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Higgs couplings as a test of 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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Higgs couplings measurementsSignal Strengths

50

> 5σ observation in di-boson channels
> 3σ evidence in di-tau channel
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Legacy Run 1the precise characterization of the Higgs is on its way
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Couplings, Spin and Parity
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Figure 12: Results of fits for the two-parameter benchmark model defined in Section 5.2.1 that probes di↵erent
coupling-strength scale factors for fermions and vector bosons, assuming only SM contributions to the total width:
(a) results of the two-dimensional fit to F and V , including 68% and 95% CL contours; overlaying the 68%
CL contours derived from the individual channels and their combination; (b) the same measurement, without the
overlays of the individual channels; (c) the profile likelihood ratio as a function of the coupling-strength scale
factors F (V is profiled) and (d) as a function of V (F is profiled). The dashed curves in (c) and (d) show the
SM expectations. In (d) the sign of the chosen profiled solution for F changes at V ⇡ 0.8 , causing a kink in the
likelihood. The profile likelihood curves restricting F to be either positive or negative are also shown to illustrate
that this sign change in the unrestricted profile likelihood is the origin of the kink. The red (green) horizontal
line indicates the value of the profile likelihood ratio corresponding to a 68% (95%) confidence interval for the
parameter of interest, assuming the asymptotic �2 distribution for the test statistic.
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Higgs couplings and model discriminations
The pattern of Higgs coupling deviations is a signature of the underlying 

dynamics beyond the Standard Model
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Figure 6: Two examples of models of new physics and their predicted e↵ects on the pattern
of Higgs boson couplings. Left: a supersymmetric model. Right: a model with Higgs boson
compositeness. The error bars indicate the 1� uncertainties expected from the model-
independent fit to the full ILC data set.

the Higgs field. The value of this coupling gives evidence on the nature of the phase
transition in the early universe from the symmetric state of the weak interaction
theory to the state of broken symmetry with a nonzero value of the Higgs field.

In the Standard Model, this transition is predicted to be continuous [21]. However,
if the transition were first-order, it would put the universe out of thermal equilibrium
and, through possible CP violating interactions in the Higgs sector, it would allow the
generation of a nonzero baryon-antibaryon asymmetry. This is not the only theory
for the baryon-antibaryon asymmetry, but it is the only theory in which all relevant
parameters can potentially be measured at accelerators, setting up a quantitative
experimental test.

The first step would be to test the nature of the phase transition. Models in
which the phase transition is first-order typically require the Higgs self-coupling to
di↵er from the value predicted by the Standard Model [22]. The Higgs self-coupling
can be a factor of 2 larger in some models [23].

At the High-Luminosity LHC, double Higgs production can be detected in well-
chosen final states, for example, the state in which one Higgs boson decays to ��, pro-
viding a clean signal, while the other decays to bb, providing the maximum rate. This
process should eventually be observed at the LHC, though current fast-simulation
studies are rather pessimistic [24].

At the ILC at 500 GeV, pairs of Higgs bosons are produced through e+e� ! Zhh.
All Higgs decay modes are observable and will contribute to the measurement. The
modes hh ! bbbb and hh ! bbWW have been studied in full simulation at the center

12

ILC Physics WG, ’15
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theory to the state of broken symmetry with a nonzero value of the Higgs field.

In the Standard Model, this transition is predicted to be continuous [21]. However,
if the transition were first-order, it would put the universe out of thermal equilibrium
and, through possible CP violating interactions in the Higgs sector, it would allow the
generation of a nonzero baryon-antibaryon asymmetry. This is not the only theory
for the baryon-antibaryon asymmetry, but it is the only theory in which all relevant
parameters can potentially be measured at accelerators, setting up a quantitative
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di↵er from the value predicted by the Standard Model [22]. The Higgs self-coupling
can be a factor of 2 larger in some models [23].

At the High-Luminosity LHC, double Higgs production can be detected in well-
chosen final states, for example, the state in which one Higgs boson decays to ��, pro-
viding a clean signal, while the other decays to bb, providing the maximum rate. This
process should eventually be observed at the LHC, though current fast-simulation
studies are rather pessimistic [24].
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ILC Physics WG, ’15

hff hVV hγγ hγZ hGG h

MSSM √ √ √ √
NMSSM √ √ √ √ √

PGB Composite √ √ √ √
SUSY Composite √ √ √ √ √ √

SUSY partly-composite √ √ √ √
“Bosonic TC” √

Higgs as a dilaton √ √ √ √

Expected largest corrections to Higgs couplings:
~~ expected largest relative deviations ~~ 

A. Pomarol, Naturalness ’15
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Higgs & New Physics 
Precision /indirect searches (high lumi.) vs. direct searches (high energy)

Christophe Grojean Effective Higgs Zurich, 7th.Jan. 2o1311

Effective Higgs
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in both cases, Higgs couples to NP with g*

g* ~ gSM g* >> gSM

 Precision Higgs study: 

 Direct searches for resonances:

Composite Higgs : Reach 
Complementary approaches to probe composite Higgs models 
•  Direct search for heavy resonances at the LHC 
•  Indirect search via Higgs couplings at the ILC 
Note: the two approaches cannot be directly compared since the spectra of 
the heavy resonances are heavily model-dependent.  Higgs couplings provide 
a model-independent probe of Higgs compositeness. 
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Higgs & New Physics 
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 =
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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

11

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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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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Supersymmetry
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SUSY: a quantum space-time

66
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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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Superspace

68

�
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)
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MSSM - Matter Content

12 

Supersymmetric Standard Model!

particles! Sparticles!

quarks! squarks!

sleptons!leptons!

Higgs!
doublets!

Higgsinos!

bino!

winos!

gluinos!

69

(G. Giudice HCPSS’09)
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SUSY Interactions - Superpotential

70

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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MSSM Superpotential

71

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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SUSY and the (big) hierarchy problem

72

stop

h h

top

h h

yt y2t̃
yt

(DE Kaplan HCPSS’07)

 how to dynamically generate soft breaking 
terms compatible with exp constraints?SUSY biggest pb:

yt �=yt̃ mt �= mt̃

Λ2 dv
hard susy breaking

log Λ dv
soft susy breaking

�m2
H /

�
y2t � y2t̃

�
⇤

2
+

�
m2

t �m2
t̃

�
log⇤
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SUSY little hierarchy problem

excluded
tree-level

73

V = (|µ|2 +m2
Hu

)
��H0

u

��2 + (|µ|2 +m2
Hd

)
��H0

d

��2 �B(H0
uH

0
d + c.c.) +

g2 + g�2

8

⇥��H0
u

��2 �
��H0

d

��2
⇤2

m2
h = m2

Z cos2 2�

SUSY needs new (super)particles that haven’t been seen (yet?)
SUSY (at least MSSM) predicts a (very) light Higgs
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one-loop level

mH > 115 GeV ➾ mt > 1 TeV~

fine-tuned

requires some fine-tuning O(1%) in mZ

susy 

littl
e hierarchy 

problem

74

V = (|µ|2 +m2
Hu

)
��H0

u

��2 + (|µ|2 +m2
Hd

)
��H0

d

��2 �B(H0
uH

0
d + c.c.) +

g2 + g�2

8

⇥��H0
u

��2 �
��H0

d

��2
⇤2

m2
h � m2

Z cos2 2� +
3GFm4

t⇥
2⇥2

log
m2

t̃

m2
t

m2
Z/2 = �µ2 +

m2
Hd

�m2
Hu

tan2 �

tan2 � � 1

�m2
Hu

= �
3
⇥
2GFm2

tm
2
t̃

4⇥2
log

�

mt̃

SUSY little hierarchy problem
SUSY needs new (super)particles that haven’t been seen (yet?)

SUSY (at least MSSM) predicts a (very) light Higgs
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The 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 m

˜t crosses M
3

+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
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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

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
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The 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 m

˜t crosses M
3

+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
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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
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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
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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 m

˜t crosses M
3

+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
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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

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

(within the MSSM)

�
Current and future 
bounds on stop mass �
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1 – Beyond 3 ab≠1

Will 3 ab≠1 be enough at 100 TeV?
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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 (2050)

Pardo Vega, Villadoro ’15 + many others
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Solving the susy little hierarchy pb

Various proposals on the market:

 singlet extensions of the Higgs sector: NMSSM and friends

 gauge extensions with new non-decoupled D-terms:

 low scale susy breaking mediation (Λ~100 TeV)

 double protection: (super-little) Higgs as a Goldstone boson

 add higher dimensional terms: BMSSM

 ... your own model?

Dine, Seiberg, Thomas ’07

Birkedal, Chacko, Gaillard ’04 + O(20) papers

Fayet ’75 + O(500) papers

Batra, Delgado, Kaplan, Tait ’03 + O(10) papers 

 allow for much lighter susy particles
 window for MSSM baryogenesis extended and more natural
 LSP can account for DM relic density in larger region of parameter space
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Saving SUSY

SUSY is Natural
but not plain vanilla

 CMSSM
 pMSSM
 NMSSM
 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

LHC100fb-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 + 
very soft neutralino)  
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Grand Unified $eory: SM vs MSSM 
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Evolution of coupling constants

Classical physics: the forces depend on distances

Quantum physics : the charges depend on distances

QED: virtual particles screen 
    the electric charge: α    when d 

QCD: virtual particles (quarks and 
*gluons*) screen the strong charge:        
                αs      when d 

‘asymptotic freedom’

⌅�s

⌅ logE
= ⇥(�s) =

�2
s

⇤

�
�11Nc

6
+

Nf

3

⇥
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A single form of matter
A single fundamental interaction

Grand Unified Theories
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SU(5) GUT: Gauge Group Structure
SU(3)cxSU(2)LxU(1)Y: SM Matter Content 
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�
uL

dL

⇥
= (3, 2)1/6, uc
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81
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R +QL + ecR

SU(3)cxSU(2)LxU(1)Y ⊂ SU(5) 
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8
@ MGUT

How can you ever remember all these numbers?
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SU(5) GUT: Gauge Group Structure
SU(3)cxSU(2)LxU(1)Y: SM Matter Content 
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How can you ever remember all these numbers?

the SM matter fits nicely into 

representations of SU(5),

 even more nicely into SO(10)

unification baryon-lepton
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SU(5) GUT: SM β fcts

27 

g, g’ and gs are different but it is a low energy artifact!
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SU(5) GUT: low energy consistency condition
1

�i(MZ)
=

1

�GUT
� bi

4⇥
ln

M2
GUT

M2
Z

i = SU(3), SU(2), U(1)

�3(MZ),�2(MZ),�1(MZ)

b3, b2, b1

experimental inputs

predicted by the matter content

(�GUT ,MGUT )3 equations & 2 unknowns

one consistency relation for unification

��1
GUT =

3b3�s(MZ)� (5b1 + 3b2)�em(MZ)

(8b3 � 3b2 � 5b1)�s(MZ)�em(MZ)

MGUT = MZ exp

�
2⇥

3�s(MZ)� 8�em(MZ)

(8b3 � 3b2 � 5b1)�s(MZ)�em(MZ)

⇥
⇥ 7� 1014 GeV

� 41.5

self-consistent computation:  MGUT < MPl safe to neglect quantum gravity effects
 αGUT << 1 perturbative computation

84



Christophe Grojean BSM CERN, July 2015

SU(5) GUT: SM vs MSSM β fcts

chiral superfield vector superfield
complex spin-0
Weyl spin-1/2

in same representation R of gauge group

Weyl spin-1/2
real spin-1

in same representation V of gauge group
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SU(5) GUT: MSSM GUT

b3 = 3, b2 = �1, b1 = �33/5

sin2 ⇥W =
3(b3 � b2)

8b3 � 3b2 � 5b1
+

5(b2 � b1)

8b3 � 3b2 � 5b1

�em(MZ)

�s(MZ)
⇥ 0.23

MGUT = MZ exp

�
2⇥

3�s(MZ)� 8�em(MZ)

(8b3 � 3b2 � 5b1)�s(MZ)�em(MZ)

⇥
⇤ 2⇥ 1016 GeV

��1
GUT =

3b3�s(MZ)� (5b1 + 3b2)�em(MZ)

(8b3 � 3b2 � 5b1)�s(MZ)�em(MZ)
⇥ 24.3

low-energy consistency relation for unification

GUT scale predictions

squarks and sleptons form complete SU(5) reps ➙ they don’t improve unification!
gauginos and higgsinos are improving the unification of gauge couplings
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Proton Decay
in GUT, matter is unstable

decay of proton mediated by new SU(5)/SO(10) gauge bosons

8 

Shocking news from GUT: matter is unstable! 

q 

q 

q q 
q 

l 

nucleon 
meson 

lepton MX 

GUT:  τ p(p→ e+π 0 ) = MX

1015 GeV
"

#
$

%

&
'

4

1031−32  yr

Exp:  τ p(p→ e+π 0 )> 8.2×1033  yr

(G. Giudice SSLP’15)


