Recent Advances in the 2HDM and Beyond

APOSTOLOS PILAFTSIS

Department of Physics and Astronomy, University of Manchester,
Manchester M13 9PL, United Kingdom

HPNP 2021
Osaka, Japan, 25-27 March 2021

Based on: e N. Darvishi, AP, PRD99 (2019) 115014; PRD101 (2020) 095008
e C Birch-Sykes, N Darvishi, Y Peters, AP, NPB960 (2020) 115171
e R Battye, AP, D Viatic, JHEP2101 (2021) 105
e R Battye, AP, D Viatic, PRD102 (2020) 123536



Outline:

e Accidental Symmetries in 2HDM, 2ZHDMEFT, and multi-HDMs

e Maximal Symmetry and Quartic Coupling Unification

e Vacuum Topology of the 2HDM

e Charge-Violating Domain Walls in the 2HDM

e Conclusions

HPNP 2021 Recent Advances in the 2HDM and Beyond A. PILAFTSIS



e Accidental Symmetries in 2HDM, 2HDMEFT, and multi-HDMs

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

Vo= =1 (¢ld1) — p3(dlda) — mis(dlea) — mi3(shen)
FA(B]01)% + Aa(d52)? + As(dld1)(Bh) + Ma(pla)(dSr)

A A5
+ 5 (0102)" + F0501)? + Ae(6101)(9162) + Ai(d161)(¢hon)
+ Ar(@h2) (D1¢2) + A5 (B52)(B5en) -

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:

gavy = cos(ff —a), gnvy = 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

[ o)
P — .§i2 ., with Uy, € SU(2)L b — & = U, P .
10497

\ io63 )

P satisfies the Majorana constraint

d = CP*,

where C is the charge conjugation 8D matrix

C=0*®ded = Or 14 ® (—ios) .
— 14 Oy4
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e The SO(1,5) Bilinear Formalism

Introduce the null 6-Vector

[ dloi+ole )
dld2 + dhdn

~i |¢os — olo ]
Ol — dhdo

1202% — ¢2202¢1

\ _’5[ 1i0% o +¢2102¢1} )

RY = &2 =

with A = u, 4, 5, and

1{ o 0O
o= = 2oV,
2 ( 02 (O"LL)T >
st 1 0, 02 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
Vonom = — iMARA + ZLAB RARY |
with
MA — ( :U’% + ,LLS ’ 2Re(m%2) ) _2Im(m%2) ’ :u% o ,LL% ’ 07 0 ) ’
( )\1 + )\2 -+ )\3 Re()\6 -+ )\7) —Im()\G -+ )\7) )\1 — )\2 0 0 \
Re()\g + A7) A4+ Re()\5) —Im()\5) Re()\6 - )\7) 0O O
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 O O
\ 0 0 0 0 0 0)
e Unitary Field Transformations: [AP, Phys. Lett. B706 (2012) 465.]

Sp(4): ® — & =U®P, 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 - T 1 (a)
V5 | Zox [O(2)]7 T, T D cps T 1 (h)
V6| O3)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) To>" 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) V542,87 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 Symmetries in 2HDMEFTs
[C Birch-Sykes, N Darvishi, Y Peters, AP, NPB960 (2020) 115171]

1 1
VoupMEFT = — 5 MaR* + ZLAB RARP

1 1
+EKABC RARPRY + FZABCD RARBRCRY 4+ ...

No. of couplings: ~ N{@m=2m) = & (n + 1)(n + 2)(n + 3)

N(dim§4) — 14:7 N(dimSG) — 347 N(dimSS) — 697 e N(dim§20) — 1000

Symmetry restrictions:

Ma[T]", =0, Lag[T", + Lag[T%]", =0,
KA’BC [Ta} A —|— KAB’C [Ta} B —|— KABC/ [Ta} C — O,
Zapep|T 1?4 + Zapep|T? ig + Zapep|T| o+ Zapep [T, =0,

where T® € g are the generators of the symmetry subgroup G C SO(5).
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No.

Symmetry

Non-zero parameters of Symmetric 2HDMEFT Potential

CP1

i 13, Re(ms), A1, A2, A3, A4, Re(X5), Re(Xg), Re(A7)
Kly..., Kg, Re(/w, ey I<513)

C1,---, €9, Re(¢10, - - -, C22)

PR
KT o, A1 A2, A3, Ag, As
K1, R2, K3, R4, K5, Rg, K], K9

C1, €2, €3, C4, C5 C6, €7, €8y €9, €10, €13, €14, €15, C16

P
KT, 1o A1, A2, A3, Aq
K1, kK2, K3, K4, K5, Kg, K7

C1, €2, €3, €4, €5, €6, €7, €8y €9, C11, €12

2 2
M1,M2,A1,A2,A3,A4
I‘Ll, /{,2, I<L3, /{,4, I€5, FLG

C1 ¢2, C3 C4, €5, G6, €7, €8y €9, C10

CP2

1 = p5, A1 = A2, Az, A, Ap, Ag = —A7

K1 = K2, K3 = K4, K5 = K@, K§ = K9, K11 = —K12
¢1 = C2, €3, ¢4 = (5, G, C7 = €8, Q9.

€10, €11 = —C12, €13, €14 = €15, C16, C17 = —(18,

19 = —C20, (21 = —(22

CP3

U1 = p2, A1 = A2, A3, A\q
K1 = K92, K3 — K4, R — Kg, R7

¢1 = (2, €3, G4 = (5, €6, 7 = €8, €9, C11 = (12

CP4

p1 = B2, A1 = A2, Az, Mg
K1 = K2, K3 = K4, K5 = K¢, K§ = —Kg

¢1 = (2, €3, ¢4 = (5, C6, 7 = €8, €9, €10, C14 = —(15
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15, o A, A2, Az Ag

8 U(1)pq K1, K9, K3, K4, K5, K¢ D >4
C1, G2, €3, C4, C5, 6, €7, €8, €9
1 = p5 A1 = A2, Az, A, Re(A5) = 201 — Asy
K1 = K2, K3 = K4, K5 = Kg,
Re(rg) =Re(rg) = 5(3K1 — K3 — K5)
¢1 = (2, ¢3, C4 = (5. C6, C? = (8, Qo

’ CPL@SOR)ur Re(¢10) = ——Re(C13) + $Re(¢14) — fRe(C16), D24
Re(¢13) = £(4¢1 + 2C3 — 44 — 4¢6 + 2¢7 — o),
Re(C14) = Re(C15) = £(4¢1 — Ca — C7),
Re(Cw) = $(4¢1 — 283 + 284 — o)
1= p5 A1 = A2, Az, Ag = 2X1 — A3
K1 = K2, K3 = K4, K5 = kg = 3K1 — K3

10 SU@)ar C1 = Co, G, Ca = G5, Gg = 21 + G — 24, b=
C7 = (8 = 4¢1 — C4, C9 = 4C1 — 2¢3 + 2(4
ui, w5, Re(mss), A, A2, A3, Ay = Re(A5), Re(Ag), Re(\7)
K1, K2, K3, k4, k5 = 2Re(kg), kg = 2Re(kg),
Re(r7) = gRe(k10), Re(k11), Re(fﬂ12) Re(r13)

11 SP(2) ¢ +¢ C1, G2, €3, €4 G5, 6 = BRe(C10) = 3Re(C13), D >4
¢7 = 2Re(C14), ¢ = 2Re((15), (9 = 2Re((16),
Re(¢11) = 3Re(¢17), Re(C12) = 3Re(C1g),
Re(¢19), Re(C20), Re(¢21). Re(C22)
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ut = p3, Re(mis), A1 = A2, A3, Ag = Re(X5), Re(Ag)=Re(A7)
K1 = K2, k3 = K4, k5 = kg = 2Re(kg) = 2Re(kg),
Re(r7) = Re(k10), Re(k11) = Re(k12), Re(r13)

12 S2 ® Sp(2) ¢ 4 ¢4 1 = G2, (3, ¢4 = 5, {6 = 6Re(C10) = 3Re(¢13), D >4
C7 = (g8 = 2Re((14) = 2Re((15), C9 = 2Re((16)
Re(¢11) = Re(¢12) = $Re(C17) = FRe(C18),
Re(C19) = Re((20), Re(C21) = Re({22)
uT = p3, A1 = A2, A3, Ay = Re(A5), Re(Ag) = —Re(A7)
K1 = K9, k3 = K4, k5 = kg = 2Re(kg) = 2Re(kyg),
Re(r11) = —Re(k12)

13 CP2® Sp(2) g, +¢, 1= €2, (3, ¢4 = ¢, C6 = 6Re(C10) = FRe(C13), D >4
(7 = (8 = 2Re(C14) = 2Re((15), o = 2Re((16)
Re(¢11) = —Re(C12) = $Re(C17) = —3Re(C13),
Re(C19) = —Re(¢20), Re(C21) = —Re(¢22)
ni = ps, >\1—>\2— 3A3, A

14 U(l)pQ 0% Sp(2)¢1¢2 K1 = K9 = 314:3 = 3/<(,4 I<L5 = Kg D >4
61—42—6(3—444—465 o, C7 = (s = 3o
15, w3 A1, Az, Ag

15 Sp(2)¢1 ® Sp(2)¢2 K1, K2, K3, K4 D >4
C1, €2, €3, €4, C5
1 = ps A1 = g, Ag

16 SQ ® Sp(2)¢1 ® Sp(2)¢2 K1 = K2, K3 — K4 D 2 4
C1 = (2, €3, ¢4 = (5
1 = p5 A1 = Aa = 33,

17 Sp(4) K1 = Ko = %/4;3 = éﬁ:4 D >4
G=¢=86=710=716
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e Symmetries of multi-HDM Potentials

Prime bilinear invariants:

» Maximal block: /¢

,

» Minimal block: /¢

[N Darvishi, AP, PRD101 (2020) 095008]

Sp(2n) : Sp =oTd with & = ( ¢ )

SU(’I’L) : D’?l — ¢Taa¢ and qb: (¢17¢27"' agbn)T
SO(n):  Tn=¢¢"

¢ S;i = gbjgbz for (iaﬁiﬁ)
5P(2): P b ¢

Sij = ¢jbj + ¢5bi for (ia%*) & <i02]¢”.‘)
\ J v
D’qu = (ﬁlo‘a(ﬁi + ¢;aa¢j — D?@ for g;
SU(2)xU(1): < b,
\ D;? = Qb;r"agbi + (’io’2¢;)o‘a(io’2¢;) for ioQib;f

SO(2): { Tij = qb@'qbiT + ququT. =T;; for (i;)

[AP, PRD93 (2016) 075012

The symmetric potential — Vi = —1?S,, + AsS2 + A\p D2 + \pT?
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e Discrete Symmetries

[Earlier studies: Ivanov, Vdovin '12; V Keus et al '13; lvanov, Varzielas '19, . . . ]

— Generalized CP (GCP) transformations:

GCP[¢;] = G40t Gy € SU(n)

— Abelian Discrete Symmetries:
ZQ) Z37 Z47 ZQ X Z27 Z3 X Z37 T Z’rm T

where Z, = {1,w,- - ,w™ D} with w” = 1.

— Non-Abelian Discrete Symmetries
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e Typical Non-Abelian Discrete Symmetries

. ith ord
— Permutation group Sy e, N

— Alternating group An with order, N!/2

isomorphic to

AR

— Dihedral group Dy

— Binary Dihedral group Qaon with order, 4 N7

isomorphic to

— Tetrahedral group TN (prime number) y AN XN L3
— Dihedral-like groups:
N(2N?) = (Zn x Z'y) % Zo A(BN?) = (Zn x Z\) % Z3
M(3N?3) = Zn x A(3BN?) A(6N?) = (Zn x Z}) % S3

— Crystal-like groups (M ¢), with ¢ = 1,2, 3:
%(600), X(168¢), X(36¢), X(72¢), X(216¢), X(360¢)
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| No. | Symmetry Non-zero parameters for 3HDM potentials
5D D 2 2 3

1. k3. 13, Re(mig), Re(mig), Re(ma3), A11, A2, A3,
A1122: A1133 22233 21221, 21331, 22332, Re(A1212), Re(A1313), Re(A2323),

1 CP1 Re(A1213), Re(A2113), Re(A1223), Re(A2123), Re(A1393), Re(A1339),
Re(A1112) Re(A2212), Re(A3312), Re(A1113), Re(A2213), Re(A3313),
Re2(>\12123)2, Re(A99293), Re(A3323)
K1 43, 13, A11, A22, A33. A1122, A1133: 22233, 21221, A1331. 22332,
{g”bmé >\12212' A1313: 22323, 21232, A 1113 22213, A3313 and H.c.}

/ / K1 B3 13, A11, A22, A33. A1122, A1133: 22233, 21221, A1331. 22332,

2 z 9
{T;ggé A122121 A1313: 22323 A 1213, 21123, 22223, A3323 and H.c.}
K1 B9 13, A11, A22, A33. A1122, A1133: 22233, 21221, A1331. 22332,
{;121221 >\21313' A9393 and H.c.}
L1 B4 13, A11, A22, A33, A1122, A1133: 22233, 21221, 21331, 22332,

4 Zs
{;12123' >\21323' Ag193 and H.c.}

5 Z, MY 1 B30 A110 A220 A33 A11220 A1133: A2233: A1221 A1331: A2332,
{;121221 /\21323 and H.c.}

/ P H1: K 130 A11, A22, A33, A11220 A1133, 22233, 1221, AM331. 22332,

4 {;13123' >\23212 and H.c.}

6 ay() MY 1 130 A110 A22. A33 A11220 A1133: A2233: A1221 A1331: A2332,

{A1323 and H.c.}
79 D

6 by(1y/ ML pige M A11, A22, A33, A11220 1133 A2233, 1221, AM1331, 22332,
{31122 A1212, A 1112, 22212, A3312, A1332 and H.c.}

7 u(1) ® U’ /g ”3 Mg A11. 222, A33, A1122. A 1133, 22233 A 1221, A 1331. 22332

8 Zo @ U(1) Hio i, uE A1 A2z, A3z, A1122, M133. A2233. AM1221, M331 A2332,

2 (121 and Hee. ]
9 CP1® Sp(2) w1, 15, 13, Re(mis), A11, A2, A3, A1122, A1133 A2233 M1221. Re(A1212),
3 Rz()\12112) Re(A9912), Re(A3312)

10 | CP1® Z9® Sp(2)g, 1y g 1y 13 A1 222, A33, A\1122. AM1133, 22233, A1221. Re(M1212)

11 U(l) ® Sp(2)¢3 u%, u2,2u3,2>\11, A29, A33, A1122, A1133, 22233, 21221

12 CP2 M1 = K2 13, A11 = A22, A33, A1122 A1221 A1133 = A2233: A1331 = A2332
Re(A1313)=Re(A2323), Re(A1912). {A1112 = —Ag919 and Hec. }
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7 2 2
13 CP2 ® Sp(2) By = K3, 13 A1 = A22, A33, A1122, A1221. A1133 = 22233, Re(A1212).
¢3 {;111222 ;A2212 and H.c.}
14 S0(2) g, M1 = K2 13, A11 = A22, A33, A1122, A1221, A1133 = 22233, A 1331 = 22332,
1,72 RGQ(/\13123) S Re(A2323), Re(A1212) = 2A11 — (A 1122 + A1221),
15 Ds 11 = K2 13, A11 = A22, A33, A1122, A1133 = 22233, A1221. A 1331 = A2332
{;21312: —2/\1232, A1323 and H.c.}
16 Dy MY = KDy B3, AT = 222, A330 A11220 A1133 = 22233, A1221. {A1212 and H.c.},
A%331 > >\2332 = Re(A3231)
17 D3 ® Sp(2) g, i el H’g A11 = A22. A33. 21122 21133 = 22233, 21221
18 Dy ® Sp(2)gq uy = K2 #3' A1 = A22, A33, A\1122, A\1133 = 22233, A1221. Re(A1212)
19 S0(2) 5,y ® SP(2) s ul = ug u3 A11 = A22. A33, /\1122 A1133 = A2233.
A1221 = Re(/\1212) = A1 — #1190
7 D
20 U1 .6 ui = p5, 15 A1 = o2, A3z, A1122 = 2311 — A1221. AM221,
1,72 >\%133 S >\22233' A1331 = A2332
21 SU)g1,65® SP(2)pg M1 = 1, B3 A1 = A22, A33, A1122 = 2211 — A1221. 21133 = 22233,
A%2212 2 2 2 2
K1 Koy K3, Re(m7s), Re(m13), Re(m23), A11, A22, A33,
A1122: A1133: 22233, A1221= Re(A1212), A1331=Re(A1313),
22 SP(2) gy +po+¢3 A2332=Re(A2323), Re(A1213) = Re(A2113). Re(A1223) = Re(A2123).
Re(A1323) = Re(A1332), Re(A1112),Re(A2212), Re(A3312),
Rz(A12113) Re(/\2213) Re(A3313). Re(A1123), Re(A9993), Re(A3323)
Re(m?2), A1, Moo, Az, A A A
23 Zo ® Sp(2) Wi, 15, 13, 13) A11 A22, A33, A1122, A1133. 22233,
P11 P2t93 A1221= Re(A1212), A1331=Re(A1313), A2332=Re(X2323).
R62(>\12113)2a Re(%2§13), Re(A3313)
. 1a, 13, Re(mg3), A11, A2, A3z, A1122. A 1133, A2233,
23/ ZzL @ Sp(2) M1 K2 H3 23
2 P1+o2+03 A1221= Re(A1212), A1331=Re(A1313). A2332=Re(A2323),
R;(/\12123)2’ Re(A2923), Re(A3323)
A1, Aoo, Aza, A A A
24 | Z zL® Sp(2 KT 190 By A11: A22, A33: A1122) A1133: 22233
2 @ Z3% 5pR)g) +¢5+43 A%2212= Rze(/\1212), A1331=Re(A1313), A2332=Re(X2393)
25 Z4® SP(2) g +¢o+ps HYv K2 130 110 A22, A33: A11220 21133, A2233: A1221= Re(A1212)
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7 ) 7 7 7
pi = 1y, 13, Re(m7y), Re(myg)=Re(m53), A1 = A99, A33,
A1122: A 1133 = /\(2233' >S1221(= Re(/\)1212(), | ( |
A =\ =Re(\ =Re(\ Re( )\ = Re(\
26 | (CP1 xS5)® Sp(2) 1331=22332 1313 2323). 1323 1332)
P1+é2t+¢3 Re(A1223) = Re(A2123)=Re(A1213) = Re(X2113),
Re(A3313) = Re(A3323), Re(A1112) = Re(A9212),
Re(/\3312) Re(>\1113) = Re(>\1123) = Re(A9913) = Re(A9993)
— A1 = Aoo = —/\ Aan A =)\
o7 Dy ® Sp(2) ul ug ug 11 = 222 = 521122, A33, A1133 = 2233,
P11+d2+¢3 >\%2212—R26(A12122)
15, i Re(m9o), A11, Ao9, A3, A A DY ,
28 Sp(2) ® Sp(2) K1, Ho, B3 12 11 A22 233 M1122 21133 22233
P1+¢2 3 A%221=2Re(2A1212), Re(>\111%), Re(A9912), Re(A3319)
Sp(2) K1 = Mo 13, A1 = A22 = 521122, A33, AM1133 = 22233, A1221;
29 P(2) 1 g
%331 z /\22332 .
30 SP(2) b, ho, @ SP(2) p BT = Ko B3, A11 = A22 = 521122, A33, 21133 = 22233, 1221
7 5 7
Py = py = 13, A11 = A29 = A33, A1122 = A1133 = 22233,
31 A4
>\£221 3 /\1331 = A2332. {A 1212 = A1313 = 22323, and H.c.}
32 Sy T =15 = 13 A1l = Aoz = A33. A1122 = M133 = A2233,
/\1221 = /\1331 = A93392, Re(A1912) = Re(A1313) = Re(A93923)
ul = Mg = ng A11 = A22 = A33, A1122 = A1133 = A2233,
33 SO(3) A1221 = A1331 = 22332,
R3(>\12122) = Re(/\1313) = Re(/\2323) = 2X11 — (A\1192 + A1221)
— 42— A1 = Aoo = Aaa = 1) =)\ =)
34 S4® SP(2) b 4 pryt pi = py :ug' 11 = A22 = A33 = 5A1122 = A1133 = 22233,
P11P2te3 >\£221 - /\1331 = A9339=Re(A1972) = Re(A1313) = Re(A9393)
T =15 = 13, A1l = Aoz = A33. A1122 = M133 = A2233,
35 A(54) /\3221 /\1331 22332, {21213 = A2123 = A3237 and H.c.}
pny = Mg = ng A11 = A22 = A33, A1122 = A1133 = A2233,
36 3(36) /3\1221 = A1331 = A2332, Re(A1213) = Re(A1323) = Re(A1239)=
T(2A 11 — >\1122 — A1221)
)
37 | Sp(2)gp, ® Sp(2), ® SP(2) ¢ ul 1o, ng /\11 A22: A33: A1122, A 1133, 22233
38 Sp(4) ® Sp(2) ., ni = 13, 13 A1 = A2 = 3A1122 233, A1133 = A2233
3 2 2
39 SU(3) ® U(1) M1 = By = 13, A1 = A22 = A33, A1122 = A1133 = 22233
A19221 = >\1331 = A92332 = 2A11 — A 1199
40 Sp(6) ug = LLr2~. = LLo A1l = Agg = A33 = %A1122 = %)\1133 = %)\2233
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e Maximal Symmetry and Quartic Coupling Unification

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

Gs = SU(2), ® Sp(4)/Z> ~ SU(2),  SO(5)

2 2 2 2 2\ 2 N2 + A a2
Vo= =2 (100 H0s) 40 (01 P40a?) = L ale 42 (a8)?,
where ( D1 \
P = _(z2 , with Up, € SU(2)L: ® — & = Up P,
1020

\ io°65 )
such that under global field transformations,

Sp(4): ® — & =UP, withUecUH4) & UCU'= C=ir*®o’

SU(2) . gauge kinetic terms remain invariant.
Breaking Effects: m2, ¢! ¢ (or M), U(1)y coupling ¢, Yukawa's Y.
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e Quartic Coupling Unification (up to two loops) [N. Darvishi, AP "19]

1.5 ,
B MS-2HDM | g,
E tanﬁ:50 ....... d,
1.0 _\L M,-=500GeV | ....... 95
) T
(@) 1 S~ e yb
T e G
5 | | %
— M
\:\
00k E —_— e _}\2
| —
E Ay
05— . . . . . . .
2 4 6 8 10 11

Logo(u) [GeV]

First conformal unification point: ) ~ 101! 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

/

. o
- we o~ ...................
[ . T Y

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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e Misalighment in the MS-2HDM

CP-even mass matrix in Higgs basis:

My (A Q) s e 3 O e LB A C
S C B approx. H = E h 7

Light-to-heavy scalar mixing:

O v2sgceg|s? (20 — Asgq) — 2 (201 — A
C _ vispes(sh(2he —Asa) — 5 (2M — Aaa) |

s =
S B M(% —+ 2@28%6% ()\1 + Aoy — )\34)

Higgs couplingsto V =W, Z:

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

gHwe ~ 1+ t5' 0s, gHad ~ 1 — tgls,
Jhuu = _98"—1551, ghddﬁ—eg—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 Vacuum Topology of the 2HDM

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

Gur/cp Hyrp/cp MEF/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 ~ 75 | Zio 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[p1o] _ O¢ia(r,7)
5¢1’2(I‘,T) 87’

— 0, forT>1.
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e Z> Domain Walls

1.0
0.5 mm 00
0 m 0.2
04
Uy 0.0 ——
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:

v (2

b= o, 0, = 220
1

0.5/ 05

0.0- 0.0

05 .05

-10 u--uuquo:u ---.ool - ' ' | -10
15-10 -5 0 5 10 15

T = o

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

-------

1.5

1.0
0.5

0.0- .,
T L S —

-1.0

1.5

....................
...
»

1.0
0.5
0.0
--0.5

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.]

— Relatively gauge-rotated vacua at the boundaries:

Bi(-o)=—= (). @)= (70,

V2 \v1 V2 \—vge™™
B1(+00) = U(+00) —= ( PBa(400) = U(+00) — 0
1(+00) = U(too) = (). 2(+o0) = Ultoo)—= (| -oe )
, i G (z) o
U(x) = e exp (ﬁ —>, with U(—o0) = 15.
UsSM 2
1.00 1.00
o751 Type-lI Za-symmetric 2HDM ol Mgt = 0.2TeV, tg =0.85
0.501 0.50
0.001 0.00
—0.251 / —0.251 Y
o til®) === () — R — R
—0.50{ 7777 — $o(z) == ggl2) —0.50 — —— R! RS
| — #3() -—=- ¢(2) _ | — R? - /RMR“
—0.75 b e x(2) 0.75 — R3 el 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-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°

Minkowski

FRW (matter era)

FRW (radiation era)||

102

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]

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

Usm Usm
A4
S U%CD S%C% (1 — Cos (ngﬁQCD)> CIDJ{CIDQ + H.c.,
SM
10~

— 0 2 =
Aeb sin 5 cos 3

From neutron EDM limit: fgcp S 1071 — 10710

Loose constraint: 0.3 Stan3 53
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]de

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

0.00175{ === y=0.0533z— 0.0015 x
//‘
4
0.00150- el
//
10 o
0.00125 - R
,/
/’lx
0.00100 1 e
3 R
— £=0.03 L7
Lot~ @ =000016, n —088512 0.000751 et
0 — c—om /’
-—- 2 =0.00056, n =0.76261 0.00050 - e
— =005 R
——- 0 =0.00106, n =0.66388 L7
—_— =006 0.00025 1 JRe
. 4
103 —=- @=000176, n=050527 e
10 | T | 0.030  0.035 0040 0.045 0050 0.055 0.060
t/At £

Avoidance of DW domination in the Universe:

~ 2
640w AE [ 03/? N .
e > 20 ISM )~ 25 % 1072AE GeV, with A, B ~ 1.
3 (& Mp|
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e Conclusions

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

e Quartic coupling unification for maximally symmetric nHDMs:
Gs = SU(2)L ® Sp(2n)/Z,  (here n = 2).

INPUT: M+ & tan3 — p'y) ~ 10" GeV & p'Y) ~ 10 GeV.
= RG effects give rise to definite misalighment predictions for
all H-couplings to SM particles in terms of M, + & tan 3.

e Domain Walls in the 2HDM violate charge that delays their
collapse in the early Universe.
Avoidance of DW domination —> 6Oqcp 2 10~ /(sin 3 cos 93)
in Type-ll Z5-symmetric 2HDM — 0.3 S tan 3 S 3 from EDMs.
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Back-Up Slides
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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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A closer look at the RG evolution of A\,

0.15
>\'2

0.10

(73]

(@))

=

2 0.05

@)

O
0.00 —
_005 N ] N ] N ] N ] N ] N ] N ] N

4 6 8 10 12 14 16 18

Logyo(u) [GeV]
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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., JHEP08 (2011) 020]

1 0 1 0
#ulr) = 2( v (r) ) ’ P21 X) = \/§< v9(r)e'™X )

n =1
.............. mn = 2
1.00 n — 3 1.00
—ceamerames n — 5 _
0.95 _ . 0.75
- 0.90 05(7) 0.50 1[i/ # - 0.50
S e 0.85 i - 0.25
N 1 0.80 0.00 £ — 1000
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 = 27‘(’/(;“Od7° 5((b1,¢2) ,
0

3
> |
E
1.
0 | .
0.5 1.0 1.5 2.0
uZ
with
2
w2 =1
13
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e CP3 Vortices [R. A. Battye, G. D. Brawn, A.P., JHEP08 (2011) 020.]

1 0 ! X
¢1(7“> X) — \ﬁ ( ,U<7a) Cos(nx) ) ’ (bQ(T’ X) - \/§< —fu('r) 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., JHEP08 (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‘/softa

— 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 = &ld, + dJdy + ... = 12T ®
(i) D* = ®lo®, + Blo"®y + ...
(i) T = &) + PP + ...
— Symmetric part of the scalar potential:

Vam = —p2S + AsS? + Ap DD + \pTr (T T*) .
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— Inert part of the scalar potential:

AN P AN AN /\_‘_

Vit = 15 Ly + Ay (P10 (O

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

a

Z,: o, > ®, (a=1,2,....,Nyg), @

;= =0 (b=1,2,...,Mm)

— Soft-symmetry Breaking:
AVirt = m2, 1Py,
— Minimal Symmetry of Alighment in the Higgs basis:
V. o -9, o, --0, (d=23,...,Ngy)

where m?, becomes diagonal.

- _ EW | [AP '16]
— Minimal Alignment Symmetry: Z5;° x Z,
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e Phenomenological implications at the LHC

Discovery channels for aligned Higgs doublets:

e gg — tbh™ — tbtb [Dev, AP '14]
g b
g t
14
s pp > 20 GeV,
10003 p
In"| < 2.5,
£ 100} AR > 0.4,
:I‘F Mge > 12 GeV,
S
% 101 |Myp — M 7| > 10 GeV,
S :
L ts=1014TeY) | T ) p%j > 30 GeV,
----- ts = 2 (14 TeV) .
1 J
-------- ts =5 (14 TeV) | < 2.4,
%Jo0 400 600 800 1000 B > 40 GeV.

M,: (GeV)
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e gg — tt(h,a) — ttit

t
g t
h,a
g _ t
t
[Dev, AP '14]
10 —— tg=1(14TeV) |
z WLl | ts =2 (14 TeV)
P P T N ts =5 (14 TeV)
-~ 1:
I
nd
28]
X
o 0.1
107
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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 BDT trained on 57 observables:

o AR(b;,1%), An(b;,1%), Ad(bi, 1), pii™  m(bs, 1),

where : = tH,t and a = 4, —
o ’m(l*, birr) — m(l, bt)’ and ‘m(l_, birr) — m(ﬁ, bt)‘

b
® p;l, where j =tH, H,t

o AR(biw,br), An(bim, bi), Ad (b, bi), ptH ™k m(byy, by), where k = H, t

o AR(tya,by), An(tya,by), Ap(tya,by), pH1* " m(tya, by),
where a = +, —

o AR(tga,t.), An(tga,t.), Ap(tya,t.), where (H* t.) = (H',t) or (H ,t)
e m(H") — m(by), where a = +, —
e m(H') —m(t) and m(H ™) — m(t)

HE 4t
Pr

L m(Hia tother)

other
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Results [Emily Hanson, W. Klemm, R. Naranjo, Yvonne Peters, AP, PRD100 (2019) 035026]

o rm———
g 30| Qi L =150 fb
30 | (s =13 TeV
o0 | . Expected exclusion
10 1
5 |
4 t
3t
2

1
200 300 400 500 600 700 800 900 1000

H* mass [GeV]
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