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Motivation

MOTIVATION



@ sxigzs Tensions in ACDM

» Hubble tension: Hg p1g = 67.36 + 0.54 km/s/Mpc[Aghanim et al., 2022] vs.
Ho jate = 73.3 £ 0.8 km/s/Mpc [Verde et al., 2019] from z < 2.

» ’Li Problem in BBN: the abundance ratio “Li/Hx10'° : 1.6 4+-0.3
(observed) vs. 5.6 & 0.3 (theoretical)[Zyla et al. 2020, Pitrou et al., 2018,
lliadis and Coc, 2020].

» The weak lensing measurement of Sg together with the clustering parameter
og [Troxel et al., 2018] yields a value smaller Sg pgs = O.773Jj8:8§8 than

given by the CMB-ACDM value, Sg cmp = 0.832 4 0.013.

> Isotropic cosmic birefringence angle based on the cross-power
(parity-violating) CFB data in CMB[Minami and Komatsu, 2020], deviate
from 0 by ~ 2.40.
Later improved result: deviate from 0 by ~ 3.60[Eskilt and Komatsu, 2022].

Motivation
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Tensions in ACDM
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SOLUTIONS



®teigzs i Puzzle

A Higher Higgs VEV during the BBN epoch.

» Fermi constant Gr  v—2. A smaller G leads to an earlier freeze out of
Solutions the n = p and a longer n lifetime.
A larger n density than that in the standard BBN.

» Electro mass m. o< v. A larger m will reduce the rate of n = p and delay
neutron decay.

» Mass difference Amy = mg — m, o< v, which contributes to Amy, and
impact n = p and neutron decay oppositely relative to Gg and me.

> Averaged light quark mass, which contributes to pion mass m,. A larger
pion mass makes nuclei less tightly bound. The nuclear-reaction rates thus
may change substantially.
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®teigzs i Puzzle

An upward variance of v will
» reduce the primordial mass fraction of Helium-4, Y,,

Solutions » raise the Deuterium primordial abundance D/H relative to Hydrogen.
The current experimental bounds on Y, and D/H are still compatible for
dvean ~ O(1%) and 61 ~ O(1%) (CMB baryon-to-photon ratio).

Following this, to addressing the ”Li problem, one needs [Pitrou et al. 2018]

5VBBN = (11 + 0.1)% , 577 = (1.7 + 1.3)% .
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Solutions

Hubble tension

Focus on the model ACDM+me,. [Hart and Chluba, 2019]
dMe = Irec ~ 1%.

» Thompson scattering cross-section, o1 o< m 2.

> The atomic energy levels, E; o me.
> ...

= Shift up the redshift of the rec z,, and the baryon drag redshift z4.

— Sound horizon at rec decrease.

= To keep angular sound horizon at rec unchanged, Hp increases.
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Hubble tension
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Solutions

Sg/og ‘Tension'

Introduce the w;,.

P(k) [h~3 Mpc3]
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Isotropic Cosmic Birefringence

Consider the axion-photon coupling aF F. [Carroll and Field, 1990]
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A(-xion) Solution I I I

A (-XION) SOLUTION
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@ txisEs The candidate

» An up-shift of electron mass at the recombination era ém, ~ 1% could
resolve Hubble tension. [Hart & Chluba (2020)]

» Li problem could be solved by lifting the Higgs VEV 6v ~ 1%.
Al-xion) Solution [2102.11257 and refs therein]

» Ultra light axion could be used to explain ICB. [Minami & Komatsu (2020)]

» Introducing the ultra-light axion may be helpful suppressing the Sg/os.
[KiDS-450 (2017), Handley & Lemos (2019)]

A model with evolving Higgs VEV and the axion?
Axi-Higgs is constructed by introducing coupling between ultra-light
axion(s) and the Higgs.
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@ Ludgsy

A(-xion) Solution

Nonlinear SUGRA

Spontaneous SUSY-breaking by D3-brane could be described by a nonlinear
supergravity model. [Kallosh & Wrase (2014)]

—xtx .. _ 2 _
K=X X+, W=MX+--, X2 =0

nilpotent condition
The nilpotent condition projects out the scalar part of X,

GG

= 5px + V206 + 07 FX.

X

The X contributes to the scalar potential as

Vx = [M[?
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® tuigss  Projections

Nilpotent superfield X could be used as projector to eliminate d.o.f.s in other
superfields. [Lindstorm & Rocek (1979), Komargodski & Seiberg (2009),
Dall’Agata & Farakos (2016)]

> X@ = 0 projects out scalar part of @

A(-xion) Solution

> X@ = chiral projects out fermionic d.o.f. of Q.
> ...

Higgs d.o.f are projected out to properly explain the cosmological constant
problem. [Li, Qiu and Tye 2010.10089]

HoHgy —  ¢'o
(V) +(Vp) — 0
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@®iuia=r  The axi-Higgs coupling

A(-xion) Solution

Recall superpotential W D X( + FH, Hd) where parameter mg and 4 is in
principle determined by geometrlc sector (U;, S), which intrinsically include
axion-like fields. Thus, it is natural to introduce

i o |m6(e) - wk(aele| =|K(a) [mFG) - nola]|

where G(a=0)=K(a=0) =

2 2 2
ga ka G(a) Ca

G@)=1+55 K@) =1+ 10, Fa)= g ~1t

M3, K(a) Mg,

and C = g — k is a constant whose positivity is undetermined.

K(a) is not important. Let K(a) = 1.
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@ ituiszr Axi-Higgs Potential

Scalar potential is V = V, + Vy4, where

1 1 m2
V, = m2f2 (l—cosi) ~ 5"7332——&344---- :

fi 24 2
2 Ca®

A(-xion) Solution V¢ = ‘mgF(a) — /‘ingd) s F(a) =1 + W .
PI

Neglect three Goldstone directions and let ¢f¢p — v2/2, then

1 2 C32 1
V ~ Emga2 +|B(a,v)]*, B=m? <1-|— M—gl) - §&v2 .

Treating a(t) as a background field, the Higgs VEV is given by minimize (V),

which is
2 oom
=@

2

3

(¢'9)
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@®isiszs Evolving Higgs VEV

> m,~10"2eV =  a(t) evolves in the cosmic time scale.

» Higgs VEV v(a(t)) also evolves in the cosmic time scale,

-xion) Solution (5 t) = —— = F t - ~ ,
A(-xion) Sol v(t) v [F(a(t))] 2M|%I
where vy = v2ms/\/k = 246 GeV.
» a(t) is determined by KG equation in the FLRW background,

oV,

94 =0.

a+3H(t)a

Evolving Higgs VEV is driven by misalignment mechanism of the
ultra-light axion.
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@ Ludgsy

A(-xion) Solution

Coupled system

One may worry about the back reaction from the Higgs to the axion.
Consider the coupled EoMs for a(t) and v(t),

4Cm?
Méqs B(a,v)|a~0

v+ (BH+Ty)v—2kB(a,v)v =0,

i+ 3Ha+ |m?+

where ['y ~ 4 MeV is effective Higgs field dissipation.

> At first sight, m2B/M3, ~ 10°°m? and second term in potential driven force
dominated over m,. Fortunately, this is not the case.

» Thanks to the presence of I'4, Higgs field profile got damped quickly to the
value where B(a,v) = 0.

The coupled system will evolve along the valley in a-¢ configuration
space.
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A(-xion) Solution Ca(t)2

Set dvip; = 1%.

Evolving Higgs VEV
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@®iuigzr Axi-Higgs Parameters

» One has two bounds on the axion mass.
1. Keep dv > 1% until t 2 trec.

A(-xion) Solution 2. d(dv)/dt < 10710 yr~1 required by experimental bound.
This leads to m
1.0< —2—<33, 68%C.L.
~10-Pev ™ °

» ICB determines ajn;/f; =~ 1.

» Suppose a takes up x fraction of today's matter energy density and one
could constrain ajn;.

22/31



@®iuigzr Axi-Higgs Parameters

Numerically, parameters are

aini ~ 3.7 x 10'7 GeV (L)l/z (i> B )

: : 0.01 1.5
A(-xion) Solution 1
~ 17 X \V2EN
f, ~ 3.8 x 10 Gev(om) (1.5 :

6Vini X -1 6 ?
€084 (0.01) (m> (ﬁ) ’
where x = w,/(wa + wp + we),

and ¢ is the numerical factor from equation {H(z,) = m,.
Be aware that m, does not come in above parameters.
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@®iuigzr Axi-Higgs Parameters

There are four parameters in the single axion axi-Higgs model,

My, OVini, aini, fa

A(-xion) Solution

which are all relatively well-constrained.
> SVBBN A OVrec > 6vp =0 = m, ~ 10730 eV-10"2%eV
» ’Liand Hy puzzle = 6vini = 1%
» Hy tension & Sg/og tension == aj,; ~ 1017 GeV
» CMB Birefringence = f, ~ ajni ~ 107 GeV
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Axi-Higgs Parameters

05f H H =
L 1 1
L 1 1 i
. I 1 4
f =1
oof ﬁ
r L L -1
[ N : ]
A(-xion) Solution o5k 1§ L N
[ - - ]
—= L 1 1 ]
B [ I 1 ]
& 1 1
] r 1 1 185 |
> -1.01- 1 1 i
3 L 1 1 4
1 1
[ ' ' ]
b [ AC/QS+REC i i 1
L 1 1 J
1519 M CMB+BAO T T ]
- 1 1
F 1 BBN (20) i i 1
L 1 1 4
L HicB 1 1 i
1 1
[ ' . ]
wo0p | sl || | :
[ (x=0.01) 1 1 ]
1 1
[ - : ]
L 1 1 4
L L L L L L L L L L L L L L L L L L L L L L L L
-33 -32 -31 -30 -29
[m] =l = =

LogiolmaleV]




@ Latasy

Moti

Solut

A(-xion) Solution

Summary and
OQutlook

Two-axion Axi-Higgs

P As the evolution of single-axion, one would expect that dvggn > O Viec-

» To better resolve Hubble tension, one would require dviec > 1%.
Meanwhile, BBN analysis prefers dvggn < 1.1%.

» In fuzzy dark matter scenario, an axion with mass ~ 10722 eV as the cold
dark matter can resolve a number of problems in the weakly interacting
massive particle (WIMP) model.

> A second axion could naturally appear in function F that actually
responsible for Higgs VEV.

Consider two axions with mass m; = 1072° eV and mp = 10722 eV. Neglecting
interaction between a; and ap, function F is given by

Clal Cga%
Mg MR
We expect small deviation of Higgs VEV, which could be approximated by

F(ai,a2) =1+ —5=

2 2

Sv(t)=FY2 —1~ .
v(®) oMz T,




@ fxiszs Two-axion Axi-Higgs

» a1 i the same as single-axion case. Consider aj ;n; consists of most of the
dark matter and it starts to roll down at z» ~ 2 x 10°, one has

aini = 3.7 x 101 GeV,  apini =~ 1.5 x 107 GeV .

A(-xion) Solution

» (i are determined by

Cla%,ini C23§ ini
M3, T 2MR

Cla%(trec)
= 6VBBN 5 A0 5Vrec .
M,

For dveen = 1%, dViec = 2% and relation ai(trec) =~ 0.99a1 ini,

G~17, G=-51.
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Test of Axi-Higgs
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Summary and
Outlook

SUMMARY
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@®fuig=r Summary

Summary and
Outlook

Axi-Higgs model introduces an evolving Higgs VEV using |- - - |2.

This form |- - -|? ensures the cosmic evolution of v and protects the axion
evolution from the Higgs back-reaction.

A slightly higher v in the early universe helps resolve Hubble tension and “Li
problem.

The introduction of axion helps explain the ICB and suppress Sg/os.

The parameters are tightly constrained and could be tested in the near
future.
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Summary and
Outlook

Thank you for your attention.



Projections

» Consider X2 = 0 with X = x + /260G + 62FX.

X

2
, XxGg

2FX

> For X? = XQ = 0 with Q = g+ v20¢ + 62FQ9,

X

> D, (XZ)

GG
=5px X4=0. qGatxtha=0, gF*+xF?—Gp=0

1 FQG
= qZH(‘”—W)G

X? =0 with Z = z 4+ v/20x + 6*F7Z gives

) G
X = /(9”20“1?—Y

0, 2xFX -GG =0 — X:E+\/§9G+92FX.

1/2



@ Ludgsy

a-¢ Mixing

The axi-Higgs mass matrix is given by
8mia®  2v2m2av

m, M4 M2
M= P! P! . lim detM =0
2\/§m§av 5 ma—0
M ’

Diagonalize M, one has
2

2
(m(i;)hyS) ~ 4m? (1 + %) +0 (m3)
PI
2
(mghys) ~m+0 (mg)

e Above the scale \/m,f,, the shift symmetry of axion is restored.

Am? ~ i m_g mgfaz < m?
a™ 2 M|%| mé ~ Ma
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