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The Standard Theory of Electroweak Symmetry Breaking

Higgs Mechanism in the SM: SUB)wiour  SU(2). U(1)y
[P. W. Higgs '64; F. Englert, R. Brout '64.]

yV() Higgs potentialV ( )
V() = m?Y o+ (V)P

Ground state:

é/R -

Im carries weak charge, bunho electric
charge andcolour.

Custodial Symmetry of the SM witlg®= Y; =0 and V ( ):
[P. Sikivie, L. Susskind, M. B. Voloshin, V. |. Zakharov '80.]

2 7! O U Ue:

with U. 2 SU(2). andU¢ 2 SU(2)c, andSU(2). SU(2)c=Z,"' SO(4).
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On the SM Higgs-Boson at the LHC

ATLAS & CMS Results 2019:

35.9 fb™ (13 TeV)
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Brief history of symmetries for natural SM alignment

{ Flavour unitarity of the CKM mixing matrix
[Gell-Mann, Levy '60; Cabbibo '63; Kobayashi, Maskawa '73]

{ GIM mechanism to suppresschanging interactions at the quantum level
(requires the existence of thequark) [Glashow, lliopoulos, Maiani '70]

{ Conditions for diagonal neutral currents i-boson interactions to quarks
[Paschos '77]

{ Natural diagonal neutral currents iZ - & multi-Higgs-boson interactions
to quarkS [Glashow, Weinberg '77; Peccei, Quinn 77]

{ Renormalizable models with partial avounon-conservatiorat tree level
(GIM suppressed [Branco, Grimus, Lavoura '96]

{ Yukawa alignmentin the 2HDM broken by RG e ects
(induced by non-diagonal PQ charges of Higgs doul)lets(Pich. Tuzon '09]

{ Natural AlignmentBeyondthe Standard Model [Dev, Pilaftsis '14, AP '16
(for all Higgs couplings to gauge bosons and fermjons & this talk]
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SM Alignment in the 2HDM and Beyond

2HDM potentia| [TD Lee '73; AP, C Wagner '99;
Review: Branco, Ferreira, Lavoura, Rebelo, Sher, Silva '12.]

Vo= 23 Yy mAL(Ya) ma(Y )

(107 F 2227+ (122 + (1230
(127 (3 0%+ (1001 2+ o130

+ /(3212 (322073 1):

Physical (CP-conserving) spectrum:

CP-even Higgs bosorts andh; CP-odd scalaa; charged scalarg
Higgs coupling to gauge bosons V = W; Z:

OHvy = COoS( ) Ohvyv = Sin( )

wheretan = h si=h ;i and diagonalizes the CP-even mass matrix.
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Global t to SM mis-alignment
[e.g. D. Chowdhury, O. Eberhardt, JHEP11 (2015) 052.]
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Pheno favoured limit ! . Quvyv = cos( ) ' Oy =1
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SM Alignment !

(i) (Non-)Decoupling [Appelquist, Carazzone '74; Georgi, Nanopoulos '79; Donoghue, Li '79;
Gunion, Haber '03; Ginzburg, Krawczyk '05.]

2 2 2 2 2
M Mi+ sv Mg Vsm
, . vis2gz , , 2
M 5 2 smV 5 5 S°(2 2 ass) C(2 1 ass) t
M a 5V
(i) Fine-tuning [Krawczyk et al. '99; Carena, Low, Shah, Wagner '14; Dev, AP '14.]

A 22 as)tP +3( 6 NP+ (2 1 st 6 = 0
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(i) Natural SM Alignment (independent ofM,, andt ): [PSB Dev, AP '14
N Darvishi, AP, J-H Yu, arXiv:2312.008%2

1= 2:% (With 345 3+ 4+ 5); 6= 7=0
1. Sp(4) 4= 5=0
2. SURke UQQ)y: 5 =0
Symmetries: | 3. CP SO(2ur U@)y: 345 6 0
4. CP Sp(2) 15 Sp(2) ,€, 4 = 5
5. SO@2Whr Sp(2) ;+ .- 4= &
Noted by Aiko, Kanemura '21 0 1 (Battye, Brawn, AP, '11: AP, '12
Sp(4) Majorana eld multiplet: 1 AP 24
— 2 . —
- %i 2, § : =C
| 2 2
) as a Dirac fermion: arXiv:2408.04511
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References (an incomplete list on SM Alignment in the 2HDM)

On the SM Higgs basis (also Decoupling of FCNC E ects):
H. Georgi and D. V. Nanopoulos, Phys. Lett. B82 (1979) 95.

Alignment via Decoupling:
{ J. F. Gunion, H. E. Haber, Phys. Rev. D67 (2003) 0750109.

{ 1. F. Ginzburg, M. Krawczyk, Phys. Rev. D72 (2005) 115013.

Alignment via Fine-tuning :
{ P. H. Chankowski, T. Farris, B. Grzadkowski, J. F. Gunion, Halinowski,
M. Krawczyk, Phys. Lett. B496 (2000) 195.

{ A. Delgado, G. Nardini, M. Quiros, JHEP1307 (2013) 054,
{ M. Carena, I. Low, N. R. Shah, C. E. M. Wagner, JHEP1404 (2014501

Natural Alignment without Decoupling and without Fine-tuning:
{ P.S.B. Dev, AP, JHEP1412 (2014) 024.

{ B. Grzadkowski, O. M. Ogreid, P. Osland, Phys. Rev. D94 (20165002.
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References (an incomplete list on symmetries in the 2HDMN)

Spontaneous CP Violation: T. D. Lee, Phys. Rev. D8 (1973) 1226;
G.C. Branco, Phys. Rev. D22 (1980) 2901;
G.C. Branco, M.N. Rebelo, Phys. Lett. B160 (1985) 117.

Z, symmetry: S. L. Glashow, S. Weinberg, Phys. Rev. D15 (1977) 1958.
PQ U(1) symmetry: R. D. Peccei, H. R. Quinn, Phys. Rev. Lett. 38 (1977) 1440.

Custodial SU(2) | -preserving symmetry:
P. Sikivie, L. Susskind, M. B. Voloshin, V. |. Zakharov, Nuhys. B173 (1980) 189.

Bilinear formalism:
M. Maniatis, A. von Manteu el, O. Nachtmann, F. Nagel, EPJC42006) 805;
C. C. Nishi, Phys. Rev. D74 (2006) 036003.

SU(2). U(1)y-preserving symmetries: 6
|. P. lvanov, Phys. Rev. D75 (2007) 035001;
P. M. Ferreira, H. E. Haber, J. P. Silva, Phys. Rev. D79 (20096004.

Custodial SU(2) _ -preserving symmetries: 7
R. A. Battye, G. D. Brawn, AP, JHEP1108 (2011) 020.

On completeness and unigueness of classi cation: 6 + 7 = 13
AP, Phys. Lett. B706 (2012) 465.
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Maximally Symmetric Two Higgs Doublet Model [P.S.B. Dev, AP '14]

G =SU@2) Sp(@d)=zZ.' SUR), SO(G).

2 2
V: 2 . .2+. .2 " . .2+. ) — o y + y 2;
I 17*+]) 2 ] 17*+] 2] 5 2
where 1 [R. A. Battye, G. D. Brawn, AP, JHEP1108 (2011) 020.]
1
= %i ) g; with UL 2 SU@2) : 7' %= U ;
1
i 2
2

so that underglobal eld transformations , [AP, Phys. Lett. B706 (2012) 465 &24]

Spd): 70 °=U ; withu2U@4) & ucu'=c i? O
SU(2) . gauge kinetic terms remain invariant.

Breaking Eects:  m2, J ,, U(1)y couplingg®, Yukawa couplingsy "9
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Quartic Coupling Uni cation (two loops) [N. Darvishi, AP '19]
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First conformal uni cation point : §<l) 10*! GeV (of order PQ scale)
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. . . . . . (1;2)
{ Low- and high-scale quartic coupling uni cation: tan vs
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[N. Darvishi, AP '19]
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Natural Alignment Beyond the 2HDM [AP '16]

For nHDM with m < n inert scalar doublets, there are stll continuous
alignment symmetries in theeld space of the non-inert sector :

() Sp(2Ny) D : (i) SU(Ny) D ; (i) SO(Ny) CP D

whereNy = n  m, D acts on the inert sectoonly, and CP is the canonical
CP: i(t;x)! . (t; x)(withi=1;2;:::;Np).

Symmetry invariants:

) S = {1+32/2+;;;:%y
(i) D2 = Y& 1+ 52,4+
i)y T = 1+ o 1+

Symmetric part of the scalar potential :

Veym = S+ S+ pD%D%+ Tr(TT):

Minimal Symmetry of Alignment: Z 5V  Z..
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{ Quartic Coupling Uni cation in the MS-3HDM
[N. Darvishi, M. Masouminia, AP '21]

P
Input parametersitan 1 = Vo=vy, tan , = vz= VZ+ V3,

M i and h, h, -mixing angle:

0.2

Low-Scale Quartic Coupling Unification
M;,:=500 GeV
tanb,=50

tanb,=0.018

o
=

o
o

Quartic Couplings

Log,o(M [GeV]
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{ Misalignment predictions in the MS-3HDM
[N. Darvishi, M. Masouminia, AP '21]

10° ;
; High-Scale Low-Scale
-1 2 2
10 _1'95|vv ——'1'g§vv
1072 —1- g|2—|tf ---1- ggtf
—1-Gws " 1-Omwp
o 107E _ —1-G4 - -1-Gir
- ST~
GEJ 104k T~
c
% 10° k
R
S 10°F
107
10 E M;:=500 GeV
.- F tan" ;=50
10
F tan" ,=0.018
10-10 , I , I , , , , , , , ,
4 6 8 10 12 14 16 18 20

Log,,(1) [GeV]
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CP Violation in 2HDM: Explicit, Spontaneous and Mixed

[N. Darvishi, AP, J.-H. Yu '2023]

Weak basis:
Im 5s=0, 6= 7

jree] > 1
Explicit CPV, CPC

1=2 < jrecpj < 1.
Explicit, Spontaneous,
& Mixed CPV.

0< jrepj < 1=2:

Spontaneous

& Mixed CPV. B -

CP-odd — I .
minimization | . V2
condition: | sin2 =2 jrepjsin( + cp) |, rcp = jrepje CP = 12582 v62 '

Corfu 2024 Natural Alignmenand CP Violation Beyondhe SM A. Pilaftsis



CP Violation in Naturally Aligned (NA) 2HDM
[N. Darvishi, AP, J.-H. Yu '2023]
No. Generators Continuous Syms Parameters
8 T09 | SO(5) milz mgz; 1= o= 3=2
7O Tgij;:z CP1 O(4)0 m§1= méz; 1= 2= 3=2; 4= Rg 5):
7 T0i2j5r7i819 CP2 0O(4) mzll = m222; 1:2 2= 3=2; 4= R 5):
6 T5e= 0 SO®4) M7= M5 Im(mi,); 1= 2= 3=2;
0 0;1;4;6;8;9 0 %: Rze( 5): In;( 6)= Im( 7)
6 TS5 SO(4) mll = m22, Rdm 12), 1= 2 = 3=2,
4= Re( 5); R )= R 7):
5 a0 O(2) 0O(3) M{1 = M5 1= 2= 345=2; 4= Re 5):
0 0;1:5;7 0 5 52 f .
5 Tos 02" 0O(3) m%1= mgz, 1= 2= 345=2; 4= Re 5):
4 T35_3’7 0B3) 0Q)y Miy = Mo 1= 2= au=2
3 T O SO(3) miy; M5, Im(mi,); 1, 20 37 4= R 5);
0 0;4;6 0 Irg( 6);2 m 7):2
3 TS SO(3) mf{1; M5, RE(Miy); 1, 2, 37 4= R 5);
| Re( 6); Re( 7):
2O ngi CP1 0(2)O 0(2)y mgl = mgz; 1= 2= 345=2:
2 Toiz CP2 0(2) O(2)Y m%l = mgz, 1= . 2 = 345=2:
1 T O(2) O(2)y Mmi1 = M5 IM(MT); 1= 2= 345=2;
0 0;1 0 Irg( 6) :2 i 7)é
1 T 0(2)" O(2)y mi; = M5, ReEMiy); 1= 2= 345=2,
Re( 6) = Re( 7):
Abbreviations: 34 3+ 4, 345( 345) 3+ 4 +( )R s)
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{ CP-violating breaking patterns in NA-2HDM

[N. Darvishi, AP, J.-H. Yu '2023]

No. Syms with NHAL No. | Syms breaking of NHAL| Types of CPV after SB
8 SO(5) |
7 CP1 O(4) 6 SO(4) ECPV/MCPV
7° CP2 0O(4)° 6° sSo(4Y SCPV
5 0(2) 0O(3) 6 SO(4)’ SCPV
50 0(2)° 0O@3) 6 SO(4) ECPV/MCPV
4 O(3) O(2)y I
2 CP1 0O(2) O(2)y 1 O(2) O(2)y ECPV/MCPV
2° || cP2 0(2)° 0@y | 1° 0(2)° 0(2)y SCPV
SB: Soft symmetry-breakingBilinear mass terms.
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EDM compatible scenarios with approximate natural alignment
[N. Darvishi, AP, J.-H. Yu '2023]

Symmetries | CPV types | tan 12 Mh, My, Mp, My OH {1V V
0(2) 0@)y ECPV 1.608 | 0.002 | -0.05 | 125.10 | 682.99 | 787.67 | 640.18 0.998
MCPV 0.804 | -1.93 0.27 125.21 | 225.11 | 270.50 | 380.54 0.989
0(2)° 0@)y SCPV 0.71 | 0.67 0 12552 | 275.23 | 448.01 | 551.38 | 0.957
SO) ECPV 0.827 | 0.002 | -0.02 | 125.28 | 506.93 | 570.58 | 570.59 0.995
MCPV 0.740 -1.25 0.44 125.40 | 408.49 | 433.98 | 433.99 0.984
SO(4)O SCPV 0.742 -2.42 0 125.68 | 216.63 265 442.21 0.948
: $y
f ,/’ ‘\\Hi
'l \I
A
’ \\\ H; H; yg\‘x‘_,/, \\\Hl
\ \
e g e e e g e
(A) (F)
: The ratio of EDM contributions over the total EDM
Symmetries CPV types @) ®) © D) © G © EDM [e cm]
02 0@y ECPV 5581 | -0.072 | -4.711 | -0.308 | 0.0185 | 0.312 | 0.180 | 9:51 10 28
MCPV 2.008 -0.026 | -0.942 | -0.065 0.0015 0.028 -0.005 | 7:67 10
0(2)° 0(@)y SCPV 2.003 | -0.026 | -0.866 | -0.079 | 0.0002 | 0.004 | -0.037 | 3:86 10 3°
S0(4) ECPV 1.851 | -0.021 | -0.832 | -0.055 | 0.0005 | 0.009 | 0.048 | 2:87 10 28
MCPV 1.995 -0.021 | -0.887 | -0.077 | -0.0013 | -0.023 0.016 1:07 10
so(4)° SCPV -1.211 | 0.014 | 1.875 | 0.172 | 0.0002 | 0.004 | 0.146 | 3:55 10 30
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{ Explcit CP Violation in NA-2HDM [N. Darvishi, AP, J.-H. Yu '2023]

9H, W
0(2)x0O(2)y Symmetry, ECPV SO(4) Symmetry, ECPV k

0.9945
0.9775

0.9605

0.9435

| Mass Conditions
X EDM limit

| Mass Conditions
X EDM limit

0.9265

@12 [rad] @12 [rad]

I'ep
0(2)x0(2)y Symmetry, ECPV SO(4) Symmetry, ECPV

=4.62
Mass Conditions 4.20
X EDM limit
3.78
3.36
2.94
2.52

2.10

1.68
1.26
0.84
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{ Mixed CP Violation in NA-2HDM [N. Darvishi, AP, J.-H. Yu '2023]

9H, v
0O(2)x0(2)y Symmetry, MCPV SO(4) Symmetry, MCPV !

70.9945

Mass Conditions " Mass Conditions
EDM limit X EDM limit

0.9775

0.9605

0.9435

0.9265

0(2)x0(2)y Symmetry, MCPV SO(4) Symmetry, MCPV rep

800
Mass Conditions !

EDM limit 700

800,

[ Mass Conditions

M [GeV]
My [GeV]
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{ Spontaneous CP Violation in NA-2HDM [N. Darvishi, AP, J.-H. Yu '2023]

9H, v
0(2)'x0(2)y Symmetry, SCPV SO(4)' Symmetry, SCPV '

[ Mass Conditions 5 0.9945

X EDMIimit

0.9775

0.9605

0.9435

0.9265

0(2)'x0O(2)y Symmetry, SCPV

rep

=0.940

Conditions

=3

70.846
0.752
0.658

0.564
0.470
0.376
0.282
0.188
0.094
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Phenomenology at the LHC

Branching ratios in the MS-2HDM [Dev, AP '14]

0.15 0.1

% 10_2';

1073 103
I t =2 ] ,""-: t =2
10—4HH\HH\HH\HH\HH\HH\HH 10—45"{”\HH\‘H‘\HH\HH\HH\HH
300 400 500 600 700 800 900 1000 30 400 500 600 700 800 900 1000
M, (GeV) M, (GeV)
15 ; T T T T
r — tb ]
WH
0.1+ E
ts
% 107 —
10'3?'" ................................................................................ ::
I t =2
10—4 S B S IS S O RSOSSN SR
300 400 500 600 700 800 900 1000
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Discovery channels for aligned Higgs doublets:

Dev, AP '14;
{ gg! tbh ! thtb [Dev, ’
Yvonne Peters, AP et al, PRD100 (2019) 035026]
t
g b
h_
g t
b
| pr > 20 GeV.
1000/X; ] ‘j < 2:5;
R > 0:4
£ 100, M > 12 GeV
Q0
N jM~  Mzj> 10 GeV,
e
s 10 pl. > 30 GeV
X
..... r A
|t Er@aTey) | e ] s 24
----- t =2 (14 TeV) Et > 40 GeV.
-------- t =5 (14 TeV)
0.1~ e
200 400 600 800 1000
Mhi (GeV)
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{ gg! tt(h;a)! tttt

[Dev, AP '14]
0 t
g t
 _t=104Tev) ||
..... t =2(14 TeV)
........ t =5 (14 TeV)

x BR(h tt) [fb]
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Observation of tttt with the ATLAS detector [ATLAS, arXiv:2303.15061]

LO :lIlllIllIlllllllllllllllllllllllIIIIIIIlIlII:
g _ ATLAS Preliminary ¢ Data I it —
< 10*c {s=13TeV, 140 fb" [Jttw Mtz =
%’ - SR W ttH []QmisID -
() Nl Post-Fit BMat. Conv. [[JHFe 7
m 10 3 MLowm,. WHFu S
C [l Others [ttt ]
o 72 Uncertainty  ----Pre-Fit |
10
1
-1 = —=
'10 :IlIIIIIIlIIIlI'IIIIIIIIIIIIlIlIIIIIIIIIIlIII=
yo) . .
Q 24F + ..... E
0 -2 A AELELL TP E
1.4F * .......
_.\(E 0.7 l:-_. mw-,eﬁ .y*‘f’*ﬁ/ /%#//*1 *v‘/////‘*//v*‘ /*//‘ ;za/ .///W
© C
) 0
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

GNN score
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Other production channels for CP-violating NA Higgs bosons

{ gg! (Z ;H2;H3) ! ZH 1(+ bb) [N. Darvishi, AP, J.-H. Yu '2023]

10_29= - A AV A BaaA
N T
10~ ) o
E‘ o
Q
.2.10—31
=
0 0O(2) xO(2)y SO(4)
H 10_32 + ECPV A ECPV
v MCPV v MCPV
= SCPV o SCPV
10—33
0.80 0.82 0.84 0.86 0.88
Ozn, [Pb]

Omitted are graphs withtH ;.3 !  Z andH ».3 radiation fromb quarks.
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SUMMARY

5 symmetries for natural alignment without decoupling in 2HDM

() Sp(4) (i) SU(2) wr (i) SO(2) ur CP
(V) SP2) e, SP@) e, CP (VSO@ e SPQR) 1+ ,
Soft breaking ! minimal alignment symmetry: z5%  Z}

| Naturally aligned (NA) heavy Higgs sector is Z5" odd.

Three forms of CPV in 2HDM: Explicit, Spontaneous and Mixed.
Maximising CPV along softly-broken symmetry directions:

(i) SO(2) ue (i) SP2) e, SP(2) ,e,' SO(4),
compatible with current EDM limits.

tttt channel is a powerful probe for NA-2HDMs

ZH ; channel can test CP-violating NA Higgs bosons at the LHC.
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Quartic Coupling Uni cation in the MS- 2HDM

[Dev, AP '14; N. Darvishi, AP '19]

Symmetry-breaking of Sp(4)/Z , SO(b5):

Soft breaking (e.g. throughm?,):

Re(m?
MG =2 v% M{E = MZ = MZ = i(clz

Heavy Higgs spectruns degenerateat tree level.

Explicit breakingthrough RG running (two loops):

Sz, Su@L 1% SU@L. UM, SU@)
Y U Uy SUR)
!hl;zi U Bem
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Quartic Coupling Uni cation (two loops) [N. Darvishi, AP '19]

%0 —
-;E- I"#$%&! 1o &#
| -/ #012 | &t
%@ 3 (-&0&122&()* | .- &t
L
O : T - -~-__ T &-o/(
aa R I ~~~"“~-,,__L '''''''' ———-&&
R &0 b e Slpizieiecer
99&0 S SERERE g,
+ | /
\:'\\
&(&_ E —_—— _&#
5 &s
i &.
'& : 1 | 1 | 1 | 1 |
0 ! ! # $ %& I

"% . § %&()*+

First conformal uni cation point : §<l) 10*! GeV (of order PQ scale)
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Second conformal uni cation point :

) 108 GeV (of

ordermp)

[N. Darvishi, AP '19]
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. . . . . . (1;2)
{ Low- and high-scale quartic coupling uni cation: tan vs

|| "HSV&H () HH HHHHH I BB H BRI I TR R
|| HSH (B RN H DR AR DR H
#& | "HISH () B HHEHHHH R OB A DRI 1
|| "HISSH ()RR N R DR
-;I_ ll!l 1 ",. III#I( !||II!
N
~ #" I
2
> _
AT
fas
" | . P - T
V4 _ P ; —————————————————————— = _—_I——I——I—q—-—-\—-—-\—-—-\—-—-\—-—-n_:_:_.-
il
gL s
&~
X
t N | N | N | N | N
! !ll #ll $II %ll &Il

"#4

[N. Darvishi, AP '19]
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{ Misalignment in the MS-2HDM

CP-even mass matrix in Higgs basis:

|
R ®

d2
2 — | Seesaw 2 = 2
M 2 b i e MA A 5 & MZ' B AROb
Light-to-heavy scalar mixing:
g S vsc S22 m) (21 3) 1
> B M2+2v2s°C® ( 1+ 2 34)
Higgs couplings tov = W; Z:
1
OHvv = 1 5 g Ohvv S

Higgs couplings to quarks:

Ohw ' 1+t1s; OHad = 1 U s

Ohuu s+ th; Onhdd s
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Misalignment predictions in the MS-2HDM with low- and high-scale
quartic coupling uni cation, assuming M

=500 GeV.
[N. Darvishi, AP '19]

Couplings ATLAS CMS tan =2 tan =20 tan =50
jgjouscale; [0.86, 1.00] [0.90, 1.00] 0.9999 0.9999 0.9999
gy, 97 scalg 0.9981 0.9999 0.9999
jglon-scale; 1:31%033 1:45%0, %2 1.0049 1.0001 1.0000
jopygn-scale 1.0987 1.0003 1.0001
jg[ouy-scale; 0:4970 20 0:57%0, 18 0.9803 0.9560 0.9590
jgp dnseale; 0.8810 0.9449 0.9427

I Misalignmentpredictionsconsistent with experiment
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Maximally Symmetric Three Higgs Doublet Model (MS-3HDM)
[N. Darvishi, M. Masouminia, AP '21]

Breakingpattern:

%0
Sp(6)/iz, SuEy !° SUB)e U(M), SU@)
Yu;d;e 0
!Typev Ul)py U)o U@), SUR)
N 102
| 1’2'32' U(L),,,
soft m
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{ Quartic Coupling Uni cation in the MS-3HDM
[N. Darvishi, M. Masouminia, AP '21]

P
Input parametersitan 1 = Vo=vy, tan , = vz= VZ+ V3,

M, andh,; h, -mixing angle:

1;2
0.2
Low-Scale QuarticC oupling U nifica tion
2 My:=500 G eV
0.1
= tanb,= 50
o
S tanb,= 0.018
o
O 0.0
O
@
= -0.1
@
-0.2
_03 1 1 1 1 1 1

Log(mI[G eV]
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{ Misalignment predictions in the MS-3HDM
[N. Darvishi, M. Masouminia, AP '21]

10° ;
; High-Scale Low-Scale
-1 2 2
10 _1'95|vv ——'1'g§vv
1072 —1- g|2—|tf ---1- ggtf
—1-Gws " 1-Omwp
o 107E _ —1-G4 - -1-Gir
- ST~
GEJ 104k T~
c
% 10° k
R
S 10°F
107
10 E M;:=500 GeV
.- F tan" ;=50
10
F tan" ,=0.018
10-10 , I , I , , , , , , , ,
4 6 8 10 12 14 16 18 20

Log,,(1) [GeV]
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{ Scalar Mass Spectrum in the MS-3HDM  [N. Darvishi, M. Masouminia, AP '21]

600 -

. tan" ;=50 —!=0.012 —M, —M, — M;
575}
| tan",=0.018 =----1=0.006 ——M, ——M, ——M,
% ......... 1 =0.003
O,
(7)) 550 ____________
7 T et
CU -------------------------------------- R R E R E N RN NN NN WY
=
525 |
500 |
2 4 6 8 10 12
Logyo(k) [GeV]
Predictions:
Alignment of massesMn, Ma, M, Mpn, Mg, M,

2

1
Alignment ofall heavy-sectomixing angles in the Higgs basis:
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Global Symmetries in 2HDM

Review: Branco, Ferreira, Lavoura, Rebelo, Sher, Silva '12.]
— 2¢ Y 2¢ Y 2 y 2¢ Y
V = (1 1) (22 mi( 12 m3( 35 1)

(107 F 2227+ (122 + (1230
(127 (3 0%+ (1001 2+ o130

+ /(3212 (322073 1):

Physical spectrum (CP-conserving limit):

CP-even Higgs bosorts andh; CP-odd scalaa; charged scalarg
Higgs coupling to gauge bosons V = W; Z:

OHvy = COoS( ) Ohvyv = Sin( )

wheretan = h si=h ;i and diagonalizes the CP-even mass matrix.
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Symmetries of the 2HDM Potential
[R. A. Battye, G. D. Brawn, AP, JHEP1108 (2011) 020.]

Introduce the SU(2) -covariant8D complex eld multiplet

0 1
1

:%izz g; with U 2 SU@), : 7' °= U,
1

i 2,

satis es the Majorana constraint
= C ;
where C is thecharge conjugation 8D matrix

o) 1 :
c= 2 0 2= 1401 (io):
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The SO(1,5) Bilinear Formalism

Introduce thenull 6-Vector

0
RA: yAé

H
o+
NS D

N

N P ——f—\~< <
= )
N
N <
- N <
N =
N =
|_\
OO oD -

“o+ g1 %
with A= ; 4; 5, and
!
_ 1 02 0.
2 0, ()7 |
! l
s - 1 0 | 0. s _ 10 ’ 0.
2 i2 o, ’ 2 2 0, |
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The 2HDM Potential in the SO(1,5) Formalism

1 1
Vowom = —MaRY + ZLag RAR®;
2 4
with
Ma = 2+ 5, 2Re(m3); 2m(mZ); 2 3; 0; O
o) 1
1+ 2+t 3 Re( 6+ 7) Im( 6+ 7) 1 2 0 O
Re( 6+ 7) a+Re( 5) Im( s) Re( 6 <70 0 O
s = Im( 6+ 7) Im( 5) 2 Re( s) Im( 6 ) 0 06 .
1 2 Re( 6 7) Im( 6 7) 1+ 2 s 00
o) 0 o) 0 O O
0 0 o) 0 O O
Unitary Field Transformations: [AP, Phys. Lett. B706 (2012) 465 ]
Sp4) : 7 %= u ; with U2 U@) and UCUT=C

sos): R 70 R®= O R’; with 02S05) SO1;5)
=) SQ(5)  Sp4)=Z:
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Symmetry Breaking Scenarios and pseudo-Goldstone Bosons
[AP, Phys. Lett. B706 (2012) 465.]

No Symmetry Generators  Discrete Group Maximally Broken| Number of Pseudo-
T$ K* Elements SO(5) Generators| Goldstone Bosons
1 Z, 0O(2) T" Dcp1 { 0
2 | (Z2)* SO(2) T Dz, { 0
3| (Z2)° 0O T" Dcpo { 0
41 O2) 0 T T° { T 1 (a)
X5 | Z, [0O(@)]° T T° D cp1 T? 1 (h)
X6 | OB 02 THe3 1Y { T 2 (h; a)
7 SO(3) T %0 { T*° 2  (h)
8 Z, O(3) T 040 Dz, Decp2 T*° 2 (h)
9| (Z2)° SO(@3) T o> Dcp1 Decpo T>/ 2 (h)
10 | O(2) 0O(3) TS, T7%? { T 1 (a)
11 SO(4) T U340 { T o> 3 (ah)
12 Z, O(4) T 034587 Dz, Dcp2 T 5> 3 (ah )
X 13 SO(5) T O e { T hee 4 (h;a;h )

X: Natural SM Alignment

/!

[Dev, AP, JHEP1412 (2014) 024.]
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Vacuum Topology of the 2HDM

[R Battye, G Brawn, AP, JHEPOS (2011) 020.]

GuE —cp Huye—ce | M P | Topological Defect
Z> | Z> Domain Wall
U(l)po ' S* I St Vortex
SO3)ue SO(2)nr S Global Monopole
CP1' Z, | Z> Domain Wall
CP2=27, > > Z> Domain Wall
CP1 SO(2) CP1 St Vortex

Energy density of the topological defect 1.5(r):

E( 1; 2) = (r ) (r )+(r 3) (r 2)+ V( 15 2) + Vo:

Gradient ow approach to numerically nd 1:2(r)

El 12] _ @a1.2(r; ) !

- f 1:
(1 ) @ 0; for
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Z-> Domain Walls

0 0
V4 lIJ(l) vy V4
0 : 0
\' \'
2 2
Zo | ' | Z> |
0
Vi V@ vy Vi
vo o V3

0.0
0.2
0.4
0.6
0.8
1.0

JHLT

-1.0 -05 00 05 1.0

0
Uy
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{ Spatial prole of the Z, domain wall

Introduce dimensionless quantities:

[R Battye, G Brown, AP, JHEPO08 (2011) 020.]

1.5

1.0
0.5
0.0
--0.5

v, (% E
R = oX; 09,(R) = 12(%) = Ls p2
2 2
1.0 o~ 1.0 15
05 0.5 1o
—_— 1 ( 051 e
00- 00 | 09
& 0.0-
051 -0.5 0.5 i
-10 ----u--o:- ---.ool - ' | | -10 -10 | | | | |
-15-10 -5 0 5 10 15 -15-10 -5 0 5 10 1
T = o T = o
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Charge-Violating Domain Walls in the 2HDM

[R Battye, AP, D Viatic, JHEP2101 (2021) 105.
K.H. Law, AP, PRD105 (2022) 056007]

{ Relatively gauge-rotated vacua at the boundaries:

1 0 1 vi!l O
1(1 = p= : o(1 = p= i
(1 )= p5 (1 )=p5 1
+1)= U 1)pe O (+1)= U(1)p 0
1 - p_i V]_ ' 2 - p_§ + V2 e+| y
- iG'(x) _
Ux)= € % exp 16 09 ; with U(1 )= 1,:
Vsm 2
1.00 1.00
o5 Type-l1 Z ;-symmetric 2HDM ol My =0:2TeV; t =0:85
R e U — 0.50
0.251 ,"___ 0.251 X
000 == ,,':,:' _ 0.00
—0.251 R —0.251 Y
o tile) === Bs() — R* — R
—0.501 77T — Go(x) === ¢g(x) —0.50 — — R! R
| — P3(x)  —==- Pr(2) e — R — /R,RF
o — Gla) e @) | T — B g
~1.00 . . . - - ~1.00 - - - - -
“15  —10 -5 0 5 10 15 15 10 -5 0 5 10 15
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{ 2D DW simulations in the Type-l Z,-symmetric 2HDM

0.020
0.015

0.010

0.005

0.000

0.70 1

0.0 0.1 0.2 0.3 0.4 05 0.0 0.1 912 0.3 0.4 05
GZvg, (7) G7vsm (T)
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{ 3D DW network in the Type-l Z,-symmetric 2HDM
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{ Evolution of DW number N 4, In the Type-l Z,-symmetric 2HDM

10° ——
— Minkowski
— FRW (radiation era)
— FRW (matter era)
N
\\\
=
o) 5
— 10
\\
\\\
\\\
N\
104 N
10° 10° 10*
t=Ct
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{ QCD instantons in Type-ll Z,-symmetric 2HDM

[R Battye, AP, D Viatic, PRD102 (2020) 123536;
RD Peccei, HR Quinn '77]

[1] n | n #
4 12 © 1 2€ Qo TC .
Vinst QD I 2 + HC
Sm SM

A
CcD

< %2522 1 cosNhg oo ) 2 + Hic
Vsm

10 11
sin  CcoS

=) QcD

From neutronEDM limit: ocp < 10 ** 10 10

Loose constraint: 0:3<tan <= 3
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{ Biased initial conditions in Z,-symmetric 2ZHDMs
[R Battye, AP, D Viatic, PRD102 (2020) 123536]

Avoidanceof DW domin?tionin the Universe:

a2
640 AR 22 |
s VsM. v 25 10 AP GeV with A B 1
3 e M p
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Other Topological Defects from the 2HDM Potential

U(1) po Vortices [R. A. Battye, G. D. Brawn, A.P., JHEP08 (2011) 020.]
| |
1 0 1 0
ry = p= ) = .
() = P5 e 2(6) = PS5 Leyan
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Energy dependence of the U(1) po Vortex
[R. A. Battye, G. D. Brawn, A.P., JHEPOS8 (2011) 020.]

Energy per unit length:
yA 1

E =2 rdr E( 1; 2) ;
0

with

[
I\JI\)‘HI\)
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CP3 Vortices [R. A. Battye, G. D. Brawn, A.P., JHEP0S (2011) 020.]

1 0 o | 1 0
p_i v(r)cos(h ) p_i v(r)sin(n )
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SO(3) g Global Monopole [R. A. Battye, G. D. Brawn, A.P., JHEP08 (2011) 020.]

2 v(r)sin ; a P3 v(r)é cos
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Natural Alignment Beyond the 2HDM [AP '16]

{ nHDM potential with m inert scalar doublets:
Voo = Veym * Vinert + Vsoft ;

{ 3 continuous alignment symmetries in the eld space of the active
EWSB sector (Ny = n m):

(i) Sp(2Ny) D (i) SU(Ny) D (i) SO(Ny) CP D
whereD acts on the inert sectoonly.

{ Symmetry invariants:

() S= Y1+ Yo+ :i=1t
(i) D2 = Y& 1+ 5 & 4+ 1
i)y T = 1+ o 1+

{ Symmetric part of the scalar potential:

Veym = S+ S+ pDM*+ T (TT):
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{ Inert part of the scalar potential:

Vinern = gy P3Py + aﬁcﬁ(bgbﬁ)(hbgb&) + apea (PRPRH( L )
I
+oapea (C APDOY )+ e ( 4P 2P + Hec

{ Soft-symmetry Breaking:
Veot = Mz, % b
{ Minimal Symmetry of Alignment in the Higgs basis:
zsWe o 9 0 %! 0 (a°=2;3;::::Ny)

wherem?Z, becomes diagonal.

AP '16
=) Minimal Alignment Symmetry: z35"  Z: [AP 18]
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