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Domain wall problem

Domain walls are thought to be created when a discrete symmetry is spontaneously broken

= After spontaneous symmetry breaking (SSB) there are regions of space, which live in different vacua
— domains

= Transition between these regions, where fields are trapped in false vacuum

— Domain Wall (DW)

Problem: Stable DWs are cosmologically unfavourable

« Dynamics driven by tension force pr~o — Enter ,,scaling* regime pr"'% o. Surface energy density

=  ppw~t~! while p,,, py~t™2
If existing, DWs would dominate the energy density of the universe (unless o is very small)

« DWs imprint large scale density fluctuations which are constrained by CMB

= Zel'dovich-Kobzarev-Okun (ZKO)-bound: o < O(MeV?)
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Solutions to the Domain wall problem

General idea to overcome the DW problem is to destabilize DWs
Two approaches:

a) Lift the energy degeneracy of the vacua — approximate discrete symmetry
b) Change initial probability to populate vacua

Focus on option a):

Energy difference induces a vacuum pressure py~ Vg;qs, regions of true vacuum grow.

— DWs become unstable if py~ pr

0'2

2

Demanding DWs collapse before domination gives: Vhias =

» AF

Relative population of the two vacua given by Boltzmann-equation: p—‘ =e T
+

V, : Potential barrier

Vyias - Energydiff. between
vacua

Ve: Correlation volume

p_: prob. of false vacuum
p.. prob. of true vacuum

Kibble mechanism: After SSB thermal fluctuations between the vacua still possible, below the

Ginzburg-temperature T ~ V, X Ve domains freeze out; Free energy AF = Vg;q5 X Vg
Percolation theory gives a critical probability p. = 0.311 up to which DW networks form:

Ve 1—
Bias ln< pc) = 0.795
VO pc
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Circumventing the Domain wall problem for multiple discrete
symmetries

2HDM and N2HDM scalar potential can exhibit several discrete symmetries
= Can one overcome the DW problem without imposing an extra bias on the initial conditions ?

Consider a model with an approximate Z, and an exact Z, symmetry:

I % < 0.795 is not fulfilled for the approximate symmetry
0

— DW networks form between degenerate vacua corresponding to exact symmetry! — Stable DWs

3 potential barriers V, ; separating vacua
= 3 different Ginzburg temperatures T ; = V,,; X Ve until which thermal fluctuations between vacua

Ccan occur

= suppression of stable DWSs only possible if T¢ gppr0x (OF Vo approx) 1S the lowest :
TG,approx <1
TG,exact B

Estimate relative probability of two DW states:

AGxA
_AF iaiddnls

Pexact _ e T =e T¢ with Ac = Opxqet — Oapprox

Papprox
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2HDM

A1

. , 5 A ‘
« Impose softly broken discrete Z, V =m?(®1®,) + m,(2I®,) + E(@f{@l)z + E“'({Iﬂ;%)z + A3(@l @) (DlD,)

symmetry to avoid tree-level \e
FCNCs: + A (DI D) (DI D,) + (E(qﬂ‘q)g)? — m2, (D1 ®,) + h.c.)
(I’l — (I)l._ ‘Dg — —‘I’g.

) | &1 2
— mf, soft breaking parameter Pr=\ s |0 P27 idarin
— natural bias term! V2 V2

« CP-conserving, all parameters and
VEVs are real tan(B) = Y2 vsar = £/ V% + v = 246 GeV.
™"

« Mixing angles a (CP-even) and 3
(CP-o0dd, charged)

. 0*V , o cos(0) —sin(0)
MZ]* = iith a=0,+; and i,j=1,2 R(0) =
[M] 56795" with a=0,4; and i,j=1, () (sin(t’-}') cos(6)
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2HDM

- . . . .. i /'\1 f )‘12 ¢
. Use minimization conditions V =m?(®1®,) + m,(2I®,) + E(@;’@l)z t E((I)E(I)g)z + A3(@l @) (DlD,)
e lgemv, = O i i As ot 2 o2 (o
09 T + M (D1 D) (1)) + (2 (@1 ®,)? — my (1 dy) + hoc)
to eliminate m?,and m2, 2
. Express all quartic parameters A; in A, = —MigtanS + Mycq + Mj;s,
] 2,2
mass basis Vsm |
—m2ycotB + MPs? + M2
Ay = 2 9
SaUsn
N —miy + 2M7 cgsg + (ME — ME)casa
3 = o 9
“BS8Vs M
A\ = mi, + (M3 — 2M3,..)cpss
CaS5VEN
Ao — m2, — M3cgsp

CaSaVE N
— 8 free real parameters:

My, Mg, My, Mys, tan(f), «

2
vy and  miy

1 ]
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N2HDM

« 2HDM + real scalar singlet &g

« Mixing with CP-even doublet
states
= 3 CP-even scalars H,, H,, H;
= 3 mixing angles a4, a5, a5

A A
V = mi,(®]®1) + miy(P1D,) + 51(‘1)1‘1)1)2 + Eg
A
+ Ay (P D,) (BLDy) + (55(@’;@2)? — m2,(DI®,) + h.c)
?'H?q

A A A
% + 04 + T (@]0) 0% + T} ()0,) 2%,

2 8

Coy Cors Sa1Cas Ses
CaySazCas + SaySas  —(CaySas — Sa1SazCas) CazCas
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N2HDM

Ay A9
2 2

A
+ Ay (P1 D) (B1D)) + (5‘"(@’;@2)2 — m2y (D1 ®,) + h.c)

V =m?(BTD,) + m2,(PLd,) + == (D1 D)2 + Z2(BIB,)2 + A3 (DT D, ) (P D)
- Eliminating m?,, m3, and m?

via min. conditions

- 2 A A A
s Expr Il quartic parameters A; Mg x2 | 7654 7t 2 8 (it 9
| press a gua C parameters A; + 5 oy + 2 D + E((IH(I)I)(I)S + 5((1»2@2)@3?
In mass basis
A 6+ Y o= LG - i)
1= 2 2 —H S5 A ! ,{,2 Al
1 As = E :mH Rw _—
/\ZZT .-.,J( ('.:}+Z'rnHR ) ?‘21 !,12 - !’1512'
S3Ca
1 - A7 = m2; RiR;
/\3 = E (—ﬂz + s5C5 Z THH thtg + QTnHi) 7 VUgCZ 4 Z H; il 3,
Ay = Loz 2 g = L Zm2 Ris R
4= ,E(P- + 7’”_4 - 'mHi)v 8 = vussy L o Atz £y,
i , 2
— 12 free real parameters: My, .5, Ma, Mg, 033, tan(B), wvsy, vs and  mi,
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Discrete symmetries

 Softly broken Z, symmetry imposed to avoid FCNCs at tree-level Type | d, | L | I, | d-type | leptons
I|—|+|—- Do Do
Dy — Dy, Py — —Dy I+ |+ |+ g} Dy
_ - lepton-specific | — | + | + , ®,
Yukawa structure the same in 2HDM and N2HDM as singlet does not flipped | + | + | — | @, D,

couple to fermions

« Exact Z, symmetry: ®1 — —®;, &3 = —dy.
Yukawa Lagrangian invariant only for Type | 2HDM and N2HDM

For Z, and Z,: &g - dg

« Exact Z', symmetry: &, — &, &y — &y, by — —Dg
Present in N2HDM of all Yukawa types

Note: In Dark matter models, where & acquires a vanishing VEV this symmetry is unbroken
= No DW formation
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Discrete symmetries

Example: 2HDM, scalar potential for rising values of m4,
m?%, =0 GeV? m?, = 1000 GeV? m?, =5000GeV?  1qq

2.7

200

150

100

¢, [GeV]

V(g1 ¢;) [GeV?)

-100

-150

—200

—-200 -100 0 100 200 —-200 -100 0 100 200 —-200-100 O 100 200

¢, [GeV] ¢, [GeV] ¢, [GeV]
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Solving the DW EoMs

b, — —‘I’l, oy, — @2, (I)] — —‘I’l, ‘I’g — —‘I’g,
2HDM, Type |
yp 22 é2 les
Assume planar DWs 3001 200 — 27
perpendicular to z-axis in Minkowski- | — %
space — EoM: = / Lo
100 A ‘
100 - .
Po; _ dV g g o 8.
22 d(f)l
0 0.4 -
With boundary values 0 /
—50 - 0.2 1
. — ¢
O — V4 fﬂ?‘ Z — OQ, . / 200 — % oo JKK
@1 _} Xl(?"’t) fﬂ.'.i" z _} _m_ -0.1 z[G(;E:/_l] 0.1 -0.1 Z[G‘::J_l] 0.1 -0.1 Z[G(;[;/_l] 0.1
do; ? myg = T15GeV, my+ = 350GeV, my = 350 GeV,
pl2) = Z\ | +V)-VE) - o= / p(2) dz :
i m2, = 2000 GeV?2, tan(B) = 1.5, cos(B —a) =1

Use Gradient flow method to solve EoMs
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Solving the DW EoMs = = /
— 400
N2HDM 400 - ¢s
) 200 B et
In the N2HDM there are 3 discrete %01 b
- ~ 'S' -; |
symmetries present: Z,, Z, and Z',, 8 200 g o
R ’_\f -
. 1001 —200 -
Boundary values are given by:
°] ~400 -
Symmetry | ¢1(z — +00) | ¢a(z = Lo0) | Pg(z — £o0) s
Zs v/t +vy /vy Vs -0.15 -0.10 -0.05 0.00 005 010 015 -0.15 -0.10 —-0.05 000 005 010 0.15
ZQ :l:rv] :l:'U:! "US i’E’2 1e9
Zs n Vg +vg . et ';,: ....... Z
’ H ——— Zf‘,
400 H >
¥ - %
300 - 0.6 .: .:
L
S 200+ 3 P
§: E 0.4 l: '!
S 100 Q :' :
;o
tan(B) = 112, g = 091, a9 = 031, a3 = 1.29, mpy, = 157GeV, o] i ': ':
—1004 ] e ,i,\‘l‘
mpy, =495 GeV, my+ = my = 415 GeV, m%g = 2839 GeV? and vs = H07 GeV ‘,:Z \.:\‘
~200 e e R, e
-015 -0.10 -0.05 000 005 010 0.15 -0.15 -0.10 -0.05 000 005 010 015
z[GeV) z[GeV1]
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Phenomenological impact of the different symmetries
2HDM, Type |

Apply different theoretical
] 30000 30000 - 20.0 © BFB + Glob. Min.
constraints: ‘, e
- 0 Y & 'S ; 2% T €
Grey: Bounded from below 25000- 25000 1 7. All constraints
+ global minimum 15.0
Yellow: Perturbative unitarity R R -
Cyan: Percolation constraint %
V ‘K_D' 15000 A 15000 4 ¢ 10.0
B' Nu
2 < 0.795 &
VO 10000 A 10000 -
Blue: All constraints fulfilled 50-
5000 - 5000 -
0 < tan(B) < 20, 25
0 = ;3 + 05? 83 01 0.0 4
0 5 10 15 20 500 1000 1500 2000 500 1000 1500 2000
my < my < 2000 GEV, tan(B) my[GeV) my[GeV)

80GeV < myg+,ma < 2000 GeV,
107? < m?, < 30000 GeV?2.
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Phenomenological impact of the different symmetries

2HDM, Type |

Next step: What is the influence of
suppression constraints?

Bottom plots:

TG,ZZ

T —_
G,Zz

Red: > 1

T
Black stars: 6Ly <1
T —_
G2/,
pZ _AO'XAE
Cyan: —2=e¢ T¢ <0.1

e
“Z2 < 0.01
pZ2

Yellow:
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Phenomenological impact of the different symmetries
2HDM, Type |

Comparing two cases _3 ) P T ;o e
P oo, :0 .m ® M=y
a) my = my+ (green) 1 8 1730 e
AL
b) my = my+ (blue) < < e A
g © 01 oo ¥ape®® o o®’
. . ] NE:ZWU' g *'&:JOS’D" ° ., °
» Percolation constraint restricts for case R CA TR
a) my < 700 GeV, b) my < 1000 GeV ] alE gjc -
X Wit FH N
» Suppression of . 2 < 0.01 only possible for - Zo we w0 a%o
Z2 my[GeV]
700 700 1 * Toz/T6z <1
my < 400 GeV . pzijpi‘ZEI;
600 - 600 7 o2 TR S
- o= - - * * w * *.. *.l *
Remaining parameters behave similar for both cases ol * wo | H o F xoo e
% *W A ‘ o . - .. .
e P lation: %400- * *‘* :’f‘-": * . .:t E‘m- K-*_**..-".*.-! ' x
ercolation: g R xe O a K B R .
I A o o« * ° & * L *
tan(B) < 8, m%, < 5000 GeV?2,my, < 700 GeV g o] ™ :‘},”5 > % L | wef * P ..
o Th L *g ™ i *_ .
200 dap iRk X e "o | "% *.: .
« Suppression of . 2<0.01: At UL Y I A R S
Z2 260 460 EI:IIO 3{;0 260 3{;0 460 560 660

tan(ﬁ) € (318); m%zs 1000 GeVZ,mA < 700 GeV my[GeV) My = My [GeV]
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Phenomenological impact of the different symmetries
N2HDM

20000
17500 K : i‘ ol ::ft.':lﬁilt::t:m.
Same procedure as for the 2HDM, but due to Z', - | e CEERNNY o Zrov perclete
symmetry the percolation constraint is valid for all —— e
Yukawa types! S s
NE” 7500
5000 -
_3 2 2 2500 -
1077 < m7, < 20000 GeV o
M, < mu, < ma, ('_: 2000 GleV 00 25 50 7.5 ::".:)(ﬂ)d.s 150 175 20.0 250 500 750 ml,:bﬁ; e12‘,':o 1500 1750 2000
80 GeV < mpy+,my < 2000 GeV, =
1750 A
1 < tﬂn(ﬁ) < 20 1500 -
':'T ﬂ- 1250 4
2
5 Sp3< g Y, = |Risl” £20% 3
£ 1000 A
£
cos(8 — ap)cos(ag) = 1 =
500-
250 A
0.0 2.'5 5:0 7.’5 10'.0 12“5 15'.0 17'.5 26.0 ) 250 560 75’0 10'00 12'50 15'00 17’50 20'()0

tan(B) my, [GeV]
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Phenomenological impact of the different symmetries
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Phenomenological impact of the different symmetries

« Similar dependencies and tendecies as in the
2HDM

» Upper bounds on all Higgs masses

* my, < 500 GeV (percolation constraint) and
my, < 200 GeV (suppression constr. <1%)

* All other masses
PZ,
A

m; < 500 GeV for < 0.01
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Conclusion and outlook

Conclusion

« 2HDM and N2HDM scalar sectors exhibit multiple discrete symmetries, which can lead to DW formation
* For multiple symmetries, the DW problem can only be circumvented if DWs form for approximate symmetry.

* We applied a new method to estimate suppression of formation of stable DWs
= Upper bounds on all scalar masses, soft breaking parameter m%, and tan()

Outlook

 Finite temperature effects

» Dynamical simulations needed to verify the approach and to find limits of sufficient suppression
» Apply this method to CP-symmetries — Baryogenesis, Strong first order PT

 Include collider data into parameter scans
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Backup — Perturbative unitarity

o 2HDAM:
Az — Aq| < 8m
|Az + 204 £ 3)5| < 87
1
‘5(};1 + A2 + \/I[Jul — A2)? -|-4},3) < 871
! 2 2
2 )"1"')*2"‘\/(}"1—}*2} +4A; )| < 8w (41)
[10]]20].
e [or the N2ZHDM one has additionally:
|‘:’"?|: |}"ﬁ| < 8w
1
§|‘11:2,3| < B (42)

with @125 being the real roots of the cubic polynomial:

A(—27A1 A2 + 120306 + 12030006 + 30506 + 6Aa)? — 8A3 M7 s
— AN A7 s + 6ALAY) + 2(36A1 00 — 16A3 — 16A30; — 4A] + 18X X + 18Xa g
—4ANF — 4AD) + 2P (—6( M + A2) — 3Xg) + 27 (43)
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Backup — Bounded from below

AM=0, A=0, A3 > —vAlAs, A3+A4—|l5|:}—h’)ﬁ.1}tg

D = min(Ay — |As]. 0).

Using the definition of D, one can define the two sets 2, and (1,

2, = (a}ll-.;"lj,/"lﬁ =00 vV AMAs A =00 VAAg + A3 =0
A1
VAartAe F Az +D =0 A7+ A—lal}ﬂ .
2

. A
Q, = (Al...xg,zﬁ >0:VAhe 2 A > =V Adet VA > = > [T
2

\/(;’l% - Ads}{kﬁ — ,:’ng.:’nﬁ] > AtAs — [:D + ..313)}15).
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Backup — Papers

* “Areview of gravitational waves from cosmic domain walls” , K. Saikawa, 1703.02576v2

Initial condition bias: ,,Evading the Cosmological Domain Wall Problem”, Larsson et al.,

SM DWs “Domain walls and gravitational waves in the Standard Model”, Krajewski et al., 1608.05719
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Solving the DW EoMs

—

:_fra L1 — :Fn — t?f{rn]
Looking for minimum energy
configurations of the fields gt +¢) =

1

‘ndl = -fra - fvfl:‘rn} — g(” - t?f{g‘{f’}]

. Introduce an artificial time = g(t) = =V f(g(t)).
parameter t=ne — Integration time

]

« Gradient flow is limit of gradient
descent method with step-size close

fo zero 08
%__5}3_0( 0E )_£
ot Op, 0z \0(0¢n/0x)) O, Y
6{;‘5.}11 63 E;‘t'n dV l = aqs'”, . e

= — im —— =0, 041
ot 022 do, t—oo Ot

T T T T T T T T T
=20 -15 -10 -5 0 5 10 15 20
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