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Stop searches

some excess ?

Solving hierarchy problem requires top partner: stop

current status (Bino LSP: tt+missing) CMS-PAS-SUS-16-028

CMS-PAS-SUS-16-029
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up to ~800 excluded ?



Excess in stop search in ATLAS 1 lepon + Emiss?

rather large excesses found in three SR'sATLAS 1 lep stop search

SR1: defined at 8TeV analysis and also found some excess at that time.

bC2x_diag: 100% 

DM_low: the most significant excess ~ 3.3 sigma 

Similar selection cuts. Note that they are NOT statistically independent.



DM_low at ATLAS

3.3 sigma excess observed : 35 observed for 17 ± 2 expected  

Aiming for simplified top-philic models.



Interpreting the excess by stop pair production

Simplified model based on simple BR assumption analyzed by ATLAS/CMS

In this work, considering R-handed stops for simplicity (avoid sbottom limit)
We consider a slightly complicated BRÕs with natural set-up

Only focus on DM_low (we have checked the others also satisfied)

CMS boosted top [CMS-PAS- SUS-16-030] : top-tagging
CMS hadronic [CMS-PAS- SUS-16-029] : conventional search in 0 lepton 
ATLAS 1-lepton itself [ATLAS-CONF-2016-050] : the other signal regions.

CMS 1-lepton : similar to ATLAS 1 lep for the limit
ATLAS/CMS 2-lepton : weak

 not considered
ATLAS 0lep: similar or weaker than CMS

other searches (we demand within 95% C.L. limit)Constraints:
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Interpreting the excess by stop pair production
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ATLAS/CMS 2-lepton : weak

 not considered
ATLAS 0lep: similar or weaker than CMS
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Closer look at DM_low and other SRÕs



Bino LSP
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Bino LSP

assumption most commonly analysed

We almost could reproduce  
  the CMS_hadronic, ATLAS 1lepton



Bino LSP
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Bino LSP

assumption most commonly analysed

ATLAS 1lep: most of the points inconsistent  
                                 but still some degenerate region surviving 

CMS boosted top : very strong, almost all excluded 

For points consistent in DM_low

avoiding two boosted top required 



Higgsino LSP

Natural SUSY
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CMS_boosted limit shrinks : tt contribution suppressed 1/4

1lep signal/constraints also shrinks : 1/2  

CMS_hadronic constraints remain strong : no suppression



Higgsino + Bino LSP

the more compressed, the more b-BR enhanced

150 GeV 50~80% 50~20%

increase lepton activity

100%

1. Still can find parameter space consistent with the signal at 2sigma level. 

 2. To explain the excess, a light stop is favored (600-850 GeV) !  better fine tuning

one-step more decay will solve the problem

(BRÕs for stop~700 GeV)
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Higgsino + Bino LSP
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different mass parameters can be distinguished by the kinematics variable distributions
lower missing ET and MT is preferred.   lets see in future !
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Dark matter abundance

Bino-LSP will overclose the universe

R-parity violation to give up DM

slepton (stau) co-annihilation !m~ 5 GeV

3.  inserting slepton doesnÕt change the topology100%

÷!
~5 GeV H � H̃ � B̃

1

2
gYy! tan ! !

~ 12 % fortan ! = 10
~3% fortan ! = 5

BR(H̃+ ! !̃ )

Also the decay products would be soft.

even for stau case, 

from



Direct detection
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Higgsino-Bino

the Higgsino-Bino mixing would make LSP sensitive by Direct-Detection 

the more compressed Higgsino-Bino will give the more mixing in LSP

have to be mixed

However, sign(M_1/mu)<1 has blind spots, where no constraints applied
(might be able to probe them in future)



Other possibilities

stop_R no coupling to wino, mixed stop case would be ok

yt
2

3
gY

similar to model D  
but smaller W BR

interesting depends on mixing 
multilepton?



Summary

To explain the excess by stop production, we need a natural SUSY framework,  
and the stop mass is just around the preferred region from the fine-tuning view point.

LetÕs wait for new data!

1. we can find parameter space consistent with the signal at 2" level 

3.  inserting slepton doesnÕt change the topology, slepton co-annihilation works

2. light stop is favored (600-850 GeV) !  better fine tuning

4.  future dark matter direct detection experiments might be able to also probe them

5.  other variants might be also interesting/good enough

We recast the signal regions reported by ATLAS and CMS for the extended stop models



Supersymmetric ttH production 

   in collaboration with Kazuki Sakurai and Dorival Goncalves



Stop search

some excess ?

Solving hierarchy problem requires top partner: stop

current status (Bino LSP: tt+missing) CMS-PAS-SUS-16-028

CMS-PAS-SUS-16-029
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Natural SUSY

natural spectrum: light higgsino and light stop 

BR has info in stop/neutralino sector

Higgsino-LSP preferable
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Natural SUSY

natural spectrum: light higgsino and light stop 

BR has info in stop/neutralino sector

÷H ±
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t 50% b 50%

Higgsino LSP

too soft to observe

Higgsino-LSP preferable

! 0
1, ! 0

2, ! ±
1 degenerate

depending on decay mode, search strategy differs "

bb + missing 
 (sbottom search)

estimate
mt̃ & 800GeV



Natural SUSY

natural spectrum: light higgsino and light stop 

Moreover, consider higgsino and stop naturally degenerate

#

Higgsino-LSP preferable

! 0
1, ! 0

2, ! ±
1 degenerate



Natural SUSY

natural spectrum: light higgsino and light stop 

÷H ±
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Higgsino LSP

too soft to observe

b 100%t!

essentially we cannot observe any stop decay products 

Moreover, consider higgsino and stop naturally degenerate

#

Higgsino-LSP preferable

! 0
1, ! 0

2, ! ±
1 degenerate
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stop-coannihilaiton



Stop search (degenerate)

today's focus: degenerate mass spectrum

current status

mono-jet search: sensitive to this region
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soft jets

soft jets

ISR jet

essentiallyE/ T}

mt̃ ⇠ m�

$



mono-jet search

simple strategy

÷t

÷t!

!

!

soft jets

soft jets

ISR jet

essentiallyE/ T}
arXiv:1604.07773

BG: Z+jets 

%



mono-jet search

however, the same signal expected for whatever with a degenerate spectrum
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soft jets

ISR jet

essentiallyE/ T}÷q
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soft jets

soft jets

ISR jet

essentiallyE/ T}
arXiv:1604.07773

gluino, squark, other simplified model, for whatever sensitive

simple strategy BG: Z+jets 

%http://arxiv.org/pdf/1409.2893.pdf

http://arxiv.org/pdf/1409.2893.pdf


mono-jet search

gluino, squark, other simplified model, for whatever sensitive

ATLAS-CONF-2016-078

(ATLAS-CONF-2015-062)
(1605.03814)

however, the same signal expected for whatever with a degenerate spectrum
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soft jets

ISR jet

essentiallyE/ T}÷q
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soft jets

ISR jet

essentiallyE/ T}÷g
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http://arxiv.org/pdf/1409.2893.pdf %

http://arxiv.org/pdf/1409.2893.pdf


mono-jet search

whatever particles degenerate with DM can be probed

= we cannot distinguish among the particles assumption

Good

Bad

cross section       suppressed↵S

whatever particles degenerate with DM can be probed

large QCD BG (Z + jets)

robust prediction based on QCD (only depends on mass, color, spin)

also sensitive for degenerate stop

&



tøt 13TeV

SUSY ttH process

motivation: Natural susy (light higgsino + stop) 

top yukawa is large, 3body production is not so small

can access to stop/neutralino mixing information

same relation between tt and ttH (tt for top mass, ttH for top yukawa.)

SUSY

H

t

øt
direct measurement of the coupling

÷t! t÷h0
u [D. Goncalves, K. Sakurai, MT arXiv:1604.03938]
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interestingly,                : no dependence on stop mixing: 

yt TR Hu Q3L in super potential ! t̃Rh̃utL, tRh̃ut̃L
✓t̃

(sin2 ! ÷t + cos2 ! ÷t = 1)

! (t̃1t" 0
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tøt 13TeV

SUSY ttH process

motivation: Natural susy (light higgsino + stop) 

top yukawa is large, 3body production is not so small

same relation between tt and ttH (tt for top mass, ttH for top yukawa.)

SUSY

H

t

øt
direct measurement of the coupling

÷t! t÷h0
u

but depend on neutralino mixing matrix:N14, N24 (h̃u in �0
1,�

0
2)

measuring                              to access LSP nature                 ! (÷t1t" 0
1(2) ) = R! ÷h R ' |N14|2 + |N24|2

sin2 �
higgsino measure:  (! ÷h : pure higgsino limit)

[D. Goncalves, K. Sakurai, MT arXiv:1604.03938]

interestingly,                : no dependence on stop mixing: 

yt TR Hu Q3L in super potential ! t̃Rh̃utL, tRh̃ut̃L
✓t̃

(sin2 ! ÷t + cos2 ! ÷t = 1)

! (t̃1t" 0
1(2))

can access to stop/neutralino mixing information



New signature: mono-top

consider even degenerate case

mt̃ ⇠ m�

[D. Goncalves, K. Sakurai, MT arXiv:1604.03938]
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New signature: mono-top

 interesting signature: mono-top

often considered in top flavor violation
J. Andrea, B. Fuks,  F. Maltoni

mono-top with no flavor violation,  
kinematically suppressed

essentiallyE/ T

!
soft jets

} !

[D. Goncalves, K. Sakurai, MT arXiv:1604.03938]

(

consider even degenerate case

mt̃ ⇠ m�



New signature: mono-top

 interesting signature: mono-top

essentiallyE/ T

!
soft jets

} !

combine mono-jet and mono-top allow to access

both stop mass        and higgsino measure Rm÷t

[D. Goncalves, K. Sakurai, MT arXiv:1604.03938]

(

often considered in top flavor violation
J. Andrea, B. Fuks,  F. Maltoni

mono-top with no flavor violation,  
kinematically suppressed

consider even degenerate case

mt̃ ⇠ m�



invisible stop decay

* soft-activity might be able to use [A. Chakraborty, S. Chakraborty, T. S. Roy 1606.07826]
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Search strategy

(pT,j > 30GeV)

focus on easiest channel (              )  Baseline: nj  3nb = 1n! = 1t ! + E/ T

[D. Goncalves, K. Sakurai, MT arXiv:1604.03938]

))



Search strategy
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Search strategy
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Search strategy
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sensitivity [D. Goncalves, K. Sakurai, MT arXiv:1604.03938]

13TeV 3fb-1

up to 380 GeV sensitive

new mono jet data out (13TeV 3fb-1)

using best SR with bestS/
p
B with S/B > 0.1

[M.Low, L.T.Wang JHEP08(2014)161]
finally up to 500 GeV 

)!



sensitivity [D. Goncalves, K. Sakurai, MT arXiv:1604.03938]

13TeV 3fb-1

L-handed stop case almost the same

using best SR with bestS/
p
B with S/B > 0.1

up to 380 GeV sensitive

new mono jet data out (13TeV 3fb-1)

[M.Low, L.T.Wang JHEP08(2014)161]
finally up to 500 GeV 
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! b = ! 0.41, ! ! = 1 bottom: backward, lepton: forward

> 0 

more prominent in boosted regime

               : no dependence on stop mixing: ✓t̃! (t̃1t" 0
1(2))

sensitive for L-R, or✓t̃ )"



Hadronic channel
large Emiss, large boost needed -> Top Tagging (HEPTopTagger)

)#

[D. Goncalves, K. Sakurai, MT arXiv:1610.06179]
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FIG. 1: Mono-jet event topologies channel from t̃1 pair production (left) and mono-top from supersymmetric tt̄H process
(right). The grey dashed lines represent invisible particles, while the thin grey lines represent particles that are too soft to
be observed. The strong coupling and the top Yukawa coupling are denoted as ↵s and Yt, respectively.

• Since it requires at least one high pT QCD jet, the cross section is suppressed by the QCD coupling, ↵s(µ),
approximately at the scale of the pT cut, >⇠ O(100) GeV.

• There is a large QCD dijet background where one of the jets is badly mismeasured. Because of this and the
above reason, the limit obtained from the mono-jet channel is rather weak: m÷t1

>⇠ 320 GeV for ! m÷t1 ! ÷! 0
1
<⇠ 15

GeV [74, 76, 77]. The limit deteriorates if the mass di" erence increases since the b-quark from the t̃1 ! b�̃±
1

decay starts to be visible. For example, the limit is weakened to m÷t1
>⇠ 200 GeV for ! m÷t1 ! ÷! 0

1
>⇠ 50 GeV

[74, 76, 77].

• The signal is entirely controlled by QCD interactions, hence the available information is limited. For example,
even in the presence of an excess, it would be very di# cult to find out what types of particles are produced
and how they decay as we would only observe the jets from QCD radiation.

In this paper we point out that a large collision energy of 13 TeV LHC opens up the possibility of observing
the stop-top-higgsino production process, pp ! t̃1t�̃

0
1(2) ,

2 providing an additional handle for the compressed stop-

higgsino region in Natural SUSY. This process is nothing but a supersymmetric counter part of the tt̄H process,
and analogously to the tt̄H it is crucial to directly probe the interaction between stops and higgsinos. Because
the stop is essentially invisible as its decay products are too soft to be observed in the compressed region, the
process leads to a distinctive mono-top signature as depicted in the right panel of Fig. 1. The mono-top signature
has been actively studied mainly in the context of the flavour violating models [79–86]. The process discussed in
this paper, however, does not belong to this type since the mono-top nature emerges due to the kinematics of the
stop’s decay products. In contrast to the mono-jet channel, this process has the following advantages.

• Despite a large mass of the system, the production rate is not too small because the stop-top-higgsino
interaction is proportional to the top Yukawa coupling, Yt.

• The QCD multijet background can be controlled by requiring an isolated lepton from top-quark decays.

• The process contains rich information on the stop and neutralino sectors. For example, as will be shown
in the next section, the production cross section depends dominantly on the up-type higgsino components
in the neutralinos.3 On the other hand, the structure of the stop mixing can be probed by looking at the
kinematic distributions of the b-jet and the lepton from the top-quark decay as we will see in section IV.

Despite the first two points, we will see that the sensitivity of the mono-top channel is not greater than the
conventional mono-jet channel.Hence the mono-top may not be useful as a discovery channel. However, as we will

2This process was Þrst studied in [78]. We consider both ÷t !
1t ÷! 0

i and ÷t1øt ÷! 0
i but simply write ÷t1t ÷! 0

i .
3The details of the neutralino sector may also be probed via the pp ! ÷q÷! 0

1 process if squarks are light and ÷! 0
1 is gaugino-like [87, 88].
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Summary

)$

Natural SUSY: light stop, light higgsino !  degenerate: mono-jet signature

mono-jet signature cannot identify the produced particle

hadronic mode sensitivity higher than leptonic mode 
very generic statement Ñ the reason why fully hadronic mode set strongest limits 
it would be more true at 100 TeV collider, boosted objects help a lot !

We propose mono-top signature via         for additional information.t t̃ !̃
We can probe LSP nature (higgsino component), stop mixing through

pT, !

pT,b

Boosted objects ubiquitous at LHC and more at 100 TeV

boost helps to solve combinatorics, restrict kinematics

jet is not massless, jet substructure nowadays understood analytically 

lots of applications for new physics searches, as most sensitive phase space 
expected to have large boost


