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• Provides mechanism for 
electroweak symmetry 
breaking, unification of 
forces, and dark matter 
candidate 

• Naturalness: should have 
light stops, gluinos, & 
Higgsinos (~GeV mass 
splittings)
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A Tribute to SUSY
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FIG. 1: Natural electroweak symmetry breaking constrains the superpartners on the left to be

light. Meanwhile, the superpartners on the right can be heavy, M � 1 TeV, without spoiling

naturalness. In this paper, we focus on determining how the LHC data constrains the masses of

the superpartners on the left.

the main points, necessary for the discussions of the following sections. In doing so, we will

try to keep the discussion as general as possible, without committing to the specific Higgs

potential of the MSSM. We do specialize the discussion to 4D theories because some aspects

of fine tuning can be modified in higher dimensional setups.

In a natural theory of EWSB the various contributions to the quadratic terms of the Higgs

potential should be comparable in size and of the order of the electroweak scale v ⇠ 246 GeV.

The relevant terms are actually those determining the curvature of the potential in the

direction of the Higgs vacuum expectation value. Therefore the discussion of naturalness

7

H̃

t̃L
b̃L

t̃R

g̃

natural SUSY decoupled SUSY

W̃

B̃
L̃i, ẽi
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• Small mass splittings between parent 
& daughter particles are 
experimentally challenging 

- Daughter particles produced 
practically at rest: soft final state 
objects, little ETmiss from LSP 

- Limits historically worse on these 
“diagonals” 

• Requires clever use of kinematics and 
ISR-assisted topologies 
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Physics On The Edge

DRAFT

0. Notes for the EB45

1. Introduction46

Supersymmetry (SUSY) as a potential solution to the hierarchy problem of the Higgs forms a large part47

of the motivation for SUSY at the TeV-scale. In order for SUSY to be a solution to the hierarchy problem48

and preserving naturalness, the higgsino mass must be not much larger than the higgs mass and stop and49

sbottom masses must bet within the several hundred GeV range. A great part of this phase space has50

already been ruled out by previous searches at the LHC. The 8 TeV limits on stop and neutralino masses51

are shown in figure 1.52
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Figure 1: 95% CL exclusion limits in the stop1-neutralino1 mass plane based on 20 fb-1 of
p

s = 8 TeV ATLAS
data

For light stop masses, there exist a large gap in the current limits in the region along the mt̃ � m�̃0
1
= mt54

diagonal line. This region of phase space have always been experimentally di�cult because as the stop55

mass approaches the sum of the �̃0
1 and top mass, the stop decay has little additional energy to give56

momenta to the �̃0
1 and top systems, resulting in softer final state objects and missing transverse energy57

(Emiss
T ).58

While the two stops can be strongly boosted back to back against one another in the di-stop rest frame59

the �̃0
1 and top are produced roughly at rest in their respective stop production frames, causing the �̃0

160

and to top be appriximately collinear to the original stop boost axis. This means the two �̃0
1’s will also61

have close to equal and opposite momenta in the di-stop frame, resulting in the combined di-�̃0
1 system62

having a small vectorial pT (and ultimately Emiss
T ) unless the entire di-stop system is itself boosted in the63

transverse plane.64

65

As a result, traditional methods for indentifying signals with weakly interacting particles in the final state66

do poorly in this compressed regime as cutting hard on Emiss
T alone will decrease the signal e�ciency67

20th May 2016 – 19:00 3
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s = 8 TeV ATLAS
data

For light stop masses, there exist a large gap in the current limits in the region along the mt̃ � m�̃0
1
= mt54

diagonal line. This region of phase space have always been experimentally di�cult because as the stop55

mass approaches the sum of the �̃0
1 and top mass, the stop decay has little additional energy to give56

momenta to the �̃0
1 and top systems, resulting in softer final state objects and missing transverse energy57

(Emiss
T ).58

While the two stops can be strongly boosted back to back against one another in the di-stop rest frame59

the �̃0
1 and top are produced roughly at rest in their respective stop production frames, causing the �̃0

160

and to top be appriximately collinear to the original stop boost axis. This means the two �̃0
1’s will also61

have close to equal and opposite momenta in the di-stop frame, resulting in the combined di-�̃0
1 system62

having a small vectorial pT (and ultimately Emiss
T ) unless the entire di-stop system is itself boosted in the63

transverse plane.64
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As a result, traditional methods for indentifying signals with weakly interacting particles in the final state66

do poorly in this compressed regime as cutting hard on Emiss
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Making ETmiss with ISR
• With no other final state objects, LSPs are back to back, no ETmiss in event 

• Require ISR jet: collimate LSPs, generate measurable MET for trigger

pTLSP1 = 100 GeV

pTLSP2 = 100 GeV

Total ETmiss = 0 GeV
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• With no other final state objects, LSPs are back to back, no ETmiss in event 

• Require ISR jet: collimate LSPs, generate measurable ETmiss for trigger
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Recursive Jigsaw Reconstruction
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Recursive Jigsaw Reconstruction
ETmiss



J. Gonski2 November 2017

Jet 2
Jet 1

Jet 3

Jet 4

Lep 1

Lep 2

Sparticle 
Hemisphere

ISR 
Hemisphere

Thrust 
Axis

=

CM Frame

8

Recursive Jigsaw Reconstruction
ETmiss



J. Gonski2 November 2017 9

Recursive Jigsaw Reconstruction

Jet 2
Jet 1

Jet 3

Jet 4

Lep 1

Lep 2

ETmiss



J. Gonski2 November 2017

Jet 2
Jet 1

Jet 3

Jet 4

Lep 1

Lep 2

ISR

Invisible

Visible

Sparticle

10

Recursive Jigsaw Reconstruction

CM Frame

ETmiss



J. Gonski2 November 2017

↣ Recursive Jigsaw Reconstruction (RJR) is an effective model independent 
technique for enhancing sensitivity with compressed signals and soft decay products

11

A Variable Zoo
5

has on other, correlated, variables. The most striking

example of this complementarity can be seen in the two-

dimensional distributions of p CM
ISR,T and RISR , shown in

Figure 4 for signal and backgrounds. Analogous to Fig-

ure 2, increasing p CM
ISR,T results in a narrowing of the

RISR distribution for compressed signals, while p CM
ISR,T

and RISR are strongly anti-correlated for backgrounds.

Hence, progressively stricter p CM
ISR,T requirements yield

improved RISR discrimination, with the optimal selection

for the latter depending on the signal characteristics, in

particular the ratio m
�̃0/m

P̃ .
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FIG. 4. Distribution of the p CM

ISR,T as a function of RISR for (from left to right) boson+jets and top+X backgrounds, gluino

and squark pair-production signal samples.
As is typical in searches for squarks and gluinos, se-

lection requirements based on reconstructed jet multi-

plicity can suppress contributions from backgrounds with

characteristically fewer jets, such as di-boson and vector-

boson + jets processes. Using the decay tree interpreta-

tion imposed on each event, the e�cacy of such require-

ments can be enhanced by taking into account the par-

titioning of jets between the V and ISR systems. While

the multiplicity of ISR-associated jets tends to be similar

between signals and backgrounds, the number of jets in

each event assigned to the V system, NV
jet , is a powerful

discriminant, as demonstrated in Figure 5. Increasing

mass-splittings between parent and daughter sparticles

result in, on average, larger NV
jet , with cuts on this ob-

servable suppressing vector boson + jets backgrounds in

particular.
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FIG. 5. The number of jets with minimum pT > 20 GeV

assigned to the V frame, N V
jet , after application of the p CM

ISR,T

and RISR selections described in Table I. Gluino signals tends

to have a larger N V
jet compared to SM backgrounds.

The complementarity of the NV
jet selection requirement

with RISR is illustrated in Figure 6, where the two-
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FIG. 6. Distribution of Number of jets with momentum

greater than 20 GeV, assigned to the Visible system ‘V’ as

a function of RISR for the boson+jets (upper left), di-boson

(upper right), top+X (lower left) and gluino signal (lower

right) samples.

dimensional distribution of NV
jet and RISR is plotted for

vector boson+jets, di-boson and top+X, to be compared

with a gluino signal with a mass-splitting of 100 GeV.

Notably, the large background contributions from bo-

son+jets and di-boson in the high RISR region occur at

NV
jet = 1. These processes include W ! ⌧⌫, where the

hadronically decaying ⌧ lepton is mis-identified as a jet,

and Z(! ⌫⌫̄) events with only one associated jet in the

V system. For gluino signals, a minimum of three jets

associated with the sparticle system is a favorable se-

lection, whereas cases where the mass-splitting is larger

tend to benefit from the imposition of an even tighter

requirement. A useful anti-correlation between RISR and

NV
jet can be exploited to define di↵erent signal regions,

benefitting from their interplay.

The distribution of the transverse mass of all the con-

stituents of the S system, M S
T , as a function of RISR ,

6

can be seen in Figure 7, after imposing the requirements
on p CM

ISR,T and NV
jet from Table I. While the discrimina-

tion power of RISR is visible, it is clear that background
contributions can be successfully managed by relaxing
the selection on RISR in favor of an additional require-
ment on MS

T . Tightening the selection requirement on
MS

T with increasing signal mass-splittings can be used to
compensate for decreasing RISR discrimination.
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FIG. 7. Distribution of transverse mass of the ‘sparticle’
system ‘S’ (MS

T ) as a function of RISR for the boson+jets
(upper left), di-boson (upper right), top+X (lower left) and
gluino signal (lower right) samples.

The final variable considered from the application of
Recursive Jigsaw Reconstruction to the decay tree in
Figure 1 is the opening angle between the ISR system
and the invisible system evaluated in the CM frame,
��ISR,I. The distribution of ��ISR,I, after the applica-
tion of the loosest of all other selection criteria on other
variables in Table I, is shown for example squark sig-
nals and backgrounds in Figure 8. Further improvements
in sensitivity can be achieved through a requirement on
this observable. In order to maintain a conservative se-
lection, the same requirement of ��ISR,I > 3 is imposed
for gluinos and squarks in all signal scenarios studied. To
extract the optimal significance for each signal point con-
sidered, one could consider further tuning the selection
criteria on this quantity.

Taking into account the phenomenology of the vari-
ables considered, and studying sensitivity variations with
di↵erent selection requirements, we define four exam-
ple signal regions aimed at targeting the di↵erent mass-
splittings scenarios represented by the simulated signal
samples. We summarize the ‘preselection criteria’ in one
line, including a veto on events containing an electron,
muon or jet tagged as having been initiated by the frag-
mentation of a b-quark, along with loose requirements on
the 6 ~ET (>100 GeV) and leading jet transverse momen-
tum (pT > 20 GeV). Events where large momentum is
provided to the sparticles from ISR are selected by con-
sidering only those with p CM

ISR,T > 1000 GeV. In this high

p CM
ISR,T regime there is an interesting interplay between
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FIG. 8. Distribution of ��ISR,I for SM backgrounds com-
pared with the squark pair signal samples. All curves are
shown after applying the relevant criteria from Table I. Al-
though both signal and background distributions tend to-
wards ⇡ the signal has a much stronger tendency to do so.

the further selection criteria considered. The RISR se-
lection applied is progressively looser as the target sig-
nal mass-splitting becomes larger, with correspondingly
more stringent requirements on the MS

T and NV
jet vari-

ables. A conservative ��ISR,I requirement is applied to
all events. Furthermore, we apply a minimum transverse
momentum requirement on the second (third) jet in the
squark (gluino) analysis. There are modest but unique
gains from selecting events with increasingly larger values
of the momenta of these jets as a function of increased
mass-splitting between parent sparticles and LSPs. Rep-
resentative signal and background yields for 100 fb�1 of
data at the 14 TeV LHC after the application of these
requirements are illustrated in Figure 9.
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FIG. 9. The distribution of RISR for example gluino sig-
nals and backgrounds after the application of requirements
on p CM

ISR,T (> 1000 GeV), MS
T (> 100 GeV), NV

jet � 3, and
��ISR,I(> 3.0). We observe that selecting events with large
values of RISR provides excellent discrimination between sig-
nals and backgrounds.
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hadron collider with decays �̃0
2�̃

0
2 ! Z(`+`�)�̃0

1 h(��)�̃
0
1.

Two leptons and two photons are required to be recon-
structed in each event and are assigned to the V system,
while additional reconstructed jets are associated with
ISR. 6 ~ET reconstructed in each event is interpreted as
the transverse momentum of the I system in the labo-
ratory frame, with zero mass and rapidity set equal to
that of the V system. The RISR distributions for simu-
lated events, for varying sparticle masses, are shown in
Figure 2.
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FIG. 2. The distribution of RISR for the production and
decay of �̃0

2�̃
0
2 ! Z(`+`�)�̃0

1 h(��)�̃0
1 at the 13 TeV LHC.

(Top) RISR for m�̃0
2
= 500 GeV and varying m�̃0

1
. (Bottom)

RISR as a function of p CM
ISR,T for m�̃0

2
= 500 GeV, m�̃0

1
= 450

GeV. Simulated events are generated and analyzed using the
RestFrames software package [10].

We observe that the RISR distribution for these events
scales with m�̃0

1
/m�̃0

2
, as expected from Eq. 1, with in-

creasingly fine resolution for progressively smaller mass-
splittings between the two sparticle states. Similarly, the
resolution of the kinematic feature improves for larger
values of p CM

ISR,T . This behavior can be understood from
a more careful examination of the approximate relation
described in Eq. 1. In the limit that the momenta of the

sparticle daughter in its parent’s rest frame, pP̃�̃0 , is small
relative to mP̃ , RISR corresponds to:

RISR ⇠ | 6 ~ET · p̂ ISR
T |

p ISR
T

⇠ (3)

m�̃0

mP̃

2

41 +O
 

pP̃�̃0

2mP̃

!0

@

q
(p ISR

T )2 +m2
P̃ P̃

p ISR
T

1

A sin ⌦

3

5 ,

where sin ⌦ represents order one dot products between
the velocities relating the laboratory frame, the P̃ P̃ rest
frame, and P̃ rest frames and which, in the absence
of non-trivial spin correlations or e�ciency dependence
from decay product reconstruction and selection, is zero
on average. RISR scales with the ratiom�̃0/mP̃ , with res-

olution of the order pP̃�̃0/2mP̃ in the limit p ISR
T � mP̃ P̃ .

Hence, the observable RISR is an excellent proxy to the
quantity | 6 ~ET |/|~p ISR

T |, sensitive to the presence of mas-
sive LSPs in the event, with accuracy improving with
increasing compression between sparticle masses. To ob-
serve this behavior, the sparticles must be put in motion
by a probe with measurable momenta, in this case an ISR
system of strong radiation, with harder probes yielding
better resolution of the m�̃0/mP̃ ratio. By construction,
this approach does not require that the ISR system’s mo-
menta is contained predominantly in a single jet. Of
course, generalizing to final states with many ISR jets is
not without its challenges. In the above example, there
is no ambiguity in which reconstructed objects should be
assigned to the sparticle and ISR systems, respectively.
In the following section, we describe a strategy for an-
alyzing events where there are combinatoric ambiguities
in the assignment of reconstructed objects to our decay
tree. We explain how to calculate RISR in these cases,
along with a set of complementary observables designed
for analyzing compressed event topologies.

III. COMPRESSED SQUARK AND GLUINO
PRODUCTION WITH HADRONIC DECAYS

When the visible decay products resulting from com-
pressed sparticle production are identifiable by their
type, the interpretation according to the decay tree in
Figure 1 is straight-forward; reconstructed objects ex-
pected to come from sparticles are assigned to the V
system, while jets correspond to ISR. Unfortunately,
all signal topologies of interest may not be this simple,
as sparticles can also decay directly or indirectly to SM
partons, resulting in reconstructed jets indiscernible from
ISR. In the context of Recursive Jigsaw Reconstruction,
such a combinatoric ambiguity is resolved through the
application of a “jigsaw rule”, an interchangeable algo-
rithm for assigning indistinguishable final-state objects
to di↵erent sub-systems of a decay tree.

Motivated by our qualitative understanding of events
with an ISR system recoiling against a compressed spar-
ticle system, we apply a jigsaw rule which attempts to

6

can be seen in Figure 7, after imposing the requirements
on p CM

ISR,T and NV
jet from Table I. While the discrimina-

tion power of RISR is visible, it is clear that background
contributions can be successfully managed by relaxing
the selection on RISR in favor of an additional require-
ment on MS

T . Tightening the selection requirement on
MS

T with increasing signal mass-splittings can be used to
compensate for decreasing RISR discrimination.
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FIG. 7. Distribution of transverse mass of the ‘sparticle’
system ‘S’ (MS

T ) as a function of RISR for the boson+jets
(upper left), di-boson (upper right), top+X (lower left) and
gluino signal (lower right) samples.

The final variable considered from the application of
Recursive Jigsaw Reconstruction to the decay tree in
Figure 1 is the opening angle between the ISR system
and the invisible system evaluated in the CM frame,
��ISR,I. The distribution of ��ISR,I, after the applica-
tion of the loosest of all other selection criteria on other
variables in Table I, is shown for example squark sig-
nals and backgrounds in Figure 8. Further improvements
in sensitivity can be achieved through a requirement on
this observable. In order to maintain a conservative se-
lection, the same requirement of ��ISR,I > 3 is imposed
for gluinos and squarks in all signal scenarios studied. To
extract the optimal significance for each signal point con-
sidered, one could consider further tuning the selection
criteria on this quantity.

Taking into account the phenomenology of the vari-
ables considered, and studying sensitivity variations with
di↵erent selection requirements, we define four exam-
ple signal regions aimed at targeting the di↵erent mass-
splittings scenarios represented by the simulated signal
samples. We summarize the ‘preselection criteria’ in one
line, including a veto on events containing an electron,
muon or jet tagged as having been initiated by the frag-
mentation of a b-quark, along with loose requirements on
the 6 ~ET (>100 GeV) and leading jet transverse momen-
tum (pT > 20 GeV). Events where large momentum is
provided to the sparticles from ISR are selected by con-
sidering only those with p CM

ISR,T > 1000 GeV. In this high

p CM
ISR,T regime there is an interesting interplay between
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FIG. 8. Distribution of ��ISR,I for SM backgrounds com-
pared with the squark pair signal samples. All curves are
shown after applying the relevant criteria from Table I. Al-
though both signal and background distributions tend to-
wards ⇡ the signal has a much stronger tendency to do so.

the further selection criteria considered. The RISR se-
lection applied is progressively looser as the target sig-
nal mass-splitting becomes larger, with correspondingly
more stringent requirements on the MS

T and NV
jet vari-

ables. A conservative ��ISR,I requirement is applied to
all events. Furthermore, we apply a minimum transverse
momentum requirement on the second (third) jet in the
squark (gluino) analysis. There are modest but unique
gains from selecting events with increasingly larger values
of the momenta of these jets as a function of increased
mass-splitting between parent sparticles and LSPs. Rep-
resentative signal and background yields for 100 fb�1 of
data at the 14 TeV LHC after the application of these
requirements are illustrated in Figure 9.
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FIG. 9. The distribution of RISR for example gluino sig-
nals and backgrounds after the application of requirements
on p CM

ISR,T (> 1000 GeV), MS
T (> 100 GeV), NV

jet � 3, and
��ISR,I(> 3.0). We observe that selecting events with large
values of RISR provides excellent discrimination between sig-
nals and backgrounds.
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group objects
together

which are nearby in phase-sp
ace,

e↵ective
ly minimizing the reconstr

ucted masses of
the S

and ISR systems. Speci
fically, w

e employ an exclusiv
ely

transver
se view of each

event, ig
noring the longitud

inal

momenta of all th
e reconstr

ucted objects.
The mass of

the I sys
tem is appro

ximated to be zero,
with transver

se

momenta in the laborato
ry frame set equa

l to 6~ET . The

total (tr
ansverse

) mass of the CM system
can then be

expresse
d as

MCM =

q
M

2
ISR

+
�
p CM
ISR

�2 +

q
M

2
S
+
�
p CM
S

�2 , (4)

with p CM
S

and p CM
ISR

the (equal)
magnitude

s of the
mo-

mentum of the S and ISR systems, respe
ctively,

eval-

uated in the CM frame, and depende
nt on our choice

of combinatori
c assignm

ent of objects.
As MCM does

not depend
on this assignm

ent, we
e↵ective

ly minimize

MS andMISR
simultaneou

sly by m
aximizing p

CM
ISR/S

over

each potentia
l partiti

oning of indisting
uishable

objects

into either th
e V or ISR

systems. Qualitativ
ely, this

is

similar to treating
the 6~ET

as another
reconstr

ucted ob-

ject and
perform

ing an exclusiv
e jet-clu

stering,
using the

transver
se mass as a

distance
metric.

While this
approac

h does not
distingu

ish between
ISR

and sparticle
jets with

perfect e
�ciency, i

t does p
rovide a

unique,
deterministic assignm

ent of o
bjects to our com

-

pressed
decay tree. Furtherm

ore, in addition
to RISR,

we can extract a
n entire co

llection
of complementary ob-

servable
s from this even

t interpr
etation,

chosen to furthe
r

discriminate between
putative

compressed
sparticle

sig-

nals and
SM backgro

unds. T
hese observab

les inclu
de:

• p CM
ISR,T

: the magnitude
of the th

e vector-
sum trans-

verse momentum of all IS
R associat

ed jets, eva
lu-

ated in the CM frame

• M
S
T
: the transver

se mass of th
e S (V+ I) system

.

• N
V
jet
: the number of je

ts assign
ed to the V system

(i.e. not
associat

ed with the ISR system)

• ��ISR,I: the opening
angle between

the ISR sys-

tem and the I sys
tem, evaluat

ed in the CM frame.

To demonstrate
the e�cacy of a search analysis

based

on this set of observab
les, we examine perhaps

the

most di�cult analysis
scenario

: sparticle
s expected

to

decay e

x

c

l

u

s

i

v

e

l

y

to jets and weakly
interacti

ng parti-

cles. Specifica
lly, we study the phenom

enology
of pair-

produce
d squarks

and gluinos
decaying

to quarks
and

LSPs (q̃q̃ ! (q�̃
0)(q�̃

0) and g̃g̃ ! (qq�̃
0)(qq�̃

0)). Sim-

ulated Monte Carlo (MC) samples of SM backgro
unds

and SUSY signals
are used to construc

t the expected

distribu
tions of these

observab
les for various

processe
s.

We utilize backgro
und samples from

elsewher
e [11]. For

these samples, eve
nt gener

ation is perfor
med with Mad-

graph 5 [12], al
ong with

parton shower a
nd hadroniz

ation

with Pythia 6
[13]. Th

is is follo
wed by a detaile

d detector

simulation and descript
ion of pile-u

p with Delphes 3
[14].

A detector
parameterizati

on is used which incorpor
ates

the perfo
rmance of t

he existi
ng ATLA

S [15] and
CMS [16]

detector
s. Each

of the SM processe
s which

are expected

to constitu
te the largest

backgro
unds are consider

ed.

The simulation
procedu

re involves
generati

on of event
s

at leading
order in bins of the scalar sum of the recoil

jet pT (HT ), w
ith jet-parto

n matching
and correctio

ns

for next-to-
leading

order (NLO) contribu
tions. Further

details c
an be found elsewher

e [17].

Similarly, squark and gluino signal sa
mples are pro-

duced, m
imicking th

e proced
ure employed to create

back-

ground
samples. The gluinos

are consider
ed to de-

cay via g̃ ! qq�̃
0
1
and the squarks

via q̃ ! q�̃
0
1, in

what are akin to simplified models, w
here the branch-

ing fractions
are assumed to be 100% and the masses

of other
non-con

tributin
g super-pa

rtners are e↵ective
ly

decouple
d. We simulate samples wit

h squark masses be
-

tween 400 and 1000 GeV, and
gluino masses fro

m 600 to

1400 GeV. The
�̃01 mass is set to be either 25, 50, 1

00,

or 200 GeV below the parent sparticle
mass, cove

ring a

dynamic range of compressed
scenario

s. To study the

potentia
l impact of t

his appr
oach on analyses

being per-

formed at the LHC experim
ents, we

normalize all back
-

ground
and signal sa

mples to an integrat
ed luminosity

of 100 fb�
1 , such that the

estimated sensitivi
ties shown

herein should be accessib
le during run 2 of the LHC.
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FIG. 3. Distribut
ion of p

CM
ISR,T

for events that have passed

the pres
election

requirem
ents in Table I.

A high pT jet syste
m,

identifie
d with ISR, is

required
to build the decay tree.

The distribu
tions of the p CM

ISR,T
for SM backgro

unds

and signal M
C processe

s, with di↵erent
parent s

particle

masses and mass-split
tings, ar

e shown in Figure 3. We

observe
that, prior to the applicat

ion of any other se-

lection criteria,
prospect

ive signals have small expe
cted

event yields relative
to SM backgro

unds for lower val-

ues of p
CM
ISR,T

. However
, as the slope of the p CM

ISR,T
dis-

tribution
is less severe for these signals,

the signal-to
-

backgro
und ratio bec

omes more favor
able wit

h increasin
g

values.
In the followin

g, we consider
only those events

with p CM
ISR,T

� 800 GeV, not
only taking advanta

ge of

the moderate
discrimination provided

by this obse
rvable,

but also
benefitti

ng from the e↵ec
t that th

is requir
ement
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can be seen in Figure 7, after imposing the requirements

on p CM
ISR,T

and NV
jet from Table I. While the discrimina-

tion power of RISR is visible, it is cl
ear that backgro

und

contributions can be successfully managed by relaxing

the selection on RISR in favor of an additional requi
re-

ment on MS
T . Tightening the selection requirement on

MS
T with increasing signal mass-splittings ca

n be used to

compensate for decreasing RISR discrimination.
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FIG. 7. Distribution of transverse mass of the ‘sparticle’

system ‘S’ (M
S
T ) as a function of RISR for the boson+jets

(upper left), di-boson
(upper right), top+X (lower left) and

gluino signal (lower ri
ght) samples.

The final variable considered from the application of

Recursive Jigsaw Reconstruction
to the decay tree in

Figure 1 is the opening angle between the ISR system

and the invisible system evaluated in the CM frame,

��ISR,I. The distribution of ��ISR,I, after the
applica-

tion of the loosest of all oth
er selection criteria on other

variables in Table I, is shown for example squark sig-

nals and backgrounds in Figure 8. Furthe
r improvements

in sensitivity can be achieved through a requirement on

this observable. In order to maintain a conservative se-

lection, the sam
e requirement of ��ISR,I > 3 is imposed

for gluinos and squarks in all signal scenari
os studied. To

extract the optim
al significance fo

r each signal point con-

sidered, one could consider further tuning the selection

criteria on this quantity.

Taking into account the phenomenology of the vari-

ables considered
, and studying sensitivity variations with

di↵erent selection requirements, we define four exam-

ple signal regions ai
med at targeting the di↵erent mass-

splittings scenarios represented by the simulated signal

samples. We summarize the ‘preselection criteria’ in one

line, including a veto on events containing an electron,

muon or jet tagged as having been initiated by the frag-

mentation of a b-quark, along with loose requirements on

the 6~ET (>100 GeV) and leading jet transverse momen-

tum (pT > 20 GeV). Events where large momentum is

provided to the sparticles from ISR are selected by con-

sidering only those with p CM
ISR,T > 1000 GeV. In this high

p CM
ISR,T

regime there is an interesting interplay between
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FIG. 8. Distribution of ��ISR,I for SM backgrounds com-

pared with the squark pair signal samples. All curves are

shown after applying the relevant criteria from Table I. Al-

though both signal and background distributions tend to-

wards ⇡ the signal has a much stronger tende
ncy to do so.

the further selection criteria considered. The RISR se-

lection applied is progressively looser as the target sig-

nal mass-splitting becomes larger, with correspondingly

more stringent requirements on the MS
T and NV

jet
vari-

ables. A conservative ��ISR,I requirement is applied to

all events. Furth
ermore, we apply a minimum transverse

momentum requirement on the second (third) jet in the

squark (gluino) analysis. There are modest but unique

gains from selecting events
with increasingly larger values

of the momenta of these jets as a function of increased

mass-splitting between parent sparticles
and LSPs. Rep-

resentative signal and background yields for 100 fb�1 of

data at the 14 TeV LHC after the application of these

requirements are illustrated in Figure 9.
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��ISR,I(> 3.0). We observe that selecting events with large

values of RISR provides excellent discri
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nals and backgrounds.
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mass-splittings between parent and daughter sparticles
, with cuts on this ob-

servable suppressing vector boson + jets backgrounds in
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FIG. 5. The number of jets with minimum

assigned to the V frame, N V
jet , after application of the

and RISR selections described in Table I. Gluino signals tends

to have a larger
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for SM backgrounds com-

6

can be seen in Figure 7, after imposing the requirements
on p CM

ISR,T and NV
jet from Table I. While the discrimina-

tion power of RISR is visible, it is clear that background
contributions can be successfully managed by relaxing
the selection on RISR in favor of an additional require-
ment on MS

T . Tightening the selection requirement on
MS

T with increasing signal mass-splittings can be used to
compensate for decreasing RISR discrimination.
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FIG. 7. Distribution of transverse mass of the ‘sparticle’
system ‘S’ (MS

T ) as a function of RISR for the boson+jets
(upper left), di-boson (upper right), top+X (lower left) and
gluino signal (lower right) samples.

The final variable considered from the application of
Recursive Jigsaw Reconstruction to the decay tree in
Figure 1 is the opening angle between the ISR system
and the invisible system evaluated in the CM frame,
��ISR,I. The distribution of ��ISR,I, after the applica-
tion of the loosest of all other selection criteria on other
variables in Table I, is shown for example squark sig-
nals and backgrounds in Figure 8. Further improvements
in sensitivity can be achieved through a requirement on
this observable. In order to maintain a conservative se-
lection, the same requirement of ��ISR,I > 3 is imposed
for gluinos and squarks in all signal scenarios studied. To
extract the optimal significance for each signal point con-
sidered, one could consider further tuning the selection
criteria on this quantity.

Taking into account the phenomenology of the vari-
ables considered, and studying sensitivity variations with
di↵erent selection requirements, we define four exam-
ple signal regions aimed at targeting the di↵erent mass-
splittings scenarios represented by the simulated signal
samples. We summarize the ‘preselection criteria’ in one
line, including a veto on events containing an electron,
muon or jet tagged as having been initiated by the frag-
mentation of a b-quark, along with loose requirements on
the 6 ~ET (>100 GeV) and leading jet transverse momen-
tum (pT > 20 GeV). Events where large momentum is
provided to the sparticles from ISR are selected by con-
sidering only those with p CM

ISR,T > 1000 GeV. In this high

p CM
ISR,T regime there is an interesting interplay between
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FIG. 8. Distribution of ��ISR,I for SM backgrounds com-
pared with the squark pair signal samples. All curves are
shown after applying the relevant criteria from Table I. Al-
though both signal and background distributions tend to-
wards ⇡ the signal has a much stronger tendency to do so.

the further selection criteria considered. The RISR se-
lection applied is progressively looser as the target sig-
nal mass-splitting becomes larger, with correspondingly
more stringent requirements on the MS

T and NV
jet vari-

ables. A conservative ��ISR,I requirement is applied to
all events. Furthermore, we apply a minimum transverse
momentum requirement on the second (third) jet in the
squark (gluino) analysis. There are modest but unique
gains from selecting events with increasingly larger values
of the momenta of these jets as a function of increased
mass-splitting between parent sparticles and LSPs. Rep-
resentative signal and background yields for 100 fb�1 of
data at the 14 TeV LHC after the application of these
requirements are illustrated in Figure 9.
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FIG. 9. The distribution of RISR for example gluino sig-
nals and backgrounds after the application of requirements
on p CM

ISR,T (> 1000 GeV), MS
T (> 100 GeV), NV

jet � 3, and
��ISR,I(> 3.0). We observe that selecting events with large
values of RISR provides excellent discrimination between sig-
nals and backgrounds.

(for very small  
mass splittings) 

Figures: RJR arXiv:1607.08307

parent

daughter

↣ Recursive Jigsaw Reconstruction (RJR) is an effective model independent 
technique for enhancing sensitivity with compressed signals and soft decay products

https://arxiv.org/abs/1607.08307
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Compressed Kinematics
27 July 2017 9

• Historically difficult region on diagonal  
• Very little ET

miss  

• Similarity to SM ttbar production 
• ISR-assisted: difficult to model 

• Using two techniques:  
1. BDT: gain sensitivity in  
    discriminating signal vs. ttbar 
2. Recursive Jigsaw Reconstruction: 
    exploit kinematics of region to 
    create new discriminating variables

Compressed Kinematics (new)!
13 March 2017 ! J. Gonski ! 14!

•  Historically difficult region on diagonal: !
•  Very little ET

miss !
•  Similarity to SM ttbar production !

•  Using two techniques: !
1. BDT: gain sensitivity in !
    discriminating signal vs. ttbar!
2. Recursive Jigsaw Reconstruction:!
    exploit kinematics of region to!
    create new discriminating !
    variables!
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Appendix2496

A Signal region targeting the compressed t̃
1
! t + �̃0

1 decay at low mass2497

The region of stop and neutralino masses where mt̃1 ⇡ mt + m�̃0
1

is very di�cult to access due to the2498

similarity in kinematics with tt̄ production. In order to gain sensitivity a BDT is trained as described2499

in 8.3. In addition, a cut-and-count SR is defined here which will serve as cross check of a possible2500

excess.2501

A.0.1 Kinematics on the diagonal2502

In this section, the kinematical properties of signal models exactly on the diagonal are discussed, under the2503

assumption, that both top squarks decay to an on-shell top quark via the t̃1 ! t + �̃0
1 decay mode. In this2504

section pµ refers to a four momentum. Furthermore, to improve the readability, the following notations2505

are used:2506

pµ (X1 + · · · + Xn) = pµ (X1) + · · · + pµ (Xn) (4)

and2507

~pT(X1 + · · · + Xn) = ~pT(X1) + · · · + ~pT(Xn), (5)

where X1, . . . , Xn are arbitrary particles.2508

Neutralino reconstruction2509

Consider a top squark in its rest frame for a signal model exactly on the diagonal, where�m(t̃1, t) = m( �̃0
1).2510

In the case of an on-shell top-quark decay, there is no energy to give momentum to the decay products,2511

therefore both the t and �̃0
1 will be produced at rest and the relation between the four-momenta can be2512

presented as:2513

pµ
t̃1
= pµt + pµ

�̃0
1
, pµt =

mt

mt̃1

· pµ
t̃1
, pµ

�̃0
1
=

m�̃0
1

mt̃1

· pµ
t̃1
, (6)

where pµ
t̃1

, pµt and pµ
�̃0

1
are the four-momenta of t̃1, t and �̃0

1, respectively.2514

Since the momenta are collinear in the rest frame, this will hold in any boosted frame too. From these2515

equations it follows, that on the diagonal, if the four-momentum of any particle is known, the other one2516

can be calculated by a corresponding scaling. In particular, the four-momentum of the neutralino can be2517

calculated from the four-momentum of the top squark:2518

pµ
�̃0

1
= ↵pµ

t̃1
, ↵ =

m�̃0
1

mt̃1

, (7)

or in case of the top quark2519

pµ
�̃0

1
=

m�̃0
1

mt
pµt =

↵

1 � ↵ pµt . (8)

As a consequence of this relation, if the neutralino is nearly massless, after the decay it gets a very small2520

momentum and therefore it does not contribute much to the Emiss
T .2521

6th March 2017 – 22:12 433

RJR Decay Tree

Sparticle:  
Stop

Invisible: 
Neutralino

Visible:  
Top Decay

13

Stop Diagonal Search
• Δm ≅ 0    →  RISR ≅ mLSP / mstop        

• Technique used on diagonal in 0L, 1L final states 

J. Gonski

Physics Motivation 
• Many SUSY models predict ~TeV stop mass + LSP  

• Three search channels: tN, bC, DM + ttbar 

• Signature: 1 lepton (from t ! W ! lv), many jets, large ET
miss 

27 July 2017 3

tN bC
Figure 1: Diagrams illustrating the two considered decay scenarios. Left: the stop decays to a top quark and a
lightest neutralino ( �̃0

1), Right: the stop decays to a bottom quark and a chargino.

Figure 2: A representative Feynman diagram for s-channel spin-0 mediator production
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Figure 1: Diagrams illustrating the two considered decay scenarios. Left: the stop decays to a top quark and a
lightest neutralino ( �̃0

1), Right: the stop decays to a bottom quark and a chargino.

Figure 2: A representative Feynman diagram for s-channel spin-0 mediator production
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Figure 1: Diagrams representing the two lepton final state of (a) associated electroweakino H�0
2 H�±1 and (b) slepton

pair H̀H̀production in association with an initial state radiation jet. In addition to (a), this analysis is also sensitive
to H�0

2 H�0
1 and H�±1 H�⌥1 production.

muon spectrometer (MS). The ID provides precision tracking of charged particles in pseudorapidity region54

|⌘ | < 2.5, consisting of pixel and microstrip silicon subsystems within a transition radiation tracker. An55

insertable B-layer [37] was added for
p

s = 13 TeV data-taking to improve tracking performance. These56

are immersed in a 2 T axial magnetic field provided by a superconducting solenoid. High-granularity57

lead/liquid-argon electromagnetic sampling calorimeters are used for |⌘ | < 3.2. Hadronic energy deposits58

are measured in a steel/scintillator tile barrel calorimeter in |⌘ | < 1.7. Forward calorimeters extend the59

coverage to 1.5 < |⌘ | < 4.9 regions for both electromagnetic and hadronic measurements. The MS60

comprises trigger and high-precision tracking chambers spanning |⌘ | < 2.4 and |⌘ | < 2.7, respectively,61

surrounded by three large superconducting toroidal magnets. Events of interest are selected using a two-62

level trigger system [38], consisting of a first-level trigger implemented in hardware, which is followed by63

a software-based high-level trigger.64

3 Collision data and simulated event samples65

The search uses pp collision data at
p

s = 13 TeV from the LHC [39], collected by the ATLAS detector in66

2015 and 2016. Events are selected using triggers requiring significant Emiss
T , with thresholds that depend67

on the run period. The triggers are close to fully e�cient for events with an o�ine-reconstructed Emiss
T68

greater than 200 GeV. The data sample corresponds to an integrated luminosity of 36.1 fb�1 with a relative69

uncertainty of 2.1%, derived using methods similar to those described in Ref. [40].70

Event samples from Monte Carlo (MC) simulation are used to model both the signal and specific processes71

of the SM background. For the SUSY signal, two sets of simplified models [41–43] are used to guide the72

design of the analysis: one based on Higgsino LSPs involving compressed electroweakino production,73

and the other a model of compressed slepton pair production. In addition, a third model assuming the74

production of wino-like gauginos decaying to a bino-like LSP (referred to as “wino-bino” model in the75

following) is considered for the interpretation of the results.76

Signal cross-sections are calculated to next-to-leading order (NLO) in the strong coupling, and next-to-77

leading logarithm accuracy for soft-gluon resummation using R�������� v1.0.7 [44–46].78

20th September 2017 – 00:06 5
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Stop Combination Plot
19

• Large sensitivity enhancement on diagonal 
• Observed limit on par with Stop 0L 

27 July 2017

14

Stop Exclusions + RJR

See: stop 0L (arXiv:1709.04183), stop 1L(arXiv.1606.03903) 

https://arxiv.org/pdf/1709.04183.pdf
https://arxiv.org/pdf/1606.03903.pdf


J. Gonski2 November 2017

N
o

t
r
e
v

i
e
w

e
d

,
f
o

r
i
n

t
e
r
n

a
l

c
i
r
c
u

l
a
t
i
o

n
o

n
l
y

DRAFT

�̃±
1

�̃0
2

W

Zp

p

�̃0
1

q

q

�̃0
1

`

`

j

(a)

˜̀

˜̀
p

p

j

�̃0
1

`

�̃0
1

`

(b)

Figure 1: Diagrams representing the two lepton final state of (a) associated electroweakino H�0
2 H�±1 and (b) slepton

pair H̀H̀production in association with an initial state radiation jet. In addition to (a), this analysis is also sensitive
to H�0

2 H�0
1 and H�±1 H�⌥1 production.

muon spectrometer (MS). The ID provides precision tracking of charged particles in pseudorapidity region54

|⌘ | < 2.5, consisting of pixel and microstrip silicon subsystems within a transition radiation tracker. An55

insertable B-layer [37] was added for
p

s = 13 TeV data-taking to improve tracking performance. These56

are immersed in a 2 T axial magnetic field provided by a superconducting solenoid. High-granularity57

lead/liquid-argon electromagnetic sampling calorimeters are used for |⌘ | < 3.2. Hadronic energy deposits58

are measured in a steel/scintillator tile barrel calorimeter in |⌘ | < 1.7. Forward calorimeters extend the59

coverage to 1.5 < |⌘ | < 4.9 regions for both electromagnetic and hadronic measurements. The MS60

comprises trigger and high-precision tracking chambers spanning |⌘ | < 2.4 and |⌘ | < 2.7, respectively,61

surrounded by three large superconducting toroidal magnets. Events of interest are selected using a two-62

level trigger system [38], consisting of a first-level trigger implemented in hardware, which is followed by63

a software-based high-level trigger.64

3 Collision data and simulated event samples65

The search uses pp collision data at
p

s = 13 TeV from the LHC [39], collected by the ATLAS detector in66

2015 and 2016. Events are selected using triggers requiring significant Emiss
T , with thresholds that depend67

on the run period. The triggers are close to fully e�cient for events with an o�ine-reconstructed Emiss
T68

greater than 200 GeV. The data sample corresponds to an integrated luminosity of 36.1 fb�1 with a relative69

uncertainty of 2.1%, derived using methods similar to those described in Ref. [40].70

Event samples from Monte Carlo (MC) simulation are used to model both the signal and specific processes71

of the SM background. For the SUSY signal, two sets of simplified models [41–43] are used to guide the72

design of the analysis: one based on Higgsino LSPs involving compressed electroweakino production,73

and the other a model of compressed slepton pair production. In addition, a third model assuming the74

production of wino-like gauginos decaying to a bino-like LSP (referred to as “wino-bino” model in the75

following) is considered for the interpretation of the results.76

Signal cross-sections are calculated to next-to-leading order (NLO) in the strong coupling, and next-to-77

leading logarithm accuracy for soft-gluon resummation using R�������� v1.0.7 [44–46].78
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Recursive Frame Study 
4J. Gonski21 August 2017

 L

•What happens to sensitivity if we do not require leptons to 
be in S frame?  
• Treat 2L as jets; can be classified as ISR or S  
• Require re-examination of optimal cut values 

vs.
 2L

• Δm ≅ 0    →  RISR ~ mLSP / mchargino 

• Combine with new soft lepton strategies and triggers to reach Δm 
< 5 GeV

15

Higgsino Diagonal Search

⇢ coming soon!
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Many new physics searches are 
(fundamentally) similar! Can imagine 
building an RJR tree for any decay 
chain… 

Figure 1: Diagrams illustrating the two considered decay scenarios. Left: the stop decays to a top quark and a
lightest neutralino ( �̃0

1), Right: the stop decays to a bottom quark and a chargino.

Figure 2: A representative Feynman diagram for s-channel spin-0 mediator production

11

16

Conclusions
• Compressed SUSY models will continue to be a cornerstone of the 

LHC search program  

• Recursive Jigsaw Reconstruction (RJR) can provide extra sensitivity 
to compressed signals via kinematics 

• Expanding use across all kinds of SUSY searches 

DM + ttbar



J. Gonski2 November 2017 17

Backup
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RJR Algorithm
 Explanation of JigSaw 

• Use “event CM” frame to identify ISR jets and 

calculate R
ISR. 

• makes sure that the MET and jets used in the 

analysis balances each other out. 

!
• “CM” frame is the frame that all objects accepted 

into the event has Pt = 0 

!
• So set MET P

z
 = 0 and mass = 0.   

• Set all Jet P
z
=0 and E^2 = m^2 + P

T
^2.  

!
• Sum all 4 vectors of all accepted signal objects and 

boost to the where P
T
 = 0 for this combined 4 vector.   

• Do nothing in the Z direction 

!
• 0st order correction for MET coming from jets or 

other objects that you don't accept into your analysis 

and ensures R
ISR

 has an upper bound of 1. 

!
• A simplified and exaggerated case for 2 jets is shown 

in the right

4

MET

Accepted 

Jets
Rejected 

Jet

Accepted 

Jets

Lab Frame

CM Frame

MET
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RJR Algorithm   Identifying ISR in CM Frame

• ISR is identified in the CM frame by minimizing the 
sparticle system and ISR system masses 

!
• Can think of this in 2 equivalent ways 

!
1. Large jet clustering along two jet axis that are back 

to back using mass as a distance metric 

!
2. Minimizing Ms and MISR is identical to maximizing the 

amount of back to back PT of the two systems. 

• Because Etot = sqrt(MS

2

 + PT S

2

) + sqrt(MISR

2

 + PT ISR

2

) 

• Etot is constant for the event and PT = PT S = -PT ISR 

• Maximizing PT along a back to back axis is the 
same thing as calculating the thrust axis 

• The event is then divided into hemisphere wheres 
the hemisphere containing the MET is the sparticle 
system and other hemisphere the ISR system.

5

Accepted 
Jets

MET

Thrust 
Axis

ISR 
Hemisphere

Sparticle 
Hemisphere

CM Frame


