were

applied instead of the E706 default ones. These data are
found in [11]. Figure 6 shows the comparison for this case.
One can see the same trends as before. Clearly, the de-
scription of the data by the resummed calculation is ex-
cellent. For this set of cuts, the cross section is not forced to
turn down by kinematics at the lower M, and theory and
data agree well everywhere. Figures 7 and 8 show results
corresponding to Figs. 3 and 4, but for the lower beam
energy, 530 GeV, employed by E706 (

ffiffiffi
S

p
¼ 31:6 GeV).

FIG. 5 (color online). Resummed cross section for scale ! ¼
2M and pT;i > 2:2 GeV (dashed line), compared to the one with
pT;i > 2:5 GeV shown previously in Fig. 4 (solid line).

FIG. 6 (color online). Comparison to E706 data with a differ-
ent set of cuts, corresponding to the ones applied by E711. The
data with these cuts are from [11].

FIG. 7 (color online). Same as Fig. 3, but at
ffiffiffi
S

p
¼ 31:6 GeV.

FIG. 8 (color online). Same as Fig. 4, but at
ffiffiffi
S

p
¼ 31:6 GeV.
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Color Flow in Jets
Jets are at the detector level colorless since, they 
are made-up by hadrons.
However, if they are supposed to be associated 
with partons, hard colored objects. Should color 
information be present ?

ii

j

j̄

kk
l l

✏ikl
✏ikl

The final states of the 
hard interaction are 
color connected, with 
either the other final 
states or the remenants 
of the hadron/nucleus



i

j

j̄
i

Radiation outside of the dipole is suppressed

There should be a trail of 
radiation following the dipoles 
over the entire event 

Because distributions of jet 
are steeply falling 
functions,

This information would be extremely 
sensitive to cuts places on the hadrons 
we observe and the overall background 
(such as the UE event) 



Colour Flow
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Conclusion
While constructing a jet algorithm can be 
straight-forward, making sure that it is IR safe
is not.

LHC detectors have chosen the anti-Kt for its
“shape” properties, however it is sometimes 
useful to re-analyze a Jet substructure by 
reapplying a kt-Algorithm or a C/A.



Conclusions

Once we have an algorithm we can apply it , 
to the partonic x-section and get meaningful 
results for our jets and how it relates to the 
microscopic physics in the Hard interaction.
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