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What about Gravity? 

How is scale symmetry broken? 
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(globally) Weyl (scale) invariant {	
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χ IR
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IR fixed point 

(The model can also give realistic inflation)  

2nd singlet models Higgs sector 

Shaposhnikov,	Zenhausern	
Garcia-Bellido,	Rubio,	Shaposhnikov,	Zenhausern	

 λ ≪δ ≪ ξ

Hierarchy 



Tests? h Q( ) h Q( )X

Heavy states, eg GUTs:    δmh
2 ∝ M X

2

 no significant coupling to heavies allowed 

i.e. BSM structure must come from light states 

⇒



Tests? h Q( ) h Q( )X

Heavy states, eg GUTs:    δmh
2 ∝ M X

2

 no significant coupling to heavies allowed 

i.e. BSM structure must come from light states 

Inflation 

Neutrino masses and baryogenesis – e.g. νMSM,   

Strong CP problem  - Axion 
  
m ν R

i( ) ∼ KeV −GeV

Dark matter -  ν R and/or axion 

✓	

Dilaton - decouples 
 †

A.Boyarsky et al  0901.011 

M.Shaposhnikov, Subnucl.Ser. 47 (2011) 167-207 

For reviews see:  †

⇒

Landau	pole?	 Giudice, Isidori, Salvio, Strumia  
Strong gravity? 
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SUSY  (and GUTs) 

Elementary Higgs ✓	

Solves big hierarchy problem   δmh
2 ∝ MSUSY

2

Gauge	coupling	unification	

✓	

✓	
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Low scale SUSY ? 



pMSSM11 fit 
  g − 2

  g − 2Parameter 

LHC 13  + DM 

 χ
2
Probability        34%                     34% 

Can low scale SUSY improve on SM? 

MSSM: 105 +(19) Parameters!   … need simplification 

Bagnaschi et al 1710.11091 MasterCode 

  
(g − 2)µ ...?Dark matter, 

   
m
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m

g!
>1− 2TeV

(see also talk by S.King) 
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Fine tuning at the electroweak scale -   ΔEW

   
ΔEW ,µ

loop ≡
∂ln MZ

2

∂lnµ2 ∼
2µ2

2† MZ
2

   
ΔEW = 30⇒ µ = 500GeV ∼ M

h"

Ellis, Enquist, Nanopoulos, Zwirner 
Barbieri, Giudice 

Light	Higgsino	

No GUT logs   
SUSY parameters at EW scale 

Baer et al 1207.3343 

Top loop contribution 

Staub, Schmidt-Hoberg, GGR  †
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Fine tuning at the GUT scale  
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⇒ correlations between parameters b<<1? 

Large logs     ⇒ b = O(1)
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Focus points – e.g.   gaugino focus point - NUGM 
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		 Focus	point:	cancellation	between	M3 	and	M2 	contributions	if	 M2
2
! 	 M3

2 	at	MSUSY

Horton,	GGR	

(Also improves precision of gauge coupling unification) Shifman,	Roszkowski	
Krippendorf,	Nilles,	Ratz,	Winkler	

Non-universal gaugino masses at GUT scale (orbifolds, mirage mediation…) 	

 †

 †

…	cancels	large	log	–	b<<1	



  

Model LHC & Higgs soft DM strong DM
CMSSM 204 266 290

MSSM − NUGM 11 11 110
MSSM − NUGM + µ ' 10 11 27
GNMSSM − NUGM 10 10 30

Spectrum 

Fine tuning measure, 

   
m

H!
∼1TeV

 ΔGUT

}	  ΔGUT ∼ ΔEW †

 †
∞0, 'HHm m µ= =Soft Higgsino mass 

Staub, Schmidt-Hoberg, GGR 



DM  searches 

 +µ '( )

 +µ '( )



Fine tuning reach 

 +µ '( )



SO(5) / SO(3) :W ,Z,h
e.g. 

SO(6) / SO(3) :W ,Z,h,a

…	

		 SO(4)∼ SU(2)L × SU(2)R v⎯→⎯ SO 3( )∼ SU(2)C

H †H = hi
2

1
∑

(Pseudo) Nambu Goldstone 

&…	



SO(5) / SO(4) :ha=1..4

SO(4) / SO(3) :WL
± ,ZL

SO(5) / SO(3) :W ,Z,h

SO(5) f⎯ →⎯ SO(4)( )

Precision tests 		T (≡ Δρ) ✓	
(Custodial symmetry), 
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Fine tuning 
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M f = g f f

ε = εqfH  Yukawa

Fermion resonance  contribution 
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Tuning 

  

e.g. G / H symmetric space
Σ→ gΣg†

Csaki, Ma, Shu 



h h  t
!

   
m
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<1TeV ?

SO(5) / SO(3) :W ,Z,h

 Δmin = 13

 Δmin = 25

   
SO(4)

t!
: 4+1

Top quark partners 

Banerjee,	Bhattacharyya,	Ray			
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SO(6) / SO(3) :W ,Z,h,a
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…but in twin Higgs models    , SM × SM ', t! not coloured! 

  V = −µ2( H1

2
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2
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+ H3

2
+ H4

2
)2

Chacko, Goh, Harnik  



Scanning : 	

  mh
2 = 0 special  - boundary between broken and unbroken phase 

 Higgs mass minimised close to             when minimising scalar potential	  mh
2 = 0

  mh
2 = mh

2(φ)
“Relaxion” 

Scanning – Relaxion I  



		 −M
2 + gφ( ) h 2

+(gM2φ + g2φ2 + ...)+Λ4 cos φ / f( )
QCD (rel)axion hierarchy problem term 

 small controlled by shift symmetry: g φ →φ + c

Slow roll – inflation needed 

  mh
2(φ) |t=0> 0}	

		 
1

32π 2
φ
f
GµνG! µν

Graham, Kaplan, Rajendran   

   
Λ4 ∼ Λ3h c. f . fπ

2mπ
2 ∝ mq ∝ h

Scanning – Relaxion I  



		 −M
2 + gφ( ) h 2

+(gM2φ + g2φ2 + ...)+Λ3hcos φ / f( )
QCD (rel)axion 

 small controlled by shift symmetry: g φ →φ + c

Slow roll – inflation needed 

		 
1

32π 2
φ
f
GµνG! µν

  M <107 GeV UV	completion:	SUSY,	composite..	

Graham, Kaplan, Rajendran   

  
ΛQCD > HI >

M 2

M P

Scanning – Relaxion I  



−M 2 + gφ( ) h 2 + (gM 2φ + g2φ 2 + ...)+ Λ3h cos φ / f( )
QCD (rel)axion 

 small controlled by shift symmetry: g φ →φ + c

Slow roll – inflation needed 
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  g <10−25GeV Natural 

Graham, Kaplan, Rajendran   

   
gM 2 ∼

Λ3h
fInflation ends 

Scanning – Relaxion I  



−M 2 + gφ( ) h 2 + (gM 2φ + g2φ 2 + ...)+ Λ3h cos φ / f( )
QCD (rel)axion 

 small controlled by shift symmetry: g φ →φ + c

Slow roll – inflation needed 
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1

32π 2
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f
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  δφ = 1038GeV
String monodromy? 
Clockwork/multiple axions✓	

Graham, Kaplan, Rajendran   

c.f. F.Kamenik’s talk 

Scanning – Relaxion I  



−M 2 + gφ( ) h 2 + (gM 2φ + g2φ 2 + ...)+ Λ3h cos φ / f( )
QCD (rel)axion 

 small controlled by shift symmetry: g φ →φ + c

Graham, Kaplan, Rajendran   

Slow roll – inflation needed 
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1

32π 2
φ
f
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N >1047

HI < ΛQCD

Inflation potential 
fine tuned 

  
θQCD = O(1) ✗	

Di-Chiara et al 1511.2858  

Scanning – Relaxion I  



−M 2 + gφ( ) h 2 + (gM 2φ + g2φ 2 + ...)+ Λ3h cos φ / f( )
QCD (rel)axion 

 small controlled by shift symmetry: g φ →φ + c

Nelson, Prescod-Weinstein 

Slow roll – inflation needed 
                 including thermal effects 

  mh
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φ
f
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N >1047

3GeV < HI <100 GeV

  
θQCD = O(10−10 )

✓	

Measure  
Problem – 
Relaxion 
landscape 

   
Ωa ∼
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1011−12GeV
⎛
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Scanning – Relaxion I b 



Hook, Marques-Tavares 
Fonseca, Morgante,Servant 

Rapid roll – particle production needed 

  mh
2(φ) |t=0< 0}	

 small controlled by shift symmetry: φ →φ + c

Scanning – Relaxion   II  



Hook, Marques-Tavares 
Fonseca, Morgante,Servant 

Rapid roll – particle production needed 

  mh
2(φ) |t=0< 0}	

   
!!φ − gΛ3 + g 'Λh2 +

Λb
4

f '
sin φ

f
+ 1

4 f
F F" = 0

   
!!V± + k 2 + mV

2 ∓ k
!φ
f

⎛
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V± = 0

resonant production when    
!φ ∼ Λ2 = 2mZ f

no coupling to photon 
   
− φ

4 f
g2

2WW! − g1
2BB!( ) :

  (e.g. SU (2)L × SU (2)R ×U (1)B−L ,

  SO(6) / SO(5))

  
mφ = 0.1GeV − Λ Higgs mixing – FCCpp, Λ<5 TeV, SHIP,  Λ<10 TeV  

Scanning – Relaxion   II  



Summary 

• Spontaneously broken Scale  Invariance  
Breaking and inflation natural 

  Ultraweak couplings, GUT ,Landau pole?
BSM at EW scale 

✓	

• SUSY 

UV complete, SUSYGUTS, gauge coupling unification, neutrino masses 

 Δ ≥ 30
Elementary Higgs 

Not guaranteed to find SUSY at LHC or DM searches 

• Pseudo Nambu Goldstone   Δ ≥10
Needs UV completion at low scale  
Top quark partners within LHC range – but might not be coloured  

•
Partial compositeness promising for flavour structure 

Relaxion 

ultraweak coupling…technically natural but original version looks contrived 
Needs UV completion at intermediate scale  

   φ ≫ M P , N ∼1047 ,

Explosive particle production model looks more promising 

✓	









L data | γ i( )∝ dvδ mZ −mZ
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2 + 2 lnΔq

Fine tuning from a likelihood fit: 

Fine tuning measure   

Probabilistic interpretation: 

Δq <100,

If	v	included	as	a	“Nuisance”	variable	

Ghilencea,	GGR	

  
δ χ 2

d. f .
⎛
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⎞
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<1

Δq = Δγ i
2∑( )1/2

SUSY	parameters	

(should	be	averaged	over	#df)	



Higgsino mass origin 

• Sequestering 

In strongly coupled near conformal sector hidden sector running can 
drive Higgs mass to zero leaving Higgsino mass unchanged 

Perez, Roy, Schmaltz 

  
⇒ µ ' Hu Hd |θθ −µ '2 Hu

2
+ Hd

2( ) “Soft”	even	with	singlets		
						

Luty Sundum 
Dine et al 
Murayama, Nomura, Poland 



  +LHC13

SUSY SU(5) fit LHC 13  + DM 

Parameters 

Best fit masses 

Contributions to   χ
2

  

χ 2

d. f .
H

= 32.4
23

,  χ
2
Probability  9% (37%)  



Radiative breaking natural SUSY  (RNS) 

  NUHM 2 : m0(1,2), m0(3), m1/2 , A0 , tanβ , µ, mA

Model scan: 
 ΔEW

   

m
g!
≤ 5TeV

m
t!1
≤ 3TeV

m
W"1,Z"1,2

≤ 300GeV (500GeV ?)  ⇒ SUSY DM

   pp→W! 2
±
Z! 4 → same sign dibosons

Tests 

   HL− LHC 3000 fb−1 : m1/2 ∼1.2TeV ≡ ΔEW < 30

   pp→ Z!1Z! 2 + jet → Z!1Z!1l+l− + jet   µ ∼ 250GeV

Baer et al 1702.06588 

  e
+e− s = 0.5− 0.7 TeV : Higgsino pair production 


