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The Standard Model works tremendously well, but we still have no 
indication what sets its mass scale.

Motivation

1 X

V (H) = �µ2H†H + �(H†H)2 (1)

1

Within the SM, 𝜇 receives quadratically divergent corrections 
⇒ the natural scale for 𝜇 is the cutoff  Λ of the SM.

Some known (but still unconfirmed) solutions: 
• Supersymmetry: “The divergence is not quadratic” (due to a symmetry) 
• Composite Higgs Models: “ The cutoff of the Higgs sector is a strong-

coupling scale (like ΛQCD but in the TeV regime)” 
… 
A different approach: Relaxion models attempt to couple the Higgs to a 
field which dynamically makes 𝜇 small.
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Relaxions
[Graham, Kaplan, Rajendran, PRL 115 (2015), 221801]

Motivation: a dynamical Higgs mass (see also Gustavo’s talk)

[Graham, Kaplan, Rajendran ’15]

µ2
(�) = �⇤

2
+ g⇤� scans Mh

1. � � ⇤/g ) µ2 > 0, no vev

2. � < ⇤/g ) µ2 < 0, sign flip, EWSB

3. backreaction
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˜M4�j
ˆhj cos
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�
f

⌘
,
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1
2(v(�) + h),

j = 1: QCD, j = 2: non-QCD

4. �& ) |µ2
(�)|, v2% ) �Vbr%

5. until � stopped by sufficient barrier

V (h,�) � h� : Measurable consequences of relaxion-Higgs mixing?
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[Graham, Kaplan, Rajendran, PRL 115 (2015), 221801]
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dynamical 𝜇 

oscillating back-reaction term 

unavoidable contribution 
to the 𝜙 potential 
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Real shape of  the relaxion potential 
(with one relaxion field)
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Relaxion - Higgs mixing
Mixing angle and mass eigenstate
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relaxion inherits Higgs couplings: g� ,�V = sin ✓gh ,hV
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Mixing term in the relaxion-Higgs potential

V (H) = µ2
(�)H†H + �(H†H)
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j = 1: QCD relaxion
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limits mixing
I

45GeV  ˜M  100GeV
I see well-known axion bounds

j = 2: non-QCD relaxion
I mixing can be large
I collect applicable bounds
I translate to relaxion space
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Mixing angle and mass eigenstate
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Note: In UV embeddings of  relaxion models, additional couplings of  the 
relaxion to the SM will be present. [c.f. e.g. Choi etal, 1610.00680 ]  

In the following we focus on the “Higgs portal couplings” only.

(when expanding around the vacuum (𝜙0,v)
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Relaxion - Higgs mixing

Note: 
• The relaxion is typically thought of  as “axion-like” (and thus a pseudo-

scalar). The mixing with the Higgs shows that it has a scalar component. 
•  If  the relaxion couples dominantly to the SM through the mixing with the 

Higgs, all its couplings are inherited from the Higgs, and its 
phenomenology depends only on the relaxion mass and the mixing angle 
(it is a Higgs-portal model, then). 

• The mass and mixing angle are related to the relaxion model parameters f  
 
and  Λbr where                                   . The Higgs portal bounds on  
 
relaxion mass and mixing can thus be translated into bounds on  Λbr and f. 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Translating Relaxion parameters
Relaxion mass
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Note:  
• two solutions for relaxion 

mass. The relaxion is light 
- if  f  is large or 
- if      is tuned 

•   
•  
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Relaxion lifetime
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Relaxion lifetime and propagation lengths
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"Higgs portal" vs relaxion

translation (m�, s✓) ! (
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Relaxion parameters and bounds (schematically)
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Relaxion bounds for GeV scale masses (collider physics)
Higgs decays to relaxions can be calculated from the effective relaxion 
potential: 

• Fit of  Higgs couplings yield                                           .  
 
this can be reinterpreted as an upper bound on gh𝜙𝜙 and hence s𝜃, m𝜙. 

• The decays                         and                           
are being searched for at LHC. 

 
  Also: e+ e- → Z* → Z 𝜙 is bound from LEP searches. 
    [L3 collaboration (1996), LEP working group (2006)]

that these couplings are generated at least one loop order higher than the corresponding

Higgs-portal coupling so that,

g̃�f ⇠ g�f
16⇡2

. (C.1)

As far as the coupling to photons is concerned we need to distinguish between the j = 1

and j = 2 models. Notice, first of all, that in both the j = 2 models we are considering

here there is no anomaly induced (g̃��/4)�FF̃ coupling, as the relaxion shift symmetry

does not have an electromagnetic anomaly. In these models therefore the �FF̃ coupling

would also have the same shift symmetry breaking suppression (⇠ ⇤4

br/v
4) as the Higgs

portal coupling. We find by inspection, however, that it can possibly be induced at the

same loop order as the Higgs portal coupling so that we obtain

g̃�� ⇠ ⇤4
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v4
↵em

4⇡f
⇠ g�� . (C.2)

In the non-QCD j = 1 model , however, it is possible to have g̃�� � g�� because, as

this backreaction sector is just a scaled-up version of QCD. Thus, as is the case for QCD

axions, the relaxion will get an anomaly-induced coupling of the same order via mixing

with the ⌘0 and pion analogs of the new strong sector. This generates,

g̃�� ⇠ ↵em

4⇡f
, (C.3)

which can be larger than Higgs portal coupling, g�� , for values of ⇤br ⌧ v.

One can proceed along the same lines to show that the pseudoscalar coupling of the

relaxion to gluons is at least one loop suppressed with respect to the Higgs portal induced

coupling to gluons because of the sequestering. We see, therefore, that apart from the,

g̃�� coupling in the j = 1 model, the pseudoscalar couplings of the relaxion are either

suppressed or of the same order as the Higgs portal coupling in the models in Sec. 3; our

results would thus be qualitatively unchanged by the presence of these couplings apart

from the one exception above on which we comment in the text.

D The h�� coupling in j = 2 models

In this appendix we present the expression for the h�� coupling in j = 2 models. To obtain

this we expand the potential V (h,�) in Eq. (2.1) around the minimum (v,�
0
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[P. Bechtle, S. Heinemeyer, O. Stal, T. Stefaniak and G. Weiglein, 2014]
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Relaxion bounds for GeV scale masses (collider physics)
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Relaxion bounds for MeV-GeV scale masses 

In the SM, rare decays like B → K ll are 
extremely suppressed because the lepton 
pair comes from a highly virtual h or Z. 
If  the Higgs mixes with a light state, the 
decay can happen on-shell. 

Relaxion-mediated rare B,K-decays

[Clarke, Foot, Volkas ’13]

[Clarke, Foot, Volkas ’13] [Schmidt-Hoberg, Staub, Winkler ’13]

[Dolan, Kahlhoefer, McCabe, Schmidt-Hoberg ’14] [Krnjaic ’15]
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Rare decays

Beam dump

Relaxions can be 
produced in rare 
meson decays from 
mesons produced in 
beam dumps. If  they 
are long-lived, they 
can pass the beam 
dump and be 
detected when 
decaying far away.
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Relaxion bounds for MeV - GeV  masses  
(collider physics, beam-dump, rare decays, astro physics / cosmology)

15/20[arXiv:1610.02025]

using and re-interpreting 
bounds from 

[Clarke, Foot, Volkas] 
(2013) 

Schmidt-Hoberg,etal] 
(2013) 

[Dolan,Kahlhoefer etal] 
(2014) 

[Krnjaic] (2012)



Light relaxions (astrophysics and cosmology)               

16/20[arXiv:1610.02025]

using and re-
interpreting bounds 

from 
[Kolb, Turner] 

[Planck] 
[Cadamuro, Redondo] 

(2012) 
[Arias, Cadamuro etal] 

(2012)



very light relaxions (5th force and Eq. principle)               

17/20[arXiv:1610.02025]

using and re-interpreting 
bounds from 

[Eöt Wash group,  
Adelberger et al.] 

[Bordag, Mohideen, et al.] 
(2001) 

[Piazza, Pospelov] 
(2010)



Translation to relaxion model parameters            

18/20[arXiv:1610.02025]



Scalar vs. pseudo-scalar 

19/20

In the bounds established, we made the implicit assumption that the relaxion is 
only (or at least dominantly) coupling to SM particles through the Higgs portal. 

Other interactions, in particular pseudo scalar interactions can be present, in 
particular in axion-like relaxion models, axion like couplings 

can be present, and they depend strongly on the precise UV embedding. 

Three possible situations for models: 

• Higgs portal couplings dominate → use bounds presented here 
• axion-like couplings dominate → use bounds for axions-like particles [PDG] 
• couplings are comparable → requires detailed analysis.  

Note: some bounds apply to both, Higgs portal and the axion-like models, but  
in many cases, they are complementary. E.g. 5th force, Solar axion search 
(CAST), shining light through walls, axion DM searches in resonance cavities …
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Conclusions and Outlook

• Relaxions might be able to provide a new approach to the hierarchy 
problem. 

• Relaxions mix with the Higgs and can have interesting 
phenomenology in cosmology, astro physics and “low energy - high 
precision physics”. 

• Relaxions will have additional couplings to SM particles which are to 
be determined from the UV-completion of the relaxion model.  
These coupling can lead to additional bounds, an interesting interplay 
… or ways to discover relaxions.
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… and if you do not care about relaxions, just use this work as comprehensive 
collection of Higgs portal bounds.

THANK YOU


