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Figure 2: Dependence of the asymmetries for the LHC on the lepton pt for three di↵erent scale

choices, calculated by POWHEG. The left and right panel show Ac and Al respectively and

middle one shows the ratio Al/Ac. These plots show the ideal SM scenario where no cuts have

been applied.
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The scope of this talk & its perspective
♦ SM: Higgs being a scalar leads to the fine tuning problem. 

2

♦ Fine tuning problem, sensitivity to high scales <=> UV problem. 

♦ Most concrete (exciting) solutions are in form of IR naturalness <=>                              
   field theory solution, understood from IR perspective. Giudice (13)

♦ Relaxion: switch attention from one scalar (H) to another scalar, 
   the relaxion (   ).�

♦ Talk’s scope: applying similar consideration: IR natural          ;
   String theory/non-QFT => beyond the scope …

V (�)
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Figure 2: Dependence of the asymmetries for the LHC on the lepton pt for three di↵erent scale

choices, calculated by POWHEG. The left and right panel show Ac and Al respectively and

middle one shows the ratio Al/Ac. These plots show the ideal SM scenario where no cuts have

been applied.
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Outline

♦ The challenge, a toy model U(1) example (induction, 
going reverse order from a working model). 

♦ Conclusions.

3

♦ Possible ways out.

♦ Some pheno’: familon-relaxion model & its miracle.



Ex.: pNGB-relaxion model

4



Constructing a toy U(1) relaxion model

5

Consider a theory with a spontaneously broken global G=U(1) symmetry. 

For simplicity: realise it linearly via a scalar     that carries a unit charge. �

L is invariant under a global transformation:                              .  
� ! � exp(i✓)

� develop VEV h�i = f .

Below the scale f : a single light (massless) DOF � .

Obtained via the identification � ⌘ ⇢ exp
⇣
i�f

⌘
.



A toy U(1) relaxion model
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Several points are in order:

(i) � =

1

f arctan

�=�

<�

�
= �⇡

2

..⇡
2

is compact;

(ii) � ! �+ 2⇡nf maps � onto itself.

(iii) Breaking G ) V (�) 6= 0:

(iii)a Planck suppressed

�

5

MPl
+ h.c) V (�) / f5

MPl
cos

⇣
5�
f

⌘
;

(iii)b Lsoft

FN

=

�
�

⇤

�n
LHN + ycL

c
˜HN +mLL

cL+mNNN

) V
FN

(�) / mLmNyycH
†H cos

⇣
n�
f

⌘
.

(note: a sector \w charge n)



A toy U(1) relaxion model
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Structure seems compatible with the relaxion framework:

Sufficient to write a complete & consistent model.

Additional breaking is required to provide Higgs-mass scan:

VFN(�, hHi) / mLmNyycv
2
cos

⇣
n�
f

⌘
, generates backreaction.

µ2
H(�)H†H ⇠

h
⇤

2
+M2

x cos

⇣
�
f

⌘i
H†H ,

generated via a (unit charge) sector with Mx � mL,N .

Graham, Kaplan & Rajendran (15)



A consistent U(1) relaxion model
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Espinosa, Grojean, Panico, Pomarol, Pujolàs & Servant (15)

µ2
H(�)H†H ⇠

h
⇤

2
+M2

x cos

⇣
�
f

⌘i
H†H with Mx & ⇤ � v ⌘ 174GeV;

V (�, v) ⇠ r2⇤2M2
x cos

⇣
�
f

⌘
+ yycv

2mLmN cos

⇣
n�
f

⌘
. (r & 1

4⇡ )

�rel is found via V 0
(�, v) = 0 ) r2⇤4 ⇠ nyycmLmNv2

(for � ⇠ f &Mx ⇠ ⇤).

Dominant backreaction ) mL,N . 4⇡v .

⇤ . 10TeV ⇥ (yycv2mLmN )
1
4

4⇡v
⇥

✓
1

4⇡r

◆ 1
2

⇥
⇣ n

10

⌘ 1
4

Gupta, Komargodski, GP & Ubaldi (15)



Intermediate summary

9

♦ Can raise cutoff but only up to O(10 TeV).  (pheno’ discussed below)

♦ Relation is independent of sym’ breaking scale, f.

♦ n raises cutoff, but only weakly, every decade => 10^4 charges. 

♦ Large n => irrelevant operators => tiny back reaction or fine  

tuning: Lsoft

FN

=
�
�

⇤

�n
LHN + ycL

cH̃N +mLL
cL+mNNN . (n ! 1012?)

♦ Is this artefact of above simple model? can it be circumvented?



Back to Original Relaxion Proposal
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�
⇤

2 � g2�2

�
H†H ) �

relaxed

⇠ ⇤

g ; (assume :⇤ � v)

V (�) = r2g2⇤2�2 � vnM4�n
X cos(�/f) (expect : MX < 4⇡v; 4 � n > 0)

V 0(�) = 0 ) �
relaxed

f &
�

⇤
4⇡v

�4 ⇥ r2
h
g .

�
4⇡v
⇤

�4 ⇥ ⇤
fr2

i

⇤ � TeV ) h�i � f required to be physical.

Gupta, Komargodski, GP & Ubaldi (15)

Graham, Kaplan & Rajendran (15)



The (compact) Relaxion Proposal
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Gupta, Komargodski, GP & Ubaldi (15)

⇤ � TeV ) h�i � f required to be physical.

However, local-global-finite EFT: pNGB => compact manifold. 

Again:                                              lead to same physics.   � ! �+ 2n⇡f (n 2 Z)

This is a redundant description of the theory <=> discrete gauge 
sym’ (no example \w local operator that breaks it) 

As long as relaxion potential is controlled by global internal sym’ 
EFT locality seems to implies compactness of pNGB manifold: 

h�i . f .



Brief: Comments on the Relaxion Proposal
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Gupta, Komargodski, GP & Ubaldi (15)

Note: axion realisations also suffer from inflated n => irrelevant 
operators => tiny backreaction/fine tuning/monstrous beta function.  

Hence upon the identification:

axion$ � , U(1) $ PQ ,

yuHf3
⇡ or y2uH

†Hf2
⇡ $ mLmNyycH

†H ,

expect similar bound to hold:

⇤ . 10TeV (yycv
2mLmN )

1
4

4⇡v

�
1

4⇡r

� 1
2
�

n
10

� 1
4 .

and

Hence upon the identification:

axion$ � , U(1) $ PQ ,

yuHf3
⇡ or y2uH

†Hf2
⇡ $ mLmNyycH

†H ,

expect similar bound to hold:

⇤ . 10TeV (yycv
2mLmN )

1
4

4⇡v

�
1

4⇡r

� 1
2
�

n
10

� 1
4 .

or

Hence upon the identification:

axion$ � , U(1) $ PQ ,

yuHf3
⇡ or y2uH

†Hf2
⇡ $ mLmNyycH

†H ,

expect similar bound to hold:

⇤ . 10TeV (yycv
2mLmN )

1
4

4⇡v

�
1

4⇡r

� 1
2
�

n
10

� 1
4 .

we expect a similar bound to hold:

⇤ . 10TeV ⇥ [(yv)1,2f3,2
⇡ ]

1
4

4⇡v
⇥
✓

1

4⇡r

◆ 1
2

⇥
⇣ n

10

⌘ 1
4



Potential interesting ways out
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Gupta, Komargodski, GP & Ubaldi (15)

Or: raise cutoff but only up to O(few TeV). 

♦ Non-compact internal sym’ \w consistent finite QFT ?

♦ Non-compact relaxions from space time sym’: 

i. SUSY - pseudo moduli, however, tend to pick up mass at 
SUSY breaking scale; 

ii. CFT => dilaton, large N & very special structure.

♦ Combination \w incommensurate coefficients, still                   .   h�i . O(f)

… Coradeschi, Lodone, Pappadopulo, Rattazzi & Vitale; Bellazzini, Csaki, Hubisz, Serra & Terning (13) …



Brief pheno’ of the 
little familon-relaxion model
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Gupta, Komargodski, GP & Ubaldi (15)



A little-“miraculous”-familon-relaxion model
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Gupta, Komargodski, GP & Ubaldi (15)

to try and avoid this conclusion and it would be interesting to see if any of them (or some

other idea) could work. One could still compare the relaxion scenario to other approaches

towards solving the little hierarchy problem where the relevant degrees of freedom of the

e↵ective theory are in the few-TeV range or even below (see e.g. Refs. [25–28] and references

therein).

In the following section we introduce a simple concrete realization of the relaxation

framework, with the aim of elucidating the theoretical di�culties and the partial solutions

mentioned above in a more concrete way. In our specific construction we will incorporate

the items (ii) and (iv) in an attempt to push the cut-o↵ to the few-TeV scale.

3 A Familon Model

In this section we present a calculable realization of the cosmological relaxation frame-

work [1]. In our model the rolling field � is a familon, the pNGB of a spontaneously broken

flavor symmetry. We use this model to demonstrate explicitly the points of the previous

section and we also analyze its phenomenological properties.

We will assume that the period f
UV

of the rolling field is related to the period f that

appears in the low energy e↵ective action as

f
UV

= 2nf , n 2 N . (3.1)

This can be achieved by assuming that the fields in the back-reacting sector carry charges

in integer units of n. (The origin of the factor of 2 in (3.1) will be clear below.) Our

Lagrangian for the back-reacting sector is

L = �y
1

e
i 2n�
fUV ✏↵�h↵L�N � y

2

h†↵Lc
↵N �mL✏

↵�L↵L
c
� � mN

2
NN + h.c. . (3.2)

We use two-component spinor notation for the fermions, ✏↵� is the antisymmetric symbol

of SU(2)L, hT↵ = (h+, h0). L and Lc are doublets under the SU(2)L gauge group of the

SM, with opposite hypercharge,

L↵ =

 
⌫

E

!
Lc
↵ =

 
Ec

⌫c

!
, (3.3)

while N is a SM singlet. � is the familon field. (It can be realized, for instance, when a

flavon field � = ⇢ exp[i�/f
UV

] aquires a VEV.)

If mN = 0 (but we always keep mL 6= 0) the model has a U(1)NL global symmetry

under which the fields transform as follows:

U(1)NL

N -n

L -n

Lc n

h 0

ei�/fUV 1

SM 0

– 7 –
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The normalization of the charges under U(1)NL is chosen so that the flavon field has unit

charge. Note that an e↵ective periodicity as in (3.1) appears in the back-reacting sector.

Clearly, mN 6= 0 explicitly (softly) breaks the U(1)NL symmetry. For mN = 0, the

continuous shift symmetry prevents any potential for �.

For mN 6= 0 a two-loop potential for the relaxion is generated even in the Electroweak-

preserving vacuum. Let us first continue with a one-loop analysis where a potential for �

is not generated unless the Higgs also obtains a VEV. We will then come back to the issue

of two-loop corrections.

The one-loop Coleman-Weinberg potential for � is

V
CW

(�) = � ⇤2

16⇡2

Tr
h
M †(�)M(�)

i
� 1

32⇡2

Tr

⇣
M †(�)M(�)

⌘
2

log
M †(�)M(�)

⇤2

�
, (3.4)

where the mass matrix in the {N, ⌫, ⌫c} basis is

M(�) =

0

B@
mN �y

1

h0U y
2

h0⇤

�y
1

h0U 0 mL

y
2

h0⇤ mL 0

1

CA , (3.5)

with U ⌘ e
i 2n�
fUV . The term relevant to our discussion is given by

V
CW

(�) ' � 1

4⇡2

mLmNy
1

y
2

|h0|2 cos
✓
�

f

◆
log

✓
⇤2

m̃2

◆
, (3.6)

where m̃ is the larger of mL and mN . Upon EWSB, hh0i = v = 174 GeV, this gives the

contribution

V EWSB

CW

(�) = � 1

4⇡2

mLmNy
1

y
2

v2 cos

✓
�

f

◆
log

✓
⇤2

m̃2

◆
. (3.7)

From this potential we can find the mass of �, by expanding around the minima:

m� ' 0.5 MeV
⇣ mL

900 GeV

⌘ 1
2
⇣ mN

900 GeV

⌘ 1
2
⇣y

1

1

⌘ 1
2
⇣y

2

1

⌘ 1
2

✓
10 TeV

f

◆
. (3.8)

As we mentioned above, the symmetries allow for the generation of a potential for �

even before electroweak symmetry breaking. (For a related discussion see Ref. [3].) Such

a contribution would take the form

V 2�loop

CW

(�) ⇠ � 1

4⇡2

mLmNy
1

y
2

✓
⇤2

c

16⇡2

◆
cos

✓
�

f

◆
. (3.9)

For example, one can think about this as coming from (3.6) where we contract the two

factors of h in an additional loop. (In (3.9) we suppressed an additional possible multi-

plicative logarithm.) We can think of ⇤c as the scale at which the Higgs loop is cut o↵. In

order for � not to stop rolling before EWSB we must have V 2�loop

CW

(�) < V EWSB

CW

(�). This

gives the condition that the h-loop must be cut o↵ at scale ⇤c such that,

⇤c . 4⇡v . (3.10)

– 8 –

Eq. (3.10) can be satisfied in a simple extension of our model where mN is generated

by a mini-See-Saw mechanism from the following Lagrangian,

L = �y
1

U✏↵�h↵L�N � y
2

h†↵Lc
↵N �mL✏

↵�L↵L
c
� �mDNN c � mNc

2
N cN c + h.c. . (3.11)

We have just added to (3.2) a new fermion N c with a Majorana mass. If we integrate out

N c we obtain the original theory (3.2) with mN ⇠ m2

D/mNc .

We now prove that V (�) has no quadratically divergent contribution from momenta

larger than mNc . First, we observe that the quadratically divergence piece must be analytic

in the couplings. Second, we observe that if we setmL = 0 the Coleman-Weinberg potential

for U must vanish. (The argument is the same as in the original model (3.2).) Similarly,

if we set mD = 0 or mNc = 0 we get that the Coleman-Weinberg potential must vanish.

Therefore the two-loop potential for U must be of the form (y
1

y
2

mLm
2

DmNcU + h.c. ). In

particular, if we take mNc to be large compared with the other masses, this expression

reduces to (3.9) with ⇤c ⇠ mNc . Hence, we see that in the full theory (3.11) there can be

a log divergence at most. Using Eq. (3.10) this implies, mNc . 3 TeV. This guarantees

that our estimates based on the one-loop computation remain valid.

Suppose that, in addition to the back-reacting sector described above, we add a heavier

sector (for instance a sector very similar to Eq. (3.11) but with U(1)NL charges of orderO(1)

and masses at the scale 4⇡M) which explicitly breaks the shift symmetry and generates

the terms,

V (h) =


⇤2 �M2 cos

✓
�

f
UV

◆�
h†h+ �(h†h)2 ,

V (�) =
⇤2M2

16⇡2

cos

✓
�

f
UV

◆
, (3.12)

that provide us with the analogs of (1.1), (1.2), (1.3). The periodicity visible in this sector

is � ! �+ 2⇡f
UV

, i.e. the fundamental gauge symmetry.

Since we are imagining that the origin of (3.12) is from a sector of heavy fields

like (3.11), V (h) arises at one-loop while V (�) is generated only at two-loops. Obviously,

we take M and ⇤ to be of the same order as otherwise there is no way for the Higgs to

condense.

Now we are ready to work out the phenomenological implications of our model. The

relaxion � stops rolling when @
@� [V (�) + V EWSB

CW

(�)] = 0 , which gives

⇤ ⇠

4mLmNy

1

y
2

v2
f
UV

f
log

✓
m2

Nc

m̃2

◆� 1
4

, (3.13)

where we have used

µ2 ⇠ 0 ) M2 ⇠ ⇤2

cos
⇣
�
f

⌘ . (3.14)

– 9 –

Lsub-Planck = 4000 TeV

Excluded by LUX L=2 TeV

Xenon 1T Reach

Lcosm = 4 x10 TeV7
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y

Tan q=-2

Figure 1: Constraints from dark matter phenomenology on our parameter space: y1 = y cos ✓,
y2 = y sin ✓ , and mL is adjusted according to the observed relic density. The blue contours corre-
spond to the following upper bounds on the cut-o↵: the cosmological constraints (dot-dashed), the
requirement that fUV < MPl (dashed), and by requiring a consistent theory that does not break the
discrete gauge symmetry using (3.15) with n = 10 (solid). The region shaded in grey is excluded by
LUX, while the brown region will be probed in the near future by the XENON 1Ton experiment.

As anticipated by general considerations in the previous section, ⇤ is of the order of the

TeV scale unless f
UV

� f , which requires the fundamental charge n in the back-reacting

sector to be very large (a very aesthetically unpleasant feature).5

A more precise computation of the cuto↵ gives us the upper bound

⇤ . 3, 5 TeV
⇣ mL

900 GeV

⌘ 1
4
⇣ mN

900 GeV

⌘ 1
4
⇣ y

1

4⇡

⌘ 1
4
⇣ y

2

4⇡

⌘ 1
4

✓
n

1, 10

◆ 1
4

. (3.15)

In [1] it has been argued that cosmological considerations enforce the inequalities

⇤2

M
Pl

< H < (V 0(�))
1
3 . (3.16)

The first inequality comes from requiring the energy density of � (⇠ ⇤4) to be lower than

the energy density of the inflaton, and the second inequality arises from the requirement

that the classical rolling dominates over the quantum fluctuations. In our scenario this

5Even if we allowed for the smallest charge under U(1)NL in the back-reacting sector to be ridiculously

large, n ⇠ 1016, so that fUV attains its maximal possible value, i.e. MPl, the cuto↵ would still be just

104 TeV. Note also that for a large value of n, the Yukawa coupling y1 arises from an extremely irrelevant

operator. Standard UV completions of flavon models would lead to a very small value for y1 so the actual

cuto↵ would be lower.
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Figure 1: Constraints from dark matter phenomenology on our parameter space: y1 = y cos ✓,
y2 = y sin ✓ , and mL is adjusted according to the observed relic density. The blue contours corre-
spond to the following upper bounds on the cut-o↵: the cosmological constraints (dot-dashed), the
requirement that fUV < MPl (dashed), and by requiring a consistent theory that does not break the
discrete gauge symmetry using (3.15) with n = 10 (solid). The region shaded in grey is excluded by
LUX, while the brown region will be probed in the near future by the XENON 1Ton experiment.
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       Conclusions

♦ Relaxion models: new paradigm to generate hierarchies.
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♦ Existing proposals: large hierarchies use (compact) pNGBs =>    

  going beyond local-internal-EFTs.

♦ Relaxion models can address the little hierarchy problem: 

(i) constructed a simple (perturb.) familon model \w extra vector-like 
“leptons”; no new coloured state (t’/W’ …),   

(ii)  accidentally, simplest model contains a viable dark matter 
candidate, discoverable at XENON1T.

⇤ & fewTeV ;
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