\ Western Norway
University of
Applied Sciences

Extended Higgs sectors

Talk given at Higgs 2024,
Uppsala, November 2024

Odd Magne @greid



Motivations for extended Higgs sectors:

> Shortcomings of the Standard Model of particle physics. Fails to explain phenomena like for instance
> The Matter-Antimatter asymmetry of the universe
> Dark matter and dark energy
> The strong CP problem
> Neutrino masses and oscillations
> Does not include gravity
> Itis just a low-energy approximation of the interactions between particles, and becomes invalid at higher energies.
> Does not explain the large spread of the masses of the elementary particles.
> Does not explain the difference in strength between the fundamental forces.

> Experimental access to Higgs sector since July 2012. There might be answers to some of these questions hidden in this sector.

> Extended Higgs sectors may allow for
> Dark matter
> Additional sources of CP violation

> A CP-conserving 2HDM is embedded in SUSY models
> Provides a rich (but not too rich) particle zoo.
> Expect large portions of parameter space testable at LHC for such models.

> Some popular extensions
> Extra scalar singlets (complex or real)
> Extra doublets (NHDMS)
> Triplets
> Composite Higgs
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The Higgs-Doublet of the Standard Model
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The general 2ZHDM potential

V=V+V
1
Vo = —o {mhele; +m,ele; + [mi,ele; +he
A A
Vi = 71(@1@1)2 + 72(‘1)5‘1)2)2 + A3(D] D)) (BID2) + My (@] Do) (D D))

+% A5 (DTdy)2 + h.c.] + {[)\_6((1)];(1)1) I+ )\7(@3@2)] (®]®2) + h-C-}

> 14 parameters (reducible to 11)
> 4 complex parameters

> Model implies flavor-changing neutral currents - not observed. Remedy: Constrain model
by imposing a symmetry (Z,)

> Leads to study of allowed symmetries of the 2HDM potential extensible to Lagrangian

> SIX (seven?) transformations on the doublets are known that leave both the potential and
Kinetic terms unchanged. In addition, there are custodial symmetries.



Three Higgs-Family-symmetries:

Z,, U(1) and SO(3)

Z,: Invariance under the transformation

(I)l — (I)l, (I)Q — —(I)Q

U(1): Invariance under the transformation
b, — 6_29(131, by — 629(1)2

SO(3): Invariance under the transformation

b, R e @ cosh) e Psind b,
b, —ePsinh e cosb ®,

Three CP-symmetries:
CP1, CP2 and CP3

CP1: Invariance under the transformation

Oy — BF, Dy — P}
CP2: Invariance under the transformation
Oy — 5, Py — —*

CP3: Invariance under the transformation

D, I cosf  sinf o7
b, —sinf cosf o3

Each of these symmetries constrains the 2HDM, leaving us with fewer parameters, and constraints upon
observable masses and couplings of the model.

Also possible to break these symmetries softly or spontaneously.



Implications for the potential parameters in the symmetry basis

V, V,
Symmetry | mf; m3, mis | A1 A2 A3 Mg A5 A6 A7
CP1 real real real real
Zo 0 0 0
U(1) 0 0 0 0
CP2 m%l 0 )\1 —AG
CP3 m%l 0 )\1 )\1 — )\3 — )\4 (real) 0 0
SO(S) m%l 0 )\1 )\1 — )\3 0 0 0

> Symmetries may or may not be spontaneously broken by the vacuum.

(P1) = 7

> Possible to introduce soft breaking terms in V.. 1 ( 0 ) (@) et ( 0
> Many different models possible.
> How to distinguish between all these models? They all imply different physics.
> Introduce new parameters (masses and couplings)



The physical parameter set 7) and counting of parameters.

P

Potential has initially 14 parameters

Exiloit the freedom to change basis and reduce to I

Traditional approach:
Work out masses and couplings expressed in terms of the initial
14 (or 11) parameters of the potential (exchange some for VEVS).

Alternative approach:

Work the other way around. Pick a set of 11 independent physical
masses and couplings (all invariants) and express the initial 14
parameters in terms of these

If we choose our set of 11 independent parameters to consist of:
- Four squared masses

- Three gauge couplings

- Four scalar couplings

= {MZ%., M%, M3, M2, e1,e2,€3,q1,q2,q3,q}

Observables from the potential (invariants) expressible through
these.

Trilinear and quadrilinear scalar couplings expressible through
these.

2

ei = —5Coefficient(L, H;W W)
9

q¢; = Coefficient(V, H;H  H™)

g = Coefficient(V,H"H H H™).

Satisfying:  v? = e% + 6% + e%

Description of translation process:
Ogreid: PoS CORFU2017 (2018) 065

Remaining scalar couplings expressible in terms of 7):
Grzadkowski, Haber, Ogreid & Osland: JHEP 12 (2018) 056

Symmetries of potential (exact, spontaneously broken or softly

broken all described in terms of /-:
Ferreira, Grzadkowski, Ogreid & Osland: JHEP 02 (2021) 196
Ferreira, Grzadkowski, Ogreid & Osland: JHEP 01 (2023) 143



Results for exact symmetries

CP1 H, is CP-odd
er =qr =0
Z, Inert Doublet Model (IDM)
U(l IDM with mass degenerac
1) M; =My, e =q=¢ex=q =0 ° /
CP2 Not possible
CP3 M, =M., e =qg,=e.=q.=20 IDM with mass degeneracy plus
J ) J qj q 9
9 9 9 9 constraints also on charged mass

2]MHﬂE — €4q; — Mi , 2v°q = Mi and quadrilinear scalar coupling

SO(3) Not possible

More solutions were found. These were mass-degenerate cases which turned out to be RGE-unstable and therefore not included here.



Results for spontaneously broken symmetries

Symmetry | Conditions

MQi (&) 1M2M2+62 2M2M2+€3 3M2M2—M2M2M2 .
CP1 e T 17 B v v ey o Constraint on charged mass and
g = (eado = cata] My + (oom — e10s) M5 + (010 — o) My + MiM; My quadrilinear ch. scalar coupling

2(e3M2M3 + e2 MM} + eZ M7 M2)
2 2 2 2
2 2€ijMi +ez-q1-Mj _Mi Mj .
ZZ Mys =v eZMZ + e2M? ’ Hk is CP-odd
(ej4 — eiqy)” + MIM?
2(6?Mi2 +e?Mj2)

ejquf + eiq,:M? - M3M2 -
U(1) My = H, is CP-odd and massless
_ {ej@ — eiq;)? + MIM?
T 2(e2ME +e2M2)

;e =q, =0

3 Bk=qk'=03 MR::O

2 o a2 2, _ A2 . .

CP2 2Mie = eq; = M7, 2v7q = M7, IDM with two extra constraints
eJZQJzekZQkZO

CP3 IMZ . = eiq — M2, 2v%q= M?, IDM with a massless scalar plus

e;i=q=er=qp=0, My=0 two extra constraints

SO(3 2MZ. = e;q; — M?, 2v°q= M?, IDM with two massless scalars
H
ej=q=er=q=0, M;=DM;=0 plus two extra constraints

More solutions were found. These were mass-degenerate cases which turned out to be RGE-unstable and therefore not included here.
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Results for softly broken CP1 Results for softly broken Z,

> Demanding invariance of V, under CP1 > Demanding invariance of V,under Z,
> Equivalent to l,= 0 (Gunion & Haber) > Equivalent to [z(), Z(1]= 0 (Davidson &
Haber)
lez = C21M?_}iq I CQOM?_}:t + C12M?_[i q2 + cllMgﬁq g = doip — %dm — i — 4ImJy Eﬂi‘?f QImJ?’O,
+C10M?-[:t + 003‘?3 + 002(12 + Co14 + Coo = 0 2Im.Jy [2(6.;012 + diog1 — dglg)lmjl + 4ImJyp + ImJs + QImJgo}ﬂ’f?{i
= U2{2(dmudmz — do1od101 — doaz + daoo)(Im.J;)?
> Here’ CI] are polyn0m|als |n the + [4(2d101 — do10)ImJ11 + (do12 — 2do10 + 3d101)ImJs + 2(dio1 — dor2)ImJze)Imy

+ (2ImJ11 + ImJ)(4ImJyy + ImdJs 4+ 2ImJs) }

parameters {M7, M3, M3, e1, ez, €3, 41,92, G3} o
> Here, dj and Im J; are polynomials in

the parameterS{M%? M227 M{’?? €1,€2,€3,(41,42, QS}
> 10 free parameters

> 9 free parameters
> Physical description of the C2ZHDM

> Popular model since FCNC are
constrained and CP is broken

> No dark matter

11



The seventh(?) symmetry of the 2ZHDM

Working out the constraints for a softly
broken CP3, we discovered a model with
extraordinary properties.

> Itis RG-stable, yet does not correspond
to any of the six known symmetries of

the 2HDM
> What is going on? The set of constraints
Ae + A7 = 0,
Ao = Ap,
mi; +mzy = 0,

was found to be RGE-stable to all loop
orders (using results of Bednyakov).

12




Bilinears formalism of the 2HDM and the r,-symmetry

>

Potential in bilinear notation
Vi=M,r" + Ay, r¥r”

where

r# =

MY =

v

To
1
T2

r3

A K\
AT A)

—Re (AG T A7)
Im (/\6 P )\7)

(To,Tl,TQ,TS) = (To,ﬂ,

(m%l + m3, , 2Re(mi,), —2Im(m3,) , m3,

At + Re (As)

B T(AM1+A2)+x3 —Re(Xs+ A7)  Im(Xg+ A7)
) —Im (A;)

%(/\2 — /\]) Re (/\b — /\7)

old, + cp;%) ,

—Im (As)
)\4 — Re (AE.)
—Im (Ag — A7)

- m%l)

(A2 — A1)

Re ()\6 — /\7)
—Im (Ao - )\7)

LA+ ) —

ol Dy + @5@1) — Re (cp’{cpz) |

A3

= (M()?M)a

) |

£ %

v

v

The six «old» symmetries can be

—

explained from invariance under ¥ — S+
e.g.

1 0 0 1 0 0
Se, =0 =1 0| , Sepr=[0 =1 0].
0 0 1 0 0 1

Can we express the «<new symmetry» in
the bilinear formalism?

Turns out that invariance under 79 — —7Tg
leads to our model

Hence the name r,-symmetry

Impossible to change sign of r, using
HF- or CP-transformations

13



More on the ry-symmetry

> Parameterise the two doublets as > What about the klnetlc terms’? Define
_ (91t ide (5 +ige w_au 4 Y L 9 pu
®1<¢3—|—’i¢4)’ ®2(¢7+i¢8)’ D 8 —|—20'3W +Z2B

then and scalar kinetic terms

o= S(@+ERTE R R ), L = (Du®1)"(D"®1) + (D ®2)" (D" )

"o foqufﬁgffjffz > Turns out to be invariant under r,

BT T e mer T aass provided also

ry = §(¢? + ¢35+ 5 + 05 — d: — dg — d5 — ¢3). Dy =~y JEly =5 U8y,

Wlﬂ — in#? WQ,_L — _?:WQM, W3Pb — ’L.W:_),M.

» Want to change sign of r, while r,, 1, , ry > Call this “the extended r, transformation”

are unchanged Implies ©, — iz, , but leaves d*z invariant

b1 0 0 0 0 0 i 0 0\ /(& ) i 1 1

2 0 0 0 0 i 00 0|][e > Gauge kinetic terms cf = =3 B B = g Wi WY

b3 0 0 0 0 000 il|]es : .

ﬁi 5|0 0 0 000 2’2 works!i also invariant. Y o PGP

b — 0 0 0 000 0] Wk = "Wl — o'W} + ge; W WY,
cbi 0O 0 0 — 0000 aﬁf > Stay tuned... % T )
s 0 0 —i 0 0 0 0 0/ \¢s
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Three Higgs doublet models:

> In 2HDM, one can have Dark Matter OR CP violation, but not both simultaneously

> In 3HDM, one can have both Dark Matter and CP violation simultaneously.

> 3HDM Adds two more neutral scalars and one extra pair of charged scalars to the list.
> Study of allowed symmetries in the 3HDM and their implications

> Weird models with CP-symmetries of order 4.

> Again, symmetries may be broken either spontaneously or softly

> Large zoo of possible symmetry-constrained models available. Pick one you like...

> Some popular models
> LoXZ,
> SS
> U(1), or U(1),
> CP4

15



Constraints for NHDMs

Theoretical constraints

>

>

>

Positivity of squared masses
Boundedness from below
Unitarity at tree level
Perturbativity

Metastability

Global
minimum

Experimental constraints

>

>

>

Near-alignment  W*™W~hgy

CP constraints hsm — 7T

Electroweak precision observables S, T, U
Digamma signal strength  hsm — 7y

B — X,v

Electron EDM

16



CP-symmetries of the NHDM potential (and the VEV)

Whenever there exists a U(N) matrix X ij Alternative form for NHDM-potential useful

so that both the NHDM potential and the 1

VEV is invariant under the transformation V(®1,P3) = Y@ 0+ éZabcd(CI)l@b)(@l‘I)d)

O; — X P
J Tensor constructed from VEVs useful

the NHDM is CP-invariant, or Voo = Uf;gb

CP-conserving. For 2HDM:

If only the potential is invariant, but not the 7 w2,

VEV, then CP is spontaneously broken. = _(Tz’ e = R

If only V, is CP-invariant, but not V., then =Ty s

CP is softly broken.
Z1111 = A1, Zazse = A2, L1122 = Zao11 = A3,
21221 - 22112 - )\4a 21212 - )\Ba Z2121 - (/\5)*:
lel2 = 21211 = )\Ga le21 = 22111 = ()\6)*:
21222 = Z2212 - )\7a 22122 = 22221 — ()\7)*




CP-symmetry of the 2ZHDM

CP-properties of the 2HDM determined by Another set of invariants determine if
three CP-odd invariants, first discovered by potential only is CP invariant.
Lavoura and Silva. Re-expressed by
Gunion and Haber as: Iysz =Im [Z2 2 Z,. .i¥ua),

2 12Y22'=:1H1_Y;Byrdz%adfzguj]

ImJ; = _ﬁlm [VdaYabeccd}: -
Isysz = Im [Z, 432 cedg ZenfqYgaYni YqF)

Toy = i |2 g 23 D e oo i

4
Im Jp = F:[m [Vabvdcneycfzeafd}a
bf —dh

Im J3 = Im [Vabvdczbggezchhf Ze@fd] :

2HDM (potential and vacuum) is CP 2HDM potential is CP invariant iff
conserving iff
Thn Jf, = T Jly = T Jfy = 0 Iysz = Iaoyoz = I3y3z = lgz =0
- : nder In terms of physical
> Understood in terms of physical Unde SttOOd terms of physica
parameters parameters
€L = 4 — 0 My enqiM3M3 + eaqo MEM3 + egqs MP M3 — M M3 M3
v 2(2MZM3Z + eEMZM3 + M2 M3) ’
[Ref: Grzadkowski, Ogreid, Osland, JHEP11 (2014) 084] _ (e2g3 — e3q2)*M? + (esqn — e1q3)° M3 + (e1g2 — eaqn)* M3 + M7 M3 M3

¢ = 2(e2 MZM2 + e MZM? + 2 MZMZ) e



Processes containing Im J.:

> 1727 vertex and Z\WW vertex
€. (p27a) € (pQ,Od)
7 Z 7 W—
Hj ’,/lf\/\/\/\/\/\, 2 HJ /,ﬁw
71 AAAAAAL Hp, 71 AAAANAL ;
€k > | ( ) k™o >
(plaﬂ) H‘K\\ | b1, p H,‘\%i
( GW e 2 ew W+
(p3, B) (ps3, B)

> Summing over all possible combinations of i,j,k, we find

M ImJ2

> Amplitudes directly proportional to Weak-basis invariant.
Ideal place to discover CPV from the extra doublet.



CP-symmetry of the 3HDM

3HDMs provide more phases in the potential as

well as in the VEV, thereby providing more
sources of CP violation.

There exist 3HDMs with complex potential
parameters (irremovable phases) that are CP
conserving. (unlike the 2ZHDM).

For the general 3HDM,

> No set of invariants equivalent to a CP
conserving 3HDM is known.

> No set of invariants equivalent to a CP-
conserving potential is known

> CP-conservation in 3HDM is not yet
understood in terms of physical parameters

> Some special cases has been worked out.

The CP4 3HDM

Only one doublet @1 has non-vanishing
VEV

V =—mi(d]¢1) — miy(d5da + dles)

+ A1 (0101)% + Aa[(0562)? + (6563)7] + Ny (oL o) (813)
+ A3(011)[(0h2) + (5 3)]
+ Ny (@hd3) (Phd2) + Mal(@] d2) (@5 1) + (¢183)(dhh1)]

+{2s(@501) (8h1) + $Al(0361)” — (8] ¢3)°
+2s(65683) + Ao (619)[(Bh02) — (#6s)] + hec. |

Invariant under CP-transform
1 0 0
qb@' — W@'j ;, W=10 0 1
0 —2 0
CP-conserving, yet irremovable phases

20



Both Dark matter and CP violation possible

3HDM with S; symmetry

V =pghlhs + 13 (hlhn + hihs),
+ M (R Ry 4+ hhRo)? + Ao (hTho — RER1)2 + As[(hThy — hlho)? + (RThs 4+ KRy )?]
+ | Xa { (Rhn) (Bl ko + hha) + (Bho) (hlha — hiho) | + hic.| + Xs(hlhs) (Rl + hiha)

+ Xl(Rhh1) (hhs) + (Rhha) (BEhs)] + [ A7 { (B0 () + (Ra) (o) |+ hc ]

2
+ Ag(hkh
8( < S) ’ Y = #%a Yoo = ﬂ%a Ys3 = #(2)7
1) : Z1111 = Zaz2e2 = 2A1 +2)3,  Z3s3z = 2As,
1) = Im [ZaaveZoodg Zedfh Zginb Zitss
52Z BaaieDecds Zeapn Bgins Zigis) Zi122 = Zoon1 = 2M1 — 2X3,  Zi133 = Za2ss = Z3311 = L3322 = As,
IEEZ) = Im [ZavbeZeedgZedfh ZginaZijjf) Zi2o1 = Zoniz = —2X2 + 2X3,  Zizs1 = Z2szz = Z3113 = L3223 = e,
1) : Zi212 = o121 = 2A9 +2X3,  Zi313 = Za323 = Z3131 = Z3232 = 2M7,
1) = Im [ZacsaZeade Zegsh Zgink Zinjt Zifis
62 e B S e L S kﬂj] ’ Zi123 = Z1213 = Z1312 = Z1321 = 22113 = L2311 = Ap,
2 -
IéZ) = Im _ZacbezcadfzegﬁnghkZidlekhlj] : Zi132 = Z1231 = Zo131 = Zs112 = Z3121 = Z3211 = A4,
- Z =/ =—-A;, Z = = — 4.
I?Z = Im _ZacbchedeegfiZgahjZikijkbanmhnl] ’ 22 2522 ! 222 5 !
I = Im [Y,.YoeZeqar Z VA ) i : : : . .
2Ysz YacYoe Zegdf ZehaZgbhal Potential is CP invariant iff all 6 invariants

vanish.
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3HDM with Z2 x Z2 symmetry (real parameters, complex VEV)

V = — fmua(6]61) + maa(6}ge) + maa(@es)] S ealVoe e g
+ At (6]61) + Aaa(9]62) + Ass (8] 5)? J2 = Im VacVhe Zeads Zeafg Zonhiv}
+ Ma2(@]61) (0562) + M (6]61) (6]03) + Aas(6h02) (610s) J2 = Im (VocVheZeaag ZegfaZgonn
+ Xz (6]02) (0501) + N3 (0] @s) (0l + Nos(0]es) (610s) o =1 VacVoaZecagZeasnZgvns 1
+ A [(6h89) + (9162)2] + X [(6361)? + (6] 89)2] + Aa [(8]62)” + (11)?]. 75 = Im VacVoaZecdy ZenfaZofhits
Je = Im {Va,c‘/bdzcedfzeafgnghh}a
Model is CP conserving iff all 15 invariants Jr=1m {‘fad‘f’e‘fafZdaehszgizhcig}’
vanish. Js = Im {VaaVeeVef Zaaeh Z tigh Zhgic }+

Jog = Im {Vad%ef/cfzdaengbghthm'},
J10 = Im {VaaVe Ves Zaaeg Z hgi Zhbic b
J11 = Im {VacVie Zeadg Zedf  Zginn Zivji }
Jio = Im Vo Vie Zeadg Ze st raZgnniZijiv
J13 = I {V, Voo Zeaa Zeasg Zging Zivgh }»
J1a = I {VoVoaZeeds Zeagg Zging Zivjh }»
Both Dark matter and CP violation possible o*15 = I {VacVoaYer Yag YeaZfoge }-
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3HDM with Z2 x Z2 symmetry (complex parameters)

—[m11(61d1) + maa(@hd2) + mas(dhes)]

+A11 (6] 1) + A2 (@] 1) (dhd2) + Mis(d]d1) (Bhds) + Aoz (¢l )’
+A23(dh02) (dLd3) + As (¢3¢3)
+ X (6] d2) (0161) + Nig (6] d3)(Dh61) + Moy (dl65a) (6562)
)?

+ {)\l(ﬁbggb{j) + )\Q(qﬁSCbl + AS(qu{ng)Q + hC}

Potential is CP conserving iff all 15 invariants
vanish. Spontaneous CP violation may happen.

Soft CP violation may happen if only the first 10
invariants vanish.

157
137
Iy
Ig7
Iy
157
Iy
Iy
157
Iz

1
Iyiy

2
Iy

3
Iz

Isysz

Iysz

aabe cedeegszgbhdeggh]
aabc cedeegszgjthzhjd]
e Drsetti B D Dk
aabe cddeZegthgzhkzabeijll]
aabe cedeegszgbhdekjlZkhl_j]
abbc cedeegszgahdek:JlZk:hlj]

achbe cfdbZengnghaZzldekjlh]

acbe cfnge@fkZgbhlZzhdekalj]
apbm crdf Ze@fg Zgohechg‘deqanmkanoapl qu 'rh]

abedce deehZfachhgm]
a,bedce deeh Zfag?, thzg]

m [Z

m [Z

m [Z

m [Z

m [Z

m [Z

m [Z

T [y s it 2o i3 2ttt 2 Dt ¢
m [Z

m [Z

m |

m |

M [Yob Zbdee Zdfeh Z tigaLhgic) »
0, |V o e oo 2 et Zerial o
m |

abedcf chehZfagthjszJekg]
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Summary!

> 2HDM - well understood. Physical
implications known. “New symmetry” yet
to be understood.

> 3HDM - lots of work in progress.
Physical implications partially known.

> NHDM — some studies done. Lots left to
do!

> Multi-Higgs models provide DM
candidates and extra sources of CP
violation.
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The future:

Still awaiting the discovery of additional scalar particles (Higgses).

95 GeV
125 GeV 152 GeV
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