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Can dark matter drive electroweak symmetry
breaking?



The model - Higgs portal scalar field dark matter
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− ℒ𝑖𝑛𝑡= 𝑔2 Φ 2 ℋ 2 + 𝜆𝜙 Φ 4 + 𝑉 ℋ − 𝜉𝑅 Φ 2

• Idea: oscillating scalar field accounting for dark matter, Φ, coupled to the Higgs, ℋ, driving a

non-thermal electroweak symmetry breaking (EWSB):

𝒈 – Higgs-portal coupling; 𝝀𝝓 - dark scalar self-coupling, 𝝃 – non-minimal coupling (NMC), 𝑹 – Ricci Scalar; 𝜱 =
𝜙

2
;  𝓗 =

ℎ

2

• Non-standard Cosmology: late inflaton decay ⇒ early matter era.



Inflation
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𝜙𝑖𝑛𝑓 =
12𝜉

𝜆𝜙
𝐻𝑖𝑛𝑓 , ℎ𝑖𝑛𝑓 = 0

• 𝝓 acquires a vev, h does not:

𝐻𝑖𝑛𝑓 ≃ 2.5 × 1013
𝑟

0.01

1

2
𝐺𝑒𝑉,  𝑟 < 0.10.  [Planck Collaboration 2018] 

• 𝜉 ≫ 𝑔, 𝜆𝜙 ⇒ 𝒎𝝓≳𝑯𝒊𝒏𝒇 is given by the NMC to the curvature scalar ⇒ No observable

isocurvature modes in the CMB spectrum ;

− ℒ𝑖𝑛𝑡=
𝑔2

4
𝜙2ℎ2 +

𝜆𝜙

4
𝜙4 −

𝜉

2
𝑅𝜙2

R ≃ 12 𝐻𝑖𝑛𝑓
2

𝑟 ≡
∆𝑡
2

∆𝓡
2

(Tensor-to-scalar ratio)
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− ℒ𝑖𝑛𝑡=
𝑔2

4
𝜙2ℎ2 +

𝜆𝜙

4
𝜙4 −

𝜉

2
𝑅𝜙2

• Higgs is massive during inflation:

where
𝑔

𝜆
𝜙
1/2 ≃ 6 × 102

𝑇𝑅

10 GeV

−1/3 𝑟

0.01

−1/6
𝜉−1/2

𝐻𝑒𝑛𝑑/𝐻𝑖𝑛𝑓

0.2

2/3

;

Large Higgs mass

Shifts value of h at which 𝜆ℎ < 0 towards values larger than 𝐻𝑖𝑛𝑓
(above 𝟏𝟎𝟏𝟎 − 𝟏𝟎𝟏𝟐 GeV);

Quantum fluctuations are suppressed;

𝑚ℎ =
1

2
𝑔𝜙𝑖𝑛𝑓 =

𝑔

𝜆𝜙
1/2 6𝜉 𝐻𝑖𝑛𝑓≳ 𝐻𝑖𝑛𝑓

R ≃ 12 𝐻𝑖𝑛𝑓
2

𝐻𝑖𝑛𝑓 ≃ 2.5 × 1013
𝑟

0.01

1

2
𝐺𝑒𝑉,  𝑟 < 0.10.  [Planck Collaboration 2018] 



Post-inflationary period
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• The inflaton field, 𝝌, does not decay immediately after inflation ⇒ evolves like non-

relativistic matter until reheating occurs.

Evolution of the Universe

Inflation Radiation era Matter era DE

T 𝑇𝑅 𝑇𝐵𝐵𝑁

Standard Cosmology:

𝜌𝜒 𝑎𝑅 =
𝜋2

30
𝑔∗𝑅𝑇𝑅

4



Post-inflationary period
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Inflation Radiation era Matter era DE

T 𝑇𝐵𝐵𝑁

But…

Early Matter era

• The inflaton field, 𝝌, does not decay immediately after inflation ⇒ evolves like non-

relativistic matter until reheating occurs.

𝜌𝜒 𝑎 = 3𝐻𝑒𝑛𝑑
2 𝑀𝑃𝑙

2 𝑎

𝑎𝑒𝑛𝑑

−3

Evolution of the Universe



Post-inflationary period
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10 Me𝐕 < 𝑻𝑹 < 𝟖𝟎 GeV

Big Bang
nucleosynthesis

constraint

No Electroweak
symmetry restoration

Constraints on the reheating temperature, 𝑻𝑹:



Post-inflationary period – Early matter era
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• Dark scalar controls the Higgs minimum:

ℎ = v2 −
𝑔2𝜙2

2𝜆ℎ

• At

𝝓𝒄 = 𝟐𝝀𝒉
𝐯

𝒈
⇒ Electroweak symmetry breaking takes place;

• Two scenarios: reheating after or before electroweak symmetry breaking (EWSB);

− ℒ𝑖𝑛𝑡=
𝑔2

4
𝜙2ℎ2 +

𝜆𝜙

4
𝜙4 −

𝜉

2
𝑅𝜙2+

𝜆ℎ

4
ℎ2 − v2 2

R ≃ 3𝐻2



Post-inflationary period - Reheating after EWSB

10Can dark matter drive electroweak symmetry breaking?14/09/2019

End of Inflation EWSB Reheating Today

Dark Radiation (𝜙4) Cold Dark Matter (𝜙2)

𝑎𝑒𝑛𝑑 𝑎𝑐 𝑇𝑅 , 𝑎𝑅

• At EWSB,  
𝑛𝜙

𝑠
constant Ω𝜙,0 =

𝑚𝜙

6𝐻0
2𝑀𝑃𝑙

2 𝜙𝑅
2
𝑔∗0
𝑔∗𝑅

𝑇0
𝑇𝑅

3

𝜴𝝓,𝟎 = 𝟎. 𝟐𝟔

𝒎𝝓 =
𝒈v

𝟐

𝜙𝑟𝑎𝑑 𝑎 = 𝜙𝑖𝑛𝑓
𝑎

𝑎𝑒𝑛𝑑

−1

𝜙𝐷𝑀 𝑎 = 𝜙𝑐
𝑎

𝑎𝑐

−3/2

𝜙𝑐 = 2𝜆ℎ
v

𝑔
𝜙𝑅 = 𝜙𝑐

𝑎𝑅
𝑎𝑐

−3/2

𝑔

𝜆
𝜙
1/2 ≃ 6 × 102

𝑇𝑅

10 GeV

−1/3 𝑟

0.01

−1/6
𝜉−1/2

𝐻𝑒𝑛𝑑/𝐻𝑖𝑛𝑓

0.2

2/3

Early matter era

𝜌𝜙~𝑎
−4 𝜌𝜙~𝑎

−3

Dark scalar: 

𝑇0, 𝑎0



Post-inflationary period - Reheating before EWSB
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End of Inflation Reheating EWSB Today

Dark Radiation (𝜙4) Cold Dark Matter (𝜙2)Dark scalar: 

𝑎𝑒𝑛𝑑 𝑇𝑐 , 𝑎𝑐 𝑇0, 𝑎0

• At EWSB,  
𝑛𝜙

𝑠
constant Ω𝜙,0 =

𝑚𝜙

6𝐻0
2𝑀𝑃𝑙

2 𝜙𝑐
2
𝑔∗0
𝑔∗𝑐

𝑇0
𝑇𝑐

3

Early matter era

But,  fixing 𝜴𝝓,𝟎 = 𝟎. 𝟐𝟔:

𝑇𝑐 ∼ 7 × 105 GeV ≫ 𝑇𝐸𝑊 Not consistent with our starting assumption

𝜌𝜙~𝑎
−4 𝜌𝜙~𝑎

−3

𝑇𝑅 , 𝑎𝑅



Assumptions

12Can dark matter drive electroweak symmetry breaking?14/09/2019

• Dark scalar is subdominant during inflation:

𝑉 𝜙𝑖𝑛𝑓 < 3𝐻𝑖𝑛𝑓
2 𝑀𝑃𝑙

2 ⇒ 𝜙𝑖𝑛𝑓 <
𝑀𝑃𝑙

𝜉

• Field behaves like CDM at EWSB:

𝑔2v2𝜙𝑐
2

𝜆𝜙 𝜙𝑐
4 > 1⇒ 𝑔4 > 2 𝜆ℎ𝜆𝜙

• Small radiative corrections from the Higgs-portal coupling (no fine tune): 𝛿𝜆𝜙~
𝑔4

16 𝜋2
< 𝜆𝜙;

• Upper bound on the Higgs branching ratio for invisibles (LHC): 𝐵𝑟 Γℎ→𝑖𝑛𝑣 < 0.23 ⇒ 𝑔 < 0.13;

• Prevent the condensate’s evaporation: 𝑔 < 0.2
𝑇𝑅

10 GeV

−1/4 𝑟

0.01

−1/4
𝜉−3/4

𝐻𝑒𝑛𝑑/𝐻𝑖𝑛𝑓

0.2
.



Results
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10 Me𝐕 < 𝑻𝑹 < 𝟖𝟎 GeV



Conclusions
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• Yes, it can! - an oscillating scalar field dark matter coupled to the Higgs may drive EWSB;

• This can be achieved with a late inflaton decay;

• During the early-matter era, the minimum of the Higgs potential is controlled by the dark scalar;

• EWSB occurs when the amplitude of the dark scalar falls below a critical value;

• Larger Higgs-portal couplings – allows for Higgs invisible branching ratios ≲ 10−3 (current value:

𝐵𝑟 Γℎ→𝑖𝑛𝑣 < 0.23 ).

Thank you for your attention!
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− ℒ𝑖𝑛𝑡= 𝑔2 Φ 2 ℋ 2 + 𝜆𝜙 Φ 4 + 𝑉 ℋ − 𝜉𝑅 Φ 2

• Idea: oscillating scalar field accounting for dark matter, Φ, coupled to the Higgs, ℋ, driving a

non-thermal electroweak symmetry breaking (EWSB):

• Dark scalar can control EWSB if the reheating temperature, 𝑻𝑹, is lower than usual ⇒ late

inflaton decay ⇒ early matter era.

• At reheating: inflaton decays into Standard Model particles ⇒ Reheats the Universe and

forms a thermal bath ⇒ Universe enters the usual radiation era;

𝒈 – Higgs-portal coupling; 𝝀𝝓 - dark scalar self-coupling, 𝝃 – non-minimal coupling (NMC), 𝑹 – Ricci Scalar; 𝜱 =
𝜙

2
;  𝓗 =

ℎ

2



Higgs vacuum stability
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ℎ2 ≃
𝐻𝑖𝑛𝑓

2𝜋

2 𝐻𝑖𝑛𝑓

𝑚ℎ
≃

𝐻𝑖𝑛𝑓

2𝜋

2 𝜆𝜙
1/2

𝑔 6𝜉
ℎ2 ≲ 1011 GeV for  𝑟 ≲ 10−2

• Higgs vacuum is stable if 𝜆ℎ > 0 for any scale 𝜇 where the minimum of its potential is a

global minimum;

• 𝑚ℎ = 125 GeV, 𝝀𝒉 < 𝟎 for energy scales 𝝁~𝟏𝟎𝟏𝟎 − 𝟏𝟎𝟏𝟐 GeV (below GUT, Planck scales);

• Massive Higgs:

• Additional quadratic term in its potential ⇒ shifts the field value at which the potential

becomes unbounded towards values above 𝟏𝟎𝟏𝟎 − 𝟏𝟎𝟏𝟐 GeV;

• Suppresses Higgs de Sitter quantum fluctuations:



Post-inflationary period
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• Evolution of the inflaton energy density:

𝜌𝜒 𝑎 = 3𝐻𝑒𝑛𝑑
2 𝑀𝑃𝑙

2 𝑎

𝑎𝑒𝑛𝑑

−3

• Here,  𝐻𝑒𝑛𝑑 ≃
𝑛

2

1

𝑁𝑒

𝑛/2

𝐻𝑖𝑛𝑓,  but this is model dependent (𝑁𝑒 = 60, 𝑁𝑒 = ln
𝑎𝑒

𝑎𝑖
); 

• At reheating:

𝜌𝜒 𝑎𝑅 =
𝜋2

30
𝑔∗𝑅𝑇𝑅

4

• Number of e-folds from inflation until reheating:

𝑁𝑅 = ln
𝑎𝑅
𝑎𝑖𝑛𝑓

= −
1

3
log

𝜋2

90
𝑔∗𝑅

𝑇𝑅
4

𝐻𝑒𝑛𝑑
2 𝑀𝑃𝑙

2



Model constraints – Condensate Evaporation
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Initial conditions that prevent the modulus of the field from oscillating significantly

• Idea: make the field oscillate in the complex plane ⇒ its modulus does not oscillate;

• How? Introducing terms in the potential that depend on the phase of the dark scalar field:

𝑉 𝜙 = −𝜉𝑅 𝜙2 + ℎ. 𝑐. +
1

𝑀𝑃𝑙
𝑛 𝑐 𝜙𝑛+4 + ℎ. 𝑐. + 𝑔2 Φ 2 ℋ 2 + 𝜆𝜙 Φ 4

• Ricci value during inflation ≠ end of inflation ⇒ 𝜙 phase is different during/after inflation ⇒
dark scalar oscillates in the complex plane ⇒ 𝜙 does not oscillate significantly ⇒ no Higgs
production.



Model constraints – Condensate Evaporation
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• Field can be decomposed into background + particle fluctuations 𝜹𝝓;

• Production rate: Γ𝜙→𝛿𝜙𝛿𝜙 ≃ 4 × 10−2 𝜆𝜙
3/2

𝜙𝑐

• Condition:

Γ𝜙→𝛿𝜙𝛿𝜙

𝐻𝑐
< 1

𝑔 < 0.2
𝑇𝑅

10 GeV

−1/4 𝑟

0.01

−1/4
𝜉−3/4

𝐻𝑒𝑛𝑑/𝐻𝑖𝑛𝑓

0.2

Perturbative production of 𝝓-particles by the oscillating background condensate


