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Standard Model & hierarchy problem
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Structure of Standard Model: chiral gauge theory with Higgs sector,

spontaneous electroweak symmetry breaking:

hHii ⌘ vi ⇠ 100 GeV

⌧ ⇤GUT ⇠ 1015 GeV ⌧ MP ⇠ 1018 GeV



Hierarchy problems:  (1) origin of large hierarchy,                   , and
(2) instability of mass terms in Higgs potential under quantum corrections:
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Many solutions since 40 years (always new degrees of freedom!!):

• dynamical EW symmetry breaking, no fundamental scalar Higgs boson,
   new strong interactions (technicolor, composite Higgs, ...)

• cancellations: SUSY breaking at EW scale, twin Higgs, ...

• cosmological evolution: relaxion, ...

• extra dimensions provide new ingredients: higher-dimensional gravity,
   branes, infinitely many new (Kaluza-Klein) states, intriguing reformulation
   of hierarchy problem, with important predictions for the LHC 
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Figure 1.4 Brane-world matter localization.

Substituting (1.42) into the 5d action (1.40), one gets a 4d action for the zero modes
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This includes the 4d gravity action, radion kinetic term, and gauge field kinetic term with
σ -dependent gauge coupling g2 = exp σ . Comparison with the 4d action (1.39) gives

M2
p = 16π2 M3

5 R. (1.44)

This suggests the possibility to have a low fundamental 5d gravity scale M5 (even down
to the EW scale), and generate a large 4d Planck scale (1.5) by taking R large enough.
This is not possible in this simple setup, however, since 5d gauge/matter SM fields would
produce too light KK replicas, which should have already been observed. The low funda-
mental scale is, however, phenomenologically viable in the brane-world scenario, and is
reviewed next.

1.4.2 Branes and large extra dimensions

The brane-world idea is quite simple. In certain systems, non-gravitational degrees of free-
dom like, e.g., the SM fields may be forced to live in a subspace of a full higher-dimensional
spacetime. Such submanifolds are called branes, as they generalize the notion of a mem-
brane embedded in a larger space. In order to lead to 4d Poincaré invariance, the branes
must span the observable 4d spacetime, but can be localized in (all or some of) the extra
compact dimensions. On the other hand, gravitational interactions propagate throughout
the full higher-dimensional spacetime, which is referred to as the bulk, see Figure 1.4.

It should be emphasized that localization of gauge and matter fields on branes must
follow from local dynamics, and hence not by the compactification itself, which is a global
property of spacetime. There are some field theory systems which realize localization of
matter fields on certain submanifolds. However, localization of gauge and matter fields
is particularly easy to describe in string theory, where it occurs on the volume of certain
dynamical extended objects known as D-branes, introduced in Section 6.1.
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SM on 4-dim brane, gravity in (4+n)-dim bulk, (4+n) Planck mass ~ EW scale:
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Figure 1.5 The Randall–Sundrum 5d model of warped dimensions.

In particular one may have M ≃ TeV, so that there is no hierarchy between the EW and
the fundamental gravitational scale, and thus no hierarchy problem in the traditional sense.
The new avatar of the hierarchy problem is the need for a dynamical explanation of the
large size R for the extra dimension, as compared to the fundamental length scale 1/M .
A fully satisfactory answer requires extra dynamical ingredients. As discussed in Sec-
tion 16.5, the LED scenario can be easily realized in string theory, which moreover includes
extra dynamics allowing the detailed discussion of the volume modulus stabilization.

1.4.3 Warped extra dimensions

The above scenarios of extra dimensions implicitly assumed a factorized ansatz of the
background spacetime metric, ds2 = ηµνdxµdxν + gmn(y)dymdyn . This is, however, not
the most general ansatz consistent with 4d Poincaré invariance, since the 4d metric can
be allowed to depend on the internal coordinates as gµν = f (y)ηµν , with f (y) known as
warp factor. Warp factors actually arise in situations where branes are dynamical objects,
with a finite tension T whose gravitational effect on the surrounding geometry may be
non-negligible.

A simple toy model of this compactification with warped dimensions is the 5d configu-
ration considered by L. Randall and R. Sundrum in 1999. It is described by a 5d spacetime
with the extra dimension of finite extent y ∈ [0, L], which can be obtained by quotienting
an S1 of radius L/π by the Z2 action y → −y. There are two 3-branes at the loca-
tions y = 0, L as shown in Figure 1.5, with tensions −T , T , namely the localized brane
lagrangians are Lbrane = ±√−gT . They are termed the Planck and EW branes, because
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Warped extra dimensions [Randall Sundrum ’99 (RS)]: gravity in (4+1)-dim 
bulk, Higgs on SM brane, warping from bulk-brane gravity: 
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Motivation: SUSY GUTs, string compactifications [Kawamura ’00; Hall, Nomura 
’01; Hebecker, March-Russell ’01,...]; consider SO(10) GUT group in 6 dim, 
compactified on orbifold           , broken at fixed points to SU(5)xU(1), 
SU(4)xSU(2)xSU(2), ..., with  SM group as intersection; bulk fields 45, 16, 10’s 
[Asaka, WB, Covi ’02; Hall, Nomura et al ’02; ...]; include U(1) with magnetic flux, 
distinguishes matter from Higgs [WB, Dierigl, Ruehle, Schweizer ’15]:

SO(10)⇥ U(1)A

magnetic flux: N 16’s from charged bulk 16-plet and N flux quanta:
16 [SO(10)] ⇠ 5⇤ + 10+ 1 [SU(5)] ⇠ q, l,uc, ec,dc, ⌫c [GSM]

GUT-scale extra dimensions  

T 2/Z2



Higgs fields from two uncharged bulk 10-plets,  form split multiplets:                 

Flux breaks supersymmetry [Bachas ’95], soft SUSY breaking only for 
quark-lepton families:                 

Emerging picture of Split Symmetries (cf.  “split/spread SUSY”
[Arkani-Hamed, Dimopoulos; Giudice, Romanino ’04; Hall, Nomura ’11]):

• complete GUT representations (quarks, leptons) come with a
   multiplicity, incomplete GUT representations (Higgs) only once

• masses of scalar quarks and leptons large, because they form 
   complete GUT multiplets (magnetic flux)

• masses of Higgs/higgsinos small,  because they form incomplete GUT 
   multiplets (THDM); size of quantum corrections? 
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Consider toy model: 6-dim gauge-Higgs unification (Hosotani `83,  
Arkani-Hamed et al. `01, Antoniadis et al. `01, ...), original motivation: electroweak 
symmetry breaking in LED models;  Weyl fermion interacting with Abelian 
gauge field, 

Magnetic flux & quantum corrections
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without magnetic flux,                ; matter and gauge fields have Kaluza-Klein
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Quantum corrections to tree-level mass,                                                                      

one-loop correction, sum over Kaluza-Klein tower of states, 

expected result: loop-factor times cutoff, i.e., small hierarchy; original 
application: electroweak symmetry breaking in models with large extra
dimensions; can one also obtain a scalar much lighter than the cutoff 1/R,
i.e. a large hierarchy ??
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after some manipulations finite result, due to discrete symmetry, remnant 
of gauge symmetry in extra dimensions [Antoniadis, Benakli, Quiros ’01, Cheng, 
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Complex coordinates and gauge fields,
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constant magnetic flux background,
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hA5i = � 1
2fx6 , hA6i = 1

2fx5 , h�i = 1p
2
f z̄
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6-dim action with flux-dependent bilinear term of Weyl fermions, 

invariance under translations on torus; breaking of translational invariance by
background gauge field compensated by shift of    ,  
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Quantum corrections &  shift symmetry
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Sum over all KK modes leads to cancellation (Schwinger representation of 
propagators, momentum integrations, perform sum first!):
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Cancellation can be traced back to shift symmetry of Wilson-line scalar, 
related to translation invariance of 6-dim action; extends to all orders in
perturbation theory; no mass generated for WL scalar! Relevance for
hierarchy problem of Higgs? VEV of      does not generate mass term of
chiral fermions, only toy model!
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• Suppose, no quadratic divergencies due to cancellations 
   among Kaluza-Klein towers, what predictions remain?

• Compactification: can all moduli be stabilized (D-term
   breaking, F-term breaking ... ) with de Sitter (Minkowski)
   vacua? yes. Implications for mass spectrum: scalar quarks
   and leptons, and all gauginos heavy; at low energies THDM
   (with higgsinos) remains 

• Is a matching of THDM to SUSY at GUT scale consistent
   with RG running and vacuum stability? yes. Implications
   for Higgs sector 

GUT-scale extra dimensions: implications
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Matching the SM to SUSY at the GUT scale 
reminder: one Higgs doublet does not work!  



Matching the  THDM to SUSY at the GUT scale 

Is SUSY breaking at the GUT scale consistent with RG running of couplings
and vacuum stability? 6d GUT model yields THDM (tree level), study RG
running [ Gunion, Haber ’03... Lee, Wagner ’15; Bagnaschi, Brummer, WB, Voigt, 
Weiglein ’15; Mummidi, Vishnu, Patel ’18]):

Matching conditions at SUSY breaking scale determine quartic couplings:
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example of RG running of gauge, Yukawa and quartic couplings;
reasonable gauge coupling unification
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for this example vacuum stability conditions are fulfilled; additional
Higgs  bosons are heavy!
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result of parameter scan; red: excluded by vacuum stability; orange: 
metastable vacuum; large tanβ excluded, small tanβ allowed with
                        ; light higgsino possible, split SUSY inconsistent!
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Conclusions
• Hierarchy problem of Higgs sector intriguing puzzle, 
   inspiration for physics beyond the Standard Model
   
• Solution may have dramatic consequences at TeV energies:
   ADD & RS scenarios, composite Higgs, ...

• Solution may have modest consequences at TeV energies:
   piece in puzzle of ultraviolet completion of Standard Model,
   including GUTs, supersymmetry, extra dimensions, ...
 
• More predictions of flux compactifications: flavour physics,
   neutrino physics, proton decay (model dependent)

• Detailed study of Higgs sector very important!
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Supersymmetric low-energy effective Lagrangian, given in terms of 
Kahler potential, gauge kinetic function (magnetic flux   induces
FI D-term [Quevedo et al ’03, Hebecker et al ’07,...]):
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U is shape modulus; Killing vectors due to quantized flux and Green-
Schwarz term, note opposite signs! Gauge kinetic function [cf. Ibanez, Nilles ’87]:

H = hSS + hTT , hS = 2 , hT = � 2`2

(2⇡)3

Note opposite sign of the two contributions! Result: no scale model 
with gauged shift symmetry, involving S and T!

Moduli stabilization & SUSY breaking 
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Gauge invariant KKLT-type superpotential at fixed points (F-term):

Scalar potential involving F- and D-terms:

V = VF + VD = eK(Kij̄DiWDj̄W̄ � 3|W |2) + 1

2h
D2 ,

D = iKiX
i = � i

s
XS � i

t
XT .

Due to flux AND quantum corrections to gauge kinetic function and 
Killing vectors, de Sitter vacua exist without further F-term uplift
(e.g. Polonyi)! Size of extra dimensions determined by parameters of 
superpotential; example:                                                          , i.e.
GUT scale extra dimensions. Hence most basic ingredients of 6d 
compactifications sufficient to obtain de Sitter vacua and moduli 
stabilization! 

W0 ⇠ W1 ⇠ 10�3 , a ⇠ 1 ! r` ⇠ 102
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de Sitter (Minkowski) metastable minimum with GUT scale extra dimensions:

g = 0.2 , L = 200 , W ⇠ 10�2
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