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Introduction

Baryon Asymmetry of Universe (BAU)

BAU can be explained by Electroweak Baryogenesis (EWBG).

A first-order electroweak phase transition (EWPT) is an crurial
role.
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Introduction

Baryon Asymmetry of Universe (BAU)

BAU can be explained by Electroweak Baryogenesis (EWBG).

A first-order electroweak phase transition (EWPT) is an crurial
role.

Three Sakharov conditions

@ Baryon number (B) violation.
o C and CP violations.

@ Deviation from thermal equibrium.
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Introduction

Baryon Asymmetry of Universe (BAU)

BAU can be explained by Electroweak Baryogenesis (EWBG).

A first-order electroweak phase transition (EWPT) is an crurial
role.

Three Sakharov conditions

@ Baryon number (B) violation.

o C and CP violations.

@ Deviation from thermal equibrium.

EWPT in Standard Model (SM)

Not a strong first-order phase transition unless the mass of Higgs
boson is below 70 GeV. )
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Introduction

First and second-order phase transition

Figure: Second-order phase
Figure: First-order phase transition transition
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Introduction

Main aim

@ New heavy gauge bosons and exotic quarks.

@ New frame of Higgs potential.
@ A good candidate for strengthening the EWPT.
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Introduction

Main aim

2-2-1 model

@ New heavy gauge bosons and exotic quarks.

@ New frame of Higgs potential.
@ A good candidate for strengthening the EWPT.

@ Check if 2-2-1 model has a first-order EWPT.

o Estimate the masses of new bosons and exotic quarks.

o Estimate the range of unknown parameters.

A

Nguyen Minh Anh EWPT in 2-2-1 model



2-2-1 model

A review of 2-2-1 model

Phase transition structure

In this model, Fermion sectors are like SM,
ur\ . (cL\.(tL
dy, ’ Sr, ’ br, ’
() ) ()
eL K l,LL b TL b
UR; CR; R,

dR; sR;bR,

€R; LR} TR-
The electric charges of particles are defined as follows
Qem = T3V + T4V +, )

(1 _ %8

where and o3 is the third Pauli matrix.

Besides, in order to minimize the number of the particles and increase the decays of
the heavy scalar boson of Ha, a doublet quark Q' = (U’, D') is introduced.
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2-2-1 model A review of 2-2-1 model

Phase transition structure

Higgs Potential

The Higgs potential is given by:
V(Hi, Hz, ") = 3 [ud H Hy + Xi(H] Hi)?] + 28" 4+ AsS™
i=1,2
+ p3S™ + S'(MlsHIfh + MstgHz)
+ Mo H] HiH} Ho + A\ g5 HI Hy
+ XosS"? H] Ho. 2)

The scalar fields can be expressed as:

el ;L
i = <('Ui +h +z‘G‘2)/\/§> o S = s +9/V2 3)
After averaging over all space, we get:
_ L (o _ L (o no L,
= = (0) m =2 (1) )= J5vs ®)
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2-2-1 model A review of 2-2-1 model

Phase transition structure

Mass formation of new particles

Table: Masses of new bosons and fermions in 2-2-1 model

Particles m?2(v, vy, vg) Degree of freedom
W gu 6
1
, 1 g/4,UZ+g4,UZ
z T 3
H 2)\21}% 1
2 | 3usvs _ H1svtpasvi
2
Q (mw + %05) —24
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2-2-1 model A review of 2-2-1 model

Phase transition structure

Two symmetry breaking scenarios in 2-2-1 model

First: 3 phase transitions

2-2-1 model: SU(2)1 ® SU(2)2 ® U(1)y
vs || Hs, Q
SU22)2@U(1)y
ve || H,Hs, W', Z’
SM model: SU(2)r @ U(1)y

v||h,Hs, W,Z,Z,t

QED: U(1)g
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2-2-1 model A review of 2-2-1 model

Phase transition structure

Two symmetry breaking scenarios in 2-2-1 model

First: 3 phase transitions

2-2-1 model: SU(2)1 ® SU(2)2 ® U(1)y
vs || Hs, Q 2-2-1 model: SU(2)1 ® SU(2)2 @ U(1)y,
SU(2): @ U(1)y Uy = ’UzﬂH, Hs,Q, W', Z'
vz ||H,Hs, W', Z' SM model: SU(2)r @ U(1)y
SM model: SU(2)r ® U(1)y vﬂh,Hs,W, 7' ,Z,t
v||h, Hs, W, Z/, Z, QED: U(1)o
QED: U(1)g ’
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Ist: SU(2)1 ® SU(2)2 @ U(1l)y — SU(2)2 @ U(1)y
3 phase transitions 2nd: SU(2)2 @ U(1)y — SU(2)L  U(1)y

3rd: SU(2)L ® U(1)y — U(1)q: EWPT

The symmetry breaking scale vg( is about a few TeV. The effective potential can be rewritten as:

As 4 Os 3 ’YS(T2 —Tg*o) 2
Vepp(ve) = “2u = 22 0?4 902 2800,2 4 g, ®)
which satisfies the minimum conditions:
OVeyy(vs) Vess(vs) 2
Vesf(vs0,0) =0, el PP (b0, 0) = 0, %(Usoao): mpy, " (vs)| s
Ovg Ov? Vs=VS0
(6)
where
2 2 2
m v 1 bT bpT
Ag = HS(2 s0) + >4 {m‘}-[s<v5‘0)ln27 724m4é2(v50)ln 2F7},
2v%, 16m2vyg, mi. (vso) mQ(vSO)
1 3
Os = mmHs(USO)v
S
2 2
Vs = 55 |™mu, (vso) + 12mg (vso) |
1202 s
S0
T2 = 1 2 1 4 4
50 = 5—\™MH,(vs0) = T35 |MmHu, (vso) — 24mg(vso)| -
2vs 8mivg,

This phase transition is just a mediate stage where the exotic quarks can get their masses by interacting with the
heavy Higgs field. Therefore, we will not consider this transition.
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Ist: SU(2)1 ® SU(2)2 ®U(1)y — SU(2)2 @ U(1)y
3 phase transitions 2nd: SU(2)2 @ U(1)y — SU(2)L, @ U(1)y

3rd: SU(2)L ® U(1)y — U(1)q: EWPT

The symmetry breaking scale is vog . The effective potential which depends on the vev vy can be rewritten as:

AT 4 0 3 ’Y(T2 - T02) 2
\% = —wv, — —Tvy, + ——— 5. 7
eff(v2) 12 3T > 2 (7)
This potential satisfies the minimum conditions:
OVers(v2) 9%V, 55(v2) 2
Vegy(v20,0) =0, S ST (499, 0) = 0, %(wo»o): myz? (v2) + mpy_ % (va) B
Ovg ovy v2=v20
(8)
where
2 2 2 2
miy (v20) + myr (v20) 1 T
Ap = H 5 Hs > d 6mév,i (v20) In —— + 3mé, (v20) In ——
2035, 16m2v5, M+ (v20) m7, (va20)
4 bT? 4 bT?
+mp(v20) In ———— +mpy (v2o)In —5——|,
m3; (v20) miy (v20)
1
0= 3 |:6m€[//j: (v20) + 3m%, (v20) + My (vao) + mYy, (v20)]7
dmvy, >
Y=o [GM?,V,:E (v20) + 3m%, (v2) + mi; (vao) + mFy, (vzo)],
20

1 1
T = > {qu(wo) +m7, (va0) — o202 [ﬁm‘é‘,/i (v20) + 3my/ (v20) + M (v20) + miy, (vzo)] }
20
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1st: SU(2); ® SU(2)2 @ U(l)y — SU(2)2 @ U(1)y
3 phase transitions 2nd: SU(2)2 @ U(l)y — SU(2)L  U(1)y

3rd: SU(2)r, ® U(1)y — U(1)g: EWPT

Since the two new Higgs bosons contribute to the effective potential of this phase

transition, the minimum conditions are:

OWVeyr(v2) 2 2
v, ,0)=0, I 2,00 =0, L2 (0s0,0) = +
ef f (v20,0) ug (v20,0) o3 (v20,0) = mp~ (v2) + myg“ (v2) va—v30
(9)
The effective potential has two minima, the first one is v = 0, the other is:
20T
vo = ; (10)
ATo
To . .
where T = ————— s the critical temperature.
1 202
9’Y>\TC
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1st: SU(2)1 ® SU(2)2 @ U(l)y — SU(2)2 ® U(1)y
3 phase transitions 2nd: SU(2)2 @ U(1)y — SU(2)L, @ U(1)y

3rd: SU(2);, ® U(1)y — U(1)g: EWPT

Since the two new Higgs bosons contribute to the effective potential of this phase

transition, the minimum conditions are:

OWVeyr(v2) 2 2
v, ,0)=0, I 2,00 =0, L2 (0s0,0) = +
ef f(v20,0) ug (v20,0) o3 (v20,0) = mp~ (v2) + myg“ (v2) va—v30
(9)
The effective potential has two minima, the first one is v = 0, the other is:
20T
vo = ; (10)
ATo
To . .
where T = ————— s the critical temperature.
1 202
9’Y>\TC

Condition to have a first-order phase transition

2
_we B >1 (11)
Te  Arg
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Ist: SU(2)1 ® SU(2)2 @ U(l)y — SU(2)2 ® U(1)y
3 phase transitions 2nd: SU(2)2 @ U(1)y — SU(2)L, @ U(1)y
3rd: SU(2)L ® U(1)y — U(1)q: EWPT

Range of masses of new particles

1400 [ q

1200

1000

Y[GeV]

L
0 500 1000 1500

X[GeV]

Flgu e’ VEV vgg = 535GeV. Thick contour S = 1, dashed contour S = 1.5, dotted contour S = 2,
dash-dotted contour Sy = 5

The range of unknown masses can be derived as:
0GeV < X = myp/(v20) = m s (v20) < 1700 GeV,  0GeV < Y = mpy(vag) = mpzg (v20) < 1370 GeV
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1st: SU(2); ® SU(2)2 @ U(l)y — SU(2)2 @ U(1)y
3 phase transitions 2nd: SU(2)2 @ U(1)y — SU(2)r, ® U(1)y

3rd: SU(2), ® U(1)y — U(1)g: EWPT

The symmetry breaking scale is vg = 246 GeV. The high-temperature effective

potential has the form:

2\ o’ / T2 _ T/2
Veps(v) = Loyt — T + uzﬂ, (12)
4 3 2
which satisfies the minimum conditions:
OVerr(v) 0%V, )
Vers(v0,0) =0, %(vo,m =0, eff( (v0,0) = mp?(v)],,_,,
(13)
where
N _mi(v)+ 1 s (wo) 1 bT? + 3m (00)1 bT? +3md, (up) 1 T2
™= 21)(2) 167r2v4 [ mWi vo)m m‘z,v:l:(m)) mateo) mQZ(UO) martvorm m2Z, (vo)
4 bT? 4 bT? 4 bpT?
+ mjp, (vo) In % + mpy, (vo)In w — 12my (vg) In m?(vo)] s
6’ =

1 3 3 3 3 3
o (w0) + 3mY (00) + 3m (v0) + i (v0) + m, (00)].
0

)
I

1 2 2 2 2 2 2
o [6mk (v0) + 3mE (v0) + 3m (v0) + mi (v0) + miy, (o) + 6mE(v0) .
0]

1 1
T = 5 {0 — o [omiva () +9m w4 3ms (0 + i (w0) + iy, (o) — 12mw0)]
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1st: SU(2)1 ® SU(2)2 @ U(1)y — SU(2)2 @ U(1)y
3 phase transitions 2nd: SU(2)2 @ U(1)y — SU(2)L,  U(1)y
3rd: SU(2)L ® U(l)y — U(1)g: EWPT

Range of masses of new particles

0 100 200

mz([GeV]
Figure: Thick contour S = 1, dashed contour S = 1.2, dotted contour S = 1.5, dash-dotted contour
Smaz = 2.7

The range of unknown masses can be derived as:
0 < mys(vg) < 408 GeV, 95 < mp,(vg) < 524 GeV
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1st: SU(2)1 ® SU(2)2 @ U(1)y — SU(2)r, @ U(1)y
Correlation length

2 phase transitions Lambda parameter

Choose va( as the symmetry breaking scale of this phase transition, then we can rewrite the effective potential as:

AT 4 6 3 "/(T2 —T2) 2
Vesy(va) = e gTuz + f‘)vz, (14)

which satisfies the minimum conditions:

V. s (v2) 9%V gs(v2)
Veyr(v20,0) =0, el P20 (1490, 0) = 0, %(v20,0)= mHZ(U2)+mH52(U2)
Ovg Ovy v2=v20
(15)
where
2 2 2 2
miy (v20) + my (v20) 1 bT bT
Ap = H 3 Hs + 51 Gmév,i (v20) In ——— + 3mé/ (v20) In —
203, 167205, me, 4 (v20) m, (v20)
4 bT? 4 bT? 4 bpT?
+ mip(v2o) In ———— + mpy (v20) In ———— — 24m (v20) In 27]
m3; (v20) miy (v20) mg, (v20)
6= ! 6m? (v )+3m3/(v )+m3(v )-‘-m3 (v20)
yo: wrt (20 71 (v20 7 (v20 7, (V20
20
v = s |6mI, 1 (v20) + 3m%, (v2) + my (va0) + my_ (v20) + 12mF) (vao)
1202, wd (V20 z (V20 H (V20 @ (v20

1
2 2 2
Ty = g{mH(vQO) + my, (v20)

1
T s, {Gm;/i (v20) + 3my/ (v20) + My (v20) + mi;s (v20) — 24mé(v20)} }
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Ist: SU(2)1 ® SU(2)2@U1)y — SU(2), ®U(1)y
Correlation length
2 phase transitions Lambda parameter

Range of masses of new particles

Y[GeV]

0 500 1000 1500

X[GeV]

FlgU €. The symmetry breaking scale vog = 1110 GeV. Thick contour S = 1, dashed contour S = 1.5,
dotted contour S = 2.5, dashed-dotted contour S,qs = 8.

0GeV <Y =mp(v2) = mpug(v20) < 776 GeV
0 GeV < X = m g/ (v20) = myyr (v20) = mq(v2o) < 1700 GeV
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Ist: SU(2)1 ® SU(2)2 @U((1)y — SU(2)L ®U(1)y
Correlation length
2 phase transitions Lambda parameter

Correlation length of the SM-like EWPT

For SU(2)r, ® U(1)y — U(1)q phase transition, we
have the effective potential:

Ar oy 03 (TP TP 5
V. v)= —v — -Tv> + — — v~ o
erf(@) " 3 5
(16)
We define the correlation length & as below :
Vs (v) —2
e )| =67 )
Veq
where o ) ) w0 w
0\ T>To Figure: The dotted line: m ,/ (vo) = 252.2 GeV,
= 404.7 GeV for the transition strength
0T — /(0T)2 — axp~(T2 — T2 M (vo)
Veq = Vm = \/( ) 7 0) S = 2, the critical temperature T = 123.122K. The
27 dashed line: m 5/ (vo) = 163.4 GeV,
, T <Tc mpr, (vo) = 381.5 GeV for the transition strength
(18) S = 1.5, the critical temperature T = 121.538K.

The thick line: m ,/ (vg) = 136.2 GeV,
(vo) = 307.4 GeV for the transition strength
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Ist: SU(2)1 ® SU(2)2 @U((1)y — SU(2)L ®U(1)y
Correlation length
2 phase transitions Lambda parameter

Lambda parameter

With the above phase transition structure, we determine a domain for the quaternary
coupling of the Higgs, which is the parameter that the LHC is interested in. The
effective potential at OK of the SM-like electroweak phase transition:

AR 4 m% 2
Veff(U,O)Z T’U +7’U + AR, (20)
where
2 4
2 my 1 m;
e I
2 16w i=h,W,Z,Z' Hg,t Yo
2 4 2
1 4 2
AR:;L'%—W > mi (21nm§ +3) (21)
Y0 i i=h,W,Z,Z' Hg,t Y0 Y0
2
_ My o 1 4
Ar =gt g ittt

i=h,W,Z,2' Hg,t
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Ist: SU(2)1 ® SU(2)2@U(1)y = SU(2)L ®U(1)y
Correlation length

2 phase transitions Lambda parameter

. | \\
Figure: Figure:
Ar(mz: (vo), mug (vo), T = 0) Ar(mz:(vo), mug(vo), T = 100K)
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Conclusion and Outlooks

Conclusion

@ Each transition in 2 scenarios is first-order.
@ The SM-like EWPT is first-order with the strength
1< S <27.

@ In the three-stage picture, the second vev has to be larger
than 535 GeV or 1.11 TeV in the two-stage one.

@ The masses of new gauge bosons are bigger than 1.7 TeV and
the new gauge coupling of SU(2)3, g2 > 2
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Conclusion and Outlooks

Conclusion

@ Each transition in 2 scenarios is first-order.
@ The SM-like EWPT is first-order with the strength
1< S <27.

@ In the three-stage picture, the second vev has to be larger
than 535 GeV or 1.11 TeV in the two-stage one.

@ The masses of new gauge bosons are bigger than 1.7 TeV and
the new gauge coupling of SU(2)3, g2 > 2

Outlooks

@ Make a correction to mass of Hj.

@ Analyze EWPT again using neutrino data.

@ Test the sphaleron solution with CosmoTransitions package.

v
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