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Figure 3: Left: SM phase diagram in terms of Higgs and top pole masses. The plane is
divided into regions of absolute stability, meta-stability, instability of the SM vacuum, and non-
perturbativity of the Higgs quartic coupling. The top Yukawa coupling becomes non-perturbative
for Mt > 230 GeV. The dotted contour-lines show the instability scale ⇤I in GeV assuming
↵3(MZ) = 0.1184. Right: Zoom in the region of the preferred experimental range of Mh and Mt

(the grey areas denote the allowed region at 1, 2, and 3�). The three boundary lines correspond
to 1-� variations of ↵3(MZ) = 0.1184±0.0007, and the grading of the colours indicates the size
of the theoretical error.

The quantity �e↵ can be extracted from the e↵ective potential at two loops [112] and is explicitly
given in appendix C.

4.3 The SM phase diagram in terms of Higgs and top masses

The two most important parameters that determine the various EW phases of the SM are the
Higgs and top-quark masses. In fig. 3 we update the phase diagram given in ref. [4] with our
improved calculation of the evolution of the Higgs quartic coupling. The regions of stability,
metastability, and instability of the EW vacuum are shown both for a broad range of Mh and
Mt, and after zooming into the region corresponding to the measured values. The uncertainty
from ↵3 and from theoretical errors are indicated by the dashed lines and the colour shading
along the borders. Also shown are contour lines of the instability scale ⇤I .

As previously noticed in ref. [4], the measured values of Mh and Mt appear to be rather
special, in the sense that they place the SM vacuum in a near-critical condition, at the border
between stability and metastability. In the neighbourhood of the measured values of Mh and
Mt, the stability condition is well approximated by

Mh > 129.6GeV + 2.0(Mt � 173.34GeV)� 0.5GeV
↵3(MZ)� 0.1184

0.0007
± 0.3GeV . (64)

The quoted uncertainty comes only from higher order perturbative corrections. Other non-
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Figure 3: Left: SM phase diagram in terms of Higgs and top pole masses. The plane is
divided into regions of absolute stability, meta-stability, instability of the SM vacuum, and non-
perturbativity of the Higgs quartic coupling. The top Yukawa coupling becomes non-perturbative
for Mt > 230 GeV. The dotted contour-lines show the instability scale ⇤I in GeV assuming
↵3(MZ) = 0.1184. Right: Zoom in the region of the preferred experimental range of Mh and Mt

(the grey areas denote the allowed region at 1, 2, and 3�). The three boundary lines correspond
to 1-� variations of ↵3(MZ) = 0.1184±0.0007, and the grading of the colours indicates the size
of the theoretical error.

The quantity �e↵ can be extracted from the e↵ective potential at two loops [112] and is explicitly
given in appendix C.

4.3 The SM phase diagram in terms of Higgs and top masses

The two most important parameters that determine the various EW phases of the SM are the
Higgs and top-quark masses. In fig. 3 we update the phase diagram given in ref. [4] with our
improved calculation of the evolution of the Higgs quartic coupling. The regions of stability,
metastability, and instability of the EW vacuum are shown both for a broad range of Mh and
Mt, and after zooming into the region corresponding to the measured values. The uncertainty
from ↵3 and from theoretical errors are indicated by the dashed lines and the colour shading
along the borders. Also shown are contour lines of the instability scale ⇤I .

As previously noticed in ref. [4], the measured values of Mh and Mt appear to be rather
special, in the sense that they place the SM vacuum in a near-critical condition, at the border
between stability and metastability. In the neighbourhood of the measured values of Mh and
Mt, the stability condition is well approximated by

Mh > 129.6GeV + 2.0(Mt � 173.34GeV)� 0.5GeV
↵3(MZ)� 0.1184

0.0007
± 0.3GeV . (64)

The quoted uncertainty comes only from higher order perturbative corrections. Other non-
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given a Dirac fermion f that receives its mass from the Higgs boson, the Higgs mass is
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where mh ⇡ 125 GeV is the physical Higgs boson mass [17, 18], mh 0 is the bare Higgs mass,
and the remaining term is m

2

h 1-loop
, the 1-loop correction. The parameters �f and N

f

c
are

the Yukawa coupling and number of colors of fermion f , ⇤ is the largest energy scale for
which the standard model is valid, and subleading terms have been neglected. For large ⇤,
the bare mass and the 1-loop correction must cancel to a large degree to yield the physical
Higgs mass. Attempts to define naturalness quantitatively will be discussed in detail in
Sec. IV, but at this stage, a simple measure of naturalness may be taken to be
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For ⇤ ⇠ MPl and the top quark with �t ' 1, Eq. (1) implies N 0
⇠ 1030, i.e., a fine-tuning

of 1 part in 1030.
Supersymmetry moderates this fine-tuning. If supersymmetry is exact, the Higgs mass

receives no perturbative corrections. With supersymmetry breaking, the Higgs mass becomes
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where f̃ is the superpartner of fermion f . The quadratic dependence on ⇤ is reduced to
a logarithmic one, and even for ⇤ ⇠ MPl, the large logarithm is canceled by the loop
suppression factor 1/(8⇡2), and the Higgs mass is natural, provided m
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is not too far above
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where �f and N
f

c
have been normalized to their top quark values, the logarithm has been

normalized to its value for ⇤ ⇠ MPl, andN
0

max
has been normalized to 100, or 1% fine-tuning.

2. First Implications

Even given this quick and simple analysis, Eq. (4) already has interesting implications:

• Naturalness constraints vary greatly for di↵erent superpartners. As noted as early as
1985 [19], the 1-loop contributions of first and second generation particles to the Higgs
mass are suppressed by small Yukawa couplings. For the first generation sfermions,
naturalness requires only that they be below 104 TeV! In fact, this upper bound is
strengthened to ⇠ 4 TeV� 10 TeV by considerations of D-term and 2-loop e↵ects, as
discussed in Sec. IVC. Nevertheless, it remains true that without additional theoreti-
cal assumptions, there is no naturalness reason to expect first and second generation

squarks and sleptons to be within reach of the LHC.
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• Naturalness constraints vary greatly for di↵erent superpartners. As noted as early as
1985 [19], the 1-loop contributions of first and second generation particles to the Higgs
mass are suppressed by small Yukawa couplings. For the first generation sfermions,
naturalness requires only that they be below 104 TeV! In fact, this upper bound is
strengthened to ⇠ 4 TeV� 10 TeV by considerations of D-term and 2-loop e↵ects, as
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Figure 3: Left: SM phase diagram in terms of Higgs and top pole masses. The plane is
divided into regions of absolute stability, meta-stability, instability of the SM vacuum, and non-
perturbativity of the Higgs quartic coupling. The top Yukawa coupling becomes non-perturbative
for Mt > 230 GeV. The dotted contour-lines show the instability scale ⇤I in GeV assuming
↵3(MZ) = 0.1184. Right: Zoom in the region of the preferred experimental range of Mh and Mt

(the grey areas denote the allowed region at 1, 2, and 3�). The three boundary lines correspond
to 1-� variations of ↵3(MZ) = 0.1184±0.0007, and the grading of the colours indicates the size
of the theoretical error.

The quantity �e↵ can be extracted from the e↵ective potential at two loops [112] and is explicitly
given in appendix C.

4.3 The SM phase diagram in terms of Higgs and top masses

The two most important parameters that determine the various EW phases of the SM are the
Higgs and top-quark masses. In fig. 3 we update the phase diagram given in ref. [4] with our
improved calculation of the evolution of the Higgs quartic coupling. The regions of stability,
metastability, and instability of the EW vacuum are shown both for a broad range of Mh and
Mt, and after zooming into the region corresponding to the measured values. The uncertainty
from ↵3 and from theoretical errors are indicated by the dashed lines and the colour shading
along the borders. Also shown are contour lines of the instability scale ⇤I .

As previously noticed in ref. [4], the measured values of Mh and Mt appear to be rather
special, in the sense that they place the SM vacuum in a near-critical condition, at the border
between stability and metastability. In the neighbourhood of the measured values of Mh and
Mt, the stability condition is well approximated by

Mh > 129.6GeV + 2.0(Mt � 173.34GeV)� 0.5GeV
↵3(MZ)� 0.1184

0.0007
± 0.3GeV . (64)

The quoted uncertainty comes only from higher order perturbative corrections. Other non-
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2. First Implications

Even given this quick and simple analysis, Eq. (4) already has interesting implications:

• Naturalness constraints vary greatly for di↵erent superpartners. As noted as early as
1985 [19], the 1-loop contributions of first and second generation particles to the Higgs
mass are suppressed by small Yukawa couplings. For the first generation sfermions,
naturalness requires only that they be below 104 TeV! In fact, this upper bound is
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discussed in Sec. IVC. Nevertheless, it remains true that without additional theoreti-
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Figure 3: Left: SM phase diagram in terms of Higgs and top pole masses. The plane is
divided into regions of absolute stability, meta-stability, instability of the SM vacuum, and non-
perturbativity of the Higgs quartic coupling. The top Yukawa coupling becomes non-perturbative
for Mt > 230 GeV. The dotted contour-lines show the instability scale ⇤I in GeV assuming
↵3(MZ) = 0.1184. Right: Zoom in the region of the preferred experimental range of Mh and Mt

(the grey areas denote the allowed region at 1, 2, and 3�). The three boundary lines correspond
to 1-� variations of ↵3(MZ) = 0.1184±0.0007, and the grading of the colours indicates the size
of the theoretical error.

The quantity �e↵ can be extracted from the e↵ective potential at two loops [112] and is explicitly
given in appendix C.

4.3 The SM phase diagram in terms of Higgs and top masses

The two most important parameters that determine the various EW phases of the SM are the
Higgs and top-quark masses. In fig. 3 we update the phase diagram given in ref. [4] with our
improved calculation of the evolution of the Higgs quartic coupling. The regions of stability,
metastability, and instability of the EW vacuum are shown both for a broad range of Mh and
Mt, and after zooming into the region corresponding to the measured values. The uncertainty
from ↵3 and from theoretical errors are indicated by the dashed lines and the colour shading
along the borders. Also shown are contour lines of the instability scale ⇤I .

As previously noticed in ref. [4], the measured values of Mh and Mt appear to be rather
special, in the sense that they place the SM vacuum in a near-critical condition, at the border
between stability and metastability. In the neighbourhood of the measured values of Mh and
Mt, the stability condition is well approximated by

Mh > 129.6GeV + 2.0(Mt � 173.34GeV)� 0.5GeV
↵3(MZ)� 0.1184

0.0007
± 0.3GeV . (64)

The quoted uncertainty comes only from higher order perturbative corrections. Other non-
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where f̃ is the superpartner of fermion f . The quadratic dependence on ⇤ is reduced to
a logarithmic one, and even for ⇤ ⇠ MPl, the large logarithm is canceled by the loop
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where �f and N
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have been normalized to their top quark values, the logarithm has been

normalized to its value for ⇤ ⇠ MPl, andN
0

max
has been normalized to 100, or 1% fine-tuning.

2. First Implications

Even given this quick and simple analysis, Eq. (4) already has interesting implications:

• Naturalness constraints vary greatly for di↵erent superpartners. As noted as early as
1985 [19], the 1-loop contributions of first and second generation particles to the Higgs
mass are suppressed by small Yukawa couplings. For the first generation sfermions,
naturalness requires only that they be below 104 TeV! In fact, this upper bound is
strengthened to ⇠ 4 TeV� 10 TeV by considerations of D-term and 2-loop e↵ects, as
discussed in Sec. IVC. Nevertheless, it remains true that without additional theoreti-
cal assumptions, there is no naturalness reason to expect first and second generation

squarks and sleptons to be within reach of the LHC.
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2. First Implications

Even given this quick and simple analysis, Eq. (4) already has interesting implications:

• Naturalness constraints vary greatly for di↵erent superpartners. As noted as early as
1985 [19], the 1-loop contributions of first and second generation particles to the Higgs
mass are suppressed by small Yukawa couplings. For the first generation sfermions,
naturalness requires only that they be below 104 TeV! In fact, this upper bound is
strengthened to ⇠ 4 TeV� 10 TeV by considerations of D-term and 2-loop e↵ects, as
discussed in Sec. IVC. Nevertheless, it remains true that without additional theoreti-
cal assumptions, there is no naturalness reason to expect first and second generation
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Figure 3: Left: SM phase diagram in terms of Higgs and top pole masses. The plane is
divided into regions of absolute stability, meta-stability, instability of the SM vacuum, and non-
perturbativity of the Higgs quartic coupling. The top Yukawa coupling becomes non-perturbative
for Mt > 230 GeV. The dotted contour-lines show the instability scale ⇤I in GeV assuming
↵3(MZ) = 0.1184. Right: Zoom in the region of the preferred experimental range of Mh and Mt

(the grey areas denote the allowed region at 1, 2, and 3�). The three boundary lines correspond
to 1-� variations of ↵3(MZ) = 0.1184±0.0007, and the grading of the colours indicates the size
of the theoretical error.

The quantity �e↵ can be extracted from the e↵ective potential at two loops [112] and is explicitly
given in appendix C.

4.3 The SM phase diagram in terms of Higgs and top masses

The two most important parameters that determine the various EW phases of the SM are the
Higgs and top-quark masses. In fig. 3 we update the phase diagram given in ref. [4] with our
improved calculation of the evolution of the Higgs quartic coupling. The regions of stability,
metastability, and instability of the EW vacuum are shown both for a broad range of Mh and
Mt, and after zooming into the region corresponding to the measured values. The uncertainty
from ↵3 and from theoretical errors are indicated by the dashed lines and the colour shading
along the borders. Also shown are contour lines of the instability scale ⇤I .

As previously noticed in ref. [4], the measured values of Mh and Mt appear to be rather
special, in the sense that they place the SM vacuum in a near-critical condition, at the border
between stability and metastability. In the neighbourhood of the measured values of Mh and
Mt, the stability condition is well approximated by

Mh > 129.6GeV + 2.0(Mt � 173.34GeV)� 0.5GeV
↵3(MZ)� 0.1184

0.0007
± 0.3GeV . (64)

The quoted uncertainty comes only from higher order perturbative corrections. Other non-
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2. First Implications

Even given this quick and simple analysis, Eq. (4) already has interesting implications:

• Naturalness constraints vary greatly for di↵erent superpartners. As noted as early as
1985 [19], the 1-loop contributions of first and second generation particles to the Higgs
mass are suppressed by small Yukawa couplings. For the first generation sfermions,
naturalness requires only that they be below 104 TeV! In fact, this upper bound is
strengthened to ⇠ 4 TeV� 10 TeV by considerations of D-term and 2-loop e↵ects, as
discussed in Sec. IVC. Nevertheless, it remains true that without additional theoreti-
cal assumptions, there is no naturalness reason to expect first and second generation

squarks and sleptons to be within reach of the LHC.

5

+…

given a Dirac fermion f that receives its mass from the Higgs boson, the Higgs mass is

m
2

h
⇡ m

2

h 0
�

�
2

f

8⇡2
N

f

c

Z
⇤ d

4
p

p2
⇡ m

2

h 0
+

�
2

f

8⇡2
N

f

c
⇤2

, (1)

where mh ⇡ 125 GeV is the physical Higgs boson mass [17, 18], mh 0 is the bare Higgs mass,
and the remaining term is m

2

h 1-loop
, the 1-loop correction. The parameters �f and N

f

c
are

the Yukawa coupling and number of colors of fermion f , ⇤ is the largest energy scale for
which the standard model is valid, and subleading terms have been neglected. For large ⇤,
the bare mass and the 1-loop correction must cancel to a large degree to yield the physical
Higgs mass. Attempts to define naturalness quantitatively will be discussed in detail in
Sec. IV, but at this stage, a simple measure of naturalness may be taken to be

N
0
⌘

m
2

h 1-loop

m
2

h

. (2)

For ⇤ ⇠ MPl and the top quark with �t ' 1, Eq. (1) implies N 0
⇠ 1030, i.e., a fine-tuning

of 1 part in 1030.
Supersymmetry moderates this fine-tuning. If supersymmetry is exact, the Higgs mass

receives no perturbative corrections. With supersymmetry breaking, the Higgs mass becomes

m
2

h
⇡ m

2

h 0
+

�
2

f

8⇡2
N

f

c

⇣
m

2

f̃
�m

2

f

⌘
ln

⇣
⇤2

/m
2

f̃

⌘
, (3)

where f̃ is the superpartner of fermion f . The quadratic dependence on ⇤ is reduced to
a logarithmic one, and even for ⇤ ⇠ MPl, the large logarithm is canceled by the loop
suppression factor 1/(8⇡2), and the Higgs mass is natural, provided m

f̃
is not too far above

mh. Requiring a maximal fine-tuning N
0

max
, the upper bound on sfermion masses is

m
f̃
<
⇠ 800 GeV

1.0

�f

"
3

N
f
c

# 1
2
"

70

ln(⇤2/m
2

f̃
)

# 1
2
"
N

0

max

100

# 1
2

, (4)

where �f and N
f

c
have been normalized to their top quark values, the logarithm has been

normalized to its value for ⇤ ⇠ MPl, andN
0

max
has been normalized to 100, or 1% fine-tuning.
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Even given this quick and simple analysis, Eq. (4) already has interesting implications:

• Naturalness constraints vary greatly for di↵erent superpartners. As noted as early as
1985 [19], the 1-loop contributions of first and second generation particles to the Higgs
mass are suppressed by small Yukawa couplings. For the first generation sfermions,
naturalness requires only that they be below 104 TeV! In fact, this upper bound is
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I. INTRODUCTION

The experiments of the Large Hadron Collider (LHC) at CERN are now searching ex-

tensively for signals of supersymmetry (SUSY). So far, the experiments have announced no

definitive sign of new physics. Instead, they have used the first 1 fb�1 of data to perform

an impressive number of searches that have produced increasingly strong limits on colored

superparticles decaying to missing energy [1–23]. These limits have led some to conclude,

perhaps prematurely, that SUSY is “ruled out” below 1 TeV. We would like to revisit this

statement and understand whether or not SUSY remains a compelling paradigm for new

physics at the weak scale. If SUSY is indeed still interesting, it is natural to ask: what are

the best channels to search for it from now on? After all, the first fb�1 at 7 TeV were the

“early days” for the LHC, with many superparticles still out of reach.

We believe that naturalness provides a useful criterion to address the status of SUSY.

Supersymmetry at the electroweak scale is motivated by solving the gauge hierarchy prob-

lem and natural electroweak symmetry breaking is the leading motivation for why we might

expect to discover superpartners at the LHC. The naturalness requirement is elegantly sum-

marized by the following tree-level relation in the Minimal Supersymmetric Standard Model

(MSSM),

�
m

2
Z

2
= |µ|

2 + m
2
Hu

. (1)

If the superpartners are too heavy, the contributions to the right-hand side must be tuned

against each other to achieve electroweak symmetry breaking at the observed energy scale1.

Eq. 1 also provides guidance towards understanding which superparticles are required to

be light, i.e., it defines the minimal spectrum for “Natural SUSY”. As we review in detail in

Sect. II, the masses of the superpartners with the closest ties to the Higgs must not be too

far above the weak scale. In particular, the higgsinos should not be too heavy because their

mass is controlled by µ. The stop and gluino masses, correcting m
2
Hu

at one and two-loop

order, respectively, also cannot be too heavy. The masses of the rest of the superpartners,

including the squarks of the first two generations, are not important for naturalness and can

1 We note that equation 1 applies to the tree-level MSSM at moderate to large tan �, but, as we will discuss

below, similar relations hold more generally.
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“R-parity”	conserva$on	assumed:	SUSY	par7cles	produced	in	pairs,	and	lightest		
neutralino	doesn’t	decay:	dark	ma$er	candidate!
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Figure 9: Event display of the event number 929301935 in run 279598. Six reconstructed jets (yellow cones) and one muon (blue line) with pT = 157 GeV and
⌘ = �1.3 are selected. The calibrated Emiss

T , represented by the dashed line, amounts to 347 GeV. Inner detector tracks with pT > 0.8 GeV are shown as orange
lines.
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Not reviewed, for internal circulation only

Figure 9: Event display of the event number 929301935 in run 279598. Six reconstructed jets (yellow cones) and one muon (blue line) with pT = 157 GeV and
⌘ = �1.3 are selected. The calibrated Emiss

T , represented by the dashed line, amounts to 347 GeV. Inner detector tracks with pT > 0.8 GeV are shown as orange
lines.
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6.3 Discriminating variables505

Various global variables are used in this analysis, among them the missing transverse energy discussed506

in Section 5.1, the jet multiplicity and:507

Transverse mass The transverse mass (mT) is defined as,

mT =

q
2 · p`

T
· Emiss

T · (1 � cos(��(`, Emiss
T ))).

The leading lepton pT and � are used unless otherwise specified.508

Transverse scalar sum The transverse scalar sum,

HT =
X

p
`
T
+
X

p
jet

T
,

where p
`
T

is the transverse momentum of the signal lepton and p
jet j

T
are the transverse momenta of509

all signal jets.510

E↵ective mass The sum of the transverse scalar sum HT and the missing transverse energy E
miss
T is511

called ’e↵ective mass’, me↵ . Two di↵erent versions of the e↵ective mass are considered. The first512

one is based on all signal jets in an event, defined as:513

m
incl

e↵ = HT + E
miss
T =

X
p
`
T
+
X

p
jet

T
+ E

miss
T (1)

This e↵ective mass m
incl

e↵ is used as the final descriminating variable in the signal region since it514

often has good relation to the mass of initially produced heavy sparticles and gives the e↵ective515

mass a better separation power between signal and backgrounds. The second definition only uses516

a certain number of jets up to n:517

m
excl

e↵ =
X

p
`
T
+

nX

j=1

p
jet j

T
+ E

miss
T . (2)

6.4 Optimization procedure518

The optimization studies presented in this section are based on the optimization studies done for the519

Moriond PUB note [48, 49]. These former studies aimed at presenting the best possible achievable520

sensitivity for every signal model tested by choosing optimal signal regions for every signal model and521

for each luminosity. Having optimal signal regions for every signal model and luminosity would however522

result in a large number of signal regions that are unpractical for a first analysis of the 13 TeV data. We523

thus condense the results obtained for the Moriond PUB note into a small number of signal regions (four524

in total, of these two for Gqq1step grid, one for Sq1step grid and one for Gtt grid), providing an525

optimal 3� discovery sensitivity just beyond the Run-1 exclusion limits at an integrated luminosity of 2526

fb�1 of 13 TeV data.527

A significant reoptimization of the first preliminary signal region proposals presented in this section528

is expected once the MC15 simulates samples will become available.529

6.4.1 Procedure530

Di↵erent cut combinations were tested in this optimization as shown in Table 17.531

The optimization procedure uses Zn as a measure of the signal significance:532

Zn =
p

2 erf�1(1 � 2p) (3)
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Results: 95% CL Limits
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Figure 4: Comparison of the observed and expected event yields in the 4J low-x validation and signal regions.
Uncertainties in the background estimates include both the statistical (in the simulated event yields) and systematic
uncertainties. Both the integrated regions and the regions for each me� bin are presented.

Table 15: Results of the model-independent limit fits. For each SR, the observed 95% CL upper limit on the visible
cross-section (h✏�i95

obs), the observed (S95
obs) and expected (S95

exp) 95% CL upper limits on the BSM event yield, and
the one-sided discovery p-value (p(s = 0)) are presented. The p-values are capped at 0.5 if fewer events than the
fitted background estimate are observed.
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Figure 4: Comparison of the observed and expected event yields in the 4J low-x validation and signal regions.
Uncertainties in the background estimates include both the statistical (in the simulated event yields) and systematic
uncertainties. Both the integrated regions and the regions for each me� bin are presented.

Table 15: Results of the model-independent limit fits. For each SR, the observed 95% CL upper limit on the visible
cross-section (h✏�i95

obs), the observed (S95
obs) and expected (S95

exp) 95% CL upper limits on the BSM event yield, and
the one-sided discovery p-value (p(s = 0)) are presented. The p-values are capped at 0.5 if fewer events than the
fitted background estimate are observed.
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Figure 4: Comparison of the observed and expected event yields in the 4J low-x validation and signal regions.
Uncertainties in the background estimates include both the statistical (in the simulated event yields) and systematic
uncertainties. Both the integrated regions and the regions for each me� bin are presented.
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the one-sided discovery p-value (p(s = 0)) are presented. The p-values are capped at 0.5 if fewer events than the
fitted background estimate are observed.
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2 1 Introduction

the basis for our searches are displayed in Fig. 1.
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Figure 1: Feynman diagrams for pair production of top squarks with the decay modes of the
simplified models that are studied in this analysis. An asterisk indicates the particle may be
produced off-shell.

The search regions (SR) are optimized for different models and ranges of Dm. The simplest
decays that we consider are et1 ! t(⇤) ec0

1, denoted “T2tt”, and et1 ! bec±
1 ! bW± ec0

1, denoted
“T2bW”, under the assumption that the ec±

1 mass lies halfway between the et1 and ec0
1 masses.

The choice of moderate ec±
1 mass in the latter model permits high momentum objects in the

final state. The ec±
1 represents the lightest chargino, and ec0

1 is the stable LSP, which escapes
detection to produce a large transverse momentum imbalance in the event. Another model,
denoted “T2tb”, is considered under the assumption of equal branching fractions of the two
aforementioned decay modes. This model, however, assumes a compressed mass spectrum in
which the mass of the ec±

1 is only 5 GeV greater than that of the ec0
1. As a result, the W bosons

from chargino decays are produced far off-shell.

In models with Dm less than the W boson mass mW, the et1 can decay through the T2tt decay
mode with off-shell t and W, through the same decay chain as in the T2bW model, via off-
shell W bosons, or decay through a flavor changing neutral current process (et1 ! cec0

1, where
c is the charm quark). These will be referred to as the “T2ttC”, “T2bWC”, and “T2cc” models,
respectively, where C denotes the hypothesis of a compressed mass spectrum in the first two
cases. Observations in such low Dm models are experimentally challenging since the visible
decay products are typically very soft (low-momentum), and therefore often evade identifi-
cation. Nevertheless, such models are particularly interesting because their dark matter relic
density is predicted to be consistent with the cosmological observations [49]. Specialized jet
reconstruction tools and event selection criteria are therefore developed to enhance sensitivity
to these signals.

This paper is organized as follows. A brief description of the CMS detector is presented in
Section 2, while Section 3 discusses the simulation of background and signal processes. Event
reconstruction is presented in Section 4, followed by a description of the search strategy in Sec-
tion 5. Methods employed to estimate the SM backgrounds and their corresponding systematic
uncertainties are detailed in Sections 6 and 7, respectively. The discussion of the systematic un-

mono-jet
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Figure 1: Feynman diagrams for pair production of top squarks with the decay modes of the
simplified models that are studied in this analysis. An asterisk indicates the particle may be
produced off-shell.

The search regions (SR) are optimized for different models and ranges of Dm. The simplest
decays that we consider are et1 ! t(⇤) ec0

1, denoted “T2tt”, and et1 ! bec±
1 ! bW± ec0

1, denoted
“T2bW”, under the assumption that the ec±

1 mass lies halfway between the et1 and ec0
1 masses.

The choice of moderate ec±
1 mass in the latter model permits high momentum objects in the

final state. The ec±
1 represents the lightest chargino, and ec0

1 is the stable LSP, which escapes
detection to produce a large transverse momentum imbalance in the event. Another model,
denoted “T2tb”, is considered under the assumption of equal branching fractions of the two
aforementioned decay modes. This model, however, assumes a compressed mass spectrum in
which the mass of the ec±

1 is only 5 GeV greater than that of the ec0
1. As a result, the W bosons

from chargino decays are produced far off-shell.

In models with Dm less than the W boson mass mW, the et1 can decay through the T2tt decay
mode with off-shell t and W, through the same decay chain as in the T2bW model, via off-
shell W bosons, or decay through a flavor changing neutral current process (et1 ! cec0

1, where
c is the charm quark). These will be referred to as the “T2ttC”, “T2bWC”, and “T2cc” models,
respectively, where C denotes the hypothesis of a compressed mass spectrum in the first two
cases. Observations in such low Dm models are experimentally challenging since the visible
decay products are typically very soft (low-momentum), and therefore often evade identifi-
cation. Nevertheless, such models are particularly interesting because their dark matter relic
density is predicted to be consistent with the cosmological observations [49]. Specialized jet
reconstruction tools and event selection criteria are therefore developed to enhance sensitivity
to these signals.

This paper is organized as follows. A brief description of the CMS detector is presented in
Section 2, while Section 3 discusses the simulation of background and signal processes. Event
reconstruction is presented in Section 4, followed by a description of the search strategy in Sec-
tion 5. Methods employed to estimate the SM backgrounds and their corresponding systematic
uncertainties are detailed in Sections 6 and 7, respectively. The discussion of the systematic un-
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!52Low-pT Leptons: Performance

Analysis’	sensi$vity	completely	driven	by	sog	lepton	performance!

�52

Quasi-degenerate	higgsinos decay into final states with	so^	leptons
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!56

x3	data	now	available:	however,	modest	increase	in	mass	reach	expected		
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All CR & SRs blinded, with (solid) and without (dashed) ���� analysis systematics.
These are the limits to beat from future Rel��, CP, trigger & analysis R&D.

Higgsino shape fits & sensitivity | Jesse Liu | �� Sep ���� ��

At	pp	colliders,	sensi7vity	of	searches	for	new	(heavy)	physics	mostly	driven	by √s	

2017 Results ➙ Full √s=13 TeV Dataset? 

Plot from J. Liu
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x3	data	now	available:	however,	modest	increase	in	mass	reach	expected		
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select	soser	leptons

improve		
analysis

2017 Results ➙ Full √s=13 TeV Dataset? 

Plot from J. Liu



S.	Zambito	|	Harvard	University

!58Reconstruc_ng ≈3 GeV Muons �58

2 & 3 Stations: Definitions
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Figure 2: Schematic side view of the ATLAS muon spectrometer depicting the naming and
numbering scheme; top: sector with large chambers; bottom: sector with small chambers.
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(>=3 hits in MTDs/CSCs)  OR  (>=2 hits in RCPs/TGCs) 

Barrel, Middle        (MDT)  OR  both RCPs  

End-caps, Middle    (MDT)  OR  (at least 2 TGCs out of 3)

Starting point: something meaningful, but not optimized yet

3 GeV muon

|η|≋1.0

|η|≋2.7

m

Calorimeters	
muons are M.I.P., and lose	
about	3	GeV	of	their	energy	

In the calorimeters

Muon	Spectrometer	
On average, B-field bending  
power requires 0.5-1	GeV	

to	reach	2nd	staEon	

Muons	iden$fied	reques$ng	2	muon	spectrometer	“sta$ons”	in	coincidence	
						↳		further,	tracks	in	the	spectrometer	and	inner	detector	are	matched

schema_cs of ATLAS (central part)
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!59Reconstruc_ng ≈3 GeV Muons �59
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Figure 2.9: R- and z-dependence of the radial
(Br) and axial (Bz) magnetic field components
in the inner detector cavity, at fixed azimuth.
The symbols denote the measured axial and ra-
dial field components and the lines are the re-
sult of the fit described in section 2.2.4.

Figure 2.10: Predicted field integral as a func-
tion of |h | from the innermost to the outermost
MDT layer in one toroid octant, for infinite-
momentum muons. The curves correspond to
the azimuthal angles f = 0 (red) and f = p/8
(black).

A number of large magnetisable components, shown schematically in figure 2.11, distort
the Biot-Savart field at different levels. Although amenable to experimental spot-checks (sec-
tion 2.2.5), such perturbations can only be determined using field simulations.

The highly anisotropic structure of the tile calorimeter cannot be satisfactorily modelled us-
ing only a scalar permeability and an effective steel-packing factor: a formalism incorporating a
magnetic permeability tensor, as well as a more sophisticated treatment of magnetic discontinu-
ities at material boundaries, is called for. The problem is compounded by the superposition of the
solenoid and toroid fields in the partially-saturated flux-return girder and in the tile calorimeter it-
self. A novel approach to magnetic-field modelling in such structures has therefore been developed
and implemented in the B-field simulation package ATLM [29]. This package, which incorporates
a careful description of the toroid and solenoid conductors as well as a detailed mathematical model
of the tile calorimeter, is used both to compute the Biot-Savart field by numerical integration (as
described above), and to predict, by a finite-element method, the field distortions caused by the
tile calorimeter, the flux-return girder and the shielding disk in both the ID cavity and the muon
spectrometer. Altogether, these distortions affect the field integral in the muon spectrometer by up
to 4%, depending on |h | and f ; in addition, they induce, at the level of the inner MDT layers, local
field distortions of up to |DB|⇠ 0.2 T.

A few discrete magnetic structures, either inside the muon spectrometer or close to its outer
layers, induce additional, localised magnetic perturbations. Their impact has been evaluated using
the 3D finite-element magnetostatics package TOSCA [30]. The largest perturbations are caused
by the air pads, jacks and traction cylinders which allow the calorimeters, the shielding disks, and
the end-cap toroids to slide along the rails. These affect primarily the field distribution across
the innermost MDT chambers in the lowest barrel sectors (BIL and BIS in sectors 12 to 14, see
figures 2.11 and 6.1), and in addition impact the field integral at the level of up to 10% over small
islands in h�f space.
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Figure 14: Expected 95% CL exclusion sensitivity (blue dashed line) and observed limits (red solid line) for simplified
models of higgsino (left) and wino (right) production through VBF. A fit of signals to the m`` spectrum in the VBF
signal regions is used to derive the limit. On the left, the limit for higgsinos is shown as a function of the m(H�0

2) mass
for a mass splitting of �m(H�0

2, H�
0
1) = 5 GeV (the chargino H�±1 mass is assumed to be halfway between the H�0

2 and
H�0

1 masses). The yellow band indicates ±1�exp from experimental systematic uncertainties. On the right the limit
for winos is projected into the �m(H�0

2, H�
0
1) vs. m(H�0

2) plane (m(H�0
2) = m(H�±1 ) is assumed for the wino/bino model).

The red dotted line indicates the ±1�theory from signal cross-section uncertainties and the colored map illustrates
the 95% CL upper limits on the cross-section. The cross-section corresponds to the leading-order prediction from
MG5_aMC@NLO for the process pp! H�0

2 H�
±
1 j j including the parton-level requirements described in Section 3.

The contour lines represent steps of 0.2 pb.
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Figure 15: Expected 95% CL sensitivity (dashed lines) and observed limits (solid lines) for simplified models of direct
slepton production. A fit of slepton signals to the mT2 spectrum is used to derive the limits, which are projected into
the �m(H̀, H�0

1) vs. m(H̀) plane. Slepton H̀refers to the scalar partners of left- and right-handed electrons and muons.
The gray region is the HeR limit from LEP [30]. On the left, the sleptons are assumed to be fourfold mass degenerate
m(HeL ) = m(HeR) = m(HµL ) = m(HµR), the expected sensitivity (blue dashed line) is shown with with ±1�exp (yellow
band) from experimental systematic uncertainties, the observed limit (red solid line) is shown with ±1�theory (dotted
red line) from signal cross-section uncertainties, and the blue regions are the fourfold mass degenerate slepton limits
from ATLAS Run 1 [116] and Run 2 [45]. On the right, no degeneracy is assumed on the masses of the sleptons and
the limits are presented separately for HeL , HeR, HµL and HµR.
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q̃q̃, q̃→qχ̃
0
1

0 e, µ 2-6 jets Emiss
T 36.1 m(χ̃

0
1)<100 GeV 1712.023321.55q̃ [2×, 8× Degen.] 0.9q̃ [2×, 8× Degen.]

mono-jet 1-3 jets Emiss
T 36.1 m(q̃)-m(χ̃

0
1)=5 GeV 1711.033010.71q̃ [1×, 8× Degen.] 0.43q̃ [1×, 8× Degen.]

g̃g̃, g̃→qq̄χ̃
0
1

0 e, µ 2-6 jets Emiss
T 36.1 m(χ̃

0
1)<200 GeV 1712.023322.0g̃

m(χ̃
0
1)=900 GeV 1712.023320.95-1.6g̃̃g Forbidden

g̃g̃, g̃→qq̄(ℓℓ)χ̃
0
1

3 e, µ 4 jets 36.1 m(χ̃
0
1)<800 GeV 1706.037311.85g̃

ee, µµ 2 jets Emiss
T 36.1 m(g̃)-m(χ̃

0
1 )=50 GeV 1805.113811.2g̃

g̃g̃, g̃→qqWZχ̃
0
1

0 e, µ 7-11 jets Emiss
T 36.1 m(χ̃

0
1) <400 GeV 1708.027941.8g̃

SS e, µ 6 jets 139 m(g̃)-m(χ̃
0
1)=200 GeV ATLAS-CONF-2019-0151.15g̃

g̃g̃, g̃→tt̄χ̃
0
1

0-1 e, µ 3 b Emiss
T 79.8 m(χ̃

0
1)<200 GeV ATLAS-CONF-2018-0412.25g̃

SS e, µ 6 jets 139 m(g̃)-m(χ̃
0
1)=300 GeV ATLAS-CONF-2019-0151.25g̃

b̃1b̃1, b̃1→bχ̃
0
1/tχ̃

±
1

Multiple 36.1 m(χ̃
0
1)=300 GeV, BR(bχ̃

0
1)=1 1708.09266, 1711.033010.9b̃1b̃1 Forbidden

Multiple 36.1 m(χ̃
0
1)=300 GeV, BR(bχ̃

0
1)=BR(tχ̃

±
1 )=0.5 1708.092660.58-0.82b̃1b̃1 Forbidden

Multiple 139 m(χ̃
0
1)=200 GeV, m(χ̃

±
1 )=300 GeV, BR(tχ̃

±
1 )=1 ATLAS-CONF-2019-0150.74b̃1b̃1 Forbidden

b̃1b̃1, b̃1→bχ̃
0
2 → bhχ̃

0
1

0 e, µ 6 b Emiss
T 139 ∆m(χ̃

0
2 , χ̃

0
1)=130 GeV, m(χ̃

0
1)=100 GeV SUSY-2018-310.23-1.35b̃1b̃1 Forbidden

∆m(χ̃
0
2 , χ̃

0
1)=130 GeV, m(χ̃

0
1)=0 GeV SUSY-2018-310.23-0.48b̃1b̃1

t̃1 t̃1, t̃1→Wbχ̃
0
1 or tχ̃

0
1

0-2 e, µ 0-2 jets/1-2 b Emiss
T 36.1 m(χ̃

0
1)=1 GeV 1506.08616, 1709.04183, 1711.115201.0t̃1

t̃1 t̃1, t̃1→Wbχ̃
0
1

1 e, µ 3 jets/1 b Emiss
T 139 m(χ̃

0
1)=400 GeV ATLAS-CONF-2019-0170.44-0.59t̃1

t̃1 t̃1, t̃1→τ̃1bν, τ̃1→τG̃ 1 τ + 1 e,µ,τ 2 jets/1 b Emiss
T 36.1 m(τ̃1)=800 GeV 1803.101781.16t̃1

t̃1 t̃1, t̃1→cχ̃
0
1 / c̃c̃, c̃→cχ̃

0
1

0 e, µ 2 c Emiss
T 36.1 m(χ̃

0
1)=0 GeV 1805.016490.85c̃

m(t̃1,c̃)-m(χ̃
0
1 )=50 GeV 1805.016490.46t̃1

0 e, µ mono-jet Emiss
T 36.1 m(t̃1,c̃)-m(χ̃

0
1)=5 GeV 1711.033010.43t̃1

t̃2 t̃2, t̃2→t̃1 + h 1-2 e, µ 4 b Emiss
T 36.1 m(χ̃

0
1)=0 GeV, m(t̃1)-m(χ̃

0
1)= 180 GeV 1706.039860.32-0.88t̃2

t̃2 t̃2, t̃2→t̃1 + Z 3 e, µ 1 b Emiss
T 139 m(χ̃

0
1)=360 GeV, m(t̃1)-m(χ̃

0
1)= 40 GeV ATLAS-CONF-2019-0160.86t̃2t̃2 Forbidden

χ̃±
1
χ̃0

2 via WZ 2-3 e, µ Emiss
T 36.1 m(χ̃

0
1)=0 1403.5294, 1806.022930.6χ̃±

1 /χ̃
0

2
ee, µµ ≥ 1 Emiss

T 139 m(χ̃
±
1 )-m(χ̃

0
1 )=5 GeV ATLAS-CONF-2019-0140.205χ̃±

1 /χ̃
0

2

χ̃±
1
χ̃∓

1 via WW 2 e, µ Emiss
T 139 m(χ̃

0
1)=0 ATLAS-CONF-2019-0080.42χ̃±

1

χ̃±
1
χ̃0

2 via Wh 0-1 e, µ 2 b/2 γ Emiss
T 139 m(χ̃

0
1)=70 GeV ATLAS-CONF-2019-019, ATLAS-CONF-2019-XYZ0.74χ̃±

1 /χ̃
0

2
χ̃±

1 /χ̃
0

2 Forbidden

χ̃±
1
χ̃∓

1 via ℓ̃L/ν̃ 2 e, µ Emiss
T 139 m(ℓ̃,ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) ATLAS-CONF-2019-0081.0χ̃±

1

τ̃τ̃, τ̃→τχ̃
0
1 2 τ Emiss

T 139 m(χ̃
0
1)=0 ATLAS-CONF-2019-0180.12-0.39τ̃ [τ̃L, τ̃R,L] 0.16-0.3τ̃ [τ̃L, τ̃R,L]

ℓ̃L,R ℓ̃L,R, ℓ̃→ℓχ̃
0
1

2 e, µ 0 jets Emiss
T 139 m(χ̃

0
1)=0 ATLAS-CONF-2019-0080.7ℓ̃

2 e, µ ≥ 1 Emiss
T 139 m(ℓ̃)-m(χ̃

0
1)=10 GeV ATLAS-CONF-2019-0140.256ℓ̃

H̃H̃, H̃→hG̃/ZG̃ 0 e, µ ≥ 3 b Emiss
T 36.1 BR(χ̃

0
1 → hG̃)=1 1806.040300.29-0.88H̃ 0.13-0.23H̃

4 e, µ 0 jets Emiss
T 36.1 BR(χ̃

0
1 → ZG̃)=1 1804.036020.3H̃

Direct χ̃
+

1
χ̃−

1 prod., long-lived χ̃
±
1 Disapp. trk 1 jet Emiss

T 36.1 Pure Wino 1712.021180.46χ̃±
1

Pure Higgsino ATL-PHYS-PUB-2017-0190.15χ̃±
1

Stable g̃ R-hadron Multiple 36.1 1902.01636,1808.040952.0g̃

Metastable g̃ R-hadron, g̃→qqχ̃
0
1

Multiple 36.1 m(χ̃
0
1)=100 GeV 1710.04901,1808.040952.4g̃ [τ( g̃) =10 ns, 0.2 ns] 2.05g̃ [τ( g̃) =10 ns, 0.2 ns]

LFV pp→ν̃τ + X, ν̃τ→eµ/eτ/µτ eµ,eτ,µτ 3.2 λ′311=0.11, λ132/133/233=0.07 1607.080791.9ν̃τ

χ̃±
1
χ̃∓

1 /χ̃
0
2 → WW/Zℓℓℓℓνν 4 e, µ 0 jets Emiss

T 36.1 m(χ̃
0
1)=100 GeV 1804.036021.33χ̃±

1 /χ̃
0

2 [λi33 ! 0, λ12k ! 0] 0.82χ̃±
1 /χ̃

0

2 [λi33 ! 0, λ12k ! 0]

g̃g̃, g̃→qqχ̃
0
1, χ̃

0
1 → qqq 4-5 large-R jets 36.1 Large λ′′

112 1804.035681.9g̃ [m(χ̃
0

1)=200 GeV, 1100 GeV] 1.3g̃ [m(χ̃
0

1)=200 GeV, 1100 GeV]
Multiple 36.1 m(χ̃

0
1)=200 GeV, bino-like ATLAS-CONF-2018-0032.0g̃ [λ′′

112
=2e-4, 2e-5] 1.05g̃ [λ′′

112
=2e-4, 2e-5]

t̃t̃, t̃→tχ̃
0
1, χ̃

0
1 → tbs Multiple 36.1 m(χ̃

0
1)=200 GeV, bino-like ATLAS-CONF-2018-0031.05g̃ [λ′′

323
=2e-4, 1e-2] 0.55g̃ [λ′′

323
=2e-4, 1e-2]

t̃1 t̃1, t̃1→bs 2 jets + 2 b 36.7 1710.071710.61t̃1 [qq, bs] 0.42t̃1 [qq, bs]

t̃1 t̃1, t̃1→qℓ 2 e, µ 2 b 36.1 BR(t̃1→be/bµ)>20% 1710.055440.4-1.45t̃1

1 µ DV 136 BR(t̃1→qµ)=100%, cosθt=1 ATLAS-CONF-2019-0061.6t̃1 [1e-10< λ′
23k
<1e-8, 3e-10< λ′

23k
<3e-9] 1.0t̃1 [1e-10< λ′

23k
<1e-8, 3e-10< λ′

23k
<3e-9]

Mass scale [TeV]10−1 1

ATLAS SUSY Searches* - 95% CL Lower Limits
July 2019

ATLAS Preliminary
√

s = 13 TeV

*Only a selection of the available mass limits on new states or
phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.
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Hun_ng For Vanilla Stops !64�64realistic?
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Stop	searches	reinterpreted	for	a	pMSSM-inspired	model:	
➙		correct	dark	ma$er	relic	abundance:	0.10<Ωh2<0.12	
➙		natural,	compressed	EWKinos	mass	spectrum		

A	light	stop	with	a	light	higgsino-like	LSP	is	s$ll	allowed!	

(†) “handedness” of scalar top comes from couplings (SM partner, top, is a fermion)

(†)
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3000	L-1

!65�65LHC Long-Term Schedule

7-8	TeV 13	TeV 14	TeV

Run	4,	5,	…

14	TeV

shutdown: LS130	L-1 140	L-1 300	L-1shutdown: LS2 shutdown: LS3

LHC

Run	1 Run	2 Run	3

today:	
x3	more	data

analyses	presented:		
36	s-1

in	5	years:	
x10	more	data

in	20	years:	
x100	more	data
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140	L-1 3000	L-1

!66�66LHC Long-Term Schedule

7-8	TeV 13	TeV 14	TeV

Run	4,	5,	…

14	TeV

shutdown: LS130	L-1 300	L-1shutdown: LS2 shutdown: LS3

LHC

Run	1 Run	2 Run	3

today:	
x3	more	data

analyses	presented:		
36	s-1

in	5	years:	
x10	more	data

in	20	years:	
x100	more	data

<pileup>	≈20 <pileup>	≈40 <pileup>	≈60 <pileup>	≈140
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!67�67The Pileup Challenge

The	past:	Z➙μμ	event	recorded	in	2012,	with	25	p-p	pileup	collisions

μ

μ
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!68�68The Pileup Challenge

PoS(EPS-HEP2015)018

 5 

the charged tracks. This will substantially improve the VBF/VBS jets identification and the 
missing transverse energy measurement.  
   

             
Figure 4: Simulation of the reconstruction of 140 pileup p-p collisions in the CMS tracker. 

 
The main new feature for the pixel detectors will be the smaller size of the pixels in the 

range of 50 x 50 µm2 to 25 x 100 µm2 for improved resolution. 
In the outer tracker the strip length will be divided by roughly a factor 4, to about 2.5 

cm and 5 cm depending on the radius, to produce similar level of occupancies as with the 
current detectors and operating conditions. The strip pitch will be in the range of 75 µm to 90 
µm to provide appropriate resolution with a binary readout. A major innovation with the new 
trackers will be to implement tracking information at the hardware trigger level of the 
experiments. The proposed trigger and data acquisition (DAQ) schemes for ATLAS and CMS 
are presented in figure 6. With improved transverse momentum precision and the possibility to 
perform track isolation and vertex association, the background rates will be strongly reduced 
while maintaining the signal acceptance. In CMS, a special module design with two close 
sensors, with parallel strips, will allow sending hit information to the trigger at the 40 MHz 
beam crossing frequency, for tracks with transverse momentum greater than 2 GeV. The hit 
position difference measured in a common frontend chip for the two sensors will depend on the 
track bending in the high magnetic field, allowing the selective readout of the proper hits. In the 
backend electronics (BE), the tracks will be reconstructed and fitted and then coupled with the 
information of other detectors to produce trigger objects for the event selection. In Atlas, 
information from the muon systems and the calorimeters will trigger readout of regions of 
interest in the tracker at 1 MHz, the tracks will then be reconstructed in the BE electronics and 
then matched to other detector information for the final trigger decision.  ATLAS modules will 
feature two sensors with stereo angle for measurement of the z-coordinate, in CMS, due to the 
specific feature of the modules for trigger purpose, the z-measurement will be obtained in the 
three first layers with one of the two sensors having mini-strip (macro-pixels) of 1.5 mm length.   
 

 
Figure 5: Configuration of the Phase II trackers in ATLAS (left) and CMS (right). 

CMS simulation of 140 p-p collisions 

CMS 

ATLAS 

The	past:	Z➙μμ	event	recorded	in	2012,	with	25	p-p	pileup	collisions

The	future:	simula$on	of	140	p-p	pileup	collisions	(CMS)

μ

μ
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!69�69ATLAS Needs To Be Upgraded!

To	withstand	pileup	challenge,	upgrading	trigger,	tracker	and	muon	system	
below: tes_ng prototypes of silicon strip detectors for upgraded Inner Tracker (ITk) 
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!70HL-LHC Prospects For SUSY �70
Table 2: Expected yields in the SR together with their statistical uncertainties, for an integrated luminosity of
3000 fb�1. The expected numbers of events for two signal samples (mt̃1 = 350 GeV, m �̃0

1
= 177 GeV and mt̃1 =

700 GeV, m �̃0
1

= 527 GeV) are also reported.

SR

Expected Standard Model 13.8 ± 6.5

tt̄ 11.4 ± 5.1
tt̄ + Z 2.4 ± 1.5
Others 0.0+1.8

�0.0

t̃1 t̃1 m(t̃1, �̃
0
1) = (350, 177) GeV 62.7 ± 7.5

t̃1 t̃1 m(t̃1, �̃
0
1) = (700, 527) GeV 11.0 ± 2.0
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Figure 4: Expected compatibility, in terms of p-value p0, with the background-only hypothesis (left) and exclusion
limits at 95% CL shown as the ratio between the cross-section limit � and the nominal NLO+NLL prediction
�theory (right) from the analysis of 3000 fb�1of 14 TeV proton-proton collision data as a function of the t̃1 mass,
for mt̃1 � m �̃0

1
= 173 GeV and assuming BR(t̃1 ! t �̃

0
1) = 1. The shaded bands show the e�ect on the limit

of respectively one and two sigma variations on the background prediction. The sensitivity from the analysis of
300 fb�1of 14 TeV collision data is also shown as a red dashed line for comparison.

The HistFitter framework [58], which utilises a profile-likelihood-ratio test statistics [59], is used to
compute expected exclusion limits with the CLs prescription [60] assuming a 30% systematic uncertainty
on the background expectation.

Scans of expected discovery significance and 95% CL limits are shown in Figure 4 as a function of the
t̃1 mass. Simplified models of top squark production are considered, in which the t̃1 decays with 100%
branching ratio into t �̃

0
1. The 5� discovery potential for the full HL-LHC dataset is expected to extend up

to mt̃1 = 480 GeV, while in the absence of a signal, t̃1 masses up to 700 GeV are expected to be excluded
at 95% CL.
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now	here
now	here

100x	data	(so	3000	s-1)	expected	to	bring	<50%	improvements	in	mass	reach	
extrapola_ons based on simple analyses ⇾ probably over-conserva_ve…

…however, the main message stands!

searches	will	have	to	move	toward	more	sophisEcated	analysis	techniques	
and	more	complex	signatures

near	future
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Figure 3: Left: SM phase diagram in terms of Higgs and top pole masses. The plane is
divided into regions of absolute stability, meta-stability, instability of the SM vacuum, and non-
perturbativity of the Higgs quartic coupling. The top Yukawa coupling becomes non-perturbative
for Mt > 230 GeV. The dotted contour-lines show the instability scale ⇤I in GeV assuming
↵3(MZ) = 0.1184. Right: Zoom in the region of the preferred experimental range of Mh and Mt

(the grey areas denote the allowed region at 1, 2, and 3�). The three boundary lines correspond
to 1-� variations of ↵3(MZ) = 0.1184±0.0007, and the grading of the colours indicates the size
of the theoretical error.

The quantity �e↵ can be extracted from the e↵ective potential at two loops [112] and is explicitly
given in appendix C.

4.3 The SM phase diagram in terms of Higgs and top masses

The two most important parameters that determine the various EW phases of the SM are the
Higgs and top-quark masses. In fig. 3 we update the phase diagram given in ref. [4] with our
improved calculation of the evolution of the Higgs quartic coupling. The regions of stability,
metastability, and instability of the EW vacuum are shown both for a broad range of Mh and
Mt, and after zooming into the region corresponding to the measured values. The uncertainty
from ↵3 and from theoretical errors are indicated by the dashed lines and the colour shading
along the borders. Also shown are contour lines of the instability scale ⇤I .

As previously noticed in ref. [4], the measured values of Mh and Mt appear to be rather
special, in the sense that they place the SM vacuum in a near-critical condition, at the border
between stability and metastability. In the neighbourhood of the measured values of Mh and
Mt, the stability condition is well approximated by

Mh > 129.6GeV + 2.0(Mt � 173.34GeV)� 0.5GeV
↵3(MZ)� 0.1184

0.0007
± 0.3GeV . (64)

The quoted uncertainty comes only from higher order perturbative corrections. Other non-
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given a Dirac fermion f that receives its mass from the Higgs boson, the Higgs mass is
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where mh ⇡ 125 GeV is the physical Higgs boson mass [17, 18], mh 0 is the bare Higgs mass,
and the remaining term is m

2

h 1-loop
, the 1-loop correction. The parameters �f and N
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are

the Yukawa coupling and number of colors of fermion f , ⇤ is the largest energy scale for
which the standard model is valid, and subleading terms have been neglected. For large ⇤,
the bare mass and the 1-loop correction must cancel to a large degree to yield the physical
Higgs mass. Attempts to define naturalness quantitatively will be discussed in detail in
Sec. IV, but at this stage, a simple measure of naturalness may be taken to be
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For ⇤ ⇠ MPl and the top quark with �t ' 1, Eq. (1) implies N 0
⇠ 1030, i.e., a fine-tuning

of 1 part in 1030.
Supersymmetry moderates this fine-tuning. If supersymmetry is exact, the Higgs mass

receives no perturbative corrections. With supersymmetry breaking, the Higgs mass becomes
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where f̃ is the superpartner of fermion f . The quadratic dependence on ⇤ is reduced to
a logarithmic one, and even for ⇤ ⇠ MPl, the large logarithm is canceled by the loop
suppression factor 1/(8⇡2), and the Higgs mass is natural, provided m
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where �f and N
f

c
have been normalized to their top quark values, the logarithm has been

normalized to its value for ⇤ ⇠ MPl, andN
0

max
has been normalized to 100, or 1% fine-tuning.

2. First Implications

Even given this quick and simple analysis, Eq. (4) already has interesting implications:

• Naturalness constraints vary greatly for di↵erent superpartners. As noted as early as
1985 [19], the 1-loop contributions of first and second generation particles to the Higgs
mass are suppressed by small Yukawa couplings. For the first generation sfermions,
naturalness requires only that they be below 104 TeV! In fact, this upper bound is
strengthened to ⇠ 4 TeV� 10 TeV by considerations of D-term and 2-loop e↵ects, as
discussed in Sec. IVC. Nevertheless, it remains true that without additional theoreti-
cal assumptions, there is no naturalness reason to expect first and second generation

squarks and sleptons to be within reach of the LHC.
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Even given this quick and simple analysis, Eq. (4) already has interesting implications:

• Naturalness constraints vary greatly for di↵erent superpartners. As noted as early as
1985 [19], the 1-loop contributions of first and second generation particles to the Higgs
mass are suppressed by small Yukawa couplings. For the first generation sfermions,
naturalness requires only that they be below 104 TeV! In fact, this upper bound is
strengthened to ⇠ 4 TeV� 10 TeV by considerations of D-term and 2-loop e↵ects, as
discussed in Sec. IVC. Nevertheless, it remains true that without additional theoreti-
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physical	mh:	125	GeV

bare	mass 1-loop		
correc7on

ultraviolet	cutoff

main	“SM”	term:		
top’s	loop	(λt≈1)	
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A Way Forward: Top	Yukawa	Coupling
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A Way Forward: Top	Yukawa	Coupling
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NP?

Four	top	quarks	produc7on:	test	SM,	and	search	for	new	physics	(NP)
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NP?

Four	top	quarks	produc7on:	test	SM,	and	search	for	new	physics	(NP)
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Four	top	quarks	produc7on:	test	SM,	and	search	for	new	physics	(NP)
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	➙		Natural	SUSY	is	surely	challenged	by	LHC	constraints…	but	not	dead	yet	
           ↳  Expanding sensi_vity requires new	analysis	techniques and capabiliEes  
           ↳  Follow the path of Higgsino analysis: improve performance ⇾ improve reach	

		➙		Don’t	be	fooled:	the	LHC	journey	has	just	begun…	
           ↳  We analyzed	less	than	5%	of the data we expected to get by 2040!  

		         ↳  We must Ee	up	all	loose	ends in our search program: is new physics just hiding? 

           ↳  In	parallel, get as much informa_on as possible on	Higgs	and	its	interacEons	

		➙		My	personal	plans?	

		➙		These	are	just	ideas,	not	the	only	ideas…	Plenty	of	exci$ng	opportuni$es	ahead	of	us!	

!77Conclusions & Outlook �77

Detector	upgrade Top-tagging

Exci7ng	analyses!	Higgs-top	associate	produc7on,	four	top	produc7on

Tracking	performance



S.	Zambito	|	Harvard	University

Spares



!79

Four	top	quarks	produc7on:	test	SM,	and	search	for	new	physics	(NP)

A Way Forward: A	Rare	Process

SM
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+MP2

!80Supersymmetry As “Cri_cality” Condi_on 

SMMS
h$p://www.shardcore.org/shardpressh$p://www.shardcore.org/shardpress

�80

Why	the	Higgs	so	close	to	cri$cality?		➠		Addi$onal	symmetry?	

Higgs	Poten$al:	V(𝜙)	=	-mh2	|𝜙|2	+	λ	|𝜙|4

	mh2

Higgs

-MP2 +MP2

SUSY	predicts	v =<0|𝜙|0>	⟺	mh2=0	
(sosly)	broken	SUSY	can	allow	mh2≿0	(v≅246	GeV)		

mh2<0:

0

mh2>0:

symmetric phase	 broken phase	

cri_cal 
line

Inspired from https:://cds.cern.ch/record/2639759
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1)<200 GeV 1712.023322.0g̃

m(χ̃
0
1)=900 GeV 1712.023320.95-1.6g̃̃g Forbidden
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0
1

3 e, µ 4 jets 36.1 m(χ̃
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1)<800 GeV 1706.037311.85g̃

ee, µµ 2 jets Emiss
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0
1 )=50 GeV 1805.113811.2g̃

g̃g̃, g̃→qqWZχ̃
0
1

0 e, µ 7-11 jets Emiss
T 36.1 m(χ̃

0
1) <400 GeV 1708.027941.8g̃

SS e, µ 6 jets 139 m(g̃)-m(χ̃
0
1)=200 GeV ATLAS-CONF-2019-0151.15g̃

g̃g̃, g̃→tt̄χ̃
0
1

0-1 e, µ 3 b Emiss
T 79.8 m(χ̃

0
1)<200 GeV ATLAS-CONF-2018-0412.25g̃

SS e, µ 6 jets 139 m(g̃)-m(χ̃
0
1)=300 GeV ATLAS-CONF-2019-0151.25g̃

b̃1b̃1, b̃1→bχ̃
0
1/tχ̃

±
1

Multiple 36.1 m(χ̃
0
1)=300 GeV, BR(bχ̃

0
1)=1 1708.09266, 1711.033010.9b̃1b̃1 Forbidden

Multiple 36.1 m(χ̃
0
1)=300 GeV, BR(bχ̃

0
1)=BR(tχ̃

±
1 )=0.5 1708.092660.58-0.82b̃1b̃1 Forbidden

Multiple 139 m(χ̃
0
1)=200 GeV, m(χ̃

±
1 )=300 GeV, BR(tχ̃

±
1 )=1 ATLAS-CONF-2019-0150.74b̃1b̃1 Forbidden

b̃1b̃1, b̃1→bχ̃
0
2 → bhχ̃

0
1

0 e, µ 6 b Emiss
T 139 ∆m(χ̃

0
2 , χ̃

0
1)=130 GeV, m(χ̃

0
1)=100 GeV SUSY-2018-310.23-1.35b̃1b̃1 Forbidden

∆m(χ̃
0
2 , χ̃

0
1)=130 GeV, m(χ̃

0
1)=0 GeV SUSY-2018-310.23-0.48b̃1b̃1

t̃1 t̃1, t̃1→Wbχ̃
0
1 or tχ̃

0
1

0-2 e, µ 0-2 jets/1-2 b Emiss
T 36.1 m(χ̃

0
1)=1 GeV 1506.08616, 1709.04183, 1711.115201.0t̃1

t̃1 t̃1, t̃1→Wbχ̃
0
1

1 e, µ 3 jets/1 b Emiss
T 139 m(χ̃

0
1)=400 GeV ATLAS-CONF-2019-0170.44-0.59t̃1

t̃1 t̃1, t̃1→τ̃1bν, τ̃1→τG̃ 1 τ + 1 e,µ,τ 2 jets/1 b Emiss
T 36.1 m(τ̃1)=800 GeV 1803.101781.16t̃1

t̃1 t̃1, t̃1→cχ̃
0
1 / c̃c̃, c̃→cχ̃

0
1

0 e, µ 2 c Emiss
T 36.1 m(χ̃

0
1)=0 GeV 1805.016490.85c̃

m(t̃1,c̃)-m(χ̃
0
1 )=50 GeV 1805.016490.46t̃1

0 e, µ mono-jet Emiss
T 36.1 m(t̃1,c̃)-m(χ̃

0
1)=5 GeV 1711.033010.43t̃1

t̃2 t̃2, t̃2→t̃1 + h 1-2 e, µ 4 b Emiss
T 36.1 m(χ̃

0
1)=0 GeV, m(t̃1)-m(χ̃

0
1)= 180 GeV 1706.039860.32-0.88t̃2

t̃2 t̃2, t̃2→t̃1 + Z 3 e, µ 1 b Emiss
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1)=360 GeV, m(t̃1)-m(χ̃

0
1)= 40 GeV ATLAS-CONF-2019-0160.86t̃2t̃2 Forbidden

χ̃±
1
χ̃0

2 via WZ 2-3 e, µ Emiss
T 36.1 m(χ̃

0
1)=0 1403.5294, 1806.022930.6χ̃±

1 /χ̃
0

2
ee, µµ ≥ 1 Emiss

T 139 m(χ̃
±
1 )-m(χ̃

0
1 )=5 GeV ATLAS-CONF-2019-0140.205χ̃±

1 /χ̃
0

2

χ̃±
1
χ̃∓

1 via WW 2 e, µ Emiss
T 139 m(χ̃

0
1)=0 ATLAS-CONF-2019-0080.42χ̃±

1

χ̃±
1
χ̃0

2 via Wh 0-1 e, µ 2 b/2 γ Emiss
T 139 m(χ̃

0
1)=70 GeV ATLAS-CONF-2019-019, ATLAS-CONF-2019-XYZ0.74χ̃±

1 /χ̃
0

2
χ̃±

1 /χ̃
0

2 Forbidden

χ̃±
1
χ̃∓

1 via ℓ̃L/ν̃ 2 e, µ Emiss
T 139 m(ℓ̃,ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) ATLAS-CONF-2019-0081.0χ̃±

1

τ̃τ̃, τ̃→τχ̃
0
1 2 τ Emiss

T 139 m(χ̃
0
1)=0 ATLAS-CONF-2019-0180.12-0.39τ̃ [τ̃L, τ̃R,L] 0.16-0.3τ̃ [τ̃L, τ̃R,L]

ℓ̃L,R ℓ̃L,R, ℓ̃→ℓχ̃
0
1

2 e, µ 0 jets Emiss
T 139 m(χ̃

0
1)=0 ATLAS-CONF-2019-0080.7ℓ̃

2 e, µ ≥ 1 Emiss
T 139 m(ℓ̃)-m(χ̃

0
1)=10 GeV ATLAS-CONF-2019-0140.256ℓ̃

H̃H̃, H̃→hG̃/ZG̃ 0 e, µ ≥ 3 b Emiss
T 36.1 BR(χ̃

0
1 → hG̃)=1 1806.040300.29-0.88H̃ 0.13-0.23H̃

4 e, µ 0 jets Emiss
T 36.1 BR(χ̃

0
1 → ZG̃)=1 1804.036020.3H̃

Direct χ̃
+

1
χ̃−

1 prod., long-lived χ̃
±
1 Disapp. trk 1 jet Emiss

T 36.1 Pure Wino 1712.021180.46χ̃±
1

Pure Higgsino ATL-PHYS-PUB-2017-0190.15χ̃±
1

Stable g̃ R-hadron Multiple 36.1 1902.01636,1808.040952.0g̃

Metastable g̃ R-hadron, g̃→qqχ̃
0
1

Multiple 36.1 m(χ̃
0
1)=100 GeV 1710.04901,1808.040952.4g̃ [τ( g̃) =10 ns, 0.2 ns] 2.05g̃ [τ( g̃) =10 ns, 0.2 ns]

LFV pp→ν̃τ + X, ν̃τ→eµ/eτ/µτ eµ,eτ,µτ 3.2 λ′311=0.11, λ132/133/233=0.07 1607.080791.9ν̃τ

χ̃±
1
χ̃∓

1 /χ̃
0
2 → WW/Zℓℓℓℓνν 4 e, µ 0 jets Emiss

T 36.1 m(χ̃
0
1)=100 GeV 1804.036021.33χ̃±

1 /χ̃
0

2 [λi33 ! 0, λ12k ! 0] 0.82χ̃±
1 /χ̃

0

2 [λi33 ! 0, λ12k ! 0]

g̃g̃, g̃→qqχ̃
0
1, χ̃

0
1 → qqq 4-5 large-R jets 36.1 Large λ′′

112 1804.035681.9g̃ [m(χ̃
0

1)=200 GeV, 1100 GeV] 1.3g̃ [m(χ̃
0

1)=200 GeV, 1100 GeV]
Multiple 36.1 m(χ̃

0
1)=200 GeV, bino-like ATLAS-CONF-2018-0032.0g̃ [λ′′

112
=2e-4, 2e-5] 1.05g̃ [λ′′

112
=2e-4, 2e-5]

t̃t̃, t̃→tχ̃
0
1, χ̃

0
1 → tbs Multiple 36.1 m(χ̃

0
1)=200 GeV, bino-like ATLAS-CONF-2018-0031.05g̃ [λ′′

323
=2e-4, 1e-2] 0.55g̃ [λ′′

323
=2e-4, 1e-2]

t̃1 t̃1, t̃1→bs 2 jets + 2 b 36.7 1710.071710.61t̃1 [qq, bs] 0.42t̃1 [qq, bs]

t̃1 t̃1, t̃1→qℓ 2 e, µ 2 b 36.1 BR(t̃1→be/bµ)>20% 1710.055440.4-1.45t̃1

1 µ DV 136 BR(t̃1→qµ)=100%, cosθt=1 ATLAS-CONF-2019-0061.6t̃1 [1e-10< λ′
23k
<1e-8, 3e-10< λ′

23k
<3e-9] 1.0t̃1 [1e-10< λ′

23k
<1e-8, 3e-10< λ′

23k
<3e-9]

Mass scale [TeV]10−1 1

ATLAS SUSY Searches* - 95% CL Lower Limits
July 2019

ATLAS Preliminary
√

s = 13 TeV

*Only a selection of the available mass limits on new states or
phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.

!81LHC: No New Physics, Stringent Limits… �81
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Hun_ng For Vanilla Stops !82�82realistic?
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Stop	searches	reinterpreted	for	a	pMSSM-inspired	model:	
➙		correct	dark	ma$er	relic	abundance:	0.10<Ωh2<0.12	
➙		natural,	compressed	EWKinos	mass	spectrum		

A	light	stop	with	a	light	higgsino-like	LSP	is	s$ll	allowed!	

(†) “handedness” of scalar top comes from couplings (SM partner, top, is a fermion)

(†)
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intensity:	LHCb

 Running Of Higgs Self-Couplings
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Figure 2: Upper: RG evolution of � (left) and of �� (right) varying Mt, ↵3(MZ), Mh by
±3�. Lower: Same as above, with more “physical” normalisations. The Higgs quartic coupling
is compared with the top Yukawa and weak gauge coupling through the ratios sign(�)

p
4|�|/yt

and sign(�)
p

8|�|/g2, which correspond to the ratios of running masses mh/mt and mh/mW ,
respectively (left). The Higgs quartic �-function is shown in units of its top contribution, ��(top
contribution) = �3y4

t
/8⇡2 (right). The grey shadings cover values of the RG scale above the

Planck mass MPl ⇡ 1.2⇥ 1019 GeV, and above the reduced Planck mass M̄Pl = MPl/
p
8⇡.

18

CERN-PH-TH-2013-166 FTUAM-13-20 IFT-UAM/CSIC-13-082 RM3-TH/13-9

Investigating the near-criticality

of the Higgs boson
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Abstract

We extract from data the parameters of the Higgs potential, the top
Yukawa coupling and the electroweak gauge couplings with full 2-loop
NNLO precision, and we extrapolate the SM parameters up to large
energies with full 3-loop NNLO RGE precision. Then we study the
phase diagram of the Standard Model in terms of high-energy parame-
ters, finding that the measured Higgs mass roughly corresponds to the
minimum values of the Higgs quartic and top Yukawa and the max-
imum value of the gauge couplings allowed by vacuum metastability.
We discuss various theoretical interpretations of the near-criticality of
the Higgs mass.
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!84SUSY Breaking Scale? �84

near	future

While	“Natural	SUSY	Endures”,	Split	SUSY	also	an	interes$ng	possibility
long-lived	and/or	highly-ionizing	parEcles	(“R-hadrons”)	are	among	its	consequences
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Predicted range for the Higgs mass

Split SUSY

High-Scale SUSY

tanb = 50
tanb = 4
tanb = 2
tanb = 1

Experimentally favored

Figure 2. NNLO prediction for the Higgs mass Mh in High-Scale Supersymmetry (blue, lower)
and Split Supersymmetry (red, upper) for tan� = {1, 2, 4, 50}. The thickness of the lower
boundary at tan� = 1 and of the upper boundary at tan� = 50 shows the uncertainty due to
the present 1� error on ↵s (black band) and on the top mass (larger colored band).

shape (for instance gauge mediation), but the idea of low-energy supersymmetry is not killed.
As shown in Fig. 2, a Higgs mass of 125 GeV rules out the idea of Split Supersymmetry with

a high scale, say larger than 108 GeV. However, it fits very well with Split Supersymmetry with
a low scale. Actually the simplest model of Split Supersymmetry, based on anomaly mediation,
predicts a hierarchy between scalars and fermions of a one-loop factor and thus looks like a very
satisfactory solution.

The indication for a Higgs mass in the range 125–126 GeV is the most exciting result from
the LHC so far. It has important consequences for supersymmetry and other theories beyond
the SM, but the most puzzling (and surprising) message that we obtained from preliminary
LHC data on the Higgs is the apparent near-criticality of the parameters entering the SM Higgs
potential.

5

G. F. Giudice - https://cds.cern.ch/record/2639759
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7-8	TeV 13	TeV 14	TeV

Run	4,	5,	…

14	TeV

shutdown: LS130	L-1 150	L-1 300	L-1 3000	L-1shutdown: LS2 shutdown: LS3

LHC

Run	1 Run	2 Run	3

The Way Forward: HL-LHC	Phase

HIn	20		
years…

W,Z,𝛾,q, l

W,Z,𝛾,q, l
≈5% precision on Higgs 

couplings: SM-like or not?

High	intensity	@	HL-LHC:	shiging	toward	precision	physics		
e.g. fingerprin_ng Higgs sector
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!86New Result: Data/MC �86
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SR Optimization: Idea #1
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Precision Measurements Of SM Parameters
3 Prospects of the electroweak fit with the LHC and ILC/GigaZ 16
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Figure 6: Fit constraints for the present and extrapolated future scenarios compared to the direct mea-
surements for the observable pairs MW versus mt (top) and MW versus sin2✓`

e↵
(bottom). The direct

measurements are not included as input measurements in the fits. For the future scenarios the central
values of the other input measurements are adjusted to reproduce the SM with MH ' 125 GeV. The
horizontal and vertical bands indicate in blue today’s precision of the direct measurements, and in light
green and orange the extrapolated precisions for the LHC and ILC/GigaZ, respectively. The ellipses receive
significant contributions from the theoretical uncertainties parametrised by �theoMW and �theo sin2✓

f

e↵
. For

better visibility the measurement ellipses corresponding to two degrees of freedom are not drawn.
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“Flavor Anomalies” !91�91

intensity:	LHCb

New	physics	can	show	up	first	from	indirect	constraints	(LHCb	-	intensity	fron$er)
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Figure 1: Feynman diagrams in the SM of the B0! K⇤0`+`� decay for the (top left) electroweak
penguin and (top right) box diagram. Possible NP contributions violating LU: (bottom left) a
tree-level diagram mediated by a new gauge boson Z 0 and (bottom right) a tree-level diagram
involving a leptoquark LQ.

bin at 6.0 GeV2
/c

4 is chosen to reduce contamination from the radiative tail of the J/ 

resonance.
The measurement is performed as a double ratio of the branching fractions of the

B
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where the two channels are also referred to as the “nonresonant” and the “resonant” modes,
respectively. The experimental quantities relevant for the measurement are the yields
and the reconstruction e�ciencies of the four decays entering in the double ratio. Due
to the similarity between the experimental e�ciencies of the nonresonant and resonant
decay modes, many sources of systematic uncertainty are substantially reduced. This
helps to mitigate the significant di↵erences in reconstruction between decays with muons
or electrons in the final state, mostly due to bremsstrahlung emission and the trigger
response. The decay J/ ! `

+
`
� is measured to be consistent with LU [24]. In order to

avoid experimental biases, a blind analysis was performed. The measurement is corrected
for final-state radiation (FSR). Recent SM predictions for RK⇤0 in the two q

2 regions are
reported in table 1. Note that possible uncertainties related to QED corrections are only
included in Ref. [26], and these are found to be at the percent level. The RK⇤0 ratio is
smaller than unity in the low-q2 region due to phase-space e↵ects.

The remainder of this paper is organised as follows: section 2 describes the LHCb
detector, as well as the data and the simulation samples used; the experimental challenges
in studying electrons as compared to muons are discussed in section 3; section 4 details

2

Table 5: Measured RK⇤0 ratios in the two q2 regions. The first uncertainties are statistical and
the second are systematic. About 50% of the systematic uncertainty is correlated between the
two q2 bins. The 95.4% and 99.7% confidence level (CL) intervals include both the statistical
and systematic uncertainties.

low-q2 central-q2

RK⇤0 0.66 + 0.11
� 0.07 ± 0.03 0.69 + 0.11

� 0.07 ± 0.05

95.4% CL [0.52, 0.89] [0.53, 0.94]

99.7% CL [0.45, 1.04] [0.46, 1.10]
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Figure 10: (left) Comparison of the LHCb RK⇤0 measurements with the SM theoretical predic-
tions: BIP [26] CDHMV [27–29], EOS [30, 31], flav.io [32–34] and JC [35]. The predictions are
displaced horizontally for presentation. (right) Comparison of the LHCb RK⇤0 measurements
with previous experimental results from the B factories [4, 5]. In the case of the B factories the
specific vetoes for charmonium resonances are not represented.

of 3 fb�1 of pp collisions, recorded by the LHCb experiment during 2011 and 2012, are
used. The RK⇤0 ratio is measured in two regions of the dilepton invariant mass squared
to be

RK⇤0 =

(
0.66 + 0.11

� 0.07 (stat) ± 0.03 (syst) for 0.045 < q
2

< 1.1 GeV2
/c

4
,

0.69 + 0.11
� 0.07 (stat) ± 0.05 (syst) for 1.1 < q

2
< 6.0 GeV2

/c
4
.

The corresponding 95.4% confidence level intervals are [0.52, 0.89] and [0.53, 0.94]. The
results, which represent the most precise measurements of RK⇤0 to date, are compatible
with the SM expectations [26–35] at 2.1–2.3 standard deviations for the low-q2 region
and 2.4–2.5 standard deviations for the central-q2 region, depending on the theoretical
prediction used.

Model-independent fits to the ensemble of FCNC data that allow for NP contribu-
tions [27–35] lead to predictions for RK⇤0 in the central-q2 region that are similar to the
value observed; smaller deviations are expected at low-q2. The larger data set currently
being accumulated by the LHCb collaboration will allow for more precise tests of these
predictions.
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cosmic/neutrino	fron7er

 

16 27. Dark matter

Figure 27.1: WIMP cross sections (normalized to a single nucleon) for spin-
independent coupling versus mass. The DAMA/LIBRA [72], and CDMS-Si
enclosed areas are regions of interest from possible signal events. References to the
experimental results are given in the text. For context, the black contour shows a
scan of the parameter space of 4 typical SUSY models, CMSSM, NUHM1, NUHM2,
pMSSM10 [73], which integrates constraints set by ATLAS Run 1.

Table 26.1 summarizes the best experimental performances in terms of the upper limit
on cross sections for spin independent and spin dependent couplings, at the optimized
WIMP mass of each experiment. Also included are some new significant results (using
Argon for example).

In summary, the confused situation at low WIMP mass has largely been cleared
up (with the notable exception of the DAMA claim). Liquid noble gas detectors have
achieved large progress in sensitivity to spin independent coupling WIMPs without seeing
any hint of a signal. A lot of progress has also been achieved by the PICO experiment
for spin dependent couplings. Many new projects focus on the very low mass range of
0.1-10 GeV. Sensitivities down to σχp of 10−13 pb, as needed to probe nearly all of the
MSSM parameter space [39] at WIMP masses above 10 GeV and to saturate the limit
of the irreducible neutrino-induced background [56], will be reached with Ar and/or
Xe detectors of multi-ton masses, assuming nearly perfect background discrimination
capabilities. For WIMP masses below 10 GeV, this cross section limit is set by the solar
neutrinos, inducing an irreducible background at an equivalent cross section around 10−9

pb, which is accessible with less massive low threshold detectors [31].
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near	future intensity:	LHCb
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FIG. 1: Left: Flux of 100 GeV WIMPs moving with speeds higher than vmin as needed to produce 25 keV F recoils. Right:
Angular distribution of the energy differential recoil rate in F for WIMP mass 100 GeV, and recoil energy of 25 keV. Maps are
incoming direction of WIMP-induced recoils in Mollweide equal-area projections, in Galactic coordinates. For convenience, we
present the direction of vlab as a cross on the maps.

signatures unique to directional detectors in sections IVC and IVD: the ring and aberration features. The detection
of ring and aberration features requires lower energy thresholds and more events than the detection of the dipole, but
they can provide additional constraints on the WIMP and halo properties, see Sec. VII.
The Radon transform (Eq. 11) in the laboratory frame for the truncated Maxwellian WIMP velocity distribution,

Eq. 3, is [140]

f̂(vmin, r̂) =

{
1

Nesc(2πσ2
v)

1/2

{
exp

[
− [vmin+r̂·vlab]

2

2σ2
v

]
− exp

[
− v2

esc

2σ2
v

]}
if vmin + r̂ · vlab < vesc ,

0 otherwise ,
(18)

Here vlab is the velocity of the laboratory with respect to the Galaxy (hence the average velocity of the WIMPs
with respect to the detector is −vlab), and

Nesc = erf

(
vesc√
2σv

)
−
√

2

π

vesc
σv

exp

[
−v2esc
2σ2

v

]
. (19)

The nuclear recoil direction r̂ is measured in the detector reference frame, and in order to compute f̂ we need to
evaluate r̂ · vlab. The transformation equations for r̂ and vlab to go from the detector frame to the Galactic reference
frame are given in Appendix A.
One can see from Eq. 18 that there are two regimes of interest, depending on the value of vmin , as defined by Eq. 8.

First, if vmin > vlab, then the argument of the first exponential cannot be zero, but is minimized when r̂ and vlab are
anti-parallel. This leads to a dipole feature in the recoil angle distribution (Sec. IVB). Second, if vmin < vlab, i.e. for
low recoil energies and large WIMP masses (see Eq. 8), then the argument of the first exponential can be zero, and
the recoil angle distribution will exhibit a ring-like feature (see Sec. IVC).

B. Dipole feature

A directional detector located on the Earth will experience a WIMP head-wind caused by the Earth’s motion
through the Galactic WIMP distribution (the halo). The resulting WIMP-induced nuclear recoils will come from the
direction to which the vector vlab is pointing. This dipole feature was first described by Spergel [17], who showed
that the recoil rates in the forward and backward directions differed by a factor of order 10, depending on the recoil
energy threshold. Because no known backgrounds can mimic this angular signature, the dipole feature, which is only
accessible to directional detectors, is generally considered to be a smoking-gun evidence for WIMP Dark Matter.
As an example of the dipole feature, Figure 1 left shows a map of the WIMP flux in Galactic coordinates, assuming

that the WIMP velocity distribution is Maxwellian. The incoming WIMP flux appears to come primarily from
the direction of the Earth’s motion through the Galaxy, shown as cross at position (l, b) = (π/2, 0), where (l, b)
are Galactic longitude and latitude. Figure 1 right presents the incoming direction of WIMP-induced recoils (for

!93Dark Maxer: Direc_onal Direct Detec_on �93
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FIG. 1: Left: Flux of 100 GeV WIMPs moving with speeds higher than vmin as needed to produce 25 keV F recoils. Right:
Angular distribution of the energy differential recoil rate in F for WIMP mass 100 GeV, and recoil energy of 25 keV. Maps are
incoming direction of WIMP-induced recoils in Mollweide equal-area projections, in Galactic coordinates. For convenience, we
present the direction of vlab as a cross on the maps.

signatures unique to directional detectors in sections IVC and IVD: the ring and aberration features. The detection
of ring and aberration features requires lower energy thresholds and more events than the detection of the dipole, but
they can provide additional constraints on the WIMP and halo properties, see Sec. VII.
The Radon transform (Eq. 11) in the laboratory frame for the truncated Maxwellian WIMP velocity distribution,

Eq. 3, is [140]
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The nuclear recoil direction r̂ is measured in the detector reference frame, and in order to compute f̂ we need to
evaluate r̂ · vlab. The transformation equations for r̂ and vlab to go from the detector frame to the Galactic reference
frame are given in Appendix A.
One can see from Eq. 18 that there are two regimes of interest, depending on the value of vmin , as defined by Eq. 8.

First, if vmin > vlab, then the argument of the first exponential cannot be zero, but is minimized when r̂ and vlab are
anti-parallel. This leads to a dipole feature in the recoil angle distribution (Sec. IVB). Second, if vmin < vlab, i.e. for
low recoil energies and large WIMP masses (see Eq. 8), then the argument of the first exponential can be zero, and
the recoil angle distribution will exhibit a ring-like feature (see Sec. IVC).

B. Dipole feature

A directional detector located on the Earth will experience a WIMP head-wind caused by the Earth’s motion
through the Galactic WIMP distribution (the halo). The resulting WIMP-induced nuclear recoils will come from the
direction to which the vector vlab is pointing. This dipole feature was first described by Spergel [17], who showed
that the recoil rates in the forward and backward directions differed by a factor of order 10, depending on the recoil
energy threshold. Because no known backgrounds can mimic this angular signature, the dipole feature, which is only
accessible to directional detectors, is generally considered to be a smoking-gun evidence for WIMP Dark Matter.
As an example of the dipole feature, Figure 1 left shows a map of the WIMP flux in Galactic coordinates, assuming

that the WIMP velocity distribution is Maxwellian. The incoming WIMP flux appears to come primarily from
the direction of the Earth’s motion through the Galaxy, shown as cross at position (l, b) = (π/2, 0), where (l, b)
are Galactic longitude and latitude. Figure 1 right presents the incoming direction of WIMP-induced recoils (for
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FIG. 3: Effective Majorana neutrino mass ⟨mββ⟩ as a function of
the lightest neutrino mass mlightest. The dark shaded regions are
the predictions based on best-fit values of neutrino oscillation pa-
rameters for the normal hierarchy (NH) and the inverted hierarchy
(IH), and the light shaded regions indicate the 3σ ranges calculated
from the oscillation parameter uncertainties [29, 30]. The horizon-
tal bands indicate 90% C.L. upper limits on ⟨mββ⟩ with 136Xe from
KamLAND-Zen (this work), and with other nuclei from Ref. [2, 26–
28], considering an improved phase space factor calculation [17, 18]
and commonly used NME calculations [19–25]. The side-panel
shows the corresponding limits for each nucleus as a function of the
mass number.

nism is dominated by exchange of a pure-Majorana Standard
Model neutrino. The shaded regions include the uncertain-
ties in Uei and the neutrino mass splitting, for each hierar-
chy. Also drawn are the experimental limits from the 0νββ
decay searches for each nucleus [2, 26–28]. The upper limit
on ⟨mββ⟩ from KamLAND-Zen is the most stringent, and it
also provides the strongest constraint onmlightest considering
extreme cases of the combination of CP phases and the uncer-

tainties from neutrino oscillation parameters [29, 30]. We ob-
tain a 90% C.L. upper limit ofmlightest < (180− 480)meV.

In conclusion, we have demonstrated effective background
reduction in the Xe-loaded liquid scintillator by purifica-
tion, and enhanced the 0νββ decay search sensitivity in
KamLAND-Zen. Our search constrains the mass scale to lie
below ∼100meV, and the most advantageous nuclear matrix
element calculations indicate an effective Majorana neutrino
mass limit near the bottom of the quasi-degenerate neutrino
mass region. The current KamLAND-Zen search is limited by
backgrounds from 214Bi, 110mAg, muon spallation and par-
tially by the tail of 2νββ decays. In order to improve the
search sensitivity, we plan to upgrade the KamLAND-Zen ex-
periment with a larger Xe-LS volume loaded with 800 kg of
enriched Xe, corresponding to a twofold increase in 136Xe,
contained in a larger balloon with lower radioactive back-
ground contaminants. If further radioactive background re-
duction is achieved, the background will be dominated by
muon spallation, which can be further reduced by optimiza-
tion of the spallation cut criteria. Such an improved search
will allow ⟨mββ⟩ to be probed below 50meV, starting to con-
strain the inverted mass hierarchy region under the assump-
tion that neutrinos are Majorana particles. The sensitivity of
the experiment can be pushed further by improving the en-
ergy resolution to minimize the leakage of the 2νββ tail into
the 0νββ analysis window. Such improvement is the target of
a future detector upgrade.
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Figure 8: The observed 95% CL exclusion contours (black curves) assuming the NLO+NLL
cross sections, with the variations corresponding to the uncertainty in the cross sections for
the higgsino simplified models. The dashed (red) curves present the expected limits with the
associated band covering 68% of the limits in the absence of signal.


