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DISCLAIMER

I will not talk about:

¥ Flavour (e.g. B-anomalies)

¥ cosmological solutions to the 
hierarchy problem (relaxation)

¥ Models of (EW) Baryogenesis

¥ Dark Matter in natural models

see talk by S. Blasi

see talks by M.Ruhdorfer 
and G. Perez

see talk by G. Perez

¥ SUSY theories

see talk by A. Glioti
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The SM paradigm

1. Global symmetries are accidental

- Large hierarchy          (approximate) ßavor, custodial, B and L i symmetries 
emerge accidentally in the IR

⇤UV

EW scale

     a few TeV≈

     105 TeV≈

     1016 GeV≈

Explain absence of corrections to EWPT

Explain absence of new ßavor-violating effects

Explain proton stability, support 
gauge coupling uniÞcation, possible 
explanation of neutrino masses
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The SM paradigm

1. Global symmetries are accidental

2. Fermions in complex representations of SU(3)xSU(2)LxU(1)Y

- Bare masses forbidden.  Masses explained in terms of couplings

- Only naturally light fermion Þelds are observed

- Large hierarchy          (approximate) ßavor, custodial, B and L i symmetries 
emerge accidentally in the IR

3. Apparent gauge coupling uniÞcation

- Fermions in complete GUT multiples

- Gauge couplings unify with ~20% accuracy at very high scale (~10 16 GeV)
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¥ SM successfully reproduces all data from laboratory experiments

¥ QFT + GR  can describe cosmological evolution of the Universe, 
but the SM itself fails to explain two basic features: Dark Matter 

and Baryogenesis

Feature that seems to undermine the SM paradigm:

The SM contains one relevant operator with d ≃2:  the Higgs mass term

! EW-GUT hierarchy destabilised  

! value of EW scale set in by hand (not dynamically generated)

!

"
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Extending the SM

Postulate a new sector with new dynamics and/or new matter

New sector SM Sector

Aµ , ! , H

SM gauge

gravity

portal
A!

µ , ! ! , "

Requirements: the new sector must

! Stabilise and generate dynamically the EW scale 

! Achieve SM precision uniÞcation 

! Explain DM 

! Generate baryon asymmetry
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TC sector SM Sector 
(Higgsless)

SM gauge

gravity

Ex. #1:   New sector to generate dynamically the EW scale   (Technicolor)

AT C
µ , ! T C Aµ , !

gauge group = G TC gauge group = G SM

! T C¥ vectorlike under GTC, but complex under G TC x GSM

TC condensate                    not a full GTC x GSM singlet, breaks GSM! ø! T C ! T C "!

Main prediction :    heavy and broad composite Higgs boson

[ Weinberg, Susskind `70 ]
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TC sector SM Sector 
(Higgsless)

SM gauge

gravity

Ex. #1:   New sector to generate dynamically the EW scale   (Technicolor)

AT C
µ , ! T C Aµ , !

gauge group = G TC gauge group = G SM

! T C¥ vectorlike under GTC, but complex under G TC x GSM

TC condensate                    not a full GTC x GSM singlet, breaks GSM! ø! T C ! T C "!

Main prediction :    heavy and broad composite Higgs boson
Ruled Out

[ Weinberg, Susskind `70 ]
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CH sector SM Sector 
(Higgsless)

AT C
µ , ! T C

gauge group = G TC gauge group = G SM

! T C¥ vectorlike under GTC x GSM

TC condensate                    can be full G TC x GSM singlet and preserve G SM! ø! T C ! T C "!

Ex. #2:   New sector to generate dynamically the EW scale (Composite Higgs)

[ Georgi & Kaplan `80 ]

SM gauge

gravity

Aµ , !
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CH sector SM Sector 
(Higgsless)

AT C
µ , ! T C

gauge group = G TC gauge group = G SM

! T C¥ vectorlike under GTC x GSM

TC condensate                    can be full G TC x GSM singlet and preserve G SM! ø! T C ! T C "!

Ex. #2:   New sector to generate dynamically the EW scale (Composite Higgs)

[ Georgi & Kaplan `80 ]

SM gauge

gravity

Aµ , !

¥ Vacuum misalignment generated by weak pertubations 

triggers EWSB.  Realistic if NGBs ⊃ 21/2 of SU(2)LxU(1)Y            
!

! = 0 no EWSB

vacuu
m

Notice:                                 requires tuning! !
v
f

" 1
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General prediction :    light and narrow composite Higgs boson with modiÞed couplings

f 2
!
!
!! µ ei ! /f

!
!
!
2

= |Dµ H |2 +
cH

2f 2

"
! µ (H   H )

#2
+ . . .

! g/g ! O
!
v2/f 2"

¥ SM fermion masses generated by higher-dim operators

L ! c ø!! OH + ! L ø! L OL + ! R ø! R OR + h.c. OH ! ø! T C ! T C , OL,R ! ø! T C ! T C ! T C
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General prediction :    light and narrow composite Higgs boson with modiÞed couplings

f 2
!
!
!! µ ei ! /f

!
!
!
2

= |Dµ H |2 +
cH

2f 2

"
! µ (H   H )

#2
+ . . .

! g/g ! O
!
v2/f 2"

¥ SM fermion masses generated by higher-dim operators

Tension between generating large enough quark masses and 
avoiding the hierarchy problem in theories with bilinear couplings

[Rattazzi, Rychkov, Tonni, Vichi  JHEP 0812 (2008) 031]

mq

v
!

!
!

! UV

" dH ! 1

FT !
!

! UV

!

" 4! !

lim
dH ! 1

! = 2[OH ] = dH [O2
H ] = ! (dH )

Upper bound on             from bootstrap of CFTs gives 
lower bound on

! (dH )
! UV

!" #" !"" #"" !""" #""" !" !

#"""

! ! !" !

# ! !" !

! ! !" "

����! ������
!Λ
�
�
" �
�
�

#�
��

$

[ adapted from JHEP 1205 (2012) 110] 

UV completion required at relatively 
low scales, must address flavor
[Poland, Simmons-DufÞn, Vichi JHEP 1205 (2012) 110] 

L ! c ø!! OH + ! L ø! L OL + ! R ø! R OR + h.c. OH ! ø! T C ! T C , OL,R ! ø! T C ! T C ! T C



L ! c ø!! OH + ! L ø! L OL + ! R ø! R OR + h.c.
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General prediction :    light and narrow composite Higgs boson with modiÞed couplings

f 2
!
!
!! µ ei ! /f

!
!
!
2

= |Dµ H |2 +
cH

2f 2

"
! µ (H   H )

#2
+ . . .

! g/g ! O
!
v2/f 2"

¥ SM fermion masses generated by higher-dim operators

OH ! ø! T C ! T C , OL,R ! ø! T C ! T C ! T C

mq

v
!

!
!

! UV

" dL + dR ! 5

Theories with linear couplings and partial compositeness  can have a higher cutoff

[Oi ] = di lim
d! 3/ 2

[O2] = 3

need                           one can safely havedi ! 5/ 2 [O2] > 4

Prediction :  top partners (composite fermions     )! !0|Oi |! i " #= 0
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¥ 4D Composite Higgs Theories with partial compositeness give non-minimal EW cosets.  

(ex: SU(4)/Sp(4), SU(5)/SO(5), SU(4)xSU(4)/SU(4) )

Generic prediction:

Ferretti, Karateev JHEP 03 (2014) 077

At least one light SM-singlet pNGB associated to an axial U(1) 
and coupled to SM gauge bosons through anomaly (ALP)
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Generic prediction:

Ferretti, Karateev JHEP 03 (2014) 077

At least one light SM-singlet pNGB associated to an axial U(1) 
and coupled to SM gauge bosons through anomaly (ALP)

! Production at LHC via gluon fusion 

Decay to V V, ø!!

16

the systematic errors on the lepton reconstructions. For this reason, we focused on the fully
leptonic case. The main systematics in boosted di-tau searches [115] come from hadronic
tau decays and from the invariant mass reconstruction, which are not required in our study.
We optimistically assume, therefore, that systematic uncertainties below the % level can be
achieved. In the right plots of Fig.3, Fig. 4 and Figs7Ð9, we show the projected reach of this
proposed search in black. The plots show that in most models it can e! ectively cover the low
mass open window, with enhanced sensitivity to the low mass end. Note also that we only use
the opposite-ßavour fully leptonic channel. Nevertheless, semi-leptonic decays may be also used
by implementing advanced techniques, like the Òmini-isolationÓ proposed in Ref. [116], while
tests of fully-hadronic di-tau tagging can be found in Refs [117, 118].

Another method that would allow to cover the low mass window is by extracting indirect
bounds from the di-photon di! erential cross section measurements, as proposed in Ref. [119].
We added a projection of this bound at High-Luminosity in red. Fig.3 e! ectively shows the
complementarity between the two searches: for M8, the di-tau search gives stronger bounds in
the full mass range, while for M9 the di-photon bound is more stringent while di-tau can only
compete at the low mass end of the window. In Figure4 we show another case, M7, where the
complementarity between the two methods at the low and high ends of the open mass window
is more evident. To complete the High-Luminosity projections, we also include projections for
tøt [120Ð122] (in blue), di-jet [121, 123, 124] (in green), Zh [125] (in orange), WW [126] (in
cyan), ! ! [127] (in violet), and bøb [121, 124] (in red).

FIG. 4. Same as Fig.3, for the the model M7, based on the EW coset SU(5)/ SO(5).

The plots on the right side of the Figures3Ð4 and 7Ð9 show that the High-Luminosity
run of the LHC will allow to e! ectively cover the full parameter space of the pseudo-scalar
masses for nearly all models, provided that the searches addressing the low mass window are

[Cacciapaglia et al.  Front. Phys. 7 (2019) 22]
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LHC Run1+Run2

Bounds stronger than those from

EWPT:

Top partner searches:

f ! 0.8 ! 1.7 TeV

f ! 300 GeV
!

3
g!

"
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¥ 4D Composite Higgs Theories with partial compositeness give non-minimal EW cosets.  
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f ! 300 GeV
!

3
g!

"
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poorly constrained by current searches

14 GeV ! ma ! 65 GeV
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¥ 4D Composite Higgs Theories with partial compositeness give non-minimal EW cosets.  

(ex: SU(4)/Sp(4), SU(5)/SO(5), SU(4)xSU(4)/SU(4) )
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leptonic case. The main systematics in boosted di-tau searches [115] come from hadronic
tau decays and from the invariant mass reconstruction, which are not required in our study.
We optimistically assume, therefore, that systematic uncertainties below the % level can be
achieved. In the right plots of Fig.3, Fig. 4 and Figs7Ð9, we show the projected reach of this
proposed search in black. The plots show that in most models it can e! ectively cover the low
mass open window, with enhanced sensitivity to the low mass end. Note also that we only use
the opposite-ßavour fully leptonic channel. Nevertheless, semi-leptonic decays may be also used
by implementing advanced techniques, like the Òmini-isolationÓ proposed in Ref. [116], while
tests of fully-hadronic di-tau tagging can be found in Refs [117, 118].

Another method that would allow to cover the low mass window is by extracting indirect
bounds from the di-photon di! erential cross section measurements, as proposed in Ref. [119].
We added a projection of this bound at High-Luminosity in red. Fig.3 e! ectively shows the
complementarity between the two searches: for M8, the di-tau search gives stronger bounds in
the full mass range, while for M9 the di-photon bound is more stringent while di-tau can only
compete at the low mass end of the window. In Figure4 we show another case, M7, where the
complementarity between the two methods at the low and high ends of the open mass window
is more evident. To complete the High-Luminosity projections, we also include projections for
tøt [120Ð122] (in blue), di-jet [121, 123, 124] (in green), Zh [125] (in orange), WW [126] (in
cyan), ! ! [127] (in violet), and bøb [121, 124] (in red).

FIG. 4. Same as Fig.3, for the the model M7, based on the EW coset SU(5)/ SO(5).

The plots on the right side of the Figures3Ð4 and 7Ð9 show that the High-Luminosity
run of the LHC will allow to e! ectively cover the full parameter space of the pseudo-scalar
masses for nearly all models, provided that the searches addressing the low mass window are

projections for HL-LHC

16

the systematic errors on the lepton reconstructions. For this reason, we focused on the fully
leptonic case. The main systematics in boosted di-tau searches [115] come from hadronic
tau decays and from the invariant mass reconstruction, which are not required in our study.
We optimistically assume, therefore, that systematic uncertainties below the % level can be
achieved. In the right plots of Fig.3, Fig. 4 and Figs7Ð9, we show the projected reach of this
proposed search in black. The plots show that in most models it can e! ectively cover the low
mass open window, with enhanced sensitivity to the low mass end. Note also that we only use
the opposite-ßavour fully leptonic channel. Nevertheless, semi-leptonic decays may be also used
by implementing advanced techniques, like the Òmini-isolationÓ proposed in Ref. [116], while
tests of fully-hadronic di-tau tagging can be found in Refs [117, 118].

Another method that would allow to cover the low mass window is by extracting indirect
bounds from the di-photon di! erential cross section measurements, as proposed in Ref. [119].
We added a projection of this bound at High-Luminosity in red. Fig.3 e! ectively shows the
complementarity between the two searches: for M8, the di-tau search gives stronger bounds in
the full mass range, while for M9 the di-photon bound is more stringent while di-tau can only
compete at the low mass end of the window. In Figure4 we show another case, M7, where the
complementarity between the two methods at the low and high ends of the open mass window
is more evident. To complete the High-Luminosity projections, we also include projections for
tøt [120Ð122] (in blue), di-jet [121, 123, 124] (in green), Zh [125] (in orange), WW [126] (in
cyan), ! ! [127] (in violet), and bøb [121, 124] (in red).

FIG. 4. Same as Fig.3, for the the model M7, based on the EW coset SU(5)/ SO(5).

The plots on the right side of the Figures3Ð4 and 7Ð9 show that the High-Luminosity
run of the LHC will allow to e! ectively cover the full parameter space of the pseudo-scalar
masses for nearly all models, provided that the searches addressing the low mass window are

16

the systematic errors on the lepton reconstructions. For this reason, we focused on the fully
leptonic case. The main systematics in boosted di-tau searches [115] come from hadronic
tau decays and from the invariant mass reconstruction, which are not required in our study.
We optimistically assume, therefore, that systematic uncertainties below the % level can be
achieved. In the right plots of Fig.3, Fig. 4 and Figs7Ð9, we show the projected reach of this
proposed search in black. The plots show that in most models it can e! ectively cover the low
mass open window, with enhanced sensitivity to the low mass end. Note also that we only use
the opposite-ßavour fully leptonic channel. Nevertheless, semi-leptonic decays may be also used
by implementing advanced techniques, like the Òmini-isolationÓ proposed in Ref. [116], while
tests of fully-hadronic di-tau tagging can be found in Refs [117, 118].

Another method that would allow to cover the low mass window is by extracting indirect
bounds from the di-photon di! erential cross section measurements, as proposed in Ref. [119].
We added a projection of this bound at High-Luminosity in red. Fig.3 e! ectively shows the
complementarity between the two searches: for M8, the di-tau search gives stronger bounds in
the full mass range, while for M9 the di-photon bound is more stringent while di-tau can only
compete at the low mass end of the window. In Figure4 we show another case, M7, where the
complementarity between the two methods at the low and high ends of the open mass window
is more evident. To complete the High-Luminosity projections, we also include projections for
tøt [120Ð122] (in blue), di-jet [121, 123, 124] (in green), Zh [125] (in orange), WW [126] (in
cyan), ! ! [127] (in violet), and bøb [121, 124] (in red).

FIG. 4. Same as Fig.3, for the the model M7, based on the EW coset SU(5)/ SO(5).

The plots on the right side of the Figures3Ð4 and 7Ð9 show that the High-Luminosity
run of the LHC will allow to e! ectively cover the full parameter space of the pseudo-scalar
masses for nearly all models, provided that the searches addressing the low mass window are



 12

¥ 4D Composite Higgs Theories with partial compositeness give non-minimal EW cosets.  

(ex: SU(4)/Sp(4), SU(5)/SO(5), SU(4)xSU(4)/SU(4) )

Generic prediction:

!

Ferretti, Karateev JHEP 03 (2014) 077

At least one light SM-singlet pNGB associated to an axial U(1) 
and coupled to SM gauge bosons through anomaly (ALP)

Production at LHC via gluon fusion 

Decay to V V, ø!!

[Cacciapaglia et al.  Front. Phys. 7 (2019) 22]

16

the systematic errors on the lepton reconstructions. For this reason, we focused on the fully
leptonic case. The main systematics in boosted di-tau searches [115] come from hadronic
tau decays and from the invariant mass reconstruction, which are not required in our study.
We optimistically assume, therefore, that systematic uncertainties below the % level can be
achieved. In the right plots of Fig.3, Fig. 4 and Figs7Ð9, we show the projected reach of this
proposed search in black. The plots show that in most models it can e! ectively cover the low
mass open window, with enhanced sensitivity to the low mass end. Note also that we only use
the opposite-ßavour fully leptonic channel. Nevertheless, semi-leptonic decays may be also used
by implementing advanced techniques, like the Òmini-isolationÓ proposed in Ref. [116], while
tests of fully-hadronic di-tau tagging can be found in Refs [117, 118].

Another method that would allow to cover the low mass window is by extracting indirect
bounds from the di-photon di! erential cross section measurements, as proposed in Ref. [119].
We added a projection of this bound at High-Luminosity in red. Fig.3 e! ectively shows the
complementarity between the two searches: for M8, the di-tau search gives stronger bounds in
the full mass range, while for M9 the di-photon bound is more stringent while di-tau can only
compete at the low mass end of the window. In Figure4 we show another case, M7, where the
complementarity between the two methods at the low and high ends of the open mass window
is more evident. To complete the High-Luminosity projections, we also include projections for
tøt [120Ð122] (in blue), di-jet [121, 123, 124] (in green), Zh [125] (in orange), WW [126] (in
cyan), ! ! [127] (in violet), and bøb [121, 124] (in red).

FIG. 4. Same as Fig.3, for the the model M7, based on the EW coset SU(5)/ SO(5).

The plots on the right side of the Figures3Ð4 and 7Ð9 show that the High-Luminosity
run of the LHC will allow to e! ectively cover the full parameter space of the pseudo-scalar
masses for nearly all models, provided that the searches addressing the low mass window are

projections for HL-LHC

16

the systematic errors on the lepton reconstructions. For this reason, we focused on the fully
leptonic case. The main systematics in boosted di-tau searches [115] come from hadronic
tau decays and from the invariant mass reconstruction, which are not required in our study.
We optimistically assume, therefore, that systematic uncertainties below the % level can be
achieved. In the right plots of Fig.3, Fig. 4 and Figs7Ð9, we show the projected reach of this
proposed search in black. The plots show that in most models it can e! ectively cover the low
mass open window, with enhanced sensitivity to the low mass end. Note also that we only use
the opposite-ßavour fully leptonic channel. Nevertheless, semi-leptonic decays may be also used
by implementing advanced techniques, like the Òmini-isolationÓ proposed in Ref. [116], while
tests of fully-hadronic di-tau tagging can be found in Refs [117, 118].

Another method that would allow to cover the low mass window is by extracting indirect
bounds from the di-photon di! erential cross section measurements, as proposed in Ref. [119].
We added a projection of this bound at High-Luminosity in red. Fig.3 e! ectively shows the
complementarity between the two searches: for M8, the di-tau search gives stronger bounds in
the full mass range, while for M9 the di-photon bound is more stringent while di-tau can only
compete at the low mass end of the window. In Figure4 we show another case, M7, where the
complementarity between the two methods at the low and high ends of the open mass window
is more evident. To complete the High-Luminosity projections, we also include projections for
tøt [120Ð122] (in blue), di-jet [121, 123, 124] (in green), Zh [125] (in orange), WW [126] (in
cyan), ! ! [127] (in violet), and bøb [121, 124] (in red).

FIG. 4. Same as Fig.3, for the the model M7, based on the EW coset SU(5)/ SO(5).

The plots on the right side of the Figures3Ð4 and 7Ð9 show that the High-Luminosity
run of the LHC will allow to e! ectively cover the full parameter space of the pseudo-scalar
masses for nearly all models, provided that the searches addressing the low mass window are

16

the systematic errors on the lepton reconstructions. For this reason, we focused on the fully
leptonic case. The main systematics in boosted di-tau searches [115] come from hadronic
tau decays and from the invariant mass reconstruction, which are not required in our study.
We optimistically assume, therefore, that systematic uncertainties below the % level can be
achieved. In the right plots of Fig.3, Fig. 4 and Figs7Ð9, we show the projected reach of this
proposed search in black. The plots show that in most models it can e! ectively cover the low
mass open window, with enhanced sensitivity to the low mass end. Note also that we only use
the opposite-ßavour fully leptonic channel. Nevertheless, semi-leptonic decays may be also used
by implementing advanced techniques, like the Òmini-isolationÓ proposed in Ref. [116], while
tests of fully-hadronic di-tau tagging can be found in Refs [117, 118].

Another method that would allow to cover the low mass window is by extracting indirect
bounds from the di-photon di! erential cross section measurements, as proposed in Ref. [119].
We added a projection of this bound at High-Luminosity in red. Fig.3 e! ectively shows the
complementarity between the two searches: for M8, the di-tau search gives stronger bounds in
the full mass range, while for M9 the di-photon bound is more stringent while di-tau can only
compete at the low mass end of the window. In Figure4 we show another case, M7, where the
complementarity between the two methods at the low and high ends of the open mass window
is more evident. To complete the High-Luminosity projections, we also include projections for
tøt [120Ð122] (in blue), di-jet [121, 123, 124] (in green), Zh [125] (in orange), WW [126] (in
cyan), ! ! [127] (in violet), and bøb [121, 124] (in red).

FIG. 4. Same as Fig.3, for the the model M7, based on the EW coset SU(5)/ SO(5).

The plots on the right side of the Figures3Ð4 and 7Ð9 show that the High-Luminosity
run of the LHC will allow to e! ectively cover the full parameter space of the pseudo-scalar
masses for nearly all models, provided that the searches addressing the low mass window are

Proposed searches:

(boosted+ISR)a ! ! ! ! (e" ø" )(µ" ø" )
[Cacciapaglia et al. Eur.Phys.J. C78 (2018) 724 ]

a ! !! (differential)
[Mariotti et al. PLB 783 (2018) 13]
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Warning: Only top/bottom are partial composite, lighter SM fermions must 
have bilinear couplings (cannot have too many new fermions 
since the theory has to conÞne)

Cutoff below 105 TeV,  UV completion must address ßavor
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Main prediction: top partners (vectorlike fermions)

¥ Holographic Composite Higgs theories have partial compositeness built-in, 
minimal coset SO(5)/SO(4) and no ALPs.  Cutoff can be at Planck scale.

[ Agashe, RC, Pomarol (2005); RC, Da Rold, Pomarol (2007) ]

Luca Vecchi (EPFL) EW Baryogenesis above the EW scale SNS, Pisa (2019)
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Ñ Only option for Composite Higgs, applies to SUSY as well 
Ñ Very elegant (Flavor Hierarchy from Flavor Anarchy) 
Ñ Main conclusions qualitatively general (ex: apply to MFV)
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Ex. #3:   New charged sector to give accidentally-stable DM candidate
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DM = Bound state stable due to an accidental symmetry

Analogy:    proton stable due to accidental baryon number!
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¥ Various types of accidental DM candidates

Dark baryons

Dark mesons (pions and quarkonia)

Gluequarks (Qg bound states with adjoint dark quarks)

Dark nuclei see for ex: Detmold, McCullough, Pochinsky PRD 90 (2014) 115013 

see recent classiÞcation in: 
Antipin, Redi, Strumia and Vigiani  JHEP 1507 (2015) 039 
Mitridate, Redi, Smirnov, Strumia, JHEP 1710 (2017) 210

R.C., Mitridate, Podo, Redi JHEP 1902 (2019) 187  
Falkowski, Juknevich, Shelton arXiv:0908.1790

…
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¥ Colliders probes: production of dark resonances (pions, rho’s, 
baryons,..) through their SM quantum numbers 
and anomaly couplings

See ex: 
C. Kilic, T. Okui, R. Sundrum, 
JHEP 1002 (2010) 018 

Antipin, Redi, Strumia and Vigiani  
JHEP 1507 (2015) 039
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unbroken species number may imply stability of 
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Generic problem :
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ø! D ! D H After dark conÞnement, mixing between 
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¥ Colliders probes: production of dark resonances (pions, rho’s, 
baryons,..) through their SM quantum numbers 
and anomaly couplings

See ex: 
C. Kilic, T. Okui, R. Sundrum, 
JHEP 1002 (2010) 018 

Antipin, Redi, Strumia and Vigiani  
JHEP 1507 (2015) 039
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Dark sector characterized by a mass gap          and a cutoff                      , 
no other parametric energy scales 

            dark sector approximatively conformal for 

! UV ! ! IR
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Ex. #4:   New neutral sector coupled through portal interactions

Dark Sector

AD
µ , ! D

SM Sector

Aµ , ! , H

gravity

portal

¥ Assumption: ! IR

! IR ! E ! ! UV

¥ Goal: Set general bounds on this scenario without specifying the details of 
the dark dynamics

[ work in progress with K. Max and R. Mishra ]
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¥ Minimal set of lowest-dimensional operator characterising the dark CFT:
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TSM
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! 4
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+ g! gY
O H   H

! dO " 2
UV

+ g! gZ
O O4SM

! dO
UV

any dim-4 operator in 
the SM Lagrangian

Higgs portal

Examples: pure Yang-Mills gauge theory 

Randall-Sundrum with only gravity + Goldberger-Wise scalar in the bulk 

free fermion

see also talk by G. Perez
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¥ Setting constraints:

! (high-energy) collider searches 

! (low-energy) precision tests 

! astrophysical (stars, supernovae) 

! cosmological
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! astrophysical (stars, supernovae) 

! cosmological
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Strategy:

Compute rates conservatively by 
including only regime                    
(where dark sector ~ CFT)

! 2
IR ! q2 ! ! 2

UV

1.

Focus on region where decay of dark 
states occurs outside the detector

2.
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The couplings of the verticesøf fD and V V D are denoted asgee
SM, g!!

SM, and g! Z
SM, respectively.

The unpolarised squared matrix element is obtained from the diagrams (3.48). We take
the non-relativistic limit, where the Mandelstam variables becomeT = U " m2

e(1 # 2x)
with x $ E! /m e. The diagrams evaluate to the squared matrix element

%|M (e+ e! ! ! D )|2&= 2 10" # m6
e

⇥
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SM)2 # (g!!
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(3.49)
where we have deÞned the coupling of the vertexD !! as (g!!

SM)2 $ cos2 $w (gBB
SM )2 +

sin2 $w (gW W
SM )2 with the Weinberg angle $w. The hard matrix element relates to the bound

state decay width via [24]

" (o-Ps ! ! D ) =
1
3

|%(0)|2
⇥
4vrel &(e+ e! ! ! D )

⇤
vrel" 0 (3.50)

where the factor 1
3 is due to the polarisations of the orthopositronium; %(0) is its wave

function in position space. After application of the optical theorem, the hard cross-section
is
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We Þnally apply (3.50) and obtain the branching ratio
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where we have plugged in the three photon decay width

" (o-Ps ! 3! ) =
⇣4

3

⌘2
(" 2 # 9)

#3

m2
e

|%(0)|2. (3.53)

We compare this to the experimental bound on single photon decay given in [25],

Br(o-Ps ! ! ) ' 1.1 ( 10! 11 (3.54)

at 90% probability, and we obtain the bound
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Mono-X searches:

Fixed-target experiments:

Ex:                                                       at NA64

1.

2.

e�+ ( A, Z ) ! e�+ ( A, Z )+ "E

which the dimension-8 operator is probed. It is not clear whether the conditionE ! ! UV

is fulÞlled at every step of the analysis therein.

We thus expect to Þnd a theoretically more robust bound from high precision exper-
iments at lower energies, e.g. at LEP. Indeed an improved bound can be obtained, by
translating the bounds on the mass of a heavyZ !, which limit the mass of a new neutral
gauge boson with equal couplings to the SMZ -boson to beM Z ! " 1.787 TeV [19].

We adapt the bound as follows. The four-Fermi interaction generated by theZ ! scales
as (g/M Z ! )2, whereas the interaction terms due to T2

SM are proportional to (g2
X s)/ ! 4

UV ,
where s is the center of mass energy squared. Translating, this gives the bound

! UV !
!

|gX | # 770 GeV (3.17)

where we have assumed that theM Z ! -bound is obtained using
$

s = 209 GeV.

(need to mention the e ! ect of H 4 and the mixing of the Higgs etc, since
that comes under indirect category -Rashmish) .

3.4 Fixed target constraints

In this section, we investigate the e" ect of a hidden scale invariant sector on the Þxed
target experiment NA64 [20], which uses the beam of the SPS at CERN.

The experimental setup is this: a high intensity electron beam with energyE0 = 100
GeV hits a Pb target, whereby the electron interacts electromagnetically with the nucleus
Z . The energy of the Þnal state electron is measured, and a series of calorimeters observe
how much energy is carried away by further Þnal states. The original search in [20] places
bounds on the dark photonA! by the (non-)observation of events with missing energy.

We adapt these results for the case of hidden sector matter which escapes undetected
and is thus identiÞed as an event with missing energy. Hidden sector stu" can be radiated
from the initial or Þnal state electron or the intermediate photon; the leading order
Feynman diagrams are
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The interactions of the hidden sector matter with the electron and photon are derived
from Eq. (3.1) and (3.2). The respective coe# cients aregee

SM and g!!
SM.

As in the case for collider physics, these diagrams are evaluated by replacing the dark
sector Þnal state with the two-correlator, see Eq. (2.13). The cross-sections are obtained
by a numerical integration of
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Cosmological Bounds

abundance of light elements 

        diffuse 𝛾-ray spectrum

Relic density of a stable LDP (                    )

LDP = Lightest Dark Particle

! LDP > 1017s

Decay of the LDP

1 s< ! LDP < 1012s

1012s < ⌧LDP < 3⇥1022s

Number relativistic dof  (at BBN, at time of 
last scattering)

��� !���" # ��! �

��! �

��! �

��! �

���

γ!
���

���
��
���
��

��
��
���
���
�Δ����

���

Ω��
� ≥ Ω�

�

τ !
��

�� �

τ !
��

��
�

τ !
��

�� �

τ !
��

� �

��
��"

� # ���

��
��"

� # ���

�� # ��# ���

��! � ��! � ��� ���� ���
��! �

��! �

���

����

���

Λ�� "���#

Λ
�
�

"�
��

#

Prelim
inary



 26

Conclusions

! The Standard Model is successful to reproduce laboratory data, but fails in describing 
basics features of our Universe



 26

Conclusions

! The Standard Model is successful to reproduce laboratory data, but fails in describing 
basics features of our Universe

- Top partners (squarks / heavy vector-like fermions T, B) 

- Additional motivated light states (ex: ALPs in 4D composite Higgs models)

! Most efforts to go beyond the SM so far aimed at building natural models of EWSB. 

Naturalness is under stress but itÕs important to continue searches



 26

Conclusions

! The Standard Model is successful to reproduce laboratory data, but fails in describing 
basics features of our Universe

- Top partners (squarks / heavy vector-like fermions T, B) 

- Additional motivated light states (ex: ALPs in 4D composite Higgs models)

! Most efforts to go beyond the SM so far aimed at building natural models of EWSB. 

Naturalness is under stress but itÕs important to continue searches

! Alternative strategy: accept unnaturalness and try to explain DM and baryogenesis 

from new sector by using the ÔSM paradigmÕ (large gap, accidental symmetries, 
unification) as a guiding principle



 26

Conclusions

! The Standard Model is successful to reproduce laboratory data, but fails in describing 
basics features of our Universe

! The Higgs can play a key role as a portal to new physics even if this is unnatural

Example:  theories with accidental (composite) Dark Matter

- Top partners (squarks / heavy vector-like fermions T, B) 

- Additional motivated light states (ex: ALPs in 4D composite Higgs models)

! Most efforts to go beyond the SM so far aimed at building natural models of EWSB. 

Naturalness is under stress but itÕs important to continue searches

! Alternative strategy: accept unnaturalness and try to explain DM and baryogenesis 

from new sector by using the ÔSM paradigmÕ (large gap, accidental symmetries, 
unification) as a guiding principle


