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Outlines
uWhy	strong	1st electroweak	phase	transition?

u SM	failed	->	Our	model	
(two	Higgs	doublets	+	one	real	singlet	scalar	DM)
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• Tree	level	potential	at	T=0

• One-loop	finite	temperature	effective	potential

Dark	matter	phenomelogy

EWPT



Higgs at High Temperatures
At finite temperature, the higgs potential receives new 
contribution from its interaction with the plasma. Many reviews, e.g.  

Quiros hep-ph/9901312

At high temperature, the higgs is stabilized at the origin.

    → The early universe was SU(2) symmetric!
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v ' 246 GeV

Mh ' 125 GeV
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Measured Directly: 

For	“Higgs”	itself,	what	we’ve	learned	is	very	little	…
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We	have	known
small,	quadratic	oscillation

This	is	a	crucial	question	to	be	clarified	as	it	is	related	to	explain	the	
baryon	anti-baryon	asymmetry	originating	from	the	early	Universe.

EWSB	broken,	the	Higgs	
field	acquires	VEV.

T=0
categorized	if	or	not	there	
is	degenerate	vacuum.

second	orderfirst	order

OR

ü What is the dynamics of this transition? First-order (”boiling”) 
or second-order (”quasi- adiabatic”) transition? Cross-over? 

Higgs at High Temperatures
At finite temperature, the higgs potential receives new 
contribution from its interaction with the plasma. Many reviews, e.g.  

Quiros hep-ph/9901312

At high temperature, the higgs is stabilized at the origin.

    → The early universe was SU(2) symmetric!
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The	Higgs	is	stabilized	
at	the	origin.	

→	The	early	universe	was	
SU(2)	symmetric!



Conditions	for	Baryogenesis
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Scenarios for baryogenesis: classical GUT baryogenesis, leptogenesis,
electroweak baryogenesis, Affleck-Dine baryogenesis (scalar field dynamics).
How can the different scenarios be falsified?

Theory of baryogenesis depends crucially on nonperturbative properties of
standard model,

• electroweak phase transition: ‘symmetry restoration’ at high
temperatures, T > TEW ∼ 100 GeV, smooth transition for large Higgs
masses, mH > mc

H ≃ 72 GeV (LEP bound mH > 114 GeV).

• sphaleron processes: relate baryon and lepton number at high
temperatures, only B − L conserved; detailed analytical and numerical
studies have led to consistent picture for high-temperature phase; B −L
violating processes in thermal equilibrium for T > TEW .

3

BBN / Planck determination of η10

Planck

Incorporating ωb from
arXiv:1303.5076
(Planck 2013
Cosmological
Parameters)

J.Cline, McGill U. – p. 4

v Baryogenesis:	dynamically	generating	baryon-antibaryon	
number	asymmetry	when	three	necessary	conditions	are	satisfied	

Sakharov’s	conditions

1) baryon	number	violation

2) C	and	CP	violation

3) departure	from	thermal	equilibrium

May 22, 2015, Theory Seminar, University of Toyama,  Teppei KITAHARA - KEK /45

Sakharov’s 3 conditions

The following 3 necessary conditions are required for the 
Baryogenesis

i)   Baryon number violating process

ii)  Violation of C and CP symmetries

iii) Out of thermal equilibrium

SM is satisfied the conditions (i) and (ii)
(i) Anomalous process (sphaleron), Next Slide

(ii) SM dose not have C symmetry, SM has CKM matrix

[Sakharov,  ’67] 
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ü Quark	CKM	matrix	(but	insufficient)

ü Chiral	anomaly	and	non-trivial	SU(2)	topology	(sphaleron)

fulfilled	by	a	1st order	phase	transition	involved	with	EWSB

The problem of baryogenesis

I Observed BAU:
nB

s
⇠ 10

�10.

I Assume BAU as initial condition of Universe?
Inflation & sphaleron processes would wash out the initial
asymmetry.

I Baryogenesis ) Sakharov conditions:
• B number violation;

X chiral anomaly and non-trivial SU(2) topology;
• C/CP violation;

X CKM matrix;

• thermodynamical non-equilibrium.
Xexpansion of Universe;
XEW phase transition;

G. C. Dorsch EWBG after LHC8 What NExT? 2 / 19
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EWBG
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(B+L) transition

sphaleron rates (/time/volume):

Energy

sphaleron

instanton

Ncs0-1 1

Esph

[N.S. Manton, PRD28 (’83) 2019]

(B+L) current is violated by the quantum anomaly. But (B-L) is conserved.

broken phase : �(b)
sph � T 4e�Esph/T ,

symmetric phase : �(s)
sph � �(�W T )4, �W = g2

2/(4�), � = O(1)

�instanton � e�2Sinstanton = e�16�2/g2
2 � 10�162.

thermal activation

tunneling

Tunneling probability:

(B+L)-violating process is active at finite T but is suppressed at T=0.

unobservable!

NCS(t) =
1

32�2

�
d3x �ijk

�
g2
2Tr

�
FijAk �

2
3
g2AiAjAk

�
� g2

1BijBk

�

1 gen., 0 � uLdLdL�eLe.g.

Ng gen., 0 �
Ng�

i=1

(3qi
L + liL)

Δ(B+L)≠0
low T: tunneling 
high T: thermal activation

left-handed fermion only

		Electroweak	Baryogenesis�
Sakharov’s	condi1ons:	
		B	Viola1on																																��Sphaleron	transi1on	at	high	T	
		C	and	CP	Viola1on																			��CP	Phases	in	extended	scalar	sector			
		Departure	from	Equilibrium		��1st	Order	EW	Phase	Transi1on	

Quick	sphaleron	decoupling	is	required	
to	retain	sufficient	baryon	number	in	
Broken	Phase	
		

���
(Sphaleron	Rate)	<		(Expansion	Rate)	

𝐸sph ∝	< 𝜑 >

To	avoid	the	B#asym be	wahsed out,	the	sphaleron
process	must	be	decoupled after	the	EWPT.	

Sphalerons produce	net	baryon	number in	
the	regions	of	unbroken	phase	

Sphaleron energy	

1st phase	transition

Electroweak baryogenesis in SM

I B-number violating processes suppressed at T = 0...

Probability ⇠ e�16⇡2/g2 ⇠ 10

�162

I ...but there is a threshold T ⇤ . Tc ⇠ (EW scale) above which the
rate of B violation � Universe’s expansion.

I If T > T ⇤ after EW phase
transition, the generated
asymmetry is washed out.

I Successful baryogenesis requires a
strong first order phase transition:

vc
Tc

& 1.

CP

χ
R

χ
L
     +  

χ
L

Sphaleron

B

Bubble Wall

<φ> = 0 <φ> = 0

Sphaleron

Morrissey, Ramsey-Musolf
[arXiv:1206.2942]
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Electroweak Baryogenesis

bubble wall

moving with 
speed vb

Sphaleron

SM process that can 
convert chiral asymmetry 

to Baryon asymmetry 

Sphaleron

strongly suppressed in 
SU(2) broken phase
Γsph ~ Exp(A h/T)

say the electroweak phase transition was strongly 1st order....

True Vacuum
〈h〉 = vc

False Vacuum
〈h〉 = 0

T ≅ Tc ~ 100 GeV
11
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Baryon Number Generation

! Baryon number violating processes out of equilibrium in the broken phase if 
phase transition is sufficiently strongly first order.

                  
     Cohen, Kaplan and Nelson, hep-ph/9302210; A. Riotto, M. Trodden, hep-ph/9901362;                    

Carena, Quiros, Riotto, Moreno, Vilja, Seco, C.W.’97--’03, 

       Konstantin, Huber, Schmidt,Prokopec’00--’06 

       Cirigliano, Profumo, Ramsey-Musolf’05--06 

Baryon Number Generation

! Baryon number violating processes out of equilibrium in the broken phase if 
phase transition is sufficiently strongly first order.

                  
     Cohen, Kaplan and Nelson, hep-ph/9302210; A. Riotto, M. Trodden, hep-ph/9901362;                    

Carena, Quiros, Riotto, Moreno, Vilja, Seco, C.W.’97--’03, 

       Konstantin, Huber, Schmidt,Prokopec’00--’06 

       Cirigliano, Profumo, Ramsey-Musolf’05--06 

< 𝜑 >≠ 0

More on 

❒ sphaleron energy gives the dominant effect.

v

T
>

g2

4�E

�
42.97 + log corrections

�
Esph = 4�vE/g2 (g2: SU(2) gauge coupling),

After the EWPT, the sphaleron process must be decoupled.

�(b)
B (T ) � (prefactor)e�Esph/T < H(T ) � 1.66

�
g�T

2/mP

❒ log corrections are subleading.
❒ Commonly, the sphaleron decoupling condition is evaluated at a 
critical temperature (Tc.).

g� massless dof, 106.75 (SM) mP Planck mass ≃ 1.22x1019 GeV

�(b)
B < H



Condi1on	of	Strong	1st	OPT	(φc/Tc	>	1)�

���

EWBG	was	ruled	out	in	the	SM�

�		mh	<<	125	GeV�

Mu1-Higgs	models	can	sa1sfy	the	condi1on�

In	order	to	sa1sfy	φc/Tc	>1	with	mh=125GeV,		
Extension	of	the	Higgs	sector	is	necessary		�

Finite	Temperature	Poten1al�

Thermal	loop	effect	by	addi1onal	Higgs	boson�

Contradic1on	with	LHC	results�

6

Electroweak Phase Transition

Higgs Potential Evolution in the case of a first order 

Phase Transition

EWPT	in	the	SM
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�		mh	<<	125	GeV�

Mu1-Higgs	models	can	sa1sfy	the	condi1on�

In	order	to	sa1sfy	φc/Tc	>1	with	mh=125GeV,		
Extension	of	the	Higgs	sector	is	necessary		�

Finite	Temperature	Poten1al�

Thermal	loop	effect	by	addi1onal	Higgs	boson�

Contradic1on	with	LHC	results�

In order to accomplish the 
strong 1st EWPT, the Higgs 
sector needs to be extended.

�c =
2ETc

�T (Tc)

It turned out that the SM EWBG was ruled out.

■ KM phase is too small to generate the observed BAU. 
[Gavela et al, NPB430,382 (’94); Huet and Sather, PRD51,379 (’95).]

-> New Physics is required.

SM EWBG

■ EWPT is a crossover for mH>73 GeV.
[Kajantie at al, PRL77,2887 (’96); Rummukainen et al, 
NPB532,283 (’98); Csikor et al, PRL82, 21 (’99); Aoki et al, 

PRD60,013001 (’99), Laine et al, NPB73,180(’99)] 
(LHC exp., mH=126GeV)

Many directions to go: SUSY models or non-SUSY models etc.

182 M. Laine, K. Ruramukainen/Nuclear Physics B (Proc. Suppl.) 73 (1999) 180-185 
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The phase diagram of the Standard Figure 1. 
Model. The non-perturbative endpoint location 
has been studied with 3d simulations in [11-14] 
and with 4d simulations in [15-18]. In perturba- 
tion theory (dotted line), the transition is always 
of the first order. 

The U(1) group has here been neglected (i.e., 
sin 2 0w = 0), since its effects are small [10]. Let 
us denote 

2 2 4 x = v = m3(g l/g3. (41 

In the 4d simulations, one studies the 
SU(2)+Higgs theory, whose Lagrangian is pre- 
cisely Eq. (3) but in 4d. 

The theory in Eq. (3) has a first order phase 
transition for small Higgs masses (small values 
of x) [7]. The transition gets weaker for larger 
Higgs masses, and ends at m H  '~' 80 GeV [11], see 
Fig. 1. Recently, the interest has been in studying 
the endpoint region in some detail. Here, pertur- 
bation theory does not work at all and the dy- 
namics is completely non-perturbative. 

The fact that  there is an endpoint, was first 
reliably demonstrated in [11,12]. The endpoint 
location was determined more precisely in [13]. 
A continuum extrapolation of the endpoint loca- 
tion was made in [14], employing improvement 

formulas derived in [19]: 

Xc = 0.0983(15), Yc = -0.0175(13). (5) 

In [14], it was also shown that  the endpoint be- 
longs to the 3d Ising universality class. 

The values in Eq. (5) can be converted to the 
endpoint locations in different 4d physical the- 
ories, using the relations derived in [8]. Some 
values are given in Table 1. The errors here rep- 
resent the errors in Eq. (5): no additional errors 
have been added from dimensional reduction. 

With 4d simulations, the endpoint location in 
the SU(2)+Higgs model has been studied at a 
fixed (symmetric) lattice spacing in [15,16], and 
with an asymmetric lattice spacing in [17,18]. 
A continuum extrapolation has been carried out 
in [18], and that  result is shown in Table 1. It 
should be noted that  the exact MS gauge cou- 
pling to which the 4d simulations correspond, is 
not known. This affects strongly the critical tem- 
perature (Tc (x m H / g ) ,  while the endpoint loca- 
tion itself is not that  sensitive. 

We can now compare the 3d and 4d results for 
SU(2)+Higgs. Clearly, they are completely com- 
patible. 

Finally, consider the effect of sin 2 6w. In 
general, the hypercharge U(1) group makes the 
transition slightly stronger, though not by very 
much [10]. Thus one might also expect that  the 
endpoint location changes to somewhat larger x 
than in Eq. (5). The infinite volume and contin- 
uum extrapolation of the endpoint location has 
not been determined with sin 2 0w = 0.23, but it 
has been determined with finite volumes in [20]. 
On a lattice with 4/(g~a) = 8 and volume = 323, 
we get 

0 0.1043(22), y0 -0.02860(99) X c ~ 

1 _ 0.1045(14), y~ -0.02125(76), (6) X c 

where (0) refers to sin20w = 0 and (1) to 
sin 20W = 0.23. Hence Xc does not appear to 
depend significantly on sin 2 0w, while Yc changes 
a bit. Assuming that  the same pattern remains 
there at the infinite volume and continuum limits, 
the endpoint location in physical units is given in 
Table 1 also for sin 2 0w = 0.23. 

Recent topics of interest, other than the end- 
point location, include the excitation spectrum 

2nd order
end point

1st order

crossover

<	1	for	mh=125 GeV

�c

Tc
' 1

3⇡m2
h

�
6m3

W + 3m2
Z +	New	Physics



BSM	considerations
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What Kinds of Models? 

A. Long  /  Dec 14, 2016  /  Workshop on CEPC 

Model References 
SM + Scalar Singlet Espinosa & Quiros, 1993; Benson, 1993; Choi & Volkas, 1993; McDonald, 

1994; Vergara, 1996; Branco, Delepine, Emmanuel-Costa, & Gonzalez, 
1998; Ham, Jeong, & Oh, 2004; Ahriche, 2007; Espinosa & Quiros, 
2007; Profumo, Ramsey-Musolf, & Shaughnessy, 2007; Noble & 
Perelstein, 2007; Espinosa, Konstandin, No, & Quiros, 2008; 
Ashoorioon & Konstandin, 2009; Das, Fox, Kumar, & Weiner, 2009; 
Espinosa, Konstandin, & Riva, 2011; Chung & AL, 2011; Wainwright, 
Profumo, & Ramsey-Musolf, 2012; Barger, Chung, AL, & Wang, 2012; 
Huang, Shu, Zhang, 2012;  Jiang, Bian, Huang, Shu, 2015; Huang & Li 
2015 

SM + Scalar Doublet Davies, Froggatt, Jenkins, & Moorhouse, 1994;  Huber, 2006; Fromme, 
Huber, & Seniuch, 2006;  Cline, Kainulainen, & Trott, 2011; Kozhushko 
& Skalozub, 2011;  

SM + Scalar Triplet Patel, Ramsey-Musolf, 2012; Patel, Ramsey-Musolf, Wise, 2013; Huang, 
Gu, Yin, Yu, Zhang 2016 

SM + Chiral Fermions Carena, Megevand, Quiros, Wagner, 2005 

MSSM Carena, Quiros, & Wagner, 1996;  Delepine, Gerard, Gonzales Felipe, & 
Weyers, 1996;  Cline & Kainulainen, 1996; Laine & Rummukainen, 1998; 
Cohen, Morrissey, & Pierce,; Carena, Nardini, Quiros, & Wagner, 2012;   

NMSSM / nMSSM / µνSSM 
 

Pietroni, 1993; Davies, Froggatt, & Moorhouse, 1995; Huber & Schmidt, 
2001; Ham, Oh, Kim, Yoo, & Son, 2004; Menon, Morrissey, & Wagner, 
2004; Funakubo, Tao, & Toyoda, 2005; Huber, Kontandin, Prokopec, & 
Schmidt, 2006; Chung, AL, 2010, Huang, Kang, Shu, Wu, Yang, 2014 

EFT-like Approach (H^6 operator) Grojean, Servant, Wells, 2005; Huang, Gu, Yin, Yu, Zhang 2015; Huang, 
Joglekar, Li, Wagner, 2015; Huang, Wan, Wang, Cai, Zhang 2016; 
Huang, Gu, Yin, Yu, Zhang 2016 

Higgs (scalar) sector extended models can achieve the EWPT easily.



2	Higgs	
portals
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Ø To	satisfy	the	existing	constraints,	the	minimal	model	is	NOT	sufficient.

Working	Model	(including	DM)

2HDM

eliminate	Higgs	
invisible	decay

produce	thermal	relics

Singlet	scalar	DM	

Nonuniveral Yukawa

Suppress	the	
DM-nucleon	
cross	section



2HDMS	model
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, , , ,

2HDM+Singlet model (2HDMS)

JHEP 1411 (2014) 105

Adding a real gauge singlet scalar S to the two-Higgs-double model (2HDM)

The full potential (defined in the general basis) in the scalar sector is

V (�1,�2, S) = m2
1�

†
1�1 +m2

2�
†
2�2 �

h
m2

12�
†
1�2 + h.c.

i

+
�1

2
(�†

1�1)
2 +

�2

2
(�†

2�2)
2 + �3(�

†
1�1)(�

†
2�2) + �4|�†

1�2|2

+


�5

2
(�†

1�2)
2 + �6(�

†
1�1)(�

†
1�2) + �7(�

†
2�2)(�

†
1�2) + h.c.

�

+
1
2
m2

0S
2 +

1
4!

�SS
4 + 1S

2(�†
1�1) + 2S

2(�†
2�2) + S2(3�

†
1�2 + h.c.)

Symmetry: Z2 ⇥ Z0
2

Z2 : �1 ! �1,�2 ! ��2

Z0
2 : �1 ! �1,�2 ! �2, S ! �S

S could be a dark matter candidate provide it does not acquire a VEV.

Yun Jiang (Niels Bohr Institute) IVDM from double Higgs portals 15 / 24

(see	more	details	for	2HDMS	model	in	Jiang	et.al.,	JHEP	(2014)	arXiv:1408.2106)
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p Add	a	real	scalar	singlet	S,	together	with	two	doublet	Higgs	fields	

Singlet	sector

Higgs	portal
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, , , ,

2HDM+Singlet model (2HDMS)

the S-dependent part (after the EWSB)

VS =
1
2
m2

SS
2 +

1
4!

�SS
4 + �hvhS

2 + �HvHS2

+ S2(�HHHH + �hHhH + �hhhh + �AAAA+ �H+H�H+H�)
(1)

where

m2
S = m2

0 + (1 cos2 � + 2 sin2 �)v2 (2)
�h = �1 sin↵ cos� + 2 cos↵ sin� (3)
�H = 1 cos↵ cos� + 2 sin↵ sin� (4)

�AA = 1
2�H+H� = 1

2 (1 sin2 � + 2 cos2 �) (5)

�hh = 1
2 (2 cos2 ↵+ 1 sin2 ↵) (6)

�HH = 1
2 (1 cos2 ↵+ 2 sin2 ↵) (7)

�hH = 1
2 (2 � 1) sin 2↵ . (8)

Remarks

NO AS2 interaction, so A cannot be a portal in this model.
The set of independent inputs:
{mS ,�h,�H ,�S} + {mh,mH ,mA,mH± , sin(� � ↵), tan�,m2

12}

Yun Jiang (Niels Bohr Institute) IVDM from double Higgs portals 16 / 24
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�H = 1 cos↵ cos� + 2 sin↵ sin� (4)

�AA = 1
2�H+H� = 1

2 (1 sin2 � + 2 cos2 �) (5)

�hh = 1
2 (2 cos2 ↵+ 1 sin2 ↵) (6)

�HH = 1
2 (1 cos2 ↵+ 2 sin2 ↵) (7)

�hH = 1
2 (2 � 1) sin 2↵ . (8)

Remarks

NO AS2 interaction, so A cannot be a portal in this model.
The set of independent inputs:
{mS ,�h,�H ,�S} + {mh,mH ,mA,mH± , sin(� � ↵), tan�,m2

12}
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2	portal	couplings

2HDMS	model	(after	EWSB)
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Phenomenology

, , , ,

Phenomenology discussion

Both h-125 and H-125 scenarios could fit very well with cosmological observation.

Fully suppressed the invisible decay for the SM-like Higgs.

Produce proper relic abundance

Direct detection

Indirection detection
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We	mainly	focus	on	the	constraints	on	the	strength	of	portal	
couplings	in	different	DM	mass	range.

low-mass resonant
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Dark matter physics
Relic abundance for Cold DM:

⌦S ' 1.07 ⇥ 109 mS/Tfp
g⇤ MPlh�annvreli GeV�1

mh ⇠ 125 GeV scenario:

1 the ratio �H
m2

H
is crucial.

2 A could be so light that SS ! AA channel
opens.

|�H | . 2.5 due to the model theoretical

constraints. =) mH has an upper bound.
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Yun	Jiang	(NBI) Dark	matter	assisted	EWPT 12

Ø Suppress	the	h-SS coupling
ØmH range	is	definite

Ø S is	heavier	than	A

Ø Isospin-violating	->	tan𝛽=1
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in	bb	mode	

DM	phenomenology
H

IVDM	via	two-Higgs-doublet	model	portals	 Jiang	et.al.,	JCAP	(2016)

H

H

crucial	in	EWPT

low-mass

Low-mass	region



, , , ,

Dark matter physics
Relic abundance for Cold DM:

⌦S ' 1.07 ⇥ 109 mS/Tfp
g⇤ MPlh�annvreli GeV�1

mh ⇠ 125 GeV scenario:

1 the ratio �H
m2

H
is crucial.

2 A could be so light that SS ! AA channel
opens.

|�H | . 2.5 due to the model theoretical

constraints. =) mH has an upper bound.

Yun Jiang (Niels Bohr Institute) IVDM from double Higgs portals 20 / 24

, , , ,

Dark matter physics
Relic abundance for Cold DM:

⌦S ' 1.07 ⇥ 109 mS/Tfp
g⇤ MPlh�annvreli GeV�1

mh ⇠ 125 GeV scenario:

1 the ratio �H
m2

H
is crucial.

2 A could be so light that SS ! AA channel
opens.

|�H | . 2.5 due to the model theoretical

constraints. =) mH has an upper bound.

Yun Jiang (Niels Bohr Institute) IVDM from double Higgs portals 20 / 24
, , , ,

Dark matter physics
Relic abundance for Cold DM:

⌦S ' 1.07 ⇥ 109 mS/Tfp
g⇤ MPlh�annvreli GeV�1

mh ⇠ 125 GeV scenario:

1 the ratio �H
m2

H
is crucial.

2 A could be so light that SS ! AA channel
opens.

|�H | . 2.5 due to the model theoretical

constraints. =) mH has an upper bound.

Yun Jiang (Niels Bohr Institute) IVDM from double Higgs portals 20 / 24
, , , ,

Dark matter physics
Relic abundance for Cold DM:

⌦S ' 1.07 ⇥ 109 mS/Tfp
g⇤ MPlh�annvreli GeV�1

mh ⇠ 125 GeV scenario:

1 the ratio �H
m2

H
is crucial.

2 A could be so light that SS ! AA channel
opens.

|�H | . 2.5 due to the model theoretical

constraints. =) mH has an upper bound.

Yun Jiang (Niels Bohr Institute) IVDM from double Higgs portals 20 / 24
, , , ,

Dark matter physics
Relic abundance for Cold DM:

⌦S ' 1.07 ⇥ 109 mS/Tfp
g⇤ MPlh�annvreli GeV�1

mh ⇠ 125 GeV scenario:

1 the ratio �H
m2

H
is crucial.

2 A could be so light that SS ! AA channel
opens.

|�H | . 2.5 due to the model theoretical

constraints. =) mH has an upper bound.

Yun Jiang (Niels Bohr Institute) IVDM from double Higgs portals 20 / 24

Yun	Jiang	(NBI) Dark	matter	assisted	EWPT 13

Ø No	constraint	on	the	h-SS	coupling
Ø It	is	also	small	in	order	to	

compensate	the	pole	effect.
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Dark matter physics
Relic abundance for Cold DM:

⌦S ' 1.07 ⇥ 109 mS/Tfp
g⇤ MPlh�annvreli GeV�1

mh ⇠ 125 GeV scenario:

1 the ratio �H
m2

H
is crucial.

2 A could be so light that SS ! AA channel
opens.

|�H | . 2.5 due to the model theoretical

constraints. =) mH has an upper bound.
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Ø No	constraint	on	the	portal couplings
Ø Excluded	by	LUX	(2016)

DM	phenomenology
Intermediate-mass	region

High-mass	region
Ø No	constraint	on	the	portal couplings
Ø Below	the	LUX	(2016)	bound

intermediate high-mass

Excluded	by	Fermi-LAT
in	bb	mode	

low-mass resonant



Finite	temperature	potential
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Ve↵ (�i, T ) = V0(�i) + VCW(�i) + VCT(�i) + Vth (�i, T ) , �i = h1, h2, S (4.2)

Here, the tree level potential V0 derived from Eq. (2.15) is evaluated at the classical value of
the physical fields 5 that are defined in Eq. (2.18)

V0(v, vS) =
1

2
Y1v

2 +
1

8
Z1v

4 +
1

2
m2

Sv
2
S +

1

24
�Sv

4
S (4.3)

The CW potential in the MS scheme and Landau gauge at 1-loop order have the form

VCW(v, vS) =
X

i

ni
m4

i (v, vS)

64⇡2



ln

✓

m2
i (v, vS)

Q2

◆

� Ci

�

(4.4)

Here, ni is the number of degrees of freedom for the i-th particle, with a minus sign for
fermionic particles. The sum i runs over the contributions from the scalars, SM fermions,
and SM vector bosons. Specifically, among the fermions we take only the top-quark into
account (nt = �12). The other fermions can be neglected due to their small masses. Among
the bosons we sum over W± (nW = 6), Z0 (nZ = 3), and the scalars including the Higgs
bosons H = {h,H, hS , A} (nH = 1), H± (nH± = 2) and the Goldstone bosons G0 (nG0 = 1)
and G± (nG± = 2). [JY: We could clearly list them in a table.] Q is a renormalization
scale which we fix to Q = v0T = 174 GeV. We take Ci = 1

2 (Ci = 3
2) for the transverse

(longitudinal) polarizations of gauge bosons [JY: also see CW = CZ = 5

6

in some
literatures], and Ci =

3
2 for all other particles. Finally, the field-dependent squared masses

m2
i are given by

m2
h,H,S = eignevalues(M2

P) (4.5)

m2
G,A = eignevalues(M2

A) (4.6)

m2
G±,H± = eignevalues(M2

±) (4.7)

with the corresponding matrices

M2
P =

0

B

@

Y1 +
3
2Z1v

2 + 1
2�hv

2
S �Y3 +

3
2Z6v

2 + 1
2�hHv2S �hvvS

Y2 +
1
2Z345v

2 + 1
2�Hv2S �hHvvS

1
3�Sv

2
S

1

C

A

(4.8)

M2
A =

 

Y1 +
1
2Z1v

2 + 1
2�hv

2
S �Y3 +

1
2Z6v

2 + 1
2�hHv2S

Y2 +
1
2 Z̄345v

2 + 1
2�Hv2S

!

(4.9)

M2
± =

 

Y1 +
1
2Z1v

2 + 1
2�hv

2
S �Y3 +

1
2Z6v

2 + 1
2�hHv2S

Y2 +
1
2Z3v

2 + 1
2�Hv2S

!

. (4.10)

and other ones for SM particles that include

m2
t =

1

2
y2t v

2 (4.11)

m2
W± =

1

2
g2t v

2; m2
Z =

1

2
(g2 + g02)v2 (4.12)

5Under the CP-conservation we assume, the classical value of the CP-odd field A is zero and so are for the
neutral Goldstone fields. The classical values for the charged fields are taken zero.
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T=0	part

Finally, there is also another important part of thermal corrections to the scalar masses
coming from the resummation of ring (or daisy) diagrams [? ].

Vdaisy (v, vS , T ) = � T

12⇡

X

i

ni

h

�

M2
i (v, vS , T )

�

3
2 �

�

m2
i (v, vS)

�

3
2

i

, (4.24)

where M2
i (v, vS , T ) are the thermal Debye masses of the bosons corresponding to the eigen-

values of the full mass matrix

M2
i (v, vS , T ) = eigenvalues

⇥

M2
i (v, vS) +⇧i

⇤

(4.25)

which consists of the field dependent mass at T = 0 and the finite temperature correction to
the mass function ⇧k given by

⇧P =

0

B

@

⇧P
11 ⇧P

12 ⇧P
1S

⇧P
12 ⇧P

22 ⇧P
2S

⇧P
1S ⇧P

2S ⇧P
SS

1

C

A

T 2

12
(4.26)

⇧A =

 

⇧A
11 ⇧A

12

⇧A
12 ⇧A

22

!

T 2

12
(4.27)

⇧H± =

 

⇧±
11 ⇧±

12

⇧±
12 ⇧±

22

!

T 2

12
. (4.28)

with the diagonal terms being

⇧P
11 = ⇧A

11 = cSM + 6Z1 + 2Z3 + Z4 +
1

2
�h , (4.29)

⇧P
22 = ⇧A

22 = cSM + 6Z2 + 2Z3 + Z4 +
1

2
�H , (4.30)

⇧P
SS =

1

2
�S + 2(�h + �H) , (4.31)

⇧±
11 = , (4.32)

⇧±
22 = , (4.33)

here the subscripts {1, 2, S} denote the states {h1, h2, hS} and

cSM =
9

4
g2 +

3

4
g02 + 3y2t (4.34)

is the known SM contribution from the SU(2)L and U(1)Y gauge fields and the top quark [?
]. On the other hand, the leading correction to o↵-diagonal thermal mass is su�ciently small
due to Z6 ' 0 and Z7 ' 0 that is in favor of the LHC Higgs data. Moreover, subleading ther-
mal corrections to o↵-diagonal self-energies are suppressed by additional powers of coupling
constants and VEVs which are usually neglected. Therefore, we shall treat the thermal mass
correction ⇧i as diagonal matrices in the following numerical analysis. [JY: check this!]

The thermal masses of the gauge bosons are more complicated. Only the longitudinal
components receive corrections. The expressions for these in the SM can be found in Ref. [?
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Field-dependent	mass

Ve↵ (�i, T ) = V0(�i) + VCW(�i) + VCT(�i) + Vth (�i, T ) , �i = h1, h2, S (4.2)
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Here, ni is the number of degrees of freedom for the i-th particle, with a minus sign for
fermionic particles. The sum i runs over the contributions from the scalars, SM fermions,
and SM vector bosons. Specifically, among the fermions we take only the top-quark into
account (nt = �12). The other fermions can be neglected due to their small masses. Among
the bosons we sum over W± (nW = 6), Z0 (nZ = 3), and the scalars including the Higgs
bosons H = {h,H, hS , A} (nH = 1), H± (nH± = 2) and the Goldstone bosons G0 (nG0 = 1)
and G± (nG± = 2). [JY: We could clearly list them in a table.] Q is a renormalization
scale which we fix to Q = v0T = 174 GeV. We take Ci = 1

2 (Ci = 3
2) for the transverse

(longitudinal) polarizations of gauge bosons [JY: also see CW = CZ = 5

6

in some
literatures], and Ci =

3
2 for all other particles. Finally, the field-dependent squared masses

m2
i are given by

m2
h,H,S = eignevalues(M2

P) (4.5)

m2
G,A = eignevalues(M2

A) (4.6)

m2
G±,H± = eignevalues(M2

±) (4.7)

with the corresponding matrices

M2
P =

0

B

@

Y1 +
3
2Z1v

2 + 1
2�hv

2
S �Y3 +

3
2Z6v

2 + 1
2�hHv2S �hvvS

Y2 +
1
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2 + 1
2�Hv2S �hHvvS

1
3�Sv

2
S
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C

A

(4.8)

M2
A =

 

Y1 +
1
2Z1v

2 + 1
2�hv

2
S �Y3 +

1
2Z6v

2 + 1
2�hHv2S

Y2 +
1
2 Z̄345v

2 + 1
2�Hv2S

!

(4.9)

M2
± =

 

Y1 +
1
2Z1v

2 + 1
2�hv

2
S �Y3 +

1
2Z6v

2 + 1
2�hHv2S

Y2 +
1
2Z3v

2 + 1
2�Hv2S

!

. (4.10)

and other ones for SM particles that include

m2
t =

1

2
y2t v

2 (4.11)

m2
W± =

1

2
g2t v

2; m2
Z =

1

2
(g2 + g02)v2 (4.12)

5Under the CP-conservation we assume, the classical value of the CP-odd field A is zero and so are for the
neutral Goldstone fields. The classical values for the charged fields are taken zero.
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Here, ni is the number of degrees of freedom for the i-th particle, with a minus sign for
fermionic particles. The sum i runs over the contributions from the scalars, SM fermions,
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bosons H = {h,H, hS , A} (nH = 1), H± (nH± = 2) and the Goldstone bosons G0 (nG0 = 1)
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2 (Ci = 3
2) for the transverse

(longitudinal) polarizations of gauge bosons [JY: also see CW = CZ = 5

6

in some
literatures], and Ci =

3
2 for all other particles. Finally, the field-dependent squared masses

m2
i are given by

m2
h,H,S = eignevalues(M2

P) (4.5)

m2
G,A = eignevalues(M2

A) (4.6)

m2
G±,H± = eignevalues(M2

±) (4.7)

with the corresponding matrices

M2
P =

0

B

@

Y1 +
3
2Z1v

2 + 1
2�hv

2
S �Y3 +

3
2Z6v

2 + 1
2�hHv2S �hvvS

Y2 +
1
2Z345v

2 + 1
2�Hv2S �hHvvS

1
3�Sv

2
S

1

C

A

(4.8)

M2
A =

 

Y1 +
1
2Z1v

2 + 1
2�hv

2
S �Y3 +

1
2Z6v

2 + 1
2�hHv2S

Y2 +
1
2 Z̄345v

2 + 1
2�Hv2S

!

(4.9)

M2
± =

 

Y1 +
1
2Z1v

2 + 1
2�hv

2
S �Y3 +

1
2Z6v

2 + 1
2�hHv2S

Y2 +
1
2Z3v

2 + 1
2�Hv2S

!

. (4.10)
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Finally, there is also another important part of thermal corrections to the scalar masses
coming from the resummation of ring (or daisy) diagrams [? ].

Vdaisy (v, vS , T ) = � T
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where M2
i (v, vS , T ) are the thermal Debye masses of the bosons corresponding to the eigen-

values of the full mass matrix

M2
i (v, vS , T ) = eigenvalues
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i (v, vS) +⇧i

⇤

(4.24)

which consists of the field dependent mass at T = 0 and the finite temperature correction to
the mass function ⇧k given by
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4
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is the known SM contribution from the SU(2)L and U(1)Y gauge fields and the top quark [?
]. On the other hand, the leading correction to o↵-diagonal thermal mass is su�ciently small
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The thermal masses of the gauge bosons are more complicated. Only the longitudinal
components receive corrections. The expressions for these in the SM can be found in Ref. [?
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Thermal	mass	correction
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where M2
i (v, vS , T ) are the thermal Debye masses of the bosons corresponding to the eigen-
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Effective Potential: Ring Terms
• Beyond one-loop, include “ring” contributions	

!

!

• Can be summed up to yield:	

!

!

• Only bosons contribute (due to IR divergence)	

• Important for the first-order EWPT since at high T,      
which can produce the desired “dip”	

• Ring terms controlled by the same parameters as the one-
loop effective potential 	

Vr(h, T ) =
∑

b

T

12π

[

M3

b − (M2

b + Πb(0))3/2

]

Vr ∝ T |h|3

[Carrington, PRD 1992]

Higgs-dependent Mass

4

3x3	mass	matrices	in	terms	of
i. model	parameters
ii. fields’	classical	values

[JY: Alternatively, in the cut-o↵ scheme the zero-temperature 1-loop cor-
rections to the potential have the form
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ln
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�
1

2

◆

, (4.13)

]
With VCW being entailed in the potential, the minimization conditions will be shifted

slightly, and the relations Eq. (2.16) do not hold as well. To maintain these relations, the
counter terms VCT should be added [? ? ], and cast the form of,

VCT = �m2
1h

2 + �m2
2S

2 + �m2
3A

2 , (4.14)

in which the relevant coe�cients are determined by,
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, (4.17)

�m2
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@2VCW

@A2

�

�

�

vev
. (4.18)

evaluated at the potential minimum of {h = v,H = 0, hS = vS , A = 0}. As a result, the
VEVs of h and S as well as the dark matter mass will not be shifted. We do not include
more complicate terms to compensate the shift of mass matrix of S and h, because these
shift e↵ects are basically small. [JY: what is the complete set of counter term?]

The finite temperature corrections to the e↵ective potential at one-loop are given by [?
]

Vth(v, vS , T ) =
T 4

2⇡2

X

i

niJB,F

✓

m2
i (v, vS , T )

T 2

◆

, (4.19)

where the functions JB,F (y2) are given by

JB,F (y) =

Z 1

0
dx x2 ln

h

1⌥ exp
⇣

�
p

x2 + y
⌘i

, (4.20)

Vth(�i, T ) =
T 4

2⇡2

X

i

niJB,F

✓

M2
i (v, vS , T )

T 2

◆

, (4.21)

with the upper (lower) sign corresponds to bosonic (fermionic) contributions. However,
evaluating this integral is computationally intractable, it is therefore convenient to consider
its approximate function. At high temperatures y ⌘ M2/T 2 ⌧ 1, Eq. (4.20) can be approx-
imated by

JB(y)
y⌧1' �⇡4

45
+

⇡2

12
y � ⇡

6
y3/2 � y2

32
ln

y

aB
, (4.22)
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y � y2

32
ln

y
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, (4.23)
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High-T	expansion:

𝑀. //. cubic	term
enhance	the	barrier	



Potential	evolution
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p DM	participate	into	the	EWPT,	
though	the	S=0	is	a	flat	
direction in	the	potential	
at	any	temperature.	

p DM	is	produced	before	the	
EWPT.

Three	fields	structure

�
h1

h2

S

|h|
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Potential	evolution

�
h1

h2
|h|

S

Ø The	ratio	h2/h1,	does	not	dramatically	change,	tan𝛽 has	NO	running.



0.3 0.5 0.8 1.0 1.2 1.5 1.7 1.9

vc/Tc

0 200 400 600 800

200

400

600

800

1000

mS [GeV]

T c
[G
eV

]

Yun	Jiang	(NBI) Dark	matter	assisted	EWPT 18

• Critical	temperature	is	at	the	~few	x	102	GeV

• 450	<	Tc	<	750	GeV	(DM	has	low–mass)
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Additional	scalars	affect	the	thermal	mass	
correction,	enhancing	the	potential	barrier.
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Large	mass	splitting	is	
favored	to	achieve	a	strong	
1st-order	EWPT,	is
nonetheless	severely	
constrained	by	the	EWPD.



Ø Introducing	the	additional	scalars	in	the	Higgs	sector	
significantly	affects	the	finite	temperature	potential,	leading	
to	the	success	of	realizing	the	strong	EWPT	mainly	through	
the	effect	of	thermal	mass	correction.	

Ø The	extended	model	having	two	Higgs	portals	is	
phenomenologically	viable,	even	for	a	very	light	DM.

Ø The	critical	temperature	at	which	the	EWPT	occurs	has			
dependence	on	the	DM	mass.

Ø The	dynamical	mechanism	of	producing	DM	before	the	
EWPT	is	demanded.	
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Conclusions



Back	up
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Baryon	Asymmetry	of	the	Universe
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The problem of baryogenesis

I Observed BAU:
nB

s
⇠ 10

�10.

I Assume BAU as initial condition of Universe?
Inflation & sphaleron processes would wash out the initial
asymmetry.

I Baryogenesis ) Sakharov conditions:
• B number violation;

X chiral anomaly and non-trivial SU(2) topology;
• C/CP violation;

X CKM matrix;

• thermodynamical non-equilibrium.
Xexpansion of Universe;
XEW phase transition;

G. C. Dorsch EWBG after LHC8 What NExT? 2 / 19

BBN / Planck determination of η10

Planck

Incorporating ωb from
arXiv:1303.5076
(Planck 2013
Cosmological
Parameters)

J.Cline, McGill U. – p. 4

an	excellent	agreement	between	the	value	
obtained	in	two	epochs	(CMB/BBN)	is	striking

Even	if	the	baryon	number	asymmetry	were	naively	
taken	as	one	of	the	initial	conditions	of	Universe,	it	
would	be	washed	out	in	the	inflation	&	sphaleron
processes	the	initial	asymmetry.	

What	is	the	dynamical	origin?

--- Baryogenesis

May 22, 2015, Theory Seminar, University of Toyama,  Teppei KITAHARA - KEK /45

Observed BAU

Baryon Asymmetry of the Universe (BAU)

YB is constant during the expansion of the Universe

A suitable Big Bang Nucleosynthesis (BBN) requires

 Observed value by Planck/WMAP is consistent                                  with 
with BBN  

Planck  ’14]

s =
⇡2

45
g⇤T

3

g⇤

YB ⌘ nB � nB̄

s
= (0.86± 0.01)⇥ 10�10

[WMAP  ’12, 

: entropy density

: massless degrees of freedom ~ O(10 -100)

nB / a(t)�3 / T 3

[Copi, et.al.   ’95] 

0.4⇥ 10�10 . YB . 0.9⇥ 10�10

nB ⇠ nB̄ + s⇥ 10�10where

4
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1. Track evolution of  minima in         as 
function of  temperature

2. Numerically solve minimization and 
degeneracy condition equations:

Ve↵

�

decreasing
temperature

Ve↵

Computation of

1.

2.
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