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Dark matter

* There are many evidences for dark matter

Dark Matter

Velocity
(km s-1)

Dark Energy
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Galaxy rotation curve (from Wikipedia)

Gravitational lens (from Wikipedia) 3



Dark matter

Dark Matter

Dark Energy

Why are they close to each other?

(coincidence problem)

Common origin?



Baryon Asymmetry

>

.~

pair annihilate

For baryons, symmetric part annihilates after QCD phase

transition, and then asymmetric part remains:

np—nN
B~ B _
Np = ~ 10710
)




[Barr, Chivukula, Farhi '90] [Kaplan '92]

Asymmetric Dark Matter

[Kitano, Low '04] [Kaplan, Luty, Zurek '09]

.~

pair annihilate
Asymmetric DM hypothesis:

e Similarly to baryons, DM relic abundance

originates from asymmetric part of DM.

e DM asymmetry is related with that of baryons.



Asymmetric Dark Matter

e A naive example of the realization is dark QCD...

QCD dark QCD

+-—>
baryon dark baryon (DM)

rtal i ‘
portal interaction dar

meson < Meson

But such a model is rather complicated...

(UV completion, dark radiation..)
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Asymmetric Dark Matter

e A naive example of the realization is dark QCD...

QCD dark QCD
+—>

baryon dark baryon (DM)
portal interaction

meson dark meson

But such a model is rather complicated...

(UV completion, dark radiation..)

e Can ADM scenario be realized by New aspects of known fields?

Like what?

Soliton! = non-perturbative object in field theory



Take-home Message

If SM Higgs Lagrangian is extended by O(p*) terms,

the theory contains asymmetric DM, which is a

soliton made of Higgs and EW gauge fields!!
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Electroweak Skyrmion
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Skyrme model (review) [Skyrme '62]

¥ 1
:{ SfSkyrme — ZJZTI' [@M UTaﬂ U] + 3

_ .
Tr | |U70,U, U'9,U]

Ux)€SUR2) U'U=1  U=exp|in“(x)oc
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Skyrme model (review) [Skyrme '62]

| Zsigme = =Tt [aﬂUTaﬂU] +-

_ .
Tr | |U70,U, U'9,U]

Ux)€SUR2) U'U=1  U=exp|in“(x)oc

 Global symmetry of Lagrangian:
R € SUQ2),

N
SUQ2), X SUQR)g : Ux) - LTUX)R L e SUQ),

e Vacuum (U) = 1, breaks this into diagonal subgroup: SU(2),,

e Vacuum manifold (order parameter space):

- SUQ), x SUQ2)

S3
vac SU(Z)V

11



SlqlrmiOn [Skyrme '62]

e compactify 3D space: R°U {0} ~ S°
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SlqlrmiOn [Skyrme '62]

e compactify 3D space: R°U {0} ~ S°

e A static configuration of the field U(x) is a map s.t.
U(x) : S° (space) — S° (vac)

 This map can have non-trivial winding number:

_ ViE(()iU)UT
24 72

N Jd% e Ty [ViVij]
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SlqlrmiOn [Skyrme '62]

e compactify 3D space: R°U {c0} =~ §°

e A static configuration of the field U(x) is a map s.t.
U(x) : S° (space) — S° (vac)

 This map can have non-trivial winding number:

— y = (0. T
N = Jd% e Ty [V,.V.Vk] = (LU
2472 /
R 00)=rx
e Hedgehogansatz(N=1): U =exp [lé’(r) . “] B(o0) = 0
non-trivial solution of EOM — Skyrmion! (r = /5%, £=xr)
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SlqlrmiOn [Skyrme '62]

e compactify 3D space: R°U {c0} =~ §°

e A static configuration of the field U(x) is a map s.t.
U(x) : S° (space) — S° (vac)

 This map can have non-trivial winding number:

— 3 = (. T
N = Jd3x€l]k Tr [Vz‘/jvk] Vz — (alU)U
2472
Hedgeh N=1): U =exp |ib(r) 5" o) ==
edgehog ansatz(N =1): U = exp [z (r)x“c ] O(c0) = 0
non-trivial solution of EOM — Skyrmion! (r = /X%, X=x"/r)
— 2 W ,
eg.)2D — § Ty - \190\5(
VAR5, TR St
et X

fig from arXiv:1405.0987 12



Skyrme term [Skyrme '62]

f2
g —trry [a UWU] +
4 H

| i
Tr | |U'0,U, U'9,U]

32¢2
Skyrme term

* The stability of Skyrmion requires Skyrme term.

e — oo = shrinks into an infinitely small one:

cf. Derrick's theorem
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Skyrme term
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Skyrme term [Skyrme '62]

f2
g —trry [a UWU] +
4 H

| i
Tr | |U'0,U, U'9,U]

32¢2
Skyrme term

* The stability of Skyrmion requires Skyrme term.

e — oo = shrinks into an infinitely small one:

cf. Derrick's theorem

shrink into a point = nothing

e |LetR be atypical size of Skyrmion.

2

E=— [d3x£Z ~ Z”R + R7'= R~ (ef)!

322
13



Symmetry in Higgs sector

e SM Higgs sector has a similar symmetry breaking structure:

2
v
ghiggs :|aﬂ(1)|2—/1<|(1)|2_%>

§=8=0
1 A 2

- _Tr 6H2——(Tr HP? = v )

5 |0,H | 2 |H|" = vgw
H = (ico,®", D)
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Symmetry in Higgs sector

e SM Higgs sector has a similar symmetry breaking structure:

Zz higgs

2
;
. |aﬂq>|2—z<|q>|2——EW>
g=g'=0 2
1 A 2
H = (ico,®", D)

e |nvariantunder SUQ2); X SUQ2)p sym: H — LTHR
Higgs VEV breaks:

SUR); X SU2)p = SUQ2)- (custodial symmetry)

Can we consider a similar soliton? — Yes!!
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Higgs Lagrangian

@ = EW <1 + Q) Tr|D,Ux) |” + %(dﬂh(x))z — V(h)

4 VEW

2
+a,Tr [D”UTDVU] Tr [D*U'DYU| +a. <Tr [DMUTDP’UD

* denoted the 2x2 matrix by H(x) = 'EW ( (x)) Ulx) .
2

VEW
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Higgs Lagrangian

P = VZW <1 + Q) Tr|D,U)|* + %(dﬂh(x))z — V(h)

VEW

2
+a,Tr |D,U'D,U| T [D*UD*U] +as <Tr D, U*DMUD

* denoted the 2x2 matrix by H(x) =

Vew (1 9 ey
\/5 VEW ""”f"

angular field (NG boson)
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Higgs Lagrangian

A | VZW <1 + Q) Tr|D,U(x) * 4 %@th(x))z — V(h) '

VEW

| +a,Tr | D,U'D,U| Tr [DAUD U] +a5 <Tr D, U*DMUD |

SM + O(p*) term (Skyrme-like term)

h
* denoted the 2x2 matrix by H(x) = ha 34 (1 (x)) Ux) .

\/5 VEw /=

angular field (NG boson)
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Higgs Lagrangian

A | VZW <1 + Q) Tr|D,U(x) * 4 %@th(x))z — V(h) '

VEW

i 2
| +a,Tr | D,U'D,U| Tr [DAUD U] +a5 <Tr D, U*DMUD |

SM + O(p*) term (Skyrme-like term)

h
* denoted the 2x2 matrix by H(x) = ha 34 14 ) Ux) .
\/5 VEw /=
angular field (NG boson)

e Forsimplicity, we take oy = — a5 = a for a while. .



Higgs Lagrangian

A | VZW <1 + Q) Tr|D,U(x) * 4 %@th(x))z — V(h) '

VEW

— :
5T [UTDﬂU, UTDUU]

SM + O(p*) term (Skyrme-like term)

h
* denoted the 2x2 matrix by H(x) = ha 34 14 ) Ux) .
\/5 VEw /=
angular field (NG boson)

e Forsimplicity, we take oy = — a5 = a for a while. .



EW-Skyrmion Solution

e Hedgehog ansatz:
U = exp [ié’(r) )?ada] h(x) = ¢(r)/vgy

x(r)—1 N

. A auxiliary field
Wix) =  Ciab*p ™ S(rXix,

(explicitly solvable)

e non-trivial solution of EOM:

a=0.1, g =0.65, myg = 125GeV
g = 0.65, myg = 125 GeV

3l ] 12000 :—‘ -
: — x(7) ] i
- 10000 r
2 . Q(T) ';' i
- CQ_S 8000 C
[ — ¢(r) ~ i
I . B
1L ) o0 6000 i
o |
I \/ i &} L
1 = 4000 +
L : m L
Or | 2000 -
: / : 0 ;\ I I | | | | | | | | | | | | | | | | | |
..................... 0.00 0.02 0.04 0.06 0.08 0.10
0 5 10 15 20
- «
r [(VEw) ]
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EW-Skyrmion Solution

e Hedgehog ansatz:
U = exp [i@(r) )?ada] h(x) = ¢(r)/vgy

x(r)—1 N

. A auxiliary field
Wix) =  Ciab*p ™ S(rXix,

(explicitly solvable)

e non-trivial solution of EOM:

a=0.1, g =0.65, myg = 125GeV

g = 0.65, myg = 125 GeV

3l | 12000 :—‘ -
j — x(r) ’ 7
I 10000 -
2| o(r) =
' CQD) 8000 -
[ — o(r) ~. ;
I S B
.1 ] 5 6000
—
I \/ i &} L
: S 4000 -
L : m L
Or | 2000 -
: / : 0 ;\ I I | | | | | | | | | | | | | | | | | |
..................... 0.00 0.02 0.04 0.06 0.08 0.10
0 5 10 15 20
- «
r [(VEw) ]

—EW-Skyrmion does exist!! i



Energy of EW-Skyrmion

e Take two coefficients as independent parameters

2
%= o,Tr [D,U'D,U| Te [D*UDU] +as (Tr D,U"D" U])

P
GeV

g =0.65, my = 125CGeV GeV]

0.10 - -

- ] 10000

0.05 ]

000l | 8000
S

~0.05 - - 6000
-0.10 I ] 4000

L L L ‘ L L L L ‘ L L L L L L L L L L L L L L L L L L L L
-0.20 -0.15 -0.10 -0.05 0.00 0.05 0.10
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Quartic Gauge Coupling

2
L= ayTr [DﬂUT DDU] Tr [D*UD*U|+as <Tr [DﬂUT D* UD

e o, and a5 lead to anomalous quartic gauge
coupling (aQGC)

* They are measured by WW scattering process at LHC.

—We can put a bound on mass of EW-Skyrmion!

19



Energy of EW-Skyrmion [CMS collaboration, 1905.07445]

Shaded region is excluded by aQGC measurement

GeV
g =0.65 my = 125GeV (GeV]
““““““““““““““““““““
0.10 -
- 10000
0.05 -
000l 8000
L0
5 I
~0.05 - - 6000
-0.10 i ] 4000
““““““““““““““““““““
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(073

Energy of EW-Skyrmion

-0.05 -

-0.10 -

[CMS collaboration, 1905.07445]

Shaded region is excluded by aQGC measurement

g =0.65, myg = 125 GeV
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Energy of EW-Skyrmion [CMS collaboration, 1905.07445]

Shaded region is excluded by aQGC measurement
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Energy of EW-Skyrmion [CMS collaboration, 1905.07445]

Shaded region is excluded by aQGC measurement
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Mass of EW-Skyrmion is bounded as

g, $22TeV
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Decay of EW-Skyrmion

e Actually, EW-Skyrmion can decay because winding #

— 3., Lijk _
No =~ Jd xel Tr [V,V V] V.= (0,U)U

IS not gauge Invariant.
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— 3., Lijk _
No =~ Jd xel Tr [V,V V] V.= (0,U)U

IS not gauge Invariant.
e A gauge invariant "winding number" is defined by
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Decay of EW-Skyrmion

e Actually, EW-Skyrmion can decay because winding #

— 3, .ijk —
No =~ Jd xel Tr [V,V V] V, = (0U)U"

IS not gauge invariant.
e A gauge invariant "winding number" is defined by
Q = Ny + Neg N¢g : Chern-Simons #
But this is not topological quantity!!

EW-Skyrmion EW-Skyrmion Vacuum

>

| large gauge | | continuous

trsf. J} deformation |

01



Decay of EW-Skyrmion [YH-Kitano-Kurachi 21]

e Actually, EW-Skyrmion can decay because winding #

This decay process generates Baryon #

. due to the chiral anomaly:
IS not ga
e A gauge
. One can predict the relation btw amounts
of baryons and Skyrmions in the universe!

BUt this | %

POUNE SIS IS AP S NGE PISUG-L S S S YVOUNE TS S SRS A Y VOUE SR ISR S-S A YOOURE S ISR e 2
e— ~ 1 J

EW-Skyrmion EW-Skyrmion Vacuum

—

>
| large gauge | | continuous
‘ trsf. J deformation |

Y,
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Asymmetric darkmatter scenario
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Quantum vs Thermal Decay

 There are two types of decay of EW Skyrmion:

e Quantum tunnelingat7 =10

87 .. :
[xexp| —— — sufficiently long-lived

e Thermal sphaleron-like process at T # 0

I'(T) 2 Hubble only when 7" > T*

T* is expected to be 10172 GeV

(ct. EW sphaleron process)

25



Thermal History

%k — Tk %k n —nNn
T_l(f) ) T'<T T T T>T __ "8k Sk.

equilibrium
YDM

(inverse) decay process:
DM < (qqql)’
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Thermal History

T~ :

X equilibrium
frozen « Ypu, Ypu

(inverse) decay process:
DM < (qqql)’
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Thermal History

g — Mgy,

Ypou =

=1 ;

X equilibrium
frozen « YDM YDM

(inverse) decay process:
DM < (qqql)’

Symmetric part annihilates

Npm Npm
]



Thermal History

_1 T < T T=T* T > T* _ N, — Ny,
=) g 4 Yom = )
| Q K 32 K \ : 2 0
' DM, g Mppy Mpy - mg DMmassatT =T
: Y exp —_—
Qp T* T

2
K = ° [ > + ° nL] oM 103 for ny/ng = O(1)
\/zﬂs/z 34 17 ng| m

P
K depends on baryo/lepto-genesis scenarios
27



Ratio of relic abundance

Qpn /B

| | | | | | | | | | | | | | ; | | |
4 6 8 10 12 14 16 18

*k
Mpar
T*

Typically, m’, /T* ~ 10 can explain £2,,,/Qp ~ 5|
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Ratio of relic abundance

Qpn /B

| | | | | | | | | | | | | | ; | | |
4 6 8 10 12 14 16 18

*k
Mpar
T*

Typically, m>I< /T* ~ 10 can explain p),,/Qp ~ 5!

very natural because my,,, = 6(1)TeV , T* = 10172 GeV
28



Implication for baryo/lepto-genesis

* rewrite by two conserved quantities: Y}, g and Yy ; ,

Qpy ¥ W Ypypn +12Yp_ mpy —
Qp  —102Ypy s+ 36XYs, m | A S

P \)

12 /mx,\ " mi
Y — DM exp [ — DM ) 103
(271-)3/2 T>X< T>X<
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Implication for baryo/lepto-genesis

* rewrite by two conserved quantities: Y}, g and Yy ; ,

a3 el T oy T e Sy G L% . Wl £ o L % LA . Sl £ e 2 S O e s ey T o

L Qpy L1 Y py_ps + 12Yp 1 mpy ny
QB — 102YDM—B/3 + 36XYB—L mp - Ky

12 /mx,\ " mi
Y — DM exp [ — DM ) 103
(271-)3/2 T>X< T>X<

e Forleptogenesis, Ypy_p3 =0

Q |
o oom _ 2oL~ 15GeV
Qp 3 m,

this is very unlikely
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Implication for baryo/lepto-genesis

* rewrite by two conserved quantities: Y}, g and Yy ; ,

SO O e T i Y S L G L0 o Bl T Oy WU R R\ A G T8 o Ol Y T oy W W e 0250 A ! G L o Ol £ e T N S g T oy "y
| i~ z,.-\\

L S2py _y L11Y Dy g+ 12Yp_ mpy | B
QB — 102YDM—B/3 + 36XYB—L mp YA — T

12 mE\ mis
Y — DM exp [ ——24 ) . 1073
(27)32 \ T* T

e Forleptogenesis, Ypy_p3 =0

Q 1
o —oM _ DMy~ 15GeV
Qp 3 m,

this is very unlikely

Our scenario seems inconsistent with leptogenesis.
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Implication for baryo/lepto-genesis

* rewrite by two conserved quantities: Y}, g and Yy ; ,

— SO O e T A O S G LW el T oy W R BBy A o LN o el e T oy Wy R e 02y A o LT ¥ . el T o T A N e 0 oy "y
| i~ z,.-\\

L S2py _y L11Y Dy g+ 12Yp_ mpy | B
QB — 102YDM—B/3 + 36XYB—L mp YA — T

12 mE\ mis
Y — DM exp [ ——24 ) . 1073
(27)32 \ T* T

e Forleptogenesis, Ypy_p3 =0

Q 1
o —oM _ DMy~ 15GeV
Qp 3 m,

this is very unlikely

Our scenario seems inconsistent with leptogenesis.

requires generation of either DM or B asymmetry -



Direct detection experiment

e Assume effective coupling btw EW-Skyrmion and Higgs:

ffeff = —I<|S|2|H|2 benchmark value: k = 0.1

e Bound for spin-independent cross section with nucleon:

10~ 43 e

—
O
|
N
N
[

}—\
-
|
S
Ut
|

WIMP-nucleon o [cm?]
=
L
I

}—\

-

|
N
\]

101 102 103 104

2
WIMP mass [GeV/c] |\ eNoN1T, 1705.06655)
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« EW-Skyrmion = soliton made of Higgs and EW gauge fields

» naturally arises by O(p*) extension of Higgs Lagrangian

> plays a role of an asymmetric DM
e Qp,,/Qp ~ 5 is realized for m,,,, = (1) TeV and T* = 6(10°) GeV.

* DM direct detection experiments and measurements of aQGC

put stringent window:

e dom & ol A g o o Lot o el T oy

08TeV < mDM< 22TeV

31



Backup
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EW-Skyrmion Solution [Kitano, Kurachi ‘16, '17]

e Firstly, wetakeg=¢"=0

— The only difference from Skyrme model is the existence of A(x) .

e Hedgehog ansatz:
U = exp [ié’(r) fcada] h(x) = @(r)/vey

a=0.1, my=125GeV

[ 50000 1+t

A [

[ 40000}
2__ E— (9(7“) ;
_ % 30000 -
() 9. ~
1 £ l
5 20000 -
S

Or | 10000 -

_1_ ] O;\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\7
""""""""""" 0.0 0.1 0.2 0.3 0.4 05 0.6 0.7
0 5 10 15 20

r [(VEw)_l] Q
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EW-Skyrmion Solution

e Then, we set g ~ 0.65 (keeping g’ = 0)

e Hedgehog ansatz:
U = exp [i@(r) )?“0“] h(x) = ¢(r)/vew

2 — 1 7N

. A auxiliary field
Wix) =  Ciab™b (XX,

(explicitly solvable)

a=0.1, g =0.65, myg = 125GeV

a=0.1, myg=125GeV

15000 -1+
x(r) | 14500 -
14000 |-

13500 -

13000 |-

Energy [GeV]

12500 |-

Or 7 12000 |
/ ] 11500 |-
L i T T T [ Y BT I O Ny N A SO N N

--------------------- 0.0 0.1 0.2 0.3 0.4 0.5 06
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EW-Skyrmion Solution

e Then, we set g ~ 0.65 (keeping g’ = 0)

e Hedgehog ansatz:
U = exp [i@(r) )?“6“] h(x) = ¢(r)/vgy

2 — 1 7N

. A auxiliary field
Wix) =  Ciab™b (XX,

(explicitly solvable)

a=0.1, g =0.65, myg = 125GeV

a=0.1, myg=125GeV

15000 1
— x(7) | 14500 -
14000 -
13500 -

13000 -

Energy [GeV]

12500 |-

Or 7 12000 |
/ ] 11500 |-
L i T T T [ Y BT I O Ny N A SO N N

--------------------- 0.0 0.1 0.2 0.3 0.4 0.5 06

. [(Vew) ] g

—EW-Skyrmion does exist!! 34



Thermal History

GeV~™2 =0.04 x 1072° cm?

cXGeV2=0.12x%x 10" cm?/s

Solving Boltzman eq., late-time ratio is given by

Nppm
r=—— o exp (—26,,,/Owivp) [Graesser+, 1103.2771]

Npym

cf. {oVywivp ~ 1072 cm?’/s
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Thermal History

GeV~™2 =0.04 x 1072° cm?

cXGeV2=0.12x%x 10" cm?/s

Solving Boltzman eq., late-time ratio is given by

Npm
r=—— ~exp (—20,,,/6wip) [Graesser+, 1103.2771]

Npym

a
10-3

6,  ~ mR* ~ ma(vew) ? ~ < > x 1072 cm?/s

cf. {oVywivp ~ 1072 cm?’/s
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Direct detection experiment
e Assume effective coupling btw EW-Skyrmion and Higgs:

e Spin-independent cross section with nucleon:

K
Og] = a

WIMP-nucleon o [cm?]

1043 e
1044
10—45

1046

10—47 —....

<

)

2 2
eff,:—K|S| | H |

£

1 TeV >2 <
Mpag 0.3

104
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Non-integer B + L

EW-Skyrmion itself has non-integer B = 3¢

This is because fermionic vacuum (Dirac sea) carries non-integer

number for anomalous charge in the non-trivial background.

A

Q=:0:40u(d) O: anomalous charge
e number operator (integer), : Q =b'b+ ..

e vacuum contribution (non-integer), Q,.,.(4)

EW-Skyrmion Vacuum

! continuous

J deformation %

3 3e 37



Boson vs fermion

e Statistics of Skyrmion depends on the underlying UV theory.

e \Wess-Zumino-Witten term

When UV theory is (strongly coupled) SU(N)
gauge theory with N. > 3, it is given by
iN.

WZW = T 5402

J d5x eFPoT Ty [Ufaﬂ Ua,U*a,Ud, U aTU]
/A

e N.even = boson, odd — fermion
e Electric charge also depends on Iy, (cf.Witten effect in QED)

* |n our work, we simply put 'y, =0, leading to electrically

neutral and bosonic Skyrmion.
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aQGC by ATLAS [ATLAS, 1609.05122]

® using custodial symmetric operators in non-linear rep.

%, =a Tt |D,UD,U| Tt [D*U'D U] % = asTe |D,U'D*U| T [D,UTDU]

final states: W(->leptons) V(->hadrons) + forward dijet

0.024 < a, <£0.030 0.028 < a5 < 0.033
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aQGC by CMS [CMS,1905.07445]

final states:
W/Z(->leptons) V(->hadrons)

+ forward dijet

Figure 1: The Feynman diagram of a VBS process contributing to the EW-induced production
of events containing a hadronically decaying gauge boson (V), a W*/Z boson decaying to
leptons, and two forward jets. New physics (represented by a black circle) in the EW sector can
modify the quartic gauge couplings.

® using custodial non-symmetric operators in linear rep.

Jo i

- T T v _J1
Lo = Y [(Dﬂd)) DVCD] [(D’“‘(I)) D (I)] Lo = v

[(Dﬂcb)mﬂcb] (D*®) DV

They do not correspond to non-linear ones...
35,04_35,1 — g4+35+ v

But anyway, one can translate their constraints into non-linear ones..

Jo f

<2.7TeV™ <33TeV™ [Eboli+, hep-ph/0606118]

B al<00012  |as| <0.0016
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Example of Asymmetric DM

[lbe, Kamada, Kobayashi, Nakano 1805.06876]

B — L charge — dark baryon N.=3, Ny=12

1
O = —DUULH
A3

portal —

Symmetric part of dark baryon decays into dark radiations

dark radiations must decay into SM radiation (photon) via

€

gmix — EF/JWFIP;D

2
@ Dy
Ap 2 h DD
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EW-Skyrmion Solution

[YH-Kitano-Kurachi '21]

e Actually, EW-Skyrmion can decay because

_ 3. ~ijk
No =~ Jd x € Ty [ViVij]

IS not gauge invariant.

e (Gauge invariant quantity is
Q = Ny + Ngg
EW-Skyrmion 2

Jd3x ek Tr [WU-Wk +

2ig
ER
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Thermal History

n¢g — N
—1 _ ""Sk. Sk.
g (t % o f Ypu = P

X equilibrium
frozen « Ypy Y

Assuming thermal equilibrium at 7= T*, we obtain

Qpuy _y 11 Ypp g+ 12Yg . mpy,

QB — 102YDM—B/3 + 36XYB—L mp

=6 5 Ty — 12 My " Mpm
X = 6X flmpy, /T%) = (27m)32 \ T* CEXp | — T

43



EW Skyrmion Solution

e Then, we set g ~ 0.65 (keeping g’ = 0)
— The only difference from Skyrme model is the existence of A(x) .

e Hedgehog ansatz:
U = exp |i0(r) 26|  h(x) = $(r)/vgw

Rey(r) —1 Im y(r
Wilx) = 2(7) €;,pXp — A )(5 —XxX,) — E(rx.x,
a=0.1, my= 125Gg/ :

g = 0.65, myg = 125 GeV

31 : 120000
i 10000 -
2| — 0(r) — i
B = 7
I O 8000 -
Tr 73 6000 -
I o i
L ) |
I S 4000
0 i
i 2000 C
_1 | B 0 ;\ | | | | | | | | | | | | | | | | | | | ]
""""""""""" 0.00 0.02 0.04 0.06 0.08 0.10
0 5 10 15 20
(@7
r [((vew) ™ ]
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Thermal History

% — T % Nng —n
71 (1) T <T =T T>T Sk. Sk.

equilibrium

YDM
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Thermal History

T~ :

X equilibrium
frozen « YDM YDM
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Thermal History

T~ :

Symmetric part annihilates because of

a quite large cross section:

a
10-3

6, ~ mR* ~ ma(vew) > ~ ( > x 1072 cm’/s
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