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Accidental Symmetries in 2HDM, 2HDM EFT, and multi-HDMs

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 1
11t 32
h{2+¥1i
)1
RA = Y A = ’ -
3{1 Y 2
2 Yi 2
2 1i
2+ 3 %
with A= : 4: 5, and
!
N
2 0 ()7 |
l |
s - 1 0 | 0. s _ 10 ’ 0.
2 i2 0, ’ 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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Symmetries in 2HDM EFTs
[C Birch-Sykes, N Darvishi, Y Peters, AP, NPB960 (2020) 115171]

RA + _I—AB RARB

VoupmerT =

E
1
T

1
Kasc RPRPR® + —Zpgcp RARPRUR” +

No. of couplings N (dM=21) = 2 (n +1)( n +2)( n +3)

N(dim 4) — 14’ N(dim 6) — 34’ N(dim 8) — 69 C e N(dlm 20) — = 1000

Symmetry restrictions

0 0 0
Ma T2 5 =05 Lag T2/, + Lago T2 ° =0;
0 0 0
Kase T° A"‘KABOC TaBB+KABC0T %_0;
A° a BP c? aD%_ .
Zpwep T9 a+Zpsaep T° 3+ Zagco T° +Zpgep 0 T? 5 =0

whereT?2 2 g are the generators of the symmetry subgroGp SQ(5).
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No. Symmetry Non-zero parameters of Symmetric 2HDMEFT Potential Dim
1, 5 ReM?), 1, 2, 3, 4 Re(s) Re( 6) Re( 7)
1 CP1 1,000 e Re(7;::00 13) D 4
1;:70; 9, Re(107:1:;  22)
7 2
1 21 1, 2 3 4, 5
2 ) 1» 2, 3 4 5 6 8 9 D 4
1, 2, 3, 4, 5 6, 7, 8 9, 10, 13, 14, 15, 16
%’ %’ 1’ 2’ 3’ 4
3 Z3 v 20 3y 4 5 6 7 D6
1, 2, 3, 4, 5. 6, 7» 8 9, 11, 12
%, % 1, 2, 3 4
4 Z4 1, 2, 3 4 5 6 D 8
]:! 2 ’3! 4, 5, 6 7» 8 9 10
f = é’ 1 = 2’ 3’ 4’ 51 6 = 7
1= 2 3= 4 5= 6 8= 9 11°- 12
5 CP2 1= 2, 3, 4= 5 6 7= 8 0 D 4
10, 11 = 12, 13, 14 = 15, 16, 17 = 18,
19 = 20, 21 = 22
1= 20 1= 2, 3, 4
6 CP3 1= 2, 3= 4 5= 6 7 D 6
1= 2, 3, 4= 5 6, 7= 8 9 11 = 12
1= 20 1= 2o 3 4
7 CP4 1= 2, 3= 4 5= & 8= 9 D6
1 - 2y 3 4 - 5 6 7~ 8 9 10, 14 - 15
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2 2
1 21 1 2 3 4

8 U(1) pg 1, 2, 3 4 5 6
1, 2, 3, 4 5 6 7 8 9
= 5 1= 2, 3 4Re(s5) =2 34
1 = 2’ 3 = 47 5 = 6’
Re g)=Re 9)= 33 1 3  5)
1= 2, 3, 4= 5 6 7= 8 O

? CPL SO@) hr Re( 10) = zRe( 13)+ SR 14) 2R 16),
Re( 13)= (4 1+2 3 44 46+2 7 o),
R 14)= R 15)= 3(4 1 4 7,
R 16)= 3(4 1 23+2 4 o
Z = Z = =2
1 5 1 2, 3, 4 1 3
1= 2, 3= 4, 5= =3 1 3

10 SU(@) Hr 1= 2, 3, 4= 5 =2 1+ 3 24
7= 8=4 1 4 9=4 1 23+2 4
7, 5. ReM%y), 1, 2, 3, 4= Re 5), Re( g), Re( 7)
1, 2, 3, 4 5=2Re g), g=2Red o),
Re( 7) = ZRe( 10), Re( 11), Re( 12), Re( 13)

11 Sp2) 1+ 1, 2 3 4 5 6=6Reg 10)= 3Re 13),
7=2Re 14), 8=2RH 15), 9=2RH 16),
Re 11) = 3Re( 17), R 12) = 3R 18),
Re( 19), RE( 20), RE( 21), R 22)
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%: %l Re(m%2)1 1= 2, 3 4= Rd 5)1 Re( 6)=Re( 7)
1= 2, 3= 4 5= =2Rg g)=2Rd o),
Re( 7) = 3Re( 10), Re( 11) = Re( 12), Re( 13)

12 S2 Sp(@) + , 1= 2, 3, 4= 5 6=6Re 10)= 3R 13),
7= 8=2Re 14) =2 R 15), 9=2Re 1p)
Re( 11) = R 12) = 3Re( 17) = 3Re 13),
Re( 19) = Re( 20), Re( 21) = Re 22)
= 5 1= 2, 3 4=Rd 5),Rd g)= Re 7)
1= 2, 3= 4 5= =2Rd 8)=2Reg o),
Re( 11) = Re( 12)

13 CP2  Sp(2) .+ , 1= 2,3 4= 5 6=6Rg 10)= 3R 13),
7= 8=2Re 14) =2 R 15), 9=2RH 16)
Re 11)= R 12)= 3R 17) = 3Re 13),
Re( 19) = Re 20), Re( 21) = Re 22)
= 5 1= 2=5 3 4

14 U pqg SPE) |, 1= 2= 33=34 5% &
]:=’2=%3=%4=%51617_ 8=%9
5 1. 2, 3

15 Sp2) | Se@) , 1 20 3 4
1, 2, 3, 4 5
2 _ 2 _
1= % 1= 2, 3

16 | S2 Sp(2) | Sp(@ , | 1= 2, 3= 4
1= 2, 3, 4= 5
2 2 — — 1
1= 5% 1= 2= 35 3,

17 Sp(4) 1= 2= 33 % 4
1= 2= £3=74= %5
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Symmetries of multi-HDM Potentials
[N Darvishi, AP, PRD101 (2020) 095008]
Prime bilinear invariants:
8
2 sp@): Sp= 7 with =
| Maximal block:E sun): D2= Y2 and =( 1 2 T
: SQn): Tph= T
3 8
%Sii:iyi foriz'_
Sp(2): o
3 Sjj = Iy j+ y i for 2' & 2J
. 8 J | J | i
| Minimal block: 2 pf=YV2a;+ Y2, =D? for !
SU2) U(L): b
Dift = 7 & i+(i 2 ) %G %) for . o
J
: SO(2): Tij = ;I'+ j J-T: Tji  for JI
[AP, PRD93 (2016) 075012]
The symmetric potential Veym=  °S,+ sSi+ pDa+ T2
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Discrete Symmetries

[Earlier studies: Ivanov, Vdovin '12; V Keus et al '13; Ivanov, Velas '19, . . . |

' Generalized CP (GCP) transformations :

GCH i]= Gij j Gij 2 SU(n)
I Abelian Discrete Symmetries:
Ly, Lz ZLs, Lz Lz Lz Lg , Zn; :
whereZ, = f1;1; (0 Dgwith 1" =1.

' Non-Abelian Discrete Symmetries
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Typical Non-Abelian Discrete Symmetries

Permutation group Sy ™™ %" N1

Alternating group Ay "™ %" N 1=2

isomorphic to

Dihedral group Dy ! ZN O Zo

with order

Binary Dihedral group Q2y ! AN

iIsomorphic to

Tetrahedral group Ty (prime numbey ! ZN O Z3
Dihedral-like groups
(2 N°)= (Zn  ZR)o0 Zy (3 N2 = (Zy Zp)o Z3
B3N3=2zZy (3 N? 6 N9 =(Zn ZJ)0 S3

Crystal-like groups ( M ), with =1;2;3:

(60 ); (168 ), (@6 ), (72 ), (216 ); (360 )
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| No. | Symmetry | Non-zero parameters for 3HDM potentials

7. 5 % Remf,), Rem%s), ReM%53), 11. 22. 33,
1122, 1133+ 2233. 1221, 1331+ 2332, R 1212), R 1313), Re( 2323),
1 CP1 Re( 1213), Re( 2113), R 1223), Re( 2123), Re( 1323), Re( 1332),
Re( 1112), Re( 2212), Re( 3312), Re( 1113), Re( 2213), Re( 3313),
Rg( 12123)21 Re( 2223), Re( 3323)
5 Z T 2 3 11, 22, 33, 1122, 1133: 2233. 1221, 1331, 2332:
2 fm2 dH-C
?1321 122121 1313 2323: 1232, 1113, 2213, 3313 andH:cig
50 Zg 1,2 3 11, 22, 33, 1122, 1133: 2233 1221, 1331+ 2332:
fr2n232, 122121 1313: 2323: 1213: 1123, 2223, 3323 andH:c:g
3 z, 29 T 2 3 11, 22, 33 1122, 1133+ 2233, 1221, 1331 2332
2 f212122, 13132323 andH:c:g
4 Z3 T 9 3 11, 22, 33 1122, 1133+ 2233, 1221, 1331 2332
f212123, 21323, 2123 andH:c:g
5 Z4 T % 3 11, 22, 33 1122, 1133+ 2233, 1221, 1331 2332
f212122, 21323 andH:c:g
<0 20 T 2 3 11, 22, 33, 1122, 1133 2233, 1221, 1331, 2332:
4 f213123, 23212 andH:c:g
6 ay() T 2 3 11, 22, 33, 1122, 1133: 2233, 1221, 1331, 2332:
f 1323 andH:c:g
70 7
&0 byy(1)0 1,2 3 11, 22» 33, 1122, 1133, 2233, 1221 1331+ 2332
”;122, 12212, 1112, 2212, 3312, 1332 andH:cg
7 U(1) U(1)O % % 3 11 22 33 1122 1133, 2233: 1221 1331: 2332
3 7, u@O 7 % 3. 11, 22» 33 1122 1133+ 2233, 1221 1331 2332
2 f 1212 andH:c:g
A, 7
9 CP1 Sp(2) 1, 2, 3ReM7p), 11, 22, 33 1122, 1133, 2233, 1221, R& 1212),
3 RS( 12112)21 Re 2212), Re( 3312)
10 | CP1 Z; Sp@2) , p 23 11 220 33 1122, 1133 2233 1221, R 1212)
11 U@  Sp@ , 2 & 110 220 33 1122\ 1133 2233 1221
12 cp2 1= 92, 3 11= 22, 33, 1122, 1221, 1133 = 2233, 1331 = 2332
Re( 1313)=Re( 2323), Re( 1212). f 1112 = 2212 andH:cig

HPNP 2023 Symmetiesof the 2HDM and Beyond A. Pilaftsis



2 _ 2 Z _ —
13 cP2 Sp@) 1= 20 3 115 22, 33 1122, 1221, 1133 = 2233 Re( 1212)
f211122— , 2212 andH:c:g
14 0@ . , 1= 92, 3 11~ 22, 33, 1122, 1221, 1133 = 2233, 1331 = 2332
Rg( 13123) :2 Re( 2323) Re( 1212) =2 11 ( 1122+ 1221),
15 D3 1= 2, 3 11~ 22, 33, 1122 1133 = 2233, 1221 1331 = 2332
f221312— , 1232, 1323 andH:c:g
16 D4 1= 2, 3 11~ 22, 33, 1122, 1133 = 2233. 1221-f 1212 andH:c:qg,
%331:2 22332 = Re( 3231)
17 D3 Sp@) , }- 2 § 11° 22 33 1122, 11337 2233 1221
18 D4 Sp@) , }- 2 3 11° 22 33 11220 11337 2233 1221, R 1212)
19 SO(2) .. Sp(2) 1~ 2 3 11~ 22 33:» 1122: 1133 = 2233:
1, 2 3 = Ry ) = 1
1221 1212 11 5 1122
2 _ 2 2 _ —
20 sU@ ,; , 1= 20 3 11= 220 33 11222 11 1221, 1221;
’ %133:2 222331 1331 = 2332
21 SU@ 4, , SP@) 4 1= 20 3 117 22> 33 112272 11 1221, 1133 = 2233;
%2212 2 2 2 2
1. 2. 3. Re(miy), Re(miz), ReM33), 11, 22. 33
1122 1133+ 2233: 1221=Re( 1212), 1331=Re( 1313),
22 SP@ 1+ H+ 4 2332=Re( 2323), R 1213) = Re( 2113). R 1223) = Re( 2123).
Re( 1323) = Re( 1332), RE 1112): Re( 2212); Re( 3312),
Re( 1113) Re( 2213) Re( 3313): RE( 1123); Re( 2223); Re( 3323)
., 5, 5 ReM%3), 11, 22, 33 1122, 1133: 2233
23 Zp Sp@ .+ o+ i 2 3 137
1" 27 3 1221= Re( 1212), 1331=Re( 1313). 2332=Re( 2323),
RS( 12113)2? Re( 2513):Re( 3313)
230 z8 sp@ ..+ .4 1. 20 3. ReM3%3), 11, 22, 33, 1122, 1133, 2233
17 27 3 1221= Re( 1212), 1331=Re( 1313). 2332=Re( 2323),
Rg( 12123)2: Re( 2223); Re( 3323)
0 . 2, 3 11, 22, 33, 1122, 1133s 2233
24 | Zo  Z5 Sp@ .4+ 4 1 20 3
2 17 27 3 1221 Re( 1212), 1331=Re( 1313), 2332=Re( 2323)
25 Zg SPD .+ 4+ 1, 2, 3, 11, 22» 33, 1122, 1133, 2233, 1221=Re( 1212)
1t 2+t 3
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26 (CP10S»)

Sp(Z) 1+ 2+ 3

f = é, :Z_),, Re(m iz), Re(m f3):Re(m 53), 11 = 22, 33,
1122, 1133 = 2233: 1221= Re( 1212).

1331= 2332=Re( 1313)=Re( 2323), Re( 1323) = Re( 1332),
Re 1223) = Re( 2123)=Re( 1213) = Re 2113).

R 3313) = Re 3323), R 1112) = Rel 2212),

Rfﬂ( 3312) Re( 1113) = Re( 1123) = Re( 2213) = Re( 2223)

27 D4 SPQD 1+ ,+ 5 1- 2’ 3’ 11= 22= z 1122, 33+ 1133 = 2233:
1221 = Re( 1212)
7 2 2 Rom?

08 Sp@ .. Sp(2 10 2o 3 ReM7y), 11, 22, 33 1122, 1133, 2233

17 2 3 1221 zRe(2 1212), Re( 111%) Re( 2212); R 3312)

29 @ , , 1- 23 117 227 7 1122, 33 11337 2233 1221
%331 > 22332 :

30 Sp@d , , Sp(@ 1= 2. 3 11~ 227 75 1122, 33. 1133 = 2233: 1221
2 _ 2 2 _ _ _ —
1= 27 3 117 227 33 11227 11337 2233,

31 Ag z B B a
%221 > 1331 = 2332, f 1212 = 1313 = 2323, andH:cig

32 Sq4 1= 27 3’ 11~ 22 33 1122 = 1133 = 2233:
%221=2 1331 = 2332, R 1212) = Re( 1313) = Re( 2323)
1= 2= 3 11= 225 33 1122 = 1133 = 2233;

33 SO(3) 1221 = 1331 = 2332
Re( 1212)‘ Ee( 1313) = R 2323)—2 112 (1122 + 1221)

34 Sa SP@ .4+ 4 1 2= 3 11 22 337 z 1122 = 1133 = 2233

1" 2" 3 1221~ 1331= 2332° =Re( 1212) = Re( 1313) = Re 2323)

1= 2= 3 117 227 33 11227 11337 2233

35 (54) 1221 :z 1331 2332, f 1213 = 2123 = 32371 andH:cig
1= 27 3 117 227 33 11227 11337 2233,

36 (36) 1221 = 1331 = 2332 Re( 1213) = R 1323) = Re( 1232)=

23[(2 11 1122 1221)
2 2 2
37 | sp(2) , Sp() , Sp@) , 1 2 3 11, 220 33 1122, 1133, 2233
2 _ 2 2 — — —
38 Sp(4)  Sp(2) , 1= 20 3 11= 22° % 1122, 33 1133 = 2233
2 _ 2_ 2 _ _ _ —
39 SU(3) U(l) 1~ 2—- 3 11 - 22— 33 1122 — 1133 — 2233:
1221 = 1331 = 23322 311 1122
40 Sp(6) %= %= % 11 = 22= 33°= % 1122 = 711 1133 = % 2233
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Maximal Symmetry and Quartic Coupling Uni cation

Maximally Symmetric Two Higgs Doublet Model
[P.S.B. Dev, AP '14; N. Darvishi, AP '19]

G =SU@2), Sp@rz,' SUR), SO()

2 2

— 2 - -2 - -2 . -2 . ) — - y B y 2 .
V ] 1) +J 2] + ] 1) +J 2] 5 + 2 :
0) 1
where 1
= i 22 E ;  with UL 2 SU(2), : 7" %= Uy
1
i 2,
such that underglobal eld transformations
Sp4) 77 °=U ; withu2u@d) & ucu™=c i 2?2 O

SU(2) . gauge kinetic terms remain invariant.

Breaking E ects: m3%, ¥ , (or My, ), U(1)y couplingg®, Yukawa'sY Yd,
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{ Symmetry-breaking of Sp(4)/Z , SO(5):
(i) Soft breaking (e.g. throughm?,):

Re(m?
MAi =2 v5 Mg = M2 = M2 = z(clz

Heavy Higgs spectruns degenerateat tree level.

(i) Explicit breakingthrough RG running (two loops):

%0
Sp(4)Z, SU@R) "7 SU@)e U@), SUR)
Yu;d
I
e Ulpo U()y SUER)
h1;2|
! n2, U(1).
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{ Quartic Coupling Uni cation (up to two loops)

[N. Darvishi, AP '19]

%() ——
. "H$%68! '
¥ -] #012
w& 3 &0&122&()*
TTe o o
& : T
og E.~~"‘ ........ é:_}._:::g':::;;
R a0 b e TR
& .
Ras |
\:'\\
&(&‘ E =S
'&() - | - ! . . .
! ) # $ %& I

"% . § %&()*+

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

(2)
X

10'® GeV (of ordermp))

[N. Darvishi, AP '19]

%0 —
! "4$%&! | e &#
| -/ #012 | e &%
%(& | 3 -&0&122&()* &
= R i &
63 e ~ e I ____&&
O\o — et it R
Nl g,
¥ - |
- L & !
\j‘\\ I
&(&— ! e — #
| — %
E &.
'&() 11 | N | N | N | N | N | - N | N
! # $ Y& %! % Yo# %%
"# . 8 %&'()*+
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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:
® vsc s°(22 a3 (21 34) 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+t Ohdd 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 i and h, h, -mixing angle:

0.2

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

tanb,=0.018

©
[EEY

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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{ 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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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; ) !

O: f 1:
25 ) @ o
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Z-> Domain Walls

0 0
V1 lIJ(l) vy V1
0 : 0
Vv V
2 2
Z-5 | | Z»
| [
0
Vl LIJ(l) Y Vl
Vs ' Vs

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

V9, (& E
R = oX; 09,(R) = 12(%) . P = ° p= :
2 2
1.0 o~ 1.0 15
05 0.5 1o
—v(l)( 051 e
00- 0.0 | s (
£()| 0.0
05 0.5 0.5
-10 o---uq-o:o ---.ool - ' | | -10 -10 | | | | |
-15-10 -5 0 & 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 )= 95 . (1 )= '\ o
+1)= UE1)pe O +1)= U 1)p 0
1 - p_§ 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 e — 0.50
0.251 ,"___ 0.251 X
000 == ,,':,:' _ 0.00
—0.25 i —0.25 Y
o tile) === Bs() — R* — R
—0.50{ 77T — o(x) == () —0.50 — —— R! RS
| — (@) ---- er(2) | — R — JRRF
—0.75 b e x(2) 0.75 — R3 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
\\\
=
S 5
— 10
\\
\\\
\\\
\3
10* .
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 #
v & A2 Yadew e
inst QCD V2 V2 .C.
SM SM

A
cD

< QZ sc* 1 €oS Ng ocp Y , + Hiic;
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
40 AP 372 |
. 5 640 Vsm ' 2.5 10 AP GeV with AP 1.
3 e M p
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Phenomenology at the LHC

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

—

0.1:

10°3
/ o 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 ]
0.1: .
¥ ts ]
% 1072 —
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:

gg! tbh ! thtb [Dev, AP '14]
t
g b
h_
g t
b
| pr > 20 GeV.
Y
1000™%; ] \j < 2:5;

R“ > 0:4;
£ 100, M~ > 12 GeV!
o)

. iM~  Mzj> 10 GeV
e
s 10 pl > 30 GeV,
X
..... i o
Lt =raaTey) | T ] ) 1< 24
_____ t =2 (14 TeV) '~..~.._..... ET > 40 GeV
-------- t =5 (14 TeV)
ol ..
200 400 600 800 1000
Mhi (GeV)
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gg! tt(h;a)! tttt

[Dev, AP '14]

~ )

—— t =1(14TeV)
----- 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]
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{ Realistic simulation analysis with a reconstruction BDT
[Emily Hanson, W. Klemm, R. Naranjo, Yvonne Peters, AP, PRD100 (2019) 035026]
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Reconstruction BDTtrained on 57observables:

R(b;1Y),  (bi1%), (b1, 2", m(bi;12),
wherei = tH;t anda =+ ;
m({" ;b)) m( ;b) and m(l ;bw) m(7;b)
p.t;j,wherej = tH; H;t
R(bw b, (buib), (b sbi), po “™, m(bys ;bi), wherek = H;t

R(tya;by),  (thaiby),  (tmaibu), pi @™ m(tya;by),
wherea = + ;

R(thaite),  (thwa;te),  (twajte), where(H?tc)=( H";t) or (H ;t)
m(H?) m(by), wherea =+ ;
m(H*) m()andm(H ) m(t)

H +t
other
Pt

Mm(H ;tother
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{ Results [Emily Hanson, W. Klemm, R. Naranjo, Yvonne Peters, AP, PRD100 (2019) 035026]
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Conclusions

Systematic method based on prime bilinear invariants enables to
construct all accidentally symmetric scalar potentials.
) Method applied to 2HDM , 2HDMEFTs and multi-HDMs

{ 2HDM (D = 4): 13 = 6 [U(1)y] + 7 [Custodia]
{ 2HDMEFT (D = 6): 15 = 8+ 7; 2HDMEFT (D =8): 17 = 10+ 7
{ 3HDM (D = 4): 40 = 19[U(1)y] + 21 [Custodia]

Quartic coupling uni cation for maximally symmetric nHDMSs :

G = SU2), Sp(2n)=Z, (here n =2;3).
INPUT: M, &tan ;! ) 10" Gev& %  10' GeV.

) RG e ects provide de nite misalignment predictions for the
heavy Higgs spectrum and for all H -couplings to SM particles.

The tttt channel is a powerful probe for Naturally Aligned 2HDMSs
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Domain Walls in the 2HDM violate charge that delays their

collapse in the early Universe.

Avoidance of DW domination =) ocp ~ 10 =(sin cos )
in Type-ll Z,-symmetric2ZHDM =) 0:3 < tan = 3from EDMs.
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Back-Up Slides
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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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A closer look at the RG evolution of >

%($)
&#
% ($%-
]
S %(%)
H
%(% —
'%(%) 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1
! " # $% $& $! $" $#

"% . § %&()*+
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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.]
| |
(N 1 0 _ r ) = 1 0)
1 - p_é Vg(r) ) 2\ - p_é Vg(r)em
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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\)I\)‘HI\)

HPNP 2023 Symmetiesof the 2HDM and Beyond A. Pilaftsis



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:
zzW 9 0 O ! 0 (a°=2;3;:::;Ny)

wherem?Z, becomes diagonal.

[AP '16]

=) Minimal Alignment Symmetry: Z3
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Phenomenological implications at the LHC

Discovery channels for aligned Higgs doublets:

gg! tbh I thtb

1000;

100+

tb) [fb]

10+

x BR(h*

[Dev, AP '14]

pr > 20 GeV.
i j< 2:5;

R“ > 0:4;
M~ > 12 GeV
M~ Mzj> 10 GeV
pl > 30 GeV,
j J'j < 2:4;
Et > 40 GeV
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gg! tt(h;a)! tttt

[Dev, AP '14]

~ )

—t =1(14 TeV)
..... t =2 (14 TeV)
........ t =5(14 TeV)

x BR(h tt) [fb]
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Realistic simulation analysis with a reconstruction BDT
[Emily Hanson, W. Klemm, R. Naranjo, Yvonne Peters, AP, PRD100 (2019) 035026]
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Reconstruction BDTtrained on 57observables:

R(b;1Y),  (bi1%), (b1, 2", m(bi;12),
wherei = tH;t anda =+ ;
m({" ;b)) m( ;b) and m(l ;bw) m(7;b)
p.t;j,wherej = tH; H;t
R(bw b, (buib), (b sbi), po “™, m(bys ;bi), wherek = H;t

R(tya;by),  (thaiby),  (tmaibu), pi @™ m(tya;by),
wherea = + ;

R(thaite),  (thwa;te),  (twajte), where(H?tc)=( H";t) or (H ;t)
m(H?) m(by), wherea =+ ;
m(H*) m()andm(H ) m(t)

H +t
other
Pt

Mm(H ;tother
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Results [Emily Hanson, W. Klemm, R. Naranjo, Yvonne Peters, AP, PRD100 (2019) 035026]
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