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The Higgs Potential 

Motivation 
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The Higgs Boson 

• In 2012, ATLAS and CMS found the 
Higgs boson. 
        𝑽 𝚽 = −𝒎𝟐𝚽+𝚽 + 𝝀 𝚽+𝚽 𝟐, 
where  𝚽 = 𝟏

𝟐
𝟎

 𝒗 + 𝒉 . 

• Higgs boson mass:   
𝑴𝒉 = 𝟏𝟐𝟏.𝟎𝟎 ± 𝟎.𝟐𝟏 ± 𝟎.𝟏𝟏 GeV. 

• A mass smaller than expected! 
• A small quartic coupling 

𝝀 𝝁� = 𝑴𝒕 ≈ 𝑴𝒉
𝟐 𝟐𝒗𝟐⁄ ≈ 𝟎.𝟏𝟐𝟎 

 
 

𝑽(𝝓) 

𝝓 
Electroweak 
Vacuum 

h 

𝑣 

C. Patrignani et al. (Particle Data Group), 
Chin. Phys. C, 40, 100001 (2016). 
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簡報者
簡報註解
In 2012, the ATLAS and CMS experiments at LHC have found the standard model Higgs with the mass 125 GeV.(So far the result agrees with the standard model pretty well.)This mass is smaller than expected, and it implies a small quartic coupling.



• QFT: Coupling constants 
changes with energy scale 𝝁 

𝜷𝝀 = −
𝟑𝟑
𝟒𝟒 𝟐 𝒚𝒕

𝟒 + ⋯ 

• Due to large top mass 

𝒎𝒕 =
𝟏
𝟐
𝒚𝒕𝒗 

• If no new physics, 𝝀 𝒉  
becomes very small and turns 
negative at  𝝁 ≳ 𝟏𝟎𝟏𝟎 − 𝟏𝟎𝟏𝟐 
GeV. 
 
 

Running of 𝝀  

Figure from D. Buttazzo et al., arXiv:1307.3536 
[hep-ph] 

J. Elias-Miro et al., Phys. Lett. B709, 222 (2012) 
G. Degrassi et al., JHEP 1208, 098 (2012) 
D. Buttazzo et al., arXiv:1307.3536 [hep-ph] 
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簡報者
簡報註解
Quantum field theory tells us that coupling constants are not constant. They actually changes with energy scale.Due to the large contribution from the top quark, when you solve the renormalization group equation for the quartic coupling, lambda, you found that the lambda gets smaller and smaller when you go to higher and higher energy scale.If there is no new physics comes in, the lambda can become very small and turn negative at the scale around 10^10 – 10^12 GeV.



The Higgs Effective 
Potential 

• Another minimum in the potential:  Planckain vacuum!! 
 Much lower than the electroweak vacuum. 

• Our universe can tunnel into the Planckain vacuum and end 
in a big crunch! 

 𝐬𝐬𝐬𝐬 𝑽 𝐥𝐥𝐬 𝑽 𝝓  

𝐥𝐥𝐬 𝝓  

Our Electroweak 
Vacuum 

Planckian Vacuum 

~1010 − 1012 GeV 

h 

h 
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簡報者
簡報註解
This cause a problem because this means that there is another minimum at around Planck scale in the Higgs potential. And The potential at this minimum is much lower than the our electroweak vacuum.So our electroweak vacuum that our universe is sitting at is actually not the ground state.In quantum mechanics, we know that if the system is not in its ground state, it can always tunnel to the ground state.If this tunneling happens, since the vacuum energy of the Planckian vacuum is so negative, it will end the universe by a big crunch!



Meta-stability of 
our Vacuum 

Our universe seems to be right on the meta-stable region. 

J. Elias-Miro et al., Phys. Lett. B709, 222 (2012) 
G. Degrassi et al., JHEP 1208, 098 (2012) 
D. Buttazzo et al., arXiv:1307.3536 [hep-ph] 
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簡報者
簡報註解
Fortunately, the life time of our electroweak vacuum is longer than the current age of the universe. So the tunneling haven’t happened. And our vacuum is meta-stable.But it is also quite surprising that our universe is right on the meta-stable region.



The Higgs Effective 
Potential 

What does it imply?   
 A shallow  Higgs potential at large scale 
 A large Higgs VEV during inflation 
 
𝐬𝐬𝐬𝐬 𝑽 𝐥𝐥𝐬 𝑽 𝝓  

𝐥𝐥𝐬 𝝓  

Our Electroweak 
Vacuum 

Planckian Vacuum 

~1010 − 1012 GeV 

h 
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Quantum Fluctuation during 
Inflation 

I 
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Quantum Fluctuation 
during Inflation 

• During inflation, quantum fluctuations of scalar field get 
amplified and pulled to over the horizon size. 

• They becomes classical when the wavelength exits the 
horizon. 

• 𝝓(𝒕) jumps randomly like Brownian motion. 

Horizon Horizon 

Inflation 
𝜙(𝑥) 

Becomes classical Quantum fluctuation 

 𝜙0 ≠ 0 

10
 

簡報者
簡報註解
During inflation, small quantum fluctuations of fields are constantly pulled to over the horizon size. Once those quantum fluctuations are outside the horizon, they becomes classical and real.So if you observe the field value inside one Hubble patch, you will see the field value jumps randomly like Brownian motion. (The process can be describe by diffusion equation.)



Quantum Fluctuation 
during Inflation 

• Quantum fluctuation brings 
the field to non-zero value. 

• Classical rolling down follows 
�̈� + 𝟑𝑯𝑰�̇� = −𝑽′ 𝝓 , 

which requires  

𝒕𝐫𝐥𝐫~
𝒅𝟐𝑽 𝝓
𝒅𝝓𝟐

−𝟏 𝟐⁄

=
𝟏
𝒎𝝓

 

• If 𝒎𝝓 ≪ 𝑯𝑰, insufficient time to 
relax (slow-rolling). 

• A non-zero VEV of the scalar 
field is building up. 

V(ϕ) 

ϕ 
ϕmin 

Quantum 
Jump 

Can’t 
Roll Down 
Classically 

Bunch, Davies (1978);  
Linde (1982); 
Hawking, Moss (1982); 
Starobinsky (1982); 
Vilenkin, Ford (1982); 
Starobinsky, Yokoyama (1994). 
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簡報者
簡報註解
Another way to understand this is that quantum fluctuation can bring the field away from its equilibrium value.The field can then try to roll down to its minimum through classical motion, which requires a time scale about 1/m.During inflation, the relevant time scale is 1/ H which is can be much shorter than the relaxation time of the scalar.So the quantum jump keep happening but the field cannot relax classically. Therefore, a non-zero VEV of the scalar field is building up.



Stochastic Approach 
• Fokker-Planck equation: 

𝝏𝑷𝒄 𝝓,𝒕
𝝏𝒕

= −𝝏𝒋𝒄
𝝏𝝓

    where −𝒋𝒄 = 𝝏
𝝏𝝓

𝑯𝟑𝑷𝒄
𝟖𝟒𝟐

+ 𝑷𝒄
𝑯
𝒅𝑽
𝒅𝝓

 

     𝑃𝒄 𝝓, 𝒕 : probability distribution of 𝝓 
• Massless scalar, the field undergoes random walks 

        𝝓𝟎 ≡ 𝝓𝟐 ≃ 𝑯𝑰
𝟑 𝟐⁄

𝟐𝟒
𝒕 = 𝑯𝑰

𝟐𝟒
𝑵,     𝑵: number of e-folds 

• Massive case 𝑽 𝝓 = 𝟏
𝟐
𝒎𝟐𝝓𝟐: 

𝝓𝟎 ≃
𝟑
𝟖𝟒𝟐

𝑯𝑰
𝟐

𝒎
 

• For 𝑉(𝝓) = 𝝀
𝟒
𝝓𝟒:        𝝓𝟎 ≃ 𝟎.𝟑𝟑𝑯𝑰/𝝀𝟏/𝟒 

• In general,         𝑽 𝝓𝟎  ~ 𝑯𝑰
𝟒 

 

A. A. Starobinsky (1982) 
A. Vilenkin (1982) 
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簡報者
簡報註解
One can analyze this problem using the stochastic approach.To describe the probability distribution of field value, one use the diffusion equation which is the Fokker-Planck equation in this case.For massless scalar, the field basically undergoes random walks. The field value is about the Hubble parameter times square root of N of e-foldsFor massive case with m^2phi^2 potential, the equilibrium VEV is about Hubble parameter^2 / the mass.For lambda phi^4 potential, the VEV is about H / lambda to the one quarter.And, one can try for various kinds of potentials, and one will always find that the equilibrium VEV is such that the potential energy is about H^4.



Large Higgs VEV During 
Inflation 

• Higgs has a shallow potential at large scale (small 𝝀). 
• Large Higgs vacuum expectation value (VEV) during inflation. 

• For inflationary scale 𝚲𝐈 = 𝟏𝟎𝟏𝟑 𝐆𝐆𝐆, the Hubble rate 
𝑯𝑰 = 𝚲𝐈

𝟐

𝟑𝑴𝒑𝒑
~𝟏𝟎𝟏𝟑 𝐆𝐆𝐆, and 𝝀~𝟎.𝟎𝟏, the Higgs VEV after 

inflation is 
𝝓𝟎 ≃ 𝟎.𝟑𝟑𝑯𝑰/𝝀𝟏/𝟒~ 𝟏𝟎𝟏𝟑 𝐆𝐆𝐆. 

• For such a large VEV, the Higgs field can be sensitive to 
higher dimensional operators. 
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Post-Inflationary  
Higgs Field Relaxation 
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Post-inflationary 
Higgs Relaxation 

• As the inflation end, the 𝑯 drops. 
• When 𝑯 < 𝒎𝝓,𝐆𝐞𝐞, the Higgs field can relax classically  

�̈� 𝒕 + 𝟑𝑯 𝒕 �̇� 𝒕 +
𝝏𝑽eff 𝝓,𝑻 𝒕

𝝏𝝓
= 𝟎 

• 𝑽𝐆𝐞𝐞(𝝓,𝑻) is the finite temperature effective potential. 
• Higgs field oscillates with decreasing amplitude due to the 

Hubble friction 𝟑𝑯�̇� 𝒕 . 
• Relaxation time  (depending on 𝑻𝑹𝑯 and 𝜦𝑰) 

 𝒕𝐫𝐥𝐫 = 𝒕𝑹𝑯
𝟐.𝟏

𝒂𝑻𝑻𝑹𝑯𝒕𝑹𝑯

𝟒/𝟑
 if thermal mass dominates 𝑽 ≈ 𝟏

𝟐
𝜶𝑻𝟐𝑻𝟐𝝓𝟐 

 𝒕𝐫𝐥𝐫 = 𝟑.𝟎/ 𝝀𝝓𝟎       if the zero 𝑻 dominates       𝑽 ≈ 𝝀𝝓𝟒/𝟒 

• Typically during reheating or right after reheating. 
 15

 

簡報者
簡報註解
As inflation end, the expansion rate drops. When the Hubble parameter drops to below the effective mass of the Higgs field, the Higgs field is no longer in slow-rolling. It then rolls down and oscillates with decreasing amplitude due to the Hubble friction term.The relaxation time of the Higgs field depends on the form of the potential.TR ~ (Gamma_I * mpl)^1/2Tmax ~ (Lambda_I^2 * Gamma_I * mpl)^1/4



Post-inflationary 
Higgs Relaxation 

• If the thermal mass dominates,  

𝑽 𝝓,𝑻 ≈
𝟏
𝟐
𝜶𝑻𝟐𝑻𝟐𝝓𝟐 

where 𝜶𝑻 ≈ 𝝀 + 𝟎
𝟒
𝒈𝟐 + 𝟑

𝟒
𝒈′𝟐 + 𝟑𝒚𝒕𝟐 𝟏𝟐⁄ ≈ 𝟎.𝟑𝟑 at 𝝁 = 𝟏𝟎𝟏𝟑 GeV. 

• The equation of motion is approximately (assuming MD) 

�̈� 𝒕 +
𝟐
𝒕
�̇� 𝒕 + 𝜶𝑻𝟐

𝑻𝑹𝑯𝟐 𝒕𝑹𝑯
𝒕

𝝓 𝒕 = 𝟎 

• A solution: 

𝝓 𝒕 = 𝝓𝟎
𝟑
𝟐

𝟐 𝟑⁄

𝜞
𝟏
𝟑

𝑱𝟐 𝟑⁄
𝟒𝜶𝑻𝜷
𝟑

𝒙𝟑 𝟒⁄ 𝟏
𝜶𝑻𝜷 𝟐 𝟑⁄ 𝒙

 

where 𝜷 = 𝑻𝑹𝑯𝒕𝑹𝑯, 𝒙 = 𝒕/𝒕𝑹𝑯, and 𝑱𝒏(𝒛) is the Bessel function of 
the first kind.  

M. Kawasaki, A. Kusenko, L. Pearce, 
LY,  Phys. Rev. D 95, 103006 (2017). 
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簡報者
簡報註解
In the case that the Higgs field thermalize fast enough, the thermal mass term, T^2 phi^2,  dominates.One can obtain the analytical solution of the evolution of the Higgs VEV, which is basically some form of the Bessel function of the first kind with n=2/3.



Post-inflationary 
Higgs Relaxation 

 
 

• What can this do for us? 
• Breaks time reversal symmetry,  

and provides the out of thermal equilibrium condition. 
• An important epoch for the matter-antimatter asymmetry! 

 

 

Thermal mass dominated Zero T potential dominated 
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簡報者
簡報註解
And, so here shows two typical time evolutions of the Higgs field after the inflation.This decay breaks time reversal symmetry and can lead to interesting physics.So it can be an important epoch for generating the matter-antimatter asymmetry.(Blue: Numerical solution Yellow: Approximate solution)



Initial Conditions for the 
Higgs field 

 Initial Condition 1 (IC-1): 
 A metastable Planckian 

vacuum due to higher 
dimensional operators 

𝒪~
𝟏
𝑴𝟐 𝝓

𝟑,
𝟏
𝑴𝟒 𝝓

𝟖,
𝟏
𝑴𝟑 𝝓

𝟏𝟎 

 Higgs field trapped in a 
metastable vacuum during 
inflation 

 Reheating destabilize the 
metastable vacuum via 

𝜹𝑽~𝑻𝟐𝝓𝟐 
and the Higgs VEV relaxes 

18
 

V(ϕ) 

ϕ 

Second Min. 

Trapped 

𝐻4 

V(ϕ) 

ϕ 

Thermal  
correction 

Reheating 

簡報者
簡報註解
Before we talk about leptogenesis, let’s discuss two more possible initial conditions of the Higgs VEV:IC-1:�Higgs field might be trapped in a metastable vacuum at large scale during inflation.�Since the electroweak vacuum is not complete stable due to the Planckian vacuum, we can imaging there are higher dimensional operators which can lift the Planckian vacuum to stabilize the EW vacuum. If such an operator doesn't completely remove the Planckian minimum but make it a local minimum, then the Higgs field will trap in this Planckian local minimum until the end of inflation.�Then when reheating starts, the thermal correction (which is proportional to T^2*phi^2) then destabilize the Planckian vacuum. The Higgs field can then relax to the its central minimum.



Initial Conditions for the 
Higgs field 

 Initial Condition 2 (IC-2): 
 Inflaton VEV induced mass 

 term to the Higgs via 
𝒪 = 𝑰𝒏𝝓𝒎/𝚲𝐬+𝐦−𝟒 

 Large 𝑰  during early stage  
of inflation 

 Large Higgs mass and  
suppressing quantum  
fluctuation 

 In the last 𝑁𝐥𝐥𝐬𝐥 e-fold of inflation, 𝑰  decreases  
and Higgs becomes massless with  

𝝓𝟎 =
𝑯 𝑵𝐥𝐥𝐬𝐥

𝟐𝟒
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ϕ 

Quantum jumps 

𝜙2 ~0 

Early stage of inflation 

𝐻4 

Rolls down 
classically 

V(ϕ) 

ϕ 

Last N e-folds of inflation V(ϕ) 

𝜙2  starts to grow 

𝐻4 

ϕ 
𝜙2 = 𝐻𝐼2𝑁/4𝜋2 

End of inflation V(ϕ) 

簡報者
簡報註解
2. IC-2:�Another possible initial condition is that the Higgs field can also have interaction with the inflaton.Such operator can contribute an effective mass term to the Higgs. During early stage of the inflation, inflaton can has large VEV which effectively makes the Higgs field very massive and, hence, suppress the quantum fluctuation of the Higgs field. Later on, as the inflaton VEV decreases, the Higgs field becomes lighter compared to the Hubble parameter allowing the Higgs VEV to develop. In this case, the final Higgs VEV is determined by the time when it becomes massless, and is proportional to the number of e-fold of inflation that the Higgs field is massless.



Leptogenesis via the 
Relaxation of the  
Higgs Field 

II 
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簡報者
簡報註解
So now let’s talk about the leptogenesis



Sakharov Conditions 

Successfully Leptogenesis requires: 
1. Deviation from thermal equilibrium 

 Post-inflationary Higgs relaxation 
2.  𝑪 and 𝑪𝑷 violations 

 𝑪𝑷 phase in the quark sector (not enough), 
higher dimensional operator, … 

3. Lepton number violation 
 Right-handed Majorana neutrino, others … 

Andrei D. Sakharov (1967) 
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簡報者
簡報註解
The three Sakharov conditions for a successful leptogenesis model are



Effective Operator 
• CP violation: Consider the effective operator: 

𝓞𝟑 = −
𝟏
𝚲𝒏𝟐

𝝓𝟐 𝒈𝟐𝑾𝑾�− 𝒈′𝟐𝑩𝑩� , 
𝑾 and 𝑩: 𝐒𝐒 𝟐 𝑳 and 𝐒 𝟏 𝒀 gauge fields  
    𝑾�: dual tensor of 𝑾 
    𝚲𝒏: energy scale when the operator is relevant 

• In standard model, integrating out a loop with all 6 quarks: 
 
 
 
 

• Also used by baryogenesis 
• But suppressed by small Yukawa and small 𝑪𝑷 phase 

M. E. Shaposhnikov (1987), 
M. E. Shaposhnikov (1988) 
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簡報者
簡報註解
For the source of CP violation, we consider the effective operator of this form. Which is the coupling between the Higgs field square and the WW-dual and BB-dual.Where W and B are the SU2L and U1 Y gauge field strength tensors.(Lambda_n is the energy scale when this operator becomes relevant.)This operator actually does appear in the standard model. One can obtain this by integrating out a loop with all 6 quarks like this diagram.This operator has been studied by Shaposhnikov for doing baryogenesis.But the biggest difficulty is that it is suppressed by the small Y and small CP phase in the CKM matrix.



Effective Operator 

𝓞𝟑 = −
𝟏
𝚲𝒏𝟐

𝝓𝟐 𝒈𝟐𝑾𝑾�−𝒈′𝟐𝑩𝑩�  

• Replace the SM fermions by heavy states that carry 𝐒𝐒 𝟐  
charge. 

• Scale:  𝚲𝒏 = 𝑴𝒏 mass (must not from the SM Higgs) or 
       𝚲𝒏 = 𝑻 temperature 
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簡報者
簡報註解
Therefore, we have to replace this by other heavy states that carry SU(2) charge.Depending on the model, the energy scale can be the mass of the heavy state, M_n, or the temperature T.



Effective Chemical 
Potential 

𝓞𝟑 = −
𝟏
𝚲𝒏𝟐

𝝓𝟐 𝒈𝟐𝑾𝑾�−𝒈′𝟐𝑩𝑩�  

• Using electroweak anomaly equation, we have 
𝓞𝟑 = −

𝟏
𝚲𝒏𝟐

𝝓 𝟐𝝏𝝁𝒋𝑩+𝑳
𝝁 , 

where 𝒋𝑩+𝑳
𝝁  is the 𝑩 + 𝑳 fermion current. 

• Integration by part: 
𝓞𝟑 =

𝟏
𝚲𝒏𝟐

𝝏𝝁 𝝓 𝟐 𝒋𝑩+𝑳
𝝁  

• Similar to the one use by spontaneous baryogenesis. 
• Breaks CPT spontaneously while 𝝓 is changing! 
• Sakharov’s conditions doesn’t have to be satisfied 

explicitly in this form. 

Dine et. al. (1991) 
Cohen, Kaplan, Nelson (1991) 
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簡報者
簡報註解
If one has this kind of operator, then one can replace the gauge fields by the divergent of the B+L fermion current using the electroweak anomaly equation.Then doing an integration by part, one can bring the derivative from the B+L current onto the Higgs field square.So this operator can produce net lepton asymmetry without satisfying the 2nd Sakharov condition explicitly in this form.



Effective Chemical 
Potential 

𝓞𝟑 =
𝟏
𝚲𝒏𝟐

𝝏𝝁 𝝓 𝟐 𝒋𝑩+𝑳
𝝁  

• Effective chemical potential for baryon and lepton number: 

𝝁eff =
𝟏
𝚲𝒏𝟐

𝝏𝒕 𝝓 𝟐 

• Shifts the energy levels between fermions and anti-fermions 
while Higgs is rolling down (�̇� ≠ 𝟎). 
 
 
 
 

• Produce more lepton than antilepton in the present of L 
violating process. 

𝑙 ,̅ 𝑞� 

𝑙, 𝑞 

V(ϕ) 

ϕ 

Scalar VEV 
    Rolls Down 

Reheating 

Leads to 
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簡報者
簡報註解
In the case that the Higgs field is homogeneous, this operator provides an effective chemical potential for the baryon and lepton number.While the Higgs field is rolling down, It can shift the energy levels between fermion and anti-fermion. The system can favor the production of antilepton over lepton in the present of lepton number violating process. So a net lepton asymmetry can be produced.



Lepton Number Violation 

Last ingredient: 
 Right-handed neutrino 𝑵𝑹 with Majorana mass term 𝑴𝑹. 
The processes for  𝚫𝚫 = 𝟐: 

• 𝝂𝑳𝒉𝟎 ↔ 𝝂𝑳𝒉𝟎 

• 𝝂𝑳𝝂𝑳 ↔ 𝒉𝟎𝒉𝟎 

• 𝝂𝑳𝝂𝑳 ↔ 𝒉𝟎𝒉𝟎 
For 𝒎𝝂~𝟎.𝟏 eV,  

𝝈𝑹~
𝚺𝒊𝒎𝝂,𝒊

𝟐

𝟏𝟑𝟒𝒗𝑬𝑾𝟐
~𝟏𝟎−𝟑𝟏 GeV −𝟐. 

 
 

26
 LY, L. Pearce, A. Kusenko,  Phys. Rev. D 92, 043506 (2015). 

簡報者
簡報註解
The scattering between the Higgs field and neutrino via the exchange of right-handed neutrino can then violates the lepton number by 2 units.



Evolution of Lepton 
Asymmetry 

𝚲𝐈 = 𝟏.𝟏 × 𝟏𝟎𝟏𝟑 GeV,  

𝚪𝑰 = 𝟏𝟎𝟖 GeV,  

𝑻𝑹𝑯 = 𝟏 × 𝟏𝟎𝟏𝟐 GeV, 

 𝝓𝟎 = 𝟑 × 𝟏𝟎𝟏𝟑 GeV. 

For 𝝁eff  ∝ 𝑴𝒏
−𝟐 case,  

𝑴𝒏 = 𝟏 × 𝟏𝟎𝟏𝟐 GeV. 

Could be the origin of matter-antimatter asymmetry! 

Boltzman equation:      𝒏�̇� + 𝟑𝑯𝒏𝑳 ≈ − 𝟐
𝟒𝟐
𝑻𝟑𝝈𝑹 𝒏𝑳 −

𝟐
𝟒𝟐
𝝁𝐆𝐞𝐞𝑻𝟐  

Final lepton asymmetry: 𝒀 = 𝒏𝑳
𝒔
≈ 𝟎𝟎𝝈𝑹

𝟒𝟑𝒈∗𝑺

𝝓𝟎
𝚲𝐬

𝟐 𝟑𝒛𝟎𝑻𝑹𝑯
𝟒𝜶𝑻𝒕𝑹𝑯

𝐆𝐫𝐞 − 𝟖+ 𝟏𝟏
𝟒𝟐

𝝈𝑹𝑻𝑹𝑯𝟑 𝒕𝑹𝑯  
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簡報者
簡報註解
Then one can describe the evolution of the lepton asymmetry by Boltzman equation.We also have an analytical approximation of the final lepton asymmetry. One important thing is that it is proportional to the square of the initial HiggsVEV.Here I show the plot of the evolution of the lepton asymmetry.1. Most of the lepton asymmetry was made during the first swing of the Higgs field. 2. Then there is partial washout and dilution due to the entropy production from the decay of inflaton.3. The asymmetry then approach constant as the universe enter radiation domination region.4. The model is able to make about 10^-10 final asymmetry that we observe in the end.So this could be the origin of matter …



Leptogenesis via other 
scalar fields 

• Elementary Goldstone Higgs (EGH) 𝝈  
• H. Gertov, L. Pearce, F. Sannino, and LY 

Phys. Rev. D 93, 115042 (2016), arXiv:1601.07753 [hep-ph] 
• Axion 𝒂 

• A. Kusenko, K. Schmitz, T. Yanagida, PRL 115, 011302 (2015) 
• Pseudoscalar 𝑺 

𝓛 ⊃ 𝝀�𝜸
𝜶

𝟏𝟐𝟒𝒗𝑬𝑾
𝑺𝑭𝝁𝝂𝑭�𝝁𝝂 

• Sign of 𝑺 determines the sign of baryon asymmetry 
• Domain wall ← Fixed by large correlation length 
• Anthropic principle -> inside one domain 
• A. Kusenko, L. Pearce, and LY 

Phys. Rev. D 93, 115005 (2016), arXiv:1604.02382 [hep-ph]. 
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簡報者
簡報註解
Beside the SM Higgs, one can also extend this idea to other scalar fields. In one of my work with Helene, Lauren, Francesco, we consider the elementary goldstone higgs framework, where the EW scale is not fundamental but generated radiatively. We found the parameter space is much larger since the shape of the potential is disentangled from the VEV of the SM Higgs.One can use the axion in which the FF-dual coupling appears naturally. This has been done by Alex, Yanagida, and Schmitz.Or, one can consider other pseudo scalar that has this derivative coupling.Note that in the pseudosalar cases, the initial sign of the scalar can affect the sign of final baryon asymmetry. So it will form domain of different sign of baryon asymmetry, and can cause the domain wall problem. Nevertheless, one can fix this by having a large correlation length of the scalar field during inflationAnd by anthropic principle, one can require that our universe to be sited inside one of this domain.



Leptogenesis via 
Neutrino Production 

• Evolving background scalar field creates particles provided 
that the particle couples to the scalar fields 

• Non-perturbative production 
• Time-dependent background  mixes positive and 

negative frequency solutions. 
• Neutrino production via Higgs relaxation 

ℒ = −𝒀𝒊𝒋𝒆 𝑳�𝒊𝚽𝒆𝑹
𝒋 − 𝒀𝒊𝒋𝝂 𝑳�𝒊𝚽�𝑵𝑹

𝒋 −
𝟏
𝟐
𝑴𝒊𝒋𝑵�𝑹𝒊 𝑵𝑹

𝒋 + 𝒉. 𝒄. 

• With effective chemical potential and Majorana mass term, 
the system favors production of neutrinos over antineutrinos. 

• Work better at low reheat temperature ( 𝑻𝑹𝑯~ 𝚪𝐈𝒎𝒑𝒑 )  
-> less dilution by entropy production of inflaton decay. 

L. Pearce, LY,  
A. Kusenko, M. Peloso,  
PRD 92, 023509 (2015) 
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簡報者
簡報註解
For completeness, I should mention thatOne can also generate the lepton asymmetry via non-perturbative neutrino production during the Higgs relaxation.An evolving background scalar field coupled to quantum fields can generate the particles from vacuum. You can understand this as that the initial vacuum is not the vacuum at a later time.Or, more precisely, the time-dependent background mixes the positive and negative frequency solutions.So the initially diagonal Hamiltonian is not diagonal at later time.In the case of Higgs relaxation, it can produce all the particles that coupled to it, including neutrinos (assuming the seesaw mechanism).With the same ingredients that we discussed, this production mechanism can also generate a net lepton asymmetry of neutrinos.



Cosmic Infrared Background 
Radiation Excess 

III 
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簡報者
簡報註解
Let me switch gear and talk about the cosmic infrared background radiation excess.



Cosmic Infrared Background 
(CIB) Radiation 

• CIB: IR part of extragalactic background light 
• from galaxies at all redshifts 
• Difficult to determine absolute intensity (isotropic flux) due 

to foreground signal, galactic components, and zodiacal light. 
• More focus on the anisotropies (spatial fluctuation) of CIB 

31
 CIB (spatial) fluctuations observed by Spitzer space telescope 

簡報者
簡報註解
CIB is the IR part of extragalactic background, which contains radiation from galaxies at all redshifts through out the entire cosmic history.The absolute intensity of CIB is difficult to be determined because there is a large uncertainty associated with the foreground signal, Galacticcomponents, and zodiacal light.Thus, recent measurements focus on the anisotropies (spatial fluctuation) of CIB, which provides information on the early structureformation.This image is a typical CIB fluctuation with all the foreground stars and galaxies being. masked out(The upper image is an IR view taken by the Spitzer space telescope. The blue dots are foreground stars and fainter galaxies. The lower picture is the same image but with those stars and galaxies being masked out. And, one can see the remaining CIB fluctuation)



Excess in  
the CIB fluctuations 

• Excess found in near-IR (𝟏 − 𝟏𝟎 𝝁𝒎) at 𝜽 = 𝟑 − 𝟑𝟎 arcmins scale. 

• Not from known galaxy populations at 𝒛 < 𝟑 

• Most possible: First stars (population III stars, metal-free) at 
𝒛 ≳ 𝟏𝟎 in 𝟏𝟎𝟑 𝑴⊙ minihalos 

• But: Needs too large star formation efficiency and/or radiation 
efficiency due to insufficient stars forming at 𝒛 = 𝟏𝟎. 

 

32
 

Helgason et al.,  
MNRAS 455, 282 (2015) 
Kashlinsky et al. 
ApJ 804, 99 (2015) 

Spitzer 

AKARI 

簡報者
簡報註解
Observation of CIB from AKARI and Spitzer space telescopes have found a consistent excess at about arcminute scales.So far they don’t seem to come from known galaxy populations at low redshift.The most plausible sources are the first stars forming at redshift z = 10, which is also known as the population III stars.*The origin of this excess has not been identified but one plausible source is the first stars forming at redshift z = 10, which is also known as the population III stars.However, in order to explain the excess by the population III stars, one will need abnormally large star formation efficiency or radiation efficiency to produce the required CIB flux.Angular scale: 3 – 30 arcmin (5 arcmin ~ 0.45 Mpc^-1 ~ 13 Mpc)�NIR Spectrum: 1 – 10 micron



CIB fluctuation from 
population III stars 
• CIB fluctuation: 𝜹𝑭𝐂𝐈𝐂 ≈ 𝟎.𝟎𝟎 nWm−𝟐sr−𝟏 (𝟐 − 𝟏𝝁m at 5′) 
• Matter density fluctuation at 𝟏 arcmins scale:  Δ𝟏′ ≈ 𝟏𝟎𝟏 

• Inferred isotropic flux: 𝑭𝐂𝐈𝐂 ≈ 𝜹𝑭𝐂𝐈𝐂 Δ𝟏′⁄ = 𝟏 nWm−𝟐sr−𝟏 

• CIB flux from first stars (population III)  
𝑭𝑭𝑺 =

𝒄
𝟒𝟒

 𝝐 𝝆𝑩 𝒄𝟐 𝒇𝐡𝐥𝐥𝐥 𝒇∗ 𝒛𝐆𝐞𝐞−𝟏  
𝒇𝐡𝐥𝐥𝐥: mass fraction of the universe inside collapsed halos 
   𝒇∗ : the star formation efficiency 
     𝝐 : radiation efficiency 

• To explain the CIB fluctuation by first stars forming: 
𝒇𝐡𝐥𝐥𝐥 ≈ 𝟎.𝟏𝟑

𝟎.𝟎𝟎𝟎
𝝐

𝟏𝟎−𝟑

𝒇∗
𝑭𝑭𝑺
𝑭𝑪𝑰𝑩

 

• Difficult to reach with only adiabatic density perturbation from 
usual inflation. 

• Solution: isocurvature perturbation in the small spatial scale 33
 

簡報者
簡報註解
The IR flux generated by first star forming can be determined by several factors including the baryon mass density of the universe, mass fraction inside collapsed halos, star formation efficiency, and radiation efficiency.In order to explain the CIB fluctuation by first stars with reasonable values of parameters, we needs the f_halo to be above 0.16.This is difficult to reach by the LCDM model with the adiabatic density perturbation from inflation.In what follows, we will consider a solution provided by the relaxation leptogenesis using the baryonic isocurvature perturbation.



Large vs Small scale 
density perturbation 

34
 

~106 𝑀⊙ minihalos 
Isocurvature perturbation 
due to relaxation 
leptogenesis 

Large scale fluctuation in CIB due to the 
adiabatic perturbation from inflaton 

𝜃 ~ 5′ 

𝛥5′ ≈ 10𝟏 

• Increasing the 
density contrast 𝜹𝑩 
in small scale 
increase the number 
of collapse halos 
𝒇𝐡𝐥𝐥𝐥 

簡報者
簡報註解
This carton shows the basic idea of this model.The large scale fluctuation is still due to the adiabatic perturbation from the inflaton and is seen by the CIB as a fluctuation at arcmin scale.For the small scale perturbation, we add additional baryonic isocurvature perturbation allowing 10^6 solar mass minihalos to collapse earlier and form more stars to emit CIB.*which is responsible for the formation of 10^6 solar mass halos, one allows additional isocurvature perturbation from the relaxation leptogenesis.



Isocurvature Perturbation 
from Relaxation 
Leptogenesis 

35
 

簡報者
簡報註解
Next let me explain the generation of isocurvature perturbation in the relaxation leptogenesis model



Isocurvature 
Perturbation 
 Fluctuation of 𝝓 in each patch 

of the universe during inflation 
 Variation in baryon asymmetry 

𝜹(𝑩 − 𝑩�) through  
leptogenesis (𝒀𝑩 ∝ 𝝓𝟎

𝟐) 
 Spatial fluctuation of baryon 

asymmetry after patches 
reenter 

 Baryon asymmetry 𝜹𝒀𝑩 
→ Baryon density 𝜹𝝆𝑩 

 Produce isocurvature 
perturbation of baryon  

 No contribution to the initial 
curvature perturbation. 
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𝑉(𝜙
) 

𝜙 

𝜙′′ 𝜙 𝜙′ 

簡報者
簡報註解
The Higgs VEV that we referred to so far is the spatial average over several Hubble volumes. During inflation, quantum fluctuation in general will bring the field to slightly different values in different patch of the universe.As the inflation ends, different patch ends up with different field values and hence different baryon asymmetry.Those patches then reenter our observable universe, which results in spatial fluctuation of the baryon asymmetry.The fluctuation in baryon “asymmetry” later turn into the fluctuation  in the “density” as the universe cools down.This then produce “isocurvature” mode of perturbations because they don’t come with corresponding perturbation in the curvature, which are due to inflaton but not the Higgs.



Higgs Fluctuation during 
Inflation 

• In IC-2, the Higgs 𝝓 becomes massless in the last 𝑵𝐥𝐥𝐬𝐥 e-fold 
of inflation due to the inflaton couplings. 

• Quantum fluctuation 𝜹𝝓𝒌 ≈
𝑯𝑰
𝟐𝟒

  is produced at the scale 
smaller than the horizon scale 𝒑~𝑯−𝟏 at that time 
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𝒑 = 𝒌/𝒂 

t = 0 
𝑯𝑰 

𝒕 =
𝑵𝐥𝐥𝐬𝐥

𝑯
 

𝑯𝑰 𝑯𝑰𝐆𝐫𝐞 −𝑵𝐥𝐥𝐬𝐥  

Outside  
the horizon 

No difference from 
Minkowski space 

𝜹𝝓𝒌 ≈
𝑯𝑰

𝟐𝟒
 

Inflationary region 

Inside  
the horizon When Higgs 

becomes massless 

Physical 
momentum 

After 𝑵𝐥𝐥𝐬𝐥 e-fold 
of inflation 

簡報者
簡報註解
In IC-1, since the Higgs VEV is trapped at the meta-stable vacuum before relaxation, the fluctuation is suppressed.In IC-2, as we mentioned the Higgs field is massive at the beginning of the inflation but becomes massless in the last N e-fold of inflation. The quantum fluctuation of the Higgs appears only at the scale smaller the horizon scale at that time.



Higgs Fluctuation during 
Inflation 

• The horizon at 𝑵𝐥𝐥𝐬𝐥 before the end of inflation has a scale 𝒌𝑺 
at present 

𝒌𝑺 ≃ 𝟐𝟒𝒆−𝑵𝐥𝐥𝐬𝐥𝑯𝑰
𝑻𝑹𝑯
𝚲𝑰

𝟒 𝟑⁄ 𝒈∗𝑺
𝟏 𝟑⁄ 𝑻𝐬𝐥𝐧
𝒈∗𝑺
𝟏 𝟑⁄ 𝑻𝑹𝑯

𝑻𝐬𝐥𝐧
𝑻𝑹𝑯

 

• Power spectrum of 𝝓 

𝓟𝝓 𝒌 ≈ �
𝑯𝑰

𝟐𝟒

𝟐
for 𝒌 ≥ 𝒌𝑺

𝟎 otherwise
 

• Baryonic isocurvature perturbation for 𝒌 > 𝒌𝑺 

𝜹𝑩 𝒌 ≡
𝜹𝝆𝑩
𝝆𝑩

�
𝒌

=
𝜹𝒀𝑩
𝒀𝑩

�
𝒌

=
𝜹 𝝓𝟐

𝒌
𝝓𝟐 ≈ 𝟐

𝐥𝐬𝟏 𝟐⁄ 𝒌 𝒌𝑺⁄
𝑵𝐥𝐥𝐬𝐥

𝜽 𝒌 − 𝒌𝑺  
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簡報者
簡報註解
This then gives a baryonic isocurvature perturbation starting at a scale k_S



Constraints on Isocurvature 
Perturbation 

• CMB: 𝟎.𝟎𝟎𝟐 𝐌𝐞𝐜−𝟏 ≲ 𝒌 ≲ 𝟎.𝟏 𝐌𝐞𝐜−𝟏  (Limited by Silk damping) 

• Lyman-𝜶: 𝟎.𝟏 𝐌𝐞𝐜−𝟏 ≲ 𝒌 ≲ 𝟏𝟎 𝐌𝐞𝐜−𝟏 
• Allowed 𝑁 of e-folds of inflation for the Higgs field: 

𝑵𝐥𝐥𝐬𝐥 < 𝟒𝟖.𝟐 − 𝐥𝐬
𝒌∗

𝟏𝟎 𝐌𝐞𝐜−𝟏 +
𝟐
𝟑 𝐥𝐬

𝚲𝐈 
𝟏𝟎𝟏𝟑 𝐆𝐆𝐆 +

𝟏
𝟑 𝐥𝐬

𝑻𝑹𝑯
𝟏𝟎𝟏𝟐 𝐆𝐆𝐆  
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簡報者
簡報註解
For large scale, the isocurvature perturbations is constrained by CMB observation.However, CMB is limited by the Silk damping, which is the photon diffusion damping, so it can observer upto 0.1 Mpc^-1Lyman-alpha forest constraint provides information upto 10 Mpc^-1.Therefore, in order for the baryonic isocurvature perturbation to be viable, the Higgs field can only be massless for less than 48 of e-folds, which is not too bad.



• Baryon isocurvature 
perturbation only growth after 
decoupling  

• But the induced potential 
allows dark matter to grows 
faster. 

• 𝛿𝑀 becomes nonliear earlier 
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Growth of  
density  
perturbation 

• 𝛿𝐵,0 = 0.025, 𝑘𝑆 = 65 Mpc−1, 𝑁last = 46.5 

Matter power 
Spectrum 
• Contribution from relaxation 

leptogenesis model only 
appear in the small scale 

• Silk damping does not 
affect baryonic isocurvature 
perturbation. 

簡報者
簡報註解
The upper plot shows the evolution of the matter density perturbation as a function of proper time. We see the baryon density contrast stay constant before the decoupling �at the same time the gravitational potential of the baryon cluster attracts the dark matter allowing more halo to grows faster.�In the end, the density contrast of matter are able to reach nonlinear regime earlier than with only the adiabatic perturbation. The lower plot show the matter power spectrum with and without the baryonic isocurvature perturbation from our leptogenesis model. Notice that the contribution only appears in the small scale which is not constrained by the Lyman-alpha forest observation.



 Solid lines: Isocurvature 
perturbations from 𝑘𝑆 =
65 Mpc−1 

 Dashed lines: with only 
adiabatic perturbation 

 Dash-dot line: 𝛿𝑐 = 1.686 

 Halos with 106 𝑀⊙ collapsed 
by 𝑧 = 10. 
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Variance of the  
density contrast 

Mass fraction in  
collapsed halos 
 Solid lines: 106 𝑀⊙ halos 

• Reach 𝑓halo = 0.16 by 
𝑧 = 10 for 𝑘𝑆 = 65 Mpc−1 

 Dashed lines: 108 𝑀⊙ halos 
unchanged 

 Can explain the CIB fluctuation excess! 

108 𝑀⊙ 

106 𝑀⊙ 

簡報者
簡報註解
The upper plot shows the variance of the density contrast of matter.The solid lines indicate the case with isocurvature mode turned on from scale smaller than 65 Mpc^-1.The dashed lines shows the case with only adiabatic perturbation from usual inflation model.The horizon dash-dot line indicates the non-linear regime of the perturbation above which structure collapses rapidly.We see the halos with 10^6 solar mass reach the non-linear regime at redshift z = 10 so structure form.We also see that the adiabatic case do not have enough structure formation at z = 10.The lower plot shows the mass fraction of the universe inside the collapsed halos.Solid lines are for 10^6 solar mass halos; dashed lines are for 10^8 solar.To explain the CIB, we need f_halo reach ~ 0.16 by z = 10. We see the case with isocurvature for k_s = 65 Mpc^-1 reaches this value by z = 10.Again, the case with only adiabatic perturbation have much less collapsed halos which is why it is difficult to explain the CIB if only consider the usual inflation model.Notice that 10^8 solar mass halos are not affected by the leptogenesis too much. So the large scale structure doesn’t change.Therefore, this the relaxation leptogenesis mechanism can be the solution to the CIB excess problem.



Summary 
• Our universe seems to be right in a meta-stable vacuum. 
• The quartic coupling of the Higgs potential  become very 

small giving a shallow potential. 
• Higgs can obtain a large vacuum expectation during inflation. 
• The relaxation of the Higgs VEV happens during reheating. 
• Higgs relaxation provides the out of thermal equilibrium 

condition and breaks T invariant. 
• Leptogenesis via the Higgs relaxation is possible. 
• Isocurvature perturbation generated by the relaxation 

leptogenesis might explain the CIB fluctuation excess. 
• Higgs relaxation is an interesting epoch in the early universe. 

Thanks for your listening! 42
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Generating the 𝓞𝟑 
Operator 

Explicit Fermonic Model: 
• Fields:  

 𝑛 ≥ 3 Dirac spinors 𝜓1𝑖 (both left and right): SU(2) doublet, 
hypercharge -1/2.  

 A Dirac spinor 𝜓2 (both left and right): SU(2) singlet, 
hypercharge -1. 

 Higgs field Φ: SU(2) doublet, hypercharge 1/2. 
Where 𝑌𝑊 = 𝑄 − 𝑇3. 

• Lagrangian: 

LY, Pearce, Kusenko 
Phys. Rev. D92 (2015) 
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• Final lepton asymmetry (lepton-number-to-entropy ration), log(𝒀 = 𝒏𝑳 𝒔⁄ ). 

• IC-2 with Λ𝑛 = 𝑀𝑛, Λ𝐼 = 5 × 1016 GeV (left) and Λ𝐼 = 1015 GeV (right). 

• Fix 𝑀𝑅 = 5𝑇𝑚𝑚𝑚 to suppress right-handed neutrino 45
 

Parameter Space for Higgs Relaxation Leptogenesis 



• Final lepton asymmetry (lepton-number-to-entropy ration), log(𝒀 = 𝒏𝑳 𝒔⁄ ). 

• IC-2 with Λ𝑛 = 𝑇 

• Fix 𝑀𝑅 = 5𝑇𝑚𝑚𝑚 to suppress right-handed neutrino 46
 

Parameter Space for Higgs Relaxation Leptogenesis 



What is Zodiacal light? 

Faint and diffuse triangle shape light 
seen in the night sky that appears 
along the zodiac.  They come from 
sunlight scattered by space dust in 
the zodiacal cloud. 
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Elementary Goldstone 
Higgs (EGH) Model 
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H. Gertov, L. Pearce,  
F. Sannino, LY,   
PRD 93, 115042 (2016) 



Pseudoscalar Model 

49
 

A. Kusenko, L. Pearce, 
LY,  Phys. Rev. D 93, 
115005 (2016) 

• A pseudoscalar with the 
interaction 

𝑺
𝑴
𝑭𝑭� 



Solution to the missing 
satellite problem 
• Including baryonic feedback may be able to solve both the 

too-big-to-fail problem and the missing satellite problem 
[Brooks:2012ah].   

• This mechanism extends tidal stripping of baryonic matter 
from subhalos by the dark matter halo of the massive galaxy 
[Strigari:2007ma] to include the stripping of baryons in the 
subhalo by the baryonic disk of the massive galaxy 
[Brooks:2012ah].   

• Since structure formation in the early universe proceeds 
from small scales to large scales, however, this disruption of 
the baryonic matter in smaller halos orbiting larger galaxies 
would not occur until later times, after the 106𝑀⊙ halos have 
collapsed and formed stars at z=10.  Therefore, this solution 
to the too-bit-to-fail and missing satellite problems does not 
affect our conclusions above regarding early star formation 
and the CIB. 50

 

Brooks:2012ah 
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