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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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that one quark has 100 
GeV in lab frame 
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Trivial observation: 
Unless all jet constituents have the same 

velocity, they will arrive spread over some finite 
time.
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Typical deviation of 
hadron velocity from 1:

Typical Lorentz boost 
of a jet hadron:

Jet energy Ej and 
multiplicity n



Trivial observation: 
Unless all jet constituents have the same 

velocity, they will arrive spread over some finite 
time.

Typical deviation of 
hadron velocity from 1:

For meter-scale detectors, n ~ 10, E ~ 100 
GeV, typical time-of-flight differences 
among jet hadrons:

Typical Lorentz boost 
of a jet hadron:

Jet energy Ej and 
multiplicity n



String splitting vertices 
are space-like separated

1+1-d phase space is flat 
in rapidity



Delay in arrival time of jet hadrons at 1 m (ps)





Currently, the entire bunch crossing 
is one snapshot.

Image credit: Lindsey Grey (FNAL)
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Currently, the entire bunch crossing 
is one snapshot.

If you could slice the bunch crossing 
into n snapshots, pileup would be 
reduced by a factor of ~n.

LHC upgrades for HL phase:
30ps timing resolution.
Reduces pileup to current levels.
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Currently, the entire bunch crossing 
is one snapshot.

If you could slice the bunch crossing 
into n snapshots, pileup would be 
reduced by a factor of ~n.

LHC upgrades for HL phase:
30ps timing resolution.
Reduces pileup to current levels.
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Current and future detector technology will routinely resolve the time structure of jets.
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Proxy for heavy diboson resonance. 
In that case, Zs are fairly central so that 
kinematics are similar to the lepton 
collider case.
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○ Is most massive prong much lighter 
than the total?

○ Is splitting symmetric?
●
●
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○ Is most massive prong much lighter 
than the total?

○ Is splitting symmetric?
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But there is a meaningful sense in 
which the Z jets are boosted relative 
to a QCD jet of the same energy. 

The natural time profile will be 
compressed by the boost.

Z jets are “faster” than QCD jets

boost



boost

Select all jets that pass Mass Drop 
with masses within 5 GeV of Z mass

Arrival delay of latest (detectable) 
charged hadron

QCD

ZZ

But there is a meaningful sense in 
which the Z jets are boosted relative 
to a QCD jet of the same energy. 

The natural time profile will be 
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This simple cut alone can reduce the 
efficiency for fake Z-mass QCD jets 
vs. true boosted Z jets by about 10%.

Arrival delay of latest 
(detectable) charged hadron

QCD

ZZ

Discard “slow” jets

ZZ

QCD



This simple cut alone can reduce the 
efficiency for fake Z-mass QCD jets 
vs. true boosted Z jets by about 10%.

Arrival delay of latest 
(detectable) charged hadron

QCD

ZZ

Discard “slow” jets



Natural question:

“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?”

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.



From M. Mangano in 
yesterday’s QCD session



Natural question:

“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?”

Answer: (2)

No, not exactly... 
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

Timing

Momentum

Cut on smallest 
momentum rather than 
latest arrival
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