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Everything is natural; if it weren’t, it wouldn’t be.
                         M. Bateson
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Figure 5: Combined exclusion limits in the q̃� g̃mass plane for various values of the �̃0
1 LSP mass. Three

hypotheses for the neutralino LSP mass are shown, in red, green and blue for mLSP = 0, 195 and 395 GeV
respectively. Observed limits are shown by solid lines, whereas expected limits are dashed. The lines of
no exclusion at low squark or gluino masses in the mLSP > 0 cases appear because models with mg̃,mq̃

below the �̃0
1 mass are not generated. Existing constraints from the Tevatron [15] and LEP [16] experi-

ments are also shown. However, the Tevatron limits were derived in the context of CMSSM/MSUGRA
models with a fixed mass ratio between the gluino/squark and neutralino, and are not directly comparable
with the models defined by ATLAS.
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Avoiding mSUSY > TeV

• R-parity violation?

• Stealth susy?

• Compressed susy?  (ISR?)

• bottom-up natural spectrum!

→ Csaba’s talk

→ Matt’s talk

→ this talk



• Bottom-up naturalness reminder

• What are the limits?



h = linear combination of fields whose
vev breaks EW symmetry

how light should they be?

a general, bottom-up criterion: 

there should not be large cancellations in the quadratic term of the 
higgs potential

V = m2
H |h|2 + �

4
|h|4 m2

h = �v2 = �2m2
H

consider the potential in the direction that gets a VEV:

� =
2|�m2

H |
m2

h

measures fine-tuning



Natural EWSB & MSSM
Fine-tuning of (Higgs mass)2

m2
Z

2
= �|µ|2 �

m2
Hu

tan2 � �m2
Hd

tan2 � � 1

⇡ �|µ|2 �m2
Hu

� �m2
Hu



Natural EWSB & SUSY
Fine-tuning of (Higgs mass)2



Natural EWSB & SUSY
Fine-tuning of (Higgs mass)2

Higgsinos



Natural EWSB & SUSY
Fine-tuning of (Higgs mass)2

of naturalness can be reduced to a one-dimensional problem as in the Standard Model

V = m2
H |H|2 + �|H|4 (1)

where m2
H will be in general a linear combination of the various masses of the Higgs fields.

Each contribution to �m2
H to the Higgs mass naturally should be of the order or less than m2

H

itself. Therefore �m2
H/m2

H should not be large. By using m2
h = �2m2

H one usually defines

as a measure of fine-tuning
Barbieri:1987fn,Kitano:2006gv
[? ? ]

� ⌘ 2�m2
H

m2
h

(2)

where m2
h is the Higgs boson physical mass in the decoupling regime, or some linear com-

bination of the physical neutral Higgs bosons in fully mixed scenarios. As it is well known,

increasing the physical Higgs boson mass (i.e.the quartic coupling) alleviates the fine-tuning.

In a SUSY theory at tree level m2
H will include the µ term. Given the size of the top

mass, the soft mass of Higgs field coupling to the up-type quarks mHu is (quite model

independently) also among them. Whether the soft mass for the down-type Higgs, mHd
or

other soft terms in an extended Higgs sector should be as light as µ and mHu is instead a

model dependent question, and a heavier mHd
can even lead to improvements

Dine:1997qj,Csaki:2008sr
[? ? ]. The

phenomenological key point for direct searches for SUSY particles is therefore the lightness

of the Higgsinos since their mass is directly controlled by µ

µ <⇠ 190 GeV
✓

mh

120 GeV

◆ 
��1

20%

!�1/2

(3)

At loop level there are additional constraints. The Higgs potential in a SUSY theory

is corrected by both gauge and Yukawa interactions, the largest contribution coming from

the top-stop loop. In extensions of the MSSM there will also be corrections coming from

Higgs self-interactions, that can be important for large values of the couplings. The radiative

corrections to m2
H proportional to the top Yukawa coupling read

�m2
H |stop = � 3

8⇡2
y2
t

⇣
m2

U3
+ m2

Q3
+ |At|2

⌘
log

✓
⇤

TeV

◆
(4) eq:der1

at one loop in the leading logarithmic approximation, that is su�cient for the current dis-

cussion
?
[? ]. Here ⇤ denotes the scale at which SUSY breaking e↵ects are mediated to the

Supersymmetric SM. Since the soft parameters m2
U3,Q3

, At control the stop spectrum, as it

5

is well known, the requirement of a natural Higgs potential sets an upper bound on the stop

masses. In particular one has

q
m2

t̃1
+ m2

t̃2
<⇠ 600 GeV

sin �

(1 + x2
t )1/2

 
log (⇤/ TeV)

3

!�1/2 ✓
mh

120 GeV

◆ 
��1

20%

!�1/2

(5)

where we defined xt = At/
q

m2
t̃1

+ m2
t̃2
. Eq.

eq:ft-stopeq:ft-stop
?? poses a bound on the heaviest stop mass.

Moreover, for a fixed Higgs boson mass, a hierarchical stop spectrum induced by a large o↵-

diagonal term At tend to worsen the fine-tuning due to the direct presence of At in the r.h.s.

of eq.
eq:stop-1loopeq:stop-1loop
??. All the other radiative contributions to the Higgs potential from the other SM

particles pose much weaker bounds on the supersymmetric spectrum. The only exception is

the gluino that induces a large mass correction to the top squarks at 1-loop and feeds at two

loops in the Higgs potential. One finds, in the LL approximation

�m2
H |gluino = � 2

⇡2
y2
t

✓
↵s

⇡

◆
|M3|2 log2

✓
⇤

TeV

◆
(6)

where M3 is the gluino mass and we have neglected the mixed AtM3 contributions that can

be relevant for large A-terms. From the previous equation the gluino mass is bounded from

above by naturalness to be

M3
<⇠ 890 GeV sin �

 
log (⇤/ TeV)

3

!�1 ✓
mh

120 GeV

◆ 
��1

20%

!�1/2

(7)

In case of Dirac gauginos there is only one power of the logarithm1 in eq.
eq:gluinoeq:gluino
??, leading to a

bound get ameliorated by a factor of (log (⇤/ TeV))1/2, i.e., roughly 1.4 TeV for the choice

of parameters above.

For completeness, we give also the upper bounds on the other gauginos:

(M1, M2) <⇠ (2.7 TeV, 870 GeV)

 
log (⇤/ TeV)

3

!�1/2 ✓
mh

120 GeV

◆ 
��1

20%

!�1/2

(8)

the bino is clearly much less constrained, while the wino is as constrained as the gluino

only for low scale mediation models. For the squarks and sleptons there is only a significant

bound from the D-term contribution, if Tr(Yim
2
i ) 6= 0, and it is in the 5 � 10 TeV range.

MP: maybe move this paragraph in the model implication section.

1 The other logarithm gets traded into a logarithm of the ratio of soft masses. We assume it to be O(1),

but in principle can be tuned to provide further suppression.

6

1loop

2loop

stops, sbottomL

gluino

Higgsinos



EW-inos: 

�M2
H |bino =

3

8⇡2

g02

3
M2

1 ln
⇤

TeV

�M2
H |wino =

3

8⇡2
g2M2

2 ln
⇤

TeV



Can be light,
but don’t have
to

A Natural Spec)um
M

1 TeV

500 GeV

(

(

)

)

w̃

B̃

t̃1

t̃2

b̃L

Closeness to Higgs

g̃

h̃0
1

h̃0
2

h̃+µ

Would I prefer a factor of 3 lower?

General “bottom-up” viewpoint

The “Nuclear Family” 
of the Higgs

q̃1,2 b̃R l̃

“Distant 
Cousins”

Bottom-up natural spectrum

Fig. from L.Hall’s talk



A Natural Spec)um
M

1 TeV

500 GeV

(

(

)

)

w̃

B̃

t̃1

t̃2

b̃L

Closeness to Higgs

g̃

h̃0
1

h̃0
2

h̃+µ

Would I prefer a factor of 3 lower?

General “bottom-up” viewpoint

The “Nuclear Family” 
of the Higgs

q̃1,2 b̃R l̃

“Distant 
Cousins”

Bottom-up natural spectrum

Fig. from L.Hall’s talk



A Natural Spec)um
M

1 TeV

500 GeV

(

(

)

)

w̃

B̃

t̃1

t̃2

b̃L

Closeness to Higgs

g̃

h̃0
1

h̃0
2

h̃+µ

Would I prefer a factor of 3 lower?

General “bottom-up” viewpoint

The “Nuclear Family” 
of the Higgs

q̃1,2 b̃R l̃

“Distant 
Cousins”

Can be heavier
or lighter than
the stops

Bottom-up natural spectrum

Fig. from L.Hall’s talk



bottom up naturalness

Kitano and Nomura 2006.

µ2 . (200 GeV)2
✓

20%
��1

◆ ⇣ mhiggs

120 GeV

⌘

M2
3 . (700 GeV)

2 1

1�At/2M3

✓
20%

�

�1

◆ ✓
3

log ⇤/mt̃

◆2 ⇣ mhiggs

120 GeV

⌘2

m2
t̃ . (400 GeV)

2 1

1 + A2
t /2m2

t̃

✓
20%

�

�1

◆ ✓
3

log ⇤/mt̃

◆ ⇣ mhiggs

120 GeV

⌘2

Thursday, September 29, 2011

bottom up naturalness quantified

2

 Kagan, Dine, Leigh ’93; Dimopoulos, Giudice ’95; Cohen, 
Kaplan, Nelson ’96; … Perelstein/Spethman ’07



Current status

Squarks1,2 > 0.8 -1 TeV>⇠

Gluino > 0.7-0.9 TeV>⇠



Current status

Squarks1,2 > 0.8 -1 TeV>⇠

Gluino > 0.7-0.9 TeV>⇠

For natural spectrum
need to split 1,2 vs. 3rd
generation squarks



Existing limits on Stops and sbottoms
• Tevatron:

• Stops can still be light (even 120-180 GeV) 

• Sbottoms should be > 250 GeV 

Tevatron limits on stops / sbottoms

7
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CDF and D0 experiments at the Tevatron in Run II [4] [5],
and from LEP [29] experiments at CERN with squark mixing
angle θ = 0o. The hatched area indicates the kinematically
prohibited region in the plane.
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FIG. 3: (color online). (a) The 95% C.L. expected (dashed line) and observed (points plus solid line) limits on σ × B2 as
a function of mLQ for the pair production of third-generation leptoquarks where B is the branching fraction to bν. The
theory band is shown in grey with an uncertainty range as discussed in the text. The long-dashed line indicates the expected
suppression of σ × B2 above the tτ threshold for equal bν and tτ couplings. (b) The 95% C.L. exclusion contour in the
(mb̃1

,mχ̃0
1
) plane. Also shown are results from previous searches at LEP [23] and the Tevatron [7, 24].

expected from known SM processes. We set limits on
the cross section multiplied by square of the branching
fraction B to the bν final state as a function of lepto-
quark mass. These results are interpreted as mass limits
and give a limit of 247 GeV for B = 1 for the produc-
tion of charge-1/3 third-generation scalar leptoquarks.
We also exclude the production of bottom squarks for
a range of values in the (mb̃1

,mχ̃0
1
) mass plane such as

mb̃1
> 247 GeV for mχ̃0

1
= 0 and mχ̃0

1
> 110 GeV for

160 < mb̃1
< 200 GeV. These limits significantly extend

previous results.
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FIG. 3: (color online). (a) The 95% C.L. expected (dashed line) and observed (points plus solid line) limits on σ × B2 as
a function of mLQ for the pair production of third-generation leptoquarks where B is the branching fraction to bν. The
theory band is shown in grey with an uncertainty range as discussed in the text. The long-dashed line indicates the expected
suppression of σ × B2 above the tτ threshold for equal bν and tτ couplings. (b) The 95% C.L. exclusion contour in the
(mb̃1

,mχ̃0
1
) plane. Also shown are results from previous searches at LEP [23] and the Tevatron [7, 24].

expected from known SM processes. We set limits on
the cross section multiplied by square of the branching
fraction B to the bν final state as a function of lepto-
quark mass. These results are interpreted as mass limits
and give a limit of 247 GeV for B = 1 for the produc-
tion of charge-1/3 third-generation scalar leptoquarks.
We also exclude the production of bottom squarks for
a range of values in the (mb̃1

,mχ̃0
1
) mass plane such as

mb̃1
> 247 GeV for mχ̃0

1
= 0 and mχ̃0

1
> 110 GeV for

160 < mb̃1
< 200 GeV. These limits significantly extend

previous results.
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Figure 4: Observed and expected 95% C.L. exclusion limits in the (mg̃,mb̃1
) plane. Also shown

are the 68% and 99%C.L. expected exclusion curves. For each point in the plot, the signal region
selection providing the best expected limit is chosen. The neutralino mass is set to 60 GeV. The
result is compared to previous results from ATLAS and CDF searches which assume the same
gluino-sbottom decays hypotheses. Exclusion limits from the CDF and D0 experiments on
direct sbottom pair production are also shown.

are heavier than the gluino, which decays exclusively into three-body final states (bb̄!̃01 ) via
an off-shell sbottom. Such a scenario can be considered complementary to the previous one.
The exclusion limits obtained on the (mg̃,m!̃01

) plane are shown in Figure 5 for gluino masses

above 200 GeV. For each combination of masses, the analysis providing the best expected limit
is chosen. The selection 3JD leads to the best sensitivity for gluino masses above 400 GeV
and %M(g̃− !̃01 ) > 100 GeV. At low %M(g̃− !̃01 ), soft b-jets spectra and low EmissT are expected,
giving higher sensitivity to the signal regions 3JA and 3JB are preferred. Low gluino mass
scenarios present moderate meff and high b-jet multiplicity, thus favouring signal region 3JC.
Neutralinomasses below 200-250 GeV are excluded for gluinomasses in the range 200-660 GeV,
if %M(g̃− !̃01 ) >100 GeV.
The results can be generalised in terms of 95% C.L. upper cross section limits for gluino-

like pair production processes with produced particles decaying into bb̄!̃01 final states. The
cross section upper limits versus the gluino and neutralino mass are also given in Figure 5.
The results are finally employed to extract limits on the gluino mass in the two SO(10)

scenarios, DR3 and HS. Gluino masses below 570 GeV are excluded for the DR3 model. In this
case g̃→ bb̄!̃01 decays dominate up to gluino masses of 550 GeV: above this range, high BR for
different decay modes decrease the sensitivity of the selected final states. A lower sensitivity,
mg̃ < 450GeV, is found for theHSmodel, where larger branching ratios of g̃→ bb̄!̃02 are expected
and the efficiency of the selection is reduced with respect to the DR3 case (m

!̃02
≈ 2×m

!̃01
).

7 Conclusions

An update on the search for supersymmetry in final states with missing transverse momen-
tum, b-jet candidates and no isolated leptons in proton-proton collisions at 7 TeV is presented.
The results are based on data corresponding to an integrated luminosity of 0.83 fb−1 collected
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) plane for gluino masses above 200 GeV. For each scenario, the signal region

selection providing the best expected limit is chosen.
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during 2011 by the ATLAS experiment at the LHC. Events with at least three energetic jets,
large EmissT and at least one b-tagged jet are selected in four signal regions based on the number
of b-tagged jets (≥1 or ≥2 b-jets) and on the value of effective mass (>500 or >700 GeV). The
dominant Standard Model backgrounds are estimated from Monte Carlo simulation and are
validated with data.
No excess above the expectation from Standard Model processes is found. The results are

used to exclude parameter regions in various R-parity conserving SUSY models. Under the
assumption that the lightest squark b̃1 is produced via gluino-mediated processes or direct pair
production and decays exclusively via b̃1 → b!̃0, gluino masses below 720 GeV are excluded
with 95% C.L. for sbottom masses up to 600 GeV using theCLs approach. This extends the pre-
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Stop with 1 Lepton+b-Jets: Interpretation

• MSSM scenario considering both g̃ g̃ and t̃1 t̃
⇤
1 production

• Mass spectrum:

� All quarks heavier than
gluino except stop with
mg̃ > mt̃1

+ mt

� m
�̃±1
' 2m�̃0

1� m�̃0
1

= 60 GeV

• Decays:

� BR(g̃ ! t̃1t) = 1
� BR(t̃1 ! b�̃±1 ) = 1

� BR(�̃±1 ! �̃0
1`
±⌫)=11%

 [GeV]g~m
300 350 400 450 500 550 600 650 700 750 800

 [G
eV

]
1t~m

200

300

400

500

600

700
 ±

1
χ∼ b+→1t

~+t,  1t
~ → g~ production, 1t

~-1t
~ + g~-g~  = 7 TeVs, -1 Ldt = 2.05 fb∫

1-lepton, 4 jets
 PreliminaryATLAS

)0
1
χ∼ 2 m(≈) ±

1
χ∼) = 60 GeV , m(0

1
χ∼m(

)g~) >> m(1,2q~m(

t forbidden

1t~ → g~

 observed limit (95% C.L.)sCL
 expected limit (95% C.L.)sCL

σ1± limit sExpected CL
)-1Observed ATLAS (35 pb

• For each signal point, the signal region with best expected sensitivity is used

• Gluino masses below 620 GeV are excluded for stop masses up to 440 GeV

37

Stop Production at the LHC

• Similarly to the case of sbottom, stop squarks can also be
produced at LHC by either direct production or gluino
mediated production

• Final state with several top
or bottom quarks and neutralinos

• Signature: b-jets, Emiss
T , one

or several leptons, light jets

• Two di↵erent approaches in ATLAS:

� Analysis with exactly 1 lepton+b-jets:

• Exploiting the b-jets in top decays
• Mostly sensitive to gluino-mediated stop

production

� Analysis with 2 same-sign leptons:

• Not using b-tagging information
• Very low SM background
• Only sensitive to gluino-mediated stop

production
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ATLAS CMS

channel L [fb�1] ref. channel L [fb�1] ref.

jets + /ET

2-4 jets 1.04 [1] ↵T 1.14 [11]

6-8 jets 1.34 [2] HT , /HT 1.1 [12]

b-jets (+ l’s + /ET )

1b, 2b 0.83 [3] mT2 (+ b) 1.1 [13]

b + 1l 1.03 [4] 1b, 2b 1.1 [14]

b0b0 ! b + l±l±, 3l 1.14 [15]

t0t0 ! 2b + l+l� 1.14 [16]

multilepton (+ /ET )

1l 1.04 [5] 1l 1.1 [17]

µ±µ± 1.6 [6] SS dilepton 0.98 [18]

tt̄ ! 2l 1.04 [7] OS dilepton 0.98 [19]

tt̄ ! 1l 1.04 [8] Z ! l+l� 0.98 [20]

4l 1.02 [9] 3l, 4l + /ET 2.1 [21]

2l 1.04 [10] 3l, 4l 2.1 [22]

TABLE I: Searches by ATLAS and CMS, with about 1 fb�1, for signatures that are produced by

models of natural supersymmetry. We have categorized the searches into three categories, (1) fully

hadronic, (2) heavy flavor, with or without leptons, and (3) multileptons without heavy flavor. The

searches with blue labels have not been used by experimentalists to set limits on supersymmetry,

but we have included them because they overlap with SUSY signature space. We have simulated

all of the above searches and included them in our analysis, with the exception of the searches with

red labels, which were released while we were finalizing this study. We explored the possibility of

using the CMS search for t0 in the lepton plus jets channel [23], however this search uses a kinematic

fit on signal plus background and does not report enough information for us to extrapolate this fit

to other signals.

at or above 900 GeV � 1 TeV, imposing strong constraints on flavor universal models, as

explained in the previous section. There are however ways out of this result, as can be seen

from the CMS simplified model summary plot [53], which presents the dependence of the

CMS limits on the Lightest Supersymmetric Particle (LSP) mass: the bounds get obviously
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s = 7 TeV proton-proton collisions
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Abstract

CERN-PH-EP-2011-145

A search for squarks and gluinos in events containing jets, missing transverse momentum and no electrons or muons is presented.
The data were recorded in 2011 by the ATLAS experiment in

√
s = 7 TeV proton-proton collisions at the Large Hadron Collider.

No excess above the Standard Model background expectation is observed in 1.04 fb−1 of data. Gluino and squark masses below
700 GeV and 875 GeV respectively are excluded at the 95% confidence level in simplified models containing only squarks of the
first two generations, a gluino octet and a massless neutralino. The exclusion limit increases to 1075 GeV for squarks and gluinos of
equal mass. In MSUGRA/CMSSM models with tan β = 10, A0 = 0 and µ > 0, squarks and gluinos of equal mass are excluded for
masses below 950 GeV. These limits extend the region of supersymmetric parameter space excluded by previous measurements.

1. Introduction

Many extensions of the Standard Model (SM) include heavy
coloured particles, some of which could be accessible at the
Large Hadron Collider (LHC) [1]. The squarks and gluinos of
supersymmetric (SUSY) theories [2] are one class of such par-
ticles. This Letter presents a new ATLAS search for squarks
and gluinos in final states containing only jets and large miss-
ing transverse momentum. This final state can be generated
by a large number of R-parity conserving models [3] in which
squarks, q̃, and gluinos, g̃, can be produced in pairs {g̃g̃, q̃q̃, q̃g̃}
and can decay via q̃→ qχ̃0

1 and g̃→ q  qχ̃0
1 to weakly interacting

neutralinos, χ̃0
1, which escape the detector unseen. The analysis

presented here is based on a purely hadronic selection; events
with reconstructed electrons or muons are vetoed to avoid over-
lap with a related ATLAS search [4]. This updated analysis
uses 1.04 fb−1of data recorded in 2011 and extends the sensi-
tivity of the previous search described in Ref. [5] by including
final state topologies with at least four jets, rather than three as
before. The statistical analysis benefits from an improved tech-
nique which uses a combined likelihood fit across all the control
regions used to determine the background contributions, in or-
der to take into account correlations among the measurements.
The search strategy is optimised for maximum discovery reach
in the (mg̃,mq̃)-plane for a set of simplified models in which
all other supersymmetric particles (except for the lightest neu-
tralino) are assigned masses beyond the reach of the LHC. Cur-
rently, the most stringent limits on squark and gluino masses
are obtained at the LHC [4, 5, 6].

2. The ATLAS Detector and Data Samples

The ATLAS detector [7] is a multipurpose particle physics
apparatus with a forward-backward symmetric cylindrical ge-

ometry and nearly 4π coverage in solid angle.1 The layout
of the detector is dominated by four superconducting mag-
net systems, which comprise a thin solenoid surrounding the
inner tracking detectors and three large toroids supporting a
large muon spectrometer. The calorimeters are of particu-
lar importance to this analysis. In the pseudorapidity region
|η| < 3.2, high-granularity liquid-argon (LAr) electromagnetic
(EM) sampling calorimeters are used. A steel-scintillator tile
calorimeter provides hadronic coverage over |η| < 1.7. The
end-cap and forward regions, spanning 1.5 < |η| < 4.9, are
instrumented with LAr calorimetry for both EM and hadronic
measurements.

The data used in this analysis were collected in the first half
of 2011 with the LHC operating at a centre-of-mass energy
of 7 TeV. Application of beam, detector and data-quality re-
quirements resulted in a total integrated luminosity of 1.04 ±
0.04 fb−1 [8]. The main trigger required events to contain a
leading jet with a transverse momentum (pT), measured at the
raw electromagnetic scale, above 75 GeV and missing trans-
verse momentum above 45 GeV. The details of the trigger spec-
ifications varied throughout the data-taking period, partly as a
consequence of the rapidly increasing LHC luminosity. The ef-
ficiency of the trigger is> 98 % for events selected by the offline
analysis. The average number of proton-proton interactions per
bunch crossing in the data sample was approximately six.

3. Object Reconstruction

The requirements used to select jets and leptons (objects)
are chosen to give sensitivity to a range of SUSY models. Jet

1 ATLAS uses a right-handed coordinate system with its origin at the nomi-
nal interaction point in the centre of the detector and the z-axis along the beam
pipe. Cylindrical coordinates (r, φ) are used in the transverse plane, φ being the
azimuthal angle around the beam pipe. The pseudorapidity η is defined in terms
of the polar angle θ as η = − ln tan(θ/2).

Preprint submitted to Physics Letters B September 30, 2011

Example:
jets+ MET 1.041/fb
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The data used in this analysis were collected in the first half
of 2011 with the LHC operating at a centre-of-mass energy
of 7 TeV. Application of beam, detector and data-quality re-
quirements resulted in a total integrated luminosity of 1.04 ±
0.04 fb−1 [8]. The main trigger required events to contain a
leading jet with a transverse momentum (pT), measured at the
raw electromagnetic scale, above 75 GeV and missing trans-
verse momentum above 45 GeV. The details of the trigger spec-
ifications varied throughout the data-taking period, partly as a
consequence of the rapidly increasing LHC luminosity. The ef-
ficiency of the trigger is> 98 % for events selected by the offline
analysis. The average number of proton-proton interactions per
bunch crossing in the data sample was approximately six.

3. Object Reconstruction
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Example:
jets+ MET 1.041/fb

candidates are reconstructed using the anti-kt jet clustering al-
gorithm [9, 10] with a distance parameter of 0.4. The inputs
to this algorithm are three-dimensional clusters of calorime-
ter cells [11] seeded by those with energy significantly above
the measured noise. Jet momenta are constructed by perform-
ing a four-vector sum over these cell clusters, treating each as
an (E, !p) four-vector with zero mass. These jets are corrected
for the effects of calorimeter non-compensation and inhomo-
geneities by using pT and η-dependent calibration factors based
on Monte Carlo (MC) and validated with extensive test-beam
and collision-data studies [12]. Furthermore, the reconstructed
jet is modified such that the jet direction points to the primary
vertex, defined as the vertex with the highest summed track p2

T,
instead of the geometrical centre of the ATLAS detector. Only
jet candidates with corrected transverse momenta pT > 20 GeV
are subsequently retained. For 84% of the data used, a tempo-
rary electronics failure in the LAr barrel calorimeter created a
dead region in the second and third longitudinal layers, approx-
imately 1.4 × 0.2 in ∆η × ∆φ, in which on average 30% of the
incident jet energy is lost. The impact on the reconstruction ef-
ficiency for pT > 20 GeV jets is found to be negligible. If any
of the four leading jets fall into this region the event is rejected,
causing a loss of signal acceptance which is smaller than 15%
for the models considered here.

Electron candidates are required to have pT > 20 GeV, have
|η| < 2.47, and pass the ‘medium’ shower shape and track se-
lection criteria of Ref. [13]. Muon candidates [13] are required
to have pT > 10 GeV and |η| < 2.4. Since no use is made of
tau-lepton candidates in this analysis, in the following the term
lepton will refer only to electrons and muons.

The measurement of the missing transverse momentum two-
dimensional vector !P miss

T (and its magnitude Emiss
T ) is then

based on the transverse momenta of all electron and muon can-
didates, all jets which are not also electron candidates, and all
calorimeter clusters with |η| < 4.5 not associated to such ob-
jects.

Following the steps above, overlaps between candidate jets
with |η| < 2.8 and leptons are resolved using the method of
Ref. [14] as follows. First, any such jet candidate lying within
a distance ∆R =

√

(∆η)2 + (∆φ)2 = 0.2 of an electron is dis-
carded: then any electron or muon candidate remaining within
a distance ∆R = 0.4 of any surviving jet candidate is discarded.
Next, all jet candidates with |η| > 2.8 are discarded. Thereafter,
the electron, muon and jet candidates surviving this procedure
are considered as “reconstructed”, and the term “candidate” is
dropped.

4. Event Selection

Following the object reconstruction described above, events
are discarded if they contain any electrons or muons with pT >
20 GeV, or any jets failing quality selection criteria designed to
suppress detector noise and non-collision backgrounds (see e.g.
Ref. [15]), or if the reconstructed primary vertex is associated
with fewer than five tracks.

In order to achieve maximal reach over the (mg̃,mq̃)-plane,
five signal regions are defined. Squarks typically generate

Signal Region ≥ 2-jet ≥ 3-jet ≥ 4-jet High mass
Emiss

T > 130 > 130 > 130 > 130
Leading jet pT > 130 > 130 > 130 > 130
Second jet pT > 40 > 40 > 40 > 80
Third jet pT – > 40 > 40 > 80
Fourth jet pT – – > 40 > 80
∆φ(jet, !P miss

T )min > 0.4 > 0.4 > 0.4 > 0.4
Emiss

T /meff > 0.3 > 0.25 > 0.25 > 0.2
meff > 1000 > 1000 > 500/1000 > 1100

Table 1: Criteria for admission to each of the five overlapping signal regions
(meff , Emiss

T and pT in GeV). All variables are defined in Section 4. The meff is
defined with a variable number of jets, appropriate to each signal region. In the
high mass selection, all jets with pT > 40 GeV are used to compute the meff
value used in the final cut. The ∆φ cut is only applied up to the third leading
jet.

at least one jet in their decays, for instance through q̃ →
qχ̃0

1, while gluinos typically generate at least two, for instance
through g̃ → q  qχ̃0

1. Processes contributing to q̃q̃, q̃g̃ and g̃g̃ fi-
nal states therefore lead to events containing at least two, three
or four jets, respectively. Cascade decays of heavy particles
tend to increase the final state multiplicity. Four signal re-
gions characterized by increasing jet multiplicity requirements
are therefore defined as shown in Table 1, with the leading jet
having pT > 130 GeV, and other jets pT > 40 GeV. The ef-
fective mass, meff, is calculated as the sum of Emiss

T and the
magnitudes of the transverse momenta of the two, three or four
highest pT jets used to define the signal region. Two four-jet
signal regions are defined requiring meff > 500 GeV (opti-
mised for small mass differences between SUSY mass states)
and meff > 1000 GeV (optimised for higher mass differences).
In addition, a fifth ‘high mass’ signal region is derived from the
four-jet sample, with more stringent requirements on the pT of
the non-leading jets (> 80 GeV) and on meff (> 1100 GeV),
in order to give maximal reach in the SUSY mass spectrum.
For this latter signal region the transverse momenta of all jets
with pT > 40 GeV are used to compute meff . In Table 1,
∆φ(jet, !P miss

T )min is the smallest of the azimuthal separations be-
tween !P miss

T and jets with pT > 40 GeV (all reconstructed jets
up to a maximum of three, in descending order of pT). Re-
quirements on ∆φ(jet, !P miss

T )min and Emiss
T /meff are designed to

reduce the background from multi-jet processes.

5. Backgrounds, Simulation and Normalisation

Standard Model background processes contribute to the
event counts in the signal regions. The dominant sources are:
W+jets, Z+jets, top pair, single top, and multi-jet produc-
tion. Non-collision backgrounds have been found to be neg-
ligible. The majority of the W+jets background is composed of
W → τν events, or W → eν, µν events in which no electron or
muon candidate is reconstructed. The largest part of the Z+jets
background comes from the irreducible component in which
Z → ν ν decays generate large Emiss

T . Hadronic τ decays in

2

signal bins



Bgd’s are left to the 
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Process
Signal Region

≥ 2-jet ≥ 3-jet
≥ 4-jet, ≥ 4-jet,

High mass
meff > 500 GeV meff > 1000 GeV

Z/γ+jets 32.3 ± 2.6 ± 6.9 25.5 ± 2.6 ± 4.9 209 ± 9 ± 38 16.2 ± 2.2 ± 3.7 3.3 ± 1.0 ± 1.3

W+jets 26.4 ± 4.0 ± 6.7 22.6 ± 3.5 ± 5.6 349 ± 30 ± 122 13.0 ± 2.2 ± 4.7 2.1 ± 0.8 ± 1.1

t  t+ single top 3.4 ± 1.6 ± 1.6 5.9 ± 2.0 ± 2.2 425 ± 39 ± 84 4.0 ± 1.3 ± 2.0 5.7 ± 1.8 ± 1.9

QCD multi-jet 0.22 ± 0.06 ± 0.24 0.92 ± 0.12 ± 0.46 34 ± 2 ± 29 0.73 ± 0.14 ± 0.50 2.10 ± 0.37 ± 0.82

Total 62.4 ± 4.4 ± 9.3 54.9 ± 3.9 ± 7.1 1015 ± 41 ± 144 33.9 ± 2.9 ± 6.2 13.1 ± 1.9 ± 2.5

Data 58 59 1118 40 18

Table 2: Fitted background components in each SR, compared with the number of events observed in data. The Z/γ+jets background is constrained with control
regions CR1a and CR1b, the QCD multi-jet, W and top quark backgrounds by control regions CR2, CR3 and CR4, respectively. In each case the first (second)
quoted uncertainty is statistical (systematic). Background components are partially correlated and hence the uncertainties (statistical and systematic) on the total
background estimates do not equal the quadrature sums of the uncertainties on the components.

Signal / Control Region

CR1a CR1b CR2 CR3 CR4 SR

Data 8 7 34 15 12 18

Targeted background Z/γ+jets Z/γ+jets QCD multi-jet W+jets t  t + single top –

Transfer factor 0.374 0.812 0.063 0.196 0.372 –

Fitted Z/γ+jets 8.3 5.8 0.7 0.5 0.0 3.3

Fitted QCD multi-jet – – 29.8 0.8 0.6 2.1

Fitted W+jets – – 0.5 10.0 0.4 2.1

Fitted t  t + single top – 0.0 3.0 3.7 11.0 5.7

Fitted total background 8.3 5.9 34.0 15.0 12.0 13.1

Statistical uncertainty ±2.7 ±1.2 ±5.8 ±3.9 ±3.5 ±1.9

Systematic uncertainty ±0.6 ±1.7 ±0.1 ±0.1 ±0.2 ±2.5

Table 3: Numerical inputs (i.e. the observed numbers of events in data) to and outputs from the likelihood fit to the control regions for the high mass channel. The
transfer factor listed in the fourth row applies to the main targeted background for that CR, as listed in the third row. An entry ‘–’ in rows 5–7 indicates that the
process in that row is assumed not to contribute to the control region (based on Monte Carlo studies) and hence is excluded from the fit. All numerical entries give
event counts, with the exception of the transfer factors in the fourth row.
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regions CR1a and CR1b, the QCD multi-jet, W and top quark backgrounds by control regions CR2, CR3 and CR4, respectively. In each case the first (second)
quoted uncertainty is statistical (systematic). Background components are partially correlated and hence the uncertainties (statistical and systematic) on the total
background estimates do not equal the quadrature sums of the uncertainties on the components.

Signal / Control Region

CR1a CR1b CR2 CR3 CR4 SR

Data 8 7 34 15 12 18

Targeted background Z/γ+jets Z/γ+jets QCD multi-jet W+jets t  t + single top –

Transfer factor 0.374 0.812 0.063 0.196 0.372 –

Fitted Z/γ+jets 8.3 5.8 0.7 0.5 0.0 3.3

Fitted QCD multi-jet – – 29.8 0.8 0.6 2.1

Fitted W+jets – – 0.5 10.0 0.4 2.1

Fitted t  t + single top – 0.0 3.0 3.7 11.0 5.7

Fitted total background 8.3 5.9 34.0 15.0 12.0 13.1

Statistical uncertainty ±2.7 ±1.2 ±5.8 ±3.9 ±3.5 ±1.9

Systematic uncertainty ±0.6 ±1.7 ±0.1 ±0.1 ±0.2 ±2.5

Table 3: Numerical inputs (i.e. the observed numbers of events in data) to and outputs from the likelihood fit to the control regions for the high mass channel. The
transfer factor listed in the fourth row applies to the main targeted background for that CR, as listed in the third row. An entry ‘–’ in rows 5–7 indicates that the
process in that row is assumed not to contribute to the control region (based on Monte Carlo studies) and hence is excluded from the fit. All numerical entries give
event counts, with the exception of the transfer factors in the fourth row.
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SUSY particles on their decay chains. In regions of parameter
space with small mass splittings between states, the modelling
of initial state radiation can affect the signal significance. This
modelling is taken from HERWIG without modification.
In the limit of light neutralinos, with the assumption that the

coloured sparticles are directly produced and decay directly to
jets and χ̃01, the limits on the gluino and squark masses are ap-
proximately 700 GeV and 875 GeV respectively for squark or
gluino masses below 2 TeV, rising to 1075 GeV if the squarks
and gluinos are assumed to be mass-degenerate. These limits
remain essentially unchanged if the χ̃01 mass is raised as high
as 200 GeV. In the case of a specific SUSY-breaking scenario,
i.e. CMSSM/MSUGRA with tan β = 10, A0 = 0, µ > 0, the
limit on m1/2 reaches 460 GeV for low values of m0, and equal
mass squarks and gluinos are excluded below 950 GeV. The use
of signal selections sensitive to larger jet multiplicities than in
[5] has improved the ATLAS reach at large m0. The five sig-
nal regions are used to set limits on σnew = σAε, for non-SM
cross-sections (σ) for which ATLAS has an acceptance A and a
detection efficiency of ε [44]. The excluded values of σnew are
22 fb, 25 fb, 429 fb, 27 fb and 17 fb, respectively, at the 95%
confidence level.

8. Summary

This Letter reports a search for new physics in final states
containing high-pT jets, missing transverse momentum and no
electrons or muons with pT > 20 GeV. Data recorded by the
ATLAS experiment a the LHC, corresponding to an integrated
luminosity of 1.04 fb−1 have been used. Good agreement is
seen between the numbers of events observed in the five signal
regions and the numbers of events expected from SM sources.
The exclusion limits placed on non-SM cross sections impose
new constraints on scenarios with novel physics.
The results are interpreted in both a simplified model con-

taining only squarks of the first two generations, a gluino octet
and a massless neutralino, as well as in MSUGRA/CMSSM
models with tan β = 10, A0 = 0 and µ > 0. In the sim-
plified model, gluino and squark masses below 700 GeV and
875 GeV respectively are excluded at the 95% confidence level
for squark or gluino masses below 2 TeV, with the limit increas-
ing to 1075 GeV for equal mass squarks and gluinos. In the
MSUGRA/CMSSM models, equal mass squarks and gluinos
are excluded below 950 GeV.
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 “Only” need efficiency x Acceptance
 of the signal bins for your model… 

Process
Signal Region

≥ 2-jet ≥ 3-jet
≥ 4-jet, ≥ 4-jet,

High mass
meff > 500 GeV meff > 1000 GeV
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Table 2: Fitted background components in each SR, compared with the number of events observed in data. The Z/γ+jets background is constrained with control
regions CR1a and CR1b, the QCD multi-jet, W and top quark backgrounds by control regions CR2, CR3 and CR4, respectively. In each case the first (second)
quoted uncertainty is statistical (systematic). Background components are partially correlated and hence the uncertainties (statistical and systematic) on the total
background estimates do not equal the quadrature sums of the uncertainties on the components.
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Table 3: Numerical inputs (i.e. the observed numbers of events in data) to and outputs from the likelihood fit to the control regions for the high mass channel. The
transfer factor listed in the fourth row applies to the main targeted background for that CR, as listed in the third row. An entry ‘–’ in rows 5–7 indicates that the
process in that row is assumed not to contribute to the control region (based on Monte Carlo studies) and hence is excluded from the fit. All numerical entries give
event counts, with the exception of the transfer factors in the fourth row.

5

SUSY particles on their decay chains. In regions of parameter
space with small mass splittings between states, the modelling
of initial state radiation can affect the signal significance. This
modelling is taken from HERWIG without modification.
In the limit of light neutralinos, with the assumption that the

coloured sparticles are directly produced and decay directly to
jets and χ̃01, the limits on the gluino and squark masses are ap-
proximately 700 GeV and 875 GeV respectively for squark or
gluino masses below 2 TeV, rising to 1075 GeV if the squarks
and gluinos are assumed to be mass-degenerate. These limits
remain essentially unchanged if the χ̃01 mass is raised as high
as 200 GeV. In the case of a specific SUSY-breaking scenario,
i.e. CMSSM/MSUGRA with tan β = 10, A0 = 0, µ > 0, the
limit on m1/2 reaches 460 GeV for low values of m0, and equal
mass squarks and gluinos are excluded below 950 GeV. The use
of signal selections sensitive to larger jet multiplicities than in
[5] has improved the ATLAS reach at large m0. The five sig-
nal regions are used to set limits on σnew = σAε, for non-SM
cross-sections (σ) for which ATLAS has an acceptance A and a
detection efficiency of ε [44]. The excluded values of σnew are
22 fb, 25 fb, 429 fb, 27 fb and 17 fb, respectively, at the 95%
confidence level.

8. Summary

This Letter reports a search for new physics in final states
containing high-pT jets, missing transverse momentum and no
electrons or muons with pT > 20 GeV. Data recorded by the
ATLAS experiment a the LHC, corresponding to an integrated
luminosity of 1.04 fb−1 have been used. Good agreement is
seen between the numbers of events observed in the five signal
regions and the numbers of events expected from SM sources.
The exclusion limits placed on non-SM cross sections impose
new constraints on scenarios with novel physics.
The results are interpreted in both a simplified model con-

taining only squarks of the first two generations, a gluino octet
and a massless neutralino, as well as in MSUGRA/CMSSM
models with tan β = 10, A0 = 0 and µ > 0. In the sim-
plified model, gluino and squark masses below 700 GeV and
875 GeV respectively are excluded at the 95% confidence level
for squark or gluino masses below 2 TeV, with the limit increas-
ing to 1075 GeV for equal mass squarks and gluinos. In the
MSUGRA/CMSSM models, equal mass squarks and gluinos
are excluded below 950 GeV.
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SUSY particles on their decay chains. In regions of parameter
space with small mass splittings between states, the modelling
of initial state radiation can affect the signal significance. This
modelling is taken from HERWIG without modification.
In the limit of light neutralinos, with the assumption that the

coloured sparticles are directly produced and decay directly to
jets and χ̃01, the limits on the gluino and squark masses are ap-
proximately 700 GeV and 875 GeV respectively for squark or
gluino masses below 2 TeV, rising to 1075 GeV if the squarks
and gluinos are assumed to be mass-degenerate. These limits
remain essentially unchanged if the χ̃01 mass is raised as high
as 200 GeV. In the case of a specific SUSY-breaking scenario,
i.e. CMSSM/MSUGRA with tan β = 10, A0 = 0, µ > 0, the
limit on m1/2 reaches 460 GeV for low values of m0, and equal
mass squarks and gluinos are excluded below 950 GeV. The use
of signal selections sensitive to larger jet multiplicities than in
[5] has improved the ATLAS reach at large m0. The five sig-
nal regions are used to set limits on σnew = σAε, for non-SM
cross-sections (σ) for which ATLAS has an acceptance A and a
detection efficiency of ε [44]. The excluded values of σnew are
22 fb, 25 fb, 429 fb, 27 fb and 17 fb, respectively, at the 95%
confidence level.

8. Summary

This Letter reports a search for new physics in final states
containing high-pT jets, missing transverse momentum and no
electrons or muons with pT > 20 GeV. Data recorded by the
ATLAS experiment a the LHC, corresponding to an integrated
luminosity of 1.04 fb−1 have been used. Good agreement is
seen between the numbers of events observed in the five signal
regions and the numbers of events expected from SM sources.
The exclusion limits placed on non-SM cross sections impose
new constraints on scenarios with novel physics.
The results are interpreted in both a simplified model con-

taining only squarks of the first two generations, a gluino octet
and a massless neutralino, as well as in MSUGRA/CMSSM
models with tan β = 10, A0 = 0 and µ > 0. In the sim-
plified model, gluino and squark masses below 700 GeV and
875 GeV respectively are excluded at the 95% confidence level
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Process
Signal Region

≥ 2-jet ≥ 3-jet
≥ 4-jet, ≥ 4-jet,

High mass
meff > 500 GeV meff > 1000 GeV

Z/γ+jets 32.3 ± 2.6 ± 6.9 25.5 ± 2.6 ± 4.9 209 ± 9 ± 38 16.2 ± 2.2 ± 3.7 3.3 ± 1.0 ± 1.3

W+jets 26.4 ± 4.0 ± 6.7 22.6 ± 3.5 ± 5.6 349 ± 30 ± 122 13.0 ± 2.2 ± 4.7 2.1 ± 0.8 ± 1.1

t  t+ single top 3.4 ± 1.6 ± 1.6 5.9 ± 2.0 ± 2.2 425 ± 39 ± 84 4.0 ± 1.3 ± 2.0 5.7 ± 1.8 ± 1.9

QCD multi-jet 0.22 ± 0.06 ± 0.24 0.92 ± 0.12 ± 0.46 34 ± 2 ± 29 0.73 ± 0.14 ± 0.50 2.10 ± 0.37 ± 0.82

Total 62.4 ± 4.4 ± 9.3 54.9 ± 3.9 ± 7.1 1015 ± 41 ± 144 33.9 ± 2.9 ± 6.2 13.1 ± 1.9 ± 2.5

Data 58 59 1118 40 18

Table 2: Fitted background components in each SR, compared with the number of events observed in data. The Z/γ+jets background is constrained with control
regions CR1a and CR1b, the QCD multi-jet, W and top quark backgrounds by control regions CR2, CR3 and CR4, respectively. In each case the first (second)
quoted uncertainty is statistical (systematic). Background components are partially correlated and hence the uncertainties (statistical and systematic) on the total
background estimates do not equal the quadrature sums of the uncertainties on the components.

Signal / Control Region

CR1a CR1b CR2 CR3 CR4 SR

Data 8 7 34 15 12 18

Targeted background Z/γ+jets Z/γ+jets QCD multi-jet W+jets t  t + single top –

Transfer factor 0.374 0.812 0.063 0.196 0.372 –

Fitted Z/γ+jets 8.3 5.8 0.7 0.5 0.0 3.3

Fitted QCD multi-jet – – 29.8 0.8 0.6 2.1

Fitted W+jets – – 0.5 10.0 0.4 2.1

Fitted t  t + single top – 0.0 3.0 3.7 11.0 5.7

Fitted total background 8.3 5.9 34.0 15.0 12.0 13.1

Statistical uncertainty ±2.7 ±1.2 ±5.8 ±3.9 ±3.5 ±1.9

Systematic uncertainty ±0.6 ±1.7 ±0.1 ±0.1 ±0.2 ±2.5

Table 3: Numerical inputs (i.e. the observed numbers of events in data) to and outputs from the likelihood fit to the control regions for the high mass channel. The
transfer factor listed in the fourth row applies to the main targeted background for that CR, as listed in the third row. An entry ‘–’ in rows 5–7 indicates that the
process in that row is assumed not to contribute to the control region (based on Monte Carlo studies) and hence is excluded from the fit. All numerical entries give
event counts, with the exception of the transfer factors in the fourth row.
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SUSY particles on their decay chains. In regions of parameter
space with small mass splittings between states, the modelling
of initial state radiation can affect the signal significance. This
modelling is taken from HERWIG without modification.
In the limit of light neutralinos, with the assumption that the

coloured sparticles are directly produced and decay directly to
jets and χ̃01, the limits on the gluino and squark masses are ap-
proximately 700 GeV and 875 GeV respectively for squark or
gluino masses below 2 TeV, rising to 1075 GeV if the squarks
and gluinos are assumed to be mass-degenerate. These limits
remain essentially unchanged if the χ̃01 mass is raised as high
as 200 GeV. In the case of a specific SUSY-breaking scenario,
i.e. CMSSM/MSUGRA with tan β = 10, A0 = 0, µ > 0, the
limit on m1/2 reaches 460 GeV for low values of m0, and equal
mass squarks and gluinos are excluded below 950 GeV. The use
of signal selections sensitive to larger jet multiplicities than in
[5] has improved the ATLAS reach at large m0. The five sig-
nal regions are used to set limits on σnew = σAε, for non-SM
cross-sections (σ) for which ATLAS has an acceptance A and a
detection efficiency of ε [44]. The excluded values of σnew are
22 fb, 25 fb, 429 fb, 27 fb and 17 fb, respectively, at the 95%
confidence level.

8. Summary

This Letter reports a search for new physics in final states
containing high-pT jets, missing transverse momentum and no
electrons or muons with pT > 20 GeV. Data recorded by the
ATLAS experiment a the LHC, corresponding to an integrated
luminosity of 1.04 fb−1 have been used. Good agreement is
seen between the numbers of events observed in the five signal
regions and the numbers of events expected from SM sources.
The exclusion limits placed on non-SM cross sections impose
new constraints on scenarios with novel physics.
The results are interpreted in both a simplified model con-

taining only squarks of the first two generations, a gluino octet
and a massless neutralino, as well as in MSUGRA/CMSSM
models with tan β = 10, A0 = 0 and µ > 0. In the sim-
plified model, gluino and squark masses below 700 GeV and
875 GeV respectively are excluded at the 95% confidence level
for squark or gluino masses below 2 TeV, with the limit increas-
ing to 1075 GeV for equal mass squarks and gluinos. In the
MSUGRA/CMSSM models, equal mass squarks and gluinos
are excluded below 950 GeV.
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Compare limits

16 10 Summary and Conclusions

As a reference to other searches for SUSY, we interpret results in search region 1 in the context of
CMSSM model. The observed upper limits on the number of signal events reported in Section 8
are compared to the expected number of events in the CMSSM model in a plane of (m0, m1/2)
for tan � = 10, A0 = 0, and µ > 0. All points with mean expected values above this upper
limit are interpreted as excluded at the 95% CL. The observed exclusion region for the high-pT
dilepton selection is displayed in Fig. 5. The shaded region represents the uncertainty on the
position of the limit due to an uncertainty on the production cross section of CMSSM resulting
from PDF uncertainties and the NLO cross section uncertainty estimated from varying the
renormalization scale by a factor of two. The expected exclusion region is approximately the
same as the observed one. An exclusion region based on our previous analysis [9] is also shown
for a comparison. The new result extends to gluino masses of 825 GeV in the region with similar
values of squark masses and extends to gluino masses of 675 GeV for higher squark masses.
This can be compared to the exclusion of just around 500 GeV in the previous analysis. The
result for the inclusive dilepton selection is also shown in Fig. 6.
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Figure 5: Exclusion region in the CMSSM corresponding to the observed upper limit of 3.0
events in the search region 1 of the high-pT dilepton selections. The result of the previous analy-
sis [9] is shown to illustrate the improvement since.
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We have searched for new physics with same-sign dilepton events in the ee, µµ, eµ, e�, µ�, and
�� final states, and have seen no evidence for an excess over the background prediction. The �
leptons referred to here are reconstructed via their hadronic decays.
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are the 68% and 99%C.L. expected exclusion curves. For each point in the plot, the signal region
selection providing the best expected limit is chosen. The neutralino mass is set to 60 GeV. The
result is compared to previous results from ATLAS and CDF searches which assume the same
gluino-sbottom decays hypotheses. Exclusion limits from the CDF and D0 experiments on
direct sbottom pair production are also shown.

are heavier than the gluino, which decays exclusively into three-body final states (bb̄!̃01 ) via
an off-shell sbottom. Such a scenario can be considered complementary to the previous one.
The exclusion limits obtained on the (mg̃,m!̃01

) plane are shown in Figure 5 for gluino masses

above 200 GeV. For each combination of masses, the analysis providing the best expected limit
is chosen. The selection 3JD leads to the best sensitivity for gluino masses above 400 GeV
and %M(g̃� !̃01 ) > 100 GeV. At low %M(g̃� !̃01 ), soft b-jets spectra and low EmissT are expected,
giving higher sensitivity to the signal regions 3JA and 3JB are preferred. Low gluino mass
scenarios present moderate meff and high b-jet multiplicity, thus favouring signal region 3JC.
Neutralinomasses below 200-250 GeV are excluded for gluinomasses in the range 200-660 GeV,
if %M(g̃� !̃01 ) >100 GeV.
The results can be generalised in terms of 95% C.L. upper cross section limits for gluino-

like pair production processes with produced particles decaying into bb̄!̃01 final states. The
cross section upper limits versus the gluino and neutralino mass are also given in Figure 5.
The results are finally employed to extract limits on the gluino mass in the two SO(10)

scenarios, DR3 and HS. Gluino masses below 570 GeV are excluded for the DR3 model. In this
case g̃! bb̄!̃01 decays dominate up to gluino masses of 550 GeV: above this range, high BR for
different decay modes decrease the sensitivity of the selected final states. A lower sensitivity,
mg̃ < 450GeV, is found for theHSmodel, where larger branching ratios of g̃! bb̄!̃02 are expected
and the efficiency of the selection is reduced with respect to the DR3 case (m

!̃02
⇡ 2⇥m

!̃01
).
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ATLAS CMS

channel L [fb�1] ref. channel L [fb�1] ref.

jets + /ET

2-4 jets 1.04 [1] ↵T 1.14 [11]

6-8 jets 1.34 [2] HT , /HT 1.1 [12]

b-jets (+ l’s + /ET )

1b, 2b 0.83 [3] mT2 (+ b) 1.1 [13]

b + 1l 1.03 [4] 1b, 2b 1.1 [14]

b0b0 ! b + l±l±, 3l 1.14 [15]

t0t0 ! 2b + l+l� 1.14 [16]

multilepton (+ /ET )

1l 1.04 [5] 1l 1.1 [17]

µ±µ± 1.6 [6] SS dilepton 0.98 [18]

tt̄ ! 2l 1.04 [7] OS dilepton 0.98 [19]

tt̄ ! 1l 1.04 [8] Z ! l+l� 0.98 [20]

4l 1.02 [9] 3l, 4l + /ET 2.1 [21]

2l 1.04 [10] 3l, 4l 2.1 [22]

TABLE I: Searches by ATLAS and CMS, with about 1 fb�1, for signatures that are produced by

models of natural supersymmetry. We have categorized the searches into three categories, (1) fully

hadronic, (2) heavy flavor, with or without leptons, and (3) multileptons without heavy flavor. The

searches with blue labels have not been used by experimentalists to set limits on supersymmetry,

but we have included them because they overlap with SUSY signature space. We have simulated

all of the above searches and included them in our analysis, with the exception of the searches with

red labels, which were released while we were finalizing this study. We explored the possibility of

using the CMS search for t0 in the lepton plus jets channel [23], however this search uses a kinematic

fit on signal plus background and does not report enough information for us to extrapolate this fit

to other signals.

at or above 900 GeV � 1 TeV, imposing strong constraints on flavor universal models, as

explained in the previous section. There are however ways out of this result, as can be seen

from the CMS simplified model summary plot [53], which presents the dependence of the

CMS limits on the Lightest Supersymmetric Particle (LSP) mass: the bounds get obviously
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Stops (sbottom) + Higgsinos

H̃0

H̃±b

t̃L

b̃L
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t

t̃R

t

H̃0

H̃± b

Stops can act as “sbottom” (bjet+χ) !

Chargino-neutralino splitting irrelevant for present searches



For comparison with the LHC limits, we have also shown in Fig. 3, the strongest limit

from the Tevatron, which comes from the D0 sbottom search with 5.2 fb�1. This search sets

limits on sbottom pair production, with the decay b̃ ! bÑ1. For the left-handed spectrum,

this limit applies directly to the sbottom, which decays b̃L ! bH̃0 for the mass range of

interest (the decay to top and chargino is squeezed out). For the right-handed stop, the

dominant decay is t̃R ! bH̃±, which means that the stop acts like a sbottom, from the point

of view of the Tevatron search7. We note that the Tevatron limit only applies for higgsinos

just above the LEP-2 limit, mH̃ < 110 GeV, and we see that the Tevatron has been surpassed

by the LHC in this parameter space.
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FIG. 3: The LHC limits on the left-handed stop/sbottom (left) and right-handed stop (right), with

a higgsino LSP. The axes correspond to the stop pole mass and the higgsino mass. We find that the

strongest limits on this scenario come from searches for jets plus missing energy. For comparison,

we show the D0 limit with 5.2 fb�1 (green), which only applies for mÑ1
<⇠ 110 GeV, and has been

surpassed by the LHC limits.

7 In order to apply the Tevatron sbottom limit to right-handed stops, we have assumed that the decay

products of the charged higgsino are soft enough not to e↵ect the selection, which applies when the mass

splitting between the charged and neutral higgsino is small
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LHC surpasses Tevatron:

Strongest bounds from jets + MET

Stops (sbottom) + Higgsinos



• RH stop→Bino: top-like final state. Weak bound around 200GeV, 
but we don’t trust it too much. Further (exp’) study needed...
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Un-Splitting the spectrum
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Adding gluinos
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Adding the gluinos
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Adding the squarks, too

• Bounds similar to the  
ATLAS/CMS plots 
(800GeV-1TeV)

• Decoupling not 
effective until 
1.2-1.4 TeV
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Squashed spectrum
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MSSM little hierarchy problem

• Higgs mass lifted by large A-terms → split stop spectrum, 
1 stop may be light and constrained by searches

• Compare to constraints from the Higgs mass bound?

• CAVEAT: only for higgsinos (higgsinos+binos) lighter than 
stops...
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LEP té té

of naturalness can be reduced to a one-dimensional problem as in the Standard Model

V = m2
H |H|2 + �|H|4 (1)

where m2
H will be in general a linear combination of the various masses of the Higgs fields.

Each contribution to �m2
H to the Higgs mass naturally should be of the order or less than m2

H

itself. Therefore �m2
H/m2

H should not be large. By using m2
h = �2m2

H one usually defines

as a measure of fine-tuning
Barbieri:1987fn,Kitano:2006gv
[? ? ]

� ⌘ 2�m2
H

m2
h

(2)

where m2
h is the Higgs boson physical mass in the decoupling regime, or some linear com-

bination of the physical neutral Higgs bosons in fully mixed scenarios. As it is well known,

increasing the physical Higgs boson mass (i.e.the quartic coupling) alleviates the fine-tuning.

In a SUSY theory at tree level m2
H will include the µ term. Given the size of the top

mass, the soft mass of Higgs field coupling to the up-type quarks mHu is (quite model

independently) also among them. Whether the soft mass for the down-type Higgs, mHd
or

other soft terms in an extended Higgs sector should be as light as µ and mHu is instead a

model dependent question, and a heavier mHd
can even lead to improvements

Dine:1997qj,Csaki:2008sr
[? ? ]. The

phenomenological key point for direct searches for SUSY particles is therefore the lightness

of the Higgsinos since their mass is directly controlled by µ

µ <⇠ 190 GeV
✓

mh

120 GeV

◆ 
��1

20%

!�1/2

(3)

At loop level there are additional constraints. The Higgs potential in a SUSY theory

is corrected by both gauge and Yukawa interactions, the largest contribution coming from

the top-stop loop. In extensions of the MSSM there will also be corrections coming from

Higgs self-interactions, that can be important for large values of the couplings. The radiative

corrections to m2
H proportional to the top Yukawa coupling read

�m2
H |stop = � 3

8⇡2
y2
t

⇣
m2

U3
+ m2

Q3
+ |At|2

⌘
log

✓
⇤

TeV

◆
(4) eq:der1

at one loop in the leading logarithmic approximation, that is su�cient for the current dis-

cussion
?
[? ]. Here ⇤ denotes the scale at which SUSY breaking e↵ects are mediated to the

Supersymmetric SM. Since the soft parameters m2
U3,Q3

, At control the stop spectrum, as it

5

(dist
ance)2  ~ fine-tu

ning

MSSM higgs: LEP2 tuning vs. direct stop
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MSSM higgs: LEP2 tuning vs. direct stop

Maximal mixing (for light Higgsino case) probed by the 
LHC… interesting interplay with Higgs searches.
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FIG. 18: The estimated 95% exclusion reach, with 10 fb�1, for the higgsino LSP benchmark. As

in Fig. V, the solid lines extrapolate the current systematic and statistical errors on the background,

while the dashed lines assume perfect knowledge of the background. The large spread between these

estimates emphasizes the importance of the eventual systematic errors for the reach.

production LSP t̃ limit [GeV] figure

t̃L + b̃L H̃ ⇠ 250 3

t̃R H̃ ⇠ 180 3

t̃L + b̃L B̃ ⇠ 250 � 350 5

TABLE II: A summary of the limits we found on direct stop and left-handed sbottom production

with higgsino and bino LSPs. The full limits are shown in the listed figures and the parameter

spaces are described in the text of section IVB.

the scope of this work, and it requires a detailed study of the backgrounds, some of which,

such as fakes, cannot be reliably estimated in a theoretical paper. Moreover, even the pure

extrapolation of the reach of the current searches is plagued by intrinsic di�culties, not

41

scenario g̃ limit [GeV] t̃ limit [GeV] figure

H̃ - LSP ⇠ 650 � 700 ⇠ 280 10

B̃ - LSP ⇠ 700 ⇠ 270 10

somewhat squashed ⇠ 600 � 700 � 11

split t̃ ⇠ 550 � 650 � 11

flavor degen. 1200 (fixed) 600 � 900 16

gaugino unify ⇠ 750 � 800 ⇠ 260 16

TABLE III: A summary of limits that we found in scenarios with gluinos. The full limits are shown

in the listed figures and the parameter spaces are described in the text of sections IVC and V.

unrelated to those relevant for designing new analyses, which are discussed in Appendix C.

We conclude by observing that the experimental program of searches for supersymme-

try is crossing an important milestone. The current searches are passing the naturalness

threshold for stops and gluinos, and this means that the most favored parameter space of

supersymmetry is just ahead of us. If supersymmetry exists at the weak scale in a natural

form, then discovery should be imminent. On the other hand, if the LHC experiments fail to

discover supersymmetry in the natural parameter space then, as the fine-tuning is increased,

exotic manifestations of supersymmetry that are less constrained, such as hadronic R-parity

violation [72] or stealth SUSY [66], will become increasingly more interesting alternatives,

both theoretically and experimentally. The next frontier may be heavy-flavor-themed nat-

uralness, or exotic searches. Either way, the LHC will cover very exciting ground over the

coming years.

Note added : While this work was being completed, the authors of [73–75] informed us

about related but distinct collider studies involving third generation squarks.
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Projections?
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Back to the flavor degenerate case
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Hard to investigate more squashed spectra 
(+ additional tuning due to squashing…)
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