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e The Standard Theory of Electroweak Symmetry Breaking

Higgs Mechanism in the SM: SU(3).o10u:® SU(2)L®U(1)y
[P. W. Higgs '64; F. Englert, R. Brout '64.]

y V(o) Higgs potential V(¢)
V(g) = —-m?¢To + AoTo)?.
<¢> Ground state: - 2 /0
AN @ =V ()
Ima carries weak charge, but no electric

charge and colour.

Custodial Symmetry of the SM with ¢’ =Yy =0 and V (¢):
[P. Sikivie, L. Susskind, M. B. Voloshin, V. |. Zakharov '80.]

® = (¢,ic%°9") — & = U, ®Uc,

with Uz, € SU(2)1, and Uc € SU(2)c, and SU(2)1, @ SU(2)c/Zs ~ SO(4).
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On the SM Higgs-Boson at the LHC

ATLAS & CMS Results 2019:
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Vs=13TeV, 36.1-79.8fb™ 77 ;
my, = 125.09 GeV, ly | <2.5 u -
Total Stat. Syst. B
WW :
B, == 1082 32 (= 0% 210 U F-
Bz, == 120+ 033 (= 0% .= 0% ) . i
u e
Buw == 114+ 377 (= 70, % o014 ) |
B He=— 1112 02 (= 01+ 02)) PP ——to——
B H——— 107+ 038 (4 019 - 0.26 I :
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e 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 suppress s-changing interactions at the quantum level
(requires the existence of the c-quark) [Glashow, lliopoulos, Maiani '70]

— Conditions for diagonal neutral currents in Z-boson interactions to quarks
[Paschos '77]

— Natural diagonal neutral currents in Z- & multi-Higgs-boson interactions
to quarks [Glashow, Weinberg '77; Peccei, Quinn '77]

— Renormalizable models with partial flavour non-conservation at tree level
(G||\/| Suppressed)_ [Branco, Grimus, Lavoura '96]

— Yukawa alignment in the 2HDM broken by RG effects
(induced by non-diagonal PQ charges of Higgs doublets)  [Pich. Tuzon '09]

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

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

Vo= —1f(¢]d1) — p3(dlda) — mis(dlea) — mi3(shen)
FA(B]01) + Aa(d5d2)? + As(dld1)(Bhg2) + Aa(pla)(dhr)

A A5
+ 5 (0102)" + FB501)* + Ae(6101)(9162) + A5(d161)(@hon)
+ Ar(0h2) (B1¢2) + N5 (B52)(85en) -

e Physical (CP-conserving) spectrum:

CP-even Higgs bosons H and h; CP-odd scalar a; charged scalars h*.

e Higgs coupling to gauge bosons V =W, Z:

guvy = cos(f —a), ghvyv = sin(f —a),

where tan 3 = (¢2) /(1) and « diagonalizes the CP-even mass matrix.

Corfu 2024 Natural Alignment and CP Violation Beyond the SM A. PILAFTSIS



e Global fit to SM mis-alignment
[e.g. D. Chowdhury, O. Eberhardt, JHEP11 (2015) 052.]

0.10/
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i _0.05
~0.10/

_0.15

020 05 5 10

tan g

Pheno favoured limit 8 — o gryyv =cos(B8 —a) — guy,vv = 1.
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e SM Alignment 8 — «:

(I) (Non—)Decou pIing: [Appelquist, Carazzone '74; Georgi, Nanopoulos '79; Donoghue, Li '79;
Gunion, Haber '03; Ginzburg, Krawczyk '05.]

M; ~ MZ?+ M50 =~ M7y > vy
4.2 .2
V SK/C 2
M?% =~ 2 gmv? — £ b [52 2 9 — A — % (20 — A +}
(II) Fine—tuning: [Krawczyk et al. '99; Carena, Low, Shah, Wagner '14; Dev, AP '14.]

Aty — (2X2 — Aaus)ts + 3(A6 — A7) t5 + (2A1 — Asas)tg — dg = 0
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(iii) Natural SM Alignment (independent of M+ and t3): [PSB Dev, AP '14
N Darvishi, AP, J-H Yu, arXiv:2312.00882]

A .
)\1:>\2:%45 (Wlth )\3455)\3+>\4+)\5), A= A7 =0

1. Sp(4): )\4 — )\5 =0
Symmetries: 3. CPxSO(2)grxU(1)y: A345 7# 0
4% CPXSP(2)¢1$2XSP(2)¢2$12 )\4 = —>\5
5. SO(Q)HFXSp(2)¢1_|_¢22 )\4 = )\5
“Noted by Aiko, Kanemura 21 _ [Battye, Brawn, AP, '11; AP, '12
Sp(4) Majorana field multiplet: b1 AP 24]
= | 2 |, &=ce
107 P
ia2¢;

=> & a5 a Dirac fermion: arXiv:2408.04511
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e Maximally Symmetric Two Higgs Doublet Model [P.S.B. Dev, AP '14]

Gs = SU(2), ® Sp(4)/Zs ~ SU(2), ® SO(5).

2 2 2 2 2\ 2 M2 A 2
Vo= = 2 (10124 @s2) 0 (1012 H @) = S el e+ (a1 @),
where [R. A. Battye, G. D. Brawn, AP, JHEP1108 (2011) 020.]
[ é )
P — .QZQ* ., with Up, € SU(2)L (I)I—>(I),:UL(I),
10°Q]

\ i0°6 )

so that under global field transformations, [AP, Phys. Lett. B706 (2012) 465 & '24]
Sp(4): ® — & =UP, withUecUH4) & UCU'= C=ic*®o’
SU(2) gauge kinetic terms remain invariant.

Breaking Effects: —m?7, ¢];¢2, U(1)y coupling ¢’, Yukawa couplings Y %<,
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e Quartic Coupling Unification (two loops)

1.5

[N. Darvishi, AP '19]

MS-2HDM
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— Low- and high-scale quartic coupling unification: tan 3 vs p

(1,2)

0.5 TeV - — -low-scale ——high-scale
1 TeV : — — -low-scale ——high-scale
10 TeV: — — -low-scale ——hjgh-scale
100 TeV: - - -low-scale ——high-scale
Ay =Ny, Ay = 2,
| 1 | | | 1
1 10 20 30 40 50
tan .
[N. Darvishi, AP '19]
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e Natural Alighment Beyond the 2HDM [AP '16]

For nHDM with m < n inert scalar doublets, there are still 3 continuous
alignment symmetries in the field space of the non-inert sector:

(i) Sp(2Ng) x D; (i) SU(Ng)xD;  (iii) SO(Ng)xCP x D,

where Ny = n—m, D acts on the inert sector only, and C’P is the canonical
CP: &,;(t,x) — ®f(t,—x) (with ¢ =1,2,..., Ng).

Symmetry invariants:

i) S = olo, + ol +... = lot®
(i) D* = ®lo®, + Blo"®y + ...
(i) T = &3] + D8] + ...

Symmetric part of the scalar potential:
Vam = —4?S 4+ AsS? + Ap DD + A\ Tr (T T¥) .

Minimal Symmetry of Alighment: Z;W X Z'2.

Corfu 2024 Natural Alignment and CP Violation Beyond the SM A. PILAFTSIS



— Quartic Coupling Unification in the MS-3HDM
[N. Darvishi, M. Masouminia, AP '21]
Input parameters: tan 31 = vy /vy, tan s = v3/\/v? + v3,

1 F o :
MhliQ and hi hy-mixing angle: o

0.2
Low-Scale Quartic Coupling Unification
M;,:=500 GeV
0.1
tanf3,=50
(72)
ga tanf3,=0.018
2 0.0
o
O
Q
< -0.1
>
@

-0.3 . ] . ] . ] . ] . ] . ]
2 4 6 8 10 12

Logyo(k) [GeV]
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— Misalighment predictions in the MS-3HDM

10°

Misalignment
=
a

10—10

107" |

[N. Darvishi, M. Masouminia, AP '21]

E

: High-Scale Low-Scale
—1 'levv ---1 'QEVV
_1'9|2—|ti __'1'ggt{

: _1'95|b5 “‘1'95|b6

S ——1-ghs - 1-Gh

E ~

3

3

3

E M,.=500 GeV

3 1

- tanp, =50

F tanp,=0.01
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e CP Violation in 2HDM: Explicit, Spontaneous and Mixed

Ve(v1, v eif) [N. Darvishi, AP, J.-H. Yu '2023]
R = E\VU1, U2
5 p—
|V§:0’ 1.4f 1.15¢
Weak basis: 1.3 1.10}
ImAs =0, ¢ = A7 "4 108t
< 1.4}, « 100
’ 2 ! Ircpl=3/4
|"°CP| > 1: 1.0p - 0pc|,r($clp=o — SCPV, ¢cp =0
. . ,%'"'4,, “‘\\“\‘\\\ _ _ 095. - ECPV, ¢Cp - 7T/8
Explicit CPV, CPC 0.9} ECPV, ¢cp = 11/8
o ECPV’ ¢CP=77T/8 0.90F - MCPV, (pcp: 77/50
= % o § o & = o & =&
1/2 < |rep| < 1: ¢ ¢
Explicit, Spontaneous,
. 1.04
& Mixed CPV. 1.05¢
1.02p
0 < |rcp| < 1/2: 100 * 1.00}
Spontaneous ©"0.98) ) o
. reel=1/4 0.95}
& Mixed CPV. 0.96¢ — SCPV, ¢ep = 0 Irepl=0
0.94} — MCPV, ¢cp = 11/8 = CPC, ¢cp =0
w MCPV, ¢cp = 771/8 0.90r = SCPV, ¢cp =17
CP-odd s e
minimization ‘

2 2
mi, — AgU

A5825U2
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e CP Violation in Naturally Aligned (NA) 2HDM

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

No. Generators Continuous Syms Parameters
8 077 SO(5) mi] = may, A = XAa = A3/2.
7/ Tg’i’z’g’:’z CP1><O(4)/ mgl = még, A1 = A2 = A3/2, Ay = —Re(A5).
7 T 7‘7 ,0,0, CP2XO(4) 77?11 — 7’)’%22’ )\1 :‘ )\2 = )\3/2, )\4 = Re()\5)
Ay = — Re(A5), Im(Xg) = Im(A7).
6 | 7014689 S0(4) miy = m3y, Re(miy), A1 = Az = Ag/2,
Ag = Re (X5), Re(Ag) = Re(A7).
5/ Tgﬂi’?‘; O(2)/>< 0(3) mgl = mgg, A1 = A2 = A345/2, Ay = Re(As).
5 T 03 0(2) x O(3) M) = Moy, AL = A2 = A345/2, Ay = —Re(Ap).
3 T0’5’7 50(3) m%la m%Qa Im(m%2)7 >\1a >\27 )‘33 >\4 — _Re(>\5)7
Im(Xg), Im(A7).
3/ 7946 SO(3)’ miq, m3y, Re(mis), A1, A2, A3, A4 = Re(As),
Re(Xg), Re(A7).
2 792 CP1x0O(2)x0(2)y m%l = m%2, A1 = Ay = %345/2.
2/ TO’: CP2x0(2)'x0(2)y mil = m%z» A1 =2A2 = A345/2.
1 T 0(2)x0(2)y mi] = Mg, Im(mTy), A1 = A2 = A345/2,
Im(Xg) = Im(A7).
1/ 791 0(2)'x0(2)y m?; = m2,, Re(m?s), A1 = Ay = A345/2
11 22 12/ M 2 345/ 4

Re(>\6) = Re()\7).

Abbreviations: A3y = A3 + A4,

Aza5 (A345) = A3 4+ Mg + (=) Re(X5)
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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 CP1x0(4) §) SO(4) ECPV/MCPV

7’ CP2x0(4) 6’ SO(4) SCPV

5 0(2) x0O(3) 6’ SO(4) SCPV

5’ 0(2)'x0(3) 6 SO(4) ECPV/MCPV

4 O(3)x0(2)y —

2 CP1x0(2)x0(2)y 1 O(2)x0(2)y ECPV/MCPV

P CP2x0(2)'x0(2)y 1 0(2)' x0(2)y SCPV

SB: Soft symmetry-breaking Bilinear mass terms.
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e EDM compatible scenarios with approximate natural alignment
[N. Darvishi, AP, J.-H. Yu '2023]

Symmetries CPV types tan 3 £ b12 MH1 MH2 MH3 MHj: dJH\VV
0(2)x0(2) ECPV 1.608 | 0.002 | -0.05 | 125.10 | 682.99 | 787.67 | 640.18 | 0.998
Y MCPV 0.804 | -1.93 | 027 | 12521 | 225.11 | 270.50 | 380.54 | 0.989
0(2) x0(2)y SCPV 071 | 0.67 0 125.52 | 275.23 | 448.01 | 551.38 | 0.957
S0(4) 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) SCPV 0.742 | -2.42 0 125.68 | 216.63 | 265 | 44221 | 0.948
Y
14 \ H;
e g e
(A)
The ratio of EDM contributions over the total EDM
Symmetries CPV types EDM [e - cm
v PSR T B [ © [ 0 [ ® [ ® [ © e - om]
ECPV 5581 | -0.072 | -4.711 | -0.308 | 0.0185 | 0312 | 0.180 | 9.51 x 10 °Y
0(2)x0(2)y —-30
MCPV 2.008 | -0.026 | -0.942 | -0.065 | 0.0015 | 0.028 | -0.005 | 7.67 x 10
0(2)'x0(2)y SCPV 2.003 | -0.026 | -0.866 | -0.079 | 0.0002 | 0.004 | -0.037 | 3.86 x 103"
S0(4) ECPV 1.851 | -0.021 | -0.832 | -0.055 | 0.0005 | 0.009 | 0.048 | 2.87 x 10>V
MCPV 1.995 | -0.021 | -0.887 | -0.077 | -0.0013 | -0.023 | 0.016 | 1.07 x 103V
SO(4) SCPV -1.211 | 0014 | 1.875 | 0.172 | 0.0002 | 0.004 | 0.146 | 3.55 x 103
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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

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 '

800

[ Mass Conditions 5 0.9945

X EDMIimit

0.9775

0.9605

My [GeV]

0.9435

0.9265

5|

rep
800

800

=0.940

700 700 §0.846
0.752
0.658

0.564

0.470

My [GeV]
M, [GeV]

0.376
0.282

0.188
300

0.094

o
NS
5
W
b |
I
I
!
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e Phenomenology at the LHC

e Branching ratios in the MS-2HDM

0.1

1

[Dev, AP '14]

0.1
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| fy=2
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L _tb ]
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e Discovery channels for aligned Higgs doublets:

— gg — tbh— — tbtb [Dev, AP '14:
Yvonne Peters, AP et al, PRD100 (2019) 035026]

ph > 20 GeV,
1000 : |n£| < 2.5,
ARY" > 0.4,
o)
= 100; Myp > 12 GeV,
0
+.'I |M55—Mz| > 10 GeV,
5 10 Pl > 30 GeV,
S [ - CMS 95% Ct-.. | RN ;
| tp=1(14TeV) | .. N 7l < 2.4,
----- ts = 2 (14 TeV) E1 > 40 GeV.
-------- ts =5 (14 TeV)
0.1 S
200 400 600 800 1000
M,: (GeV)
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— gg — tt(h,a) — tttt

[Dev, AP '14]
t
g t
h,a
g ) i
t

r

— tg=1(14TeV) ||
----- ts = 2 (14 TeV)
-------- ts =5 (14 TeV)

g x BR(h—tt) [fb]
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Observation of tttt with the ATLAS detector

Events / 0.05

Data / Pred.

10*
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3 MLlowm,. WHFu  Z
- [l Others [ttt -

7~ Uncertainty  --- Pre-Fit
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[ATLAS, arXiv:2303.15061]
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e Other production channels for CP-violating NA Higgs bosons

- g9 — (Z*,H,, H3) — ZH,(+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 with Ha 3 — Z and Ho 3 radiation from b quarks.
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e SUMMARY

e 5 symmetries for natural alighment without decoupling in 2HDM:
(i) Sp(4) (ii) SU(2)nr (iii) SO(2)nr X CP
(iv) Sp(2) 4, 5, % SP(2) 4,5, X CP  (v) SO(2)urX Sp(2)¢,+¢,

e Soft breaking —— minimal alignment symmetry: ZEW X Z'2

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

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

(i) SO(2)ur (i) Sp(2)¢1$2><5p(2)¢2$1 ~ SO(4),
compatible with current EDM limits.

e tttt channel is a powerful probe for NA-2HDMs

e Z H, channel can test CP-violating NA Higgs bosons at the LHC.
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e Quartic Coupling Unification in the MS-2HDM

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

Symmetry-breaking of Sp(4)/Z, ~ SO(5):

e Soft breaking (e.g. through m3,):

M% = 220% M} = M? = M2 =

Heavy Higgs spectrum is degenerate at tree level.

e Explicit breaking through RG running (two loops):

SP(4)/Z,®SU(2);, 7% SU@)ye @ U(1)y ©SU(2),

u,d
S U(L)pg @ U(1)y ®SU(2)

m2
—12> U(]')em
(®1,2)
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e Quartic Coupling Unification (two loops)

1.5

[N. Darvishi, AP '19]

MS-2HDM
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.
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10 11

First conformal unification point: 1}’ ~ 10!* GeV (of order PQ scale)
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Second conformal unification point: ,u()?) ~ 10'® GeV (of order mp))
[N. Darvishi, AP '19]

1.5

R

MS-2HDM = | ... g,

4

o
I
/_____________
<
[
9]
o
S
)
@
<
Q
w

/

g s Y e ...,
- L. T Tt e e e e e e
- T TT s e e s e e e e e ow
- o o o o

Couplings

r//

0.0

_05 11 1 L 1 L 1 L 1 L 1 L 1 L 1 L
2 4 6 8 10 12 14 16 18

Logo(u) [GeV]
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— Low- and high-scale quartic coupling unification: tan 3 vs p

(1,2)

0.5 TeV - — -low-scale ——high-scale
1 TeV : — — -low-scale ——high-scale
10 TeV: — — -low-scale ——hjgh-scale
100 TeV: - - -low-scale ——high-scale
Ay =Ny, Ay = 2,
| 1 | | | 1
1 10 20 30 40 50
tan .
[N. Darvishi, AP '19]
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— Misalignhment in the MS-2HDM

CP-even mass matrix in Higgs basis:

e

Light-to-heavy scalar mixing:

g _ V25503 [S% (2A2 — A34) — c% (2A1 — )\34)] -
E M(% + 21}28%6% ()\1 + Aoy — )\34)

Q) )
&) QY

w (2 .
) 2 ME~A-—= & M ~B> AC
approx. B

935

Higgs couplingsto V =W, Z:

1
9HVV21—§9§a ghvv ~ — s
Higgs couplings to quarks:

gHwe ~ 1+ t5' 0s, gHad ~ 1 — tgls,
Ohuw =~ —0Os + tgl, Jhdd >~ — O0s — tg .
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Misalighment predictions in the MS-2HDM with low- and high-scale

quartic coupling unification, assuming M, + = 500 GeV.
[N. Darvishi, AP '19]

Couplings ATLAS CMS tan 3 = 2 tan 3 = 20 tan 3 = 50
|gI1c_j)Iwés§ale| [0.86, 1.00] [0.90, 1.00] 0.9999 0.9999 0.9999
|gEhscale, 0.9981 0.9999 0.9999
low-scale +0.35 +0.42

|9 te | 1.317 355 1.457 ' 55 1.0049 1.0001 1.0000
high-scale

IgHtt | 1.0987 1.0003 1.0001
low-scale +0.26 +0.16

|gbe | 0.49_° )'7g 0.57 " 1’ 16 0.9803 0.9560 0.9590
high-scale

9 by | 0.8810 0.9449 0.9427

— Misalignment predictions consistent with experiment
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e Maximally Symmetric Three Higgs Doublet Model (MS-3HDM)

Breaking pattern:

[N. Darvishi, M. Masouminia, AP '21]

Sp(6)/Z, ®SU(2);,  27%  SUQ)ye ® U(1)y @ SU(2),,

Yu,d,e

W U(1)pq @ U(1)pq @ U(1)y @ SU(2),,
o

o)y

soft m

]
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— Quartic Coupling Unification in the MS-3HDM
[N. Darvishi, M. Masouminia, AP '21]

Input parameters: tan 31 = vy/v1, tan o = v3/\/v7 + v3,
M, + and hihf-mixing angle: o
1.2
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— Misalighment predictions in the MS-3HDM

10°

Misalignment
=
a

10—10

107" |

[N. Darvishi, M. Masouminia, AP '21]

E

: High-Scale Low-Scale
—1 'levv ---1 'QEVV
_1'9|2—|ti __'1'ggt{

: _1'95|b5 “‘1'95|b6

S ——1-ghs - 1-Gh

E ~

3

3

3

E M,.=500 GeV

3 1

- tanp, =50

F tanp,=0.01

2 4 6 8 10 12 14 16 18 20
Log;o(u) [GeV]
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— Scalar Mass Spectrum in the MS-3HDM [N. Darvishi, M. Masouminia, AP '21]

600 e
L tanp,=50 0=0.012 —M, —M, —M,.
575 |
| tanp,=0.018 ---- 0=0.006 ——M, ——M, —M,
S 0=0.003
O,
[)) 550 ____________
I e
m -------------------------------------- I R E R R R R E NN N XXX
=
525 |
i e —
500 |
2 4 6 8 10 12
Logqo(u) [GeV]
Predictions:

Alignment of masses: My, ~ M, ~ = My, ~ Mg, ~ he

Alignment of all heavy-sector mixing angles in the Higgs basis: a ~ p ~ o
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¢ Global Symmetries in 2HDM

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

Vo= —1f(¢]d1) — p3(dlda) — mis(dlea) — mi3(shen)
FA(B]01) + Aa(d5d2)? + As(dld1)(Bhg2) + Aa(pla)(dhr)

A A5
+ 5 (0102)" + FB501)* + Ae(6101)(9162) + A5(d161)(@hon)
+ Ar(0h2) (B1¢2) + N5 (B52)(85en) -

e Physical spectrum (CP-conserving limit):

CP-even Higgs bosons H and h; CP-odd scalar a; charged scalars h*.

e Higgs coupling to gauge bosons V =W, Z:

guvy = cos(f —a), ghvyv = sin(f —a),

where tan 3 = (¢2) /(1) and « diagonalizes the CP-even mass matrix.
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e Symmetries of the 2HDM Potential
[R. A. Battye, G. D. Brawn, AP, JHEP1108 (2011) 020.]

Introduce the SU(2)-covariant 8D complex field multiplet

[ é )
P — _QZQ ., with Up, € SU(2)L b — & = U, P .
10797

\ io*65 )

P satisfies the Majorana constraint

d = CP*,

where C is the charge conjugation 8D matrix

C=0*®ded = O+ 14 ® (—ios) .
— 14 04
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e The SO(1,5) Bilinear Formalism

Introduce the null 6-Vector

( Ol d1 + dhdo \
&l o + Phb1

—1 [Qﬁ% - ¢£¢1}
dld1 — dho

lio® g2 — ¢lio ¢

\ —’5[ 1i0% s ‘|‘¢27/02¢1} )

RY = dfTy4e =

with A = u, 4, 5, and

1{ ot 0O
SEo= o o’
2(02 (O"LL)T> 7
st 1 0, io? o o0 55 1
p— — O , = —
2 —io? 0, 2
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e The 2HDM Potential in the SO(1,5) Formalism

1 1
Vorom = — iMARA + 5 Las RYRY
with
MA — ( :U’% + ,LLS ) ZRe(m%2) ) _QIm(m%Q) ) M% o ,LL% ) 07 0 ) ’
/ )\1 + )\2 -+ )\3 Re(Af; -+ )\7) —Im()\G -+ )\7) )\1 — )\2 0 0 \
RG(A(; -+ )\7) )\4 + Re()\5) —Im()\5) Re()\(; — )\7) 0 0
I —Im()\G —+ )\7) —Im(A5) )\4 — Re()\5) —Im(AG — )\7) 0 0
AB —
)\1 — )\2 Re(A(; — )\7) —Im()\6 — )\7) >\1 —|— )\2 — )\3 0 0
0 0 0 0 0O O
\ 0 0 0 0 0 0)
e Unitary Field Transformations: [AP, Phys. Lett. B706 (2012) 465.]

Sp(4): ® — & =U®, with UeUM4) and UCU'=C
SO(): R — R'= 0" R', with 0eSO(5) c SO(1,5)
—  S0(5) ~ 5p(4)/Z;
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e 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 Zs x O(2) T Dcps - 0
2 | (Z2)* x SO(2) T Dz, E 0
3 (ZQ)3 X 0(2) TO Dcpo - 0
4| O(2) x O(2) T°, T x T 1 (a)
V5 | Zox [O(2)]7 T, T D cps T 1 (h)
V6| OB)x0(2) || TV, 1Y - T* 2 (h, a)
7 SO(3) 790 -~ T° 2 (h7)
8 Zo x O(3) 7940 Dz, - Dcpo T° 2 (h9)
9 | (Z2)® x SO(3) %" Dcpr - Dcpa T 2 (h™)
10 | O(2) x O(3) || T°, T"®? - T 1 (a)
11 SO(4) T0.3.45.6,7 . T35 3 (a, hY)
12 Zo x O(4) TY54:2,8,7 Dz, - Dcpo T 3  (a, h7)
v 13 50(5) T0’1’2""’9 _ T1,2,8,9 4 (h, a, hi)
v': Natural SM Alignment — [Dev, AP, JHEP1412 (2014) 024 ]
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e Vacuum Topology of the 2HDM

[R Battye, G Brawn, AP, JHEP08 (2011) 020.]

Gur/cp Hyrp/cp MEIF/CP Topological Defect
Zo I Zi> Domain Wall
U(l)pq ~ S* I St Vortex
SO(3)ur SO(2)ur S? Global Monopole
CP1 ~ 7,5 | 7o Domain Wall
CP2 = Z2 X H2 H2 ZQ Domain Wall
CP1 ® SO(2) CP1 St Vortex

e Energy density of the topological defect ¢; »(r):

E(b1,p2) = (Vo) - (V1) + (Vh) - (V) + V(g d2) + Vo .

e Gradient flow approach to numerically find ¢ 5(r)

_ OE[¢1p] _ 0¢1(r,7)
5¢1,2(r,7') 87’

— 0, forT>1.

Corfu 2024 Natural Alignment and CP Violation Beyond the SM A. PILAFTSIS



e Z> Domain Walls

1.0
0.5 mm 00
0 e 0.2
04
Uy 0.0 — 0.6
mm 0.8

-1.0 -05 00 05 1.0

0
Uy
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— Spatial profile of the Z, domain wall

Introduce dimensionless quantities:

vV (%
o= pox, 07 4(2) = 12(?)
n
0.5- 0.5
0.0- -0.0
-051 -0.5
-1.0 Ol‘u!lu.:u l-tnool. ' ' | -1.0
-15-10 -5 0 5 10 15

T = o

[R Battye, G Brown, AP, JHEP08 (2011) 020.]

-------

1.5

1.5

1.0
0.5

0.0-

»
( ) !E o
- - i
. sovesvessonsnaart’®

....................
...
»

1.0
0.5
0.0
--0.5

-1.0

15-10 -5 0 5 10 1
T = lloT
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e 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:

(D) e ()

V2 \1 V2 \\—2 e "
®,(400) = U(+00) —= ( ®a(+00) = U(+00) —= (, °
00) = 00) — 00) = 00) — :
1 \/5 o 3 2 \/5 +U2 e+z§ 3
- i G () o
U(z) = e@ exp (A —>, with U(—o00) = 1s.
UsM 2
1.00 1.00
o751 Type-lI Za-symmetric 2HDM ol Mg+ = 0.2TeV, tg = 0.85
R e U — 0.50
0.251 ,"__ 0.251 X
0.00 o= ,,':,:' _ 0.00
—0.25- I —0.25- Y
o tile) === Bs() — R* — R
—0.50{ " TTTTTTTTTT — folz)  ——=- g(2) —0.50 — —— R! RS
| — #3(@)  ---- ¢r(2) | — B — /R
—0.75  oia) e e | 0T —w
~1.00 . . . - - ~1.00 - - - - :
~15 -0 -5 0 5 10 15 “15 -0 -5 0 5 10 15
i
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— 2D DW simulations in the Type-l1 Z;-symmetric 2HDM

+
0.020
0.015
0.010
0.005
0.008 1 0.74
- 0.000
& 0.0061 0.731
< &
7 0.004- 0.721
g
0.002 0.711
0.0001 - | | | | | 0.707 . | | | | |
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 02 0.3 0.4 0.5
GZvg, (7) G7vsm (T)
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— 3D DW network in the Type-l Z5;-symmetric 2HDM

500

400
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— Evolution of DW number Ny, in the Type-l Z5-symmetric 2HDM

Ndw

10°

102

Minkowski

FRW (matter era)

FRW (radiation era)||

103
t/At

10*
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— QCD instantons in Type-ll Z5-symmetric 2HDM

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

@Tq)2 ng q)Tq)2 eieQCD ng
‘/instNAaCD (12—> — ( : 5 ) + H.c.

Usm Usm
A4
N QQCD S%C% (1 — cos (TL(;HQCD)> <I>J{<I>2 + H.c.,
Usm
10—11
— 0 Z
A sin 3 cos 8

Loose constraint: 0.3 Stan3 33
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]de

— Biased initial conditions in Zs-symmetric 2HDMs
[R Battye, AP, D Viatic, PRD102 (2020) 123536]

Naw = At™ " exp(—at)

0.001754 === y =0.0533z— 0.0015 x
//‘
7
0.00150 - ot
///
10° 1 ~
0.00125 - R
,/
,’,x
0.00100 A e
3 R
—_ = =10.03 /’
Lot~ @=0.00016, n —088512 0.000751 et
—_— c=0.04 /’
-—- 2 =0.00056, n =0.76261 0.00050 - e
— =005 e
——- 0 =0.00106, n =0.66388 L7
—_— =006 0.00025 1 JRe
7
103 —=- @=000176, n=050527 Xe
102 | 08 | 0030 0035 0040 0.045 0050 0.055 0.060
t/At £

Avoidance of DW domination in the Universe:

AN 2
640m AE [ v3/? _ _
e > 0 M)~ 925 x10724FE GeV, with A, E ~ 1.
3 € Mp|
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e Other Topological Defects from the 2HDM Potential

e U(1)py Vortices [R. A. Battye, G. D. Brawn, A.P., JHEP0S (2011) 020]

n =1
.............. mn = 2
1.00 s, 1.00_______ n — 3 1.00
'._:\‘\.. -—cemmesmmes n f— 5
0.95 |3\ 1 . 0.95 . 0.75
ol 1,
0Y(7) 0.90 1\i% \ - 0.90 03(7) 0.50 4[:/ - 0.50
PR 1]

0.85 1 \ . s . 0.85 j . 0.25
0.80 ——, 1y 0.00 ££ — 0.00
0 10 20 30 40 50 0 10 20 30 40 50
T = loT T = [loT
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Energy dependence of the U(1)py Vortex
[R. A. Battye, G. D. Brawn, A.P., JHEP08 (2011) 020.]

Energy per unit length:

E = 27T/7“d7" g(¢1,¢2) ,
0

3
2 |
E
1.
0 | .
0.5 1.0 1.5 2.0
”2
with )
= 1
13
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e CP3 Vortices [R. A. Battye, G. D. Brawn, A.P., JHEP08 (2011) 020.]

| 0 ! U
¢1(7“7 X) — ﬁ < U<T) COS(nx) > ’ ¢2(T’ X> o \/§< —fu(fr) Sin(’nx) ) .

0.6 0.6

I
U —

SIS IS

o
N

>
SN—
o
w

0.0 -
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e SO(3)ur Global Monopole [R. A. Battye, G. D. Brawn, A.P., JHEP0S (2011) 020 ]
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e Natural Alighment Beyond the 2HDM [AP '16]

— nHDM potential with m inert scalar doublets:
VnHDM — ‘/;ym + Mnert + A‘/;,ofta

— 3 continuous alighment symmetries in the field space of the active
EWSB sector (Ng =n —m):

(i) Sp(2Ng) xD (i) SU(Ng) xD  (iii) SO(Ng) xCP x D,

where D acts on the inert sector only.
— Symmetry invariants:
i) S = old, + dJdy + ... = 12T ®
(i) D* = ®lo®; + Blo"®y + ...
(i) T = &) + PP + ...
— Symmetric part of the scalar potential:

Vam = —p42S + AsS? + Ap DD + A\ Tr (T T¥) .
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— Inert part of the scalar potential:

Vierr = M2 ®10; + Ao s (BLD)(RLD,) + A5, (Ph0;) (P

ab C

D)

C

F Agiea (@FB)(B100) + [ Ay (@18;)(@18) + Hee.

a

Z,: o, > ®, (a=1,2,....Nyg), @

;= —® (b=1,2,...,Mm)

— Soft-symmetry Breaking:
AV = m2, dl
— Minimal Symmetry of Alighment in the Higgs basis:
zz2V. o -9, o, --0, (d=23,..., Ny

where m?, becomes diagonal.

- _ EW | [AP '16]
— Minimal Alignment Symmetry: Z;° x Z,
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