


jets are special

Trivial consequence: 
If jet particles have different 

velocities, they arrive at the detector 
over some finite time span.



Typical Lorentz boost 
of a jet hadron:

Arrival time spread:

For typical values of these quantities, we find δt ~ 30 ps.

Current calorimeter based timing is limited to ~150 ps, and only 
for particles with energy >50 GeV.
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Estimate:

Ej – Jet energy ~ 100 GeV
n – Number of hadrons in jet ~ 10
mp – proton mass ~ 1 GeV
R – distance to detector ~ 1 m

Arrival time spread:

For typical values of these quantities, we find δt ~ 30 ps.





Measurement of the velocity spectrum 
gives us a direct window into 
hadronization.

Studying 
hadronization is a 
primary goal of the 
EIC, recently selected 
for BNL, and will also 
have this timing 
capability.



However: hadronization is a non-perturbative phenomenon. 
→ We don’t know how to calculate from first principles.

We have to use phenomenological models.
(But they are very successful to date)

Measurement of the velocity spectrum 
gives us a direct window into 
hadronization.

Studying 
hadronization is a 
primary goal of the 
EIC, recently selected 
for BNL, and will also 
have this timing 
capability.



Quark pair produced 
in some interaction

Pair connected by color 
field: view as string with 
constant tension 
(confinement)

String breaks 
stochastically at a set of 
vertices. 
New pair produced at 
each vertex.

(PYTHIA hadronization model)



Vertices are all spacelike 
separated, do not 
influence each other. 

Time scale for stochastic 
breaking ~ ΛQCD
→ Vertices near hyperbola 
of proper time 1/ΛQCD

Final oscillating quark-string 
systems are hadronsArea covered by one 

period is equal to the 
squared mass. 
→ Constraint on 
neighboring vertices.

Fastest hadrons 
towards edges of 
string
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Next: Beyond direct observation, can this 
new data be used as a tool in any other way?

Proposal: Boosted object tagging



e+e- → e+e- scattering 
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e+e- → leptonic ZZ production

What is the difference between these electrons?

Arrange kinematics so 
that one electron has 100 
GeV in lab frame 



e+e- → qq dijet 
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e+e- → hadronic ZZ production

What is the difference between these quarks?

Arrange kinematics so 
that one quark has 100 
GeV in lab frame 
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e+e- → hadronic ZZ production

What is the difference between these quarks?
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Many spatial jet substructure 
techniques have been developed to 
identify such boosted jets



FAKE

Many spatial jet substructure 
techniques have been developed to 
identify such boosted jets



String model predictions were made in the 
rest frame of the string (quark/antiquark 
system)

In this frame there were generically slow 
hadrons.

If the whole string is boosted, they may no 
longer be slow.
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QCD Fakes:



QCD Fakes:



Natural questions:

“The velocity is just one way to describe the kinematic data. Aren’t you just 
saying the QCD jets have more soft particles? 

The tracker already measures momenta well. Can’t I do this measurement another 
way?

Low mass string produce fewer hadrons. Why don’t you just cut on hadron 
multiplicity?”



Boosted 
Object? 

(0/1)

Mass drop

Subjettiness

Energy 
correlation

Timing

Answer: (1)

Yes! All jet-substructure tests are trying 
to extract the answer to a binary yes/no 
question from very complex data that 
includes much more information.



Answer: (2)

No, not exactly... 
Re: Momenta

 Boosts act naturally on velocities, e.g. 
boosts do not change the velocity 
ordering of a set of particles. The effect 
on momenta depends on the masses, 
which vary amount jet hadrons

Re: Hadron multiplicity
The scatter is very large

Timing does best.
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