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Higgs(?) discovery! 

Its been a great year: 



LHC 

PLANCK 

XENON, COGENT, CDMS, LUX… 

AMS02, FERMI, PAMELA, ATIC, HESS…  

DAYA BAY, RENO, T2K, MINOS, DOUBLE CHOOZ   

DARK MATTER  

NEUTRINOS 

Not the only new results 
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Where are we now? 



Is the Higgs the SM  Higgs? J PC = 0++

Pure spin 2 excluded at > 99.9% 

γγ C+, J= 1 : Landau-Yang 

J= 2 ×
J= 0 ✔	  

Spin? 

×
Angular dist. 

CP even or CP odd?  

Butterworth, Djouadi 

H = 0++ +α 0−− + β 0+− + γ 0−+

•
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c. f . MSM = 246GeV , εSM = 0

Ellis, You  

Is the Higgs the SM  Higgs? •



BSM physics? 



LHC tests of SUSY 
ATLAS 
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Planck 



Dark matter searches 



Inflation 





Implications ? 



Implications of a 125 GeV Higgs  

RG equations: 

Part 1: Just the Standard Model 



Implications of a 125 GeV Higgs  

RGE - just the Standard Model 

Landau pole <MPlanck 

Vacuum instability 

Higgs coupling small 

Hambye,	  Riesselmann	  



Implications of a 125 GeV Higgs – vacuum instability 

V (H ) = − 1
2
MH

2 H 2 + λ
4
H 4

2σ away from stability 

Tunneling probability: 

Isidori,	  Ridolfi,	  Strumia	  

De	  Grassi	  et	  al	  





Ideas: Is it Just the Standard Model? 

?	  

?	  



I. IR fixed point (MPlanck is IR!) 

 
βλ 

aλ
8π

k2

MP
2 + 2ξ0

2k2( )λ + 1
16π 2 24λ 2 +12λh2 − 6h4 + 9

8
g2
4 + 3
8
g1
4 + 3
4
g2
2g1

2⎛
⎝⎜

⎞
⎠⎟

 aλ > 0,  λ(MP )  0, IRFP
Shaposhnikov, Wetterich (2010) 

 (ξ0  0.02)
 mh 125GeV !

Just the Standard Model – boundary conditions	  

•
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Gauge couplings 
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Just the Standard Model – boundary conditions	  

•
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• – exercise 



But… 

ht ,gi ?
βλ ≈ 0?

Remove by local  
field redefinition  

Ellis, Mavromatos 

Summary 

 λ  0 ✔	  



But… 

ht ,gi ?
βλ ≈ 0?

Remove by local  
field redefinition  

Ellis, Mavromatos 

Summary 

 λ  0 ✔	  

Another possibility – power law running in extra dimansions 

But… N=2 sector only -‐	  	   h = 2g ✗	  

•



II. Supersymmetry at MPlanck 

Massless state  ⇒ tanβ = 1

= 0

Hebecker, Knochel, Weigand   

Shift symmetry 



Massless state  ⇒ tanβ = 1

= 0

Hebecker, Knochel, Weigand   

Shift symmetry 

or mHu
MP( ) = mHd

MP( ) + minimal fine tuning 
Ibanez,	  Valenzuela	  

II. Supersymmetry at MX 



II. Supersymmetry at MPlanck, X 

Hierarchy problem introduced! 

But… 



III. Environmental 



III. Environmental 

larger mt safe ?? 

But… 



Just beyond the SM - Origin of EW scale? 

- natural (?)	  

If quadratic divergence in Higgs mass vanishes at one scale,  
vanishes at all scales  

Scale invariance? Bardeen 



e.g. Massless scalar QED classically scale invariant 

Coleman	  Weinberg	  

where is imposed 

Potential has a minimum for  φ ≠0

Just beyond the SM - Origin of EW scale? 



Choosing M = φ ,

RGE 

Exponentially large separation natural! 

 – dimensional transmutation! 
	  

λφ (φ)
φ



Choosing M = φ ,

Can Φ be the Higgs? 

 
mφ
2 =

3eφ
4

8π 2 φ 2 =
3eφ

2

8π 2 mX
2  mX

2 ✗	  



Coleman Weinberg with a Higgs portal: 

φ,U(1) “hidden sector” 

Bonus: Vacuum stability  + threshold corrections  

φ > v; λH ↑

•

Englert,	  Jaeckel,Khoze,	  Spannowsky	  	  



LHC phenomenology: 2 Higgs: 

One-loop corrections to Higgs masss 

 
ϑ =O(κ mh

2

mϕ
2 )1



 e.g. mh2
 mh1

extremely narrow 
resonance 

LHC excluded 
LHC high luminosity 
+Linear Collider 

Stellar	  evoluKon	  
	  excluded	  



Another example: 

Hambye, Strumia 

λs
µ

H ≈ S λHS

2λH





Natural light higgs - no hierarchy of scales possible???  

• Baryon asymmetry  MX  MGUT ?? Baryo- Lepto- genesis, 



Baryon asymmetry 
 Mν 10GeV



Natural light higgs - no hierarchy of scales possible???  

• Baryon asymmetry 

• Inflation and dark matter 

e.g. 
Khoze	  

Non-minimally coupled to gravity – S inflaton 

Z2

S dark matter 

c.f. Higgs inflaton 



+ redefine scalar: 

Higgs inflation 



Higgs inflation 

βλ =
d

d lnµ
λ(µ)

(i) 

λ(MP ) ≥ 0

(ii) “Conventional” 

 V= Δ4 +m2 H 2 + ..., m H = Δ2 /MP

(2σ  off)

Bezrukov, Shaposhnikov 

PerturbaKve	  unitarity?	  

Higgs vev in Planck units 

Isidori	  et	  al	  

Flattens potential above  MPlanck / ξ



Classical scale invariance? 

⇒ Softly broken scale invariance 
….scale invariance restored in UV 



But… 

Classical scale invariance? 

⇒ Softly broken scale invariance 
….scale invariance restored in UV 

Beta functions must change at some scale Λ 
to approach UV CFT fixed point 

 Λ  TeV to avoid hierarchy problem ✗	  

Tavares,	  Schmaltz,	  Skiba	  
Czaki,	  Skiba,	  Terning	  





e.g. Unified models 

Supersymmetric models 

Composite models 

Part 2: Intermediate scale models 



Unification:	  

  SU (5) ⊃ SU (3)⊗ SU (2)⊗U (1)  e.g.   SO(10) ⊃

} -‐uc	  uc	   u	   d	  
uc	  u	   d	  

u	   d	  
ec	  

(3)SU

} (2)SU
?3 0

e
Q Q −+ =

dc 
dc 
dc 

e 
e 

( )5 :
L

( )10 :
L

1/ 3cd
Q =

(10(16 ) 1) ) (5 ( )L LL L+ +=

LH states SU(2) doublets { 

ν

Georgi Glashow 1974 

  g5   g3   g2   g1

  
νe,L

c ≡νe,R

H Σ

X
The hierarchy problem:	  

MH ∝MX
✗	  



The solution - Low scale SUSY	  •  MSUSY  TeV

H Σ

X
H Σ

 X


+	  

MH ∝MSUSY
✔	  



✔	  
	  

Unification:	  

The solution - Low scale SUSY	  •  MSUSY  TeV



✔	  
	  

Unification:	  

Aµ ✔,  Ψ ✔ H  ✔  ? ✔  	  
   
M Higgs , MW ,Z  M Planck , MGUT ,..

The (SUSY) Standard Model as an EFT: 

The solution - Low scale SUSY	  •  MSUSY  TeV



✔	  
	  

Unification:	  

The (SUSY) Standard Model as an EFT: 

Aµ ✔,  Ψ ✔ H  ✔  ? ✔  	  
   
M Higgs , MW ,Z  M Planck , MGUT ,..

? 
 
δmHu

2  − 3yt
2

4π 2 mstop
2 + gs

2

3π 2 mgluino
2 log Λ

mgluino( )( )log Λ
mstop( ) Little  

hierarchy  
problem 

The solution - Low scale SUSY	  •  MSUSY  TeV



Little hierarchy problem  definite SUSY structure  ⇒

MSSM: 105	  +(19)	  Parameters	  

 
mq > 0.6 −1TeV ⇒ Δ > a m

 2

MZ
2 100

⇒ Correlations between SUSY breaking parameters 
and/or additional low-scale states 	  

(Unless	  light	  stop	  	  
 
mt,LHC > 250GeV )

breaking 

^	  

 
MZ

2 = aim i
2

q ,l
∑ + biM i

2

g ,W ,B
∑ + ...



 
MZ

2 = aim i
2

q ,l
∑ + biM i

2

g ,W ,B
∑ + ...

MSSM: 105	  +(19)	  Parameters	  

 
mq > 0.6 −1TeV ⇒ Δ > a m

 2

MZ
2 100

⇒ Correlations between SUSY breaking parameters 
and/or additional low-scale states 	  

(Unless	  light	  stop	  	  
 
mt,LHC > 250GeV )

Fine Tuning measure: 

Δ ai( ) = ai
MZ

∂MZ

∂ai
,

Δm = MaxaiΔ ai( ), Δq = Δγ i
2∑( )1/2

Ellis, Enquist, Nanopoulos, Zwirner 

Barbieri, Giudice 

Little hierarchy problem  definite SUSY structure  ⇒
breaking 

^	  



L data | γ i( )∝ dvδ mZ −mZ
0( )∫ δ v- − m

2

λ
⎛
⎝⎜

⎞
⎠⎟

1/2⎛

⎝
⎜

⎞

⎠
⎟ L data | γ i;v( )

= 1
Δq

δ nq (lnγ i − lnγ i
S )( )L data | γ i;v0( )

χnew
2 = χold

2 + 2 lnΔq

Fine tuning from a likelihood fit: 

Fine tuning not optional! 

Probabilistic interpretation: 

 Δq 100

Ghilencea,	  GGR	  
Casas	  et	  al	  

“Nuisance”	  variable	  



The CMSSM •   γ i = µ0 ,m0 , m1/2 , A0 , B0

assume correlation between SUSY breaking parameters 



Couplings and masses evaluated to two loop (leading log) order 
 
…enhanced sensitivity due to small tree-level  

The CMSSM •

Cassel, Ghilencea, GGR 
c.f. earlier work : Dimopoulos, Giudice 
Chankowski, Ellis, Olechowski, Pokorski 

Minimisation conditions: 

λ =
1
8
g1
2 + g2

2( )cos2 2β

  µ0 ,m0 , m1/ 2 , A0 , B0



Constraints 

Relic density unrestricted 

Limit of focus point 

	  λ	  increase with mH 
v2 = −

m2

λ

The CMSSM – before LHC •

80 90 100 110 120
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Radiative EW breaking 
	  

  Δ i , i = µ0 ,m0 , m1/2 , A0 , B0

Guuge coupling unification 



Focus Point 
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2 M P
2( ) + m

3u

2 M P
2( )( ) Q2

M P
2

⎛

⎝
⎜

⎞

⎠
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3
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“Focus point”:	  	  	  	  
  
mHu

2 0( ) = mQ3

2 0( ) = m
3u

2 0( ) ≡ m2

Natural choice 
 
i.e.mQ3

3 ,m
3u
2  MZ

2 possible

  
mHu

2 t0( ) = a0 m2 + .., a0 ≤ 0.1

Feng,	  Matchev,	  Moroi	  
Chan,	  Cha_opadhay,	  Nath	  
Barbieri,	  Giudice	  
	  	  Feng,	  Sanford	  



LHC Jan 2011 

LHC Aug 2011 

1 h0  resonant annihilation	  

 2 h  t-channel exchange	  

 3 τ co-annihilation	  

 4 t co-annihilation	  

• 5 A0 /H 0 resonant annihilation	  

ΔMin = 15, mh = 114.7 ± 2GeV
Within 3σ  WMAP:

ΔMin = 18, mh = 115.9 ± 2GeV
< 3σ  WMAP:

Relic density restricted 

Cassel, Ghilencea, GGR 

LHC March 2012 



Δ <100 Δ <100

DM - Scaled spin independent cross section for LSP-proton scattering:	  

XENON 100 



The CMSSM – after Higgs discovery •

ΔMin > 350, mh = 125.6 ± 3GeV

126GeV 

    126GeV

MS
2 = mq3

mU3



New focus points? 

Gauginos:  
Mg ,W ,B Non-universal gaugino correlations  

Reduced fine tuning (c.f. CMSSM) 

•

New degrees of freedom   •



  
16π 2 d
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mHu

2 =3 2 | yt |
2 (mHu
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2 | M2 |
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6
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 New focus point: cancellation between M 3  and M 2  contributions if M 2
2
  M 3

2  at MSUSY

I. Reduced fine tuning : nonuniversal gaugino masses 

M 3 :M 2 :M1 = 1:b :a

b b

a a
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 New focus point: cancellation between M 3  and M 2  contributions if M 2
2
  M 3

2  at MSUSY

SU(5) : ΦN ⊂ 24 × 24( )symm = 1+ 24 + 75 + 200; SO(10) : 45 × 45( )symm = 1+ 54 + 210 + 770GUT: 

String: 3+ δGS( ) : −1+ δGS( ) : −
33
5

+ δGS
⎛
⎝⎜

⎞
⎠⎟

Natural ratios?  e.g.: 

(OII, also mixed moduli anomaly) 

  2.7 : b :0.5a  1: b : a

I. Reduced fine tuning : nonuniversal gaugino masses 
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 New focus point: cancellation between M 3  and M 2  contributions if M 2
2
  M 3

2  at MSUSY

ΔMin
CMSSM = 60 (500), mh = 125.6 ± 3GeV

I. Reduced fine tuning : nonuniversal gaugino masses 

LHC8 SUSY bounds 
DM relic abundance 

DM searches  

✔	  

✔	  

✗	  



New heavy states – higher dimension operators 

δ L = d 2θ 1
M*

µ0 + c0S( )∫ HuHd( )2 , S = m0θθ

δV = ς1 hu
2 + hd

2( )huhd +ς 2 huhd( )2 ; ς1 =
µ0
M*

, ς 2 =
c0m0

M*

Dimension 5 

 Reduced fine tuning : 

ΔΔ

mh mh

Cassel, Ghilencea, GGR 
Casas, Espinosa, Hidalgo 
Dine, Seiberg, Thomas 
Batra, Delgardo, Tait 
Kaplan,  

Even for M*=65 µ0 a significant shift of mh for constant Δ 

MSSM	   +	  dim	  5	  operators	  

…effect mainly comes from       term …  origin? ς1

II.   



GNMSSM 

NMSSM 

Singlet extensions 

µS >> m3/2 : Weff
GNMSSM = HuHd( )2 / µs + µHuHd

δV = µ
µS

Hu
2 + Hd

2( )HuHd

New heavy states – higher dimension operators 

δ L = d 2θ 1
M*

µ0 + c0S( )∫ HuHd( )2 , S = m0θθ

δV = ς1 hu
2 + hd

2( )huhd +ς 2 huhd( )2 ; ς1 =
µ0
M*

, ς 2 =
c0m0

M*

Dimension 5 

 Reduced fine tuning : II.   

✔  	  



GNMSSM 

NMSSM 

Singlet extensions 

µS >> m3/2 : Weff
GNMSSM = HuHd( )2 / µs + µHuHd

δV = µ
µS

Hu
2 + Hd

2( )HuHd

New heavy states – higher dimension operators 

δ L = d 2θ 1
M*

µ0 + c0S( )∫ HuHd( )2 , S = m0θθ

δV = ς1 hu
2 + hd

2( )huhd +ς 2 huhd( )2 ; ς1 =
µ0
M*

, ς 2 =
c0m0

M*

Dimension 5 

 Reduced fine tuning : II.   

✔  	   but are µ, µs  naturally small?



SUSY extensions of the Standard Model 

W = hELHd E + hDQHd D + hUQHuU + µHdHu

+ λLLE + λ 'LQD +κ LHu + λ ''UDD

+ 1
M

QQQL +QQQHd +QUEHd + LLHuHu( )
R-parity: Hu ,Hd +1

L,E,Q,D,U, θ −1
SUSY states odd Z2

Weinberg, Sakai 



SUSY extensions of the Standard Model 

W = hELHd E + hDQHd D + hUQHuU + µHdHu + µsHdHu

+ λLLE + λ 'LQD +κ LHu + λ ''UDD

+ 1
M

QQQL +QQQHd +QUEHd + LLHuHu( )
R-parity: Z2

Z R
N R-symmetry N=4,6,8,12,24 

Lee, Raby, Ratz, Ross, Schieren, Schmidt-Hoberg, Vaudrevange 

N q10 q5 qHu
qHd

qS
4 1 1 0 0 2
8 1 5 0 4 6

R-symmetry ensures singlets light  

SU(5), SO(10)
compatible 

Discrete gauge symmetry 
       -anomaly free 

Ibanez, GGR 



SUSY extensions of the Standard Model 

W = hELHd E + hDQHd D + hUQHuU + µHdHu + µsHdHu

+ λLLE + λ 'LQD +κ LHu + λ ''UDD

+ 1
M

QQQL +QQQHd +QUEHd + LLHuHu( )

Z R
N R-symmetry N=4,6,8,12,24 

LSP stable 

SUSY breaking: 

W , λλ R=2, non=perturbative breaking 

 µ, µs  m3/2 ,

Z4R → Z2
R R − parity

O(m3/2

M 2 QQQL)

Domain walls safe 

R-parity: Z2



Fine tuning in the CGNMSSM   

GGR, Schmidt-Hoberg , Staub  

(λ ≤ 0.7†)

c.f. Hall, Pinner, Ruderman †

ΔMin = 60 (500), mh = 125.6 ± 3GeV
LHC8 SUSY bounds 
DM relic abundance 

DM searches  

✔	  

✔	  

✗	  

Stau co-annihilation DM searches insensitive 



Fine tuning in the (C)GNMSSM   

GGR, Kaminska, Schmidt-Hoberg   

(λ ≤ 0.7†)

ΔMin = 20, mh = 125.6 ± 3GeV
LHC8 SUSY bounds 
DM relic abundance 

DM searches  

✔	  

✔	  

✔	  

Non-unversal gaugino masses 

Δ



Fine tuning v/s gaugino mass ratios 

M 3 = m1/2 ,M 2 = b.m1/2 ,M1 = a.m1/2

>100

0

F.T.	  



Compressed spectrum 

 

Mg −MLSP
neutralino( )

GeV

> 500

0



Masses v/s fine tuning 
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Dark matter 



Summary 

• GUTs           SUSY-GUTS ⇒
• Low fine tuning not optional  

• Fine tuning sensitive to SUSY spectrum 

…scalar and gaugino focus points 

• ΔCMSSM > 350

ΔCGMSSM > 60

Δ(C )MSSM > 60

Δ(C )GNMMS > 20

(hierarchy problem)	  

✗	   ✗	  

✗	   ✔	  

 c. f . ΔLow scale
CMSSM = (10 − 30), mt = (1− 5)TeV Barger et al 



Summary 

• GUTs           SUSY-GUTS ⇒
• Low fine tuning not optional  

• Fine tuning sensitive to SUSY spectrum 

…scalar and gaugino focus points 

• ΔCMSSM > 350

ΔCGMSSM > 60

Δ(C )MSSM > 60

Δ(C )GNMMS > 20

• Well motivated SUSY models remain to be tested  

(hierarchy problem)	  

LHC14? 

Compressed spectra, TeV squarks and gluinos 



Beyond the SM and the LHC 

Part III: Dark matter 



LHC tests of Dark Matter 

For heavy SM-DM mediators interaction described by effective operators  

e.g.  
Λ = M / gχgq ,M  q2χ DM Dirac fermion 

PR(L ) = (1± γ 5 ) / 2



LHC tests of Dark Matter 

For heavy SM-DM mediators interaction described by effective operators  

e.g.



LHC tests of Dark Matter 

For heavy SM-DM mediators interaction described by effective operators  

e.g.

To match to nucelon operators need these of the form  



LHC tests of Dark Matter 

For heavy SM-DM mediators interaction described by effective operators  

e.g.

Fiertz identities: e.g. 

Spin independent cross section  
dominates  ∝OV
…vanishes for Majorana fermion 



Monojets at the LHC 

Look for excess over SM backgrounds: 

E T



Fox – Invisibles talk 















Part IV: 



Tests for compositeness 



Effective Field Theory description … SU(2)L ×U(1)

 SO(4)  SU(2)L × SU(2)R

π a ⊂ SO(4) / SO(3) Goldstone bosons 

Wµ
± ,Z

Σ(x)→ULΣ(x)UR
†

nonlinear 

=
h1 + ih2 −h3 + ih4
h3 + ih4 h1 − ih2

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟

= 1
2
(h + v) Σ

Σ x( ) = eiσ aπ
a /v SO(4) V⎯ →⎯ SO(3)

V H( ) = −µ2H †H + λ H †H( )2H = (H ,H )

“custodial” symm 

ρ ≡ mW
2

mZ
2 cos2θW

= 1



Effective Field Theory description … SU(2)L ×U(1)nonlinear 

SO(5) / SO(4) :W ,Z,h
e.g. 

SO(6) / SO(5) :W ,Z,h,a

…	  



Effective Field Theory description … SU(2)L ×U(1)

h

nonlinear 

General parameterisation of composite models of Higgs: 

Σ x( ) = eiσ aπ
a /v, SM : (h + v)2

(Reasonable) assumptions 
• Spin-0 and CP-even 

• Custodial symmetry 

• No Higgs FCNC  

SM 
a = b = (cj = c) = 1
b3 = c2 = ...= 0



Higgs signal strength data 

Interference term  ∝−ac

ca
c negative? 

Electroweak precision tests 
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Global Analysis of Higgs-like Models 
•  Rescale couplings: to bosons by a, to fermions by c 

 
 
 
 
 
•  Standard Model: a = c = 1  

John Ellis & Tevong You, arXiv:1303.3879	


b bbar τ τ γ γ W W Z Z Global 

No evidence for 
deviation from SM 



Espinosa,	  Grojean,	  Muhlleitner,	  Tro_	  
Eboli	  et	  al	  
Falkowski,	  Evra,	  Urbano	  

Standard Model 



Search for new physics 



What else is there? 
•  Higher-dimensional operators as relics of higher-

energy physics? 

•  Operators constrained by SU(2) × U(1) symmetry: 

•  Constrain using LHC + 
 Tevatron Higgs  
  measurements 

Corbett, Eboli & Gonzalez2 

Slide	  from	  Ellis	  









Summary: Beyond the SM at the LHC 
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