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This talk.

- Motivation of using ISR. 

- Basic properties of ISR, quark and gluon cases. 

- ISR tagging. 

- More applications. 
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Relatively new field. 
I will focus on qualitative features.
Hope to encourage further study.
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Why ISR

- Always there. 
Many NP candidates are colored. Production 
dominated by QCD production.

ISR significant, similar to ttbar.

Identifying them help characterizing the signal. 
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Must use ISR: compressed spectrum

- ISR + soft jet ... 
More challenging signal, could be the reason that we have 
not discover them yet. 

jet,  γ, W±, Z, b(?) 

Invisible (DM?), soft hadrons, jets, soft l±, charge track ...
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Limitation in sensitivity

- MET ∝ Evisible

- Sensitivity limited with traditional SUSY searches. 

- Another important example
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Figure 2: Momentum spectra in compressed theories. At left: standard compressed SUSY, with
nearly degenerate gluino and bino and the decay chain g̃ ! qq̄B̃. The bino momentum is typically
very close to that of the gluino, and is not soft. The orange dotted curve is a simple ansatz d�/dpT /
pT (p2

T + m2)�6 to illustrate the characteristic interplay of phase space and steeply-falling parton
luminosities. At right: stealth SUSY, with the same gluino mass, now decaying in the chain g̃ ! gS̃,
S̃ ! SG̃, and S ! gg. Note that the gravitino, the invisible particle in the stealth case, has a pT

distribution resembling that of a quark in the usual compressed SUSY case, and is very soft.

complete absence of high-momentum invisible particles in the event. In particular, because

the typical transverse boost of the original parent particle (gluino, for instance) is not large,

we can estimate the boost of the stealth parent (singlino S̃, in the models of [16]) to be
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Compared to the bino momentum in the compressed case, which was ⇠ 0.3 m
g̃

, this can

be made arbitrarily small by taking the stealth splitting small. The reduced missing E
T

in

the stealth case is much more robust, as it is independent of any amount of radiation or the

structure of the cascade decay. We illustrate some of the relevant p
T

spectra in Figure 2.

2.3 Stealthy SUSY Breaking

Having argued that the stealth mechanism is robust from the standpoint of suppressing miss-

ing energy, the next general issue is whether it is robust from a model-building point of view.

The setting in which stealthy physics arises with the least e↵ort is low-scale SUSY breaking,

which always has a light gravitino that appears in the decay of a particle to its superpartner.

Furthermore, the low scale of SUSY breaking can explain why dangerously large soft terms

in the stealth sector are absent. One still has to explain the supersymmetric masses in the

stealth sector, which are near the electroweak scale either by accident or through common un-

derlying physics. The simplest explanation is to generate them in the same way one generates

the MSSM µ-term; however, to preserve stealthy physics, one would then need to require that
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Closing gaps using ISR?

- Won’t be easy. 

- At least it is one additional handle. 

6

 [GeV]g~m
200 400 600 800 1000 1200 1400

 [G
eV

]
0 1
r¾

m

200

400

600

800

1000

1200

1400

0
1

r¾ q q Ag~, 0
1

r¾ q Aq~ production; g~q~ g~=0.96mq~m

=8 TeVs,  -1 L dt = 5.8 fb0
0-lepton combined

 PreliminaryATLAS
)theory

SUSYm1 ±Observed limit (

)expm1 ±Expected limit (

Monday, December 3, 12



Closing the gap in sbottom search
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Figure 1: Left panel: a schematic plot for the pair-production of sbottoms at the LHC. Right panel:
the pair-production of sbottoms together with an energetic ISR jet.

in the same direction perpendicular to the beam direction. To passing the cut on Emiss
T , a large mass

splitting is required. Similar arguments hold for the momenta of two b’s. In the rest frame of b̃1, the

momentum of b is around !m. To passing the stringent cut with pT (b1) > 130 GeV, one basically

requires to have !m ! 130 GeV if the sbottoms are not moving too fast in the center of mass frame

and there is no additional jets to boost sbottoms in the transverse direction.

The story changes if there is an additional ISR jet with a large transverse momentum. The two-b̃1

system turns to move in the transverse direction opposite to the ISR jet, as depicted in the right panel

of Fig. 1. For an ISR jet with a transverse momentum pT (j1) < mb̃1
and for a small mass splitting !m,

the sum of neutralino’s transverse momenta is around pT (j1) and hence can pass a stringent cut on the

missing transverse momentum. For the two b’s in the final state, one can have the leading b-jet with a

transverse momentum as large as (1+pT (j1)/mb̃1
)!m if one sbottom does not move in the transverse

direction, and the summation of the pT (b1) and pT (b2) to be (2+pT (j1)/mb̃1
)!m. At hadron colliders,

the pair-produced sbottoms also have non-negligible velocities in the transverse direction. As a result,

the b jets produced from sbottom decays can easily pass the minimum kinematic requirement like

pT (b1) > 25 GeV. However, it is very rare to pass the very stringent cut like pT (b1) > 130 GeV,

imposed in the current ATLAS search [7], for the squeezed spectrum. So, we propose a new search

strategy to cover the squeezed mass spectra with a small value of !m by requiring the following three

basic objects in the final state:
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Figure 6: The projected 95% C.L. exclusion limits from our search strategy are shown in the red
solid line for the 8 TeV LHC at 20 fb!1. The existing search strategy by requiring two hard b-jets are
shown in the red dot-dashed line with the same luminosity. All other limits from existing experimental
searches are also at 95% C.L.

In Fig. 6, we also show existing experimental limits on the mb̃1
and m!̃ plane. The blue solid

and blue dotted lines are 95% C.L. observed and expected exclusion limits from the ATLAS search

results with 2.05 fb!1 luminosity at the 7 TeV LHC [7]. The green solid line is from the D0 search

with 5.2 fb!1 at the 1.96 TeV Tevatron [6]. In the orange solid line, we show the 95% C.L. limit

from the mono-jet search results from CMS with 4.7 fb!1 luminosity at the 7 TeV LHC and using

their Emiss
T > 350 GeV cut [11]. The simple mono-jet search is not optimized to cover the squeezed

sbottom-neutralino spectra.

5 Discussion and Conclusions

All our studies in this paper have the sbottom-neutralino mass splitting !m above 10 GeV. For the

case of a smaller mass-splitting, the physics is more complicated but also interesting. When the mass

splitting is reduced to be close but above the lightest B-hadron mass around 5.3 GeV, we anticipate

that sbottom should decay into neutralino plus a single B-hadron. With the boost of the ISR jet, the

signature of this region of parameter space should be one ISR jet, a large missing transverse momentum

plus two single B-hadrons. The single B-hadron jet is di"erent from the ordinary b-jet from QCD and

can be tagged using a method beyond the standard b-jet tagging algorithm by requiring less tracks

12

Bai,  Alvarez, 1204.5182
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More motivation: dark matter

- ΩSUSY_LSP = Ωobs ⇒ compressed spectrum. 

“vanilla” SUSY can be off by 102 

- Coannhilation: MNLSP - MLSP ∼ 5% MLSP 
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Figure 1. The (m0, m1/2) plane in the CMSSM for tan! = 10 and A0 = 0. The dark shaded area at low
m0 and high m1/2 is excluded due to a scalar tau LSP, the light shaded areas at low m1/2 do not exhibit
electroweak symmetry breaking. The nearly horizontal line at m1/2 ! 160 GeV in the lower panel has
m!̃±

1
= 103 GeV, and the area below is excluded by LEP searches. Just above this contour at low m0

in the lower panel is the region that is excluded by trilepton searches at the Tevatron. Shown in both
plots are the best-fit point, indicated by a filled circle, and the 68 (95)% C.L. contours from our fit as
dark grey/blue (light grey/red) overlays, scanned over all tan ! and A0 values. Upper plot: Some 5 "
discovery contours at ATLAS and CMS with 1 fb!1 at 14 TeV, and the contour for the 5 " discovery
of the Higgs boson in sparticle decays with 2 fb!1 at 14 TeV in CMS. Lower plot: The 5 " discovery
contours for jet + missing ET events at CMS with 1 fb!1 at 14 TeV, 100 pb!1 at 14 TeV and 50 pb!1

at 10 TeV centre-of-mass energy.

squark-neutralino, gluino-neutralino... coannhilation also possible in more general models 
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More (dark) motivations.

- Well tempered (giving correct Ωobs).
Efficient annihilation ⇒ small mass splitting

Cheung, Hall, Ruderman,  1211.4873

N. Arkani-Hamed, A. Delgado, G. Giudice, hep-ph/0601041 
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Figure 4: Current limits on bino/Higgsino DM with ⌦� = ⌦
obs

for tan � = 2 (upper), 20

(lower). Dotted brown lines are contours of ⌦(th)

� /⌦
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, and the brown band shows the region

having ⌦(th)
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More motivations.

- Just (light) wino or Higgsino. 
SU(2)L ⇒ (Very) compressed, ∼GeV or less mass 

gap between chargino and neutralino. 

For example, anomaly mediation. 

- Low scale SUSY breaking which feeds universally 
to all superpartners. 

“Compact SUSY” 

10

Nomura, Murayama, Shirai, Toboika, 1206.4993
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Qualitative feature of ISR

11
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Parton splitting, collinear limit

!
pM
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pB z =
EA

EM

Relevant kinematical variables

�
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Collinear limit
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Collinear limit
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Collinear limit

|Mn+1|2d⇧n+1 ' |Mn|2d⇧n
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Splitting function
IR singularity: z⇒0, 1
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Splitting function, IR singular as 
z⇒0, 1 (mostly)

- ISR prefer soft(er), forward radiation. 

For unpolarized measurements, the !-dependence is uniform, so the phase space of M ! AB
is characterized by two independent quantities QM and cos ". In order to study the QCD soft
singularity, the natural variables for fat jets are the invariant mass QM and some energy sharing
variable z = EA/EM ,13 and in general there will be a Jacobian d cos "/dz in the transformation
from cos " to z.

If z is interpreted strictly as EA/EM , then two-body kinematics restricts the range for z to
be

!

!

!

!

z "
1

2

"

1 +
Q2

A

Q2
M

"
Q2

B

Q2
M

#
!

!

!

!

#
#M

2
$(Q2

M , Q2
A, Q2

B), #M =
$

1 " Q2
M/E2

M , (20)

where #M is the boost magnitude from the M center-of-mass frame to the lab frame. Because
these limits depend on QA and QB , in a parton shower with multiple emissions, the correct z
limits on M ! AB can only be determined after one knows how A and B will split which sets
the values of QA and QB. In particular, a value of z that satisfies Eq. (20) for QA,B = 0 might
be invalid for QA,B > 0. There are various ways to deal with this ambiguity [23], and most
parton showers employ some kind of momentum reshu!ing procedure, but it means that the
interpretation of z in dfM!AB can depend on QA and QB in a non-trivial and algorithm-specific
way.

We can now compare the di"erential distributions dfM!AB between the narrow width ap-
proximation and QCD radiation. In the narrow width approximation, the mother M is exactly
on-shell:

dfNWA
M!AB =

dQ2
M

2%

d#M!AB
2

V2
Br(M ! AB)&(Q2

M " m2
M ), (21)

where V2 $
%

d#2 is the volume of two-body Lorentz invariant phase space, which depends on
the masses of A and B. Note that dfNWA is uniform in cos ".

In the soft-collinear QCD case, one can use a parton shower language [23] where the nat-
ural variables are the evolution variable µ and the energy sharing variable z, both of which
are functions of {Q2

M , cos "}. Unlike the narrow width approximation, the parton M is never
on-shell, and its o"-shellness is determined by the evolution variable µ(Q2

M , cos "). Using unpo-
larized splitting functions defined in terms of the energy sharing variable z(Q2

M , cos "), the QCD
splitting is described by

dfQCD
M!AB = d log µ2 d!

2%
dz

's(µ)

2%
PM!AB(z)$(µstart, µ), (22)

where PM!AB(z) are the usual Altarelli-Parisi splitting functions [20]

Pq!qg(z) = CF
1 + z2

1 " z
,

Pg!gg(z) = CA

&

1 " z

z
+

z

1 " z
+ z(1 " z)

'

,

Pg!qq̄(z) = TR

(

z2 + (1 " z)2
)

, (23)

and $(µstart, µ) is a Sudakov factor [35]

$(µstart, µ) = exp

*

"
+

AB

, µstart

µ

d log µ"

,

d!

2%

,

dz
's(µ")

2%
PM!AB(z)

-

. (24)

13In the main body of the text, we define z as min(EA, EB)/EM since A and B are indistinguishable. Here, A
and B have meaningful quantum numbers, so it makes sense to talk about z = EA/EM .

24

Combining with 
|Mn+1|2d⇧n+1 ' |Mn|2d⇧n

dt
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2⇡
P (z)dzd�

   PreSUSY, Beijing, August 8-11, 2012                                                            Monte Carlo simulation for the LHC     Johan Alwall

The spin averaged (unregulated) splitting functions for the various 
types of branching are: 

Parton Shower basics
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Tagging ISR

- Initial identification
distinct in PT                           OR

distinct in rapidity                     OR

distinct in m/pT 

- Check.
Not too central                         AND

Not too close to others.               AND

Other jets similar, and central.

15

D. Krohn, L. Randall, LTW, arXiv:1101.0810
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ISR tagging in more detail

- Distinct in PT

- Distinct y

- Distinct Δ=m/pT

- Forward           

- Other jets similar

16

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 + 2�0

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):
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Remarkably, by looking to ISR we can construct a new

kinematic measure sensitive only to m
BSM

, 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

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 + 2�0

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 8 j 6= i (1)

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

|yi � yj | > 1.5 8 j 6= i (2)

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

max(�i,�j)

min(�i,�j)
> 1.5 8 j 6= 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 8 j 6= i (4)

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

pTj

pTk
< ⇢+

1/2

1� ↵
(5)

for pTj(k) = max(min){pTl|8 l 6= i}, with ⇢ = 2(3)
for Nf = 2(4), and where we have introduced the
variable

↵ =
min(pTi, 6ET )

max(pTi, 6ET )
(6)

to relax this condition when the ISR is very hard.

• Finally, the implicit FSR jets must be somewhat
central: |yj | < 2 8 j 6= 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 m

BSM

, 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 m

BSM

is nearly equiva-
lent to a measurement of the new-physics particle’s mass:
m

BSM

=
p
(pq̃/g̃ + pq̃⇤/g̃)2 ⇡ 2mq̃/g̃.

Other kinematic variables are also sensitive in some
way to m

BSM

. Examples include M
e↵

[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 m
BSM

, 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

⇢ = 2(3), for, Nf = 2(4)
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Simple kinematical tagger works well.

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 ⇧ ⇥ (Ei + �piz) , piz ⇧ ⇥(�Ei + piz) (7)

where � = �pz/E and ⇥ = 1/
⇧

1� �2, 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

pT̄ i ⇧
pISRT

M
Ei +

⌃

1 +

�
pISRT

M

⇥2

pT̄ i (8)

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:

⌅ =

⇤
+1 if

⌅
i pT̄ i > 0

�1 if
⌅

i pT̄ i < 0
(9)

4. Finally, the average projection across many events

is measured: ⌃⌅⌥ =
⌅N

i=1 ⌅i/N

When ⌃⌅⌥ 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 e⇤ciencies computed for di�erent
choices of spectra. The first four rows are for di-squark pro-
duction, and the last four are for di-gluino production.

Spectrum E�ciencies [%] Type of tag applied [%]

mq̃/mg̃ mLSP Trigger Mistag Eq. (1) Eq. (2) Eq. (3)

500 GeV 100 GeV 42 15 69 22 9

500 GeV 450 GeV 42 12 52 39 9

1 TeV 100 GeV 41 11 79 14 7

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 ⌃⌅⌥, regardless of
the measured imbalance. This choice was made because
weighting events by their pT imbalance (

⌅
i pT̄ i) tends to

make ⌃⌅⌥ 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+⌃0

1
and g̃ ⇧ qq̄ + ⌃0

1 (via an o�-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 (⇤,⇧) cells between �5 < ⇤ < 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 e�ects of multiple interactions or
pileup.
Table I shows the e⇤ciencies found using the tagging

procedure of Sec. II. Remarkably, we see that the tagging
e⇤ciency (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 ⌃⌅⌥ for the spectra in

Table I where we see that the kinematical technique in-
troduced earlier works quite well: ⌃mBSM⌥ = 1.3 TeV

• Further developments. 
• Asymmetric toplogy?
• More inclusive?

q̃

q̃!

q̄

q

LSP

LSP

ISR

= "ET

q̃

q̃!

q̄

q

LSP

LSP

ISR

= "ET

q̄

q

g̃

g̃

17

Monday, December 3, 12



Utility of ISR tagging 

- Enhance signal/background.

18
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Mass measurement.
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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 � �) for di�erent values of m� (see legend). The figure on the
right contrasts the ISR pT spectrum accompanying gg � � production with that of qq̄ � Z �, for
mZ� = m� = 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 radiation10. 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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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
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Example: squark pair production

• Produced near threshold, mass of 2 squark system
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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.

di�erent 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 su�er practical di⇥culties 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 di�erent 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 contamination9,
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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Examples: squark pair production
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 ��⇥ = 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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Production near the threshold, mass of the 
2 squark system M0 ⇠ 2mq̃
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ISR as monojet

- Detailed improvements possible. 
Effect of light mediator. 

22

 R. Rezvani (Toronto) 17

Theoretical interpretation; WIMP pair production
mono-photon [submitted to PRL], mono-jet 2011[to be submitted to JHEP]

● Lower limits on M* are translated to upper limits on the WIMP-nucleon scattering cross-
section. 

Mono-photon Mono-jet, 2011

For example, An, Ji,  LTW, 1202.2894, 
Fox, Harnik, Kopp, Tsai, 1103.0240, 
Goodman, Shepherd, 1111.2359 

Monday, December 3, 12



ISR + soft(not so hard) objects

- ISR + soft lepton etc. 

- ISR + soft jet ... 
ISR tagger can help. 

jet,  γ, W±, Z, b(?) 

Invisible (DM?), soft hadrons, jets, soft l±, charge track ...

23
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q/g of jet

- Addition properties of jet: quark or gluon.
Can improve, for example, SUSY gluino signal... 

- Quark gluon taggers. 

24
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Figure 22. ROC curves for pT=100GeV jets for selected variables. These curves show the back-
ground (gluon jet) rejection e!ciency (1/!B) as a function of the signal (quark jet) acceptance e!ciency
(!S).

used. This is discussed further in Section 13 and numerical results are shown at the end, in

Table 1.

– 31 –

Gallicchio, Schwartz, 1211.7038
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q/g of ISR. 
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The spin averaged (unregulated) splitting functions for the various 
types of branching are: 

Parton Shower basics
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Parton Shower basics
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radiated gluon wants to be soft

one of the gluons wants to be soft

no soft enhancement. both hard
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q+qbar⇒X hard interaction. 

- pq is on the order of the Ecm (hard). 

- quark (jet) ISR tends to be harder. 

- Convolution of PDF, CF vs TR,  important. 

26
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g+g⇒X hard interaction

- gluon ISR wants to be soft. 

- quark ISR harder. 

- Different from qqbar⇒X (PDF, CA  vs CF ).
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Conclusions.

- Discovering Weak scale new physics likely to be 
challenging. 

Hidden in hadronic final states?

- Initial state radiation is an integral part of such 
signals. 

Tagging ISR. 

Using ISR to better characterize the signal. 

- Many detailed study necessary. 

28
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