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Takeaway

✤ Initial state radiation (ISR) is normally a nuisance.

✤ It can contaminate jets, and makes sorting out combinatorics hard.

✤ However, 

✤ When ISR produces a jet it can often be tagged (through methods 
we introduce).

✤ By investigating an ISR jet we can learn valuable information about 
the event which produced it.



Introduction & Motivations



Busy Final States

✤ The LHC will, hopefully, allow us to produce and study particles 
from physics beyond the SM.

✤ Even at leading order the decay processes of these new particles can 
yield busy final states

✤ However, what we observe in the detector is actually much more 
complicated than the leading tree level diagrams suggest.

Example : g̃ → tt̄χ0 → 6j + χ0



Initial & Final State Radiation (ISR/FSR)

✤ This is because leading order tree level considerations neglect initial 
state radiation .

✤ Colored final state particles will emit soft/collinear radiation (FSR)

✤ These emissions are together resolved as jets - a spray of radiation 
in one direction.

✤ In the same way, partons in the proton will emit soft/collinear 
radiation (ISR) before they scatter into/via new physics states 



}
}

Lowest order diagram for 
the production and decay 

of a Z’

Production of Z’ showing 
ISR/FSR

}}
FSRISR



✤ We see ISR emissions as additional 
states in the detector.

✤ Basically, they can do two things

1. Some emissions will spatially overlap 
with `signal’ jets (motivation for jet 
topiary).

2. Others will be assigned their own 
jets.

Effects of ISR
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Figure 12: The same as Fig. 4, but for a SUSY event of gluino pair production, with each gluino
forced to decay to 4 jets and the LSP as in (5.1). The SUSY mass spectrum is as in Figs. 10(a)
and 11(a): mg̃ = 600 GeV, m!̃0

2
= 200 GeV and m!̃0

1
= 100 GeV. As in Figs. 4 and 5, the circles

denote jets reconstructed in PGS, and here “q” marks the location of a quark from a gluino decay
chain. Therefore, a circle without a “q” inside corresponds to a jet resulting from ISR or FSR, while
a letter “q” without an accompanying circle represents a quark in the gluino decay chain which was
not subsequently reconstructed as a jet.

2mg̃. If the e!ects of the UE are ignored, the position of this threshold is given rather well

by the peak of the
!
s
(cal)
min distribution (blue histogram). Unfortunately, the UE shifts the

peak in
!
s
(cal)
min by 1-2 TeV (red histogram). Fortunately, the distribution of the RECO-level
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Pair production of gluinos with 
each going to four jets and an LSP

Source: 1006.0653

= ISR Jet

} Display showing 
additional ISR jets 

produced in an event.



✤ In general then, ISR is pretty annoying:

✤ Exclusive variables (e.g. a function of the three 
hardest jets) are messed up because of combinatoric 
difficulties/contamination.

✤ Inclusive observables (functions of all the measured 
jets) can become really messed up.



Here we can plainly see the effects of contamination and the 
combinatoric difficulties arising from ISR.  The particular 

observable here isn’t important for this conclusion.

Figure 10: The same as Fig. 3, but for a SUSY example of gluino pair production, with each gluino
decaying to four jets and a !̃0

1 LSP as indicated in (5.1). The mass spectrum is chosen as: (a)mg̃ = 600
GeV, m!̃0

2
= 200 GeV and m!̃0

1
= 100 GeV; or (b) mg̃ = 2400 GeV, m!̃0

2
= 800 GeV and m!̃0

1
= 400

GeV. All three
!
smin distributions are plotted for the correct value of the missing mass parameter,

in this case "M = 2m!̃0
1
.

Figure 11: The same as Fig. 10, but for the case of gluino decays to 2 jets and a !̃0
1 LSP as in (5.2).

(the 4-jet signature arising from (5.2)). In both figures, panels (a) correspond to a light mass

spectrum mg̃ = 600 GeV, m!̃0
2
= 200 GeV and m!̃0

1
= 100 GeV; while panels (b) correspond

to a heavy mass spectrum mg̃ = 2400 GeV, m!̃0
2
= 800 GeV and m!̃0

1
= 400 GeV. Each plot

shows the same four distributions as in Fig. 3. The
!
smin distributions are all plotted for

the correct value of the missing mass parameter, namely "M = 2m!̃0
1
.

Overall, the results seen in Figs. 10 and 11 are not too di!erent from what we already

witnessed in Fig. 3 for the tt̄ example. The (unobservable) distribution
!
strue shown with

the dotted yellow-shaded histogram has a sharp turn-on at the physical mass threshold Mp =

– 25 –

Source: 1006.0653
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Figure 1: The generic event topology used to define the
"
smin variable in Ref. [1]. Black (red)

lines correspond to SM (BSM) particles. The solid lines denote SM particles Xi, i = 1, 2, . . . , nvis,
which are visible in the detector, e.g. jets, electrons, muons and photons. The SM particles may
originate either from initial state radiation (ISR), or from the hard scattering and subsequent cascade
decays (indicated with the green-shaded ellipse). The dashed lines denote neutral stable particles !i,
i = 1, 2, . . . , ninv, which are invisible in the detector. In general, the set of invisible particles consists
of some number n! of BSM particles (indicated with the red dashed lines), as well as some number
n" = ninv #n! of SM neutrinos (denoted with the black dashed lines). The identities and the masses
mi of the BSM invisible particles !i, (i = 1, 2, . . . , n!) do not necessarily have to be all the same, i.e. we
allow for the simultaneous production of several di!erent species of dark matter particles. The global
event variables describing the visible particles are: the total energy E, the transverse components Px

and Py and the longitudinal component Pz of the total visible momentum "P . The only experimentally
available information regarding the invisible particles is the missing transverse momentum !"PT .

neutrino masses can be safely taken to be zero

mi = 0, for i = n! + 1, n! + 2, . . . , ninv . (1.1)

Given this very general setup, Ref. [1] asked the following question: What is theminimum

value
"
smin of the parton-level Mandelstam invariant mass variable

"
s which is consistent

with the observed visible 4-momentum vector Pµ $ (E, "P )? As it turned out, the answer to

this question is given by the universal formula [1]

"
smin(!M) $

!

E2 # P 2
z +

"

!M2+ !P 2
T , (1.2)
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The yellow curve is 
the one we want to 

measure

The red curve is the 
inclusive observable 

suffering from 
contamination (really 

messed up) 

The black curve is 
the observable 
suffering from 
combinatorics 

(pretty messed up)



However, ISR is Not Always Bad

✤ ISR jets can be used to trigger on difficult BSM processes 

✤ Monojet searches (e.g. looking for DM)

✤ Squeezed spectra [0803.0019,0809.3264]

✤ Can increase missing energy, add another jet

✤ More intriguingly, ISR’s characteristics can give us information about 
the “hard process” we’re interested in 

✤ Some recent studies have studied ISRs effect on inclusive variables
[0903.2013, 1004.4762]
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FIG. 1: Boosted gluinos that are degenerate with the bino
do not enhance the missing transverse energy when there is
no hard initial- or final-state radiation. (A) illustrates the
cancellation of the bino’s ET� . (B) shows how initial- or final-
state radiation leads to a large amount of ET� even if the
gluino is degenerate with the bino.

the search is not limited by phase space and four or
more well-separated jets are produced, as well as large
missing transverse energy. The situation is very differ-
ent for light gluinos (mg̃ � 200 GeV) that are nearly
degenerate with the bino. Such light gluinos can be co-
piously produced at the Tevatron, with cross sections
O(102 pb), as compared to O(10−2 pb) for their heav-
ier counterparts (mg̃ � 400 GeV). Despite their large
production cross sections, these events are challenging
to detect because the jets from the decay are soft, with
modest amounts of missing transverse energy. Even if
the gluinos are strongly boosted, the sum of the bino
momenta will approximately cancel when reconstruct-
ing the missing transverse energy (Fig. 1A). To discover
a gluino degenerate with a bino, it is necessary to look
at events where the gluino pair is boosted by the emis-
sion of hard QCD jets (Fig. 1B). Therefore, initial-state
radiation (ISR) and final-state radiation (FSR) must be
properly accounted for.

The correct inclusion of ISR/FSR with parton show-
ering requires generating gluino events with matrix ele-
ments. We used MadGraph/MadEvent [14] to compute
processes of the form

pp̄→ g̃g̃ + Nj, (1)

where N = 0, 1, 2 is the multiplicity of QCD jets. The
decay of the gluino into a bino plus a quark and an anti-
quark, as well as parton showering and hadronization of
the final-state partons, was done in PYTHIA 6.4 [15].

To ensure that no double counting of events occurs
between the matrix-element multi-parton events and the
parton showers, a version of the MLM matching proce-
dure was used [16]. In this procedure, the matrix el-
ement multi-parton events and the parton showers are
constrained to occupy different kinematical regions, sep-
arated using the k⊥ jet measure:

d2(i, j) = ∆R2
ij min(p2

Ti, p
2
Tj)

d2(i,beam) = p2
Ti, (2)

where ∆R2
ij = 2(cosh ∆η − cos ∆φ) [17]. Matrix-

element events are generated with some minimum cut-
off d(i, j) = QME

min. After showering, the partons are
clustered into jets using the kT jet algorithm with a
QPS

min > QME
min. The event is then discarded unless all re-

sulting jets are matched to partons in the matrix-element
event, d(parton, jet) < QPS

min. For events from the high-
est multiplicity sample, extra jets softer than the soft-
est matrix-element parton are allowed. This procedure
avoids double-counting jets, and results in continuous
and smooth differential distributions for all jet observ-
ables.

The matching parameters (QME
min and QPS

min) should
be chosen resonably far below the factorization scale of
the process. For gluino production, the parameters were:

QME
min = 20 GeV and QPS

min = 30 GeV. (3)

The simulations were done using the CTEQ6L1
PDF [18] and with the renormalization and factoriza-
tion scales set to the gluino mass. The cross sections
were rescaled to the next-to-leading-order (NLO) cross
sections obtained using Prospino 2.0 [19].

Finally, we used PGS [20] for detector simulation,
with a cone jet algorithm with ∆R = 0.5. As a check
on this procedure, we compared our results to the signal
point given in [7] and found that they agreed to within
10%.

B. Backgrounds

The three dominant Standard Model backgrounds
that contribute to the jets plus missing energy searches
are: W±/Z0 + jets, tt̄, and QCD. There are several
smaller sources of missing energy that include single top
and di-boson production, but these make up a very small
fraction of the background and are not included in this
study.

The W±/Z0 + nj and tt̄ backgrounds were gen-
erated using MadGraph/MadEvent and then showered
and hadronized using PYTHIA. PGS was used to recon-
struct the jets. MLM matching was applied up to three
jets for the W±/Z0 background, with the parameters
QME

min = 10 GeV and QPS
min = 15 GeV. The top back-

ground was matched up to two jets with QME
min = 14 GeV

and QPS
min = 20 GeV. Events containing isolated leptons

with pT ≥ 10 GeV were vetoed to reduce background
contributions from leptonically decaying W± bosons. To
reject cases of ET� from jet energy mismeasurement, a
lower bound of 90◦ and 50◦ was placed on the azimuthal
angle between ET� and the first and second hardest jets,
respectively. An acoplanarity cut of < 165◦ was applied
to the two hardest jets. Because the DO� analysis did
not veto hadronically decaying tau leptons, all taus were
treated as jets in this study.

2

Source: 0803.0019



✤ So, we’ve seen ISR is mostly a nuisance, but it also 
carries valuable information.

✤ If we can identify ISR jets on an event-by-event basis 
then we can do a better job at reconstructing new 
physics and even learn something new about BSM 
events.

✤ This will be our goal.



Tagging an ISR Jet



Setup

✤ To tag an ISR jet we need to identify the criteria which distinguish it 
from FSR.

✤ These criteria are a little dependent on the event topology, although as 
we will see, adopting them from one process to another isn’t too hard.

✤ Here we’ll focus on the symmetric production of new physics states 
which decay into jets:

where Nf=2(4) for di-squark and di-gluino production.

2

particular class of interesting processes – the pair produc-
tion of BSM particles, each of which decays into jets and
an invisible particle (i.e. pp → NfJ + 2χ0

1 + ISR where
Nf = 2/4 for di-squark/di-gluino production). Although
we will restrict ourself to these topologies, we expect that
ISR jets are also identifiable in other cases and that sim-
ilar techniques could be developed for more complicated
processes. Nonetheless, this will serve as a proof of con-
cept, that we employ later in Sec. IV, in what is already
an important application of these ideas to BSM physics.

It turns out that the modest assumption of pair pro-
duction gives one a significant handle for identifying ISR
jets. Suppose one expects to see Nf FSR jets in a BSM
event. As long as there’s no reason for these to be par-
ticularly soft, one can assume that of the Nf +1 hardest
jets in the event, Nf are attributable to FSR and one
to ISR. As the production process is symmetric, all of
the properties governing the production of one FSR jet
should hold for the others. Thus, of the Nf + 1 hardest
jets in the event, we can identify the ISR jet as the one
which is in some way distinguished from the others.

The method we prescribe for accomplishing this is to
consider the Nf +1 hardest jets in an event and identify
a candidate ISR jet (here labeled i) for which at least one
of the following conditions is met [9]:

1. The jet’s pT is distinct (i.e. it is harder or softer
than the others):

max(pTi, pTj)

min(pTi, pTj)
> 2 ∀ j �= i (1)

2. The jet is separated from the others in rapidity:

|yi − yj | > 1.5 ∀ j �= i (2)

3. The jet is distinguished by its mi/pTi ≡ ∆i ra-
tio [10]:

max(∆i,∆j)

min(∆i,∆j)
> 1.5 ∀ j �= i (3)

If a jet (again labeled i) is selected by any of the above
criteria it should then satisfy all of the following:

• The selected jet must not be central: |yi| > 1.

• It must not be too close to the other jets, which are
all implicitly FSR jets:

|yi − yj | > 0.5 ∀ j �= i (4)

• These other jets must be reasonably close to each
other in pT :

pTj

pTk
< ρ+

1/2

1− α
(5)

for pTj(k) = max(min){pTl|∀ l �= i}, with ρ = 2(3)
for Nf = 2(4), and where we have introduced the
variable

α =
min(pTi, �ET )

max(pTi, �ET )
(6)

to relax this condition when the ISR is very hard.

• Finally, the implicit FSR jets must be somewhat
central: |yj | < 2 ∀ j �= i

If any of the above conditions is not satisfied, the jet
being considered is not tagged and other jets are checked
to see if they pass any of the distinguishing criteria (Eqs.
1-3).
We note that it is surely possible to improve upon the

technique presented above, and that the numerical values
we presented have not been thoroughly optimized. Even
so, we will see these criteria already work quite well, trig-
gering on 40% (15%) of the events, for Nf = 2(4) topolo-
gies, with a small 10% (15%) mistag rate.

III. USES OF AN ISR JET

Once an ISR jet has been identified in an event it can
be used in multiple ways to shed light upon the under-
lying physics that produced it. As the production of
ISR is determined by the mass scale probed by the pro-
cess, the identity of the partons in the initial state, and
the relevant parton distribution functions (PDFs), the
resulting ISR kinematical distributions will reflect all of
these influences [11]. Here though, rather than focus on
general properties of the aforementioned distributions,
whose calculation would depend upon a careful treat-
ment of QCD, we will instead present a simple new kine-
matical technique useful in measuring mBSM, the center
of mass energy for the two heaviest BSM particles pro-
duced in the symmetric processes we are considering. Be-
cause hadron colliders tend to produce heavy states close
to threshold, a measurement of mBSM is nearly equiva-
lent to a measurement of the new-physics particle’s mass:
mBSM =

�
(pq̃/g̃ + pq̃∗/g̃)2 ≈ 2mq̃/g̃.

Other kinematic variables are also sensitive in some
way to mBSM. Examples include Meff [12], MT2 [13],
and their more advanced extensions [14]. Some recent
works [15] have also made use of ISR to give their MT2

distributions additional structure. However, these tech-
niques are in general sensitive to all of the masses in the
decay chain, or only work for very specific processes (e.g.
gluino stransverse mass [14]).
Remarkably, by looking to ISR we can construct a new

kinematic measure sensitive only to mBSM, independent
of any other assumptions on the spectrum. The basic
idea behind this method stems from the observation that
any BSM particles produced must be recoiling against
ISR in the transverse plane. Boosting the FSR system
back along the transverse plane to compensate for the



Aside - Event Generation

✤ Our events are 

✤ Generated at parton level in Madgraph v4.4.51

✤ Showered in Pythia v6.422

✤ Matched using the MLM procedure

✤ Grouped into 0.1 x 0.1 massless calorimeter cells

✤ Clustered in Fastjet v2.4.2 using anti-kT jets with R=0.7 or 0.4 
depending upon whether the process is di-squark or di-gluino 
production.



Distinguishing Criteria

✤ We find three observables are sufficient to pick out a good portion of 
the ISR jets.  

✤ Operationally, we propose taking the hardest Nf+1 jets in the event 
(Nf is the number of tree level decay products) and testing them with 
three criteria:

1. First, we look to see if a jet is distinguished in pT , saying jet i is 
distinguished if

✤ Note that this allows the ISR jet to be softer or harder than the others.

2

particular class of interesting processes – the pair produc-
tion of BSM particles, each of which decays into jets and
an invisible particle (i.e. pp → NfJ + 2χ0

1 + ISR where
Nf = 2/4 for di-squark/di-gluino production). Although
we will restrict ourself to these topologies, we expect that
ISR jets are also identifiable in other cases and that sim-
ilar techniques could be developed for more complicated
processes. Nonetheless, this will serve as a proof of con-
cept, that we employ later in Sec. IV, in what is already
an important application of these ideas to BSM physics.

It turns out that the modest assumption of pair pro-
duction gives one a significant handle for identifying ISR
jets. Suppose one expects to see Nf FSR jets in a BSM
event. As long as there’s no reason for these to be par-
ticularly soft, one can assume that of the Nf +1 hardest
jets in the event, Nf are attributable to FSR and one
to ISR. As the production process is symmetric, all of
the properties governing the production of one FSR jet
should hold for the others. Thus, of the Nf + 1 hardest
jets in the event, we can identify the ISR jet as the one
which is in some way distinguished from the others.

The method we prescribe for accomplishing this is to
consider the Nf +1 hardest jets in an event and identify
a candidate ISR jet (here labeled i) for which at least one
of the following conditions is met [9]:

1. The jet’s pT is distinct (i.e. it is harder or softer
than the others):

max(pTi, pTj)

min(pTi, pTj)
> 2 ∀ j �= i (1)

2. The jet is separated from the others in rapidity:

|yi − yj | > 1.5 ∀ j �= i (2)

3. The jet is distinguished by its mi/pTi ≡ ∆i ra-
tio [10]:

max(∆i,∆j)

min(∆i,∆j)
> 1.5 ∀ j �= i (3)

If a jet (again labeled i) is selected by any of the above
criteria it should then satisfy all of the following:

• The selected jet must not be central: |yi| > 1.

• It must not be too close to the other jets, which are
all implicitly FSR jets:

|yi − yj | > 0.5 ∀ j �= i (4)

• These other jets must be reasonably close to each
other in pT :

pTj

pTk
< ρ+

1/2

1− α
(5)

for pTj(k) = max(min){pTl|∀ l �= i}, with ρ = 2(3)
for Nf = 2(4), and where we have introduced the
variable

α =
min(pTi, �ET )

max(pTi, �ET )
(6)

to relax this condition when the ISR is very hard.

• Finally, the implicit FSR jets must be somewhat
central: |yj | < 2 ∀ j �= i

If any of the above conditions is not satisfied, the jet
being considered is not tagged and other jets are checked
to see if they pass any of the distinguishing criteria (Eqs.
1-3).
We note that it is surely possible to improve upon the

technique presented above, and that the numerical values
we presented have not been thoroughly optimized. Even
so, we will see these criteria already work quite well, trig-
gering on 40% (15%) of the events, for Nf = 2(4) topolo-
gies, with a small 10% (15%) mistag rate.

III. USES OF AN ISR JET

Once an ISR jet has been identified in an event it can
be used in multiple ways to shed light upon the under-
lying physics that produced it. As the production of
ISR is determined by the mass scale probed by the pro-
cess, the identity of the partons in the initial state, and
the relevant parton distribution functions (PDFs), the
resulting ISR kinematical distributions will reflect all of
these influences [11]. Here though, rather than focus on
general properties of the aforementioned distributions,
whose calculation would depend upon a careful treat-
ment of QCD, we will instead present a simple new kine-
matical technique useful in measuring mBSM, the center
of mass energy for the two heaviest BSM particles pro-
duced in the symmetric processes we are considering. Be-
cause hadron colliders tend to produce heavy states close
to threshold, a measurement of mBSM is nearly equiva-
lent to a measurement of the new-physics particle’s mass:
mBSM =

�
(pq̃/g̃ + pq̃∗/g̃)2 ≈ 2mq̃/g̃.

Other kinematic variables are also sensitive in some
way to mBSM. Examples include Meff [12], MT2 [13],
and their more advanced extensions [14]. Some recent
works [15] have also made use of ISR to give their MT2

distributions additional structure. However, these tech-
niques are in general sensitive to all of the masses in the
decay chain, or only work for very specific processes (e.g.
gluino stransverse mass [14]).
Remarkably, by looking to ISR we can construct a new

kinematic measure sensitive only to mBSM, independent
of any other assumptions on the spectrum. The basic
idea behind this method stems from the observation that
any BSM particles produced must be recoiling against
ISR in the transverse plane. Boosting the FSR system
back along the transverse plane to compensate for the



Rapidity

2. Next we also look to see if a 
candidate jet is distinguished in 
its rapidity.

✤ ISR jets tend to be more forward 
than FSR jets, which are 
centrally produced.
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Figure 6: ISR/FSR rapidity distributions for disquark production with (mq̃, mχ1) taken to
be, proceeding clockwise from the upper left panel, (500 GeV, 100 GeV), (500 GeV, 400 GeV),
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3. Tagging an ISR Jet

Simple-minded tagger for events w

3.1 Tagging Criteria

• Identify candidates

• pT distinguished.
pT,i

pT,i+1
≥ α (3.1)

• y distinguished
|yi − yj | ≥ ygap (3.2)

• m/pT
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particular class of interesting processes – the pair produc-
tion of BSM particles, each of which decays into jets and
an invisible particle (i.e. pp → NfJ + 2χ0

1 + ISR where
Nf = 2/4 for di-squark/di-gluino production). Although
we will restrict ourself to these topologies, we expect that
ISR jets are also identifiable in other cases and that sim-
ilar techniques could be developed for more complicated
processes. Nonetheless, this will serve as a proof of con-
cept, that we employ later in Sec. IV, in what is already
an important application of these ideas to BSM physics.

It turns out that the modest assumption of pair pro-
duction gives one a significant handle for identifying ISR
jets. Suppose one expects to see Nf FSR jets in a BSM
event. As long as there’s no reason for these to be par-
ticularly soft, one can assume that of the Nf +1 hardest
jets in the event, Nf are attributable to FSR and one
to ISR. As the production process is symmetric, all of
the properties governing the production of one FSR jet
should hold for the others. Thus, of the Nf + 1 hardest
jets in the event, we can identify the ISR jet as the one
which is in some way distinguished from the others.

The method we prescribe for accomplishing this is to
consider the Nf +1 hardest jets in an event and identify
a candidate ISR jet (here labeled i) for which at least one
of the following conditions is met [9]:

1. The jet’s pT is distinct (i.e. it is harder or softer
than the others):

max(pTi, pTj)

min(pTi, pTj)
> 2 ∀ j �= i (1)

2. The jet is separated from the others in rapidity:

|yi − yj | > 1.5 ∀ j �= i (2)

3. The jet is distinguished by its mi/pTi ≡ ∆i ra-
tio [10]:

max(∆i,∆j)

min(∆i,∆j)
> 1.5 ∀ j �= i (3)

If a jet (again labeled i) is selected by any of the above
criteria it should then satisfy all of the following:

• The selected jet must not be central: |yi| > 1.

• It must not be too close to the other jets, which are
all implicitly FSR jets:

|yi − yj | > 0.5 ∀ j �= i (4)

• These other jets must be reasonably close to each
other in pT :

pTj

pTk
< ρ+

1/2

1− α
(5)

for pTj(k) = max(min){pTl|∀ l �= i}, with ρ = 2(3)
for Nf = 2(4), and where we have introduced the
variable

α =
min(pTi, �ET )

max(pTi, �ET )
(6)

to relax this condition when the ISR is very hard.

• Finally, the implicit FSR jets must be somewhat
central: |yj | < 2 ∀ j �= i

If any of the above conditions is not satisfied, the jet
being considered is not tagged and other jets are checked
to see if they pass any of the distinguishing criteria (Eqs.
1-3).
We note that it is surely possible to improve upon the

technique presented above, and that the numerical values
we presented have not been thoroughly optimized. Even
so, we will see these criteria already work quite well, trig-
gering on 40% (15%) of the events, for Nf = 2(4) topolo-
gies, with a small 10% (15%) mistag rate.

III. USES OF AN ISR JET

Once an ISR jet has been identified in an event it can
be used in multiple ways to shed light upon the under-
lying physics that produced it. As the production of
ISR is determined by the mass scale probed by the pro-
cess, the identity of the partons in the initial state, and
the relevant parton distribution functions (PDFs), the
resulting ISR kinematical distributions will reflect all of
these influences [11]. Here though, rather than focus on
general properties of the aforementioned distributions,
whose calculation would depend upon a careful treat-
ment of QCD, we will instead present a simple new kine-
matical technique useful in measuring mBSM, the center
of mass energy for the two heaviest BSM particles pro-
duced in the symmetric processes we are considering. Be-
cause hadron colliders tend to produce heavy states close
to threshold, a measurement of mBSM is nearly equiva-
lent to a measurement of the new-physics particle’s mass:
mBSM =

�
(pq̃/g̃ + pq̃∗/g̃)2 ≈ 2mq̃/g̃.

Other kinematic variables are also sensitive in some
way to mBSM. Examples include Meff [12], MT2 [13],
and their more advanced extensions [14]. Some recent
works [15] have also made use of ISR to give their MT2

distributions additional structure. However, these tech-
niques are in general sensitive to all of the masses in the
decay chain, or only work for very specific processes (e.g.
gluino stransverse mass [14]).
Remarkably, by looking to ISR we can construct a new

kinematic measure sensitive only to mBSM, independent
of any other assumptions on the spectrum. The basic
idea behind this method stems from the observation that
any BSM particles produced must be recoiling against
ISR in the transverse plane. Boosting the FSR system
back along the transverse plane to compensate for the



m/pT

3. Finally, we look to see if the m/pT 
ratio for the jet is distinguished:

where 

✤ Note that this is the only `higher-
order’ observable in use.  I’ll 
discuss other such possibilities 
later.
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3.2 Rejection Criteria

• ISR not central, FSR central (roughly)

• FSR close in pT

• FSR isolated in y from ISR

•
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particular class of interesting processes – the pair produc-
tion of BSM particles, each of which decays into jets and
an invisible particle (i.e. pp → NfJ + 2χ0

1 + ISR where
Nf = 2/4 for di-squark/di-gluino production). Although
we will restrict ourself to these topologies, we expect that
ISR jets are also identifiable in other cases and that sim-
ilar techniques could be developed for more complicated
processes. Nonetheless, this will serve as a proof of con-
cept, that we employ later in Sec. IV, in what is already
an important application of these ideas to BSM physics.

It turns out that the modest assumption of pair pro-
duction gives one a significant handle for identifying ISR
jets. Suppose one expects to see Nf FSR jets in a BSM
event. As long as there’s no reason for these to be par-
ticularly soft, one can assume that of the Nf +1 hardest
jets in the event, Nf are attributable to FSR and one
to ISR. As the production process is symmetric, all of
the properties governing the production of one FSR jet
should hold for the others. Thus, of the Nf + 1 hardest
jets in the event, we can identify the ISR jet as the one
which is in some way distinguished from the others.

The method we prescribe for accomplishing this is to
consider the Nf +1 hardest jets in an event and identify
a candidate ISR jet (here labeled i) for which at least one
of the following conditions is met [9]:

1. The jet’s pT is distinct (i.e. it is harder or softer
than the others):

max(pTi, pTj)

min(pTi, pTj)
> 2 ∀ j �= i (1)

2. The jet is separated from the others in rapidity:

|yi − yj | > 1.5 ∀ j �= i (2)

3. The jet is distinguished by its mi/pTi ≡ ∆i ra-
tio [10]:

max(∆i,∆j)

min(∆i,∆j)
> 1.5 ∀ j �= i (3)

If a jet (again labeled i) is selected by any of the above
criteria it should then satisfy all of the following:

• The selected jet must not be central: |yi| > 1.

• It must not be too close to the other jets, which are
all implicitly FSR jets:

|yi − yj | > 0.5 ∀ j �= i (4)

• These other jets must be reasonably close to each
other in pT :

pTj

pTk
< ρ+

1/2

1− α
(5)

for pTj(k) = max(min){pTl|∀ l �= i}, with ρ = 2(3)
for Nf = 2(4), and where we have introduced the
variable

α =
min(pTi, �ET )

max(pTi, �ET )
(6)

to relax this condition when the ISR is very hard.

• Finally, the implicit FSR jets must be somewhat
central: |yj | < 2 ∀ j �= i

If any of the above conditions is not satisfied, the jet
being considered is not tagged and other jets are checked
to see if they pass any of the distinguishing criteria (Eqs.
1-3).
We note that it is surely possible to improve upon the

technique presented above, and that the numerical values
we presented have not been thoroughly optimized. Even
so, we will see these criteria already work quite well, trig-
gering on 40% (15%) of the events, for Nf = 2(4) topolo-
gies, with a small 10% (15%) mistag rate.

III. USES OF AN ISR JET

Once an ISR jet has been identified in an event it can
be used in multiple ways to shed light upon the under-
lying physics that produced it. As the production of
ISR is determined by the mass scale probed by the pro-
cess, the identity of the partons in the initial state, and
the relevant parton distribution functions (PDFs), the
resulting ISR kinematical distributions will reflect all of
these influences [11]. Here though, rather than focus on
general properties of the aforementioned distributions,
whose calculation would depend upon a careful treat-
ment of QCD, we will instead present a simple new kine-
matical technique useful in measuring mBSM, the center
of mass energy for the two heaviest BSM particles pro-
duced in the symmetric processes we are considering. Be-
cause hadron colliders tend to produce heavy states close
to threshold, a measurement of mBSM is nearly equiva-
lent to a measurement of the new-physics particle’s mass:
mBSM =

�
(pq̃/g̃ + pq̃∗/g̃)2 ≈ 2mq̃/g̃.

Other kinematic variables are also sensitive in some
way to mBSM. Examples include Meff [12], MT2 [13],
and their more advanced extensions [14]. Some recent
works [15] have also made use of ISR to give their MT2

distributions additional structure. However, these tech-
niques are in general sensitive to all of the masses in the
decay chain, or only work for very specific processes (e.g.
gluino stransverse mass [14]).
Remarkably, by looking to ISR we can construct a new

kinematic measure sensitive only to mBSM, independent
of any other assumptions on the spectrum. The basic
idea behind this method stems from the observation that
any BSM particles produced must be recoiling against
ISR in the transverse plane. Boosting the FSR system
back along the transverse plane to compensate for the
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particular class of interesting processes – the pair produc-
tion of BSM particles, each of which decays into jets and
an invisible particle (i.e. pp → NfJ + 2χ0

1 + ISR where
Nf = 2/4 for di-squark/di-gluino production). Although
we will restrict ourself to these topologies, we expect that
ISR jets are also identifiable in other cases and that sim-
ilar techniques could be developed for more complicated
processes. Nonetheless, this will serve as a proof of con-
cept, that we employ later in Sec. IV, in what is already
an important application of these ideas to BSM physics.

It turns out that the modest assumption of pair pro-
duction gives one a significant handle for identifying ISR
jets. Suppose one expects to see Nf FSR jets in a BSM
event. As long as there’s no reason for these to be par-
ticularly soft, one can assume that of the Nf +1 hardest
jets in the event, Nf are attributable to FSR and one
to ISR. As the production process is symmetric, all of
the properties governing the production of one FSR jet
should hold for the others. Thus, of the Nf + 1 hardest
jets in the event, we can identify the ISR jet as the one
which is in some way distinguished from the others.

The method we prescribe for accomplishing this is to
consider the Nf +1 hardest jets in an event and identify
a candidate ISR jet (here labeled i) for which at least one
of the following conditions is met [9]:

1. The jet’s pT is distinct (i.e. it is harder or softer
than the others):

max(pTi, pTj)

min(pTi, pTj)
> 2 ∀ j �= i (1)

2. The jet is separated from the others in rapidity:

|yi − yj | > 1.5 ∀ j �= i (2)

3. The jet is distinguished by its mi/pTi ≡ ∆i ra-
tio [10]:

max(∆i,∆j)

min(∆i,∆j)
> 1.5 ∀ j �= i (3)

If a jet (again labeled i) is selected by any of the above
criteria it should then satisfy all of the following:

• The selected jet must not be central: |yi| > 1.

• It must not be too close to the other jets, which are
all implicitly FSR jets:

|yi − yj | > 0.5 ∀ j �= i (4)

• These other jets must be reasonably close to each
other in pT :

pTj

pTk
< ρ+

1/2

1− α
(5)

for pTj(k) = max(min){pTl|∀ l �= i}, with ρ = 2(3)
for Nf = 2(4), and where we have introduced the
variable

α =
min(pTi, �ET )

max(pTi, �ET )
(6)

to relax this condition when the ISR is very hard.

• Finally, the implicit FSR jets must be somewhat
central: |yj | < 2 ∀ j �= i

If any of the above conditions is not satisfied, the jet
being considered is not tagged and other jets are checked
to see if they pass any of the distinguishing criteria (Eqs.
1-3).
We note that it is surely possible to improve upon the

technique presented above, and that the numerical values
we presented have not been thoroughly optimized. Even
so, we will see these criteria already work quite well, trig-
gering on 40% (15%) of the events, for Nf = 2(4) topolo-
gies, with a small 10% (15%) mistag rate.

III. USES OF AN ISR JET

Once an ISR jet has been identified in an event it can
be used in multiple ways to shed light upon the under-
lying physics that produced it. As the production of
ISR is determined by the mass scale probed by the pro-
cess, the identity of the partons in the initial state, and
the relevant parton distribution functions (PDFs), the
resulting ISR kinematical distributions will reflect all of
these influences [11]. Here though, rather than focus on
general properties of the aforementioned distributions,
whose calculation would depend upon a careful treat-
ment of QCD, we will instead present a simple new kine-
matical technique useful in measuring mBSM, the center
of mass energy for the two heaviest BSM particles pro-
duced in the symmetric processes we are considering. Be-
cause hadron colliders tend to produce heavy states close
to threshold, a measurement of mBSM is nearly equiva-
lent to a measurement of the new-physics particle’s mass:
mBSM =

�
(pq̃/g̃ + pq̃∗/g̃)2 ≈ 2mq̃/g̃.

Other kinematic variables are also sensitive in some
way to mBSM. Examples include Meff [12], MT2 [13],
and their more advanced extensions [14]. Some recent
works [15] have also made use of ISR to give their MT2

distributions additional structure. However, these tech-
niques are in general sensitive to all of the masses in the
decay chain, or only work for very specific processes (e.g.
gluino stransverse mass [14]).
Remarkably, by looking to ISR we can construct a new

kinematic measure sensitive only to mBSM, independent
of any other assumptions on the spectrum. The basic
idea behind this method stems from the observation that
any BSM particles produced must be recoiling against
ISR in the transverse plane. Boosting the FSR system
back along the transverse plane to compensate for the



✤ Once we find a candidate ISR jet we demand that it pass four checks.

✤ Basically, we want to make sure that the selection of our ISR jet is 
consistent with the interpretation of the event as the symmetric 
production of new physics particles.

✤ Thus, we require

(1/4) That the ISR candidate not be central:

(2/4) That it not be near any other jets:

Checks
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particular class of interesting processes – the pair produc-
tion of BSM particles, each of which decays into jets and
an invisible particle (i.e. pp → NfJ + 2χ0

1 + ISR where
Nf = 2/4 for di-squark/di-gluino production). Although
we will restrict ourself to these topologies, we expect that
ISR jets are also identifiable in other cases and that sim-
ilar techniques could be developed for more complicated
processes. Nonetheless, this will serve as a proof of con-
cept, that we employ later in Sec. IV, in what is already
an important application of these ideas to BSM physics.

It turns out that the modest assumption of pair pro-
duction gives one a significant handle for identifying ISR
jets. Suppose one expects to see Nf FSR jets in a BSM
event. As long as there’s no reason for these to be par-
ticularly soft, one can assume that of the Nf +1 hardest
jets in the event, Nf are attributable to FSR and one
to ISR. As the production process is symmetric, all of
the properties governing the production of one FSR jet
should hold for the others. Thus, of the Nf + 1 hardest
jets in the event, we can identify the ISR jet as the one
which is in some way distinguished from the others.

The method we prescribe for accomplishing this is to
consider the Nf +1 hardest jets in an event and identify
a candidate ISR jet (here labeled i) for which at least one
of the following conditions is met [9]:

1. The jet’s pT is distinct (i.e. it is harder or softer
than the others):

max(pTi, pTj)

min(pTi, pTj)
> 2 ∀ j �= i (1)

2. The jet is separated from the others in rapidity:

|yi − yj | > 1.5 ∀ j �= i (2)

3. The jet is distinguished by its mi/pTi ≡ ∆i ra-
tio [10]:

max(∆i,∆j)

min(∆i,∆j)
> 1.5 ∀ j �= i (3)

If a jet (again labeled i) is selected by any of the above
criteria it should then satisfy all of the following:

• The selected jet must not be central: |yi| > 1.

• It must not be too close to the other jets, which are
all implicitly FSR jets:

|yi − yj | > 0.5 ∀ j �= i (4)

• These other jets must be reasonably close to each
other in pT :

pTj

pTk
< ρ+

1/2

1− α
(5)

for pTj(k) = max(min){pTl|∀ l �= i}, with ρ = 2(3)
for Nf = 2(4), and where we have introduced the
variable

α =
min(pTi, �ET )

max(pTi, �ET )
(6)

to relax this condition when the ISR is very hard.

• Finally, the implicit FSR jets must be somewhat
central: |yj | < 2 ∀ j �= i

If any of the above conditions is not satisfied, the jet
being considered is not tagged and other jets are checked
to see if they pass any of the distinguishing criteria (Eqs.
1-3).
We note that it is surely possible to improve upon the

technique presented above, and that the numerical values
we presented have not been thoroughly optimized. Even
so, we will see these criteria already work quite well, trig-
gering on 40% (15%) of the events, for Nf = 2(4) topolo-
gies, with a small 10% (15%) mistag rate.

III. USES OF AN ISR JET

Once an ISR jet has been identified in an event it can
be used in multiple ways to shed light upon the under-
lying physics that produced it. As the production of
ISR is determined by the mass scale probed by the pro-
cess, the identity of the partons in the initial state, and
the relevant parton distribution functions (PDFs), the
resulting ISR kinematical distributions will reflect all of
these influences [11]. Here though, rather than focus on
general properties of the aforementioned distributions,
whose calculation would depend upon a careful treat-
ment of QCD, we will instead present a simple new kine-
matical technique useful in measuring mBSM, the center
of mass energy for the two heaviest BSM particles pro-
duced in the symmetric processes we are considering. Be-
cause hadron colliders tend to produce heavy states close
to threshold, a measurement of mBSM is nearly equiva-
lent to a measurement of the new-physics particle’s mass:
mBSM =

�
(pq̃/g̃ + pq̃∗/g̃)2 ≈ 2mq̃/g̃.

Other kinematic variables are also sensitive in some
way to mBSM. Examples include Meff [12], MT2 [13],
and their more advanced extensions [14]. Some recent
works [15] have also made use of ISR to give their MT2

distributions additional structure. However, these tech-
niques are in general sensitive to all of the masses in the
decay chain, or only work for very specific processes (e.g.
gluino stransverse mass [14]).
Remarkably, by looking to ISR we can construct a new

kinematic measure sensitive only to mBSM, independent
of any other assumptions on the spectrum. The basic
idea behind this method stems from the observation that
any BSM particles produced must be recoiling against
ISR in the transverse plane. Boosting the FSR system
back along the transverse plane to compensate for the
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tion of BSM particles, each of which decays into jets and
an invisible particle (i.e. pp → NfJ + 2χ0

1 + ISR where
Nf = 2/4 for di-squark/di-gluino production). Although
we will restrict ourself to these topologies, we expect that
ISR jets are also identifiable in other cases and that sim-
ilar techniques could be developed for more complicated
processes. Nonetheless, this will serve as a proof of con-
cept, that we employ later in Sec. IV, in what is already
an important application of these ideas to BSM physics.

It turns out that the modest assumption of pair pro-
duction gives one a significant handle for identifying ISR
jets. Suppose one expects to see Nf FSR jets in a BSM
event. As long as there’s no reason for these to be par-
ticularly soft, one can assume that of the Nf +1 hardest
jets in the event, Nf are attributable to FSR and one
to ISR. As the production process is symmetric, all of
the properties governing the production of one FSR jet
should hold for the others. Thus, of the Nf + 1 hardest
jets in the event, we can identify the ISR jet as the one
which is in some way distinguished from the others.

The method we prescribe for accomplishing this is to
consider the Nf +1 hardest jets in an event and identify
a candidate ISR jet (here labeled i) for which at least one
of the following conditions is met [9]:

1. The jet’s pT is distinct (i.e. it is harder or softer
than the others):

max(pTi, pTj)

min(pTi, pTj)
> 2 ∀ j �= i (1)

2. The jet is separated from the others in rapidity:

|yi − yj | > 1.5 ∀ j �= i (2)

3. The jet is distinguished by its mi/pTi ≡ ∆i ra-
tio [10]:

max(∆i,∆j)

min(∆i,∆j)
> 1.5 ∀ j �= i (3)

If a jet (again labeled i) is selected by any of the above
criteria it should then satisfy all of the following:

• The selected jet must not be central: |yi| > 1.

• It must not be too close to the other jets, which are
all implicitly FSR jets:

|yi − yj | > 0.5 ∀ j �= i (4)

• These other jets must be reasonably close to each
other in pT :

pTj

pTk
< ρ+

1/2

1− α
(5)

for pTj(k) = max(min){pTl|∀ l �= i}, with ρ = 2(3)
for Nf = 2(4), and where we have introduced the
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α =
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(6)

to relax this condition when the ISR is very hard.

• Finally, the implicit FSR jets must be somewhat
central: |yj | < 2 ∀ j �= i

If any of the above conditions is not satisfied, the jet
being considered is not tagged and other jets are checked
to see if they pass any of the distinguishing criteria (Eqs.
1-3).
We note that it is surely possible to improve upon the

technique presented above, and that the numerical values
we presented have not been thoroughly optimized. Even
so, we will see these criteria already work quite well, trig-
gering on 40% (15%) of the events, for Nf = 2(4) topolo-
gies, with a small 10% (15%) mistag rate.

III. USES OF AN ISR JET

Once an ISR jet has been identified in an event it can
be used in multiple ways to shed light upon the under-
lying physics that produced it. As the production of
ISR is determined by the mass scale probed by the pro-
cess, the identity of the partons in the initial state, and
the relevant parton distribution functions (PDFs), the
resulting ISR kinematical distributions will reflect all of
these influences [11]. Here though, rather than focus on
general properties of the aforementioned distributions,
whose calculation would depend upon a careful treat-
ment of QCD, we will instead present a simple new kine-
matical technique useful in measuring mBSM, the center
of mass energy for the two heaviest BSM particles pro-
duced in the symmetric processes we are considering. Be-
cause hadron colliders tend to produce heavy states close
to threshold, a measurement of mBSM is nearly equiva-
lent to a measurement of the new-physics particle’s mass:
mBSM =

�
(pq̃/g̃ + pq̃∗/g̃)2 ≈ 2mq̃/g̃.

Other kinematic variables are also sensitive in some
way to mBSM. Examples include Meff [12], MT2 [13],
and their more advanced extensions [14]. Some recent
works [15] have also made use of ISR to give their MT2

distributions additional structure. However, these tech-
niques are in general sensitive to all of the masses in the
decay chain, or only work for very specific processes (e.g.
gluino stransverse mass [14]).
Remarkably, by looking to ISR we can construct a new

kinematic measure sensitive only to mBSM, independent
of any other assumptions on the spectrum. The basic
idea behind this method stems from the observation that
any BSM particles produced must be recoiling against
ISR in the transverse plane. Boosting the FSR system
back along the transverse plane to compensate for the



(3/4) We further require that the 
implicit FSR jets be central:

(4/4) Finally, we require the FSR 
jets be reasonably close to each 
other in pT:

where pTj and pTk are the hardest 
and softest of the FSR jets and ρ 
= 2(3) for Nf = 2(4)
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3.2 Rejection Criteria

• ISR not central, FSR central (roughly)

• FSR close in pT

• FSR isolated in y from ISR

•
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particular class of interesting processes – the pair produc-
tion of BSM particles, each of which decays into jets and
an invisible particle (i.e. pp → NfJ + 2χ0

1 + ISR where
Nf = 2/4 for di-squark/di-gluino production). Although
we will restrict ourself to these topologies, we expect that
ISR jets are also identifiable in other cases and that sim-
ilar techniques could be developed for more complicated
processes. Nonetheless, this will serve as a proof of con-
cept, that we employ later in Sec. IV, in what is already
an important application of these ideas to BSM physics.

It turns out that the modest assumption of pair pro-
duction gives one a significant handle for identifying ISR
jets. Suppose one expects to see Nf FSR jets in a BSM
event. As long as there’s no reason for these to be par-
ticularly soft, one can assume that of the Nf +1 hardest
jets in the event, Nf are attributable to FSR and one
to ISR. As the production process is symmetric, all of
the properties governing the production of one FSR jet
should hold for the others. Thus, of the Nf + 1 hardest
jets in the event, we can identify the ISR jet as the one
which is in some way distinguished from the others.

The method we prescribe for accomplishing this is to
consider the Nf +1 hardest jets in an event and identify
a candidate ISR jet (here labeled i) for which at least one
of the following conditions is met [9]:

1. The jet’s pT is distinct (i.e. it is harder or softer
than the others):

max(pTi, pTj)

min(pTi, pTj)
> 2 ∀ j �= i (1)

2. The jet is separated from the others in rapidity:

|yi − yj | > 1.5 ∀ j �= i (2)

3. The jet is distinguished by its mi/pTi ≡ ∆i ra-
tio [10]:

max(∆i,∆j)

min(∆i,∆j)
> 1.5 ∀ j �= i (3)

If a jet (again labeled i) is selected by any of the above
criteria it should then satisfy all of the following:

• The selected jet must not be central: |yi| > 1.

• It must not be too close to the other jets, which are
all implicitly FSR jets:

|yi − yj | > 0.5 ∀ j �= i (4)

• These other jets must be reasonably close to each
other in pT :

pTj

pTk
< ρ+

1/2

1− α
(5)

for pTj(k) = max(min){pTl|∀ l �= i}, with ρ = 2(3)
for Nf = 2(4), and where we have introduced the
variable

α =
min(pTi, �ET )

max(pTi, �ET )
(6)

to relax this condition when the ISR is very hard.

• Finally, the implicit FSR jets must be somewhat
central: |yj | < 2 ∀ j �= i

If any of the above conditions is not satisfied, the jet
being considered is not tagged and other jets are checked
to see if they pass any of the distinguishing criteria (Eqs.
1-3).
We note that it is surely possible to improve upon the

technique presented above, and that the numerical values
we presented have not been thoroughly optimized. Even
so, we will see these criteria already work quite well, trig-
gering on 40% (15%) of the events, for Nf = 2(4) topolo-
gies, with a small 10% (15%) mistag rate.

III. USES OF AN ISR JET

Once an ISR jet has been identified in an event it can
be used in multiple ways to shed light upon the under-
lying physics that produced it. As the production of
ISR is determined by the mass scale probed by the pro-
cess, the identity of the partons in the initial state, and
the relevant parton distribution functions (PDFs), the
resulting ISR kinematical distributions will reflect all of
these influences [11]. Here though, rather than focus on
general properties of the aforementioned distributions,
whose calculation would depend upon a careful treat-
ment of QCD, we will instead present a simple new kine-
matical technique useful in measuring mBSM, the center
of mass energy for the two heaviest BSM particles pro-
duced in the symmetric processes we are considering. Be-
cause hadron colliders tend to produce heavy states close
to threshold, a measurement of mBSM is nearly equiva-
lent to a measurement of the new-physics particle’s mass:
mBSM =

�
(pq̃/g̃ + pq̃∗/g̃)2 ≈ 2mq̃/g̃.

Other kinematic variables are also sensitive in some
way to mBSM. Examples include Meff [12], MT2 [13],
and their more advanced extensions [14]. Some recent
works [15] have also made use of ISR to give their MT2

distributions additional structure. However, these tech-
niques are in general sensitive to all of the masses in the
decay chain, or only work for very specific processes (e.g.
gluino stransverse mass [14]).
Remarkably, by looking to ISR we can construct a new

kinematic measure sensitive only to mBSM, independent
of any other assumptions on the spectrum. The basic
idea behind this method stems from the observation that
any BSM particles produced must be recoiling against
ISR in the transverse plane. Boosting the FSR system
back along the transverse plane to compensate for the
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this condition when ISR is 
very hard
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Summary of Tagging Procedure

๏ Tag (all `or’ conditions)
✤ Take three hardest jets.  Look 

for those 

1. Distinguished in pT

2. Distinguished in rapidity

3. Distinguished in m/pT

๏ Check (all `and’ conditions)
✤ Require the candidate ISR jet 

1. Not be central

2. Remain somewhat 
isolated in rapidity

✤ Require that the implicit FSR 
jets be 

1. Close in pT

2. Central



Tagging Efficiencies (Di-Squark)

Squark mass 
[GeV]

LSP Mass
[GeV]

Trigger [%] Mistag [%]

500 100 42 15

500 450 42 12

1000 100 41 11

1000 950 41 9

Mention that 
trigger/mistag 
rates would be 
100% and 66% 
if this was 
random 



Tagging Efficiencies (Di-Gluino)

Gluino mass 
[GeV]

LSP Mass
[GeV]

Trigger [%] Mistag [%]

500 100 13 22

500 400 15 10

1000 100 12 25

1000 900 16 8

Random 
tagger 
would have 
mistag rate 
of 80%



Tag/Spectrum
Squark

500
100

Squark
500
450

Squark
1000
100

Squark
1000
950

Gluino
500
100

Gluino
500
450

Gluino
1000
100

Gluino
1000
950

Jet pT 69 52 79 52 48 35 59 37

Rapidity 22 39 14 39 42 58 39 57

m/pT 9 9 7 9 10 6 11 6

Tags Applied (% of time used)



Uses of an ISR Jet



✤ The most obvious use of ISR tagging is in resolving combinatorics.  
However, there are a number of other interesting possibilities:

1. The ISR pT can tell us about the scale probed in the interaction

2. ISR pT can also tell us about the initial states (valence quark/sea 
quark/gluon)

3. Curiously, requiring an ISR tag is a good signal/background 
discriminant

4. We can make use of a cute trick and measure the recoil of FSR 
against ISR, and thus infer the mass of the BSM system produced.

What’s ISR Tagging Good For?



(1/4) Radiative measure of scale

✤ The spectrum of ISR emissions is 
governed by the scale of the event 
(usually the mass of the new 
physics states).

✤ By looking at the ISR spectrum 
over many events, we can recover 
information about this original 
scale
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Figure 3: The figure on the left shows the ISR pT distributions resulting from the production

of a scalar coupled to gluons (gg → φ) for different values of mφ (see legend). The figure on the

right contrasts the ISR pT spectrum accompanying gg → φ production with that of qq̄ → Z �
, for

mZ� = mφ = 1 TeV. Note that here our Z �
has the same couplings as the SM Z, only with a scaled

up mass.

phenomenologically interesting quantities, but they also require a careful treatment of

QCD radiation
10

. Fortunately, complementary measures exist in the form of kinematic

Figure 4: Illustration of the kinematic measure of scale using two FSR jets and one ISR jet. Here

all panels shows jets in the plane transverse to the beam direction. The leftmost illustration shows

the starting configuration with the the ISR jet shown in red double lines. The next two show

configurations where the ŝ assumption was incorrect, leading to a net projection along the ISR

boost axis (dotted line). Finally, in the rightmost panel the correct choice has been made and there

is no net projection along the ISR axis.

variables, i.e. observables such as invariant mass which only reply upon basic kinematics

properties like the conservation of energy/momentum, rather than in the detailed behavior

of QCD. Here we can see that ISR can be used to construct such observables which can

solidify any interpretations derived from radiative observables, and, as it is an independent

measure, clarify any ambiguities.

10For examples of the sort of analytic treatment which could prove essential in interpreting ISR, see

Refs. [35, 36]
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(2/4) Initial State Partons

✤ The ISR spectrum also depends on 
the identity of the initial state 
because

1. The splitting functions are 
different

2. The PDFs are different
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(3/4) Background reduction

✤ ISR is well defined for new physics 
processes through narrow width resonances

✤ However, in a SM process like Z+jets, it’s no 
longer well defined (why is one jet in Z+jets 
more “ISR”-like than another? - it’s not).

✤ A lot of the qualities we look for to tag ISR 
jets aren’t present in SM events.

✤ ISR tagging can serve as a nice cut.

✤ Unfortunately, no quantitative results to 
present here



(4/4) Kinematic Measure of Scale

✤ Explored in 1101.0810 (the other ISR uses mentioned so far are works 
in progress).

✤ Basis of the idea - to preserve momentum, new physics objects must 
recoil against ISR.

✤ By measuring this recoil we get to see how the system reacts 
against a “push” of known pT

✤ Another measure of scale - perhaps less sensitive to the treatment of 
QCD that those we mentioned earlier (e.g. jet pT distribution).



✤ We know the BSM/ISR system has no net pT, i.e. it is produced with 
no preferred transverse direction.

✤ In the same way, if we produced the BSM system without ISR there 
would be no preferred transverse direction.

✤ We can try to undo the effects of the ISR by applying a Lorentz boost.

✤ But this requires a knowledge of the BSM system’s mass.

✤ By trying many different mass assumptions we can figure out which 
one is correct by looking to see which performs the Lorentz boost 
correctly.

Heuristic Boosting Procedure



ISR Jet

}
} Sm

all recoil
La

rg
e 
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il
Starting Configuration

Note: In our system there is missing energy - the above 
picture is only true on average - i.e. there is no exact balance



✤ Here’s how we quantify the reaction of the system 

1. Boost FSR jets along the z-direction so they’re z-momenta are 
balanced

where

This is done so that the system is at least somewhat close to at 
rest in the lab frame.

Boosting Procedure In Detail

3

ISR jet’s pT requires an assumption for the system’s cen-
ter of mass energy, and only when we have assumed the
correct value will the boost function properly. Before
proceeding, we note that while any BSM particles are,
in fact, recoiling against all of the ISR particles (rather
than only the leading jet), in practice the ISR jets assume
a strong pT hierarchy and using only the leading jet to
apply a boost will serve as a reasonable approximation.

In detail, the method we prescribe to measure mBSM

using the ISR jet’s kinematics is to:

1. Identify all of the visible FSR jets and boost them
along the z direction so that the visible FSR is at
rest in the z frame (i.e. the net pz for FSR jets is
zero). That is, each FSR four-vector (here labeled
i) is shifted

Ei → γ (Ei + βpiz) , piz → γ(βEi + piz) (7)

where β = −pz/E and γ = 1/
�

1− β2, for pz
and E the sum longitudinal momentum and en-
ergy taken over all observable particles in the sys-
tem. This boost is performed because, while ideally
the system will be at rest in the z direction before
boosting in the transverse plane (step two), this is
a configuration we cannot achieve because of un-
certainties introduced by missing energy. However,
by applying the boost in Eq. (7) we approximate
this condition.

2. Boost the system along the direction transverse to
the beam, parallel to the transverse momentum of
the ISR jet, assuming some system mass M . This
means that the projection of each FSR pT vector
along the ISR direction transforms as
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where pT̄ i = �pT · p̂ISRT is the projection of each pT
along the ISR pT direction.

3. Measure the sum projection of the resulting
boosted FSR along the ISR transverse direction,
assigning the result a ±1 depending upon the sign:

σ =
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4. Finally, the average projection across many events
is measured: �σ� =
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i=1 σi/N

When �σ� is positive there is a net projection along the
ISR axis, indicating the assumed mass is too small, while
when it is negative, the assumed mass is too large. Ex-
amples of the resulting distributions are shown in Fig. 1
for the case of di-squark and di-gluino production.

Before proceeding, we call attention to two choices we
made in the analysis that might be improved in a more

TABLE I. ISR tagging efficiencies computed for different
choices of spectra. The first four rows are for di-squark pro-
duction, and the last four are for di-gluino production.
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careful treatment. The first is in step one, where we
boosted the FSR along the z direction to approximate the
longitudinal rest frame. While this technique seems to
operate reasonably well, it may be possible to better infer
the z-boost using beam thrust techniques as suggested
in Ref. [16]. We further note that Eq. (9) assigns each
event an equal weight when computing �σ�, regardless of
the measured imbalance. This choice was made because
weighting events by their pT imbalance (

�
i pT̄ i) tends to

make �σ� sensitive to only a few outlier events. Perhaps
a better measure exists, but we do not pursue it here.

IV. EXAMPLE: DI-SQUARK & DI-GLUINO

PRODUCTION

We now apply the aforementioned techniques to the
pair production of squarks and gluinos, letting q̃ → q+χ0

1
and g̃ → qq̄ + χ0

1 (via an off-shell squark). To perform
this analysis we use Madgraph v4.4.51 [17] to gener-
ate 105-event samples at matrix-element level, assum-
ing a 14 TeV LHC, which are then showered in Pythia
v6.422 [18] and matched using the MLM procedure [19].
Fully showered and hadronized events are then grouped
into 0.1×0.1 cells (η,φ) cells between −5 < η < 5, which
are clustered in Fastjet v2.4.2 [20] using the anti-kT
algorithm [21]. Our di-squark samples were clustered us-
ing R = 0.7, while R = 0.4 was used for the busier di-
gluino events. Note that, to simplify matters, we have
not accounted for the effects of multiple interactions or
pileup.
Table I shows the efficiencies found using the tagging

procedure of Sec. II. Remarkably, we see that the tagging
efficiency (i.e. the percent of events in which an ISR
jet is tagged) and the mistag rate (the percent of events
in which a jet that has been tagged as ISR was tagged
incorrectly) are stable, even when comparing a standard
SUSY spectrum with mLSP = 100 GeV to one in which
the LSP is nearly degenerate with the supersymmetric
particle that decayed into it.
Fig. 1 shows the distribution of �σ� for the spectra in

Table I where we see that the kinematical technique in-
troduced earlier works quite well: �mBSM� = 1.3 TeV
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proceeding, we note that while any BSM particles are,
in fact, recoiling against all of the ISR particles (rather
than only the leading jet), in practice the ISR jets assume
a strong pT hierarchy and using only the leading jet to
apply a boost will serve as a reasonable approximation.

In detail, the method we prescribe to measure mBSM
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a configuration we cannot achieve because of un-
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by applying the boost in Eq. (7) we approximate
this condition.
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the beam, parallel to the transverse momentum of
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assigning the result a ±1 depending upon the sign:
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4. Finally, the average projection across many events
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When �σ� is positive there is a net projection along the
ISR axis, indicating the assumed mass is too small, while
when it is negative, the assumed mass is too large. Ex-
amples of the resulting distributions are shown in Fig. 1
for the case of di-squark and di-gluino production.

Before proceeding, we call attention to two choices we
made in the analysis that might be improved in a more
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a configuration we cannot achieve because of un-
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by applying the boost in Eq. (7) we approximate
this condition.
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When �σ� is positive there is a net projection along the
ISR axis, indicating the assumed mass is too small, while
when it is negative, the assumed mass is too large. Ex-
amples of the resulting distributions are shown in Fig. 1
for the case of di-squark and di-gluino production.

Before proceeding, we call attention to two choices we
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careful treatment. The first is in step one, where we
boosted the FSR along the z direction to approximate the
longitudinal rest frame. While this technique seems to
operate reasonably well, it may be possible to better infer
the z-boost using beam thrust techniques as suggested
in Ref. [16]. We further note that Eq. (9) assigns each
event an equal weight when computing �σ�, regardless of
the measured imbalance. This choice was made because
weighting events by their pT imbalance (
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i pT̄ i) tends to

make �σ� sensitive to only a few outlier events. Perhaps
a better measure exists, but we do not pursue it here.
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pair production of squarks and gluinos, letting q̃ → q+χ0

1
and g̃ → qq̄ + χ0

1 (via an off-shell squark). To perform
this analysis we use Madgraph v4.4.51 [17] to gener-
ate 105-event samples at matrix-element level, assum-
ing a 14 TeV LHC, which are then showered in Pythia
v6.422 [18] and matched using the MLM procedure [19].
Fully showered and hadronized events are then grouped
into 0.1×0.1 cells (η,φ) cells between −5 < η < 5, which
are clustered in Fastjet v2.4.2 [20] using the anti-kT
algorithm [21]. Our di-squark samples were clustered us-
ing R = 0.7, while R = 0.4 was used for the busier di-
gluino events. Note that, to simplify matters, we have
not accounted for the effects of multiple interactions or
pileup.
Table I shows the efficiencies found using the tagging

procedure of Sec. II. Remarkably, we see that the tagging
efficiency (i.e. the percent of events in which an ISR
jet is tagged) and the mistag rate (the percent of events
in which a jet that has been tagged as ISR was tagged
incorrectly) are stable, even when comparing a standard
SUSY spectrum with mLSP = 100 GeV to one in which
the LSP is nearly degenerate with the supersymmetric
particle that decayed into it.
Fig. 1 shows the distribution of �σ� for the spectra in

Table I where we see that the kinematical technique in-
troduced earlier works quite well: �mBSM� = 1.3 TeV
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a strong pT hierarchy and using only the leading jet to
apply a boost will serve as a reasonable approximation.

In detail, the method we prescribe to measure mBSM
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along the z direction so that the visible FSR is at
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ergy taken over all observable particles in the sys-
tem. This boost is performed because, while ideally
the system will be at rest in the z direction before
boosting in the transverse plane (step two), this is
a configuration we cannot achieve because of un-
certainties introduced by missing energy. However,
by applying the boost in Eq. (7) we approximate
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2. Boost the system along the direction transverse to
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assigning the result a ±1 depending upon the sign:
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4. Finally, the average projection across many events
is measured: �σ� =
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When �σ� is positive there is a net projection along the
ISR axis, indicating the assumed mass is too small, while
when it is negative, the assumed mass is too large. Ex-
amples of the resulting distributions are shown in Fig. 1
for the case of di-squark and di-gluino production.

Before proceeding, we call attention to two choices we
made in the analysis that might be improved in a more
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boosted the FSR along the z direction to approximate the
longitudinal rest frame. While this technique seems to
operate reasonably well, it may be possible to better infer
the z-boost using beam thrust techniques as suggested
in Ref. [16]. We further note that Eq. (9) assigns each
event an equal weight when computing �σ�, regardless of
the measured imbalance. This choice was made because
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ing R = 0.7, while R = 0.4 was used for the busier di-
gluino events. Note that, to simplify matters, we have
not accounted for the effects of multiple interactions or
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procedure of Sec. II. Remarkably, we see that the tagging
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jet is tagged) and the mistag rate (the percent of events
in which a jet that has been tagged as ISR was tagged
incorrectly) are stable, even when comparing a standard
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the LSP is nearly degenerate with the supersymmetric
particle that decayed into it.
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proceeding, we note that while any BSM particles are,
in fact, recoiling against all of the ISR particles (rather
than only the leading jet), in practice the ISR jets assume
a strong pT hierarchy and using only the leading jet to
apply a boost will serve as a reasonable approximation.

In detail, the method we prescribe to measure mBSM
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ergy taken over all observable particles in the sys-
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the system will be at rest in the z direction before
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When �σ� is positive there is a net projection along the
ISR axis, indicating the assumed mass is too small, while
when it is negative, the assumed mass is too large. Ex-
amples of the resulting distributions are shown in Fig. 1
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1 TeV 950 GeV 41 9 52 39 9

500 GeV 100 GeV 13 22 48 42 10

500 GeV 400 GeV 15 10 35 58 6

1 TeV 100 GeV 12 25 59 30 11

1 TeV 900 GeV 16 8 37 57 6

careful treatment. The first is in step one, where we
boosted the FSR along the z direction to approximate the
longitudinal rest frame. While this technique seems to
operate reasonably well, it may be possible to better infer
the z-boost using beam thrust techniques as suggested
in Ref. [16]. We further note that Eq. (9) assigns each
event an equal weight when computing �σ�, regardless of
the measured imbalance. This choice was made because
weighting events by their pT imbalance (

�
i pT̄ i) tends to

make �σ� sensitive to only a few outlier events. Perhaps
a better measure exists, but we do not pursue it here.

IV. EXAMPLE: DI-SQUARK & DI-GLUINO

PRODUCTION

We now apply the aforementioned techniques to the
pair production of squarks and gluinos, letting q̃ → q+χ0

1
and g̃ → qq̄ + χ0

1 (via an off-shell squark). To perform
this analysis we use Madgraph v4.4.51 [17] to gener-
ate 105-event samples at matrix-element level, assum-
ing a 14 TeV LHC, which are then showered in Pythia
v6.422 [18] and matched using the MLM procedure [19].
Fully showered and hadronized events are then grouped
into 0.1×0.1 cells (η,φ) cells between −5 < η < 5, which
are clustered in Fastjet v2.4.2 [20] using the anti-kT
algorithm [21]. Our di-squark samples were clustered us-
ing R = 0.7, while R = 0.4 was used for the busier di-
gluino events. Note that, to simplify matters, we have
not accounted for the effects of multiple interactions or
pileup.
Table I shows the efficiencies found using the tagging

procedure of Sec. II. Remarkably, we see that the tagging
efficiency (i.e. the percent of events in which an ISR
jet is tagged) and the mistag rate (the percent of events
in which a jet that has been tagged as ISR was tagged
incorrectly) are stable, even when comparing a standard
SUSY spectrum with mLSP = 100 GeV to one in which
the LSP is nearly degenerate with the supersymmetric
particle that decayed into it.
Fig. 1 shows the distribution of �σ� for the spectra in

Table I where we see that the kinematical technique in-
troduced earlier works quite well: �mBSM� = 1.3 TeV
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Aside - Subleading ISR Jets

Now, many kinematic variables have already been devised which are sensitive in some

way to ŝ, the center of mass energy. Examples include Meff [39] and MT2 [40, 41]. In

fact, some recent works [37, 38] have even made use of ISR to give their MT2 distributions

additional structure. However, these techniques are in general sensitive to all of the masses

in the decay chain.

Remarkably, by looking to ISR we can construct a new kinematic measure sensitive

only to the ŝ scale, independent of any assumptions on the spectrum. The basic idea

behind this method stems from the observation that any BSM particles produced must be

recoiling against ISR in the transverse plane. To boost the FSR system back along the

transverse plane to compensate for the ISR jet’s pT we need to make an assumption of

the system’s mass (or, rather ŝ), and only when we have assumed the correct mass for the

system will the boost function properly. Before proceeding, we note that while any BSM

particles are, in fact, recoiling against all of the ISR particles (rather than only the leading

jet), in practice the ISR jets assume a strong pT hierarchy (see Fig. 5) and considering only

the leading jet will serve as a reasonable approximation, as we will see.
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Figure 5: Ratio of the second hardest ISR jet’s pT to that of the first, for ISR jets in qq̄ → Z �

with mZ� = 2 TeV and p1
T > 50 GeV.

In practice, the method we prescribe to measure ŝ using the ISR jet’s kinematics is to:

1. Identify all of the visible FSR and boost it along the z direction so that the visible

FSR is at rest in the z frame. That is, each FSR four-vector is shifted

Ei → γ (Ei + βpiz) , piz → γ(βEi + piz) (2.2)

– 7 –

✤ All that we’re doing relies on the 
assumption that the BSM system is 
only recoiling against one jet.

✤ Of course this isn’t entirely true - 
there are really very many ISR jets.

✤ They assume a strong hierarchy 
though, so assuming a single ISR jet is 
not a bad approximation.

✤ Still, it might be worth trying to 
modify the procedure to work with 
subleading jets.



From MBSM to MSquark and MSUSY

✤ The methods introduced earlier tell 
us the mass of the BSM system. 

✤ This is quite useful - as most heavy 
particles are produced near to 
threshold, a knowledge of mBSM is 
nearly a measurement of the new 
particle mass.

Energy [GeV]
0 1000 2000 3000 4000 5000 6000

C
ro

ss
 S

ec
tio

n 
[A

.U
.]

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

Di-squark Invariant Mass 500 GeV

1 TeV

2 TeV

Figure 2: The center of mass energy for a pair of disquarks, produced via continuum processes at

the LHC. The legend indicates the squark mass for each curve: one can see that the squarks are

produced nearly on threshold, with ECM ≈ 2mq̃.

different states have very small splittings [29, 32, 33, 34], yielding only very soft depositions

in a detector.

Mention dijet resonances - identifying couplings.
Before proceeding, we note that these dependencies have largely been ignored in col-

lider studies, although very recent studies have introduced inclusive variables which can give

some indication for the scale of new physics [16, 17]. While these variables are eminently

useful, especially because they are amenable to analytic treatments for resummation, they

may suffer practical difficulties when applied to LHC data. That is, the messy environment

[25, 25, 26]. Furthermore, by treating events inclusively, these variables make themselves

sensitive to the spectrum of BSM states: a measurement of, for instance, the visible mass

reconstructed in a detector is sensitive to the emissions of ISR, but it will also shift dramat-

ically for different values of the LSP mass. By identifying individual jets as attributable to

ISR, we both lower the sensitivity of our measurement to other sources of contamination
9
,

and lower the dependence of our measurement on additional model details.

2.2 Kinematic measure of scale

The radiative techniques introduced in the previous subsection are clearly sensitive to

9The contamination arising from sources like pileup is roughly uniform in energy density per unit

rapidity-phi area, so a jet, which has very little area compared to the overall detector, is much less sensitive

to contamination. For further discussion of pileup and jet contamination, see Refs. [27, 28])

– 5 –
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FIG. 1. The average sign of the FSR projection along the transverse ISR direction for, proceeding left to right, di-squark

production using mq̃ = 500 GeV, mq̃ = 1 TeV, and then di-gluino production with mg̃ = 500 GeV, mg̃ = 1 TeV, with the LSP

mass indicated in the legends. The position at which the points intersect �σ� = 0 is what we would identify as mBSM, i.e. it

where the FSR momenta are balanced because the boost is ‘correct’. We see that it is in general close to 2mq̃/g̃. Note that the

errors indicated are just the statistical errors associated with our Monte Carlo sample sizes.
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✤ Just to emphasize what happened 

✤ We were able to infer the presence of 2.5 TeV physics 
from four dinky (pT ~50 GeV) FSR jets and ISR.  Not 
bad!



Future Directions & Conclusion



Future Directions

✤ We were able to get pretty far with a simple minded ISR tagger based 
on only three observables.

✤ Surely a more accurate tagger can be made, and it would be 
interesting to think of what could be added.

✤ Especially interesting to think of how to adapt it to even busier 
environments.



Future Directions (contd.)

✤  Surely jet substructure can be 
helpful:

✤ Pair jets up by substructure?

✤ Try to distinguish quarks 
from gluons?
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Future Directions (contd.)

✤ It would also be interesting to look at superstructure:

✤ Find color connections [1001.5027]
2

Signal Background

!!
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!!!

0

0 11 22 33
y

!!! 0 11 22 33

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 e!ects exist in data
than that they are included in the simulation. In fact,
color coherence e!ects 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, !. 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 e!ect 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,!) = ("0.5,"1) for one b and
(y,!) = (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-! 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 ,
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between jets can tell us 
something about the color 

connections



Future Directions (contd.)

✤ Add flavor information: tops, b-jets

✤ How well can we improve, say, MT2, by reducing combinatorics?

✤ Finally, is there any further information contained within the ISR jet 
which we’re not making use of? (we’ve already killed the Buffalo...)



Conclusions

✤ In looking for new physics at the LHC, we’ll have to contend with 
initial state radiation (ISR).

✤ Not only can we mitigate its effects when it contaminates `signal’ jets 
(through jet topiary), here we have shown that we can reliably tag jets 
as having come from ISR.

✤ This not only improves combinatorics - we saw we can actually 
derive new information from ISR jets to improve our understanding 
of BSM events.
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