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‣Snapshot of the desert from Higgs to Planck:
    Vacuum, scalar fields, hierarchy, unification

‣Filling the desert: new scales and new physics
   supersymmetry and compositeness

‣Role of conformal symmetry

‣Flavour physics and BSM

‣After the LHC
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GeV1 1019103

Disparate Scales

Is the LHC announcing a desert up to the Planck scale? 



GravityStandard Model of
electroweak and strong forces

It cannot be a desert

Dark energy (the cosmological constant problem)

Dark matter

Baryon Asymmetry

Neutrinos: Majorana and Dirac

Muon g-2

Electric Dipole Moments (EDMs) 

 . . .

Cosmology 
& Astronomy

Particle Physics

⎬⎬



Can one scalar (Higgs) field and some massive neutrinos
explain it all ?

i.e. the evolution of our Universe 



Stability of the EW vacuum

Renormalization of scalar masses (naturalness)

Hierarchy of scales (gauge hierarchy problem)

Unification

Find an answer to the following questions:



Stability of the EW vacuum
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Figure 2: The scale Λ at which the two-loop RGEs drive the quartic SM Higgs coupling
non-perturbative, and the scale Λ at which the RGEs create an instability in the electroweak
vacuum (λ < 0). The width of the bands indicates the errors induced by the uncertainties
in mt and αS (added quadratically). The perturbativity upper bound (sometimes referred to
as ‘triviality’ bound) is given for λ = π (lower bold line [blue]) and λ = 2π (upper bold line
[blue]). Their difference indicates the size of the theoretical uncertainty in this bound. The
absolute vacuum stability bound is displayed by the light shaded [green] band, while the less
restrictive finite-temperature and zero-temperature metastability bounds are medium [blue]
and dark shaded [red], respectively. The theoretical uncertainties in these bounds have been
ignored in the plot, but are shown in Fig. 3 (right panel). The grey hatched areas indicate
the LEP [ 1] and Tevatron [ 2] exclusion domains.

mation were not included. On the other hand, the Tevatron data, although able to narrow

down the region of the ‘survival’ scenario, have no significant impact on the relative likeli-

hoods of the ‘collapse’, ‘metastable’ and ‘survival’ scenarios, neither of which can be excluded

at the present time.

We also consider the prospects for gathering more information about the fate of the SM

in the near future. The Tevatron search for the SM Higgs boson will extend its sensitivity

to both higher and lower MH , and then the LHC will enter the game. It is anticipated that

the LHC has the sensitivity to extend the Tevatron exclusion down to 127 GeV or less with

1 fb−1 of well-understood data at 14 TeV centre-of-mass energy [ 9]. This would decrease

the relative likelihood of the ‘survival’ scenario, but not sufficiently to exclude it with any

significance. On the other hand, discovery of a Higgs boson weighing 120 GeV or less would

3

Ellis et al. ’09

mH=126 GeV

Planck scale

⇒ triviality and radiative corrections    Cortese Petronzio EP ’92

⇒ vacuum stability      Isidori Ridolfi Strumia ’01

The SM may be a valid EFT up to the Planck scale



Contribution ∆Mmin, GeV

Three loop beta functions -0.23

δyt ∝ O(α3
s) -1.15

δyt ∝ O(ααs) -0.13

δλ ∝ O(ααs) 0.62

Table 2. Contributions to the value of the Mmin.

rections to the running of all gauge couplings has been calculated. Second, in [20] the

leading contributions (containing the top Yukawa and αs) to the running of the top quark

Yukawa and the Higgs boson self coupling have been determined. This removes the uncer-

tainty related to 3-loop RG running. In addition, in the present paper, we determine the

two-loop corrections of the order of O(ααs) to the matching of the pole masses and the

top quark Yukawa and Higgs boson self coupling constants. Also, the known [24–26] three

loop QCD correction to the top quark mass relation of the order O(α3
s) can be included

(previously it had been used for estimates of uncertainties). All this considerably decreases

the theoretical uncertainties in Mmin.

The individual contributions of the various new corrections on top of the previous

result are summarized in the Table 2. It is clearly seen that there are two new significant

contributions—one is the three-loop pure QCD correction to the top quark mass [24–26],

and another is the two loop correction O(ααs) to the Higgs boson mass, found in the

present paper. Together the new contributions sum to the overall shift of the previous

prediction [12] by −0.89GeV, giving the result
4

Mmin =

�
128.95 +

Mt − 172.9GeV

1.1GeV
× 2.2− αs − 0.1184

0.0007
× 0.56

�
GeV. (2.5)

The new result (2.5) is less than 0.2GeV away from the old one (2.4) if the same central

values for Mt and αs are inserted. This coincidence is the result of some magic. In the old

evaluation several mistakes were present, summarized in Table 1. The largest one was the

double counting of δQED
t in (A.5) of [10], as compared to the original result [32]. Also, there

were minor typos in the computer code for the matching of the Higgs coupling constant,

and finally there was a small correction coming from the use of an approximate rather

than exact one loop formula for O(α) corrections from [32]. These corrections add 0.7GeV

to the original number in [12]. By chance this almost exactly canceled the −0.89GeV

contribution from the higher loops, Table 2, nearly leading to a coincidence of (2.5) and

(2.4).

Table 3 summarizes the uncertainties in the new computation. It contains fewer lines.

Now we can ignore safely the error from higher order (4-loop) RG corrections for the

running up to the Planck scale. The first two lines were derived in the same manner as

4Note, that this value is the benchmark mass defined by eq. (2.1). The mass, corresponding to the

metastability bound (2.2) is ∼ 0.1–0.2GeV smaller.
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Figure 4. The values of the strong coupling constant αs and top mass Mt corresponding to several

minimal Higgs boson mass Mmin. The 68% and 95% experimentally allowed regions for αs and Mt

are given by shaded areas. The dashed (dotted) lines correspond to 1.2GeV (2.45GeV) uncertainty

in the Mmin theoretical determination.

We will discuss below two possible minimal embeddings of the SM to the theory of

gravity and discuss the significance of Mmin in them.

3.1 Asymptotic safety

The asymptotic safety of the SM [13], associated with the asymptotic safety of gravity [46],

is strongly related to the value of the Higgs boson mass. Though General Relativity is non-

renormalizable by perturbative methods, it may exist as a field theory non-perturbatively,

exhibiting a non-trivial ultraviolet fixed point (for a review see [47]). If true, all other

coupling of the SM (including the Higgs self-interaction) should exhibit an asymptotically

safe behaviors with the gravity contribution to the renormalisation group running included.

The prediction of the Higgs boson mass from the requirement of asymptotic safety

of the SM is found as follows [13]. Consider the SM running of the coupling constants

– 10 –

Updated stability bound

Present uncertainties do not allow to conclude if MH=124 -127 GeV 
indicates stability or metastability of the SM vacuum

Bezrukov, Kalmykov, Kniehl, Shaposhnikov 2012



Higgs & the Evolving Universe

LEP and LHC tell us that MH > Mmetastability : we live in a vacuum with lifetime at least 
larger than the age of the Universe ⇒ NP is not needed to stabilise the SM vacuum

A numerical coincidence ? 
UV stability scale predicted by SM parameters is about the Planck scale 



Lattice stability bound
Hedge et al.  Adv. High Energy Phys. 2013 (2013) 875612

Overlap fermions with exact SU(2)L x U(1)R chiral symmetry

Λ=1/a   Λ ~ 1010 GeV inaccessible

4th fermion generation excluded
(mt’> 350 GeV exp. constraint)

Nf
mH = 125 GeV



Renormalization of scalar masses (naturalness)

Q: Well posed question or inappropriate use of regularization?



SM scalar mass

SM fermion mass

chiral symmetry protection

conformal symmetry broken



Rescued by scale invariance (conformal symmetry)

explicit breaking of conformal symmetry

spontaneous breaking of conformal symmetry

Introduce a dilaton field



Exercise: classical scalar theory                                      [S. Coleman ‘Aspects of symmetry’]

Extend to the quantized theory
Open questions: unitarity, uniqueness, which SM sectors?

dilaton field 
=

 Goldstone boson of scale 
   (conformal) invariance

Realize PCDC by adding a mass term for the dilaton

scalar sector:

[see e.g. Shaposhnikov,  Zenhausern arXiv:0809.3406]



Hierarchy of scales and unification of forces

Q: Are there new relevant scales between Higgs/Fermi and Planck?



Unification?

big desert?

Two known scenarios



Two avenues

Add new scales
 ⇔ new particles

No new scale
⇔ minimal particle content

e.g. 
Conformal symmetry at Planck
Need to break it spontaneously

e.g. 
(weakly coupled) supersymmetry
(strongly coupled) compositeness



confinement ElectroWeak Planck

GeV1 1019103

compositeness ?
supersymmetry breaking ?



Higgs mass range

MSSM

SM (valid up to MP)

Composite Higgs

50 100 150 200
GeV

Pomarol  @ICHEP12

Higgs mass range

mH = 125 GeV



Main stream solutions have invoked the criterion of naturalness (along 
with unification of gauge forces) for the last 40 years

SUPERSYMMETRY    Djouadi 08

COMPOSITENESS     Bhattacharyya 11

without or with extra spatial dimensions   (RS, ADD, etc)      

05/09/2012 17:53

Page 1 of 1http://upload.wikimedia.org/wikipedia/commons/6/68/Hqmc-vector.svg
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Compositeness



Superconductivity

Cooper pairs <ee>
weakly coupled 

Confinement

quark condensate <qq>
strongly coupled

Postulate strong dynamics BSM (no decoupling of h.o. operators)
→ light composite Higgs 

The Higgs boson can be the pNGB of an extended global symmetry or the dilaton of a 
spontaneously broken CFT ⇒ SM couplings modified

LHC data constrain the compositeness scale and the spectrum



Strongest direct constraints on the ρ come from di-boson searches at LHC   
ρ± → W± Z → 3 l + ν.

The more the couplings deviate from the SM, the lighter the new composites 
(resonances) must be to ensure unitarity up to the compositeness scale Λ 

The Higgs postpones the onset of the vector resonance to higher masses 
w.r.t. to Higgsless models ⇒ improve compatibility with LHC constraints 



From CMS results the interesting range 700 GeV < mρ < 2 TeV is allowed

Bellazzini, Csaki, Hubisz, Serra, Terning 2012

CMS

Unitarity
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llqmVector-like quark : NC, 
q!lmVector-like quark : CC, 
jjmColor octet scalar : dijet resonance, 
µµ

m)=1) : SS dimuon, µµ"
L
±± (DY prod., BR(HL

±±H
 (LRSM, no mixing) : 2-lep + jetsRW

Major. neutr. (LRSM, no mixing) : 2-lep + jets
,WZT

mlll), !Techni-hadrons : WZ resonance (
µµee/mTechni-hadrons : dilepton, 
#µ

m resonance, #-µExcited muon : 
#em resonance, #Excited electron : e-
jjmExcited quarks : dijet resonance, 

jet#
m-jet resonance, #Excited quarks : ,missTE : 1-lep + jets + 0A0 + At t" exo. 4th gen.TT

Zb
m Zb+X, "'bNew quark b' : b'

 WtWt"4d
4

 generation : dth4
 WbWb"4u

4
 generation : uth4

 WqWq"4Q
4

 generation : Qth4
jj!µjj, µµ=1) : kin. vars. in !Scalar LQ pairs (
jj!=1) : kin. vars. in eejj, e!Scalar LQ pairs (
µT,e/mSSM  W' : 
µµee/mSSM Z' : 

,missTEuutt CI : SS dilepton + jets + 
ll

m combined, µµqqll CI : ee, 
)

jj
m($qqqq contact interaction : 

)jjm(
$

Quantum black hole : dijet, F T
p%=3) : leptons + jets, DM /THMADD BH (

ch. part.N=3) : SS dimuon, DM /THMADD BH (
jetsN, 

T
p%=3) : multijet, DM /THMADD BH ( tt

m l+jets, " t=-0.20 : tsg/
qqgKK

gRS with 
llll / lljjm = 0.1 : ZZ resonance, PlM/kRS with 

llm = 0.1 : dilepton, PlM/kRS with 
##m = 0.1 : diphoton, PlM/kRS with 

,missT
E + ##UED : 

Large ED (ADD) : diphoton
Large ED (ADD) : monojet

)Q/m! = qQ&Q mass (coupling 760 GeV  (2011) [1112.5755]-1=1.0 fbL

)Q/m! = qQ&Q mass (coupling 900 GeV  (2011) [1112.5755]-1=1.0 fbL

Scalar resonance mass1.94 TeV  (2011) [ATLAS-CONF-2012-038]-1=4.8 fbL

 massL
±±H355 GeV  (2011) [1201.1091]-1=1.6 fbL

(N) < 1.4 GeV)m mass (RW2.4 TeV  (2011) [Preliminary]-1=2.1 fbL

) = 2 TeV)R(WmN mass (1.5 TeV  (2011) [Preliminary]-1=2.1 fbL

))
T
'(m) = 1.1 T(am, Wm) + T((m) = 

T
'(m mass (

T
'483 GeV  (2011) [Preliminary]-1=1.0 fbL

) = 100 GeV)T((m) - T)/T
'(m mass (T)/T

'470 GeV  (2011) [ATLAS-CONF-2011-125]-1=1.1-1.2 fbL

*))µ = m(** mass (µ1.9 TeV  (2011) [ATLAS-CONF-2012-023]-1=4.8 fbL

 = m(e*))*e* mass (2.0 TeV  (2011) [ATLAS-CONF-2012-023]-1=4.9 fbL

q* mass3.35 TeV  (2011) [ATLAS-CONF-2012-038]-1=4.8 fbL

q* mass2.46 TeV  (2011) [1112.3580]-1=2.1 fbL

) < 140 GeV)0(AmT mass (420 GeV  (2011) [1109.4725]-1=1.0 fbL

b' mass400 GeV  (2011) [Preliminary]-1=2.0 fbL

 mass4d480 GeV  (2011) [Preliminary]-1=1.0 fbL

 mass4u404 GeV  (2011) [1202.3076]-1=1.0 fbL

 mass4Q350 GeV  (2011) [1202.3389]-1=1.0 fbL

 gen. LQ massnd2685 GeV  (2011) [Preliminary]-1=1.0 fbL

 gen. LQ massst1660 GeV  (2011) [1112.4828]-1=1.0 fbL

W' mass2.15 TeV  (2011) [1108.1316]-1=1.0 fbL

Z' mass2.21 TeV  (2011) [ATLAS-CONF-2012-007]-1=4.9-5.0 fbL

*1.7 TeV  (2011) [1202.5520]-1=1.0 fbL

 (constructive int.)*10.2 TeV  (2011) [1112.4462]-1=1.1-1.2 fbL

*7.8 TeV  (2011) [ATLAS-CONF-2012-038]-1=4.8 fbL

=6)+ (DM4.11 TeV  (2011) [ATLAS-CONF-2012-038]-1=4.7 fbL

=6)+ (DM1.5 TeV  (2011) [ATLAS-CONF-2011-147]-1=1.0 fbL

=6)+ (DM1.25 TeV  (2011) [1111.0080]-1=1.3 fbL

=6)+ (DM1.37 TeV  (2010) [ATLAS-CONF-2011-068]-1=35 pbL

KK gluon mass1.03 TeV  (2011) [ATLAS-CONF-2012-029]-1=2.1 fbL

Graviton mass845 GeV  (2011) [1203.0718]-1=1.0 fbL

Graviton mass2.16 TeV  (2011) [ATLAS-CONF-2012-007]-1=4.9-5.0 fbL

Graviton mass1.85 TeV  (2011) [1112.2194]-1=2.1 fbL

Compact. scale 1/R (SPS8)1.23 TeV  (2011) [1111.4116]-1=1.1 fbL

 (GRW cut-off)SM3.0 TeV  (2011) [1112.2194]-1=2.1 fbL

=2)+ (DM3.2 TeV  (2011) [ATLAS-CONF-2011-096]-1=1.0 fbL

Only a selection of the available mass limits on new states or phenomena shown*

-1 = (0.04 - 5.0) fbLdt,
 = 7 TeVs

ATLAS
Preliminary

ATLAS Exotics Searches* - 95% CL Lower Limits (Status: March 2012)
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ATLAS SUSY Searches* - 95% CL Lower Limits (Status: ICHEP 2012)

548 GeV , 7 TeV [ATLAS-CONF-2012-084]-1=4.7 fbL

M* scale )$ < 100 GeV, vector D5, Dirac $m(709 GeV , 7 TeV [ATLAS-CONF-2012-084]-1=4.7 fbL

sgluon mass  3 GeV)± 140 ! sgm(not excluded: 100-185 GeV , 7 TeV [1110.2693]-1=34 pbL

 massg~1.77 TeV , 7 TeV [ATLAS-CONF-2012-035]-1=2.1 fbL
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 mass"%
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 massg~  > 20)"(tan990 GeV , 7 TeV [1203.6580]-1=2.1 fbL

 massg~  > 20)"(tan920 GeV , 7 TeV [1204.3852]-1=2.1 fbL

 massg~  < 35)"(tan810 GeV , 7 TeV [ATLAS-CONF-2011-156]-1=1.0 fbL

 massg~ ))g~(m)+0
$
#(m(2

1) = ±
$
#(m) < 200 GeV, 0

1
$
#(m(900 GeV , 7 TeV [ATLAS-CONF-2012-041]-1=4.7 fbL

 massg~ )0

1
$
#) < 2 TeV, light q~(m(940 GeV , 7 TeV [ATLAS-CONF-2012-033]-1=4.7 fbL

 massq~ )0

1
$
#) < 2 TeV, light g~(m(1.38 TeV , 7 TeV [ATLAS-CONF-2012-033]-1=4.7 fbL

 massg~ )0m(large 840 GeV , 7 TeV [1206.1760]-1=4.7 fbL

 massg~ = q~1.20 TeV , 7 TeV [ATLAS-CONF-2012-041]-1=4.7 fbL

 massg~ = q~1.40 TeV , 7 TeV [ATLAS-CONF-2012-033]-1=4.7 fbL

Only a selection of the available mass limits on new states or phenomena shown*

-1 = (0.03 - 4.8) fbLdt)
 = 7 TeVs

ATLAS
Preliminary



More on the role of Conformal Symmetry

A pedagogical example
What is the fixed point structure of fundamental forces?



The phase diagram of SU(N) gauge theories

T

Nfg



QCD: fundamental fermions

T

Nf

    chiral phase boundary

Physics of:
✓quark gluon plasma (QGP): high T - low Nf
✓preconformal regime (T=0, low T - high Nf)
✓conformal regime (T=0)

asymptotic 
freedom lost

Phase 
transition

conformal window

QGP



Fund

2S

2A

Adj

N

Nf

Fig. from
 R

yttov, Sannino 2008

Less flavour for larger Casimir



The first two (universal) coefficients 
change sign by varying flavours 

Caswell 1974
Banks,Zaks 1982

N=3 N=3



The 4D theory is conformal at g* with anomalous dimensions  

gg*

Infrared fre
edom

Asymptotic freedom

β(g)=µ dg/dµ



Walking ?

g*

IRFP

Nf  < Nf
c

NfAF > Nf > Nf
c

Nf  > NfAF 

β(g)

g**

UVFPIRFP

g*

UVFP IRFP

Nf  < Nf
c

~

or

or



Walking regime

~ IRFP
α*

α(µ)

µ

Λconf ~ 250 GeV Λ



Large and slowly running anomalous dimensions

produce a large hierarchy of condensates

m ∼ �ψ̄ψ�
Λ2

(1)

�ψ̄ψ�Λ� = �ψ̄ψ�Λ e
� Λ�

Λ
dµ
µ γ(µ) � �ψ̄ψ�Λ

�
Λ�

Λ

�γ

(2)

1



The ultraviolet fate of the Standard Model

IR UV
gU(1)  Landau polegSU(3) confinement

Before the top discovery  [Pendleton, Ross 1981]

i) yt and λ share AF and develop an IRFP if only gauge coupling gSU(3) 

ii) running of light quark masses and charged leptons unaffected by yt, light down quark 
masses receive small contributions

iii) RG running of mb/mτ dominated by yt

iv) gauge couplings unaffected by yt at one loop

v) CKM mixing angles and phase seem to slowly approach an IRFP at zero



Scenarios at the Planck scale

yt → 0 for Λ→ΛPlanck  plausible ?
λ→0 or λ→∞ or λ→ const (asymptotic safety)

0       5       10      15       20

1/α

UVFP
+ unification

unification

UVFP

2nd order PT

0       5       10      15       20

1/α

UVFP

Landau pole

1st order PT

(λ→ const)

(λ→∞)

Caveats
Failure of e.g. SU(5)
g1,2,3 enter strong coupling 
⇒ no pert theory

Ingredients
New particle thresholds
New symmetries 
Walking (near-conformal)



Flavour physics



Flavor@LHC and new physics

=
√

→ γ → τν → µµ

=
√

→ γ → τν → µµ

SUSY example: pMSSM maximal mixing scenario  (N. Mahmoudi, Moriond 2012)

yellow line: CMS limit with 4.6/fb
Flavor constraints from: b → sγ, B → τν and new LHCb limit on Bs → μ+μ-
Assumed discovery of Higgs at (125 ± 2) GeV



Mass & mixing patterns for quarks and leptons 



Experimental mixing patterns

CKM matrix almost unity PMNS matrix almost tribimaximal



Neutrinos
A pedagogical mystery

Mass & mixing matrices
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1

Pattern of mixing angles

→ quark mixing

 DOUBLE-CHOOZ, DAYA-BAY, RENO



Anarchy versus Hierarchy
chaos and order

r
0 1/30 1

TB BM A

+hierarchy
+ seesaw

+ NLO
fine tuning?

1/2

see e.g. Altarelli, Feruglio, Merlo, Stamou 2012

(12)

(13)

0 1/3 1/2

TB BM A

TB BM A

0 1/3 1/2

TB BM A

+ hierarchy+ NLO
0 1/3 1/2

(23)



Is there a unified description for quarks & leptons?



Many attempts to a unified description: w and w/o extra dimensions

[e.g. RS-A4 Kadosh EP 2011]

partial compositeness is natural

Powerful discriminators: 
EWP parameters S, T - FCNC processes - CP violation - EDMs - LFV

                                                      ⇒ High precision flavour physics



AdS5 (S1/Z2)

UV
brane

IR
brane

MPl

y = πRy = 0

E(y) ~ k e -ky

k ~ MPl

~ TeV

Two scales:   kUV ≡ k ~ MPl

                   kIR  ≡ k e-πkR   kR ≅11  [KK scale]      



All particles in the bulk  ⇒ play with particle localization and symmetries

Zero mode fermions peaked at different points in the bulk ⇒ exponential hierarchy 

of quarks and charged lepton masses explained by tiny hierarchy of bulk masses and 
O(1) 5D Yukawas 



Anarchy ?     or    Hierarchy ?

No underlying flavor symmetry to constrain
the pattern of 5D Yukawa couplings and bulk 
mass parameters (non-degeneracy)          

Large FCNC and CP violation
(little CP problem)

Custodial symmetry augmented with PLR
to bring down the KK scale to a few TeV

Underlying bulk flavor symmetry
                5D MFV 

Alignment of Yukawas and masses
Absence of tree level FCNC

Naturally low KK scale and milder 
little CP problem



The RS-A4 model
Kadosh EP 2010, 2011



Masses and mixings at Leading Order

neutrino sector charged fermion sector

χ H, Φ
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cross-brane flavon interactions induce cross-talk
between neutrino and charged sector  

CKM from cross-talk

CKM ≠ 1
and deviations from tribimaximal form

χ H, Φ
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Phenomenology of RS-A4

Degenerate cL

Zbb constraint
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Lower cL ↔ higher ΛKK

Reduced window for lighter Higgs

Absence of tree level FCNC
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(Flavor anarchy)



Dipole operators for FCNC
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After the LHC

Higgs
But no new particles

Sterile neutrinos below the LHC energy ?
  Electric Dipole Moments (EDMs)
     Higher precision muon (g -2)

Rely on flavour physics bounds
CKM matrix elements
B, D mesons rare decays
CP violation

New particles

strongly coupled
Compositeness

weakly coupled
Supersymmetry

Low energy frontier High energy frontier
   Higgs, t-quark factory ?
Planck scale physics (CMB)


