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TeV-scale NP? 

Hierarchy problem

From quantum diaries

- Composite Higgs
- Neutral Naturalness
- Relaxion models
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The hierarchy problem and possible solutions
The problem:

Planck scale

EW interactions

ΛThis makes it very difficult to obtain 
m

h
 = O(100 GeV) in a convincing way
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The hierarchy problem and possible solutions
The problem:

Planck scale

EW interactions

Λ

Possible solutions:
Most studied

More recently: Neutral naturalness models, Relaxation models, Nnaturalness, ...

 Arkani-Hamed et al. 
       1607.06821

This makes it very difficult to obtain 
m

h
 = O(100 GeV) in a convincing way

Supersymmetry                Composite Higgs models
                                              or equivalently extra-dimensional models
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Composite Higgs models                             
How does it work? Very basic ingredients...

First proposed by Georgi
and Kaplan in the '80s

The Higgs potential is (fully or partially) radiatively generated. 
This is generically the case when the Higgs is also a pseudo-Goldstone boson,
as it can be obtained by the breaking 

The Higgs is not a elementary scalar but is composite, similar to
a pion with decay constant f.
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Composite Higgs models                             
How does it work? Very basic ingredients...

First proposed by Georgi
and Kaplan in the '80s

At some scale the Higgs
compositeness appears and
the quadratic divergence is
naturally cut-off 

The Higgs is not a elementary scalar but is composite, similar to
a pion with decay constant f.

The Higgs potential is (fully or partially) radiatively generated. 
This is generically the case when the Higgs is also a pseudo-Goldstone boson,
as it can be obtained by the breaking 

Measurement of tuning: f and, therefore, the new 
resonances not too far 
from the TeV scale

Testable effects for the LHC:
- deviations in Higgs couplings (v2/f2 effects)
- top partners at around the TeV scale; eventually fermions with exotic charges (eg. 5/3)
- additional (heavy) mesons decaying mainly to di-bosons See talks by 

Matthias and Shikma
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Neutral naturalness models                         
Hierarchy problem addressed by introducing top partners that 
cancel the quadratic dependence of the Higgs mass:

- Top partner related to the top by a continuous symmetry: e.g. SUSY 
  with sparticles charged under SU(3)

- In neutral naturalness theories:

Not commuting 
with the SM color

Hidden/mirror QCD (SU(3)')
with hidden glueballs, bottomonium, ...

They need to 
carry SU(3)' color
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Neutral naturalness models                         
Hierarchy problem addressed by introducing top partners that 
cancel the quadratic dependence of the Higgs mass:

- Top partner related to the top by a continuous symmetry: e.g. SUSY 
  with sparticles charged under SU(3)

- In neutral naturalness theories:

Not commuting 
with the SM color

More hidden to the LHC

They need to 
carry SU(3)' color

Hidden/mirror QCD (SU(3)')
with hidden glueballs, bottomonium, ...



  

                                     

7/23                                                                                                                                                              S.Gori

Tests of Neutral naturalness models (1)    

1. NP effects in Higgs couplings                

Nevertheless, there are measurements that can probe these scenarios. 
In particular, I will focus on:

Burdman, Chacko, Harnik, 
De Lima, Verhaaren, 1411.3310

Reduced branching ratios 
into SM states

Invisible Higgs width 
(decays into mirror twin particles)

h
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Tests of Neutral naturalness models (2)    

2. Higgs exotic decays to NP particles of the mirror sector              

Nevertheless, there are measurements that can probe these scenarios. 
In particular, I will focus on:

The lightest glue-ball (G
0
) of the mirror sector is typically predicted 

to be lighter than m
h
/2 

Sizable branching ratios can be achieved
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Tests of Neutral naturalness models (2)    

2. Higgs exotic decays to NP particles of the mirror sector              

Nevertheless, there are measurements that can probe these scenarios. 
In particular, I will focus on:

Curtin, Verhaaren, 
1506.06141

The lightest glue-ball (G
0
) of the mirror sector is typically predicted 

to be lighter than m
h
/2 

Sizable branching ratios can be achieved
Long lived glueballs Glueball mass

Top partner 
mass
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Relaxation models                                       
There could be many different solutions of the theory described by
different EFTs, so that the Higgs mass is not a unique number.

The question now becomes “Why do we live in a solution with a 100
GeV Higgs?”–a question about cosmology

Graham, Kaplan,
Rajendran,
1504.07551 

Φ slow rolls because of the potential.
Λ is the cutoff scale of the EFT. “Bare” mass of the Higgs 

The mass of the Higgs is not a parameter but
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Relaxation models                                       

Φ slow rolls because of the potential.

The field stops rolling because of some 
feedback mechanism shortly after     

There could be many different solutions of the theory described by
different EFTs, so that the Higgs mass is not a unique number.

The question now becomes “Why do we live in a solution with a 100
GeV Higgs?”–a question about cosmology

“correct” minimum
selected dynamically 

Graham, Kaplan,
Rajendran,
1504.07551 

Λ is the cutoff scale of the EFT. “Bare” mass of the Higgs 

Tests for the LHC? Not clear...
Possible relaxion-Higgs mixing ...

Flacke et al., 1610.02025

The mass of the Higgs is not a parameter but

μ2 >0

μ2 <0

We are back to our nice
SM + singlet model
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Nature of 
Dark Matter (DM)

TeV-scale NP?
(sub)GeV-scale NP? 

- Weakly Interactive Massive
  Particles (WIMPs)

- Dark Sectors
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Huge experimental effort looking for WIMPs

Collider WIMP pair production

W
IM

P
-n

u
cl

eu
s

 
sc

at
te

ri
n

g

Cosmological annihilation

"WIMP miracle" 
or coincidence...

DM

DM

M
DM 

~ 100 GeV, g
DM 

~ 0.1

            Ω
DM 

~ 0.1

SM

SM

"Weakly Interacting Massive
Particles" (WIMP) are good
Dark Matter candidates.

One of the dominant models 
for more than 30 years

WIMP Dark Matter                                      

Good candidates:
SUSY lightest neutralinos
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WIMP-nucleus scattering

Testing WIMP Dark Matter. Direct detection

Evans, SG, Shelton, 
in preparation

Typical CMSSM 
favored region

B
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11

73

, h

Measurement
of the recoil
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WIMP-nucleus scattering

Testing WIMP Dark Matter. Direct detection

WIMP DM is still a valid framework, 
even if it starts to be rather constrained

Evans, SG, Shelton, 
in preparation

Typical CMSSM 
favored region

B
ag

na
sc

hi
 e

t a
l.,

 

15
08

.0
11

73

, h

Measurement
of the recoil

Z - portal with g ~ 0.1

Higgs – portal (                    ) with λ ~ 0.1
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Testing WIMP Dark Matter. Collider           
High energy colliders offer the

opportunity to produce dark matter in
the laboratory.

Since dark matter typically does not
interact with a collider detector in
transit, it reveals its presence as an
imbalance in momentum conservationon.

Effective field theory approach

Many mono-X searches
have been performed 
(see talk of Matthias)

From Goodman et al., 1005.1286

or
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Testing WIMP Dark Matter. Collider           
High energy colliders offer the

opportunity to produce dark matter in
the laboratory.

Since dark matter typically does not
interact with a collider detector in
transit, it reveals its presence as an
imbalance in momentum conservationon.

Simplified model approach

Interpretation 
in terms of UV 
complete theories

Many mono-X searches
have been performed 
(see talk of Matthias)

Effective field theory approach
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Ex.

SM

Pospelov et.al. 0711.4866
Feldman et al 0702123

DM

DM

SM
DM

Motivations: - null results of collider and direct detection searches 
                        - few anomalies (eg. Pamela, self-interactions, 3.5 keV line, ...)

DM does not interact "directly" with our SM world, but only "indirectly"

Dark Matter and dark sectors                     

Z
D
, S, N
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Generically weak 
couplings

DM

DM

Mediator

Mediator

Thanks to (a few) 
renormalizable "portals"

.

.

.

.

.

.

How does it annihilate?

Ex.

SM

SM

SM

 DM can still be thermal

 Suppression of DM 
direct detection & LHC signals 

Pospelov et.al. 0711.4866
Feldman et al 0702123

Z
D
, S, N

DM

DM

SM
DM

Motivations: - null results of collider and direct detection searches 
                        - few anomalies (eg. Pamela, self-interactions, 3.5 keV line, ...)

DM does not interact "directly" with our SM world, but only "indirectly"

Dark Matter and dark sectors                     
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Testing dark sectors at colliders                  
Testing dark sectors at the LHC/colliders might be challenging.

Dark photons
mix with the SM Z-boson

NP effects in EWPTs
They can be produced in Drell-Yan (DY)
If light, they can be produced from 
Higgs decays

DY-production

However, there are a few possibilities:

Z

Z

Z
D

Z/γp

p
Z

D
Multi-lepton signatures for the LHC!

Curtin, Essig, SG, Shelton, 1412.0018
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If the mediators are relatively
light, one expects exotic Higgs signatures

Z
D

Z

Z

s

s

Testing dark sectors at colliders                  
Testing dark sectors at the LHC/colliders might be challenging.

Dark photons
mix with the SM Z-boson

NP effects in EWPTs
They can be produced in Drell-Yan (DY)
If light, they can be produced from 
Higgs decays

Multi-lepton signatures for the LHC!

DY-production

Dark scalars
mix with the SM Higgs boson

NP effects in Higgs couplings
(suppressed) Higgs-like signals
If light, they can be produced from 
Higgs decays

Several signatures for the LHC!

However, there are a few possibilities:

Production

p

p

p

p

sZ
D

Z/γ

Curtin, Essig, SG, Shelton, 1412.0018
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The exotic width of the 125 GeV Higgs

Anomalies in data?

Electro-weak (EW) NP?

- (g-2)
μ

- Flavor anomalies
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The exotic width of the 125 GeV Higgs(Recent and less recent) flavor anomalies   

 Z. Ligeti

Anomalies in data can point towards some particular exotic New Physics,
even beyond what we have discussed so far...
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The exotic width of the 125 GeV Higgs(Recent and less recent) flavor anomalies   

 Z. Ligeti

Anomalies in data can point towards some particular exotic New Physics,
even beyond what we have discussed so far...

Not confirmed by the most recent data.
(see talk by Shikma)
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General lesson if the LHC will discover a flavor violating h → τμ decay:

There should exist a new source of EWSB

See 
Altmannshofer, Carena, 
Crivellin, 1604.08221
for an exception 
to this principle

h → tau mu and new sources of EWSB      

In the SM: BR ~ 0 
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General lesson if the LHC will discover a flavor violating h → τμ decay:

There should exist a new source of EWSB

In the SM: BR ~ 0 

Let us assume there are no additional sources of EWSB,
then the "blobs" have to contain charged fields:

B-factories:

BR(h → τ μ)  ≤ O(10-6)

Contributions to lepton Yukawa couplings (a) , electromagnetic dipole (b)

See 
Altmannshofer, Carena, 
Crivellin, 1604.08221
for an exception 
to this principle

h → tau mu and new sources of EWSB      

Altmannshofer, SG, Kagan, 
Silvestrini, Zupan, 1507.07927
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we have one parameter,
tanβ = v/v', that can explain
the hierarchy between
3rd and 2nd generation

2 Higgs doublets H and H′ with vevs v and v′ and Yukawas Y and Y′ 

Invoke some mechanism such that the Yukawa Y is rank 1, while
the Yukawa Y' is generic (apart from 1st/2nd generation hierarchy) 

125 Higgs (h)    Additional 
                          Higgses
                          (H, A, H±) 

(               )

Example: a non-generic 2HDM                   

Altmannshofer, Eby, SG, Lotito, 
Martone, Tuckler, 1610.02398
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we have one parameter,
tanβ = v/v', that can explain
the hierarchy between
3rd and 2nd generation

2 Higgs doublets H and H′ with vevs v and v′ and Yukawas Y and Y′ 

Invoke some mechanism such that the Yukawa Y is rank 1, while
the Yukawa Y' is generic (apart from 1st/2nd generation hierarchy) 

Similar structure for the up quark and down sectors 
(the latter needs also to generate the correct CKM matrix). 

125 Higgs (h)    Additional 
                          Higgses
                          (H, A, H±) 

(               )

Example: a non-generic 2HDM                   

Very different from a 
Type II 2HDM.

It is not based on 
a Z2 symmetry

The model predicts
Effects in τ → μ γ
are small enough

Altmannshofer, Eby, SG, Lotito, 
Martone, Tuckler, 1610.02398
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(g-2)
μ
 and light New Physics                      

In the coming years,
Fermilab will give us a ~4 
times better measurement

Past measurement at BNL shows a >3σ discrepancy with the SM prediction

Several NP possibilities to address the anomaly have 
been studied: 

- In Susy models: light (few hundred GeVs) smuons
and Higgsinos or Winos or Binos 

- Models with dark photons. However, the minimal
model with only the interaction                are fully probed
by several fixed target experiments. Need for invisible
(to DM?) decay modes of the dark photon
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- In Susy models: light (few hundred GeVs) smuons
and Higgsinos or Winos or Binos 

- Models with dark photons. However, the minimal
model with only the interaction                are fully probed
by several fixed target experiments. Need for invisible
(to DM?) decay modes of the dark photon

- Less studied models: 
models with a gauged muon number.
eg. Z' of the L
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(g-2)
μ
 and light New Physics                      

Past measurement at BNL shows a >3σ discrepancy with the SM prediction

In the coming years,
Fermilab will give us a ~4 
times better measurement
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B → K* mu mu                                             
~3 σ discrepancy in some angular observable of the B → K*μμ system
measured by LHCb (at the elementary level, this is a b → sμμ transition)

 Global fits of b → s transitions tell us:

From Altmannshofer, 
Straub, 1503.06199

3 fb-1

Z' coupled to muons!



  

                                     

21/23                                                                                                                                                             S.Gori

B → K* mu mu                                             
~3 σ discrepancy in some angular observable of the B → K*μμ system
measured by LHCb (at the elementary level, this is a b → sμμ transition)

 Global fits of b → s transitions tell us:

Z' coupled to muons!

From Altmannshofer, 
Straub, 1503.06199

Going back to our L
μ
 – L

τ
 model:

3 fb-1

Altmannshofer, SG, 
Pospelov, Yavin, 
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B → K* mu mu                                             
~3 σ discrepancy in some angular observable of the B → K*μμ system
measured by LHCb (at the elementary level, this is a b → sμμ transition)

 Global fits of b → s transitions tell us:

Z' coupled to muons!

From Altmannshofer, 
Straub, 1503.06199

Going back to our L
μ
 – L

τ
 model:

3 fb-1

Altmannshofer, SG, 
Pospelov, Yavin, 
1403.1269

This setup fits also 
nicely the anomalies in
B → Kμμ / B → Kee,
B → Φμμ
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How to probe such a Z'?                             

Interesting complementary ways:

1.
2.

3.

1. Neutrino trident production

Z'

N

Cross section measured 
in the 90s at neutrino 
experiments (eg. CCFR,...)

2. Babar 4 muon search (1606.03501)

Update from Altmannshofer, SG, 
Pospelov, Yavin, 1406.2332
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How to probe such a Z'?                             

Interesting complementary ways:

1.
2.

3.

1. Neutrino trident production

Z'

N

Cross section measured 
in the 90s at neutrino 
experiments (eg. CCFR,...)

2. Babar 4 muon search (1606.03501)

Update from Altmannshofer, SG, 
Pospelov, Yavin, 1406.2332

3. LHC search for Z → 4l
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Conclusions/Take home messages         

Theoretical (hierarchy problem) and observational (DM+anomalies) 
puzzles let us think there must be physics beyond the Standard Model

Where is it?
Several interesting theories are on the market

Supersymmetry
Composite Higgs models
Neutral Naturalness models
Relaxion models 
...

WIMP DM
Simplified DM models
Dark sectors
...

Models with extra (exotic) Higgses
Models with exotic Z'
...

In the coming years, exciting interplay of theory and experimental 
studies to unravel what is the "right theory". 
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