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ATLAS Exotics Searches™ - 95% CL Upper Exclusion Limits ATLAS Preliminary

Status: May 2019 [£dt =(3.2-139) fb! V5 =8,13TeV
Model t,y Jetst ET™ [rdt[fb™] Limit Reference
T T LI | I T T T T T T LI | I T T T T T T LI I T T T T
ADD Gkk +g/9q Oeu 1-4j Yes 36.1 Mp 7.7 TeV n=2 1711.03301
2 ADD non-resonant yy 2y - - 36.7 Ms 8.6 TeV n=3HLZNLO 1707.04147
.S  ADDQBH - 2] - 37.0 Mgn 89TeV n=6 1703.09127
2 ADD BH high ¥ p1 >lepu >2j - 3.2 Mh 8.2 TeV n =6, Mp =3TeV, rot BH 1606.02265
QE) ADD BH multijet - > 3j - 36 | My 9.55TeV n =6, Mp = 3 TeV, rot BH 1512.02586
3 RS1 Gkk — yy 2y - - 36.7 Gkk mass 4.1 TeV k/Mp; = 0.1 1707.04147
© Bulk RS Gk —» WW/ZZ multi-channel 36.1 Gkk mass 2.3TeV k/Mp; =1.0 1808.02380
< Bulk RS Gkx —» WW — qqqq Oe,u 2J - 139 Ggk mass 1.6 TeV k/Mp; =1.0 ATLAS-CONF-2019-003
W Buk RS gkk — tt Te,u >1b,>1J2 Yes  36.1 | &k mass 3.8 TeV r/m=15% 1804.10823
2UED/ RPP leu 22b 23 Yes 36.1 KK mass 1.8 TeV Tier (1,1), B(AMD - tt) =1 1803.09678
SSM Z" — ¢t 2e,p - - 139 Z’ mass 5.1 TeV 1903.06248
» SSM Z' —» 17 27 - - 36.1 Z’ mass 2.42 TeV 1709.07242
g Leptophobic Z’ — bb - 2b - 36.1 Z’ mass 2.1 TeV 1805.09299
8 Leptophobic Z’ — tt e,u =1b,>1J/2) Yes 36.1 Z’ mass 3.0 TeV M/m=1% 1804.10823
o SSM W’ — v e - Yes 139 W’ mass 6.0 TeV CERN-EP-2019-100
S  SSMW’ -1y 17 - Yes 361 [ W mass 3.7 TeV 1801.06992
<=\"s HVT V' - WZ — gqqgmodelB O e, u 2J - 139 V’ mass 3.6 TeV gv =3 ATLAS-CONF-2019-003
(0} HVT V' - WH/ZH model B multi-channel 36.1 V’ mass 2.93 TeV gy =3 1712.06518
LRSM Wg — tb multi-channel 36.1 Wg mass 3.25 TeV 1807.10473
LRSM Wg — uNg 2u 1J - 80 WRr mass 5.0 TeV m(Ng) =0.5TeV, g = gr 1904.12679
_ Cl qqqq - 2j - 37.0 A 21.8TeV 7, 1703.09127
o Cl ttqq 2epu - - 36.1 A 40.0 TeV 7, 1707.02424
Cl tttt >1epu 21b,>1j Yes 36.1 A 2.57 TeV |Cael = 4n 1811.02305
Axial-vector mediator (Dirac DM) Oe,u 1-4j Yes 36.1 Mped 1.55 TeV 84=0.25, g,=1.0, m(y) = 1 GeV 1711.03301
S Colored scalar mediator (Dirac DM) 0 e, u 1-4j Yes 36.1 Mmed 1.67 TeV g=1.0, m(y) =1 GeV 1711.03301
Q VVxx EFT (Dirac DM) Oe,u 1J,<1j Yes 3.2 M, 700 GeV m(y) < 150 GeV 1608.02372
Scalar reson. ¢ — ty (DiracDM) 0O-1e,u  1b,0-1J Yes 36.1 my 3.4 TeV y =04,1=0.2, m(y) = 10 GeV 1812.09743
Scalar LQ 15t gen 12e >2j Yes 36.1 LQ mass 1.4 TeV B=1 1902.00377
QO | Scalar LQ 2" gen 1,2u >2j Yes  36.1 LQ mass 1.56 TeV =1 1902.00377
= ScalarLQ 3" gen 27 2b - 36.1 LQy mass 1.03 TeV B(LQ3 — br) =1 1902.08103
Scalar LQ 3™ gen 0-1e,u 2b Yes 361 |LQgmass 970 GeV B(LQ§ - t1) =0 1902.08103
VLQ TT — Ht/Zt/Wb+ X  multi-channel 36.1 T mass 1.37 TeV SU(2) doublet 1808.02343
s »w VLQBB - Wt/Zb+ X multi-channel 36.1 B mass 1.34 TeV SU(2) doublet 1808.02343
% :\“E VLQ Ts5;3Tss3|Ts;3 = Wt+ X 2(SS)/>3 eu>1b, 21| Yes 36.1 Ts/3 mass 1.64 TeV B(Tsy3 = Wt)=1, c(Ts;3Wt)= 1 1807.11883
:cl‘:’ g_ VLQY - Wb+ X e,y 21b,>1 Yes 36.1 Y mass 1.85 TeV B(Y - Wh)=1, cr(Wh)=1 1812.07343
VLQ B » Hb+ X Oeu,2y >1b,>1j VYes 79.8 B mass 1.21 TeV kg=0.5 ATLAS-CONF-2018-024
VLQ QQ — WqWgq Teu 24]  Yes 203 [lQESSEee0cew 1509.04261
S @ Excited quark g* — qg - 2j - 139 q* mass 6.7 TeV only u* and d*, A = m(q*) ATLAS-CONF-2019-007
Q 5 Excited quark g* — qy 1y 1] - 36.7 q* mass 5.3 TeV only u* and d*, A = m(q*) 1709.10440
<;.> g Excited quark b* — bg - 1b, 1] - 36.1 b* mass 2.6 TeV 1805.09299
W & Excited lepton ¢* 3epu - - 20.3 = A=3.0TeV 1411.2921
Excited lepton v* 3eu, T - - 20.3 AN=1.6TeV 1411.2921
Type Il Seesaw 1eu >2j Yes 79.8 NO mass 560 GeV ATLAS-CONF-2018-020
LRSM Majorana v 2u 2j - 36.1 Ng mass 3.2 TeV m(Wg) =4.1TeV, gL = gr 1809.11105
S Higgs triplet H** — ¢¢ 2,3,4 e,u (SS) - - 36.1 H** mass 870 GeV DY production 1710.09748
£ Higgs triplet H** — (7 3eut - - 203 DY production, B(H* — (1) =1 1411.2921
O Multi-charged particles - - - 36.1 multi-charged particle mass 1.22 TeV DY production, |g| = 5e 1812.03673
Magnetic monopoles - - - 34.4 monopole mass 2.37 TeV DY production, |g| = 1gp, spin 1/2 1905.10130
- ‘/§=13TeV V§=13Tev L1 ||| 1 1 1 1 L1 ||| 1 1 1 1 L1 ||| 1 1 1 1
: -1
partial data full data 10 1 10 Mass scale [TeV]

*Only a selection of the available mass limits on new states or phenomena is shown.
tSmall-radius (large-radius) jets are denoted by the letter j (J).
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SM Higgs Lagrangian
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| | | |
ATLAS Preliminary . 1otq) Stat. == Syst. 11" SM
Vs=13TeV,24.5-79.8 b
my,; =125.09 GeV, ly | <2.5
Py = 717 Total Stat. Syst. h
agF vy ru%q 0.96 =01a( =011, ‘oog)
ggF Z2Z HeH 1.04 31 ( +o014, =006)
ggF WW |I5| 1.08 :019( =011, =0.15)
gFw e 0% NEC R )
ggF comb o 1.04 -o009( =007, 307)
VBF vy 139 T0R( Tou. on) W, W,
VBF 2z e 2es (O, o) h
VBF WW  ves=+ 059 ‘9% ( 195, =o21)
VBF Tt He=—— 116 “ges( 040, o3s)
vBFob Ia _________ =——— 301 08 )
VBF comb. 121 205 ( 017, loas)
VH vy = 109 705 ( ok, T0%) Z, 7.,
VH ZZ —== | 068 o7 ( o7, 1911) h
vHbep e ACHE - A0 N
VH comb. = 115 0% ( =016, *317)
ttH-+tH Yy o= 110 *S3( *0%, 3
HHAH VY e 150 9B ( 88, 93
ttH+tH - —— 138 “9es( 0765 oso) f f
ttH+tH bb === 079 020 ( =+020, =052)
| ttH+tH comb. %121332(017%3)
I I I I I I I I I I I I I I I I I I I I I

-2 0 2 4 ATLAS-CONF-2019-005
Parameter normalized to SM value
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Two types of extensions of the Higgs sector

e Add higher derivative terms

Low-energy effective model picture

e Change the symmetry structure

New models with extra Higgs fields:

Two Higgs doublet model
Extra triplet (Georgi-Machacek)
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Weak interactions at very high energies: The role of the Higgs-boson mass

Benjamin W. Lee,* C. Quigg,' and H. B. Thacker
Fermi National Accelerator Laboratory,* Batavia, Illinois 60510
(Received 20 April 1977)

We give an S-matrix-theoretic demonstration that if the Higgs-boson mass exceeds M, = (87v/2/3G;)""?,
parital-wave unitarity is not respected by the tree diagrams for two-body scattering of gauge bosons, and the
weak interactions must become strong at high energies. We exhibit the relation of this bound to the
structure of the Higgs-Goldstone Lagrangian, and speculate on the consequences of strongly coupled Higgs-
Goldstone systems. Prospects for the observation of massive Higgs scalars are noted.
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Stablility of the EW Skyrmion

What happened again? (in formula)

1
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Naive modification: B* =
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Topological defects in the 2HDM



Two Higgs doublet model
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Two Higgs doublet model

1 v 1 a aur
L=—7BuB" — Wi, W + 3 (Du®] D) — V(®1,@;)

i=1,2

/

D, ®; = 0,®; — igW,®; — 7;%3“@2-

—+ BGCI)T(I) DL 2 1(132 —|—hC}

Require (softly broken) Z2 symmetry
((1)1 — —|—(I)1, (1)2 — —(I)Q)



Two Higgs doublet model

1 1
E — __B'L“/B,LLI/ — Z

; we,wen 1 (DMCD;TD“CI)?;) _ V(@ ®s)

i=1,2

/

D, ®; = 0,®; — igW,®; — 7;%3“@7;

2 2
V(®1,85) = m2 0@, + m2dle, — 1<1>2+h.c.) + % (@f®1)" + % (@f@,)

+ B (clf{cbl) (<1>;<1>2) + Ba (cb{cbg) (cb;cbl) + (qﬂ;cpg)Q +h.c.}

—+ BGCI)T(I) DL 2 1(I)2 —|—hC}

Assume the CP invariance (for the moment)

(m%Q, Bs : real)
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1 1
E — __BMVB,LLV — Z

; we,wen 1 (Ducb,jDﬂcbi) _ V(@ ®s)

i=1,2

/

D, ®; = 0,®; — igW,®; — 7;%3“@2-

2 2
V(®1,85) = m2 0@, + m2dle, — 1<1>2+h.c.) + % (@f®1)" + % (@f@,)

+ B ((I)J{%) (q>;<1>2) + Ba (CDJ{CI)Q) (cb;cbl) + (@{@2)2 +h.c.}

—+ BGCI)T(I) DL 2 1(I)2 —|—hC}

Assume the CP invariance (for the moment)

(m%Q, Bs : real)



What makes the difference? SM «<—» 2HDM

Relative phase of two Higgs fields: @1 =¢* ( ! ) By = et ( 0 >

(0] U2

+ 1 |Bs®l @ T 22 1 P2 "’h'C‘}

Assume the CP invariance (for the moment)

(m%Q, Bs : real)



What makes the difference? SM «<—» 2HDM

Relative phase of two Higgs fields: @1 =¢* ( ! ) By = et ( 0 )

(0] U2

2 2
V(®1,05) = m} @0 + mold, |~ (mBe]0; +he | + b1 (of@1)" + =2 (ofas)

2
+ s (0]@1) (@h@s) + Ba (@]@,) (@la\) |+ {55 ((I)J{CDQ)2+h.C.}

+ 1 |Bs®l @ T2 1P2) + h°C°} /
Relative phase dependent terms

Assume the CP invariance (for the moment)

(m%Q, Bs : real)



What makes the difference? SM «<—» 2HDM

Relative phase of two Higgs fields: @1 =¢* ( ! ) By = et ( 0 )

U1 U2
Ve(a) = —2miyv1vg cos2a + PB5vivs cosda
9 Sinf _ Q(m%Q/Uva)
— <U1U2)2\/4 (m%Q/Uva) + /Bg \/4(771%2/’01’()2)2 — 6%7
(—sin & cos 2 + cos € cos 4a) . cosé = Bs

VA(m3, /vivs)? + B2

2 2
V(®1,05) = m} @0 + mold, |~ (mBe]0; +he | + b1 (of@1)" + =2 (ofas)

2
+ s (0]@1) (@h@s) + Ba (@]@,) (@la\) |+ {55 ((I)J{CI>2)2+h.c.}

+ 1 |Bs®l @ T2 1P2) + h°C°} /
Relative phase dependent terms

Assume the CP invariance (for the moment) ]

(m?,, Bs : real) Ve(a)



What makes the difference? SM «<—» 2HDM

Relative phase of two Higgs fields: @1 =¢" ( 0 ) Dy = T ( 0 )

U1 U2
Ve(a) = —2miyv1v9 cos2a + P5vivs cosda
5 Sin£ _ 2(77’&%2/’01”02)
= (01v2)2\/4 (2, Jo1109)? + 2 N AT
—sin £ cos 2ac + cos & cos 4av) . = fs ,
( | O i e 1 B
- tan_l(él)v G tan~— ' (4)
i
0<&<m
Z
4 k mZ, can always be made positive
by a field redefinition
Q 0Ff
D) .
_ < a<
2 T2

fields with a« =0 and 0 + 7
are physically equivalent
(up to gauge transformation)




What makes the difference? SM «<—» 2HDM

Relative phase of two Higgs fields: @1 =¢" ( 1?1 ) Dy = eti@ ( 32 )

Ve(a) = —2miyv1v9 cos2a + P5vivs cosda
5 Siﬂg _ 2(77’&%2/’01”02)
— (,01,02>2\/4 (m2, /vive)” + B2 VA(m2, [vvg)2 + B2
(—sin & cos 2a + cos & cos4da) . cosé = B .
VA(mis/v1v2)? + B3
- tan_l(él)v G tan~— ' (4)
J—7)

Global minimum

=13

------- Local minimum

Shape of the potential is
classified into five types




What makes the difference? SM «<—» 2HDM

Relative phase of two Higgs fields: @1 =¢" ( 0 > Dy = T ( 0 )

U1 U2
Ve(a) = —2miyv1v9 cos2a + P5vivs cosda
5 Sinf _ 2(77’&%2/’01’02)

= (’01’02)2\/4 (miy/v1v2)” + B3 VAT, fu1va)? + BE

(—sin & cos 2a + cos & cos4da) . cosé = B .

¢ —1(4) ¢t —1(4) \/4(777/%2/’01’02)2 +/B§
P S—— A |

—— ngJ_ o Casel : £ =0
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o
< AT\ /77 ]/
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What makes the difference? SM «<—» 2HDM

Relative phase of two Higgs fields: @1 =¢" ( 0 > Dy = T ( 0 )

U1 V2
Ve(a) = —2miyv1v9 cos2a + P5vivs cosda
5 Sinf — 2(777%2/’01’02)
= (’01’02)2\/4 (miy/v1v2)” + B3 VAT, fu1va)? + BE
(—sin& cos2a + cos € cos4a) . cosé = By

VA(m3, /vivs)? + B2

- tan_l(él)v G tan~— ' (4)
2 e )]
\Jjg e Casell : 0 < ¢ < tan™'(4)

il \§

| -3 O .
= @ T :
_E_If// ﬁ\mi 2 minima: a = —) <P o = +0
K A - CP



What makes the difference? SM «<—» 2HDM

Relative phase of two Higgs fields: @1 =¢" ( 0 > Dy = T ( 0 )

U1 U2
Ve(a) = —2miyv1v9 cos2a + P5vivs cosda
Sinf _ 2(77’&%2/’01’02)
— (,01,02)2\/4 (m%Q/v1v2)2 + /32 VA(m2, [vvg)2 + B2
(—sin & cos 2a + cos & cos4da) . cosé = B .
¢ —1(4) ¢t —1(4) \/4(777/%2/’01’02)2 +/B§

N[

e Caselll : tan~'(4) < ¢ <7 —tan™*(4)

4
& 0 \ /a
7 ‘y m
- 2 2
4
_g_, I minimum
0



What makes the difference? SM «<—» 2HDM

Relative phase of two Higgs fields: @1 =¢" ( 0 > Dy = T ( 0 )

U1 U2
Ve(a) = —2miyv1v9 cos2a + P5vivs cosda
Sinf _ 2(77’&%2/’01’02)
— (,01,02)2\/4 (m%Q/v1v2)2 + /32 VA(m2, [vvg)2 + B2
(—sin & cos 2a + cos & cos4da) . cosé = B .
¢ —1(4) ¢t —1(4) \/4(777/%2/’01’02)2 +/B§
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What makes the difference? SM «<—» 2HDM

Relative phase of two Higgs fields: @1 =¢" ( 0 > Dy = T ( 0 )

U1 U2
Ve(a) = —2miyv1v9 cos2a + P5vivs cosda
5 Sinf _ 2(77’&%2/’01’02)
— (,01,02)2\/4 (m2, /vive)” + B2 VA(m2, [vvg)2 + B2
(—sin & cos 2a + cos & cos4da) . cosé = B .
¢ —1(4) ¢t —1(4) \/4(777/%2/’01’02)2 +/B§
I D))
= ’/JJ_ e CaseV:{=m

ANVAW
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Domain walls and membranes in 2HDMs
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Domain walls and membranes in 2HDMs

M. Eto, M. Kurachi and M. Nitta, Phys.Lett. B785 (2018) 447-453
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V V restored on the domain wall
0.9¢ 0.9¢ 09¢
0.8L : - J0.8L ' : J0.8L : : . . L -
20 -10 0 10 20 -20 -10 0O 10 20 -20 -10 O 10 20 For a comprehensive discussion, see
1.5 — 1.5 1.5 — R. A. Battye, G. D. Brawn and A. Pilaftsis,
JHEP 1108, 020 (2011)
1.0+ {1 1.0t 1 10}
Lﬂ 0.5} ] 05} 1 05}
0.0 0.0 /\ 0.0

-20 -10 O 10 20 -20 -10 O 10 20 -20 -10 O 10 20



Domain walls and membranes in 2HDMs

M. Eto, M. Kurachi and M. Nitta, Phys.Lett. B785 (2018) 447-453

Case V (£ =)
- lZT ...... ' ......
75 domain walls —

CP symmetry is not broken in the vacuum, V
broken around the domain wall
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Domain walls and membranes in 2HDMs

M. Eto, M. Kurachi and M. Nitta, Phys.Lett. B785 (2018) 447-453

Membranes

Not topologically stable:

fields at £t = —o0 and x = o
are identical

C. Bachas and T. N. Tomaras,
Phys. Rev. Lett. 76, 356 (1996)
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Domain walls and membranes in 2HDMs

M. Eto, M. Kurachi and M. Nitta, Phys.Lett. B785 (2018) 447-453

Membranes

Not topologically stable:

fields at £t = —o0 and x = o
are identical

Possible existence of
classically stable wall-like
object, but it can quantum
mechanically decay
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Domain walls and membranes in 2HDMs

M. Eto, M. Kurachi and M. Nitta, Phys.Lett. B785 (2018) 447-453

Membranes

Not topologically stable:

fields at £t = —o0 and x = o

are 1dentical

Possible existence of
classically stable wall-like

object, but it can quantum
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What does that mean?
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Domain walls and membranes in 2HDMs

M. Eto, M. Kurachi and M. Nitta, Phys.Lett. B785 (2018) 447-453

Membranes

Not topologically stable:

fields at £t = —o0 and x = o

are 1dentical

Possible existence of
classically stable wall-like
object, but it can quantum
mechanically decay

What does that mean?

How it actually happens?
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Case III (£ = 7/2)

Case IV (¢ = 37/4)
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Vortices in 2HDMs

What is the vortex”?

It can appear when the first homotopy group (71)
of the vacuum manifold is nontrivial

Is there any topological vortex solution in the 2ZHDM?



Vortices in 2HDMs

What is the vortex”?

It can appear when the first homotopy group (71)
of the vacuum manifold is nontrivial

Is there any topological vortex solution in the 2ZHDM?

Yes!



Vortices in 2HDMs

What is the vortex”?

It can appear when the first homotopy group (71)
of the vacuum manifold is nontrivial

Is there any topological vortex solution in the 2ZHDM?

Yes!

Extra U(1) symmetry that does not exist in the SM

U(1), transformation b — e D

relative phase of &, &, by — e Dy

G. R. Dvali and G. Senjanovic, Phys. Rev. Lett. 71, 2376 (1993)



U(1l), symmetry of the 2HDM Lagrangian

i i i P ?
VB, ®s) = m2, 0 &) + m2,d0d, (m12<I> By +hc) = ( ) (<I> <I>2)

+ 33 (<I>T ) (<I>T<I>2) + By ((I)T(I)Q) (<I>T { > cI>*<I>2)2 + h.c. }



U(1l), symmetry of the 2HDM Lagrangian

V (D1, By) (mllclﬂ ){mmqﬂ J— m12<I>J{<I>2—I—h.C.) {% ol 3+&2 (cbgcbzﬂ
{63 (cb{cbl %%j{"‘ qﬂcbz) (cbgcbl)j+ {525 (cIffcbg)2 +h.c.}

terms that are invariant under U(1), transformation

(1)1 — 6_ia (I)l

b, — €+ia D,



U(1l), symmetry of the 2HDM Lagrangian

2
V(®y, By) = m2, I, +m2, o0, [(leCIDTCI)Q +hc. } ol ) 522 ((I) <I>2)

+03 (CI)T ) (CIDTCI)2> + B4 (CI)TCI>2 <I>T {% <I>T<I>2)2 + h.c.}j

terms that are not invariant under U(1), transformation

(I)l — e_m (I)l

b, — €+ia D,



U(1l), symmetry of the 2HDM Lagrangian

2
V(®y,®y) = m2,®! &, +m2,0ld, —M % (cp{q)l) % (@2%)

+B5 (qﬂlfq)l) (cb;cbz) + B4 (cb{cbz) (cb;cbl) 55 (g1 pay +h.c.}

Let us first discuss U(1), symmetric case: mi, =0, 85 =0

VEV of the Higgs fields breaks the symmetry spontaneously

nh(2) ()

; Vortex solution appears




U(1l), symmetry of the 2HDM Lagrangian

2 2
V(®1,®5) = m20idy +m2,05d, —M % (o]@1) + % (@},)

+B5 (qﬂqu)l) (cb;cbz) + B4 (cb{cbz) (cb;cbl) 55 (g1 pay +h.c.}

Vortex solution: | 2x2 notation: H = (ioo®7, $2)

o (v fir)e? 0 o
0 va fa(r)
V2 1 xJ
Zi = —2 1 i1 o 1 — T |
/U% _|_ /U% \/92 _|_ 9,2 € 7 T2 ( w(,r)) <-—‘__———<_:/=/r



U(1l), symmetry of the 2HDM Lagrangian

2 2
V(®1,®5) = m20idy +m2,05d, —M % (o]@1) + % (@},)

+B5 (qﬂqu)l) (cb;cbz) + B4 (cb{cbz) (cb;cbl) 55 (g1 pay +h.c.}

Vortex solution: | 2x2 notation: H = (ioo®7, $2)

= (T )

) .
h 1 x’
(1 —
02 + 02 NCCEwT €ij— (1 —w(r))

Z; = —2 >

1.5

0.0+

0.5k

© (1,0)-string |




U(1l), symmetry of the 2HDM Lagrangian

2 2
V(®1,®5) = m20idy +m2,05d, —M % (o]@1) + % (@},)

+B5 (qﬂqu)l) (cb;cbz) + B4 (cb{cbz) (cb;cbl) 55 (g1 pay +h.c.}

Vortex solution: 2x2 notation:

H = (iUQ@T, @2)

H— ( vy f1(r) e 0 )

0 v fa(r)
V2 1 xJ
Zi — —2 1 117 o
v +03 it g2
Z-flux
ﬁ

" (1,0)-string |




U(1l), symmetry of the 2HDM Lagrangian

2 2
V(®1,®5) = m20idy +m2,05d, —M % (o]@1) + % (@},)

+B5 (qﬂqu)l) (cb;cbz) + B4 (cb{cbz) (cb;cbl) 55 (g1 pay +h.c.}

Vortex solution: | 2x2 notation: H = (ioo®7, $2)

i= (" L)

0: —m~m



U(1l), symmetry of the 2HDM Lagrangian

2 2
V(®1,®5) = m20idy +m2,05d, —M % (o]@1) + % (@},)

+B5 (qﬂqu)l) (cb;cbz) + B4 (cb{cbz) (cb;cbl) 55 (g1 pay +h.c.}

Vortex solution: | 2x2 notation: H = (ioo®7, $2)

i — ( U1 fl(’l") eif 0 ) _ 6%@6“’739 < vlfl(r) 0 )

0 v f2(7)

{ element of local symmetry

0 : —m~
e U(1), phase : —7/2 ~ /2

so-called semi-local string



Now let us discuss effects of U(1), breaking terms

2 2
V(®1,®5) = m20idy +m2,05d, —((m§2<1>{<1>2 +he) % (o]@1) + % (@},)

+3 (cb{cbl) (cb;cpz) + Ba (cb{cbz) (cbgcbl) {% (qf{cbg)z + h.c.}j

Vortex solution: m?, =0, 35 =0

_ | v fa(r) e 0 _ ig frag [ vifi(r) 0
A= (I ) = )



Now let us discuss effects of U(1), breaking terms

2
V(®1,®5) = m20idy +m2,05d, [(m12<1>T<1>2+hc) @( o[ ®,) e > (ofe,)

% qﬁcbg + h.c.}]

s (0]@1) (@10,) + By (@], (@01 )

r:hxw

Vortex solution: m7, #0, (5 # 0

H — v1 f1 (’I“) eié(e) 0 ) _ %é(@) 7;23 6(6) Ulfl (T) 0
( 0 v folr) )~ ° 0 wafa(r)

Since the potential has non-trivial U(1), phase dependence,
vortex configurations have non-trivial 6 dependence



Now let us discuss effects of U(1), breaking terms

2
V(®1,®5) = m20idy +m2,05d, [(m12<1>T<1>2+hc) @( o[ ®,) e > (ofe,)

% qﬁcbg + h.c.}]

s (0]@1) (@10,) + By (@], (@01 )

r:hxw

Vortex solution: m7, #0, (5 # 0

H — v1 f1 (’I“) eié(e) 0 ) _ %é(@) 7;23 6(6) Ulfl (T) 0
( 0 v folr) )~ ° 0 wafa(r)

To see the potential that the vortex configuration “feels”,
let us substitute H = e'*diag(v1,v2) into the potential



« dependent part of the potential

Ve(a) = —2mi,v100 cos2a + Bsvivs cos da

= (?}1”02)2\/4 (m%2/1)1’02)2 + Bg
(—sin & cos 2a + cos € cos4a) .

—1 _ —1
tan (4)v 77— tan (4)

L))

N[ S

"y

H = e*“diag(vi, v2)

: B 2(777/%2/7)1"02)

R/ e sy v ey &
_ Bs

cosé =

VA(m3, /vivs)? + B2

Domain wall(s) attached to the vortex appears



Domain wall - Vortex complex

M. Eto, M. Kurachi and M. Nitta,
Phys.Lett. B785 (2018) 447-453

Potential Is classified into five types

N[ S

=13

Domain wall(s) attached to the vortex appears



Domain wall - Vortex complex

M. Eto, M. Kurachi and M. Nitta,
Phys.Lett. B785 (2018) 447-453 Case III (& = w/2)
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Domain wall - Vortex complex

M. Eto, M. Kurachi and M. Nitta,

Phys.Lett. B785 (2018) 447-453 Case III (& = w/2)

N[ S

=13

One domain wall is attached to
the vortex

37
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Domain wall(s) attached to the vortex appears



Domain wall - Vortex complex

M. Eto, M. Kurachi and M. Nitta,
Phys.Lett. B785 (2018) 447-453 Case III (& = w/2)

N[ S

=13

One domain wall is attached to
the vortex

Tension of the wall drags the vortex
towards the side of the wall

37

4

Domain wall(s) attached to the vortex appears




Domain wall - Vortex complex

M. Eto, M. Kurachi and M. Nitta,
Phys.Lett. B785 (2018) 447-453 Case II (¢ =7 /4)

37
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Domain wall(s) attached to the vortex appears



Domain wall - Vortex complex

M. Eto, M. Kurachi and M. Nitta,
Phys.Lett. B785 (2018) 447-453 Case II (¢ =7 /4)

N[ S

=13

Two domain walls are attached to
the vortex

2 o
0 il il 3_7T 7T g
4 2 4

Domain wall(s) attached to the vortex appears



Domain wall - Vortex complex

M. Eto, M. Kurachi and M. Nitta,
Phys.Lett. B785 (2018) 447-453 Case II (¢ =7 /4)

Two domain walls are attached to
the vortex

Due to the difference of the tension
of two domain walls, the vortex moves
toward higher-tension wall

37

T &

Domain wall(s) attached to the vortex appears



Domain wall - Vortex complex

M. Eto, M. Kurachi and M. Nitta,
Phys.Lett. B785 (2018) 447-453
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Domain wall(s) attached to the vortex appears



Domain wall - Vortex complex

M. Eto, M. Kurachi and M. Nitta,
Phys.Lett. B785 (2018) 447-453 Case | (f — O)

AW
AVARVA

Two domain walls that have the same
tension are attached to the vortex
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Domain wall(s) attached to the vortex appears



Domain wall - Vortex complex

M. Eto, M. Kurachi and M. Nitta,
Phys.Lett. B785 (2018) 447-453 Case | (f — O)
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Two domain walls that have the same
tension are attached to the vortex
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Domain wall - Vortex complex

M. Eto, M. Kurachi and M. Nitta,
Phys.Lett. B785 (2018) 447-453
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Domain wall - Vortex complex

M. Eto, M. Kurachi and M. Nitta,
Phys.Lett. B785 (2018) 447-453
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Domain wall - Vortex complex

M. Eto, M. Kurachi and M. Nitta,
Phys.Lett. B785 (2018) 447-453
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ARVAR

N[ S

=13

Two domain walls that have the same
tension are attached to the vortex

Since the tensions from both side of
walls are balanced, the vortex is stable
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Domain wall(s) attached to the vortex appears



Domain wall - Vortex complex

M. Eto, M. Kurachi and M. Nitta,
Phys.Lett. B785 (2018) 447-453 Case V (f — T )
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Note: The vacuum does not break the CP
symmetry, but it is broken around the wall
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that have the same
tension are attached to the vortex

walls are balanced, the vortex is stable
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Domain wall(s) attached to the vortex appears



Domain wall - Vortex complex
M. Eto, M. Kurachi and M. Nitta,

Phys.Lett. B785 (2018) 447-453 Case IV (£ = 37/4)
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Domain wall - Vortex complex

M. Eto, M. Kurachi and M. Nitta,
Phys.Lett. B785 (2018) 447-453 Case IV (£ = 37/4)
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Two domain walls are attached to
the vortex from one side
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Domain wall(s) attached to the vortex appears




Domain wall - Vortex complex

M. Eto, M. Kurachi and M. Nitta,
Phys.Lett. B785 (2018) 447-453 Case IV (£ = 37/4)

N[ S

=13

Two domain walls are attached to
the vortex from one side

Tension of walls drags the vortex
towards the side of walls
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Domain wall(s) attached to the vortex appears




Domain wall - Vortex complex
M. Eto, M. Kurachi and M. Nitta,

Phys.Lett. B785 (2018) 447-453 Case IV (£ = 37/4)
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Similar to Case V, the CP symmetry is
broken around domain walls
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Stability of the domain wall / membrane

0<é<tan ' (4) & &= tan~t(4) < &<
(Cases |, ll, and V) (Cases lll, and V)

0 -

&

CP, Z2 domain walls remain membranes disappear

(Cosmologically ruled out) (Cosmologically safe)



Stability of the domain wall / membrane

0<é<tan ' (4) & &= tan ' (4) < &<
(Cases |, ll, and V) (Cases lll, and V)
Cosmological constraint on the parameter space
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b5 M. Eto, M. Kurachi and M. Nitta,

Phys.Lett. B785 (2018) 447-453

(Cosmologically ruled out) (Cosmologically safe)



Effect of the explicit CP violation

if m{, and/or B are complex,

Ve(a) = —2@)102 cos 2xv +‘1v2 cos 4o

= (v1v9) \/4 m12/7)1’02) + 32

(—sin & cos 2a + cos € cos 4ay) .

gt

— sin & cos(2av + 01) + cos & cos(4a + 02)

where m2, = e m2,)| . B = €'2|fs]



Effect of the explicit CP violation

If mi, and/or 85 are complex,
the reflection symmetry will be lost

tan—1(4) v m — tan~ ' (4)

[—77)




Effect of the explicit CP violation

If mi, and/or 85 are complex,
the reflection symmetry will be lost

tam_l(él)v G tan—1(4)

T
\ B /
(87
O W
Domain walls
become unstable




Effect of the explicit CP violation

if m{, and/or B are complex,
the reflection symmetry will be lost

taun_l(él)v G tan—1(4)
T
=1
(87
O W
Domain walls
become unstable

Phenomenological constraint on the magnitude
of the explicit CP violation (EDM, Higgs decay:-)

i V. Keus, S. F. King, S. Moretti and K. Yagyu, JHEP 1604, 048 (2016)

Lifetime of the domain wall




Gravitational Wave?

Remnant of creations and annihilations of domain walls

—4/3 2 —4
Qw2 (t0) peak = 7.2 x 10718 &4 A? gea(Lann) ) ™ 2 Lo (3.9)
e = 10 1TeV3) \102GeV ) |
R(t
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1/2 —1/3
_ 1 1 > 10_9 HZ g* (Tann) / g*s(Tann) / Tann (3 10)
' 10 10 10-2GeV ) '
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10-10l N / DECIGO (inst. + WD)
o 7 O 0 - Ultimate DECIGO (inst. + WD)

-12 L . P ‘4 Lt ,l II
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1016+ : o mme—— ET
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10 a'l? =10° GeV, T, = 10* GeV
10-9 106 10-3 1 e f[Hz] o'/* = 10" GeV, Ty = 10° GeV

K. Saikawa, arXiv:1703.02576 [hep-ph]
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Other related references

2HDM (Monopole)

M. Eto, Y. Hamada, M. Kurachi and M. Nitta,
" “Stable magneti monopole in two Higgs doublet models,”
arXiv:1904.09269 [hep-ph].

2HDM (More comprehensive analysis)

M. Eto, M. Kurachi and M. Nitta,

“"Non-Abelian strings and domain walls in two Higgs doublet models,”
JHEP 1808 (2018) 195,

arXiv:1805.07015 [hep-ph].

Georgi-Machacek Model

C. Chatterjee, M. Kurachi and M. Nitta,
““Topological Defects in the Georgi-Machacek Model,"
Phys. Rev. D97, no. 11, 115010 (2018),
arXiv:1801.10469 [hep-ph].
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