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2 Phase transition in electroweak theory
EW symmetry restoration in the early Universe

Current W & Z  bosons are massive;
Photon is massless, 
Mexican-hat like

The early Universe

(Thermal effects)SU(2)L & U(1)Y bosons are massless,
True vacuum

Phase transition
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What is the pattern of EW phase transition?

3

It could be –

Thus in the SM it is a crossover, since 
Mh = 125 GeV > 75 GeV;

However, a 1st-order EWPT is more 
interesting.
(Needs new physics)
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Figure 2.10: A n illustration ofa continuouscrossover(left)and a firstorderphase transition (right).

ofthe electrow eak phase transition,w e require precision m easurem entsofH iggsphysics
ata dedicated H iggsfactory experim entlike the C EPC .

FirstO rder P hase Transition or C ontinuous C rossover?

D espite yearsofcarefulstudy atthe LH C ,w e stillhave such a poorunderstanding ofthe
H iggsthatitisim possibleto determ ineeven theorderoftheelectrow eakphasetransition.
In general,these tw o scenariosare used to classify sym m etry-breaking phase transitions:

A firstorder phase transition proceeds through the nucleation ofbubbles thatgrow ,
coalesce,and eventually fillthe system .

B y contrast,a continuouscrossoveroccurssm oothly throughoutthe system .

See also Fig.2.10. Ifthe phase transition is determ ined to be firstorder,there w ould be
profound im plicationsforearly-universecosm ology and theorigin ofthem atter-antim atter
asym m etry. M oreover,determ ining the order of the EW PT is sim ply the firststep in a
m uch richerresearch program thatdealsw ith otheraspectsofthe phase transition includ-
ing itslatentheat,bubble w allvelocity,plasm a viscosity,and so on.

The H iggs Potential

The orderofthe EW PT isintim ately connected to the shape ofthe H iggspotentialenergy
function. For each value of the H iggs field,h, there is an associated potentialenergy
density,V (h).D uring the electrow eak phase transition,the H iggsfield passesfrom h = 0
w herethe electrow eak sym m etry isunbroken to h = v ' 246 G eV w heretheelectrow eak
sym m etry isbroken and the w eak gauge bosonsare m assive.Thusthe orderofthe phase
transition islargely determ ined by the shape ofV (h)in the region 0 < h < v.
For instance,if the H iggs potentialhas a barrierseparating h = 0 from h = v,then

electrow eak sym m etry breaking isaccom plished through afirstorderphasetransition w ith
the associated bubble nucleation thatw e discussed above. Ifthere is no barrierin V (h),
the transition m ay be either firstorder or a crossover depending on the structure of the
therm aleffective potential,Ve↵(h,T ).
C urrently w eknow alm ostnothing abouttheshapeoftheH iggspotential.Thissituation

is illustrated in Fig.2.11 and the follow ing discussion. W hen w e m ake m easurem ents
of the H iggs boson in the laboratory,w e only probe sm allfluctuations of the potential
around h = v. B y m easuring the strength ofthe w eak interactions,G F = (

p
2v2)−1 '

1⇥ 10−5 G eV −2,w e learn thatthe H iggspotentialhasa localm inim um atv ' 246 G eV .
B y m easuring the H iggs boson’s m ass,w e learn thatthe localcurvature ofthe potential
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F igure 2.10: A n illustration of a continuous crossover (left) and a firstorder phase transition (right).

of the electrow eak phase transition,w e require precision m easurem ents of H iggs physics
ata dedicated H iggs factory experim entlike the C E PC .

FirstOrderPhase Transition orContinuous Crossover?

D espite years of carefulstudy atthe L H C ,w e stillhave such a poor understanding of the
H iggs thatitis im possible to determ ine even the order ofthe electrow eak phase transition.
In general,these tw o scenarios are used to classify sym m etry-breaking phase transitions:

A first order phase transition proceeds through the nucleation of bubbles that grow ,
coalesce,and eventually fillthe system .

B y contrast,a continuous crossover occurs sm oothly throughoutthe system .

See also Fig.2.10. If the phase transition is determ ined to be first order,there w ould be
profound im plications forearly-universe cosm ology and the origin ofthe m atter-antim atter
asym m etry. M oreover, determ ining the order of the E W PT is sim ply the first step in a
m uch richer research program thatdeals w ith other aspects of the phase transition includ-
ing its latentheat,bubble w allvelocity,plasm a viscosity,and so on.

The Higgs Potential

T he order of the E W PT is intim ately connected to the shape of the H iggs potentialenergy
function. For each value of the H iggs field, h, there is an associated potential energy
density,V (h).D uring the electrow eak phase transition,the H iggs field passes from h = 0
w here the electrow eak sym m etry is unbroken to h = v ' 246 G eV w here the electrow eak
sym m etry is broken and the w eak gauge bosons are m assive. T hus the order of the phase
transition is largely determ ined by the shape of V (h) in the region 0 < h < v.

For instance, if the H iggs potential has a barrier separating h = 0 from h = v, then
electrow eak sym m etry breaking is accom plished through a firstorderphase transition w ith
the associated bubble nucleation that w e discussed above. If there is no barrier in V (h),
the transition m ay be either first order or a crossover depending on the structure of the
therm aleffective potential,V e↵(h,T ).

C urrently w e know alm ostnothing aboutthe shape ofthe H iggs potential.T his situation
is illustrated in Fig. 2.11 and the follow ing discussion. W hen w e m ake m easurem ents
of the H iggs boson in the laboratory, w e only probe sm all fluctuations of the potential
around h = v. B y m easuring the strength of the w eak interactions, G F = (

p
2v2)− 1 '

1 ⇥ 10− 5 G eV − 2,w e learn thatthe H iggs potentialhas a localm inim um atv ' 246 G eV .
B y m easuring the H iggs boson’s m ass, w e learn that the local curvature of the potential

or

SM

New Phy.

Figure from L.-T. Wang’s talk in IHEP workshop
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Why is a 1st-order EWPT interesting?

• It’s the essential ingredient of the EW baryogenesis.
• Acting as the background of very rich dark matter mechanisms
• Sources of the stochastic GWs:

• Collision of the bubbles
• Sound waves in plasma
• Turbulance in plasma

EWPT GWs typically peak in mHz.

LISA detector
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How to achieve a 1st-order EWPT?
Adding a barrier for the Higgs potential via new physics!
The decay between two vacua separated by a barrier.
The VEV of the Higgs field jumps.

Getting a barrier via the help of
additional scalar field(s):
• SM + real singlet (xSM);
• 2HDM;
• Georgi-Machacek model;
• ……

We choose the xSM as the benchmark model.
• It’s simple, but has captured the most important feature of EWPT;
• It can be treated as the prototype of many new physics EWPT 

models.
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EWPT in the xSM (SM + real singlet)

The scalar potential of the xSM

8 input parameters:
1 unphysical, 2 fixed by Higgs mass & VEV; 5 free parameters.

Expansion around the VEV

Mass eigenstates & the mixing angle.

We choose the xSM as the benchmark model.
It’s simple, but has captured the most important feature of EWPT.
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1st-order EWPT in the xSM
At finite temperature:

An Illustration --

Question:
Can collider experiments probe the 1st-order EWPT parameter space?
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Production processes
�� → ℎ2(��) → ℎ1ℎ1 → 4�

1st-order EWPT leads to large ��(ℎ2 → ℎ1ℎ1).
ℎ1 decays into jets dominantly.
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Long-lived Particles
The current limits on (�ℎ1,�)

For �ℎ1< 10 GeV, the current limits from rare meson 
decays at the LHCb, leads to ℎ1 as a long-lived particle 
(LLP).
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Long-lived Particles
LLP is widely searched, of great interests 
experimentally and theoretically.

Figure from Albert De Roeck. Figure from 2203.05090.

Light weakly-coupled particles as LLPs, are strongly 
motivated, including the light scalar responsible for 
1st-order EWPT in the xSM.
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Detectors for LLPs
CMS-Timing, FASER, MoEDAL-MAPP are to be 
operated at Run 3.

Many others, e.g. MATHUSLA and CODEX-b are in 
discussions.
CMS-Timing detector using the time-delayed 
leptons/jets as signals, while the other detectors using 
displaced vertex.
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Detector efficiency
Detector efficiency is a function of geometrical 
coverage, 

and resolution in time for timing detector.
CMS-Timing has large coverage, and good resolution.
MAPP has small coverage, 
while negligible for FASER.
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Detector efficiency
Detector efficiency is a function of geometrical 
coverage, 

CMS-Timing has efficiency up to 10−1.
MAPP has 10−4, 
while negligible for FASER.
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Connects to 1st-order EWPT
Link between the number of events and 1st-order 
EWPT

N������
= ���→�� × � × ����→���� ��, ��� 
× ����→��

�(���) × ����(���) × ����(��� , �)

����→���� ��, ��� =
���→����

���
��+���→����

���→���� ∝ (���)�

LLP events are sensitive to |�|2�2 couplings.
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Sensitivity
Fixed � = 10−4(����),  10−6(���ℎ�).

CMS-Timing can probe large parameter space where 
the searches for promptly exotic Higgs decays can 
not reach.
MAPP can only probe small parameter space, while 
none for FASER.



1616

Signatures at Colliders
Running �

Green points are probed by CMS-Timing, but not by 
MAPP.
CMS-Timing can probe a lot more 1st-order EWPT 
points.  There are still appreciable points not probed by 
any of LLP detectors. 
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What if there is a TeV ��?
1st-order EWPT can lead to gravitational wave, 
and diHiggs & diboson final states especially at 
muon colliders!

For the LISA detector, signal-to-noise ratio (SNR):

Wei Liu, Ke-pan Xie, JHEP 04 (2021) 015.

LISA
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1st-order EW phase transition is interesting:
• Theoretically, it is the essential ingredient of EW baryogenesis, and can 

trigger very rich dark matter mechanisms;
• Experimentally, it yields detectable gravitational waves.

We propose strategies to probe 1st-order EWPT from LLP signatures at 
the HL-LHC.

For light, weakly coupled scalar corresponding to 1st-order EWPT, it can 
lead to LLP signatures, but no detectable gravitational waves. 

LLP search is complementary to the searches for promptly exotic Higgs 
decays!

Conclusion


