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The Axi-Higgs Model

An axion-like field a couples to the electroweak Higgs doublet � :

V (a,�) = m2a2/2 +
���m2

sF (a)� �†�
���
2

F (a) = (1 + �v)2 = 1 + Ca2/M2
Pl

As a ! 0, F (a) ! 1 and

V !
���m2

s � �†�
���
2
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Brane World Scenario

We live in a stack of  
anti-D3-branes that  
break SUSY

D3-branes

Li, Qiu, Tye, arXiv:2010.10089
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Motivated by string theory,  

we start with a non-linear supergravity model, 
where we live in a stack of anti-D3-branes,  
with brane tension ms4 that breaks supersymmetry. 

*The usual potential terms as well as super-partners in  
SUSY phenomenology have been projected out with  
the nilpotent superfield X (i.e., X2 = 0). 

The SUSY breaking effects and the electroweak  
Higgs contribution to the vacuum energy exactly  
cancel out each other: a necessary condition to  
avoid the fine-tuning of the cosmological constant. 

The axion comes from the moduli (fields) describing  
the shape of the compactified (Calabi-Yau) orientifold. 
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The Axi-Higgs Model

An axion-like particle a couples to the electroweak Higgs doublet � :

V (a,�) = m2a2/2 +
���m2

sF (a)� �†�
���
2

F (a) = (1 + �v)2 = 1 + Ca2/M2
Pl

The axion mass m ' 10
�30 � 10

�29
eV

ms = 104.3 GeV and  = 0.36 are fixed by

the Higgs vacuum expectation value today v0 =< � >= 246 GeV and

the Higgs boson mass m� = 125 GeV

�v = (v � v0)/v0 is the fractional shift of v from its today’s value v0

MPl = 2.4⇥ 10
18
GeV is the reduced Planck mass.
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V (a,�) = m2a2/2 +
���m2

sF (a)� �†�
���
2

F (a) = (1 + �v)2 = 1 + Ca2/M2
Pl

@V

@a
= [m2 + 4

Cm2
s

M2
Pl

⇣
m2

sF (a)� �†�
⌘
]a

! m2a

So the axion evolves as if it is free,
while it has a big e↵ect on the evolution of �.
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Axi-Higgs Model

The axion evolution is described by physics 
of a damped harmonic oscillator: 

Once H(t) becomes smaller than ma, a(t) starts 
to oscillate around the potential minimal point 
in an underdamped manner  

At early cosmic time, the large H(t) freezes 
the axion field to an initial value  
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Axi-Higgs Model - Axion Mass

1:                      =>  

2: a oscillates with a highly-suppressed amplitude at low redshifts and today. => 
To satisfy the experimental bounds set by atomic-clock and quasar measurements

aini arec = aBBN

ma . 3.3⇥ 10�29 eV

Atomic clock: 

[R. Lange et. al., 2021]
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de Broglie wavelength ~100-1000 Mpc (the galactic-cluster scale ~1-10 Mpc) 

ma > 10-30 eV



Puzzles in Precision Cosmology 

The BBN 7Li problem 

The Hubble tension 

Isotropic cosmic birefringence (ICB)  

Clustering (weak lensing) S8 tension … 
… 

The inflationary scenario, big bang nucleosynthesis (BBN), cosmic 
microwave background (CMB) and structure formation have merged 
theory and data into a nice picture about our universe. However, 
some puzzles emerge as measurements keep improving … …  
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7Li Problem in Big Bang Nucleosynthesis

Despite its great success in 
testing 4He and D/H, using the 
CMB data as input, LCDM 
yields a 7Li value which 
disagrees with observation at 
8-9 sigma C.L.   

[PDG, 2020]
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[B. Li and M.-C. Chu, 2005; T. Dent et. al.; 2007; 
M.-K. Cheoun et. al., 2011; K. Moroi et. al., 2019]

Solution: increase Higgs VEV v during the BBN epoch 
=> modified W-boson mass, mass splitting mp - mn, and 
pion mass (mediator for nuclear interaction)     
=> modified n-p converting and nucleon interacting rates 

7Li Problem in Big Bang Nucleosynthesis

= 1.2%
10

The process 7Be(n,p)7Li is governed by resonances
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Hubble Tension 

[E. Di Valentino et. al., 2021]

Late Time 
Distance-Redshift 
Distance-Ladder

Early Time 
CMB+LCDM 
CMB+BAO

h=0.674 h=0.733



Hubble Tension

rd is the sound horizon at the end of the baryon drag epoch 14

Hart & Chluba
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To get an idea, consider la , the sound horizon at recombination, which determines the
position of the first acoustic peak as well the peak-spacing, which is very well measured by
PLANCK (uncertainty of 0.03% for the angular sound horizon).

Now, the change in la can be related to

�la ' �0.19�h+ 0.68�v + 0.05�!b � 0.12�!c � 2.6�!a + ....

where !s are baryon, cold dark matter and axion densities respectively. The coe�cients
may be determined from data and/or theoretical calculations. For example

�la
�v

= 0.68

comes from the changes in Thomson scattering cross-section (which is / m�2
e !/ v�2),

recombination coe�cient (/ m�3/2
e ) etc., which shifts the recombination time and so la.

Combining data from CMB, BAO, clustering, weak lensing determines the parameters.

Hart and Chluba, arXiv: 1912.03986 (and PLANCK) observes that a percent level
larger electron mass yields a few percent larger h than that given by ⇤CDM.

The major impact of �v on the Hubble tension is via the electron mass me while its
impact on 7Li production in BBN is via quarks (e.g., pion) and W-boson masses.
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S8 (σ8) Tension

By turning on x, the S8 tension between CMB and the weak lensing data is alleviated.   

16

x = axion density/matter density ~ 0.003
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2* ⇤CDM axi-Higgs ⇤CDM axi-Higgs
(CMB+BAO+WL+SN) (CMB+BAO+WL+DR)

!b 0.02252± 0.00013 0.02276± 0.00021 0.02267± 0.00013 0.02299± 0.00014
!c 0.11802± 0.00080 0.1209± 0.0019 0.11657± 0.00077 0.1228± 0.0014
H0 68.24± 0.36 70.3± 1.6 68.96± 0.34 72.42± 0.76
v/v0 1 1.0142± 0.0088 1 1.0254± 0.0050

1000!a 0 < 1.28 [95%] 0 < 1.32 [95%]
!⇤ 0.3244± 0.0056 0.349± 0.021 0.3356± 0.0053 0.377± 0.010
!m 0.14117± 0.00077 0.1448± 0.0022 0.13988± 0.00075 0.1470± 0.0017
S8 0.8082± 0.0092 0.8035± 0.0097 0.7902± 0.0088 0.7970± 0.0088

100✓⇤ 1.04129± 0.00029 1.04114± 0.00030 1.04154± 0.00028 1.04107± 0.00030
� lnL 8.4 5.9 30.4 16.2

NY �NX 22� 3 22� 5 23� 3 23� 5

Here are five relevant parameters to be determined: the baryon density !b, the cold
dark matter density !c, h = H0/100 km/s/Mpc, �vrec(= �v) and axion density !a, with

h
2 = !b + !c + !a + !⇤ + !⌫

1

H. N. Luu: arXiv: 2111.01347
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!a

§CDM/CMB

§CDM+me/CMB+BAO

axi-Higgs/CMB+BAO+WL+SN
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Isotropic Cosmic Birefringence

20
20
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Parity-Violating Imprints in CMB   
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Axion Interpretation

Most-favored 
axion mass:

H0(⇠ 10�32eV) < ma < Hrec(⇠ 10�28eV)

22

S. Caroll and G. Fields, 1991

Fujita, Murai, Nakatsuka,  
Tsujikawa,  

arXiv: 2011.11894

Lue, Wang, Kamionkowski, 1999

L ⇠ 1

32⇡2

a

fa
Fµ⌫ F̃

µ⌫

22
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Over all Picture of the Axi-Higgs Model

V (a,�) = f2
am

2
a(1� cos(a/fa)) +

1

32⇡2fa
aFµ⌫F̂

µ⌫ +
���m2

sF (a)� �†�
���
2

F (a) = (1 + �v)2 = 1 + Ca2/M2
Pl

with ms = 104.3 GeV and  = 0.36

the 4 new parameters are ma, fa, aini, C;

or ma, fa,!a, �vini :

ma ' 2⇥ 10�30 eV , �vini = (vini � v0)/v0 ' 1.4%

aini ' fa ' 2⇥ 1017 GeV

which yields C ' 4.0 and

h ' 0.70, ⌦a = !a/h2 ' 0.1%
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Testing the Axi-Higgs Model - Atomic Clock

AC: atomic frequency relies on the mass ratio me/mp  
=> test the drift rate of Higgs VEV 

The next-generation AC technology may 
improve the sensitivity to a level 

⇠ O(10�18)yr�1

68%

24
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QS: the energy levels of electronic, vibrational, and rotational modes of molecules rely on 
the mass ratio \mu=me/mp in different manners:  

 => test the oscillation magnitude of Higgs VEV directly using the molecular absorption 
spectra of each quasar 

The combination of 18 quasars collected 
in [S. A. Levshakov et. al., 2020] yields a 
constraint:

ma > 5.1⇥ 10�31eV

Can be well-tested in infrared and radio 
astronomy, with essentially improved precisions: 
TMT, JWST, FAST, SKA, etc., and in particular 
by correlating the data of the quasars at different 
high redshifts.   

25

Testing ``Axi-Higgs’' - Quasar Spectral Measurements
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THANKS
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Conclusion : the Axi-Higgs model  

*proposes a mechanism how the electroweak vev varies over time; 

*makes predictions on atomic clock and quasar spectral 
measurements that can be tested in the near future; 

*can be extended to include additional axions and other effects
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The Axi-Higgs Model

A system of axion + Higgs, with the Higgs evolution being driven by the 
axion field.  Effectively, we have

During cosmic evolution, any deviation of sqrt(V_phi) from zero will be stopped by the 
big Higgs decay width. If that happens, e.g., caused by axion oscillation, the Higgs 
VEV will be shifted instantly to an axion-driven profile defined by sqrt(V_phi) =0.

28
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Big-Bang Nucleosynthesis 

BBN - lays out one of the corner 
stones of Big-Bang theory
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S8 (σ8) Tension

σ8  is the matter clustering amplitude (root mean square of matter density 
fluctuations) on the scale of galactic cluster, namely,                         . In the 
Fourier momentum space, it is given by  

      

Yet, the effect of σ8 is inseparable from the growth rate of structure, in the 
galaxy-clustering observations. The direct observable is instead 

S8 ⌘ �8

✓
⌦m

0.3

◆0.5

S8 (σ8) tension: a ~2-3 sigma discrepancy between the inferred S8 value from the 
CMB data assuming the LCDM model and its value obtained from direct 
measurements in the late-time universe, in particular, DES and KiDS-1000  
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