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Extending the Scalar Sector of the SM

The scalar sector of SM

@ The less known sector of SM
@ One Higgs doublet
@ The “Higgs” is yet to be discovered

@ The Higgs mechanism is responsible to
@ give masses to all massive particles: fermions, gauge bosons;
e hide the SU(2), ® U(1)y symmetry.
@ SM could be an effective low energy theory of a more
fundamental one
@ MSSM, GUTs, extra dimensions, ..., etc. predict more
fundamental scalars.
@ Phenomenological necessity:

e new sources of CP violation (bariogenesis, leptogenesis)
e new nearly stable, weakly interacting particle(s) (darkmatter) )
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Extending the Scalar Sector of the SM

The scalar sector of SM

@ The less known sector of SM
@ One Higgs doublet
@ The “Higgs” is yet to be discovered
... maybe in the LHC
@ The Higgs mechanism is responsible to
@ give masses to all massive particles: fermions, gauge bosons;
e hide the SU(2), ® U(1)y symmetry.
@ SM could be an effective low energy theory of a more
fundamental one
@ MSSM, GUTs, extra dimensions, ..., etc. predict more
fundamental scalars.
@ Phenomenological necessity:

e new sources of CP violation (bariogenesis, leptogenesis)
e new nearly stable, weakly interacting particle(s) (darkmatter) )
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Extending the Scalar Sector of the SM

Extending the scalar sector

@ With more than one doublet it is possible to break spontaneously
o CP symmetry
e EM symmetry
@ Technical difficulties:
@ more than one local minima with different symmetries
e reparametrization freedom
@ 2HDMs (MSSM):
e SCPV without NFC and with real CKM
e neutral vacuum deeper when exists
e Minkowski structure
@ 3HDMs: SCPV with NFC but with real CKM
@ What about more? Manageable?
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Extending the Scalar Sector of the SM

Horizontal space (HS)

@ Identical N Higgs doublets:

@ same gauge quantum numbers,
e masses different in general

@ “Rotations” in horizontal space (HS) are phyS|caIIy irrelevant:
reparametrization invariance

@ Unless hidden quantum numbers exist.

@ The theory is not invariant by horizontal transf.

In the 3 family quarks and leptons — the flavor problem:
family replication — mixing — CP violation

Physical quantities are reparametrization invariant

CP violation effect is rephasing invariant in SM (Jarslkog inv.).

Less physical parameters than initially supposed

Before v.s. after EWSB? Physical parameters? o)

How do we parametrize the general cases?
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Physical parameters of the 2HDM potential
[ Jele}

The model

The general Two-Higgs-doublet model (2HDM)

@ Simplest extension — complete study
@ MSSM — 2HDM
@ 2 Higgs doublets ¢, = (¢a1, ¢a2)", @a=1,2.

General potential

V(®) = p11®]01 + 12050 + (1120] 02 + h.C)

A A
1 G (O]01)% + T (®]01) + Aa(®]01)(9h02) + N[ 0] 0

+ {25(0]02)7 + PNa(0]01) + Ar (0L 02)](0]0) + .}

2

° {H’ﬂ y 22, >\1 ’ )\23 Ag, )\4} real

@ {p12, X5, X6, A7} complex }\2+2><1+4+2><3—14

Hab Aa @)



Physical parameters of the 2HDM potential
oeo

The model

Basis transformations in the 2HDM

Basis transf.: ° Ue SU(2)H
/. _ i !/
By — &, = Unp®p @ V(¥ u,N\)=V(d; p/, \)
@ flab — Mgy, Ai — Aj ~ tensors of 2

@ Not all potentials V(®; 1, A) are distinct
@ Choose a basis: 14-D(SU(2))=11 essential parameters
@ Gauge freedom: use gauge invariant variables

CDLCDb ~2® 2 ~ adjoint & 1

@ Reparametrization: use variables irreducible by SU(2)y
ot = (1p,0'), i=1,2,3

r(®) = Job,®hoy J o 11 =0 ~ singlet

e i = i ~ adjoint




Physical parameters of the 2HDM potential
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The model

Minkowski structure: variable space

o rt satisfy
rrt = Ot Pat Do Pb2 — |Dag €i7‘912|2 >0

Thus r*(®) live inside and on the
future lightcone in a Minkowski

spacetime R'3: LCT

LCT = {X'u c R1’3 | X“XM Z O’ Xo > O} (\//’“ﬂucmc@\“ )

@ r#(®) spans LCT

. lysis of
@ It is natural to extend Analysis o "
m bounded below condition
o,: SU@2)y — SL(2,¢) m number and type of minima
! ! B remaining symmetries of minima o)
rt* . rotations — Lorentz 9]
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Physical parameters of the 2HDM potential
[e]e] J

The model

Minkowski structure: variable space

@ r* satisfy
It = ¢ da1 otz — | da2> > 0

Thus r*(®) live inside and on the

future lightcone in a Minkowski T
spacetime R'3: LC
LCT =) {XI—L S RLS |X“XH Z 0’ XO > 0} (//}%5TLIGHTCO“‘-\\\
- B
B ri(®) spans LCT ([®] ~ 4(N — 1) and [r"] ~ N?)
& |t is natural to extend Analysis of -
m bounded below condition
o, SU(2)y — SL(2,¢) m number and type of minima
! ! m remaining symmetries of minima

r* . rotations — Lorentz



Physical parameters of the 2HDM potential
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Parameter space and Special bases

2HDM: parameter space and special bases

General potential scalars Mo, Ao |

V() = V(r") = Mur* + A, rir” vectors {M;}, {AOI}J
~ ——

Va Va tensor A= {A;} |

{M,} = (11 + po2, 2Re paz, —2Im i1z, p11 — fiz2)

A+A3 [Re(Me+ A7) —Im(Ns + A7)  AN/2
{/\ } _ Re()\s + )\7) A4 + Rels —ImAsg Re()\e — A7)
Pl —Im(Ms + A7) —ImAs Ag —Reds —Im(As — A7)
A/\/2 Re()\s —_ A7) 711]1(/\6 — )\7) A - As
A= (M +A2)/2, AN =X — X2
@ Special basis 1: M, = (M, 0,0, Ms)
@ Special basis 2: diagonal A
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Parameter space and Special bases

2HDM: parameter space and special bases

General potential scalars Mo, Ao |

V() = V(r") = Mur* + A, rir” vectors {M;}, {AOI}J
~ ——

Va Va tensor A= {A;} |

{M,} = (11 + po2, 2Re paz, —2Im i1z, p11 — fiz2)

A+A3 [Re(Me+ A7) —Im(Ns + A7)  AN/2
{/\ } _ Re()\s + )\7) A4 + Rels —ImAsg Re()\e — A7)
Pl —Im(Ms + A7) —ImAs Ag —Reds —Im(As — A7)
A/\/2 Re()\s —_ A7) 711]1(/\6 — )\7) A - As
A= (M +A2)/2, AN =X — X2
@ Special basis 1: M, = (M,0,0, M3) ~ 14-2=12 param.
@ Special basis 2: diagonal A ~ 14-3=11 param.




Physical parameters of the 2HDM potential
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Parameter space and Special bases

2HDM: Conditions for CP invariance for the potential

@ Canonical basis : N = ONOT = diag(\)),

V(r',M' N = Mor® + Noo(r®)? + Mir" +20g;r% r" + Xi(r")?

o P o o)y
o rit € (b)ir" canonical CP

@ Canonical CP transf.: {
27 reflection!

@ V(r;M,A)is CP inv. if, and only if,

@ M. Ay have some
common null
component

@ M. Ao lie on the same
principal plane of A
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Parameter space and Special bases

2HDM: Conditions for CP invariance for the potential

@ Canonical basis : N = ONOT = diag(\)),
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@ Canonical CP transf.: {
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Parameter space and Special bases

2HDM: Conditions for CP invariance for the potential

@ Canonical basis : N = OANOT = diag())),
V(r',M',N) = Mor® + Noo(r®)? + Mir" + 20g;r% r'" + Xi(r'")?

° CPC o
. a a

@ Canonical CP transf.: { o i (B canonical CP
27 reflection!

@ V(r;M,A)is CP inv. if, and only if,

@ M, Ay have some
common null
component

© M, A lie on the same
principal plane of A
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Parameter space and Special bases

2HDM: Conditions for CP invariance for the potential

@ Canonical basis : N = OANOT = diag())),

V(M N = Myr® 4 Moo ()2 4+ ML 4+ 200 r% i+ X(r")?

o d % (D/*
. a
@ Canonical CP transf.: {° i cre (b " canonical CP
reflection!

@ V(r;M,A)is CP inv. if, and only if,

@ M, Ay have some
common null
component

© M, A lie on the same
principal plane of A

or ...




Physical parameters of the 2HDM potential
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Parameter space and Special bases

... in terms of SU(2)y invariants

@ Iy = I(M,AM, A2M)
(] I/\o = I(Ao,i\/\o,i\zl\o)
I(V1,V2,V3) = &jiV1iVajVak o I = I(M, A, AM)

= (Vi XV2)- -V ~
( ! 2) S e b= I(M,Ao,/\/\o)

Pseudoscalar inv.:

@ FMx A #0,
then i =0and L =0« V(r)is CPinv.
CP reflection direction: M x Ag
O M| Ao,
then Iy =0 < V(r)is CPinv.
CP reflection direction: M x AM )
eigenvectorof A L M
@ All pseudoscalar invariants of superior order are null if conditions (A) or
(B) are satisfied

@ For a CP invariant potential to have SCPV, it is necessary and sufficient .~
to have the breaking direction (vacuum) out of the CP principal plane. OV
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Physical parameters of the 2HDM potential
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Parameter space and Special bases

EW symmetry breaking: another special basis

Nontrivial minimum (®) # 0 — (r*) #0
Parametrization

=) = ()

@ Charge breaking (CB): (u) # a(w)
@ Neutral (N): (u) = (0,0), (w) # (0,0)
@ Higgs basis: (w) = (0, %)

Extremum equation:

X, T"

g M, +NAr”

%

al

=
i1

V(o) =tMain =0 {fu =% %0
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Parameter space and Special bases

EW symmetry breaking: another special basis
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Physical parameters of the 2HDM potential
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Parameter space and Special bases

EW symmetry breaking: another special basis

@ Nontrivial minimum (®) # 0 < (r*) #0
@ Parametrization

& Charge breaking (CB): (u) # a{w

@ Neutral (N): (uy = (0,0), (w) # (0,0)
@ Higgs basis: (w)=(0,%)

Extremum equation:

=
i1l

9 X, T+ )
M, +Aur

6
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V(o) =tMatw =0 {fu =% %0




Physical parameters of the 2HDM potential
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Parameter space and Special bases

The potential after EWSB

If there is a nontrivial neutral vacuum, the potential after EWSB is

Vo = oI(M)d + A, s"s”
V(@ + (@) =Vot+ Vot Va+ Ve | V5 = Aystr
V4 = %/\Wr“r"
where @ Condition for local minimum: mass

matrix ~ (M) + A is positive semidefinite
@ The masses of the fields uy, u» are
defined by (M) (charged)
st = Jw)te'w+ hec. @ For u,v such that s# =0, A, only
L2 w; contributes to the interactions but not to
the mass matrix

O - o4 (P)
o — k4 () 4 s



Physical parameters of the 2HDM potential
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Parameter space and Special bases

The potential after EWSB

If there is a nontrivial neutral vacuum, the potential after EWSB is

Vo = oI(M)d + A, s"s”
V(@4 (P)=VWVo+ Vot Va+ Vg J Vs = AHI@V
V4 = %/\Wr“r"
where @ Condition for local minimum: mass
matrix ~ (M) + A is positive semidefinite
P — o+ <¢> .
@ The masses of the fields uy, u» are
o — ot () + s :
defined by (M) (charged)
@ — L(w)fo*w+ he. @ For pov such that s = O,_/\W only
- W, contributes to the interactions but not to

the mass matrix



Physical parameters of the 2HDM potential
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Parameter space and Special bases

Physical charged Higgs basis (PCH) or Higgs basis

Physical fields of &4 Physical fields of &,

0 H* ) 0 G*
& — + 7 — i
‘ (0) (%(n —it) e <} o (%(—ts +,a°)>
@ Physical fields: 1 charged H*, 3 neutral t;, t, t3
@ Goldstone bosons: 1 charged G*, 1 neutral G°

st = ¥(—t3, f) — no trilinear interactions with Goldstones!
@ Mass term: Vo = mHTH~ + J(Mu);tit

2. 2 0 0 —Nor
MN:mZdiag(1,1,0)+Z/\+Z 0 0 —Noz
—No1 —Noz2  Aoo — 2A03
@ “Physical parameters™ {M,,, A} — {v,m,Ago, Mn, Ao} o)
@ Local minimum if m?, My positive definite o8

13



Physical parameters of the 2HDM potential
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Parameter space and Special bases

Physical charged Higgs basis (PCH) or Higgs basis

Physical fields of &4 Physical fields of &,

0 H* ) 0 G*
by — + : — ;
‘ (0) (ﬁ(n —it) e <;> * (%(—terlGo))
@ Physical fields: 1 charged H*, 3 neutral t;, t, t3

@ Goldstone bosons: 1 charged G*, 1 neutral G°
st = ¥(—t3, f) — no trilinear interactions with Goldstones!

@ Mass term: Vo = mHTH~ + J(Mu);tit

V2 V2 0 0 —/\01
@: mhdisg(1,1,0)+ 4Bk 5 | 0 0 A

—No1 —No2 Moo — 203

“Physical parameters”: {M,,, A} — {v, m, Aoo, Mn, No} o)

Local minimum if m?, My positive definite
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Physical parameters of the 2HDM potential
[e]o]ele]ele] le]e]

Parameter space and Special bases

Basis transformations after EWSB

0 SU@)w: (94— ®, = Unpp®p)—(u' = Uu, w =Uw)

@ Covariant definition for H*, t;, G+, G°?

B t — it , 1 t; — it}
W—@(—r3+fe°)7" vz \gie

@ Ui, U ~ aht + BGT

® tj = Zs; ~ vector
@ (u) =0, (w) covariant o w= J5(iGLz + tioj)(W)

@ (M) ~ covariant @ (My); ~ tensor

@ Physical covariant parameters:
{M07 /\007 ,\07 M7 A} - {m27 /\007 A07 <r>7 MN}

@ SU(2)y can be transposed to the fields after EWSB! (oS
14
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Parameter space and Special bases

Basis transformations after EWSB
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Physical parameters of the 2HDM potential
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Parameter space and Special bases

Physical Basis (P-basis) and reparametrization

@ Physical Charged Higgs basis (PCH): (w) = (0, %)

@ Physical Neutral Higgs basis (PNH): My = diag(m?, m3, m3)
@ True Physical basis: physical fields with definite masses!

@ General horizontal (basis) transformations

HT1: BEFORE EWSB: preserve Gew u— llJu, w— lfw
HT2: AFTER EWSB: preserve U(1)em u— Uy, w — Uyw

HT2 ~ SU(2) x SO(3) # SU(2) x SO(4)
HT2: G™ mix with H" but G® does not mix with £
P-basis can be achieved only with HT2:

general basis AT pcH " p_pasis

@ Reparametrization is only induced by HT1: V(ua, ti, G° 1, A) ~

V(UabUs, Ry(U)t;, G% 1, ) = V(ui, i, G% i/, X') 0

15
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Physical parameters of the 2HDM potential
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Parameter space and Special bases

Physical Consequences and Some Observations

@ The depth of the potential is bounded by —ngg <W< —"gmf J

@ The mass of the charged Higgs can not be arbitrarily larger than the

neutral Higgs masses:
2
%
m? — mg < Z/\oo

@ Observability of {m?, Ago, Mo, (F), Mn} is not direct: some parameters
are extractable only from trilinear and quartic interactions (basis inv.)

@ The use of {m?, Ao, Mo, {r), My} guarantee (r) is a local minimum but
not the global minimum

@ Remaining reparametrization freedom s rotationin &, &
¢1 — e’9d>1, ¢2 — ¢2
o G* £ —Gis a pseudoscalar irrespective of V

yi=swiow ~  (even)(F) + t i + G (tx (P));
‘Du(<ba + <¢a>)|2 - VZH@MGO
16
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Parameter space and Special bases

Physical Consequences and Some Observations

@ The depth of the potential is bounded by —ngg <W< —"gmf J

@ The mass of the charged Higgs can not be arbitrarily larger than the

neutral Higgs masses:
2
%
m? — mg < Z/\oo

@ Observability of {m?, Ago, Mo, (F), Mn} is not direct: some parameters
are extractable only from trilinear and quartic interactions (basis inv.)

@ The use of {m?, Ao, Mo, {r), My} guarantee (r) is a local minimum but
not the global minimum

@ Remaining reparametrization freedom s rotationin &, &
¢1 — e’9d>1, ¢2 — ¢2
o G* £ —Gis a pseudoscalar irrespective of V

yi= %WTO’,'W ~  (even)(f) + t ti + G°(tx(f)); CP direction
IDu(®a+ (®))F — vZ'O,G° orthogonal to (r)
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Conclusions

Conclusions

Horizontal transformations can be transposed to the fields after EWSB:
(H",G") ~ SU(2)n, t~SO(3)y (HT1, Haber& O’Neil)

Similar quantities under HT1 before and after EWSB: A ~ My

To achieve the P-basis HT2 ~ SU(2) x SO(3) D HT1 is necessary
HT1 induces reparametrization

HT2 transfers some parameters to mixing parameters

HT2 is larger than HT1

Basis transformations may not induce reparametrization

Basis transf. (or horizontal transf.) are specified when the preserved
gauge structure is specified

For NHDMs:

o fj ~ vectors of adjSU(N)y
e My needs SO(N? — 1) for diagonalization = PNH basis can not

be reached by reparametrization 9}
e general HT2 after EWSB: SU(N) x SO(N? — 1) W

17



Conclusions

References

@ C. C. Nishi, “Physical parameters and basis transformations in the 2HDM,”
Phys. Rev. D 77 (2008) 055009 [arXiv:0712.4260 [hep-ph]].

@ C. C. Nishi, “The structure of potentials with N Higgs doublets,” Phys. Rev. D
76 (2007) 055013 [arXiv:0706.2685 [hep-ph]].

@ C. C. Nishi, “CP violation conditions in N-Higgs-doublet potentials,” Phys. Rev.
D 74 (2006) 036003 [arXiv:hep-ph/0605153]; Erratum, Phys. Rev. D 76
(2007) 119901(E).

@ I. P. lvanov, “Minkowski space structure of the Higgs potential in 2HDM,” Phys.
Rev. D 75 (2007) 035001 [arXiv:hep-ph/0609018]. “Minkowski space
structure of the Higgs potential in 2HDM: Il. Minima, symmetries, and topology,”
Phys. Rev. D 77 (2008) 015017 [arXiv:0710.3490 [hep-ph]].

@ P. M. Ferreira, H. E. Haber and J. P. Silva, “Generalized CP symmetries and
special regions of parameter space in the two-Higgs-doublet model,” Phys. Rev.
D 79 (2009) 116004 [arXiv:0902.1537 [hep-ph]].

@ A. Barroso, P. M. Ferreira, R. Santos and J. P. Silva, “Stability of the normal o)
vacuum in multi-Higgs-doublet models,” Phys. Rev. D 74 (2006) 085016 9]

[arXiv:hep-ph/0608282]. 18



Covariant form of V

v

B s, = =Pt
Valsss = MPHTH™ + L(Mw)tt 220
V3|SSB = Auysurl/ X# — fLuTO. Z
V4|SSB = %é\uvruru y: _ iWTUiLW
Nl = v°/4 2
My = m[Ls- <r><’>T] 1w I[R A <'><r>T} AT + Ao(n)T
G G o
Y = 3 — (o)A — Ro-(N] (L2 — oi()) — Foi(Mn)i(F)
%V3|SSB = —[u"Yut+whYwt + mPlxo t) - x4]
F(ro)Ro A [Juc? + 28] + (x +y) Mnt,
1n 2 2 N FIMNE | m. . 0
V4}SSB = §A00(r0 —r) 4+ (rn— (F)-r)No-r + 72“0) + E(/\oo - m)rj_ O]
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where

t-(F),
t—(F)f,
Xo — X-(F)
2(yo — ¥
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Parametrization of V/(r*)

A large class of bounded below potentials can be parametrized by
@ Take A, = diag(/Ao, ;) obeying the positivity constraint and a
general M,.
@ “Boost” A by a particular transf. SO(1, d)/adjSU(N)4.

@ Parametrization of A is easier than Z.

@ For N = 2 the procedure is sufficient to parametrize all potentials
with positive V4 and the boost is indeed the Lorentz boost (4D)

@ Number of parameters for N = 2:
4(N) + 4(M) + 3(boost) = 11
@ Number of parameters for general N:
N2(N)+N?(M)+[FN?(N?—1)—(N?—1)] (boost) = FN?(N?+1)+1 2
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Minimal parametrization of the vacuum

General vacuum:

; @ Gauge SU(2);:

@ Horizontal Uy: §L|/Ij/>>——>>LLjZV<(UM>/)

(U) = Un—1(u)
(W) — Un—1(w) = (w)

>®<u> ° V2\/[(u)P + [(w)[? = v = 246GeV

@ Horizontal Uy_1:
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Minimal parametrization of the vacuum

® Gauge SUE): (1M =0

(W) — Un(w)

(uy) @ Horizontal Uy: u) = Un(w)
A Rt
U . . — UN-1
. <W22> © Horizontal Uy_1: W) — Uyt (w) = (w)
0
(uN) )=l [ ) b
w) — (W s ) — ’
: (wp) ( 0 (UN-1)
- <o &) 1 °

0
+<1 ®(wW ° 2 [(U)]? + [{w)|? = v = 246GeV
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Minimal parametrization of the vacuum

® Gauge SUE): (1M =0

. — U
<<|51V11>> @ Horizontal Uy: ELV% UI\II\I<< >>
, (U) = Un—1(u)
o) <<:/22>> @ Horizontal Uy_1: (W) — JIIVJ1 W) =
0
un .
< WN) (w) — [(w)] O , (u) — [{u)]
= (8 ®{u) 1

0
+<1 ®(wW ° 2 [(U)]? + [{w)|? = v = 246GeV
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Minimal parametrization of the vacuum

® Gauge SUE): (1M =0

- (u) — Un{u)
<<u1>> @ Horizontal Uy: W) — UAIIV< W)
(U2) (u) — Un-1(u)
(w2)

Wi
up
W (W) — Un—1(w) = (w)

@ Horizontal Uy_1:

((57) on) = 1)1 () tonos) =1 (g) oo

0
+<1 ®(wW ° 2 [(U)]? + [{w)|? = v = 246GeV
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