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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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What is physics beyond the Standard Model?
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What is physics beyond the Standard Model?

?
I don’t know. Nobody knows [If it were known, it would be part of the SM!]

Many evidences that BSM exist
We just don’t know what it is

We have plenty of good ideas and there are rich opportunities
But no guarantee we are on the right track

We should stay open-minded and also learn from our failures

“Looking and not finding is different than not looking”

2
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Why BSM? 

[and HEP practitioners have to return SM royalties!]

is not enough

+...
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Why BSM? 

[and HEP practitioners have to return SM royalties!]

is not enough

+...

Planck Collaboration: Cosmological parameters

Fig. 1. Planck foreground-subtracted temperature power spectrum (with foreground and other “nuisance” parameters fixed to their
best-fit values for the base ⇤CDM model). The power spectrum at low multipoles (` = 2–49, plotted on a logarithmic multi-
pole scale) is determined by the Commander algorithm applied to the Planck maps in the frequency range 30–353 GHz over
91% of the sky. This is used to construct a low-multipole temperature likelihood using a Blackwell-Rao estimator, as described
in Planck Collaboration XV (2013). The asymmetric error bars show 68% confidence limits and include the contribution from un-
certainties in foreground subtraction. At multipoles 50  `  2500 (plotted on a linear multipole scale) we show the best-fit CMB
spectrum computed from the CamSpec likelihood (see Planck Collaboration XV 2013) after removal of unresolved foreground com-
ponents. The light grey points show the power spectrum multipole-by-multipole. The blue points show averages in bands of width
�` ⇡ 31 together with 1� errors computed from the diagonal components of the band-averaged covariance matrix (which includes
contributions from beam and foreground uncertainties). The red line shows the temperature spectrum for the best-fit base ⇤CDM
cosmology. The lower panel shows the power spectrum residuals with respect to this theoretical model. The green lines show the
±1� errors on the individual power spectrum estimates at high multipoles computed from the CamSpec covariance matrix. Note the
change in vertical scale in the lower panel at ` = 50.

3
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BSM searches have numerous spin-offs
⦿ Force us to understand the SM thoroughly ⦿

⦿ Boost creativity of theorists ⦿
⦿ Advance technological progress to cope with experimental challenges ⦿

⦿ Keep us entertained ⦿ 



Christophe Grojean BSM physics DESY, Nov. 29, 20174

Current status of BSM searches
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Current status of BSM searches

lost in translation: Babel tower!
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Current status of BSM searches

lost in translation: Babel tower! the ultimate goal

theorists and experimentalists also need 
to start speaking a common language
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 Disagreements between theory predictions and experimental data
↪ e.g. Newton mechanics and constant speed of light

 Apparent fine-tunings
↪ charm quark to screen the Kaon mass difference

 Theoretical inconsistencies
↪ W boson to regularize Fermi theory,  Higgs boson to unitarize WW scattering

 Serendipity
↪ CMB discovery

 Surprises
↪ muon

Discovering New Physics: the different paths
new discoveries can follow from 
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 Disagreements between theory predictions and experimental data
↪ e.g. Newton mechanics and constant speed of light

 Apparent fine-tunings
↪ charm quark to screen the Kaon mass difference

 Theoretical inconsistencies
↪ W boson to regularize Fermi theory,  Higgs boson to unitarize WW scattering

 Serendipity
↪ CMB discovery

 Surprises
↪ muon

Discovering New Physics: the different paths
new discoveries can follow from 

Post-Higgs discovery: SM has no (major) theoretical inconsistencies 
apart maybe black hole information paradox which might require soft hairs i.e. massless particles with 

zero momentum located at the infinite future boundary of the horizon 
(Hawking, Perry, Strominger ’16)

Need powerful machines to explore the unknown* 
through the intensity and energy frontiers

http://arxiv.org/abs/1601.00921
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What is the scale of New Physics?

small FCNC:

tiny neutrino masses:

slow proton decay:

High Scale Wishes
gFµ⌫ ̄H�

µ⌫ 

M2
NP

(LH)2

MNP

UUDE

M2
NP

Low Scale Wishes

⤿ light susy?

small EDMs:

tiny vacuum energy:

light Higgs boson:

argdetY  10�10

m2
H ⇡ M2

NP � (125GeV)2

⇤ ⇡ M4
NP �

�
10�3eV

�4
⤿ axion?

⤿ ?
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What is the scale of New Physics?

Where is everyone?
even new physics at few hundreds of GeV might be difficult to see and could escape our detection

 compressed spectra 

 displaced vertices

 no MET, soft decay products, long decay chains

 uncoloured new physics

    

  

  

 R-susy

 Neutral naturalness 
     (twin Higgs, folded susy)   

 Relaxion

small FCNC:

tiny neutrino masses:

slow proton decay:

High Scale Wishes
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BSM probes
in order to address the physics questions that dwell outside the SM boundaries

the experimental physics program should be built around five key goals

1

2

3

Measurement of the properties of the newly-discovered Higgs boson with very high 
precision. ➾ Is it elementary? Does it have siblings/relatives? What keeps it light? Why does it 
freeze in?

Measurement of the properties of the top quark with very high precision to indirectly 
constrain new physics

Precision measurements of the EW observable: the Z boson will be the atomic clock of High 
Energy Physics.

Direct searches for and studies of (uncolored) new particles expected in models of 
physics at the TeV energy scale. Complementary to LHC searches.

Provide definitive answers to broad physics questions: e.g. (i) new physics at TeV scale? 
(ii) TeV-scale solution to the hierarchy pb? (iii) DM=WIMP? (iv) electroweak baryogenesis?

4

5
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Guaranteed deliverables

Exploration potential

Physics answers
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3

The FCC complex is designed to provide precision, 
sensitivity, and extended mass reach

• Guaranteed results:
• precision study of Higgs and top quark properties, and study 

of EW interactions at energies above the scale of symmetry 
breaking

• Exploration potential: relies on
• increased energy reach
• increased statistics
• increased precision
• increased sensitivity

• Potential to provide conclusive answers: relies on the above, plus
• broad coverage of final states, sensitivity to a large class of 

alternative models and their possible manifestations, from new 
particles, to new interactions, to new features of the final 
states

The way forward
• increased energy • increased statistics

• increased precision • increased sensitivity

•  High rates allow the exploration of rare phenomena and extreme phase space configurations

• High rates also shift the balance between systematic and statistical uncertainties. It can be 
exploited to define different signal regions, with better S/B, better systematics, pushing the potential 
for better measurements beyond the “systematic wall” of low stat. measurements

HL-LHC will change the rules of the game
opening new search opportunities
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Higgs

(i) Guaranteed deliverables

similar discussions can be done for top and EW gauge bosons
see different talks at this meeting for concrete examples
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HEP with a Higgs boson
breathtaking successes

 in O(5) years, the Higgs mass has been measured to 0.2% (vs 0.5% for the 20-year old top)
 some of its couplings, e.g. κγ, have been measured with 1-loop sensitivity (as EW physics at LEP)
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Higgs agenda for the LHC-II, HL-LHC, ILC/CLIC, FCC, CepC, SppC

multiple independent, synergetic and complementary approaches to achieve precision (couplings), 
sensitivity (rare and forbidden decays) and perspective (role of Higgs dynamics in broad issues like 

EWSB and vacuum stability, baryogenesis, inflation, naturalness, etc)

M.L. Mangano, Washington ’15
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 rare Higgs decays: h→μμ, h→γZ
 Higgs flavor violating couplings: h→μτ and t→hc
 Higgs CP violating couplings
 exclusive Higgs decays (e.g. h→J/Ψ+γ ) and measurement of couplings to light quarks 

 exotic Higgs decay channels: 
h→ ET, h→4b, h→2b2μ, h→4τ,2τ2μ, h→4j, h →2γ2j, h→4γ, h→γ/2γ+ET, 

h→isolated leptons+ET, h→2l+ET, h→one/two lepton-jet(s)+X, h→bb+ET, h→ττ+ET ...
 searches for extended Higgs sectors (H, A, H±,H±±...)
 Higgs self-coupling(s)
 Higgs width
 Higgs/axion coupling?
 ...
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HEP with a Higgs boson
breathtaking successes

 in O(5) years, the Higgs mass has been measured to 0.2% (vs 0.5% for the 20-year old top)
 some of its couplings, e.g. κγ, have been measured with 1-loop sensitivity (as EW physics at LEP)The Higgs discovery has been an important milestone for HEP

but it hasn’t taught us much about BSM yet

current (and future) LHC sensitivity 
O(10-20)% ⇔ ΛBSM > 500(g*/gSM) GeV 

not doing better than direct searches unless in the case of strongly coupled new physics
(notable exceptions: New Physics breaks some structural features of the SM

e.g. flavor number violation as in h→μτ)

typical Higgs coupling deformation:
�gh
gh

⇠ v2

f2
=

g2⇤ v
2

⇤2
BSM

Higgs precision program is very much wanted 
to probe BSM physics
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Why going beyond inclusive Higgs processes?
So far the LHC has mostly produced Higgses on-shell 

in processes with a characteristic scale μ ≈ mH 
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Why going beyond inclusive Higgs processes?
So far the LHC has mostly produced Higgses on-shell 

in processes with a characteristic scale μ ≈ mH 

access to Higgs couplings @ mH 

κV  κF Contours (1) 
All vector and fermion couplings are scaled by!κV and!κF 

All results in agreement with SM (κV = κf = 1) within 1� 

22 

κV  κF Contours (2) 
Allow for negative κF (which changes the sign of t-W loop interference) 

Note: all physical quantities depend on a product of two κ’s ⇔ 
          other two quadrants are symmetric with respect to (0,0)  

•  Almost 5s exclusion  
    of kF < 0  !!! 
 
•  Some decays in least 

significant production 
channels pulled towards 
inverted interference 

27 
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1. off-shell gg → h* → ZZ → 4l

2. boosted Higgs: Higgs+ high-pT jet

3. double Higgs production

Examples of interesting channels to explore further:

11

Why going beyond inclusive Higgs processes?
So far the LHC has mostly produced Higgses on-shell 

in processes with a characteristic scale μ ≈ mH 

Producing a Higgs with boosted additional particle(s)
probe the Higgs couplings @ large energy

(important to check that the Higgs boson ensures perturbative unitarity)

access to Higgs couplings @ mH 
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Boosted Higgs+jet

high pT tail discriminates 
short and long distance physics contribution to gg ➙ h

Are the NLOm QCD corrections (not known) going to destroy all the sensitivity?
Frontier priority: N3LO∞ for inclusive xs or NLOmt for pT spectrum?

competitive/complementary to htt channel 
for the measure the top-Higgs coupling

➾➾
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3

p
s = 14 TeV,

Z
dtL = 3ab�1, pT > 650 GeV

(partonic analysis in the boosted “ditau-jets” channel)

10-20% precision on κt

see Schlaffer et al ’14 for a more complete analysis 
including WW channel 
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(d) Scale variation

Figure 2: Figures (a)-(c) show the 95% CL contours obtained from the �2 in Eq. (2.11) for

di↵erent choices of the actual parameters 0

t and 0

g, or equivalently of µ0

incl

and R0. The

colors blue, red and black correspond to 0

t = 0.8, 1.0 and 1.2, respectively, or equivalently to

the indicated values of R0 = R(0

t ,
p
µ0

incl

� 0

t ). The gray band is obtained by considering

only the inclusive measurement. The SM point is indicated by the black star. Figure (d)

shows the variation of the 95% CL contours for di↵erent choices of the renormalization and

factorization scale µ. For all plots we assumed an integrated luminosity of
R L dt = 3 ab�1

and
p
s = 14TeV.
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2 Analysis of pp ! h + jet

At the parton level, three subprocesses contribute to the pp ! h+jet cross section: these are

gg, qg, qq̄ ! h+ jet.5 The expressions of the SM matrix elements for gg ! hg and qq̄ ! hg,

mediated by quark loops, were first calculated at LO in QCD in Ref. [18] and shortly after

with a di↵erent notation in Ref. [19], which we used for our calculations. The matrix element

for the qg ! hq process is obtained from the one of qq̄ ! hg by crossing. Some of the

Feynman diagrams contributing to pp ! h+ jet are shown in Fig. 1. When the Lagrangian

in Eq. (1.3) is considered, the top contribution to the amplitudes is simply given by the SM

one rescaled by the modified coupling t.6 On the other hand, the contribution of heavy
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Figure 1: Example Feynman diagrams for pp ! h+jet in the SM and with the contact term.

top partners in the loop is described by the e↵ective interaction parameterized by g, which

generates Feynman diagrams such as the lower-right one in Fig. 1. Roughly speaking, this

description is reliable as long as the mass of the heavy states is larger than the transverse

momentum cut applied, see Section 3 for a more precise assessment. The corresponding

matrix element is obtained from the SM one by sending to infinity the mass of the quark

running in the loop. Thus the matrix element squared for each partonic subprocess can be

written as

|M|2 / |t MIR

(mt) + g MUV

|2 , (2.5)

5For brevity, we denote the sum qg + q̄g by qg.
6In the SM, the e↵ect of including the bottom quark contribution in addition to the dominant one due

to the top is only of a few percent, if the cut on the transverse momentum is larger than 50GeV [20]. Since

we are interested in larger Higgs transverse momenta, we consistently neglect the bottom in our calculation.
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Boosted Higgs+jet
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2 Analysis of pp ! h + jet

At the parton level, three subprocesses contribute to the pp ! h+jet cross section: these are

gg, qg, qq̄ ! h+ jet.5 The expressions of the SM matrix elements for gg ! hg and qq̄ ! hg,

mediated by quark loops, were first calculated at LO in QCD in Ref. [18] and shortly after

with a di↵erent notation in Ref. [19], which we used for our calculations. The matrix element

for the qg ! hq process is obtained from the one of qq̄ ! hg by crossing. Some of the

Feynman diagrams contributing to pp ! h+ jet are shown in Fig. 1. When the Lagrangian

in Eq. (1.3) is considered, the top contribution to the amplitudes is simply given by the SM

one rescaled by the modified coupling t.6 On the other hand, the contribution of heavy
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Figure 1: Example Feynman diagrams for pp ! h+jet in the SM and with the contact term.

top partners in the loop is described by the e↵ective interaction parameterized by g, which

generates Feynman diagrams such as the lower-right one in Fig. 1. Roughly speaking, this

description is reliable as long as the mass of the heavy states is larger than the transverse

momentum cut applied, see Section 3 for a more precise assessment. The corresponding

matrix element is obtained from the SM one by sending to infinity the mass of the quark

running in the loop. Thus the matrix element squared for each partonic subprocess can be

written as

|M|2 / |t MIR

(mt) + g MUV

|2 , (2.5)

5For brevity, we denote the sum qg + q̄g by qg.
6In the SM, the e↵ect of including the bottom quark contribution in addition to the dominant one due

to the top is only of a few percent, if the cut on the transverse momentum is larger than 50GeV [20]. Since

we are interested in larger Higgs transverse momenta, we consistently neglect the bottom in our calculation.
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Light stop searches from Higgs+jet
Further constraints on Xt and the stop masses can be obtained by examining the correc-

tions to the h ! �� and h $ gg rates:

�(h $ gg)

�(h $ gg)
SM

= (1 +�t)
2 ,

�(h ! ��)

�(h ! ��)
SM

= (1� 0.28�t)
2 , (3)

where, in the limit in which we decouple the pseudoscalar Higgs, we find

�t ⇡ m2

t

4

 
1

m2

˜t1

+
1

m2

˜t2

� X2

t

m2

S

!

. (4)

Present data (fitted in the context of the SM plus light stops) give [13]

�t = �0.04± 0.11 (5)

and do not yet imply a significant constraint, as it is clear from fig. 2 where we plot iso-curves

of �t after imposing the mh requirement. The situation will improve in the future. Note

that no deviations from the SM (�t ⇡ 0) are obtained for m
˜t2 ⇡ 6m

˜t1 if we insist on having

X2

t ⇡ 6.

A few comments are in order:

• An independent indication of a large splitting between m
˜t2 and m

˜t1 can be obtained if

we assume that At is not significantly larger than the trace of the stop mass matrix.

Assuming A2

t < a(m2

˜t1
+m2

˜t2
), then (for large tan �) X2

t is bounded by

X2

t < a
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˜t1
+m2

˜t2
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˜t1m˜t2
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r
, r =

m
˜t1

m
˜t2

. (6)

Vacuum stability arguments imply a < 3 (assuming m2

Hu
⌧ m2

˜t2
), but this does not

allow us to deduce a significant constraint on r. However, if a ⇠< 1 (as naturally

expected from RG arguments, see next section) then we are forced to assume small

values of r in order to reach X2

t ⇡ 6.

• Despite the large value of Xt, the mixing of the two stop eigenstates is suppressed in

the limit r ⌧ 1:

✓t =
1

2
arcsin

 
2mtmSXt

m2

˜t2
�m2

˜t1

!
r⌧1' rXtmt

mS

. (7)

So, in this limit, we can approximately identify the two mass eigenstates with the

electroweak eigenstates. As we will show in the next section, it is natural to identify

the lightest state with an almost right-handed stop. Note also that for r ⌧ 1 the

lightest stop mass is significantly lighter than the average stop mass in eq. (2): r ⇡ 1/6

corresponds to m
˜t1 ⇡ 200 GeV.
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... or not if Δt≈0 ⇒ light stop window in the MSSM 
(stop right ~200-400GeV ~ neutralino w/ gluino < 1.5 TeV)

flavor constraints (εK, B→Xs+γ)
 RG evolution
 DM

 Delgado et al  ’12 

and difficult direct search (trigger on stop+extra jet)
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Fig. 15. A selection of published limits on the production of third-generation squarks from the ATLAS experiment.
All limits are given in the form of SMS limits on individual production processes (see references in the plot). Similar
results are obtained from the CMS experiment (see e.g. Ref. [79]). (Adapted from Refs. [78, 81, 83, 86, 90–92].)

that carry a fraction of more than 0.05 of the transverse momentum of the large-R jet, an invariant mass is
reconstructed. The distribution of this reconstructed mass is shown in figure 14(a) after preselection cuts.
Flavour tagging is then applied to the sub-jets, which should contain a b-quark jet. It can be seen that
for signal events, the jet-mass distribution shows a very broad peak-like structure around the top-quark
mass. The remaining backgrounds are tt̄ and single top quark production, tt̄ production in association
with a vector boson, Z+jets, and diboson production. The data show a slight, but insignificant excess
over the background.

An example is a search from the CMS experiment, which is both sensitive to t̃
1

! t�̃0

1

and to non-
resonant t̃

1

! bW �̃0

1

at intermediate values of m
˜t1

[79]. There, the variable m
T

already introduced in
the previous section is used as a discriminator against events where the real missing transverse energy is
exclusively stemming from a W ! `⌫ decay, such as semileptonic tt̄ events. No excess over the background
is observed, and the variable is used as an input to a multivariate selection, from which limits are derived.

An overview of the currently published search results and limits is given in figure 15 using examples
from the ATLAS collaboration [78, 81, 83, 86, 90–92]. Similar results are available from CMS [79].
As expected, the observed sensitivity is governed by the kinematic regions defined in figure 13. The
strongest limits reach up to m

˜t1
> 700 GeV for the assumption of the full strong-production cross section

and, more importantly, of 100% branching ratio into the given decay. This limit by itself is already
touching the areas which could be considered theoretically interesting for an elaboration on the natural
ability of SUSY to explain the hierarchy problem of the SM, without unduly fine-tuning the SUSY-
parameters themselves. For m

˜

11
⇡ O(1 TeV) and higher, the di↵erence between the SUSY scale and

the electroweak scale becomes too large to explain the hierarchy problem of the SM Higgs mass without
additional assumptions. However, as explained in section 4.1, the kinematics of the decays close to the

` inclusive Higgs measurements cannot rule out light stop

There are various arguments that favour this light stop region

One prime example where large statistics opens up new search strategy

with
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Light stop searches from Higgs+jet
Further constraints on Xt and the stop masses can be obtained by examining the correc-

tions to the h ! �� and h $ gg rates:

�(h $ gg)

�(h $ gg)
SM

= (1 +�t)
2 ,

�(h ! ��)

�(h ! ��)
SM

= (1� 0.28�t)
2 , (3)

where, in the limit in which we decouple the pseudoscalar Higgs, we find

�t ⇡ m2

t

4

 
1

m2

˜t1

+
1

m2

˜t2

� X2

t

m2

S

!

. (4)

Present data (fitted in the context of the SM plus light stops) give [13]
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natural susy calls for light stop(s) that can affect the Higgs physics

Further constraints on Xt and the stop masses can be obtained by examining the correc-

tions to the h ! �� and h $ gg rates:

�(h $ gg)

�(h $ gg)
SM

= (1 +�t)
2 ,

�(h ! ��)

�(h ! ��)
SM

= (1� 0.28�t)
2 , (3)

where, in the limit in which we decouple the pseudoscalar Higgs, we find

�t ⇡ m2

t
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m2
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+
1

m2

˜t2

� X2

t

m2

S

!

. (4)

Present data (fitted in the context of the SM plus light stops) give [13]

�t = �0.04± 0.11 (5)

and do not yet imply a significant constraint, as it is clear from fig. 2 where we plot iso-curves

of �t after imposing the mh requirement. The situation will improve in the future. Note

that no deviations from the SM (�t ⇡ 0) are obtained for m
˜t2 ⇡ 6m

˜t1 if we insist on having

X2

t ⇡ 6.

A few comments are in order:

• An independent indication of a large splitting between m
˜t2 and m

˜t1 can be obtained if

we assume that At is not significantly larger than the trace of the stop mass matrix.

Assuming A2

t < a(m2

˜t1
+m2

˜t2
), then (for large tan �) X2

t is bounded by

X2

t < a
m2

˜t1
+m2

˜t2

m
˜t1m˜t2

r⌧1' a

r
, r =

m
˜t1

m
˜t2

. (6)

Vacuum stability arguments imply a < 3 (assuming m2

Hu
⌧ m2

˜t2
), but this does not

allow us to deduce a significant constraint on r. However, if a ⇠< 1 (as naturally

expected from RG arguments, see next section) then we are forced to assume small

values of r in order to reach X2

t ⇡ 6.

• Despite the large value of Xt, the mixing of the two stop eigenstates is suppressed in

the limit r ⌧ 1:

✓t =
1

2
arcsin

 
2mtmSXt

m2

˜t2
�m2

˜t1

!
r⌧1' rXtmt

mS

. (7)

So, in this limit, we can approximately identify the two mass eigenstates with the

electroweak eigenstates. As we will show in the next section, it is natural to identify

the lightest state with an almost right-handed stop. Note also that for r ⌧ 1 the

lightest stop mass is significantly lighter than the average stop mass in eq. (2): r ⇡ 1/6

corresponds to m
˜t1 ⇡ 200 GeV.

4

... or not if Δt≈0 ⇒ light stop window in the MSSM 
(stop right ~200-400GeV ~ neutralino w/ gluino < 1.5 TeV)
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P1: mt1=395, mt2=2412, At=2420, Dt=0.002
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P3: mt1=259, mt2=1212, At=0, Dt=0.12

P4: mt1=226, mt2=484, At=532, Dt=0.015

but O(10%) sensitivity on boosted h+j can 
close up the light stop window

Low rate ⇔ large luminosity needed

inclusive Higgs measurements cannot rule out light stop

Grojean, Salvioni, Schlaffer, Weiler  ‘13

There are various arguments that favour this light stop region

Light stop benchmark
that leaves no signal in inclusive rate

but predicts different tail in pT 
distribution

One prime example where large statistics opens up new search strategy

with

http://arXiv.org/abs/13012.3317
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New Physics

(ii) Exploration potential

e.g. susy searches, vector resonances, extended Higgs sectors, searches for new interactions
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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 ......) 
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t

g̃

t̃

hh

h
µ

h

hh

t̃

�m2
H ⇠ � y2t

⇡2

↵s

⇡
m2

gluino

✓
log

⇤

mgluino

◆2

�m2
H ⇠ � 3

8⇡2
y2tm

2
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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 

I. Probing natural SUSY

light stops, light gluinos!
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I. 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%),
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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

=

˜B). The two
models correspond to different choices of the LSP mass:

– Non-compressed: M
1

= 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 M

1

= 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 (j

1

), 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 (j
1

) ⇠ 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 TeV

1/2.

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%),
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I. Natural SUSY: beyond standard searches

Run-1: search for heavy stop (t̃
2

)
• 2012 (20 fb�1): stops searches based on t̃1 t̃1

production, with t̃1 ! t�̃0
1 or t̃1 ! b�̃±

1

• No sensitivity for t̃1 ! t�̃0
1 with

mt̃1
& m�̃0

1
+ mt : very similar to SM tt̄

• [New at the LHC] Production of the heavier
stop mass eigenstate (t̃2) relying on the
t̃2 ! Zt̃1 decay to reduce tt̄ ! Signature:
Z(`+`�)+`+b+Emiss

T

• Eur. Phys. J. C 74 (2014) 2883 (20 fb�1)
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Run-2: t̃
2

searches in 2016

• Analysis performed in collaboration with the Bern group

• ATLAS-CONF-2016-038 (13 fb�1): explore t̃2 ! Zt̃1 with 3`+b+Emiss
T

• JHEP 1708 (2017) 006 (36 fb�1): analysis extended to t̃2 ! ht̃1 with
1`+4b+Emiss

T

• Interpretations for varying BRs in t̃2 ! ht̃1/Zt̃1 and also for t̃1 ! t�0
2,

�0
2 ! h/Z �̃0
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Searching for light stop from heavy stop decay

~ RUN 2 ~

X. Poveda @ DESY’17

~ RUN 1 ~
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A combination of VV searches

JJ

Jlν Jll

JJ

Jlν

Jll

for the W0 ! 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 W0 ! 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 W0 ! 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, W0 ! 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, W0 ! 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,
W0 ! WLZL and Gbulk ! ZLZL selections and signal hypotheses.
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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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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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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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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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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.
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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.
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Spin-1 resonance searches: enhanced by large 
couplings from the 
composite sector

Glimpses at the LHC? suppressed by large couplings from the 
composite sector

17

Precision /indirect searches (high lumi.) vs. direct searches (high energy)

Torre, Thamm, Wulzer ’15

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

�Ŝ =
g2
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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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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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Precision /indirect searches (high lumi.) vs. direct searches (high energy)
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e.g. 
- indirect searches at LHC over-perform direct searches 
for g > 4.5
- indirect searches at ILC over-perform direct searches 
at HL-LHC for g > 2
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ILC at 500GeV with 500 fb�1 and TLEP at 350GeV with 2.6 ab�1 are shown.
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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
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s = 500GeV and
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s = 350GeV corresponding to ⇠ > 0.01 and ⇠ > 0.004.
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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
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Search for Extended Higgs sectors

Extended Higgs sectors are a prediction of many BSM scenarios. 
They may play a role in the following open questions:

- (EW) Baryogenesis 

- Identity of Dark Matter

- Smallness of the neutrino masses

- Naturalness of the EW scale

Modified scalar potential can lead 
to a 1st order EW phase transition

Type-II see-saw through extra scalars

Scalar DM with TeV mass 

Scalar mediators in hidden-sector 
DM coupled to Higgs portal

Extended scalar sectors follows in natural theories: 
i) SUSY 
ii) Neutral Naturalness

A 100TeV pp collider offers the unique opportunity to discover EW-charged 
or SM-singlet scalars with a few TeV mass 

☞
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Fig. 88: 95% C.L. exclusion bounds for neutral (left panel, from [517]) and charged (right panel, from [296])
Higgses of the MSSM at a 100 TeV collider. The blue and orange regions are probed by the channels pp !
bbH0/A ! bb⌧⌧ and pp ! bbH0/A ! bbtt for the neutral Higgses and pp ! tbH± ! tb⌧⌫ pp ! tbH± ! tbtb

for the charged Higgses, respectively. The red region is probed by heavy Higgs production in association with one
or two top quarks, with subsequent decay to t̄t, yielding a same-sign dilepton signature. Given the same channel
or the same color, the two different opacities indicate the sensitivities w.r.t. a luminosity of 3 ab�1 and 30 ab�1 at
a 100 TeV pp collider, respectively. The cross-hatched and diagonally hatched regions are the predicted exclusion
contours for associated Higgs production at the LHC for 0.3 ab�1, and 3 ab�1, respectively.

Parent Higgs Decay Possible Final States Channels in 2HDM
HH type (bb/⌧⌧/WW/ZZ/��)(bb/⌧⌧/WW/ZZ/��) H0 ! AA, h0h0

Neutral Higgs HZ type (``/qq/⌫⌫)(bb/⌧⌧/WW/ZZ/��) H0 ! AZ, A ! H0Z, h0Z
H0, A H+H� type (tb/⌧⌫/cs)(tb/⌧⌫/cs) H0 ! H+H�

H±W⌥ type (`⌫/qq0)(tb/⌧⌫/cs) H0/A ! H±W⌥

Charged Higgs HW± type (`⌫/qq0)(bb/⌧⌧/WW/ZZ/��) H± ! h0W, H0W, AW

Table 44: Summary of exotic decay modes for non-SM Higgs bosons. For each type of exotic decays (second
column), we present possible final states (third column) and relevant channels in 2HDM. Note that H in column
two refers to any of the neutral Higgs, e.g. h0, H0 or A in 2HDM.

In addition to their decays to the SM particles, non-SM Higgses can decay via exotic modes, i.e.,
heavier Higgs decays into two light Higgses, or one light Higgs plus one SM gauge boson. Clearly this
happens in the case when the splitting between the various heavy higgses is not small. This can happen
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IV. Searches for extended Higgs sectors
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http://arxiv.org/abs/1504.07617
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Ayan	Paul	-- Physics	at	the	Terascale	2017
11

collider phenomenology of the heavy neutral Higgs

marginalized over
,-±

,-± =	,-1

excluded by 13 TeV
22 ⟶ 3 ⟶ 44∗ ⟶ 47

Going beyond type I-II:
Loopholes in standard heavy Higgs searches

Nice opportunities for unexplored signatures

pp æ H æ tc pp æ tcH(æ tc) pp æ bcH±(æ bc) pp æ bcH±(æ Wh)
1 charged lepton 2 same-sign leptons dijet resonance Wh resonance

Emiss

T

2 b-jets Ø1 b-jet Ø1 b/c-jet
1 b-jet Ø1 c-jet Ø1 c-jet
1 c-jet

Table 4. Summary of the most promising signatures associated to the dominant (flavour-violating)
production and decays of heavy neutral and charged Higgs bosons.

neutral and charged Higgs bosons as light as 200 GeV can exist, but they can be copiously
and predominantly produced and decay in channels that have not be explored yet. For
instance, we showed that a neutral heavy Higgs boson can be produced in association with
a top and charm quarks and later decay into another top-charm pair, leading to a final
state with same charge dilepton and bottom and charm jets that can be easily emerged
from a not so dominant background. A heavy charged Higgs boson can be produced in
association with a bottom and charm quarks and can decay into another bottom-charm
pair with a total rate at or above 100 pb. It will be very interesting to extend the present
LHC program for searches of new Higgs bosons, to include the plethora of new signatures
predicted by our model (see Table 4). For sure rather spectacular signatures are expected
and wait for the interest of the experimental community to reveal the first direct evidence
of new physics and to unravel the origin of flavour, which remains one of the deepest
questions of high-energy physics.
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g* strong: 

interactions before resonances

Tail parameters:  W and Y

High-energy lepton colliders can further improve the constraints

✦ ILC bounds:       500 GeV

✦ CLIC bounds:    1 TeV  
                        3 TeV

LEP LHC13 FCC 100 ILC TLEP CEPC ILC 500 CLIC 1 CLIC 3

luminosity 2⇥ 107 Z 0.3/ab 3/ab 10/ab 109 Z 1012 Z 1010 Z 3/ab 1/ab 1/ab

W ⇥104 [�19, 3] ±0.7 ±0.45 ±0.02 ±4.2 ±1.2 ±3.6 ±0.3 ±0.5 ±0.15

Y ⇥104 [�17, 4] ±2.3 ±1.2 ±0.06 ±1.8 ±1.5 ±3.1 ±0.2 ⇠ ±0.5 ⇠ ±0.15

✦ Low-energy lepton machines not competitive with HL-LHC

[Farina, GP, Pappadopulo, Rudermann Torre, Wulzer ’16]FCC 100 would give 
much stronger bounds

|W | < 0.3⇥ 10�4 , |Y | < 0.2⇥ 10�4

|W |, |Y | . 0.5⇥ 10�4

|W |, |Y | . 0.15⇥ 10�4

Recast from  
[CLIC Design Report ’12]

Recast from [Harigaya et al. ’15]

e.g. measurement of p4 EW oblique parameters 
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(iii) Physics questions

e.g. naturalness, matter-antimatter asymmetry
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We need an experimental answer!
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I. 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. 
[NC, Englert, McCullough; Henning, Lu, Murayama; NC, Farina, McCullough, Perelstein]

cH
m2

�

�
@µ|H|2

�2 ! ��Zh = �2cH
v2

m2
�

Direct searches: states lighter than mh/2 easily 
constrained by Higgs width; if heavier than mh/2, 
can still produce via an off-shell Higgs. Look for 

associated production + invisible. 
[Curtin, Meade, Yu; NC, Lou, McCullough, Thalapillil]  

14

��Zh = � g2?
8⇡2

v2

m2
?

Neutral naturalness (invisible?) @ LHC
aka 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 

I. Neutral Naturalness

http://indico.cern.ch/event/441629/
http://arxiv.org/abs/1506.06141
http://arxiv.org/abs/1502.05409
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I. Neutral Naturalness

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. m

0

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 –

displaced vertices

Curtin, Verhaaren ’15

http://arxiv.org/abs/1506.06141
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II. Matter-antimatter asymmetry
Baldes, Konstandin, Servant ’16
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traditionally, M ≫ v and 𝜒 is frozen during EWSB

lowering M and allowing 𝜒 to vary leads to totally different phenomenology
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EW scale flavons for EW baryogenesis

2

Yukawa couplings are controlled by the VEV of some scalar
fields (the so-called “flavons”) and it is natural to wonder
about their cosmological dynamics. Our working assumption
is that the flavon couples to the Higgs and therefore the flavon
and the Higgs VEV dynamics are intertwined, motivating the
possibility that the Yukawas vary during the EWPT. The vari-
ous implications of this framework for electroweak baryogen-
esis will be presented in a series of papers. We will in particu-
lar discuss the CKM matrix as the unique CP-violating source
[31] as well as specific models of varying Yukawas [32, 33].

In this letter, the key point we want to make is that we do not
need to specify the dynamics responsible for the evolution of
the Yukawas to derive the nature of the EWPT. In fact, even if
the dynamics of the scalar potential of the flavon-Higgs cou-
pled system would correspond to a second order EW phase
transition when ignoring the variation of fermion masses, the
fact that the Yukawas of the SM were large during the EWPT
is enough to completely change the nature of the EWPT, while
relying only on the SM degrees of freedom (dof).

III. EFFECT OF FERMIONIC MASSES ON THE EWPT

The physics of the effect of varying Yukawas is related to
the contribution of effective relativistic dof g⇤ to the effec-
tive potential Ve↵ � �g⇤⇡

2
T

4
/90. Regions in Higgs space

in which species are massive correspond to a decrease in g⇤
and hence an increase in Ve↵ . The effect of species coupled to
the Higgs is therefore to delay and hence strengthen the phase
transition. In the usually assumed case where the Yukawas
have the same values during the EWPT as today, all Yukawas
except the one of the top quark are small and therefore al-
most all fermions are light even in the broken phase during the
EWPT. Therefore there is no significant change in g⇤ during
the EWPT and the effect of the light fermions is negligible.
Crucially, the contribution of bosonic species to the finite-T
effective potential also includes a term cubic in the mass and
hence bosonic dof not only delay the phase transition but also
create a barrier between the two minima. However, the effect
of the SM bosons is insufficient to provide a strong first-order
phase transition [1]. Thus, the common lore consists of adding
additional bosonic degrees of freedom to strengthen the phase
transition. As mentioned in the introduction, this has been
severely constrained at the LHC.

On the other hand, it was shown in [34] that adding new
strongly-coupled fermions with constant Yukawa couplings
can also help to strengthen the EWPT. Though these do not
create a thermal barrier on their own, they can lead to a de-
crease in g⇤ between the symmetric and broken phases and
hence delay and strengthen the phase transition. However,
these models are far from minimal. They suffer from a vac-
uum instability near the EW scale due to the strong coupling
of the new fermions and new bosons are also needed to cure
this instability.

In our approach of varying Yukawas, these problems are
alleviated. We are interested in models where the variation
of the Yukawa couplings is due to the VEV of a flavon field,
coupled to the Higgs, whose VEV therefore also varies during

FIG. 1: The mass of a fermionic species as a function of � for a
constant Yukawa coupling, n = 0, and varying Yukawas. In the
constant Yukawa case we take y(�) = 1. For the varying Yukawa
cases we take y1 = 1 and y0 = 0 (see Eq. 2).

the EWPT. If the Yukawa couplings decrease with the Higgs
background value �, the SM fermions can be massless both
in the symmetric phase, at � = 0, as well as at � ⇠ v due to
the falling couplings, but be massive somewhere in between,
i.e in the region 0 < � < v. This raises the potential in this
area and can therefore create a barrier. The quantitative size of
this effect is encoded in the effective potential which we shall
study below.

We stress that this does not mean that the Yukawa couplings
are controlled solely by the Higgs field, i.e. the Higgs need not
itself be the flavon (such a scenario is strongly constrained by
various Higgs and flavour measurements, see [20, 21, 26, 27]).
The variation of the Yukawas is related to the variation of the
Higgs VEV during the EWPT (during which the flavon VEV
may also change) but the Yukawas today do not depend on
the Higgs VEV v = 246 GeV nor are the Higgs-fermion cou-
plings sizeably affected. Model-dependent implementations
will be presented elsewhere [32, 33].

The aim of this letter is to stress the model-independent
features of the physics of Yukawa variation. We will therefore
present results using the following ansatz for the variation of
the Yukawa related to the variation of the Higgs VEV itself:

y(�) =

(

y1

⇣

1�
h

�
v

in⌘

+ y0 for �  v,

y0 for � � v.

(2)

The mass of the fermion species is given by

mf =

y(�)�p
2

(3)

and we illustrate the dependence of mf on � in Fig. 1. Equa-
tion (2) just expresses the fact that before the EWPT, the
Yukawas take values y1 and after the EWPT they take their
present value y0. The power n is just a parametrisation of how
fast the variation is taking place and is therefore encoding the
model dependence. Depending on the underlying model, the
Higgs field variation will follow the flavon field variation at

3

FIG. 2: The evolution of the effective potential with temperature
in the SM (top) and with varying Yukawas (bottom). The vary-
ing Yukawa calculation includes all SM fermions with y1 = 1,
n1 = 1 and their respective y0, chosen to return the observed fermion
masses today (for the neutrinos we have assumed Dirac neutrinos and
m⌫ = 0.05 eV). In the varying Yukawa case we find a first-order
phase transition with �c = 230 GeV and Tc = 128 GeV (second
order transition at Tc = 163 GeV for the constant Yukawa case).

different speeds. Large values of n mean the Yukawa cou-
pling remain large for a greater range of � away from zero.
We will see that large n strengthen the phase transition.

We study the strength of the EWPT for different choices of
n, y1 ⇠ O(1) and the number of degrees of freedom, g, of the
species with the �-dependent Yukawa coupling. The results
do not depend strongly on the choice of y0 as long as y0 ⌧ 1.
The top Yukawa is assumed to be constant and take its SM
value.

Of course, in a realistic model the different fermion species
will take on different values of n, y1 and y0 (also the underly-
ing model determines whether only quarks, only leptons or all
fermion masses are controlled by the same flavon). Our aim
here is to simply illustrate the effect through a simple ansatz
and an overall variation of n, g and y1.

The possibility that the Yukawa couplings could change
during the EWPT was raised in [35] but the impact on the na-
ture of the EWPT was ignored, the emphasis was on the pos-
sibility to get large CP violation from the CKM matrix during
the EWPT. We show in the next section the three main effects

FIG. 3: Solid lines: Contours of �c/Tc = 1 for different choices of
y1 and y0 = 0.02, areas above these lines allow for EW baryoge-
nesis. Dashed lines: areas above these lines are disallowed (for the
indicated choices of y1 and y0) due to the EW minimum not being
the global one.

that Eq. (2) has on the Higgs effective potential.

IV. EFFECTIVE HIGGS POTENTIAL WITH VARYING
YUKAWAS

We consider the effective potential given by the sum of the
tree level potential, the one-loop zero temperature correction,
the one-loop finite temperature correction and the daisy cor-
rection [36]

Ve↵ = Vtree(�) + V

0
1 (�) + V

T
1 (�, T ) + VDaisy(�, T ). (4)

In the framework we have in mind, this potential depends
as well on the additional flavon field(s) coupling to the
Higgs. However, for the generic points we want to stress,
we should ignore the flavon(s) degrees of freedom and take
the SM tree level potential. We study the evolution of the
effective potential with temperature numerically, including
the SM fermionic dof with varying Yukawas, in addition to
the usual bosonic SM fields. An example of the evolution of
the effective potential with varying Yukawa couplings, with a
comparison to the SM case (constant Yukawas), is shown in
Fig. 2. We next scan over n and g for different choices of y1
and find the strength of the phase transition, as characterised
by the ratio of the critical VEV to temperature, �c/Tc

(successful EW baryogenesis requires �c/Tc & 1 [37]).
Our results are summarised in Fig. 3. Below we discuss
the different terms of the effective potential and identify the
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The evolution of the effective potential with temperature in the SM (left) and with varying Yukawas (right)  
The varying Yukawa calculation includes all SM fermions with y1=1, n=1 and their respective y0, chosen to 

return the observed fermion masses today (the neutrinos are assumed to have a Dirac m=0.05eV).  

In the varying Yukawa case, there is a first-order phase transition with 𝝓c=230GeV and Tc=128GeV  
(vs. second order transition at Tc=163GeV for the constant Yukawa case).

1st order phase transition +  enhanced source of CP 

Baldes, Konstandin, Servant ’16

Signatures at colliders
Nice interplay with Gravitational Waves searches
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finite lifetime 
(and awareness of it)

~~ 2 human characteristics to remember ~~

When thinking where we will go to

capacity of dreaming

hoping that the (physics) humanity will learn to speak Esperanto!

Esperanto for New Physics: parametrisation of the unknown


