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0- SUSY framework @ LHC

WeakAtomic Planck

Can SM Team score at the Planck Scale given this problem ? 
SUSY coach (formed in the Poincare training academy) knows how to annihilate the 

defenders … Will this new rule be accepted ? LHC Referee should say ! 

E-scale

SM Team
� Atomic Goalkeeper
� Strong Defense

� Weak Midfield + Forward

Æ Not possible to score against 
this team since 45 years !
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SUSY	coach	(formed	in	Poincarè	Academy	in	France*):	knows	how	to	annihilate	defenders!
Doubling	the	number	of	SM	team	players…	Will	the	LHC	referee	allow	that?

quadratically 
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4.9	%	Ordinary	MaRer	

26.8	%	Dark	MaRer	

68.3	%	Dark	Energy	

∞
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The Standard Model, A3er The Higgs 
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4.9	%	Ordinary	MaRer	

26.8	%	Dark	MaRer	

68.3	%	Dark	Energy	

∞

…?

The Standard Model, A3er The Higgs 

		What	about…	Small	neutrino	masses?		

		What	about…	Strong	CP	problem?		
		What	about…	Baryon	asymmetry?	
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!8�8Living On The Edge - The Tough Life Of A 125 GeV H Boson

cooper	pairs,	etc…	
???

Effec$ve	poten$al Dynamic
Ginzburg-Landau:	V(Ψ)	=				α	|Ψ|2	+	β	|Ψ|4

Higgs	PotenMal:	V(𝜙)	=	mh2	|𝜙|2	+	λ	|𝜙|4
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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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Ginzburg-Landau:	V(Ψ)	=				α	|Ψ|2	+	β	|Ψ|4
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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.
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�10Living On The Edge - The Tough Life Of A 125 GeV H Boson

Why	is	the	Higgs	si\ng	so	close	to	cri$cality?	
In the lab, critical systems are inevitably dragged away from critical point/line…

cooper	pairs,	etc…	
???

Effec$ve	poten$al Dynamic
Ginzburg-Landau:	V(Ψ)	=				α	|Ψ|2	+	β	|Ψ|4

Higgs	PotenMal:	V(𝜙)	=	mh2	|𝜙|2	+	λ	|𝜙|4
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Why	the	Higgs	so	close	to	cri$cality?		➠		Addi$onal	symmetry?	
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!15Higgs Naturalness As “CriQcality” CondiQon 

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

Higgs naturalness as a �criticality� condition 

0!

Broken EW Unbroken EW 

SM!

Why is nature so close to the critical line?!

€ 

V H( ) = −mH
2 H 2

+ λ H 4

€ 

mH
2

•  Is mH2 ≈ 0 special because of symmetry? 
(supersymmetry, Goldstone symmetry) 

•  Is mH2 ≈ 0 special because of SOC? 

Higgs	PotenMal:	V(𝜙)	=	mh2	|𝜙|2	+	λ	|𝜙|4

	mh2

SM

-MP2 +MP2

SUSY	predicts	mh2=0;	(soWly)	broken	SUSY	can	allow	mh2≾0	(v≅246	GeV)		

G. F. Giudice

↳ m2>0: symmetric phase; m2<0: broken phase 
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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 mh ⇡ 125 GeV is the physical Higgs boson mass [17, 18], mh 0 is the bare Higgs mass,
and the remaining term is m
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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
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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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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.
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where f̃ is the superpartner of fermion f . The quadratic dependence on ⇤ is reduced to
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normalized to its value for ⇤ ⇠ MPl, andN
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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.

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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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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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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normalized to its value for ⇤ ⇠ MPl, andN
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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
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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
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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.
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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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Natural SUSY Spectrum

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.

3
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Simplified	models	to	cope	with	complex,	model-dependent	phenomenology		

branching	ra$os	in	decay	verMces	set	to	100%	(except	for	SM	parMcles)

“R-parity”	conserva$on	assumed:	SUSY	parMcles	produced	in	pairs,	and	lightest		
neutralino	doesn’t	decay:	dark	maOer	candidate!

(models with“R-parity” violaQon not covered in this talk)
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																																				Inner	detector	(ID):	tracks			➟		charged	parMcles	&	verMces	
																	EM	calorimeter:		energy	deposiMons			➟		electrons	and	photons		
							Hadronic	calorimeter:		energy	deposiMons			➟		jets	of	hadrons	
																							Muon	spectrometer	(MS):	tracks				➟		muons

The ATLAS Detector
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Electrons
Track	in	ID	+	E	cluster	in	EM	calorimeter	

IdenMfied	via	shower	shape	+	radiaMon	in	TRT	
Calibrated	offline	using	standard	candles	(J/Ψ,Z)

Jets	of	hadrons
Formed	from	energy	clusters	in		

EM	+	HAD	calorimeters	
(anM-kT	R=0.4)	

Calibrated	offline
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Fig. 2 Zoom of the x-y view of the ATLAS detector showing one of
the high-pT jets of the event shown in Fig. 1. The energy depositions in
the calorimeter cells are displayed as light rectangles. The area of the
rectangles is proportional to the energy deposits. The dark histograms
attached to the LAr (Tile) calorimeter illustrates the amount of de-
posited energy. The lines in the ID display the reconstructed tracks
originating from the interaction vertex

solute calorimeter response to energy deposited via electro-
magnetic processes was validated in the hadronic calorimet-
ers using muons, both from test-beams [35, 40] and pro-
duced in situ by cosmic rays [41]. The energy scale of the
electromagnetic calorimeters is corrected using the invari-
ant mass of Z bosons produced in proton-proton collisions
(Z → e+e− events) [42]. The correction for the lower re-
sponse to hadrons is solely based on the topology of the en-
ergy depositions observed in the calorimeter.

In the simplest case, called EM+JES calibration scheme,
the jet energy is measured on EM scale and the jet calibra-
tion is derived as a simple correction relating the calorimeter
response to the true jet energy, as follows:

E
jet
calib = E

jet
meas/Fcalib

(
E

jet
meas

)
,

with E
jet
meas = E

jet
EM − O(NPV). (1)

The variable E
jet
EM is the calorimeter energy measured at the

electromagnetic scale, E
jet
calib is the calibrated jet energy and

Fcalib is the calibration function that depends on the mea-
sured jet energy and is evaluated in small jet pseudorapidity
regions. The variable O(NPV) denotes the correction for ad-
ditional energy from multiple proton-proton interactions de-
pending on the number of primary vertices (NPV).

The simplest calibration scheme applies the JES correc-
tions to jets reconstructed at the electromagnetic scale. This
calibration scheme allows a simple evaluation of the sys-
tematic uncertainty from single hadron response measure-
ments and systematic Monte Carlo variations. This can be

achieved with small data sets and is therefore suitable for
early physics analyses.

Other calibration schemes use additional cluster-by-
cluster and/or jet-by-jet information to reduce some of the
sources of fluctuations in the jet energy response, thereby
improving the jet energy resolution [26, 27]. For these cal-
ibration schemes the same jet calibration procedure is ap-
plied as for the EM+JES calibration scheme, but the energy
corrections are numerically smaller.

The global calorimeter cell weighting (GCW) calibra-
tion exploits the observation that electromagnetic showers in
the calorimeter leave more compact energy depositions than
hadronic showers with the same energy. Energy corrections
are derived for each calorimeter cell within a jet, with the
constraint that the jet energy resolution is minimised. These
cell corrections account for all energy losses of a jet in the
ATLAS detector. Since these corrections are only applica-
ble to jets and not to energy depositions in general, they are
called “global” corrections.

The local cluster weighting (LCW) calibration method
first clusters together topologically connected calorimeter
cells and classifies these clusters as either electromagnetic
or hadronic. Based on this classification energy correc-
tions are derived from single pion Monte Carlo simulations.
Dedicated corrections are derived for the effects of non-
compensation, signal losses due to noise threshold effects,
and energy lost in non-instrumented regions. They are ap-
plied to calorimeter clusters and are defined without refer-
ence to a jet definition. They are therefore called “local”
corrections. Jets are then built from these calibrated clusters
using a jet algorithm.

The final jet energy calibration (see Eq. (1)) can be ap-
plied to EM scale jets, with the resulting calibrated jets
referred to as EM+JES, or to GCW and LCW calibrated
jets, with the resulting jets referred to as GCW+JES and
LCW+JES jets. The jet energy scale (JES) is different for
each calibration scheme.

A further jet calibration scheme, called global sequen-
tial (GS) calibration, starts from jets calibrated with the
EM+JES calibration and exploits the topology of the en-
ergy deposits in the calorimeter to characterise fluctuations
in the jet particle content of the hadronic shower devel-
opment. Correcting for such fluctuations can improve the
jet energy resolution [27]. The corrections are applied such
that the mean jet energy in the inclusive case is left un-
changed. The correction uses several jet properties and each
correction is applied sequentially. In particular, the longitu-
dinal and transverse structure of the hadronic shower in the
calorimeter is exploited.

The simple EM+JES jet calibration scheme does not pro-
vide the best performance, but allows in the central detec-
tor region the most direct evaluation of the systematic un-
certainties from the calorimeter response to single isolated

R=0.4



Electrons
Track	in	ID	+	E	cluster	in	EM	calorimeter	

IdenMfied	via	shower	shape	+	radiaMon	in	TRT	
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Muons



Missing	transverse	energy:	ET	=	|pT,miss|
negaMve	vector	sum	of	transverse	momenta	of	all	reconstructed		

&	idenMfied	parMcles	+	all	remaining	tracks
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SUSY (signal)

SM (background)

kinemaQc variable

trigger threshold
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many	jets	from	gluinos/squarks	decay	chain	
large	ET		from	undetected	neutralinos
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sensiQve to SUSY mass scale

one	electron	or	muon	from	W➙l 𝜈	decay	
many	jets	from	gluinos/squarks	decay	chain	
large	ET		from	undetected	neutralinos
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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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edge at mW for backgrounds with on-shell W
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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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Experimental	signature	involves	large	ET,	many	jets	and	1	isolated	lepton
Control	(CR)	and	validaMon	(VR)	regions	used	to	extract	/	x-check	background	predicMons	
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targeMng	whole	parameter	space	in	one	analysis	is	very	complicated…
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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.

SRdisc 2J 4J high-x 4J low-x 4J low-x 6J 6J 9J
(gluino) (squark) (gluino) (squark)
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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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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

HunQng Stops: Decays �41
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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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Part	III	-	The	Higgsinos
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Compressed searches
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Will focus on searches for EWK production of SUSY particles
check out J. Long's talk for strong production

small Δmsmall Δm small Δm

exploit distinct features from decay products
soft lepton mass edges and disappearing tracks
ISR jet selection enhances MET from soft LSPs

soft disappearingsoft

soft
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Higgsinos	mix	with	other	EWKinos:	
mulMplets	of	neutralinos	and	charginos	

HunQng Higgsinos �54

W*➝ so3 objects
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�̃±
1
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Main	analysis	challenge:	son	leptons	
intra-higgsinos	decay	products	oWen	too	

soW	to	be	reconstructed	

As	for	“diagonal”	stop,	sensi$vity	driven	by	ISR-induced	MET	

Z*➝ l+l-, so3 leptons
Δm	≾		

10s	GeV
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!56Low-pT Leptons: Performance
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also connected to largest uncertainty!
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Key	variables:	mll	(higgsinos)	or	mT2	(sleptons)	and	ET/HT,lep	
Backgrounds	tend	to	have	lower	ET	and	harder	leptons	➠	smaller	ET/HT,lep		
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!62Results: 95% CL Limits
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A Bit Of Fortune-Telling… 
Part	IV	-	What	next?

LHC
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!65LHC: Stringent Limits, No New Physics… �65

Model e, µ, τ, γ Jets Emiss

T

∫
L dt[fb−1] Mass limit Reference

In
cl

u
si

ve
S

e
a

rc
h

e
s

3
rd

g
e
n
.

g̃
m

e
d
.

3
rd

g
e
n
.

sq
u
a
rk

s
d
ir

e
ct

p
ro

d
u
ct

io
n

E
W

d
ir

e
ct

L
o

n
g

-l
iv

e
d

p
a

rt
ic

le
s

R
P

V

Other

q̃q̃, q̃→qχ̃
0
1 0 2-6 jets Yes 36.1 m(χ̃

0
1)<200 GeV, m(1st gen. q̃)=m(2nd gen. q̃) 1712.023321.57 TeVq̃

q̃q̃, q̃→qχ̃
0
1 (compressed) mono-jet 1-3 jets Yes 36.1 m(q̃)-m(χ̃

0
1)<5 GeV 1711.03301710 GeVq̃

g̃g̃, g̃→qq̄χ̃
0
1 0 2-6 jets Yes 36.1 m(χ̃

0
1)<200 GeV 1712.023322.02 TeVg̃

g̃g̃, g̃→qqχ̃
±
1→qqW±χ̃

0
1 0 2-6 jets Yes 36.1 m(χ̃

0
1)<200 GeV, m(χ̃

±
)=0.5(m(χ̃

0
1)+m(g̃)) 1712.023322.01 TeVg̃

g̃g̃, g̃→qq̄(ℓℓ)χ̃
0
1

ee, µµ 2 jets Yes 14.7 m(χ̃
0
1)<300 GeV, 1611.057911.7 TeVg̃

g̃g̃, g̃→qq(ℓℓ/νν)χ̃
0
1

3 e, µ 4 jets - 36.1 m(χ̃
0
1)=0 GeV 1706.037311.87 TeVg̃

g̃g̃, g̃→qqWZχ̃
0
1 0 7-11 jets Yes 36.1 m(χ̃

0
1) <400 GeV 1708.027941.8 TeVg̃

GMSB (ℓ̃ NLSP) 1-2 τ + 0-1 ℓ 0-2 jets Yes 3.2 1607.059792.0 TeVg̃

GGM (bino NLSP) 2 γ - Yes 36.1 cτ(NLSP)<0.1 mm ATLAS-CONF-2017-0802.15 TeVg̃

GGM (higgsino-bino NLSP) γ 2 jets Yes 36.1 m(χ̃
0
1)=1700 GeV, cτ(NLSP)<0.1 mm, µ>0 ATLAS-CONF-2017-0802.05 TeVg̃

Gravitino LSP 0 mono-jet Yes 20.3 m(G̃)>1.8 × 10−4 eV, m(g̃)=m(q̃)=1.5 TeV 1502.01518F1/2 scale 865 GeV

g̃g̃, g̃→bb̄χ̃
0
1 0 3 b Yes 36.1 m(χ̃

0
1)<600 GeV 1711.019011.92 TeVg̃

g̃g̃, g̃→tt̄χ̃
0
1

0-1 e, µ 3 b Yes 36.1 m(χ̃
0
1)<200 GeV 1711.019011.97 TeVg̃

b̃1b̃1, b̃1→bχ̃
0
1 0 2 b Yes 36.1 m(χ̃

0
1)<420 GeV 1708.09266950 GeVb̃1

b̃1b̃1, b̃1→tχ̃
±
1 2 e, µ (SS) 1 b Yes 36.1 m(χ̃

0
1)<200 GeV, m(χ̃

±
1 )= m(χ̃

0
1)+100 GeV 1706.03731275-700 GeVb̃1

t̃1 t̃1, t̃1→bχ̃
±
1 0-2 e, µ 1-2 b Yes 4.7/13.3 m(χ̃

±
1 ) = 2m(χ̃

0
1), m(χ̃

0
1)=55 GeV 1209.2102, ATLAS-CONF-2016-077t̃1 117-170 GeV 200-720 GeVt̃1

t̃1 t̃1, t̃1→Wbχ̃
0
1 or tχ̃

0
1

0-2 e, µ 0-2 jets/1-2 b Yes 20.3/36.1 m(χ̃
0
1)=1 GeV 1506.08616, 1709.04183, 1711.11520t̃1 90-198 GeV 0.195-1.0 TeVt̃1

t̃1 t̃1, t̃1→cχ̃
0
1 0 mono-jet Yes 36.1 m(t̃1)-m(χ̃

0
1)=5 GeV 1711.0330190-430 GeVt̃1

t̃1 t̃1(natural GMSB) 2 e, µ (Z) 1 b Yes 20.3 m(χ̃
0
1)>150 GeV 1403.5222t̃1 150-600 GeV

t̃2 t̃2, t̃2→t̃1 + Z 3 e, µ (Z) 1 b Yes 36.1 m(χ̃
0
1)=0 GeV 1706.03986290-790 GeVt̃2

t̃2 t̃2, t̃2→t̃1 + h 1-2 e, µ 4 b Yes 36.1 m(χ̃
0
1)=0 GeV 1706.03986320-880 GeVt̃2

ℓ̃L,R ℓ̃L,R, ℓ̃→ℓχ̃
0
1 2 e, µ 0 Yes 36.1 m(χ̃

0
1)=0 ATLAS-CONF-2017-03990-500 GeVℓ̃

χ̃+
1
χ̃−

1 , χ̃
+

1→ℓ̃ν(ℓν̃) 2 e, µ 0 Yes 36.1 m(χ̃
0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1 )) ATLAS-CONF-2017-039750 GeVχ̃±

1

χ̃±
1
χ̃∓

1 /χ̃
0
2, χ̃

+

1→τ̃ν(τν̃), χ̃
0
2→τ̃τ(νν̃) 2 τ - Yes 36.1 m(χ̃

0
1)=0, m(τ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1708.07875760 GeVχ̃±

1

χ̃±
1
χ̃0

2→ℓ̃Lνℓ̃Lℓ(ν̃ν), ℓν̃ℓ̃Lℓ(ν̃ν) 3 e, µ 0 Yes 36.1 m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) ATLAS-CONF-2017-0391.13 TeVχ̃±

1 , χ̃
0

2

χ̃±
1
χ̃0

2→Wχ̃
0
1Zχ̃

0
1

2-3 e, µ 0-2 jets Yes 36.1 m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, ℓ̃ decoupled ATLAS-CONF-2017-039580 GeVχ̃±

1 , χ̃
0

2

χ̃±
1
χ̃0

2→Wχ̃
0
1h χ̃

0
1, h→bb̄/WW/ττ/γγ e, µ, γ 0-2 b Yes 20.3 m(χ̃

±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, ℓ̃ decoupled 1501.07110χ̃±

1 , χ̃
0

2 270 GeV

χ̃0
2
χ̃0

3, χ̃
0
2,3 →ℓ̃Rℓ 4 e, µ 0 Yes 20.3 m(χ̃

0
2)=m(χ̃

0
3), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

0
2)+m(χ̃

0
1)) 1405.5086χ̃0

2,3 635 GeV

GGM (wino NLSP) weak prod., χ̃
0
1→γG̃ 1 e, µ + γ - Yes 20.3 cτ<1 mm 1507.05493W̃ 115-370 GeV

GGM (bino NLSP) weak prod., χ̃
0
1→γG̃ 2 γ - Yes 36.1 cτ<1 mm ATLAS-CONF-2017-0801.06 TeVW̃

Direct χ̃
+

1
χ̃−

1 prod., long-lived χ̃
±
1 Disapp. trk 1 jet Yes 36.1 m(χ̃

±
1 )-m(χ̃

0
1)∼160 MeV, τ(χ̃

±
1 )=0.2 ns 1712.02118460 GeVχ̃±

1

Direct χ̃
+

1
χ̃−

1 prod., long-lived χ̃
±
1 dE/dx trk - Yes 18.4 m(χ̃

±
1 )-m(χ̃

0
1)∼160 MeV, τ(χ̃

±
1 )<15 ns 1506.05332χ̃±

1 495 GeV

Stable, stopped g̃ R-hadron 0 1-5 jets Yes 27.9 m(χ̃
0
1)=100 GeV, 10 µs<τ(g̃)<1000 s 1310.6584g̃ 850 GeV

Stable g̃ R-hadron trk - - 3.2 1606.051291.58 TeVg̃

Metastable g̃ R-hadron dE/dx trk - - 3.2 m(χ̃
0
1)=100 GeV, τ>10 ns 1604.045201.57 TeVg̃

Metastable g̃ R-hadron, g̃→qqχ̃
0
1

displ. vtx - Yes 32.8 τ(g̃)=0.17 ns, m(χ̃
0
1) = 100 GeV 1710.049012.37 TeVg̃

GMSB, stable τ̃, χ̃
0
1→τ̃(ẽ, µ̃)+τ(e, µ) 1-2 µ - - 19.1 10<tanβ<50 1411.6795χ̃0

1 537 GeV

GMSB, χ̃
0
1→γG̃, long-lived χ̃

0
1

2 γ - Yes 20.3 1<τ(χ̃
0
1)<3 ns, SPS8 model 1409.5542χ̃0

1 440 GeV

g̃g̃, χ̃
0
1→eeν/eµν/µµν displ. ee/eµ/µµ - - 20.3 7 <cτ(χ̃

0
1)< 740 mm, m(g̃)=1.3 TeV 1504.05162χ̃0

1 1.0 TeV

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

Bilinear RPV CMSSM 2 e, µ (SS) 0-3 b Yes 20.3 m(q̃)=m(g̃), cτLS P<1 mm 1404.2500q̃, g̃ 1.45 TeV

χ̃+
1
χ̃−

1 , χ̃
+

1→Wχ̃
0
1, χ̃

0
1→eeν, eµν, µµν 4 e, µ - Yes 13.3 m(χ̃

0
1)>400GeV, λ12k!0 (k = 1, 2) ATLAS-CONF-2016-0751.14 TeVχ̃±

1

χ̃+
1
χ̃−

1 , χ̃
+

1→Wχ̃
0
1, χ̃

0
1→ττνe, eτντ 3 e, µ + τ - Yes 20.3 m(χ̃

0
1)>0.2×m(χ̃

±
1 ), λ133!0 1405.5086χ̃±

1 450 GeV

g̃g̃, g̃→qqχ̃
0
1, χ̃

0
1 → qqq 0 4-5 large-R jets - 36.1 m(χ̃

0
1)=1075 GeV SUSY-2016-221.875 TeVg̃

g̃g̃, g̃→tt̄χ̃
0
1, χ̃

0
1 → qqq 1 e, µ 8-10 jets/0-4 b - 36.1 m(χ̃

0
1)= 1 TeV, λ112!0 1704.084932.1 TeVg̃

g̃g̃, g̃→t̃1t, t̃1→bs 1 e, µ 8-10 jets/0-4 b - 36.1 m(t̃1)= 1 TeV, λ323!0 1704.084931.65 TeVg̃

t̃1 t̃1, t̃1→bs 0 2 jets + 2 b - 36.7 1710.07171100-470 GeVt̃1 480-610 GeVt̃1

t̃1 t̃1, t̃1→bℓ 2 e, µ 2 b - 36.1 BR(t̃1→be/µ)>20% 1710.055440.4-1.45 TeVt̃1

Scalar charm, c̃→cχ̃
0
1 0 2 c Yes 20.3 m(χ̃

0
1)<200 GeV 1501.01325c̃ 510 GeV

Mass scale [TeV]10−1 1

√
s = 7, 8 TeV

√
s = 13 TeV

ATLAS SUSY Searches* - 95% CL Lower Limits
December 2017

ATLAS Preliminary
√

s = 7, 8, 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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�66 66Outline

P. Pralavorio                                  SUSY Searches Practicalities       Stockholm, 22-May 2018 10

0- SUSY framework @ LHC

WeakAtomic Planck

Can SM Team score at the Planck Scale given this problem ? 
SUSY coach (formed in the Poincare training academy) knows how to annihilate the 

defenders … Will this new rule be accepted ? LHC Referee should say ! 

E-scale

SM Team
� Atomic Goalkeeper
� Strong Defense

� Weak Midfield + Forward

Æ Not possible to score against 
this team since 45 years !
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SM Team Problem
Nb of opponent 

defenders 
exponentially 

growing when SM 
try to score 

Strong

Quantum Field

BSM

quadratically 
SUSY?
SUSY?

SUS
Dopo Run-2,

SUSY

Conclusions?
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HunQng For Vanilla Stops !67�67realistic?
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1
χ∼b 

1b~ →
0
1,2,3
χ∼, b ±

1
χ∼t 

0
1,2
χ∼ W* → ±

1
χ∼

0
1,2
χ∼, Z*/h* ±

1
χ∼ W* → 0

3
χ∼

0
1
χ∼ Z*/h* → 0

2
χ∼Observed limit

)expσ1±Expected limit (

Lt
~ ≈ 1t

~
Rt

~ ≈ 1t
~

ATLAS  
-1 = 13 TeV, 36.1 fbs

Limit at 95% CL
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Stop	search	reinterpreted	in	terms	of	a	pMSSM-inspired	model:	
➙		correct	dark	maOer	relic	abundance:	0.10<Ωh2<0.12	
➙		natural,	compressed	EWKinos	mass	spectrum		

A	light	stop	with	a	light	higgsino-like	LSP	might	s$ll	be	allowed	

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

(†)(†)
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!68�68LHC Long-Term Schedule

7-8	TeV 13	TeV 14	TeV

Run	4,	5,	…

14	TeV

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

LHC

Run	1 Run	2 Run	3

today:	
x2.5	more	data

current	analyses:	
36	u-1

in	5	years:	
x10	more	data
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!69HL-LHC Prospects For SUSY �69
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.

8
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2014 2016

now	here
now	here

100x	data	expected	to	bring	<50%	improvements	in	mass	reach	
extrapolaQons based on simple analyses ⇾ probably over-conservaQve…

…however, the main message stands!

searches	will	move	toward	more	sophisDcated	analysis	techniques	
and	more	complex	signatures

near	future
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pp ! �̃0
2�̃

±
1 , �̃0

2�̃
0
1, �̃+

1�̃
�
1 (Higgsino)

�̃0
2 ! Z ⇤�̃0

1, �̃±
1 ! W ⇤�̃0

1
m(�̃±

1 ) = [m(�̃0
2) + m(�̃0

1)]/2

We Need To Get Smarter! !70�70

improve	analysis

soner	leptons

near	future
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!71Improving Reach Of Higgsino Analysis �71

near	future

2−10

1−10

1

10

210

310

410

Ev
en

ts

Fakes
Top
Diboson

tZt

Total SM
Z+jets

Others

)=(105,100) GeV0
1

χ∼,0
2

χ∼m(

Work In Progress
=13 TeVs, -1Ldt = 80 fb∫

30% systematics

0.8 0.85 0.9 0.95 1 1.05

T,ISR
/pTE=ISRR

2
4
6

 (x
>b

in
)

D
IS

C
.

σ

previous		
analysis	
strategy

0 0.5 1 1.5 2 2.5
|η|

0

20

40

60

80

100

120

140

R
at

e 
w

.r.
t. 

re
co

ns
tru

ct
ed

 ID
 tr

ac
ks

 [%
]

 MCt=13 TeV, ts
<5.0 [GeV]

T
3.0<p

Prompt muons

Medium PID

LowPt PID

Improve	analysis	⇾	larger	m	reach	Soner	leptons	⇾	lower	Δm
designed	new	PID	level	for	soU	muons	

recovers efficiency for pT<6 GeV tracks, 
improves π/K rejecQon for pT>6 GeV

adopt	thrust-based	ISR	idenDficaDon	

very similar to the diagonal stop case, 
large improvements for small mass splivngs

new!



S.	Zambito	|	Harvard	University

!72Long-Lived And/Or Highly-Ionizing ParQcles �72

near	future

Long-lived	and/or	highly-ionizing	par$cles	(“R-hadrons”)	well	mo$vated

Interest	can	only	rise	if	we	will	progressively	abandon	natural	SUSY!	

Hideyuki	Oide	(Genova)	and	Larry	L.	Lee	(Harvard)	leading	current	efforts	in	ATLAS
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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
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“Flavor Anomalies” !73�73

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
0! K

⇤0
`
+
`
� and B

0! K
⇤0

J/ (! `
+
`
�) decays

RK⇤0 =
B(B0! K
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µ
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�))

�
B(B0! K

⇤0
e
+
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B(B0! K
⇤0

J/ (! e
+
e
�))

,

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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q
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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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Neutral	current	
NP	in	loops	?
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NP	at	tree	level?
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• Common lore: if real it’s hard for SUSY (i.e. need MSSM + something else)


• But it’s great for SUSY searches!


• Leptoquarks look like squarks (with or without RPV)

ℒ ⊃ yqℓ q ℓ Φ + h.c.p p→ Φ Φ

p p→ Φ ℓ

p p→ ℓ ℓ

mLQ

y q
ℓ

Figure 4. Complementarity illustration for the three LQ processes at the LHC on the (mLQ, yq`) parameter
space. LQ pair production, dominated by QCD, is (largely) insensitive on the coupling yq`, setting therefore
a robust lower limit on the LQ mass mLQ. At the opposite end of the LQ mass spectrum, the strongest bound
comes from the Drell-Yan production of a dilepton pair via a t�channel LQ exchange since amplitude scales
with y2q`. Finally, in the intermediate mass range, production of a single LQ in association with a lepton is
expected to be the most sensitive probe as the associated amplitude scales linearly with yq`.

Anomalies in B-meson decays consistently point to a violation of lepton flavour universality
(LFU) and can be grouped into two different classes. These are (i) deviations from ⌧/` (where
` = e, µ) universality in semi-tauonic decays as defined by R(D(⇤)) observables (b ! c`⌫

charged currents) [34–36] and (ii) deviations from µ/e universality in rare decays as defined by
R(K(⇤)) observables (b ! s`` neutral currents) [37, 38]. Further evidence of coherent deviations
in rare b ! sµµ transitions has been observed in the measurements of angular distributions of
B ! K⇤µ+µ� [39, 40]. The overall statistical significance of the discrepancies in the clean LFU
observables alone is at the level of 4� for both charged and neutral current processes. See, for
example, Refs. [41–44].

R(D(⇤)) anomaly: The enhancement of O(20%) on top of the SM tree-level CKM-favoured
contribution to b ! c⌧⌫ transition requires large NP effect that is, presumably, tree-level generated.
A careful consideration based on the perturbative unitarity implies that the scale of NP is rather
low [45], i.e., in the TeV ballpark, making an ideal physics case for the LHC. Analysis of the low-
energy process in the SM effective field theory (SM EFT) requires NP in (at least) one of the d = 6

semileptonic four-fermion operators OVL ⇠ (Q̄L�µ�kQL)(L̄L�µ�kLL), OSR ⇠ (d̄RQL)(L̄LeR),
OSL ⇠ (Q̄LuR)i�2(L̄LeR), and OT ⇠ (Q̄L�µ⌫uR)i�2(L̄L�µ⌫eR), where �k, k = 1, 2, 3, are
Pauli matrices, and uR are the right-chiral up-type quark fields. For example, a very good fit to
data is obtained with a shift in OVL operator only, giving a universal enhancement in all b ! c⌧⌫

processes. Nonetheless, several other scenarios are fitting data well [46].
In the simplest case, these effective operators can be generated by a tree-level exchange of a

single mediator, defining simplified benchmark models for the LHC studies. These include triplet
vector (scalar) Uµ

3 ⌘ (3,3, 2/3) (S3 ⌘ (3̄,3, 1/3)), doublet vector (scalar) V µ
2 ⌘ (3̄,2, 5/6)

(R2 ⌘ (3,2, 7/6)), and singlet vector (scalar) Uµ
1 ⌘ (3,1, 2/3) (S1 ⌘ (3̄,1, 1/3)) [5]. Triplets

– 9 –

B. Flavor Anomalies

• Relevant searches: colored scalar decaying 
into (a combination of) 


• c,b,t + MET 


• c,b,t + τ,μ


• (SUSY squark either decaying RPC or RPV)


• Also regime when RPV coupling can be 
used in production is relevant here

• New physics interpretations:


• for B→D(*) either flavor violating W’ or leptoquark connecting multiple 
generations


• same models can accommodate R(K*) at loop level


• caveat: fits of NP in B→D(*) can only be done reliably by the experiments 
with proper tools (potentially O(1) uncertainties in preferred parameter 
space identified by theorists) → relevant for direct searches
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as rough guides only.)

As noted earlier, certain mediators can generate two
contributing operators simultaneously. Fig. 2 shows the
three such two-dimensional �2 fits. While any two rates
can be explained by fitting two operator coe�cients, the
existence of a solution consistent with all other con-
straints with a given flavor structure is nontrivial and
is the topic of the following section. A summary of all
coe�cients of best fit points with �2

min
< 5 and accept-

able q2 spectra is provided in Table III.

Besides the branching ratios, additional model discrim-
ination comes from the q2 spectra (especially in B̄ !
D⌧ ⌫̄), which are consistent with SM expectations [2, 3].
It is not possible to do a combined fit with publicly avail-
able data, because correlations among di↵erent q2 bins
are unavailable. We follow Ref. [2] in eliminating cer-
tain models by comparing their predicted q2 spectra with
the measurement. It was observed that two of the four
solutions in the CSR–CSL plane (Fig. 2, left plot) are

Coe�cient(s) Best fit value(s) (⇤ = 1 TeV)

CVL 0.18± 0.04, �2.88± 0.04

CT 0.52± 0.02, �0.07± 0.02

C00
SL

�0.46± 0.09

(CR, CL) (1.25,�1.02), (�2.84, 3.08)

(C0
VR

, C0
VL

) (�0.01, 0.18), (0.01,�2.88)

(C00
SR

, C00
SL

) (0.35,�0.03), (0.96, 2.41),

(�5.74, 0.03), (�6.34,�2.39)

TABLE III. Best-fit operator coe�cients with acceptable
q2 spectra and �2

min < 5. For the 1D fits in Fig. 1 we in-
clude the ��2 < 1 ranges (upper part), and show the central
values of the 2D fits in Fig. 2 (lower part).

excluded [2], as indicated by the faded regions. In the
C 0

VR
–C 0

VL
plane (middle plot), we find the measured q2

spectra exclude regions that provide good fits to the total

Freytsis, Ligeti, Ruderman 1506.08896

B. Flavor Anomalies“Flavor Anomalies”

Favored	interpreta$on:		
leptoquark?

If real, though for  
SUSY but great for  

SUSY searches!

E.g.	colored	scalar,	
decaying	into:

c,b,t + MET

c,b,t + 𝞃,μ
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near	future

Colombo	len	Genova	with	an	idea:	he	sailed	to	India…	and	found	America!

We	also	leW	for	a	long	journey	seeking	new	physics,	but	no	land	at	the	horizon	yet…

Will	we	find	SUSY?	Will	we	find	our	Americas?
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!76Conclusions �76

near	future

Colombo	len	Genova	with	an	idea:	he	sailed	to	India…	and	found	America!

We	also	leW	for	a	long	journey	seeking	new	physics,	but	no	land	at	the	horizon	yet…

Will	we	find	SUSY?	Will	we	find	our	Americas?

One	thing	is	for	sure:	no	maPer	what,	we	will	have	a	much	richer	cartography,	
which	will	dictate	the	direcDon	of	next	generaDon	of	HEP	experiments
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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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!79CKM Matrix: Measuring 𝛾 �79

next	ten	years
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𝛾:	least	constrained	angle	of	unitary	triangle!

near	future

Accessible in B⇾DK decays  
involving tree-level processes with  

≈ no hadronic uncertainQes

InsensiQve to “polluQon”  
from BSM physics:  

perfect reference to seek for  
SM deviaQons using global fits

Currently knows within a ≈5°  

accuracy: beaQng the 1°  
barrier is one of LHCb goals

intensity:	LHCb
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 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⇡.
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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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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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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
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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) =
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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
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Are	neutrinos	Dirac	or	Majorana	par$cles?
0νββ aim to address this quesQon, measure ν mass scale, test lepton number conservaQon
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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.

The authors wish to acknowledge Prof. A. Piepke
for providing radioactive sources for KamLAND. The
KamLAND-Zen experiment is supported by JSPS KAKENHI
Grant Numbers 21000001 and 26104002; the World Pre-
mier International Research Center Initiative (WPI Initiative),
MEXT, Japan; Stichting FOM in the Netherlands; and under
the U.S. Department of Energy (DOE) Grant No.DE-AC02-
05CH11231, as well as other DOE and NSF grants to individ-
ual institutions. The KamiokaMining and Smelting Company
has provided service for activities in the mine. We acknowl-
edge the support of NII for SINET4.

[1] S. Dell’Oro, S. Marcocci, M. Viel, and F. Vissani, Adv. High
Energy Phys. 2016, 37 (2016).

[2] M. Agostini et al., (GERDA Collaboration), Phys. Rev. Lett.
111, 122503 (2013).

[3] A. Gando et al., (KamLAND-Zen Collaboration), Phys. Rev.
Lett. 110, 062502 (2013).

[4] J. Albert et al., (EXO Collaboration), Nature 510, 229 (2014).
[5] A. Gando et al., (KamLAND Collaboration), Phys. Rev. C 92,

055808 (2015).
[6] A. Gando et al., (KamLAND Collaboration), Phys. Rev. D 88,

033001 (2013).
[7] S. Abe et al., (KamLAND Collaboration), Phys. Rev. C 84,

035804 (2011).
[8] A. Gando et al., (KamLAND-Zen Collaboration), Phys. Rev. C

85, 045504 (2012).
[9] S. Agostinelli et al., Nucl. Instr. Meth. A 506, 250 (2003).

[10] J. Allison et al., IEEE Trans. Nucl. Sci. 53, 270 (2006).
[11] S. Abe et al., (KamLAND Collaboration), Phys. Rev. C 81,

025807 (2010).
[12] J. B. Albert et al., arXiv:1605.05794v1.
[13] G. Battistoni et al., AIP Conference Proceedings 896, 31

(2007).
[14] A. Ferrari, P. R. Sala, A. Fassó, and J. Ranft, FLUKA: A multi-

particle transport code (CERN, Geneva, 2005).
[15] A. Gando et al., (KamLAND-Zen Collaboration), Phys. Rev. C

86, 021601 (2012).
[16] J. B. Albert et al., (EXO Collaboration), Phys. Rev. C 89,

015502 (2014).
[17] J. Kotila and F. Iachello, Phys. Rev. C 85, 034316 (2012).
[18] S. Stoica and M. Mirea, Phys. Rev. C 88, 037303 (2013); up-

dated in arXiv:1411.5506v3.
[19] T. R. Rodrı́guez and G. Martı́nez-Pinedo, Phys. Rev. Lett. 105,

As of July ’16  - arXiv:1605.02889

intensity:	LHCb



S.	Zambito	|	Harvard	University

!84�84

High	intensity	@	HL-LHC:	shining	toward	precision	physics		
e.g.	fingerprinDng	Higgs	sector

7-8	TeV 13	TeV 14	TeV

Run	4,	5,	…

14	TeV

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

LHC

Run	1 Run	2 Run	3

LHC Long-Term Schedule 

HIn	20		
years…

W,Z,𝛾,q, l

W,Z,𝛾,q, l
≈5% precision on Higgs 

couplings: SM-like or not?



S.	Zambito	|	Harvard	University

!85�85

H

H

H

λHHH

≈5% precision on Higgs 
couplings: SM-like or not?

1≾λ/λSM≾9 at 95% CL: not enough  
to resolve details of Higgs potenQal

In	20		
years…

High	intensity	@	HL-LHC:	shining	toward	precision	physics		
e.g.	fingerprinDng	Higgs	sector

7-8	TeV 13	TeV 14	TeV

Run	4,	5,	…

14	TeV

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

LHC

Run	1 Run	2 Run	3

LHC Long-Term Schedule 



S.	Zambito	|	Harvard	University

!86�86LHC Long-Term Schedule + Future Colliders?

7-8	TeV 13	TeV 14	TeV

Run	4,	5,	…

14	TeV

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

LHC

Run	1 Run	2 Run	3

search/study new physics

e-	linac

e+	linac

FCC	-	reach	√s=100	TeV ILC	-	mature	technology CLIC	-	new	technology
characterize the Higgs Higgs and new physics?



!87

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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We Need To Get Smarter!
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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.
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