
/4

( christophe.grojean@desy.de )

Ch!"ophe GrojeanCh!"ophe Grojean
DESY (Hamburg) 

Humboldt University (Berlin)

W3-­S-­Chair  of  "Theoretical  Particle  ─  development  of  theories  beyond  the
Standard  Model"
Faculty  of  Mathematics  and  Natural  Sciences,  Department  of  Physics,  under  a  joint

appointment  with  the  German  Electron  Synchrotron  (DESY)

Code  number

PR  /  012/15

Category  (s)

Professorships

Number  of  points

1

Of  use

Faculty  of  Mathematics  and  Natural  Sciences,  Department  of  Physics,  under  a  joint

appointment  with  the  German  Electron  Synchrotron  (DESY)

Application  deadline

07/03/2015

Text:

At  the  Faculty  of  Mathematics  and  Natural  Sciences,  Department  of  Physics,  is  a  joint

appointment  with  the  German  Electron  Synchrotron  (DESY)  a

W3-­S-­Chair  of  "Theoretical  Particle  ─  development  of  theories  beyond  the

Standard  Model"

to  be  filled  as  soon  as  possible.

DESY  is  one  of  the  leading  centers  for  Astroparticle  and  Particle  Physics.  The  research

program  of  particle  physics  includes  a  strong  involvement  in  the  LHC  experiments  and

basic  research  in  the  field  of  theoretical  particle  in  the  Standard  Model  and  possible

extensions.  The  Institute  of  Physics,  Humboldt  University  is  also  involved  with  two

professorships  at  the  LHC  experiment  ATLAS.  The  research  interests  of  the  working  groups

in  the  field  of  theoretical  particle  physics  ranging  from  mathematical  physics  on  the

phenomenology  of  particle  physics  to  lattice  gauge  theory.

Candidates  /  students  should  be  expelled  through  excellence  with  international  recognition

in  the  field  of  theoretical  particle  physics  with  a  focus  on  the  development  of  models

beyond  the  Standard  Model.  Is  expected  to  close  cooperation  with  the  resident  at  the

Humboldt  University  workgroups.  In  addition  to  the  development  of  possible  standard

model  extensions  and  phenomenological  studies  of  experimental  verification  to  be  carried

out.  Place  special  emphasis  send  the  Higgs  physics.  It  is  expected  that  he  /  she  maintains

the  scientific  contacts  between  DESY  and  the  HU  and  active  in  the  DFG  Research  Training

Group  GK1504  "Mass,  Spectrum,  Symmetry:  Particle  Physics  in  the  Era  of  the  Large

Hadron  Collider"  cooperates.  He  /  she  should  be  at  all  levels  of  teaching  in  physics  at  the

HU  participate  (2  LVS)  and  will  have  the  opportunity  to  acquire  outside  of  a  creative

research  program.

Applicants  /  inside  must  meet  the  requirements  for  appointment  as  a  professor  /  to

professor  in  accordance  with  §  100  of  the  Berlin  Higher  Education  Act.

DESY  and  HU  aim  to  increase  the  proportion  of  women  in  research  and  teaching  and  calling

for  qualified  scientists  urgently  to  apply.  Severely  disabled  applicants  /  will  be  given
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Outline
 Lecture #1

From Fermi theory to the Standard Model
Chirality, fermion masses, spontaneous symmetry breaking
Custodial symmetry
Gauge boson masses, unitarity and the Higgs boson

 Lecture #2 
Higgs phenomenology (decay and production at colliders) 
Higgs quantum potential (vacuum (meta)stability, naturalness)
Hierarchy problem

 Lecture #3
Supersymmetry
Composite Higgs
Extra dimensions 

 Lecture #4
Connections particle physics-cosmology
Quantum gravity: landscape vs swampland
BSM searches beyond colliders: AMO, EDMs, nñ, GW, PBH



Christophe Grojean Higgs & BSM AEPSHEP, Quy Nhon, Sept. 2018

Supersymmetry

!72
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SUSY 1.0.1

!73

fermion ⇔ boson

L = ⌅µ⇥†⌅µ⇥+ i⇤̄�µ⌅µ⇤

�⇤ = ⇥̄⌅
⇥⇧ = �i (�µ⌃µ⌅) ⇤

�L = total derivative

[⇥�1 , ⇥�2 ]

�
⌅
⇧

⇥
= �i (⇤̄2�

µ⇤1) ⌥µ

�
⌅
⇧

⇥

susy transformations:

susy algebra:

susy2 = 4D translation

Wess, Zumino ’74 

How to introduce interactions?
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SUSY: a quantum space-time

!74
4D space-tim

e

superspace

boson  
(integer spin)

fermion  
(half-integer spin)

superparticle

3D space

timeLorentz 

transformations Supersymmetry 

transformations

3D space

particle antiparticle 

particle
space-time

(G. Giudice HCPSS’09)

4D space-tim
e

quantum 
dimensions
�1�2 = ��2�1
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SUSY: a quantum space-time

!74
4D space-tim

e

superspace

boson  
(integer spin)

fermion  
(half-integer spin)

superparticle

3D space

timeLorentz 

transformations Supersymmetry 

transformations

3D space

particle antiparticle 

particle
space-time

(G. Giudice HCPSS’09)

4D space-tim
e

quantum 
dimensions
�1�2 = ��2�1

SUSY is the most 

general extension of 

Lorentz/Poincaré 

invariance
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chiral fermion!

massless gauge field

Superspace

!75

�
xµ, �, �̄

⇥

usual 4D  
space-time coordinates

new fermionic/Grassmanian 
coordinates

A general superfield can be Taylor-expanded in the superspace
F (x, �, �̄) = f(x) + �⌅(x) + �̄⌅̄(x) + ��m(x) + �̄�̄m̄(x) + �⇤µ�̄vµ(x) + i���̄⇥̄(x)� i�̄�̄�⇥(x) +

1

2
���̄�̄d(x)

complex spin-0 fields:

complex spin-1 fields:

Weyl spin-1/2 fields:

f(x),m(x), m̄(x), d(x)

vµ(x)

⇥(x), ⇥̄,�(x), �̄(x)

4x2=8 real off-shell degrees of freedom

1x8=8 real off-shell degrees of freedom

4x4=16 real off-shell degrees of freedom

Chiral superfield D̄�̇F = 0
covariant derivative 

ie commute with supersymmetry

F = ⇥(x) + �⇤(x) + ��f(x)
off-shell dof
on-shell dof

2 24
2 02

Vector superfield
F = F † 3

2
1
0

off-shell dof
on-shell dof 2

4
F = �⇤µ�̄vµ(x) + i���̄⇥̄(x)� i�̄�̄�⇥(x) +

1

2
���̄�̄d(x)



Superspace Integrals and SUSY 
Any polynomial of superfields is a superfield itself

Z
d✓ ✓ = 1

Z
d2✓d2✓̄ F (✓, ✓̄)

Z
d2✓Q(✓)

are two quantities invariant by supersymmetry

and

All particles are seen as superfields and using the results above, one can 
easily construct Lagrangians as polynomials of these superfields, these 

Lagrangians are automatically invariant under supersymmetry
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SUSY Interactions - Superpotential

!77

superpotential W = holomorphic fct of chiral superfields

L = Lkin �
����
⌅W

⌅�

����
2

|�=0

� 1

2

⌅2W

⌅�2
|�=0

⇥⇥ + h.c.

is invariant under susy

example: susy Yukawa interaction

W =
1

2
m�2 +

1

3!
y�3 ⇥�W = m�+

1

2
y�2 ⇥2

�W = m+ y�

L = Lkin �
����m�+

1

2
y�2

����
2

� 1

2
(m+ y�)⇥⇥ + h.c.

my

y2 y

will survive soft susy breakingwill be modified by  
 soft susy breaking

�

�

�

�

�

�

�

�

�

�
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SUSY Interactions

my

�

�

�y2

�

�

�

�

y �

�

�

heuristic rule: 
replace bosons with fermions in the interaction

many new particles 
many new interactions

SUSY predictions

Scalar potential is not arbitrary any longer:  
dictated by gauge and Yukawa interactions. 

One important consequence: upper bound on Higgs mass in simplest models
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MSSM - Matter Content

12 

Supersymmetric Standard Model!

particles! Sparticles!

quarks! squarks!

sleptons!leptons!

Higgs!
doublets!

Higgsinos!

bino!

winos!

gluinos!

!79

(G. Giudice HCPSS’09)WHERE IS SUSY?

TIM COHEN  [ UNIVERSITY OF OREGON] 31

Higgsinos, stops, and gluinos.

Gluon Photon Z0 W± Higgs

Neutralinos and charginosGluino

SquarksSleptons

Leptons Quarks

Fe
rm

io
ns

Bo
so

ns

MINIMAL NATURALNESS EXPECTATIONS

Take natural SUSY seriously, but not too seriously.

Gave examples for modifying each.
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MSSM Superpotential

!80

W = HuQD +HuQU +HdLE + µHuHd + LQD + UDD + LLE + µLLHu

the most general (“renormalizable”) superpotential of the MSSM

B, L  
lead to fast p decay

R parity forbids all the dangerous terms

Q,D,U, L : �1

Hu, Hd : +1

superfields fields

�SM : +1
�superpartner : �1

R-parity 
doesn’t commute with susy

� : �1

nice consequences:  superpartners are pair-produced 
 Lightest Supersymmetric Particle is stable ➙ DM? 
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In conventional realizations of SUSY, a special role is played by the 
Higgsinos, stops, and gluinos, as these couple strongest to the Higgs. 

(Dimopoulos & Giudice ’95; Cohen, Kaplan & Nelson ’96 ......) 

t̃
t

g̃

t̃

hh

h
µ

h

hh

t̃

�m2
H

⇠ � y2
t

⇡2

↵s

⇡
m2

gluino

✓
log

⇤

mgluino

◆2

�m2
H

⇠ � 3

8⇡2
y2
t
m2

stop
log

⇤

mstop

�m2
H

⇠ |µ|2
Λ = “messenger scale,” a 
UV scale where the soft 
masses are generated

What should we expect?

} well tested @ LHC
but most questionable predictions

(RG effects)

}
light Higgsinos!

very low sensitivity @ LHC
ILC needed to probe the other side 

Probing natural SUSY

light stops, light gluinos!
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In conventional realizations of SUSY, a special role is played by the 
Higgsinos, stops, and gluinos, as these couple strongest to the Higgs. 

(Dimopoulos & Giudice ’95; Cohen, Kaplan & Nelson ’96 ......) 

t̃
t
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µ

h

hh

t̃

�m2
H
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t
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�m2
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t
m2

stop
log

⇤

mstop

�m2
H

⇠ |µ|2
Λ = “messenger scale,” a 
UV scale where the soft 
masses are generated

What should we expect?

} well tested @ LHC
but most questionable predictions

(RG effects)

}
light Higgsinos!

very low sensitivity @ LHC
ILC needed to probe the other side 

Probing natural SUSY

light stops, light gluinos!

Where is SUSY?

No sign so far. Keep looking: compressed spectra, mixed 
branching ratios, electroweak production (without light sleptons)
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Probing natural SUSY

Fig. 12: Left: Discovery potential and Right: Projected exclusion limits for 3000 fb�1 of total integrated lumi-
nosity at

p
s = 100 TeV. The solid lines show the expected discovery or exclusion obtained from the boosted top

(black) and compressed spectra (blue) searches. In the boosted regime we use the E/T cut that gives the strongest
exclusion for each point in the plane. The dotted lines in the left panel show the ±1� uncertainty band around the
expected exclusion.

Collider Energy Luminosity Cross Section Mass
LHC8 8 TeV 20.5 fb�1 10 fb 650 GeV
LHC 14 TeV 300 fb�1 3.5 fb 1.0 TeV

HL LHC 14 TeV 3 ab�1 1.1 fb 1.2 TeV
HE LHC 33 TeV 3 ab�1 91 ab 3.0 TeV
FCC-hh 100 TeV 1 ab�1 200 ab 5.7 TeV

Table 1: The first line gives the current bound on stops from the LHC 8 TeV data [106, 132]. The remaining lines
give the estimated 5� discovery reach in stop pair production cross section and mass for different future hadron
collider runs (from [131]). At 100 TeV, NLL+NLO cross sections can be used to extend the reach.

boosted top tagging may suffer from intrinsic limitations due to the nature of calorimeters [18], the
search presented here avoids specialized substructure variables and instead uses top-tagging techniques
established at the LHC. This is applied to stop searches in theory studies in [108,127–131]. Top tagging
has been used by experiments at the LHC [137, 138] in other types of searches, and from [137] we take
the efficiency of top tagging to be 50% for tops with pT > 500 GeV. From the same search we take the
fake rate to be 5% for the same pT range. There is very little data for pT > 800 GeV, but we will use
these efficiencies throughout out study, even at very high energy. The HPTTopTagger [15] study focuses
on pT > 1 TeV and finds somewhat lower tagging efficiency but also lower fake rates.

Therefore, we make the following cuts taking the efficiency from the literature:

– Require both tops decay hadronically (46%),
– Require one b-tag (70%) [139, 140],
– Require both tops pass a top tagger (25%).

We also simulate pair production of 6 TeV stops decaying to a nearly massless (1 GeV) neutralino
at a 100 TeV machine. The simulation is done at parton level with MadGraph 5 [121] and is used to
compute the efficiency for the following two cuts:

– Require that both tops have pT > 500 GeV (97%),
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Fig. 12: Left: Discovery potential and Right: Projected exclusion limits for 3000 fb�1 of total integrated lumi-
nosity at

p
s = 100 TeV. The solid lines show the expected discovery or exclusion obtained from the boosted top

(black) and compressed spectra (blue) searches. In the boosted regime we use the E/T cut that gives the strongest
exclusion for each point in the plane. The dotted lines in the left panel show the ±1� uncertainty band around the
expected exclusion.

Collider Energy Luminosity Cross Section Mass
LHC8 8 TeV 20.5 fb�1 10 fb 650 GeV
LHC 14 TeV 300 fb�1 3.5 fb 1.0 TeV

HL LHC 14 TeV 3 ab�1 1.1 fb 1.2 TeV
HE LHC 33 TeV 3 ab�1 91 ab 3.0 TeV
FCC-hh 100 TeV 1 ab�1 200 ab 5.7 TeV

Table 1: The first line gives the current bound on stops from the LHC 8 TeV data [106, 132]. The remaining lines
give the estimated 5� discovery reach in stop pair production cross section and mass for different future hadron
collider runs (from [131]). At 100 TeV, NLL+NLO cross sections can be used to extend the reach.

boosted top tagging may suffer from intrinsic limitations due to the nature of calorimeters [18], the
search presented here avoids specialized substructure variables and instead uses top-tagging techniques
established at the LHC. This is applied to stop searches in theory studies in [108,127–131]. Top tagging
has been used by experiments at the LHC [137, 138] in other types of searches, and from [137] we take
the efficiency of top tagging to be 50% for tops with pT > 500 GeV. From the same search we take the
fake rate to be 5% for the same pT range. There is very little data for pT > 800 GeV, but we will use
these efficiencies throughout out study, even at very high energy. The HPTTopTagger [15] study focuses
on pT > 1 TeV and finds somewhat lower tagging efficiency but also lower fake rates.

Therefore, we make the following cuts taking the efficiency from the literature:

– Require both tops decay hadronically (46%),
– Require one b-tag (70%) [139, 140],
– Require both tops pass a top tagger (25%).

We also simulate pair production of 6 TeV stops decaying to a nearly massless (1 GeV) neutralino
at a 100 TeV machine. The simulation is done at parton level with MadGraph 5 [121] and is used to
compute the efficiency for the following two cuts:

– Require that both tops have pT > 500 GeV (97%),

25
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Probing natural SUSY

 [TeV]g~m
0 5 10 15 20

 [T
eV

]
q~

m
0

5

10

15

20
-1100 TeV, 3000 fb

-133 TeV, 3000 fb
-114 TeV, 3000 fb

-114 TeV, 300 fb

q~q~,q~g~,g~g~→pp
 discoveryσ5 

 [TeV]g~m
0 5 10 15 20

 [T
eV

]
q~

m

0

5

10

15

20
-1100 TeV, 3000 fb

-133 TeV, 3000 fb
-114 TeV, 3000 fb

-114 TeV, 300 fb

q~q~,q~g~,g~g~→pp
95% CL exclusion

Fig. 16: Results for the gluino-squark-neutralino model. The neutralino mass is taken to be 1 GeV. The left [right]
panel shows the 5 � discovery reach [95% CL exclusion] for the four collider scenarios studied here. A 20%

systematic uncertainty is assumed and pile-up is not included.

3.4.2.2 Associated production with meq > meg

The gluino-squark-neutralino model in the previous section was probed in a region where meg ⇠ meq. In
this section, we consider squark-gluino associated production in a region of parameter space in which
the gluinos are relatively light, while the squarks are heavier, but not completely decoupled. This work
is documented more completely in [150], where we have analysed the prospects for squark-gaugino
associated production at a 100 TeV collider.

Squark-gluino associated production is interesting because it has the potential to probe much
higher squark masses than those reached in pair production. Spectra with a hierarchy between the gluino
and the first two generation squarks are predicted in many scenarios, such as anomaly-mediated SUSY
breaking [151, 152], or in “mini-split"-type models [33, 153, 154].

We consider two simplified models for squark-gluino associated production. In both, the particle
content consists only of first and second generation squarks, gluino, and a Bino LSP (e�0

1 = B̃). The two
models correspond to different choices of the LSP mass:

– Non-compressed: M1 = 100 GeV (results in Fig. 18(a))
– Compressed: meg � me�0

1
= 15 GeV (results in Fig. 18(b))

where we take the first and second generation squarks to be degenerate in mass, and decouple all other
superpartners. Our results are insensitive to the choice of M1 = 100 GeV in the non-compressed spectra,
as the LSP is effectively massless for me�0

1
⌧ meg. The compressed spectra are consistent with the gluino-

neutralino dark matter (DM) coannihilation region [155, 156].
Events from squark-gluino associated production have distinctive event topologies, with a hard

leading jet and significant E/T . Both arise primarily from the decay of the heavy squark, since the gluino
is produced at relatively low pT . As in the gluino simplified models above, the dominant sources of
background are top pair production and production of an SM boson + jets [78]. However, both of these
backgrounds fall off rapidly both with increasing pT (j1), E/T , and E/T

p
HT (where HT is the scalar sum

of the jet transverse energies). This can be seen for an example spectrum point in Fig. 17.
The leading jet typically has a pT (j1) ⇠ meq/2, while the decay of the squark into the LSP

eq ! qeg ! 3 qe�0
1 results in a highly boosted neutralino and large E/T . As such, heavy squark - light

gluino associated production events have a striking collider signature with very low SM backgrounds.
We impose the following baseline cuts for both spectra:

HT > 10 TeV, E/T /
p

HT > 20 TeV1/2.

32

Fig. 12: Left: Discovery potential and Right: Projected exclusion limits for 3000 fb�1 of total integrated lumi-
nosity at

p
s = 100 TeV. The solid lines show the expected discovery or exclusion obtained from the boosted top

(black) and compressed spectra (blue) searches. In the boosted regime we use the E/T cut that gives the strongest
exclusion for each point in the plane. The dotted lines in the left panel show the ±1� uncertainty band around the
expected exclusion.

Collider Energy Luminosity Cross Section Mass
LHC8 8 TeV 20.5 fb�1 10 fb 650 GeV
LHC 14 TeV 300 fb�1 3.5 fb 1.0 TeV

HL LHC 14 TeV 3 ab�1 1.1 fb 1.2 TeV
HE LHC 33 TeV 3 ab�1 91 ab 3.0 TeV
FCC-hh 100 TeV 1 ab�1 200 ab 5.7 TeV

Table 1: The first line gives the current bound on stops from the LHC 8 TeV data [106, 132]. The remaining lines
give the estimated 5� discovery reach in stop pair production cross section and mass for different future hadron
collider runs (from [131]). At 100 TeV, NLL+NLO cross sections can be used to extend the reach.

boosted top tagging may suffer from intrinsic limitations due to the nature of calorimeters [18], the
search presented here avoids specialized substructure variables and instead uses top-tagging techniques
established at the LHC. This is applied to stop searches in theory studies in [108,127–131]. Top tagging
has been used by experiments at the LHC [137, 138] in other types of searches, and from [137] we take
the efficiency of top tagging to be 50% for tops with pT > 500 GeV. From the same search we take the
fake rate to be 5% for the same pT range. There is very little data for pT > 800 GeV, but we will use
these efficiencies throughout out study, even at very high energy. The HPTTopTagger [15] study focuses
on pT > 1 TeV and finds somewhat lower tagging efficiency but also lower fake rates.

Therefore, we make the following cuts taking the efficiency from the literature:

– Require both tops decay hadronically (46%),
– Require one b-tag (70%) [139, 140],
– Require both tops pass a top tagger (25%).

We also simulate pair production of 6 TeV stops decaying to a nearly massless (1 GeV) neutralino
at a 100 TeV machine. The simulation is done at parton level with MadGraph 5 [121] and is used to
compute the efficiency for the following two cuts:

– Require that both tops have pT > 500 GeV (97%),
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Fig. 12: Left: Discovery potential and Right: Projected exclusion limits for 3000 fb�1 of total integrated lumi-
nosity at

p
s = 100 TeV. The solid lines show the expected discovery or exclusion obtained from the boosted top

(black) and compressed spectra (blue) searches. In the boosted regime we use the E/T cut that gives the strongest
exclusion for each point in the plane. The dotted lines in the left panel show the ±1� uncertainty band around the
expected exclusion.

Collider Energy Luminosity Cross Section Mass
LHC8 8 TeV 20.5 fb�1 10 fb 650 GeV
LHC 14 TeV 300 fb�1 3.5 fb 1.0 TeV

HL LHC 14 TeV 3 ab�1 1.1 fb 1.2 TeV
HE LHC 33 TeV 3 ab�1 91 ab 3.0 TeV
FCC-hh 100 TeV 1 ab�1 200 ab 5.7 TeV

Table 1: The first line gives the current bound on stops from the LHC 8 TeV data [106, 132]. The remaining lines
give the estimated 5� discovery reach in stop pair production cross section and mass for different future hadron
collider runs (from [131]). At 100 TeV, NLL+NLO cross sections can be used to extend the reach.

boosted top tagging may suffer from intrinsic limitations due to the nature of calorimeters [18], the
search presented here avoids specialized substructure variables and instead uses top-tagging techniques
established at the LHC. This is applied to stop searches in theory studies in [108,127–131]. Top tagging
has been used by experiments at the LHC [137, 138] in other types of searches, and from [137] we take
the efficiency of top tagging to be 50% for tops with pT > 500 GeV. From the same search we take the
fake rate to be 5% for the same pT range. There is very little data for pT > 800 GeV, but we will use
these efficiencies throughout out study, even at very high energy. The HPTTopTagger [15] study focuses
on pT > 1 TeV and finds somewhat lower tagging efficiency but also lower fake rates.

Therefore, we make the following cuts taking the efficiency from the literature:

– Require both tops decay hadronically (46%),
– Require one b-tag (70%) [139, 140],
– Require both tops pass a top tagger (25%).

We also simulate pair production of 6 TeV stops decaying to a nearly massless (1 GeV) neutralino
at a 100 TeV machine. The simulation is done at parton level with MadGraph 5 [121] and is used to
compute the efficiency for the following two cuts:

– Require that both tops have pT > 500 GeV (97%),

25
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SUSY in Jets+MET

3Leonardo Sala (ETHZ) SUSY searches in Jets+MET at CMS – SEARCH2012, UMD

This talk presents searches which were thought 

having SUSY in mind:
● High rate of gluino, squark production

This is translated into the topology:
● Final states with jets, invisible energy due to LSP 

(ME
T
)

These searches are sensitive to processes which:
● Are strongly produced
● Have a massive, weakly interactive, stable 

colorless particle

If a model does not predict hadronically rich events, with invisible energy
● This is the wrong place to look at ;)
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SUSY searches
gluinos and squarks are produced by QCD interactions 

LSP (lightest supersymmetric particle) is stable ≈ Missing Energy
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MSSM Higgs mass and stop searches
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Figure 5: Allowed values of the OS stop mass reproducing mh = 125 GeV as a function of the stop mixing, with
tan� = 20, µ = 300 GeV and all the other sparticles at 2 TeV. The band reproduce the theoretical uncertainties
while the dashed line the 2� experimental uncertainty from the top mass. The wiggle around the positive maximal
mixing point is due to the physical threshold when mt̃ crosses M3 +mt.

renormalization scale—even if the on-shell squark masses are positive, the DR stop mass becomes
highly sensitive to the renormalization scale when the gluino is more than a factor of 2÷3 above
it, which results in an instability of the estimate of the Higgs mass. What is happening is that
the physical on-shell squark masses becomes tuned and highly sensitive to the soft parameters.
The situation is similar to trying to compute the Higgs mass in terms of the soft parameter m2

Hu

instead of the on-shell (tuned) EW vev v.

All these problems disappear in the OS scheme, the gluino decouples up to a physical log
correction [16], there are no tachyons since the physical OS masses are given as input and larger
hierarchies can be introduced safely within the SUSY spectrum (with the usual caveat that large
logarithms may require resummation). Besides, the input masses are directly the physical quan-
tities to be compared with experiments.

For these reasons we also performed our computation in the OS scheme. Fig. 5 shows an
application of such calculation. It corresponds to the region of allowed OS stop masses (taken
degenerate in this case) which reproduces the observed Higgs mass for di↵erent At-terms. Our
definition of At in the on-shell scheme, eq. (27), is di↵erent from the usual one, this explains why
the point of maximal mixing is not at Xt/mt̃ ' 2. In the spirit of natural SUSY [46–48] we kept
the higgsino light at 300 GeV while the gauginos and first generation squarks safely above collider

14

One needs heavy stop(s)  
to obtain a 125GeV Higgs 

(within the MSSM)

�
Current and future  
bounds on stop mass �

Pardo Vega, Villadoro ’15 + many others

LHC (2018)
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LHC vs HL-LHC: extension of the discovery reach at high M

Z’ → e+e–

ATLAS/CMS HL docs 300/fb 3000/fb

95% excl (ATLAS) 6.5 TeV 7.8 TeV

5σ (CMS) 5.1 TeV 6.2 TeV

25

ATL-PHYS-PUB-2014-010
Direct gluino searches ATL-PHYS-PUB-2014-010EWino searches

5σ @ 3000/fb5σ @ 300/fb

95% excl 
@ 3000/fb

95% excl @ 300/fb

Direct stop searches (ATLAS Snowmass doc)

HL-LHC (2030)
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1 – Beyond 3 ab≠1

Will 3 ab≠1 be enough at 100 TeV?

Scale E
miss
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Comparable gain in reach from additional factor of 10:
Still not saturating gains from higher

Ô
s with 3 ab≠1!

Implications for detector design, running conditions, analysis strategies
Also accelerator design: Optimal choice of

Ô
s vs

s
Ldt and Linst?

arXiv:1406.4512

Mike Hance (LBNL) 23 / 25 Colored SUSY- March 12, 2015

FCC-hh @ 100TeV (2060)
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Saving SUSY

SUSY is Natural 
but not plain vanilla

 CMSSM 
 pMSSM 
 NMSSM 
 colorless stops (“folded susy”) 
 Hide SUSY, e.g. smaller phase space 

 reduce production (eg. split families) 

 reduce MET (e.g. R-parity,   compressed 
spectrum) 

 dilute MET (decay to invisible particles 
with more invisible particles) 

 soften MET (stealth susy, stop -top 
degeneracy)

Mahbubani et al

Csaki et al

LHC300(0)fb-1 will tell! 
Good coverage of  

hidden natural susy

 mono-top searches (DM, flavored 

naturalness - mixing among different squark 

flavors-, stop-higgsino mixings) 

 mono-jet searches with ISR 

recoil (compressed spectra) 

 precise tt inclusive measurement+ 
spin correlations 

 multi-hard-jets (RPV, hidden valleys, long 
decay chains)

Fan et al
                        (stop � top + soft  neutralino)  
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Composite Higgs Models
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Composite Higgs
Light scalars exist in Nature but  

all the ones observed before Higgs discovery were composite bounds states

�/M ⇠ 0.06 is typical of QCD resonances
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Composite neutral bosons of QCD

Franceschini et al. ’15

Could the Higgs be a “hadron” of a new strong force? 

h h

h W± Z

h h

top
h h

�
d4k

(2�)4
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Composite Higgs

Composite Higgs scenario:
1. Higgs is hadron of new strong force 
                                  Corrections to       screened above 
                              The Hierarchy Problem is solved 

2. Higgs is a Goldstone Boson, this is why it is light
3. Partial Fermion Compositeness: linear coupling to strong sector

1/lHmH

Higgs Br. Ratios

Higgs Production c    

�
O(v2/f2)�20%

⇥A) Corrections to SM: B) New Non-ren. Couplings:

e.g. Double Hisgg � hh

Indirect effects from sigma-model couplings

Indirect, but “direct” (robust) signature of compositeness

At energy above 1/lH, the 
Higgs dissolves, the 

integrals are smoothed out

Z
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R =
�(e+e� ! hadrons)

�(e+e� ! µ+µ�)

Structure of QCD was understood 
from inelastic scattering experiments

Shows some peaks/resonances 
at each QCD bound states

Eventually the asymptotic value of R also tells 
the number of color of QCD
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Higgs as a bound stateThe R-ratio: comparison to data

Renormalisation group

QCD beta function

Short-distance observables

Comparison of R̂ to experimental data
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Andrea Banfi Lecture 2

➾ The Higgs has to be lighter than 
the other bound states 
➾ pions are lighter than nucleons, 
hadrons and other mesons 
➾ let the Higgs be the pions of the 
new strong interaction, i.e., the 
Goldstone boson associated to the 
breaking of some global symmetry
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The Higgs discovery would be the 
first step of rich physics ahead of us: 

 discover a new SU(NC) force  
 access to the fundamental constituents  
 rich spectrum of bound states

But how come we haven’t seen 
anything of these yet?
➾ The Higgs has to be lighter than 
the other bound states
➾ pions are lighter than nucleons, 
hadrons and other mesons
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new strong interaction, i.e., the 
Goldstone boson associated to the 
breaking of some global symmetry

The Higgs, the lightest of the new strong resonances, 
as pions in QCD: they are Pseudo-Goldstone Bosons (PGB)

�
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Higgs as a Goldstone boson

SO(4)
SO(3)

W±L & ZL

SM G
H

W±L & ZL & h

BSM

Examples:SO(5)/SO(4): 4 PGBs=W±L, ZL, h
Minimal Composite Higgs Model

Agashe, Contino, Pomarol  ’04SO(6)/SO(5): 5 PGBs=H, a
Next MCHM

SU(4)/Sp(4,ℂ): 5 PGBs=H, s

SO(6)/SO(4)xSO(2): 8 PGBs=H1+H2

Mrazek, Pomarol, Rattazzi, Serra,  Wulzer  ’11

Minimal Composite  
Two Higgs Doublets

dim=10 dim=6

dim=15 dim=10

dim=15 dim=7

dim=15 dim=10
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Constants factor for point-like target
Momentum-dependent when target has an internal structure

Probe the compositeness of the Higgs?

q

q

H

H

Rosenbluth-type cross-section 

elementary Higgs

SM Higgs

composite Higgs

q2

Ki
~

anomalous couplings 
(accessible @ LHC with 20-40% accuracy)

{
LHC reach ?

Need to develop tools to understand the physics of a composite Higgs 
use effective theory approach 
rely on symmetries of the problem {identify interesting processes

d⇤

d�
=

�2

16m2
H sin4 ⇥/2

E�

E3

�
2K̃1q

2 sin2 ⇥/2 + K̃2 cos
2 ⇥/2

⇥

!89

θ
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Composite Higgs Anomalous Couplings
Giudice, Grojean, Pomarol, Rattazzi ‘07

cH � O(1)L � cH
2f2

�µ
�
|H|2

⇥
�µ

�
|H|2

⇥

H =

�
0

v+h�
2

⇥

L =
1

2

�
1 + cH

v2

f2

⇥
(⇥µh)2 + . . .

Modified  
Higgs propagator

Higgs couplings  
rescaled by ~

1�
1 + cH

v2

f2

⇤ 1� cH
v2

2f2
⇥ 1� �/2

Higgs anomalous coupling: a = √1-ξ≈ 1-ξ/2

� = v2/f2

!90

f=compositeness scale of the Higgs boson
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EFT = dimensional analysis

It is important to remember that couplings are not dimensionlessChapter 2. Effective Lagrangians for the Higgs boson

Mn ~n

scalar field � 1 1/2

fermion field  3/2 1/2

vector field Aµ 1 1/2

mass m 1 0

gauge coupling g 0 �1/2

quartic coupling � 0 �1

Yukawa coupling yf 0 �1/2

Table 2.1 – Mass and ~ dimensionalities of the classical SM fields and couplings for c = 1
but ~ 6= 1. This follows trivially from the dimensionality of the quantum mechanical
action [S] = ~ when ~ is put back into place.

than derivatives. This remark greatly simplifies the list of relevant operators.

The list of dimension-6 operators has been discussed at length in the literature [54–63], for
recent reviews see Refs. [64, 65]. There exist various bases for the dimension-6 operators
related by field redefinitions, or equivalently, the classical equations of motion. In the
following we will adopt the basis discussed in Refs. [53, 65] which has several advantages.
Firstly, it captures the effects of a well motivated set of new physics models in only a
minimal number of operators. Universal theories, for instance, describing those models
whose low energy effects can be encoded solely in higher dimensional operators consisting
of SM bosons, can be captured by only 14 operators corresponding to the 14 degrees of
freedom parametrising all possible NP effects. Composite Higgs models without particle
compositeness are an example of such models. If the elementary fermions couple to the
strong sector, also fermionic operators are induced. Thus potentially complicated, linear
combinations (as would be needed for example in the basis of Ref. [63]) can be avoided.
The operators in this basis are furthermore directly related to experimentally measured
quantities which simplifies the procedure to set bounds on the coefficients [52]. Secondly,
under reasonable assumptions, this basis allows one to distinguish operators arising from
tree and loop level diagrams when integrating out the heavy particles. Their coefficients
are hence expected to be of different size, i.e. loop suppressed or not [53]. As discussed in
Refs. [53, 65], the dimension-6 operators fall into the following three categories.

Tree level operators with extra powers of Higgs fields or SM fermions. Op-
erators in this first category are built from products of SM bilinears. They appear by
integrating out heavy scalars, fermions or vectors at tree level and contain extra powers
of Higgs fields or SM fermions thus contributing additional powers of gH and gfL,R

.
According to the power counting in Eq. (2.21) and Table 2.1, these operators can be

16

S =

Z
d4x

�
L0 + ~L1 + ~2L2 + . . .

�

[L0]~ = 1

[L0]M = 4 [L1]M = 4 [L2]M = 4

[L1]~ = 0 [L2]~ = �1

v is not simply a mass scale but also a “coupling”

[v]~ = 1/2

AWLWL!WLWL =
s

v2
even when gauge coupling are zero

1

M2
g
2
⇤
�
@
µ|H|2

�2

[·]~ = 2[·]~ = �1

icW

2M2

⇣
H

†
�
i !
D

µ
H

⌘
(g D⌫

Wµ⌫)
i

[·]~ = 1 [·]~ = 0
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SILH Effective Lagrangian
extra derivative: extra Higgs leg:  

(strongly-interacting light Higgs)

custodial breaking

loop-suppressed strong dynamicsminimal coupling: 

Goldstone sym.

Genuine strong operators (sensitive to the scale f)

Form factor operators (sensitive to the scale mρ)

cH
2f2

�
�µ |H|2

⇥2 cT
2f2

�
H†�⇥DµH

⇥2 c6�

f2
|H|6

cyyf
f2

|H|2f̄LHfR + h.c.

H/f ⇥/m�

h � �Z

icW
2m2

⇤

�
H†�i�⇥DµH

⇥
(D⇥Wµ⇥)

i icB
2m2

⇤

�
H†�⇥DµH

⇥
(�⇥Bµ⇥)

icHW

m2
⇤

g2⇤
16�2

(DµH)†⇥i(D⇥H)W i
µ⇥

icHB

m2
⇤

g2⇤
16�2

(DµH)†(D⇥H)Bµ⇥

c�
m2

⌅

g2⌅
16�2

g2

g2⌅
H†HBµ⇤B

µ⇤ cg
m2

⇤

g2⇤
16�2

y2t
g2⇤

H†HGa
µ⇥G

aµ⇥

Giudice, Grojean, Pomarol, Rattazzi ‘07
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Higgs anomalous couplings

The Higgs couplings deviates from SM ones (a=b=c=1)  
and the deviations are controlled by  cH and cy 

Anomalous couplings  are related to the coset symmetry and not the spectrum of resonances

Composite Higgs  
vs.  

SM Higgs

Goldstone Higgs  
for large f 

a=1-v2/2f2  b=1-2 v2/f2

Uniqueness of Goldstone models 
 in the SM vicinity

(a single operator at dimension-6 level 
controls the amplitudes)

1
a

1
SM

b

Dilaton 
b=a2

� =
v2

f2
=

(weak scale)2

(strong coupling scale)2

Minimal composite Higgs model (MCHM): SO(5)/SO(4)

a =
�

1� � b = 1� 2� b3 = �4

3
�
�
1� � c =

�⇤
1� �,

1� 2�⇥
1� �

⇥
c2 = �(�, 4�)

LEWSB = m2
WW+

µ W+
µ

✓
1 + 2a

h

v
+ b

h2

v2

◆
�m  ̄L R

✓
1 + c

h

v

◆
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Higgs couplings fit
Composite Higgs

A rough comparison with data: courtesy of R.Torre

Higher order effects, from resonances exchange, should 
be also taken into account

!94

Fit of Higgs couplings

Current fit of Higgs couplings to gauge boson and fermions

✦ assumption

✦ bounds
• MCHM4

�
��

��

ATLAS

CMS

68% CL
95% CL

� Standard Model
� Best fit

LHC (7 TeV + 8 TeV)

0.1
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0.3
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MCHM4

0.7 0.8 0.9 1.0 1.1 1.2 1.3
0.4

0.6

0.8

1.0

1.2

1.4
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1.8

kV

k F

• MCHM5

• same coupling to t and b
kb = kt = kF

⇠ < 0.10 at 95%CL

⇠ < 0.12 at 95%CL
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Indirect composite signatures

Grojean-Wulzer @ FCC physics week ’17
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EW+Higgs+Top Measurements

Composite tR, comp. Higgs, elementary tL and gauge
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The other resonances

2 3 Signal and Background Modeling
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Figure 1: The ⌃TC (and aTC) production in pp collisions at the LHC occurs primarily through
quark annihilation into an intermediate W⇥ boson.

tem is composed of a pixel detector with three barrel layers at radii between 4.4 and 10.2 cm
and a silicon strip tracker with 10 barrel detection layers extending outwards to a radius of
1.1 m. Each system is completed by two end caps, extending the acceptance up to |⇥| < 2.5.
A lead tungstate crystal electromagnetic calorimeter with fine transverse (D⇥, D�) granular-
ity and a brass-scintillator hadronic calorimeter surround the tracking volume and cover the
region |⇥| < 3. The steel return yoke outside the solenoid is in turn instrumented with gas
detectors which are used to identify muons in the range |⇥| < 2.4. The barrel region is covered
by drift tube chambers and the end cap region by cathode strip chambers, each complemented
by resistive plate chambers.

3 Signal and Background Modeling
The signal and background samples have been obtained using detailed Monte Carlo simula-
tions. The Monte Carlo event generator PYTHIA 6.4 [20] has been used for producing the W ⌅ and
⌃TC [21] samples. Fully leptonic decays W ⇤ `⌅ and Z ⇤ `+`� with ` = e, µ are considered
in this analysis. The contribution of the leptonic decays of ⌥’s from W or Z is considered as a
background.

The W ⌅ samples have been generated in steps of 100 GeV ranging from 300 to 900 GeV. For TC,
we concentrate on three LSTC mass points not excluded by other experiments which cover
a phase space region accessible with less than 5 fb�1. These masses along with the pro-
duction cross sections for signal (⌃TC/ aTC) convoluted with the decay branching fractions
to WZ and their subsequent leptonic decays are listed in Table 1. The implementation in
PYTHIA includes both the vector and axial-vector resonances, ⌃TC and aTC respectively, with
M(aTC) = 1.1M(⌃TC). This helps to naturally suppress the electroweak parameter S, since the
first set of vector resonances (⌃TC) and the first set of axial-vector resonances (aTC) are nearly
degenerate. In addition, the TC parameters, MV (for techni-vectors) and MA (for aTC), were set
to be equal to M(⌃TC) and M(�TC), where M(�TC) is the mass of the �TC particle.

The relationship between M(⌃TC) and M(⇧TC) significantly affects the BR(⌃TC ⇤ WZ). If
M(⌃TC) > 2M(⇧TC), the WZ branching ratio is reduced by approximately ten times, while the
WZ branching ratio approaches 100% if M(⌃TC) < M(⇧TC) + MW . For this study we assume
a parameter set used in the Les Houches study [21] (M(⇧TC) =

3
4 M(⌃TC)� 25 GeV) and also

investigate the dependence of the results on the relative values of the ⌃TC and ⇧TC masses.

Some of the background processes have been generated using PYTHIA, while the others have
been generated using the ALPGEN [22], MADGRAPH [23] and POWHEG [24] generators. These
backgrounds can be divided into physics and instrumental. The physics backgrounds include
ZZ production in which one of the leptons is either outside the detector acceptance or mis-

Dominant decays into longitudinal SM gauge bosons

where T± = (⌃1 ± i⌃2)/2.

Furthermore, the SM gauge boson self interactions after the rotation produce the cou-

plings of ⇧ to the electroweak gauge bosons. In particular, the cubic gauge boson vertices
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where the dots stand for cyclic permutations of the fields in each vertex.

4.2 Decays

The cubic gauge vertices in Eq. (4.3) induce the dominant decay of ⇧ is into a pair of

longitudinally polarized electroweak gauge bosons. The leading order decay widths can be

computed using the Goldstone boson equivalence theorem,
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In our numerical analysis below we use the full ⇧ ⌃ V V matrix element that also takes into

account decays into transversely polarized gauge bosons. These correct the leading order

widths by ⇤ 50% for m⌅ ⇤ 350 GeV, and by ⇤ 10% for m⌅ ⇤ 1 TeV. In Eq. (4.3) the

charged resonances couple to WZ and not to W�. This is a consequence of our assumption

that the strength of the ⇧3 vertex in the original lagrangian is set by the hidden SU(2) gauge

coupling g⌅. Departure from the gauge coupling, g3⌅ = g⌅ + ⇥, would result in the ⇧W�

vertex suppressed by ⇥g2/g2⌅ which would allow for subleading decays ⇧± ⌃ W±�, as studied

in Ref. [35].

The heavy resonances also decay to the SM fermions via the couplings in Eq. (4.2),

however, these decays are strongly suppressed in the interesting parameter space (for m⌅ ⇧
2mW ). For example, the leptonic branching fractions are given by

Br(⇧± ⌃ e±⇤) ⌅ 2Br(⇧0 ⌃ e+e�) ⌅ 16m4
W

m4
⌅

(4.5)

For m⌅ ⇤ TeV this is already less than 10�3. Conversely, the branching fraction into the

electroweak gauge bosons is practically equal to 1 throughout the interesting parameter

space. Thus, the main discovery channel at the Tevatron and LHC is the search for resonant

production of W+W� and W±Z pairs.
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Suppressed decays to SM quarks and leptons
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searches in WW, WZ channels in DY processes
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Fig. 3. Natural expectations for the mass spectrum in supersymmetric models (left) and com-
posite Higgs models (right).

in most natural scenarios is the Higgsino, or the Gravitino for the case of GMSB
models. For composite Higgs models, the top partners are color fermionic resonances
with electric charges Q = 5/3, 2/3, �1/3 [15], and a phenomenology described in
detail in [50]. This is depicted in Fig. 3 where it is shown the mass spectrum of a
natural supersymmetric and composite Higgs model. Present limits on top partners
from the LHC Run 1 are around 500�800 GeV [51], scratching at present the most
natural region of the parameter space of the MSSM and MCHM. Nevertheless, it
will not be until the LHC Run 2 where the naturalness of these BSM will be really
at stake.

Clues for cosmological conundrums

Could TeV physics be behind other fundamental questions in particle physics and
cosmology, such as the origin of Dark Matter (DM), the abundance of matter
over anti-matter in our universe (Baryogenesis), the origin of inflation or neutrino
masses? Though not necessary the case, as the mandatory new-physics at the
Planck scale could be the true responsible for these phenomena, it is well possible
that some of these questions are addressed by TeV physics, opening an exciting
possibility of resolving these mysteries in well controlled experiments, such as TeV
colliders. The most likely of the above important questions to be addressed by TeV
new-physics is the DM origin. This hope arises from the so-called ”WIMP miracle”:
A stable particle with mass of order the electroweak scale and O(1) renormalizable-
interactions is in the ballpark of the needed relic abundance for a DM candidate.
In the MSSM, as well as in the MCHM, we find many DM candidates [52]. For in-
stance, the lightest superpartner, if neutral, as the neutralinos (superpartners of the
Z, photon or Higgs), can be a good candidate for DM in certain ”well-tempered”
region of the parameter space [53]. Similarly, DM can arise in composite Higgs mod-

Expected spectrum in Composite Higgs Scenarios
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for the W
0
! WLZL and Gbulk ! WLWL signal hypotheses is found in the mass range to

1.9 < mX < 2.1 TeV, while the excess extends down to mX = 1.8 TeV for the ZLZL sig-
nal hypothesis. In these mass ranges, the ATLAS data prefer a production cross section of
⇡ 10 fb, while the CMS data favour smaller values (⇡ 3 fb) and are more consistent with the
no-signal hypothesis. The maximum-likelihood (ML) combined cross section is essentially
identical to the corresponding ATLAS value. The scan of the profiled likelihood functions
are compared in Figure 10 for mX = 2 TeV, corresponding to the largest signal significance.
Due to the large uncertainties on the signal strength, the best-fit cross-section values by
ATLAS and CMS are compatible within ±1� for W

0
! WLZL and Gbulk ! WLWL. The

compatibility is slightly reduced under the Gbulk ! ZLZL hypothesis.
In conclusion, the mild CMS excess reduce slightly the large ATLAS excess, but the

global significance stays well above 3 � for Gbulk ! WLWL and Gbulk ! ZLZL hypotheses
and close to 3 � for W

0
! WLZL. The preferred mass range for the excess after the

combination is for mX between ⇡ 1.9 and ⇡ 2 TeV.

Figure 7. Full hadronic CMS + ATLAS combined limits (black). The green (yellow) bands

represent the two sigma (one sigma) limits from our fit with the fudge factors. The read and blue

lines correspond to the observed and expected limits respectively of ATLAS-only and CMS-only.

From left to right we show respectively the results for Gbulk ! WLWL, W
0
! WLZL and

Gbulk ! ZLZL selections and signal hypotheses.

Figure 11 shows the evolution of observed and expected limits when the signal is com-
posed by ZLZL and WLWL components.

– 12 –

Figure 8. The p-values from full hadronic CMS + ATLAS combination (black). The green (yellow)

bands represent the two sigma (one sigma) limits from our fit with the fudge factors. The red and

blue lines correspond to the observed and expected limits respectively of ATLAS-only and CMS-

only. We also show the result of the combination without use of the fudge factors in dashed. From
left to right we show respectively the results for Gbulk ! WLWL, W

0
! WLZL and Gbulk ! ZLZL

selections and signal hypotheses.

Figure 9. Best fitted cross section for ATLAS and CMS combination in the VV ! JJ channel,

compared with the best fitted cross section from the individual results for ATLAS-only (red) and

CMS-only (blue). The green (yellow) bands represent the two sigma (one sigma) limits from our fit

with the fudge factors. From left to right we show respectively the results for Gbulk ! WLWL,

W
0
! WLZL and Gbulk ! ZLZL selections and signal hypotheses.

– 13 –

Figure 19. Combination of ATLAS and CMS in semi-leptonic channels: Top: Gbulk ! ZLZL,

Middle: Gbulk ! WLWL. The results of the combination (black) are compared with individual

ATLAS-only (red) and CMS-only (blue). Bottom: W’. Left: Expected (dashed) and observed

(continuous) limits. The green (yellow) bands represent the two sigma (one sigma) limits for the

ATLAS and CMS combination when the fudge factors are included in limits setting. Right p-value

to the ATLAS and CMS combination including the fudge factors in limits setting (continuous), and

not including them (dashed).
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Figure 19. Combination of ATLAS and CMS in semi-leptonic channels: Top: Gbulk ! ZLZL,

Middle: Gbulk ! WLWL. The results of the combination (black) are compared with individual

ATLAS-only (red) and CMS-only (blue). Bottom: W’. Left: Expected (dashed) and observed

(continuous) limits. The green (yellow) bands represent the two sigma (one sigma) limits for the

ATLAS and CMS combination when the fudge factors are included in limits setting. Right p-value

to the ATLAS and CMS combination including the fudge factors in limits setting (continuous), and

not including them (dashed).
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F. Dias et al. http://arxiv.org/abs/1512.03371
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At 8 TeV, some excess in ZW decays (in jets) mostly in ATLAS:

The ATLAS Dijet Diboson excess  
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Figure 5: Background-only fits to the dijet mass (mj j) distributions in data (a) after tagging with the WZ selection,
(b) after tagging with the WW selection and (c) after tagging with the ZZ selection. The significance shown in
the inset for each bin is the di↵erence between the data and the fit in units of the uncertainty on this di↵erence.
The significance with respect to the maximum-likelihood expectation is displayed in red, and the significance when
taking the uncertainties on the fit parameters into account is shown in blue. The spectra are compared to the signals
expected for an EGM W 0 with mW0 = 1.5, 2.0, or 2.5 TeV or to an RS graviton with mGRS = 1.5 or 2.0 TeV.

to the shape of the signal, and N is a log-normal distribution for the nuisance parameters, ✓, modelling
the systematic uncertainty on the signal normalisation. The expected number of events is the bin-wise
sum of the events expected for the signal and background: nexp = nsig + nbg. The number of expected
background events in dijet mass bin i, ni

bg, is obtained by integrating dn/dx obtained from eqn. (1) over
that bin. Thus nbg is a function of the dijet background parameters p1, p2, p3. The number of expected
signal events, nsig, is evaluated based on MC simulation assuming the cross section of the model under
test multiplied by the signal strength and including the e↵ects of the systematic uncertainties described in
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• ATLAS reported an excess in the Run I all-jet Diboson search 

• Excess seen at ≈2 TeV in three overlapping analyses (i.e., not 
independent results)


• 3.4� in the WZ channel, 2.6� in WW, 2.9� in ZZ


• Global significance evaluated to 2.5� after Look Elsewhere effect
ATLAS arXiv:1506.00962 
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Figure 5: Background-only fits to the dijet mass (mj j) distributions in data (a) after tagging with the WZ selection,
(b) after tagging with the WW selection and (c) after tagging with the ZZ selection. The significance shown in
the inset for each bin is the di↵erence between the data and the fit in units of the uncertainty on this di↵erence.
The significance with respect to the maximum-likelihood expectation is displayed in red, and the significance when
taking the uncertainties on the fit parameters into account is shown in blue. The spectra are compared to the signals
expected for an EGM W 0 with mW0 = 1.5, 2.0, or 2.5 TeV or to an RS graviton with mGRS = 1.5 or 2.0 TeV.

to the shape of the signal, and N is a log-normal distribution for the nuisance parameters, ✓, modelling
the systematic uncertainty on the signal normalisation. The expected number of events is the bin-wise
sum of the events expected for the signal and background: nexp = nsig + nbg. The number of expected
background events in dijet mass bin i, ni

bg, is obtained by integrating dn/dx obtained from eqn. (1) over
that bin. Thus nbg is a function of the dijet background parameters p1, p2, p3. The number of expected
signal events, nsig, is evaluated based on MC simulation assuming the cross section of the model under
test multiplied by the signal strength and including the e↵ects of the systematic uncertainties described in
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Figure 5: Background-only fits to the dijet mass (mj j) distributions in data (a) after tagging with the WZ selection,
(b) after tagging with the WW selection and (c) after tagging with the ZZ selection. The significance shown in
the inset for each bin is the di↵erence between the data and the fit in units of the uncertainty on this di↵erence.
The significance with respect to the maximum-likelihood expectation is displayed in red, and the significance when
taking the uncertainties on the fit parameters into account is shown in blue. The spectra are compared to the signals
expected for an EGM W 0 with mW0 = 1.5, 2.0, or 2.5 TeV or to an RS graviton with mGRS = 1.5 or 2.0 TeV.

to the shape of the signal, and N is a log-normal distribution for the nuisance parameters, ✓, modelling
the systematic uncertainty on the signal normalisation. The expected number of events is the bin-wise
sum of the events expected for the signal and background: nexp = nsig + nbg. The number of expected
background events in dijet mass bin i, ni

bg, is obtained by integrating dn/dx obtained from eqn. (1) over
that bin. Thus nbg is a function of the dijet background parameters p1, p2, p3. The number of expected
signal events, nsig, is evaluated based on MC simulation assuming the cross section of the model under
test multiplied by the signal strength and including the e↵ects of the systematic uncertainties described in
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Figure 3.2: Comparison of direct and indirect searches in the (m⇢, g⇢) plane. Left panel: region up to
m⇢ = 10TeV showing the relevance of LHC direct searches at 8TeV with 20 fb�1 (LHC8), 14TeV with
300 fb�1 (LHC) and 3 ab�1 (HL-LHC); right plot: region up to m⇢ = 40TeV showing the comparison
between the LHC and FCC reach with 1 and 10 ab�1. Indirect measurements at the LHC, HL-LHC,
ILC at 500GeV with 500 fb�1 and TLEP at 350GeV with 2.6 ab�1 are shown.

kink in the limits originates from the superposition of the di-lepton and di-boson searches we

considered which, as already mentioned, is more sensitive to weak and strong g⇢, respectively.

This is due to the fact that, while the coupling to fermions decreases, the one to (longitudinal)

gauge bosons increases like g⇢ and the di-boson BR rapidly becomes dominant.

The global message which emerges from these pictures is rather simple and expected. An

increase of the collider energy improves the mass reach dramatically, and in particular only

the 100TeV FCC can access the multi–TeV region. An increase in luminosity, instead, has a

marginal e↵ect on the mass reach but considerably extends the sensitivity in the large g⇢ (i.e.,

small rate) direction. In particular we see that the impact of the high luminosity extension of

the LHC is considerable given that largish values of the g⇢ coupling are perfectly plausible in

the CH scenario (see the Conclusions for a more detailed discussion).

Let us now turn to the indirect constraints from the measurement of the Higgs coupling to

vector bosons. The 1� (68%CL) error on ⇠ (i.e., twice the one on kV ' 1 � ⇠/2) obtainable

for di↵erent collider options, as extracted from currently available literature, are summarised

in table 3.1. Twice those values, which in the assumption of gaussian statistics corresponds to

the 95%CL limits on ⇠, are reported in figures 3.2 and 3.3 as black dashed curves, with the

excluded region sitting above the lines. In the (m⇢, ⇠) plane, the limits simply corresponds to

horizontal lines and translate into straight lines with varying inclination in the (m⇢, g⇢) plane.

In particular, we show the LHC reach with 300 fb�1 and 3 ab�1, obtained from single Higgs

production, corresponding to ⇠ > 0.13 and ⇠ > 0.08 respectively, and the expected reach of the

ILC and TLEP at
p

s = 500GeV and
p

s = 350GeV corresponding to ⇠ > 0.01 and ⇠ > 0.004.
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Collider Energy Luminosity ⇠ [1�] References

LHC 14TeV 300 fb�1 6.6� 11.4⇥ 10�2 [60–62]

LHC 14TeV 3 ab�1 4� 10⇥ 10�2 [60–62]

ILC 250GeV 250 fb�1

4.8-7.8⇥10�3 [1, 62]
+ 500GeV 500 fb�1

CLIC 350GeV 500 fb�1

2.2 ⇥10�3 [62, 63]+ 1.4TeV 1.5 ab�1

+ 3.0TeV 2 ab�1

TLEP 240GeV 10 ab�1

2⇥10�3 [62]
+ 350GeV 2.6 ab�1

Table 3.1: Summary of the reach on ⇠ (see the text for the definition) for various collider options.

4 EWPT reassessment

As mentioned in the Introduction, EWPT, and in particular the oblique parameters Ŝ and T̂ ,

set some of the strongest constraints on CH models. However, as we stressed before, they su↵er

from an unavoidable model dependence, so that incalculable UV contributions can substantially

relax these constraints [19]. We believe that presenting the corresponding exclusion contours

in the previous plots without taking into account any possible UV contribution would lead to a

wrong and too pessimistic conclusion. Therefore we parametrize the new physics contributions

to Ŝ and T̂ as
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(4.1)

where the first terms represent the IR contributions due to the Higgs coupling modifications

[11], the second term in �Ŝ comes from tree-level exchange of vector resonances and the last

terms parametrize short distance e↵ects. The scale ⇤ in eq. (4) represents the scale of new

physics, which we set to ⇤ = 4⇡f . We could instead use m⇢ to parametrize this scale, however,

here we have the situation in mind where m⇢ could be lighter than the typical resonances scale,

or the cut-o↵ scale, and our choice maximises the NP e↵ect, leading to a more conservative

bound. Moreover, being the sensitivity to this scale logarithmic, the final result only has a

mild sensitivity on this choice. The coe�cients ↵ and � are of order one and could have either

sign [19]. In the literature, a constant positive contribution to �T̂ has often been assumed to

relax the constraints from EWPT [53, 64]. However, the finite UV contributions of the form

of the last terms in eq. (4.1) arising from loops of heavy fermionic resonances always depend

on ⇠, significantly changing the EW fit compared to a constant contribution. In order to show

realistic constraints from EWPT, we define a �
2 as a function of ⇠, m⇢, ↵, �, i.e. �

2(⇠, m⇢, ↵, �),

and compute 95%CL exclusion contours in the (m⇢, ⇠) plane marginalising over ↵ and �. In

order to control the level of cancellation in the �
2 due to the contribution of the UV terms, we
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ILC at 500GeV with 500 fb�1 and TLEP at 350GeV with 2.6 ab�1 are shown.

kink in the limits originates from the superposition of the di-lepton and di-boson searches we

considered which, as already mentioned, is more sensitive to weak and strong g⇢, respectively.

This is due to the fact that, while the coupling to fermions decreases, the one to (longitudinal)

gauge bosons increases like g⇢ and the di-boson BR rapidly becomes dominant.

The global message which emerges from these pictures is rather simple and expected. An

increase of the collider energy improves the mass reach dramatically, and in particular only

the 100TeV FCC can access the multi–TeV region. An increase in luminosity, instead, has a

marginal e↵ect on the mass reach but considerably extends the sensitivity in the large g⇢ (i.e.,

small rate) direction. In particular we see that the impact of the high luminosity extension of

the LHC is considerable given that largish values of the g⇢ coupling are perfectly plausible in

the CH scenario (see the Conclusions for a more detailed discussion).

Let us now turn to the indirect constraints from the measurement of the Higgs coupling to

vector bosons. The 1� (68%CL) error on ⇠ (i.e., twice the one on kV ' 1 � ⇠/2) obtainable

for di↵erent collider options, as extracted from currently available literature, are summarised

in table 3.1. Twice those values, which in the assumption of gaussian statistics corresponds to

the 95%CL limits on ⇠, are reported in figures 3.2 and 3.3 as black dashed curves, with the

excluded region sitting above the lines. In the (m⇢, ⇠) plane, the limits simply corresponds to

horizontal lines and translate into straight lines with varying inclination in the (m⇢, g⇢) plane.

In particular, we show the LHC reach with 300 fb�1 and 3 ab�1, obtained from single Higgs

production, corresponding to ⇠ > 0.13 and ⇠ > 0.08 respectively, and the expected reach of the

ILC and TLEP at
p

s = 500GeV and
p

s = 350GeV corresponding to ⇠ > 0.01 and ⇠ > 0.004.
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The other resonances

May 17, 2015 9:39 World Scientific Review Volume - 9.75in x 6.5in Future page 12
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Fig. 3. Natural expectations for the mass spectrum in supersymmetric models (left) and com-
posite Higgs models (right).

in most natural scenarios is the Higgsino, or the Gravitino for the case of GMSB
models. For composite Higgs models, the top partners are color fermionic resonances
with electric charges Q = 5/3, 2/3, �1/3 [15], and a phenomenology described in
detail in [50]. This is depicted in Fig. 3 where it is shown the mass spectrum of a
natural supersymmetric and composite Higgs model. Present limits on top partners
from the LHC Run 1 are around 500�800 GeV [51], scratching at present the most
natural region of the parameter space of the MSSM and MCHM. Nevertheless, it
will not be until the LHC Run 2 where the naturalness of these BSM will be really
at stake.

Clues for cosmological conundrums

Could TeV physics be behind other fundamental questions in particle physics and
cosmology, such as the origin of Dark Matter (DM), the abundance of matter
over anti-matter in our universe (Baryogenesis), the origin of inflation or neutrino
masses? Though not necessary the case, as the mandatory new-physics at the
Planck scale could be the true responsible for these phenomena, it is well possible
that some of these questions are addressed by TeV physics, opening an exciting
possibility of resolving these mysteries in well controlled experiments, such as TeV
colliders. The most likely of the above important questions to be addressed by TeV
new-physics is the DM origin. This hope arises from the so-called ”WIMP miracle”:
A stable particle with mass of order the electroweak scale and O(1) renormalizable-
interactions is in the ballpark of the needed relic abundance for a DM candidate.
In the MSSM, as well as in the MCHM, we find many DM candidates [52]. For in-
stance, the lightest superpartner, if neutral, as the neutralinos (superpartners of the
Z, photon or Higgs), can be a good candidate for DM in certain ”well-tempered”
region of the parameter space [53]. Similarly, DM can arise in composite Higgs mod-

Expected spectrum in Composite Higgs Scenarios
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Searching for the top partners

Search in same-sign dilepton events
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Figure 3: Production cross sections at the LHC for T5/3 as functions of its mass. The dashed line
refers to pair-production; the solid and the two dotted curves refer to single production for the
three values of the coupling (from highest to lowest) λT5/3

= Y∗ sin ϕR = 4, 3, 2. Cross sections for
B are given by the same curves for the same values of λB = Y∗ cos ϕL sinϕR.

and M = MT5/3
(M = MB), λ = λT5/3

= Y∗ sin ϕR (λ = λB = Y∗ cos ϕL sin ϕR) in the case
of T5/3 (B). For example, setting λ = 3 gives Γ = 31 (82) GeV for M = 0.5 (1) TeV. Single
production proceeds via the diagram of Fig. 2, and becomes dominant for heavier masses,
see Fig. 3. For simplicity, although it is likely to be important for extending the discovery
reach to larger masses, we will neglect single production in the present work. We will argue
that this should not affect significantly our final results, and that it is in fact a conservative
assumption.

Finally, it is worth mentioning that no direct bounds on the heavy quark masses MT5/3
,

MB exist from Tevatron, as no searches have been pursued for new heavy quarks decaying
to tW . The CDF bound on heavy bottom quarks b′, Mb′ > 268 GeV, is derived assuming
that b′ decays exclusively to bZ [25]. We estimate that for M = 300 GeV (500 GeV), the
pair-production cross section of T5/3 or B at Tevatron is 201 fb (1 fb). For M = 300 GeV
this corresponds to ∼ 35 events in the same-sign dilepton channel, before any cut, with an
integrated luminosity of 4 fb−1, suggesting that, although challenging, a dedicated analysis
at CDF and D0 could lead to interesting bounds on MT5/3

, MB.

3 Signal and Background Simulation

We want to study the pair production of B and T5/3 at the LHC focussing on decay channels
with two same-sign leptons. We consider two values of the heavy fermion masses, M =
500 GeV and M = 1 TeV, and set λT5/3

= λB = 3. As explained in the previous section,
such large values of the couplings are naturally expected if the heavy fermions are bound

5

single prod.
pair prod.

[Contino, Servant ’08]

 tt+jets is not a background [except for charge mis-ID and 
fake e-] 

 the resonant (tW) invariant mass can be reconstructed
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Aguilar-Saavedra ’09๏ l± + 4b final state
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Azatov et al ’12

Vignaroli ‘12

Searching for the top partners

๏ l± + 6b final state

๏ γγ final state

b

๏ l± + 4b final state

Vector-Like Top Summary  

Vector-like T  
BR Hypothesis 

95% CL Limit on mT (GeV)  
obs (exp) 

95% CL Limit on mT (GeV)  
obs (exp) 

100% Wb (chiral, Y) 770 (795) 920 (890) 

100% Zt 810 (810) 790 (830) 

100% Ht 950 (885) 770 (840) 

T singlet 800 (755) 740 (800) 

T in (T, B) doublet 855 (820) 760 (820) 

arXiv:1509.04177 

ATLAS (*) CMS 

arXiv:1505.04306 

Vector-like top masses below ~720 GeV excluded for any possible combination of BRs. 

Combined limits 

15 

(*) Not a combination. Only most restrictive  
individual bounds shown. 
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Bounds on top partners
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Figure 7: (a) Observed and expected limit (95% CL) on the coupling of the vector-like quark to the SM W boson
and b-quark as a function of the Q mass, where the BR(T ! Wb) is assumed to be 50%. The excluded region is
given by the area above the solid black line. (b) Observed and expected limit (95% CL) on the mixing of a singlet
vector-like T quark to the SM sector, where the BR(T ! Wb) is assumed to be that of a singlet. The excluded
region is given by the area above the solid black line. The limits are shown compared to the indirect electroweak
constraints from Ref. [19] (green and red line). In addition, the observed limits from pair-production searches by
ATLAS [23] (olive) and CMS [27] (blue) are shown.

approximation is used in the production of the signal samples. To test the validity of the limits shown in
Figure 7, the limits were recalculated for signal samples with �/m values up to 0.46, using the same the-
oretical cross-section prediction. For all masses and �/m the observed limit is found to be more stringent
than, or equal to, the value obtained for the narrow-width approximation. For m(Q) = 0.9 TeV the cross-
section times BR limit decreases by 15% (20%) for �/m = 0.3 (�/m = 0.46) and for m(Q) = 1.2 TeV
the limit decreases by 13% (21%) for �/m = 0.3 (�/m = 0.46). Hence, the limits presented in this paper
constitute a conservative estimate regarding the assumptions about the width of vector-like quarks.

9.2 Interpretation for a vector-like Y quark from a doublet

The limits on cross-section times BR are used to set limits on the couplings cWb
L and cWb

R for a vector-
like Y quark. Using the theoretical cross-section and the general vector-like quark model discussed in

Ref. [21] as well as the BR(Y ! Wb) = 1, a limit on
q

cWb
L

2
+ cWb

R
2 is set. Due to the higher BR of

the vector-like Y quark, this limit as shown in Figure 8(a) is more stringent, by a factor of 1/
p

2, than
the limit on |cWb

L | for single T production. The cross-section limit is also translated into a limit on the
mixing parameter | sin ✓R| in a (Y, B) doublet model. This is done as a function of the Y mass as discussed
in Ref. [19]. Figure 8(b) shows the resulting limit on | sin ✓R| for the (Y, B) doublet as a function of m(Y),
including also the limit on | sin ✓R| for a (Y, B) doublet model from electroweak precision observables
taken from Ref. [19].
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Figure 5: The expected and observed limits on the scaling factors |cbW
L | (left) and |ctZ

R | (right)
of the Simplest Simplified Model of Ref. [21, 22], which predict the existence of a left and right
handed coupling for a singlet and double T quark, respectively. The left (right) plots are for a
singlet (doublet) T quark.

Table 4: The observed and expected 95% CL upper limits on the cross sections times the branch-
ing ratio s(pp ! Tbq) B(T ! tH) and s(pp ! Ttq) B(T ! tH), for different masses of the T
quark.

Mass (GeV)
pp ! Tbq (LH) pp ! Tbq (RH) pp ! Ttq (LH) pp ! Ttq (RH)

Limits in pb
Obs. Exp. Obs. Exp. Obs. Exp. Obs. Exp.

1000 0.93 1.36 0.66 0.96 0.40 0.57 0.37 0.57
1100 0.44 0.60 0.42 0.59 0.35 0.48 0.31 0.45
1200 0.47 0.41 0.38 0.32 0.42 0.44 0.42 0.44
1300 0.44 0.35 0.35 0.28 0.45 0.37 0.44 0.35
1400 0.37 0.32 0.32 0.26 0.44 0.39 0.44 0.39
1500 0.39 0.33 0.38 0.31 0.47 0.28 0.38 0.25
1700 0.52 0.24 0.46 0.20 0.51 0.19 0.51 0.20
1800 0.51 0.23 0.39 0.19 0.49 0.20 0.44 0.18

CL upper limits on s B(T ! tH) are set varying between 0.31 � 0.93 pb for T quark masses
ranging from 1000 GeV to 1800 GeV in the pp ! Tbq and pp ! Ttq production channels with
left and right handed couplings to the SM third generation quarks.
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Top partners in Composite Higgs models

top partners searches in composite models:

Search in same-sign dilepton events
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Figure 3: Production cross sections at the LHC for T5/3 as functions of its mass. The dashed line
refers to pair-production; the solid and the two dotted curves refer to single production for the
three values of the coupling (from highest to lowest) λT5/3

= Y∗ sin ϕR = 4, 3, 2. Cross sections for
B are given by the same curves for the same values of λB = Y∗ cos ϕL sinϕR.

and M = MT5/3
(M = MB), λ = λT5/3

= Y∗ sin ϕR (λ = λB = Y∗ cos ϕL sin ϕR) in the case
of T5/3 (B). For example, setting λ = 3 gives Γ = 31 (82) GeV for M = 0.5 (1) TeV. Single
production proceeds via the diagram of Fig. 2, and becomes dominant for heavier masses,
see Fig. 3. For simplicity, although it is likely to be important for extending the discovery
reach to larger masses, we will neglect single production in the present work. We will argue
that this should not affect significantly our final results, and that it is in fact a conservative
assumption.

Finally, it is worth mentioning that no direct bounds on the heavy quark masses MT5/3
,

MB exist from Tevatron, as no searches have been pursued for new heavy quarks decaying
to tW . The CDF bound on heavy bottom quarks b′, Mb′ > 268 GeV, is derived assuming
that b′ decays exclusively to bZ [25]. We estimate that for M = 300 GeV (500 GeV), the
pair-production cross section of T5/3 or B at Tevatron is 201 fb (1 fb). For M = 300 GeV
this corresponds to ∼ 35 events in the same-sign dilepton channel, before any cut, with an
integrated luminosity of 4 fb−1, suggesting that, although challenging, a dedicated analysis
at CDF and D0 could lead to interesting bounds on MT5/3

, MB.

3 Signal and Background Simulation

We want to study the pair production of B and T5/3 at the LHC focussing on decay channels
with two same-sign leptons. We consider two values of the heavy fermion masses, M =
500 GeV and M = 1 TeV, and set λT5/3

= λB = 3. As explained in the previous section,
such large values of the couplings are naturally expected if the heavy fermions are bound

5
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Vector-Like Top Summary  

Vector-like T  
BR Hypothesis 

95% CL Limit on mT (GeV)  
obs (exp) 

95% CL Limit on mT (GeV)  
obs (exp) 

100% Wb (chiral, Y) 770 (795) 920 (890) 

100% Zt 810 (810) 790 (830) 

100% Ht 950 (885) 770 (840) 

T singlet 800 (755) 740 (800) 

T in (T, B) doublet 855 (820) 760 (820) 

arXiv:1509.04177 

ATLAS (*) CMS 

arXiv:1505.04306 

Vector-like top masses below ~720 GeV excluded for any possible combination of BRs. 

Combined limits 
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(*) Not a combination. Only most restrictive  
individual bounds shown. 
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Figure 7: (a) Observed and expected limit (95% CL) on the coupling of the vector-like quark to the SM W boson
and b-quark as a function of the Q mass, where the BR(T ! Wb) is assumed to be 50%. The excluded region is
given by the area above the solid black line. (b) Observed and expected limit (95% CL) on the mixing of a singlet
vector-like T quark to the SM sector, where the BR(T ! Wb) is assumed to be that of a singlet. The excluded
region is given by the area above the solid black line. The limits are shown compared to the indirect electroweak
constraints from Ref. [19] (green and red line). In addition, the observed limits from pair-production searches by
ATLAS [23] (olive) and CMS [27] (blue) are shown.

approximation is used in the production of the signal samples. To test the validity of the limits shown in
Figure 7, the limits were recalculated for signal samples with �/m values up to 0.46, using the same the-
oretical cross-section prediction. For all masses and �/m the observed limit is found to be more stringent
than, or equal to, the value obtained for the narrow-width approximation. For m(Q) = 0.9 TeV the cross-
section times BR limit decreases by 15% (20%) for �/m = 0.3 (�/m = 0.46) and for m(Q) = 1.2 TeV
the limit decreases by 13% (21%) for �/m = 0.3 (�/m = 0.46). Hence, the limits presented in this paper
constitute a conservative estimate regarding the assumptions about the width of vector-like quarks.

9.2 Interpretation for a vector-like Y quark from a doublet

The limits on cross-section times BR are used to set limits on the couplings cWb
L and cWb

R for a vector-
like Y quark. Using the theoretical cross-section and the general vector-like quark model discussed in

Ref. [21] as well as the BR(Y ! Wb) = 1, a limit on
q

cWb
L

2
+ cWb

R
2 is set. Due to the higher BR of

the vector-like Y quark, this limit as shown in Figure 8(a) is more stringent, by a factor of 1/
p

2, than
the limit on |cWb

L | for single T production. The cross-section limit is also translated into a limit on the
mixing parameter | sin ✓R| in a (Y, B) doublet model. This is done as a function of the Y mass as discussed
in Ref. [19]. Figure 8(b) shows the resulting limit on | sin ✓R| for the (Y, B) doublet as a function of m(Y),
including also the limit on | sin ✓R| for a (Y, B) doublet model from electroweak precision observables
taken from Ref. [19].
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Figure 5: The expected and observed limits on the scaling factors |cbW
L | (left) and |ctZ

R | (right)
of the Simplest Simplified Model of Ref. [21, 22], which predict the existence of a left and right
handed coupling for a singlet and double T quark, respectively. The left (right) plots are for a
singlet (doublet) T quark.

Table 4: The observed and expected 95% CL upper limits on the cross sections times the branch-
ing ratio s(pp ! Tbq) B(T ! tH) and s(pp ! Ttq) B(T ! tH), for different masses of the T
quark.

Mass (GeV)
pp ! Tbq (LH) pp ! Tbq (RH) pp ! Ttq (LH) pp ! Ttq (RH)

Limits in pb
Obs. Exp. Obs. Exp. Obs. Exp. Obs. Exp.

1000 0.93 1.36 0.66 0.96 0.40 0.57 0.37 0.57
1100 0.44 0.60 0.42 0.59 0.35 0.48 0.31 0.45
1200 0.47 0.41 0.38 0.32 0.42 0.44 0.42 0.44
1300 0.44 0.35 0.35 0.28 0.45 0.37 0.44 0.35
1400 0.37 0.32 0.32 0.26 0.44 0.39 0.44 0.39
1500 0.39 0.33 0.38 0.31 0.47 0.28 0.38 0.25
1700 0.52 0.24 0.46 0.20 0.51 0.19 0.51 0.20
1800 0.51 0.23 0.39 0.19 0.49 0.20 0.44 0.18

CL upper limits on s B(T ! tH) are set varying between 0.31 � 0.93 pb for T quark masses
ranging from 1000 GeV to 1800 GeV in the pp ! Tbq and pp ! Ttq production channels with
left and right handed couplings to the SM third generation quarks.
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Neutral Naturalness 
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Neutral naturalness
Higgs couplings: accustomed to looking for corrections 
to loop-level couplings (h → γγ, gg), but even loops of 

neutral states can be seen. 
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Twin Higgs
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“Looking and not finding is different than not looking”
giving the null search results, the top partners should either be

‣heavy (harder to produce because of phase space)
‣stealthy (easy to produce but hard to distinguish from background, e.g.  mstop~mtop)
‣colorless (hard to produce, unusual decay)

Neutral Naturalness
• Top partners are color neutral 

• Charged under a different, ‘mirror’, color 

• Have a discrete symmetry  
that does not commute with SM color 

• Prime examples are Twin Higgs,  
Folded SUSY, and Quirky Little Higgs 

• Span much of the NN model space

Scalar  
Top Partner

Fermion 
Top Partner

All SM 
Charges SUSY pNGB/RS

EW 
Charges

Folded 
SUSY

Quirky 
Little Higgs

No SM 
Charges ??? Twin Higgs

require hidden QCD
with a higher confining scale:

⇒ 1) hidden glueball (0++) that can mix with Higgs
h➛G0G0➛4l with displaced vertices

⇒ 2) emerging jets
}

need to go beyond
traditional searches  

(C. Verhaaren@
N

K
PI’16)

Curtin, Verhaaren ’15
Schwaller, Stolarski, Weiler ’15

only little corner
of theory/model space

has been explored so far 

Neutral Naturalness: new signatures
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Exotic Higgs Decays
• Occurs whenever the hidden sector does not have light states 

• Guaranteed for EW charged top partners, can occur in Fraternal TH 

• Displaced decays on detector length scales
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Figure 11. Summary of discovery potential at LHC run 1, LHC14 with 300 fb�1, HL-LHC and 100 TeV
if the searches in Table 4, or similar, are approximately background-free, and ⇠ 10 events allow for dis-
covery. We omit the HCAL search since it likely is not background-free. Note different scaling of vertical
axes. For comparison, the inclusive TLEP h ! invisible limit, as applied to the perturbative prediction for
Br(h ! all glueballs), is shown for future searches as well. Lighter and darker shading correspond to the
optimistic (pessimistic) signal estimates  = max (min), under the assumption that h decays dominantly to
two glueballs. Effect of glueball lifetime uncertainty is small and not shown. m0 is the mass of the lightest
glueball 0++; the vertical axes correspond to mirror stop mass in Folded SUSY (see Eq. (3.8)) and mirror top
mass in Twin Higgs and Quirky Little Higgs (see Eq. (3.12)). Vertical solid (dashed) lines show where  might
be enhanced (suppressed) due to non-perturbative mixing effects, see Section 3.5.

pointed out explicitly in [57] with a primary focus on the Fraternal Twin Higgs model, is in fact the
smoking gun for models with electroweak-charged mirror sectors.

– 30 –

Exotic Higgs decays 
with displaced vertices

Curtin, Verhaaren ’15

Neutral Naturalness
top parters are EW charged: m>100GeV (LEP)

Lightest hidden states are glueballs of QCD’
that can mix with the Higgs boson 

SM glueball spectrum 
Chen et al., 2005

Hidden sector confinement

•  Hidden QCD confines at few GeV 

•  No light matter, low-energy spectrum  
    is made of glueballs 

•  Lightest glueball has JPC = 0++, decays 
    to SM via mixing with the Higgs 

•  Lifetime is much longer than e.g. in Folded SUSY (~ mm) 

•  Large uncertainty due to dependence on subleading soft masses
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Mathusla to detect Long Lived Particles?
Precise timing within ATLAS/CMS detectors?

Exotic Higgs Decays
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Extra dimensions
mass from motion in extra dimensions
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5D General relativity = 4D GR + U(1) gauge symmetry
gauge symmetries are emerging from  

gravitational interactions in extra dimensions? 
beautiful idea of Kaluza & Klein 

but 
quantization? non-abelian structure? different gauge couplings? 

no successful realization till now
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1) Hierarchy problem 
•  large (mm size) flat extra dimensions (ADD) 
          gravity is diluted into space while we are localized on a brane 

•  warped/curved extra dimensions (RS) 
 gravity is localized away from SM matter and we feel only the tail of the graviton 

2) Fermion mass hierarchy & flavour structure 

3) EW symmetry breaking by boundary conditions

• fermion profiles:  
        the bigger overlap with Higgs vev, the bigger the mass

Extra Dimensions for TeV/LHC Physics

SM
M2

Pl = VnM2+n
�

al structure in the theory of gravity, as op-
posed to all previous ideas that tried to intro-
duce new structure in the particle physics
sector associated with the electroweak scale.
ADD observed that with sufficiently large
dimensions, one can equate the fundamental
gravitational and weak interaction mass
scales. This follows from the relation be-
tween Planck scales given above; a large
volume permits MP to be large, whereas M,
the gravitational scale in the higher dimen-
sional theory, is far lower, on the order of 103

GeV. This does not resolve the hierarchy but
transforms it into a different problem, that of
explaining the very large size of the extra
dimensions. This proposal has many interest-
ing experimental consequences. It turns out
that with two extra dimensions, their size
would be on the order of a millimeter, which
is precisely the size that is explored in current
precision tests of gravity. This was one of the
chief reasons for the excitement associated
with these theories and motivated the work of
Adelberger (6), which ruled out deviations
from Newton’s law on scales of a millimeter.
Furthermore, large extra dimensions that ad-
dress the hierarchy problem would lead to
observable consequences at the same mass
scale we mentioned above in association with
supersymmetry. The same experiments that
search for supersymmetry can also search for
large extra dimensions. For the ADD scenar-
io, the signature would be missing energy;
particles can collide to produce gravitational
particles that escape into the extra dimension
and are therefore not observed. Phenomeno-
logical and astrophysical constraints and im-
plications of this scenario were considered in
(21, 22).

Certainly one unsatisfying feature of the
large-dimension proposal is the difficulty in
stabilizing large extra dimensions. But if one
has uniform isotropic extra dimensions, the
large volume is essential to explain the hierar-
chy. The weakness of gravity that we see as
four-dimensional observers is due precisely to
the fact that the gravitational force is spread out
over a large volume. Sundrum and I, in a theory
referred to as RS1 (3), realized that the very
different geometry we had found, given a brane
in a single extra dimension, can also address the
hierarchy but with a rather modestly sized extra
dimension if there is a second brane some
distance away from the first. The geometry is
very similar to RS2 but with space ending on
the second brane.

This is due to the form of gravity; the
strength of gravity decreases exponentially
with distance from the brane because of the
exponential rescaling of masses. The strength
of gravity is not uniform; the gravitational
force is weak away from the brane even
without diluting the force over a large vol-
ume. The proposal is the following. Suppose
that in addition to the Planck brane, which

traps gravity, there is an additional brane
separated from the first. Quarks, leptons,
photons, and other ingredients of the standard
model are stuck on this brane. Then the elec-
troweak force sees only the second (TeV)
brane, while gravity probes the entire space.
Because the electroweak mass scale decreas-
es exponentially with distance from the brane
that traps gravity, a hierarchy in masses on
the order of 1016 only requires a distance
scale of order log1016 ! 35. If one can
naturally stabilize the length at this value,
there is a natural solution to the hierarchy
problem. The large number that separates the
TeV and Planck scales arises from the fact
that the gravitational coupling changes so
rapidly (exponentially) over this relatively
modest distance. Unlike the previous scenar-
io, this is not a very large extra dimension but
one of a relatively natural size. In this picture,
there are separate physical theories confined
to the two different branes. The TeV brane on
which we live would house all the ingredients
of the standard model. The Planck brane
could be host to all sorts of other interactions
we don’t see. The only reason why the Planck
brane is important to us is that it traps gravity,
thereby explaining the hierarchy (Fig. 3).

However, because this scenario relied cru-
cially on the separation of branes, it was essen-
tial to have a mechanism that could stabilize
this distance. Goldberger and Wise (23) showed
that this stabilization could be achieved in the
presence of an additional scalar field, which is a
particle whose energy is minimized for a par-
ticular value of the size of the fifth dimension.
Subsequently, much work was done on this
scenario. Recently, Giddings et al. (24) showed
an example of a stabilized hierarchy derived
explicitly from string theory based on an idea of
Verlinde (25).

As with the large extra dimension sce-
narios, the experimental consequences of
this warped geometry scenario (RS1) are
quite dramatic. Al-
though in the sim-
plest scenario no new
physics effects will
occur in gravity exper-
iments at a millimeter,
there will be signifi-
cant effects in high-
energy particle physics
experiments, should
this scenario be cor-
rect. In the version
of our theory present-
ed in (3), there would
be particles asso-
ciated with the gra-
viton (those that car-
rymomentum in the
fifth dimension) that
would be observed to
decay in the detector

into known particles such as an electron and
positron that we can observe. This is a very
distinctive signature; these particles would
have spin 2, like the graviton, and would
come with definite mass relations. There are
other possibilities as well. In a variant of the
original proposal (26), in which the second
brane does not end space but resides in an
infinite extra dimension (essentially combin-
ing RS1 and RS2), one would have missing
energy signatures identical to those one
would obtain with six large ADD-type extra
dimensions. Other ranges of parameters for
which low-energy tests, such as tests of grav-
ity over short distances, might be relevant
were considered (27).

Another remarkable feature of the warped
metric solution to the hierarchy problem
(RS1) is that the unification of couplings at a
high energy scale can be readily incorporated
(28, 29). This is possible because, unlike the
large extra dimension scenario, the TeV scale
is not the highest energy scale accessible to
the full higher-dimensional theory. Incorpo-
rating this feature means that RS1 can be
considered as a theory with all forces unified,
thereby achieving a major goal of particle
physics.

Another interesting feature of this scenar-
io is that because of the inclusion of high-
energy scales, conventional inflation (30) can
readily be incorporated. Moreover, it has also
been shown to reproduce the known low-
energy cosmology (24). This makes this the-
ory a realistic candidate for the solution to the
hierarchy.

Other Implications for Particle Physics
Extra dimensions can have other important
ramifications for particle physics in our ob-
servable world. We have already discussed
two ways in which they might address ques-
tions about the relative size of mass scales.
There is another big difference between phys-

Planck brane Tev brane

ψ(r)

Fig. 3. "(r) is the graviton wavefunction. Gravity is weak because of the
exponential suppression of "(r) on the TeV brane.

www.sciencemag.org SCIENCE VOL 296 24 MAY 2002 1425

S P A C E T I M E

graviton wavefunction is exponentially 
localized away from SM brane

• orbifold breaking, Higgsless
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Large volume xdim phenomenology

 Graviton production in colliders

KK grav.

photon 
gluon

q
SLAC Summer Institute, SLAC, Aug.2-13,2004 8

Figure 2: Missing transverse energy spectrum for the monojet plus missing ET signature at the LHC assuming an integrated

luminosity of 100 fb−1 from Ref[18]. Both the SM backgrounds and the signal excesses from graviton emission in the ADD

model are shown. Here MD = M∗ and δ = n.

through graviton KK tower exchange as well as through the usual SM fields. As before, the amplitude for one KK

intermediate state is quite tiny but we must again sum over all their exchanges (of which there are very many) thus

obtaining a potentially large result. Unlike the case of graviton emission where the KK sum was cut off by the

kinematics here there is no obvious cutoff and, in principle, the KK sum should include all the tower states. One

problem with this is that this KK sum is divergent once n > 1 as is the case here. (In fact the sum is log divergent

for n = 2 and power law divergent for larger n.) The conventional approach to this problem is to remember that

once we pass the mass scale ∼ M∗ the gravitons in the ADD model become strongly coupled and we can no longer

rely on perturbation theory so perhaps we should cut off the sum near M∗. There are several ways to implement

this in detail described in the literature[13, 14]. In all cases the effect of graviton exchange is to produce a set of

dimension-8 operators containing SM fields, e.g., in the notation of Hewett[14]

L =
4λ

Λ4
H

T i
µνT µν

f , (10)

where ΛH ∼ M∗ is the cutoff scale, λ = ±1 and T µν
i,f are the stress energy tensors for the SM fields in the initial

and final state, respectively. This is just a contact interaction albeit of dimension-8 and with an unconventional

tensor structure owing to the spin-2 nature of the gravitons being exchanged. Graviton exchange contributions to

SM processes can lead to substantial deviations from conventional expectations; Fig 4 shows the effects of graviton

KK exchange on the process e+e− → bb̄ at the ILC. Note that the differential cross section as well as the left-right

polarization asymmetry, ALR, are both altered from the usual SM predictions.

Can the effects of graviton exchange be uniquely identified, i.e., separated from other new physics which induces

contact interaction-like effects, such as Z ′ exchange? This has been addressed by several groups of authors[15]. For

example, by taking moments of the e+e− → f f̄ , W+W− angular distributions and employing polarized beams it

is possible to uniquely identify the spin-2 nature of the graviton KK exchange up to ∼ 6 TeV at a
√

s = 1 TeV

ILC with an integrated luminosity of 1 ab−1. This is about half of the discovery reach at the ILC for ADD EDs:

L013

monojet+ET

Figure 1: Fig. 1a: Tree-level graviton exchange generating the dimension-8 operator T . Fig. 1b:

One-loop graviton exchange generating the dimension-6 operator �.

where f in any SM quark or lepton. As in the case of tree-level graviton exchange, the

coe⇧cient c� is fully sensitive to the ultraviolet completion of the theory and can be

related to the fundamental parameters MD and � only by specifying a cuto⇥ procedure.

4. Dijet events at large invariant mass and large rapidity separation. In this kinematic

regime, gravitational scattering can be reliably computed in the eikonal approximation [6].

This is because scattering processes at center-of-mass energy larger thanMD (the so-called

transplanckian region) are governed by classical dynamics and any quantum-gravity e⇥ect

is subdominant.

5. Black holes. Black-hole formation and decay is expected to occur in the transplanckian

region when the impact parameter becomes smaller than the corresponding Schwarzschild

radius [17]. Therefore it supplants gravitational scattering, in the limit of small rapidity

separation. While transplanckian gravitational scattering can be perturbatively calcu-

lated, black-hole formation occurs in the regime in which gravitational interactions are

strong.

Furthermore brane fluctuations (massless ‘branons’) give rise to the same e⇥ect 1 (as in � = 6)

and 2 (as in � = �4) [18]. In its first stage with low statistics, LHC is particularly sensitive to

the operator in eq. (2), because its high dimensionality means that the high energy of the LHC

collisions is the key factor.

In section 2 we show that the present low-statistics data about pp ⇥ jj already set a bound

on the coe⇧cient 8/M4
T of the e⇥ective operator (2) which is significantly stronger than those

obtained from any previous experiment, as summarized in table 1. In section 3 we discuss how

MT can be related to MD and �, and derive explicit expressions for the full graviton-exchange

amplitude, including both gravitons at the ultraviolet end of the spectrum and gravitons that

can be produced at LHC. In section 4 we compare the full amplitude to LHC data. Section 5

contains our conclusions.

2 Fit to the graviton-exchange e�ective operator

We compare the first LHC data to the new physics described by eq.s (2) and (3). Since the

�-dependent double trace term in T is irrelevant for collisions of particles with masses much

smaller than the LHC energy, our subsequent analysis applies to any number of extra dimensions

(larger than 2) as well as to branon e⇥ects.

3
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Figure 1: (a) MHT distributions for ADD signal (MD = 2 TeV, � = 2) and relevant back-
grounds before any selection, after 200 pb�1 (b). Number of jets for signal and relevant back-
grounds, for MHT > 250 GeV and jets with transverse momenta larger than 50 GeV and
|⇥| < 3. Histograms are overlaid and normalized to the same area.

The data sample was then cleaned from leptonic events using the “Indirect Lepton Veto” ap-
proach, where two variables are exploited:

• Jet Electromagnetic Fraction (JEMF), defined as the fraction of jet energy collected
by the electromagnetic calorimeter over the total energy in electromagnetic and hadronic
calorimeter. High-energy electrons and photons can be rejected by requiring a JEMF
lower than 0.9. Instrumental background (as noise in calorimetric cells, beam halo
events or cosmic rays), that may lead to fake jets, was reduced with a cut JEMF >
0.1;

• Track Isolation Veto (TIV). A hollow cone 0.02< DR <0.3 was defined around each
track with pT > 10 GeV. The sum of the transverse momenta pj

T of all the tracks
inside the cone with pT > 1 GeV was calculated and the TIV variable defined as:

TIV =
1

pT(tk 1) Â
R⇤DR

pj
T ,

where pT(tk 1) is the highest transverse momentum of tracks in the cone and the
cone lower bound excludes the track itself. Rejecting tracks with TIV < 0.1 resulted
in a reduction of W(µ⌅)+jets and top pair events by factors 9 and 5, respectively.

In order to suppress cosmic background, at least one vertex coming from the interaction point
and at least two tracks with pT > 5 GeV inside the leading jet cone were requested.

To improve the background rejection, the most energetic jet in the event (leading jet, jet 1) was
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 Black Hole production

classical production (can be very large 103-4 pb),  
Hawking thermal decay, i.e., large decay multiplicity
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FIG. 1: a) Parton-level production cross section, b) differen-
tial cross section dσ/dMBH at the LHC, c) Hawking temper-
ature, and d) average decay multiplicity for a Schwarzschild
black hole. The number of extra spatial dimensions n = 4 is
used for a)-c). The dependence of the cross section and Hawk-
ing temperature on n is weak and would be hardly noticable
on the logarithmic scale.

radius, and given by [5]:

TH = MP

(

MP

MBH

n + 2

8Γ
(

n+3
2

)

)
1

n+1

n + 1

4
√

π
(3)

(see Fig. 1b). As the parton collision energy increases,
the resulting black hole gets heavier and its decay prod-
ucts get colder.

Note that the wavelength λ = 2π
TH

corresponding to
the Hawking temperature is larger than the size of the
black hole. Therefore, the BH is, to first approxima-
tion, a point-radiator and therefore emits mostly s-waves.
This indicates that it decays equally to a particle on the
brane and in the bulk, since it is only sensitive to the
radial coordinate and does not make use of the extra an-
gular modes available in the bulk. Since there are many
more particles on our brane than in the bulk, this has the
crucial consequence that the black hole decays visibly to
standard model (SM) particles [4, 9].

The average multiplicity of particles produced in the

process of BH evaporation is given by: ⟨N⟩ =
〈

MBH
E

〉

,

where E is the energy spectrum of the decay products.
In order to find ⟨N⟩, we note that the BH evaporation
is a blackbody radiation process, with the energy flux
per unit of time given by Planck’s formula: df

dx ∼ x3

ex±c ,
where x ≡ E/TH , and c is a constant, which depends on
the quantum statistics of the decay products (c = −1 for
bosons, +1 for fermions, and 0 for Boltzmann statistics).

The spectrum of the BH decay products in the massless
particle approximation is given by: dN

dE ∼ 1
E

df
dE ∼ x2

ex±c .
In order to calculate the average multiplicity of the par-
ticles produced in the BH decay, we use the average of
the distribution in the inverse particle energy:

〈

1

E

〉

=
1

TH

∫ ∞

0
dx 1

x
x2

ex±c
∫ ∞

0
dx x2

ex±c

= a/TH , (4)

where a is a dimensionless constant that depends on the
type of produced particles and numerically equals 0.68 for
bosons, 0.46 for fermions, and 1

2
for Boltzmann statistics.

Since a mixture of fermions and bosons is produced in
the BH decay, we can approximate the average by using
Boltzmann statistics, which gives the following formula

for the average multiplicity: ⟨N⟩ ≈ MBH
2TH

. Using Eq. (3)
for Hawking temperature, we obtain:

⟨N⟩ =
2
√

π

n + 1

(

MBH

MP

)

n+2
n+1

(

8Γ
(

n+3
2

)

n + 2

)
1

n+1

. (5)

Eq. (5) is reliable when the mass of the BH is much
larger than the Hawking temperature, i.e. ⟨N⟩ ≫ 1; oth-
erwise, the Planck spectrum is truncated at E ≈ MBH/2
by the decay kinematics [10]. The average number of
particles produced in the process of BH evaporation is
shown in Fig. 1d, as a function of MBH/MP , for several
values of n.

We emphasize that, throughout this paper, we ignore
time evolution: as the BH decays, it gets lighter and hot-
ter and its decay accelerates. We adopt the “sudden ap-
proximation” in which the BH decays, at its original tem-
perature, into its decay products. This approximation
should be reliable as the BH spends most of its time near
its original mass and temperature, because that is when
it evolves the slowest; furthermore, that is also when it
emits the most particles. Later, when we test the Hawk-
ing mass-temperature relation by reconstructing Wien’s
dispacement law, we will minimize the sensitivity to the
late and hot stages of the BHs life by looking at only
the soft part of the decay spectrum. Proper treatment
of time evolution, for MBH ≈ MP , is difficult, since it
immediately takes us to the stringy regime.

Branching Fractions: The decay of a BH is ther-
mal: it obeys all local conservation laws, but otherwise
does not discriminate between particle species (of the
same mass and spin). Theories with quantum gravity
near a TeV must have additional symmetries, beyond
the standard SU(3) × SU(2) × U(1), to guarantee pro-
ton longevity, approximate lepton number(s) and flavor
conservation [11]. There are many possibilities: discrete
or continuous symmetries, four dimensional or higher di-
mensional “bulk” symmetries [12]. Each of these possi-
ble symmetries constrains the decays of the black holes.
Since the typical decay involves a large number of par-
ticles, we will ignore the constraints imposed by the few
conservation laws and assume that the BH decays with
roughly equal probability to all off ≈ 60 particles of the
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FIG. 1: a) Parton-level production cross section, b) differen-
tial cross section dσ/dMBH at the LHC, c) Hawking temper-
ature, and d) average decay multiplicity for a Schwarzschild
black hole. The number of extra spatial dimensions n = 4 is
used for a)-c). The dependence of the cross section and Hawk-
ing temperature on n is weak and would be hardly noticable
on the logarithmic scale.

radius, and given by [5]:

TH = MP

(

MP

MBH

n + 2

8Γ
(

n+3
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)

)
1

n+1
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4
√

π
(3)

(see Fig. 1b). As the parton collision energy increases,
the resulting black hole gets heavier and its decay prod-
ucts get colder.

Note that the wavelength λ = 2π
TH

corresponding to
the Hawking temperature is larger than the size of the
black hole. Therefore, the BH is, to first approxima-
tion, a point-radiator and therefore emits mostly s-waves.
This indicates that it decays equally to a particle on the
brane and in the bulk, since it is only sensitive to the
radial coordinate and does not make use of the extra an-
gular modes available in the bulk. Since there are many
more particles on our brane than in the bulk, this has the
crucial consequence that the black hole decays visibly to
standard model (SM) particles [4, 9].

The average multiplicity of particles produced in the

process of BH evaporation is given by: ⟨N⟩ =
〈

MBH
E

〉

,

where E is the energy spectrum of the decay products.
In order to find ⟨N⟩, we note that the BH evaporation
is a blackbody radiation process, with the energy flux
per unit of time given by Planck’s formula: df

dx ∼ x3

ex±c ,
where x ≡ E/TH , and c is a constant, which depends on
the quantum statistics of the decay products (c = −1 for
bosons, +1 for fermions, and 0 for Boltzmann statistics).

The spectrum of the BH decay products in the massless
particle approximation is given by: dN

dE ∼ 1
E

df
dE ∼ x2

ex±c .
In order to calculate the average multiplicity of the par-
ticles produced in the BH decay, we use the average of
the distribution in the inverse particle energy:

〈

1

E

〉

=
1

TH

∫ ∞

0
dx 1

x
x2

ex±c
∫ ∞

0
dx x2

ex±c

= a/TH , (4)

where a is a dimensionless constant that depends on the
type of produced particles and numerically equals 0.68 for
bosons, 0.46 for fermions, and 1

2
for Boltzmann statistics.

Since a mixture of fermions and bosons is produced in
the BH decay, we can approximate the average by using
Boltzmann statistics, which gives the following formula

for the average multiplicity: ⟨N⟩ ≈ MBH
2TH

. Using Eq. (3)
for Hawking temperature, we obtain:

⟨N⟩ =
2
√

π

n + 1

(

MBH

MP

)

n+2
n+1

(

8Γ
(

n+3
2

)

n + 2

)
1

n+1

. (5)

Eq. (5) is reliable when the mass of the BH is much
larger than the Hawking temperature, i.e. ⟨N⟩ ≫ 1; oth-
erwise, the Planck spectrum is truncated at E ≈ MBH/2
by the decay kinematics [10]. The average number of
particles produced in the process of BH evaporation is
shown in Fig. 1d, as a function of MBH/MP , for several
values of n.

We emphasize that, throughout this paper, we ignore
time evolution: as the BH decays, it gets lighter and hot-
ter and its decay accelerates. We adopt the “sudden ap-
proximation” in which the BH decays, at its original tem-
perature, into its decay products. This approximation
should be reliable as the BH spends most of its time near
its original mass and temperature, because that is when
it evolves the slowest; furthermore, that is also when it
emits the most particles. Later, when we test the Hawk-
ing mass-temperature relation by reconstructing Wien’s
dispacement law, we will minimize the sensitivity to the
late and hot stages of the BHs life by looking at only
the soft part of the decay spectrum. Proper treatment
of time evolution, for MBH ≈ MP , is difficult, since it
immediately takes us to the stringy regime.

Branching Fractions: The decay of a BH is ther-
mal: it obeys all local conservation laws, but otherwise
does not discriminate between particle species (of the
same mass and spin). Theories with quantum gravity
near a TeV must have additional symmetries, beyond
the standard SU(3) × SU(2) × U(1), to guarantee pro-
ton longevity, approximate lepton number(s) and flavor
conservation [11]. There are many possibilities: discrete
or continuous symmetries, four dimensional or higher di-
mensional “bulk” symmetries [12]. Each of these possi-
ble symmetries constrains the decays of the black holes.
Since the typical decay involves a large number of par-
ticles, we will ignore the constraints imposed by the few
conservation laws and assume that the BH decays with
roughly equal probability to all off ≈ 60 particles of the
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Figure 6: Scattering cross section for e+e− → µ+µ− at a linear collider in the presence
of the tower of Randall-Sundrum KK gravitons, as calculated and plotted by Davoudiasl,
Hewett and Rizzo [65]. The mass of the first KK resonance is fixed to be 600 GeV, and the
various curves correspond to different values of k/MP l = 1, 0.7, 0.5, 0.3, 0.2, 0.1 from top to
bottom. For details and LHC processes see the original paper [65].

effective theory this parameter is also arbitrary, and thus has no potential, and so is
a flat direction. Thus it can have no mass. This massless radion would contribute
to Newton’s law and result in violations of the equivalence principle (would cause a
fifth force), which is phenomenologically unacceptable, and therefore it does need to
obtain a mass – the radius has to be stabilized.

• The radius has to be stabilized at values somewhat larger than its natural value (we
need kr ∼ 30, while one would expect r ∼ 1/k). Does this reintroduce the hierarchy
problem?

• We have seen that one needed two fine tunings to obtain the static RS solution, one
of which was equivalent to the vanishing of the 4D cosmological constant, and is thus
expected. But can we shed light on what the nature of the second fine tuning is and
whether we can eliminate it somehow?

A mechanism for radius stabilization will address all the above mentioned issues. The
simplest and most elegant solution for stabilization of the size of the extra dimension
was proposed by Goldberger and Wise [66], and is known as the Goldberger-Wise (GW)
mechanism. Here we will discuss the details of this mechanism and its effect on the radion
mass and radion physics, however before plunging into the details and the formalism let
us first summarize the main idea behind the GW mechanism. Radius stabilization at non-
trivial values of the radius usually occurs dynamically, if there are different forces, some of
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Figure 3: Representative Feynman diagrams for the Z ′ production channels.

One may also consider the associated production Z ′W or Z ′h, but they are subleading to the DY

process and we will not pursue any detailed studies for those channels.

To further quantify the search sensitivity to the Z ′, we will thus concentrate on the DY process

shown in Fig. 3(a). We include the coherent sum of the A1, Z̃1 and Z̃X1 contributions to a particular

final state in the following. Throughout this section, we set gR = gL ≈ g, the SM SU(2)L coupling.

We include b-quarks in the initial state along with the light quarks. We use the CTEQ6.1M parton

distribution functions [31] for all our numerical calculations. We have obtained the results in this

section by incorporating our model into CalcHEP [32] and performed some checks by adding our

model into Madgraph [33].

5.1 A1, Z̃X1 → W+W−

As seen from the discussion for the Z ′ decay in Sec. 4, A1 and Z̃X1 decay to W+W− with substantial

branching fraction of 30 − 40%, while for Z̃1 it is down by more than one order of magnitude.

To gain a qualitative sense first, we consider the differential cross section for the signal with

a mass of 2 and 3 TeV and the irreducible SM background of W+W− pair production in Fig. 5,

for (a) the invariant mass distributions MWW , and for (b) the rapidity distribution ηW . These are

after a pT W > 250 GeV cut. The signal cross-section before any cuts is about 16 fb for a mass of

2 TeV, and 1.3 fb for 3 TeV mass. Based on the distributions, the signal can be enhanced relative

to background by the application of suitable MWW and η cuts. We see clearly the good signal

observability, and we consider in the following how to realize these cuts using only the observable

particles resulting from the decay of the two W ’s. Additional sources of background will have to

be contended with when one considers specific decay modes.

For the observable final states, we will not consider the fully hadronic mode for WW decays

due to the formidable QCD di-jet background. We will propose to focus on the purely-leptonic and

semi-leptonic channels.
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Figure 4: Total cross section for Z ′ production versus its mass, (a) with the coupling constant
squared (λ2) factored out as in Table 10 in Appendix B (for states in the KK eigenbasis, where
ZKK includes A1, Z1 and ZX1, and the qq̄ZX1 coupling is vanishingly small), and (b) with the
absolute normalization for the couplings (for states in the mass eigenbasis).
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Figure 5: Distributions of the WW final state (a) for W+W− invariant mass variable (in GeV) of
a 2 and 3 TeV Z ′ along with the SM W+W− background, and (b) for rapidity of a W . These are
after a pT W > 250 GeV cut.
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current LHC bounds on KK resonance 
O(few) TeV


