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• Higgs	mass2
– Quadratic	loop	corrections
– In	SM	natural	scale

• Λcutoff ~	Mplanck
– Need	m(h)	at	125	GeV

• The	SUSY	solution
– 2	x	top	squarks
– Factor	of	-1	from	Feynman	

rules
– Same	coupling,	λ
– Quadratic	corrections	cancel
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3rd generation	SUSY	and	naturalness
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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
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3rd generation	squarks	outlook

ATLAS	SUSY	results webpage
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A	wide	search	program	to	cover	all	possible	decay	modes	and	
mass	hierarchy	scenarios.

In	this	talk	I	will	highlight	a	personal	selection	of	recent	results.
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Observed limits Expected limits All limits at 95% CL

=13 TeVs
 [CONF-2016-077]-1t0L 13.2 fb
 [CONF-2016-050]-1t1L 13.2 fb
 [CONF-2016-076]-1t2L 13.3 fb
 [1604.07773]-1MJ   3.2 fb

Run 1 [1506.08616]

Start	the	search	with	
simplified	models
• Only	t1 and	c1

accessible
• Mostly	right-

handed	t1
• c1 is	B-ino like



Four-body	decays
Target	a	single	soft	isolated	lepton
• Perform	a	shape	fit	of	pT(lep)/ETmiss

• Major	SM	backgrounds	(tt and	W+jets)	
from	CR	fit
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Three-body	decays
Target	two	opposite	charge	leptons
• Exploit	recursive	jigsaw	(razor)	variables
• Major	SM	backgrounds	(tt and	VV)	from	

CR	fit,	fake	leptons	data-driven
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tt-like	decays
Target	fully	hadronic	events
• Exploit	recursive	jigsaw	variables
• Major	SM	background	(tt with	hadronic	

tau)	from	CR	fit
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RISR 0.30-0.40 0.40-0.50 0.50-0.60 0.60-0.70 0.70-0.80

respect to the p

miss
T direction. The latter quantity provides additional discrimination against background

where the two b-tagged jets come from a gluon splitting. Table 1 summarizes the selection criteria that
are used in these two signal regions.

Table 1: Selection criteria for SRA and SRB, in addition to the common preselection requirements described in the
text. The signal regions are separated into topological categories based on reconstructed top-candidate masses.

Signal Region TT TW T0

m0
jet,R=1.2 > 120 GeV

m1
jet,R=1.2 > 120 GeV [60, 120] GeV < 60 GeV

mb,min
T > 200 GeV

Nb�jet � 2

⌧-veto yes�����
⇣
jet0,1,2, pmiss

T
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�R (b, b) > 1 -

m�2

T2 > 400 GeV > 400 GeV > 500 GeV

Emiss
T > 400 GeV > 500 GeV > 550 GeV

B

mb,max
T > 200 GeV

�R (b, b) > 1.2

Signal Regions C

SRC is optimized for direct top-squark pair production where �m(t̃, �̃0
1) ⇡ mt , a regime in which the

signal topology is very similar to SM tt̄ production. In the presence of high-momentum ISR, which
can be reconstructed as multiple jets and form an ISR system, the di-top-squark system is boosted in the
transverse plane. The ratio of the Emiss

T to the pT of the ISR system in the centre-of-mass (CM) frame
(pISR

T ), defined as RISR, is proportional to the ratio of the �̃0
1 and t̃ masses [66, 67]:

RISR ⌘
Emiss

T
pISR

T
⇠

m �̃0
1

mt̃
. (2)

A recursive jigsaw reconstruction technique, as described in Ref. [68], is used to divide each event into an
ISR hemisphere and a sparticle hemisphere, where the latter consists of the pair of candidate top squarks,
each of which decays via a top quark and a �̃0

1. Objects are grouped together based on their proximity
in the lab frame’s transverse plane by minimizing the reconstructed transverse masses of the ISR system
and sparticle system simultaneously over all choices of object assignment. Kinematic variables are then
defined based on this assignment of objects to either the ISR system or the sparticle system. This method
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Priscilla Pani (CERN)

Details of the compressed analysis 
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masses their weakly interacting daughters (�̃0). An ex-
perimental search for instances of these events can be dif-
ficult if the mass-splitting between these sparticle states,
mP̃�m�̃0 , is small, as the momenta of each parent sparti-
cle’s decay products (both visible and invisible) will not
receive a large amount of momentum in their produc-
tion. If the mass-splitting scale in sparticle production is
to that of SM background processes then disentangling
the two is challenging.

In this case, it is not the mass-splitting scale which is
distinctive from backgrounds, but rather, the potentially
large absolute mass-scale of weakly-interacting particles
in these events. While we cannot measure these masses
from only the measurement of missing transverse mo-
mentum ( 6 ~ET ), as it only represents the sum momentum
of escaping particles, we can gain indirect sensitivity by
observing their reaction to a probing force. The labora-
tory of a hadron collider naturally provides such a probe:
strong initial state radiation from interacting partons can
provide large momentum to the sparticles produced in
these reactions, in turn endowing their decay products
with this momentum. In the limit where the LSPs re-
ceive no momentum from their parents’ decays, the 6 ~ET
results solely from the recoil against ISR, and the follow-
ing approximation holds:

6 ~ET ⇠ �~p ISR
T ⇥ m�̃

mP̃

, (1)

where ~p ISR
T is the total ISR system transverse momen-

tum.
Recent studies of searches for compressed SUSY sig-

nals in the literature have suggested exploiting this fea-
ture. In these analyses, a kinematic selection is used to
isolate events where a single, hard ISR jet recoils approx-
imately opposite 6 ~ET in the event transverse plane. One
can then use various reconstructed proxies of the quantity
| 6 ~ET |/|~p ISR

T |, such as | 6 ~ET |/p lead jet
T or | 6 ~ET |/

p
HT , as ob-

servables sensitive to the presence of massive LSPs [6, 7].
Alternatively, using assumed knowledge of the sparticle
mass-splittings, one can attempt to sort non-ISR jets
from radiative ones using, for example, the sum of jet
energies in each class and multiplicities as discriminat-
ing observables [8]. While these approaches all benefit
from the above feature, they are limited to the sub-set
of events where the momentum of the ISR system is car-
ried predominantly by a single jet. For less restrictive
event selections, the suggested observables become pro-
gressively less accurate estimators of | 6 ~ET |/|~p ISR

T | and,
correspondingly, less sensitive to the kinematic correla-
tion between radiated jets and missing momentum.

We propose a di↵erent approach to an ISR-assisted
search for compressed signals, both generalizing to cases
where momentum can be shared democratically among
many radiated jets and attempting to more accurately re-
construct the quantity | 6 ~ET |/|~p ISR

T |. Using the technique
of Recursive Jigsaw Reconstruction [9], a “decay tree” is
imposed on the analysis of each event, chosen to capture

the kinematic features specific to the signal topology un-
der study. The decay tree both specifies the systems of
relevant reconstructed objects and the reference frames
corresponding to each intermediate combination of them.
The analysis of each event proceeds by assigning recon-
structed objects to their appropriate places in the decay
tree, determining the relative velocities relating each ref-
erence frame, and calculating kinematic observables from
the resulting event abstraction. The simplified decay tree
for generic compressed scenarios is shown in Figure 1.

LAB

CM

ISR S
V I

Lab State

Decay States

Visible States

Invisible States

FIG. 1. A simplified decay tree diagram for analyzing com-
pressed signal topologies in events with an ISR system.

In this decay tree, each reconstructed object hypoth-
esized to come from the decay of sparticles in the event
is assigned to the “V” system, while those identified as
initial state radiation are associated with “ISR”. With
the missing momentum reconstructed in each event in-
terpreted as the system “I”, the total sparticle system
(“S”) and center-of-mass system of the whole reaction
(“CM”) are defined as the sum of their constituents.
With the four-vectors of each element of the decay tree
specified, an estimator of the quantity | 6 ~ET |/|~p ISR

T |, RISR,
is calculated as:

RISR ⌘ |~p CM
I,T · p̂ CM

ISR,T |
|~p CM

ISR,T |
, (2)

where subscripts indicate the system and superscripts the
reference frame the momentum is evaluated in. As the
concept of “transverse” is a frame-dependent construc-
tion in the laboratory frame, we employ the convention
where the boost relating a specific reference frame to the
laboratory is decomposed into a component parallel to
the beam-line and a subsequent transverse portion. The
transverse plane in a reference frame is then defined as
that perpendicular to longitudinal velocity of the trans-
formation.
In order to elucidate the behavior of RISR, we con-

sider the example of neutralino (�̃0
2) pair-production at a
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gressively less accurate estimators of | 6 ~ET |/|~p ISR

T | and,
correspondingly, less sensitive to the kinematic correla-
tion between radiated jets and missing momentum.

We propose a di↵erent approach to an ISR-assisted
search for compressed signals, both generalizing to cases
where momentum can be shared democratically among
many radiated jets and attempting to more accurately re-
construct the quantity | 6 ~ET |/|~p ISR

T |. Using the technique
of Recursive Jigsaw Reconstruction [9], a “decay tree” is
imposed on the analysis of each event, chosen to capture

the kinematic features specific to the signal topology un-
der study. The decay tree both specifies the systems of
relevant reconstructed objects and the reference frames
corresponding to each intermediate combination of them.
The analysis of each event proceeds by assigning recon-
structed objects to their appropriate places in the decay
tree, determining the relative velocities relating each ref-
erence frame, and calculating kinematic observables from
the resulting event abstraction. The simplified decay tree
for generic compressed scenarios is shown in Figure 1.

LAB

CM

ISR S
V I

Lab State

Decay States

Visible States

Invisible States

FIG. 1. A simplified decay tree diagram for analyzing com-
pressed signal topologies in events with an ISR system.

In this decay tree, each reconstructed object hypoth-
esized to come from the decay of sparticles in the event
is assigned to the “V” system, while those identified as
initial state radiation are associated with “ISR”. With
the missing momentum reconstructed in each event in-
terpreted as the system “I”, the total sparticle system
(“S”) and center-of-mass system of the whole reaction
(“CM”) are defined as the sum of their constituents.
With the four-vectors of each element of the decay tree
specified, an estimator of the quantity | 6 ~ET |/|~p ISR

T |, RISR,
is calculated as:

RISR ⌘ |~p CM
I,T · p̂ CM

ISR,T |
|~p CM

ISR,T |
, (2)

where subscripts indicate the system and superscripts the
reference frame the momentum is evaluated in. As the
concept of “transverse” is a frame-dependent construc-
tion in the laboratory frame, we employ the convention
where the boost relating a specific reference frame to the
laboratory is decomposed into a component parallel to
the beam-line and a subsequent transverse portion. The
transverse plane in a reference frame is then defined as
that perpendicular to longitudinal velocity of the trans-
formation.

In order to elucidate the behavior of RISR, we con-
sider the example of neutralino (�̃0

2) pair-production at a

t̃1 → bχ̃±

1 / tχ0

1 / tχ0

2t̃1 → bχ̃±

1 / tχ0

1 / tχ0

2



tt-like	decays
Target	a	single	isolated	lepton
• Exploit	multivariate	discriminant
• Reconstruct	neutrino	pT and	lepton’s	mT

shift	(DmT)	for	a	given	signal
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Two-body	decays
Target	fully	hadronic	events
• Reconstruct	top	candidates	with	

reclustered jets
• Major	SM	background	

(Z+jets,tt/Wt/W+jets,ttZ )	from	CR	fit
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FIG. 1: Natural electroweak symmetry breaking constrains the superpartners on the left to be
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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
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Q̃1,2, ũ1,2, d̃1,2

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

t̃

t̃
p

p

�̃0
1

t

�̃0
1

t

[CONF-2017-037]

[1708.03247]

[CONF-2017-020]

[CONF-2017-037]

[CONF-2017-020]



12

H̃

t̃L
b̃L

t̃R

g̃

natural SUSY decoupled SUSY

W̃

B̃
L̃i, ẽi
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Start	the	search	with	
simplified	models
• Only	b1 and	c1

accessible
• c1 is	b-ino like
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DRAFT

• mT: The event transverse mass mT is defined as mT =

q

2plep
T Emiss

T � 2plep
T · pmiss

T and is used in266

one-lepton control and signal regions to reduce W+jets and tt̄ background events.267

• mmin
b` : The minimum invariant mass of the lepton and one of the two b-jets is defined as:

mmin
b` = mini=1,2

�

m`bi

�

.

This variable is bound from above to
q

m2
t � m2

W for tt̄ production, and it is used to distinguish tt̄268

contributions from single-top-quark production events from Wt channel in the one-lepton control269

regions.270

• Contransverse mass (mCT) [72, 73] : This is the main discriminating variable in most of the zero-
lepton channel signal regions. It is used to measure the masses of pair-produced semi-invisibly
decaying heavy particles. For two identical decays of heavy particles (e.g. the bottom squarks for
exclusive decays as b̃1 ! b�̃0

1) into two visible particles v1 and v2 (the b-quarks), and two invisible
particles X1 and X2 (the �̃0

1 for the signal), mCT is defined as

m2
CT(v1, v2) = [ET(v1) + ET(v2)]2 � [pT(v1) � pT(v2)]2,

with ET =
q

p2
T + m2, and it has a kinematical endpoint at mmax

CT =
m2

i �m2
X

mi
where i is the initially pair271

produced particle. This variable is extremely e↵ective in suppressing the top-quark pair production272

background (i = t, X = W), for which the endpoint is at 135 GeV.273

• min[mT(jet1�4, Emiss
T )] : It is the minimum transverse mass of the leading four jets and the Emiss

T in274

the event. For signal scenarios with low values of mmax
CT , this kinematic variable is an alternative275

discriminating variable to reduce the tt̄ background.276

• amT2: The asymmetric transverse mass [74, 75] is a kinematic variable which can be used to sep-
arate processes in which two decays giving missing transverse momentum occur and it is the main
discriminant observable in the one-lepton channel signal regions. The amT2 definition is based on
the stransverse mass (mT2) [76]:

m2
T2(�) = min

q(1)
T +q(2)

T =pmiss
T

h

max
n

m2
T(pT(v1),q(1)

T ; �),m2
T(pT(v2),q(2)

T ; �)
oi

,

where pT(vi) are reconstructed transverse momenta vectors and q(i)
T represent the missing transverse277

momenta from the two decays, with a total missing transverse momentum, pmiss
T ; � is a free para-278

meter representing the unknown mass of the invisible particles – here assumed to be zero. The a279

in amT2 indicates that the two visible decay legs are asymmetric, i.e. not composed of the same280

particles.281

In the case of events with one lepton (electron or muon) and two b-jets, the mT2 is calculated for282

di↵erent values of pT(v1) and pT(v2), by grouping the lepton and the two b-jets into two visible283

objects v1 and v2. The lepton needs to be paired with one of the two b-jets and the choice is driven284

by the value of mbl (n) - the invariant mass of the nth b-tagged jet and the lepton. If the two particles285

are correctly coupled, this value has an upper bound given by the top quark mass. The value of286

amT2 is thus computed accordingly:287

– If mbl (1) and mbl (2) are both > 170 GeV, none of the two couplings is compatible with the288

b-jet and the lepton originating from a top decay, therefore the event is rejected as all control,289

validation and signal regions contain a cut on the minimum value of mbl to be < 170 GeV.290
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DRAFT

• mT: The event transverse mass mT is defined as mT =

q

2plep
T Emiss

T � 2plep
T · pmiss

T and is used in266

one-lepton control and signal regions to reduce W+jets and tt̄ background events.267

• mmin
b` : The minimum invariant mass of the lepton and one of the two b-jets is defined as:

mmin
b` = mini=1,2
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.

This variable is bound from above to
q

m2
t � m2

W for tt̄ production, and it is used to distinguish tt̄268

contributions from single-top-quark production events from Wt channel in the one-lepton control269

regions.270

• Contransverse mass (mCT) [72, 73] : This is the main discriminating variable in most of the zero-
lepton channel signal regions. It is used to measure the masses of pair-produced semi-invisibly
decaying heavy particles. For two identical decays of heavy particles (e.g. the bottom squarks for
exclusive decays as b̃1 ! b�̃0

1) into two visible particles v1 and v2 (the b-quarks), and two invisible
particles X1 and X2 (the �̃0

1 for the signal), mCT is defined as
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with ET =
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p2
T + m2, and it has a kinematical endpoint at mmax
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X
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where i is the initially pair271

produced particle. This variable is extremely e↵ective in suppressing the top-quark pair production272

background (i = t, X = W), for which the endpoint is at 135 GeV.273

• min[mT(jet1�4, Emiss
T )] : It is the minimum transverse mass of the leading four jets and the Emiss

T in274

the event. For signal scenarios with low values of mmax
CT , this kinematic variable is an alternative275

discriminating variable to reduce the tt̄ background.276

• amT2: The asymmetric transverse mass [74, 75] is a kinematic variable which can be used to sep-
arate processes in which two decays giving missing transverse momentum occur and it is the main
discriminant observable in the one-lepton channel signal regions. The amT2 definition is based on
the stransverse mass (mT2) [76]:
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T represent the missing transverse277

momenta from the two decays, with a total missing transverse momentum, pmiss
T ; � is a free para-278

meter representing the unknown mass of the invisible particles – here assumed to be zero. The a279

in amT2 indicates that the two visible decay legs are asymmetric, i.e. not composed of the same280

particles.281
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amT2 is thus computed accordingly:287
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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

• Sensitivity	exceeds	1	
TeV in	favourable
scenarios.

• No	gaps	left	behind.

SB
O
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O
M

arXiv:	1708.09266



More	complex	decays

1	lepton	+	4	b-jets	(1l4b)
• Targets	Higgs	boson	hadronic	

decays	(bb)
• Major	SM	background	(ttbb)	

from	CR	fit
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3	leptons	+	1	b-jets	(3l1b)
• Targets	Z	boson	decays	to	

charged	leptons	
• Major	SM	backgrounds	(ttZ,	VV)	

from	CR	fit,	data-driven	fakes
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The	phenomenology	changes	if	more	particles	are	accessible.
• Decays	via	Z	and	Higgs	bosons	can	provide	additional	sensitivity.

JHEP08	(2017)	006



More	complex	decays

Statistical	
combination	of	
3l1b	and	1l4b	
selections

• Sensitivity	up	to	
about	900	GeV
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• c1 is	assumed	to	be	massless
• Dm(c2,c1)	>	m(h)
• 50%	BR	of	c2	to	Z	and	h	bosons

JHEP08	(2017)	006



More	realistic	models
What	if	the	top	squark	- neutralino model	is	too	simple?

• Set	of	pMSSM-inspired	models	with	a	non-minimal	ewk-ino
sector

• More	complex	decay	chains	than	Run	1	benchmarks	
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• Consider	both	top	and	bottom	squark	pair	
production.

• More	complex	phenomenology,	reduced	
sensitivity.

• Complementarity	between	1L	and	2L	searches
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Bino/Higgsino scenario
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0.10	<	Ωh2 <	0.12		

“Well-tempered	
neutralino”: satisfy	
naturalness	and	DM	
relic	density	constraints

• Reduced	sensitivity



R-Parity	Violating	models
R-parity	R	=	(-1)3B+L+2S is	a	discrete	multiplicative	symmetry.	
• SUSY	particles	must	be	produced	in	pairs

• The	Lightest	Supersymmetric	Particle	(LSP)	is	stable	(dark	matter)

20

Supersymmetry

SUSY searches with ATLAS Tina Potter – LHC Seminar 7

B, L, S: baryon, lepton, spin
+1 for SM particles, -1 for SUSY particles

PR = (−1)3 (B−L)+ 2S
R-Parity No reason to assume conservation of R-parity 

Can constrain proton decay with lepton or baryon 
   violating SUSY, but not both
LSP decays → no dark matter candidate

RPV

couplings
λ ,λ ' , λ ' '

RPV can be at the production vertex
 and/or at decay vertices

Long-lived SUSY particles can also arise from 
 - Heavy mediator sparticles e.g. Split SUSY
 - Mass degeneracy
 - Weak couplings

RPV also lead to 
non-prompt decays
if λ couplings are small 

The 
MSSM 
potential

No	reason	to	assume	conservation	of	R-parity
• Can	constrain	proton	decay	with	lepton	or	baryon	violating	

SUSY,	but	not	both



Fully	hadronic	RPV	stops

Targets	final	states	with	at	least four	jets

• Look	at	jet	pairs	that	minimise DRmin
• Major	SM	backgrounds	(QCD	multi-jet)	from	data-driven	

ABCD	method
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The analysis strategy exploits the case where the resonances are produced with a significant transverse
momentum. As a result the decay products are expected to be close-by. Taking advantage of this property,
candidate resonances are constructed by pairing the four leading jets in the event. Two jet pairs are
identified by minimizing the following quantity:

�Rmin =
X

i=1,2
|�Ri � 1|

where �Ri is the angular distance between the two jets for the ith pair and the sum is over the two pairs of
dijets. The o�set of �1 has been chosen to maximise the signal e�ciency for the masses of interest while
minimizing the e�ects of soft jets from radiated gluons being recombined with their parent jets in multijet
topologies.

The above criteria define the analysis preselection. Additional selections are applied to further enhance
the signal fraction. These are based on four discriminating variables established from simulation studies
and previous ATLAS searches [32, 35, 36].

To reduce the non-resonant multijet background, where the e�ciency of the pairing is expected to be
poor, a quality criterion is applied on the pairing metric. Resonances of larger masses are produced with a
lower boost, and their decay products are less collimated. To compensate for the larger (smaller) angular
separation between the jets at high mass (low mass) this requirement is made dependent on the average
mass of the two resonance candidates in the event, mavg. The event is discarded if the best combination of
the four leading jets satisfies:

�Rmin > �0.002 · (mavg/GeV � 225) + 0.72 if mavg  225 GeV
�Rmin > +0.0013 · (mavg/GeV � 225) + 0.72 if mavg > 225 GeV.

After boosting the system formed by the two resonances into its centre-of-mass frame, the cosine of the
angle that either of them forms with the beamline is defined as | cos(✓⇤) |. Background jets from multijet
production are frequently originating from t-channel gluon exchange and are preferentially produced in
the forward region, with | cos(✓⇤) | close to one. Jets originating from the signal are instead expected to
be more central and lead to small | cos(✓⇤) | values.

Since the two reconstructed resonances are expected to have equal mass, their mass di�erence is a powerful
discriminant between signal and background. The mass asymmetry (A) is defined as:

A = |m1 � m2 |
m1 + m2

.

where m1 and m2 are the invariant masses of the two reconstructed dijet pairs. A is expected to be close
to zero for well-paired signal events and is relatively constant for background events.

The distributions of �Rmin, A and | cos(✓⇤) | at preselection are shown for data, a top squark sample
with a mass of mt̃ = 500 GeV and a coloron sample with mass m⇢ = 1250 GeV in Fig. 2. Given
the very small signal purity expected before additional selections are applied, the data distribution can
be viewed as representative of the background expectation. Two additional requirements, of A < 0.05
and | cos(✓⇤) | < 0.3, define the inclusive signal region (SR), targeting resonance decays into light-quark
or gluons jets. The selections have been determined in an optimisation procedure that maximises the
expected signal significance.

6



Single-lepton	RPV	stops

Targets	final	states	with one	lepton	and	Njet >	8
• Sensitive	to	a	wide	range	of	BSM	physics	(not	just	stops)
• Major	SM	backgrounds	(tt,	W/Z+jets)	suffers	from	large	

theoretical	uncertainties,	from	data-driven	template	fit
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Di-lepton	RPV	stops
Target	events	with	2	leptons	and	2	jets	(at	least	one	b-tag)
• Look	at	bl pairs	that	minimise mbl asymmetry
• BR	to	lepton	flavours∝ to	neutrino	mass	hierarchy
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SR800 � 1 > 800 > 150 > 1000 > 300 –

SR1100 � 1 > 1100 > 150 > 1000 > 300 –

CRtt � 1 [200,500] < 150 [600,800] > 300 < 200

⇤

CRst = 2 [200,500] < 150 < 800 > 120 > 200

CRZ � 1 > 700 – > 1000 [76.2,106.2] –

VRm0
b` � 1 > 500 < 150 [600,800] > 300 –

VRm1
b`(rej) � 1 [200,500] > 150 [600,800] > 300 –

VRHT � 1 [200,500] < 150 > 800 > 300 –

VRZ = 0 [500,800] > 150 > 1000 > 300 –

ATLAS-CONF-2017-036

factors are applied to events to compensate for di�erences between data and MC simulation in the b-tagging
e�ciency for b-, c-, and light-jets.

To avoid reconstructing a single detector signature as multiple leptons or jets, an overlap removal procedure
is performed on baseline leptons and jets. The requirements are applied sequentially, and failing particles
are removed from consideration in the subsequent steps. If an electron and muon share a track in the
ID, the electron is removed. Any jet that is not b-tagged and is within a distance2 �R(`, jet)  0.20 of
a lepton is removed. If the jet is b-tagged, the lepton is removed instead in order to suppress leptons
from semi-leptonic decays of c- and b-hadrons. Finally, any lepton within �R(`, jet)  0.40 of a jet is
removed.

The identification, reconstruction, isolation, and trigger e�ciencies of electrons [65] and muons [66] in
MC simulation are corrected using events in data with leptonic Z and J/ decays. Similarly, corrections
to the b-tagging e�ciency and mis-tag rate in MC simulation are derived from various control regions in
data [75].

5 Event selection

To identify the pair production of scalar tops, events are required to have at least two leptons and two jets.
If more than two leptons or two jets are found, the objects with the highest pT are selected. At least one of
the two leading jets must be b-tagged. The selected leptons are required to have opposite charge, and one
of them must be consistent with the associated single-lepton trigger. This trigger requirement is highly
e�cient for signal events, with an e�ciency of 93% for the µµ channel and 98% for the ee channel.

The lepton–jet pair of each t̃ decay will roughly reconstruct the invariant mass mb` of the original t̃. In an
event with two leptons and two jets, two pairings are possible; one that reconstructs the correct t̃ masses,
and one which inverts the pairing and incorrectly reconstructs the masses. As the two masses should be
roughly equal, the pairing which minimizes the mass asymmetry between m0

b` and m1
b` is chosen, defined

as

masym
b` =

m0
b` � m1

b`

m0
b` + m1

b`

.

Here m0
b` is chosen to be the larger of the two masses. Events are further selected to have small mass

asymmetry masym
b` < 0.2. This reduces the contamination from background processes, whose random

pairings lead to a more uniform masym
b` distributions.

Two nested signal regions (SRs) are constructed to optimize the identification of signal over background
events. The signal regions are optimized using MC signal and background predictions, assuming t̃ decays
of Br(t̃ ! be) = Br(t̃ ! bµ) = 50%. A primary kinematic selection of the signal regions is on m0

b` ,
with SR800 requiring m0

b` > 800 GeV and SR1100 requiring m0
b` > 1100 GeV. By defining two signal

regions the sensitivity to high mass signals above 1.1 TeV is improved, while still allowing for sensitivity
to lower mass signals. Several other kinematic selections, common to both SRs, are defined to reduce the

2 The distance between two four-vectors is defined as �R =
p
(�⌘)2 + (��)2, where �⌘ is their distance in pseudorapidity and

�� is their azimuthal distance. The distance with respect to a jet is calculated from its central axis.

7



• Searches	for	sbottom and	stops	based	on	full	2015+2016	data	
(36	fb-1)	have	given	results	consistent	with	the	SM	
expectations.	

• Limits	on	the	3rd	generation	squark	masses	close	to	1	TeV for	
the	most	favourable scenarios

• Stringent	limits	obtained	in	pMSSM inspired	models,	yet	
some	part	of	the	parameter	space	is	still	uncovered.	

The	search	for	SUSY	continues!
• Exciting	results	ahead	with	the	full	Run	2	dataset

Summary
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Thanks	for	your	attention
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Higgsino scenario
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Sbottom results



~Higgsino scenario	(sbottom)
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The	Recursive	Jigsaw	Reconstruction	
provides	an	approximate	way	to	
solve	kinematic	ambiguities,	
assuming	a	known	decay	tree.

• unknown	longitudinal	momenta
• combinatorial	ambiguities
• kinematic	ambiguities	(from	

multiple	invisible	objects)

LAB

PP

aP

aV aI
bP

bV bI

Lab State

Decay States

Visible States

Invisible States

The	Recursive	Jigsaw
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• Each	decay	step	is	solved	by	
simultaneously	minimizing	the	
masses	of	two	daughter	
systems

• Boost	into	the	new	reference	
frame

• Split	the	invisible	momentum	
between	the	two

Kinematic	variables	are	built	to	
be	invariant	for	longitudinal	
boosts

7
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Compressed	spectrum
• Select	t1 pairs	recoiling	against	

initial-state	radiation	(ISR)

Selects	events	with	two isolated	
soft	leptons
• ETmiss>	200	GeV	
• pTISR>	150	GeV	

Exploit	ratios	to	suppress	hard	
processes.
• Challenging	estimation	of	fake	

and	non-prompt	leptons

Two	leptons	search

24
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4.1 Discriminators and kinematic variables

For the di�erent decay modes considered, dedicated sets of discriminating variables are used to separate
the signal from the SM backgrounds.

The missing transverse momentum and the pT of the leading leptons and jets are used to define three
useful ratio variables :

R1 = Emiss
T /(Emiss

T + pT(`1) + pT(`2) + pT( j1) + pT( j2)), (1)

R`` = Emiss
T /(pT(`1) + pT(`2)), (2)

and
R` j = Emiss

T /(Emiss
T + pT(`1) + pT(`2) +

X

i=1, ...,N 4
pT( ji )), (3)

where pT(`1) and pT(`2) are the leading and subleading lepton transverse momenta respectively and
pT( ji=1, ...,N 4) are the transverse momenta in decreasing order of up to the four leading jets. R1 and R``

are used to reject backgrounds, e.g. Z/�⇤ + jets, which peak at lower values than the signal. Similarly,
R` j is a powerful discriminant against multi-jet events.

Other variables employed are :

- p

``
T,boost: defined as the vector

p

``
T,boost = p

miss
T + pT(`1) + pT(`2). (4)

The p

``
T,boost variable, with magnitude p``T,boost, can be interpreted as the opposite of the vector sum

of all the transverse hadronic activity in the event.

- ��boost: the azimuthal angle between the p

miss
T vector and the p

``
T,boost vector.

- �x: defined as
�x =

2 · (pz(`1) + pz(`2))
ECM

(5)

where ECM = 13 TeV is used and pz(`1),pz(`2) are respectively the leading and subleading lepton
longitudinal momenta. This variable helps to discriminate between gluon and quark-initiated
processes. The former tend to peak towards zero, while the latter tend to peak at higher values.

- cos ✓b : the cosine of the angle between the direction of motion of either of the two leptons and the
beam axis in the centre-of-mass frame of the two leptons [53]. This variable is sensitive to the spin
of the pair-produced particle, providing additional rejection against diboson backgrounds.

- m``
T2 : lepton-based stransverse mass. The stransverse mass defined in [54, 55] is a kinematic

variable used to bound the masses of a pair of particles which have each decayed to a visible and an

7
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Complex	search	targeting	many	different	signal	scenarios
• Baseline	selection	requires	1	lepton,	4	jets,	b-jets,	high	mT

Single	lepton	search

Dedicated	CRs	
for:
• W+jets
• tt pairs
• single	top
• tt +	V
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Table 5: Overview of all signal regions together with the targeted signal scenario, benchmarks used for the optimi-
sation (with particle masses given in units of [GeV]), the analysis technique used for model-dependent exclusions,
and a reference to the table with the event selection details. For the wino NLSP scenario, sbottom pair production
(not shown) is also considered.

SR Signal scenario benchmark Exclusion technique Table

tN_med Pure bino LSP (t̃1 ! t �̃
0
1) m(t̃1, �̃0

1)=(600,300) shape-fit (Emiss
T ) 6

tN_high Pure bino LSP (t̃1 ! t �̃
0
1) m(t̃1, �̃0

1)=(1000,1) cut-and-count 6

tN_diag_low Pure bino LSP (t̃1 ! t �̃
0
1) m(t̃1, �̃0

1)=(190,17) BDT cut-and-count 7

tN_diag_med Pure bino LSP (t̃1 ! t �̃
0
1) m(t̃1, �̃0

1)=(250,62) BDT shape-fit 7

tN_diag_high Pure bino LSP (t̃1 ! t �̃
0
1) m(t̃1, �̃0

1)=(450,277) BDT shape-fit 7

bWN Pure bino LSP (t̃1 ! bW �̃0
1) m(t̃1, �̃0

1)=(350,230) shape-fit (amT2) 8

bffN Pure bino LSP (t̃1 ! b f f 0 �̃0
1) m(t̃1, �̃0

1)=(400,350) shape-fit (p`
T/E

miss
T ) 8

bC2x_med Wino NLSP (t̃1 ! b �̃
±
1 , t̃1 ! t �̃

0
2) m(t̃1, �̃±1 , �̃0

1)=(750,300,150) cut-and-count 9

bC2x_diag Wino NLSP (t̃1 ! b �̃
±
1 , t̃1 ! t �̃

0
2) m(t̃1, �̃±1 , �̃0

1)=(650,500,250) cut-and-count 9

bCbv Wino NLSP (t̃1 ! b �̃
±
1 , t̃1 ! t �̃

0
2) m(t̃1, �̃±1 , �̃0

1)=(700,690,1) cut-and-count 9

bCsoft_diag Higgsino LSP (t̃1 ! t �̃
0
1, t̃1 ! t �̃

0
2, t̃1 ! b �̃

±
1 ) m(t̃1, �̃±1 , �̃0

1)=(400,355,350) shape-fit (p`
T/E

miss
T ) 10

bCsoft_med Higgsino LSP (t̃1 ! t �̃
0
1, t̃1 ! t �̃

0
2, t̃1 ! b �̃

±
1 ) m(t̃1, �̃±1 , �̃0

1)=(600,205,200) shape-fit (p`
T/E

miss
T ) 10

bCsoft_high Higgsino LSP (t̃1 ! t �̃
0
1, t̃1 ! t �̃

0
2, t̃1 ! b �̃

±
1 ) m(t̃1, �̃±1 , �̃0

1)=(800,155,150) shape-fit (p`
T/E

miss
T ) 10

DM_low_loose spin-0 mediator (DM+t t̄) m(�/a, �)=(20,1) cut-and-count 11

DM_low spin-0 mediator (DM+t t̄) m(�/a, �)=(20,1) cut-and-count 11

DM_high spin-0 mediator (DM+t t̄) m(�/a, �)=(300,1) cut-and-count 11

on Emiss
T , mT, and Hmiss

T,sig. Furthermore, a requirement is placed on amT2 to reduce tt̄ backgrounds. An550

angular separation between the highest-pT b-tagged jet and the lepton, �R(b, `), is also required to further551

suppress tt̄ and W+jets backgrounds. The main background processes after all selection requirements are552

ttZ (⌫⌫), dileptonic tt̄ and W+heavy flavor processes.553

The tN_med SR is designed to have sensitivity to the t̃1 ! t �̃0
1 signature across a wide spectrum of t̃1554

and �̃0
1 masses. The tN_high SR targets the scenario when the mass splitting between the t̃1 and �̃0

1 is555

very large, hence the top-quarks in the final state tend to have a large pT and the decay products can be556

reconstructed as a single reclustered jet.557

For the tN_med SR, a shape-fit technique is employed, with the SR subdivided in bins of Emiss
T , which558

allows for improved sensitivity in model-dependent exclusion fits over the cut-and-count analysis.559

7.1.2 Compressed t̃
1
! t + �̃0

1 decay560

For the compressed region with mt̃1
⇡ mt+m �̃0

1
, three BDT selections (tN_diag_low, tN_diag_med, and561

tN_diag_high) target di�erent t̃1 masses. The selections for the three SRs are summarised in Table 7.562

Low t̃
1

mass For t̃1 masses close to the top-quark mass a BDT is trained for the tN_diag_low signal563

region. The preselection is based on the low-Emiss
T selection in Table 4.564
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Beyond	Simplified	Models

35

Results	are	also	interpreted	in	more	realistic	models.
• pMSSM models	that	include	more	complex	decay	chains
• Bino/higgsino ->	satisfy	naturalness	and	DM	relic	density
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